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RESUMO 

DAGLI-HERNANDEZ, C. Análise farmacogenômica em indivíduos com 

hipercolesterolemia familial. 2021. 180f. Tese (Doutorado) – Faculdade de Ciências 

Farmacêuticas, Universidade de São Paulo, São Paulo. 
 

Introdução: A hipercolesterolemia familiar (HF) é uma dislipidemia monogênica com alto risco de 

desenvolvimento de doença aterosclerótica precoce. As estatinas são o tratamento de primeira linha para 

pacientes com HF. As estatinas reduzem substancialmente o colesterol da lipoproteína de baixa 

densidade (LDL-c) e têm uma boa eficácia e perfil de segurança. No entanto, alguns pacientes não 

respondem adequadamente, enquanto outros apresentam eventos adversos relacionados às estatinas 

(SRAE). Fatores genéticos e não genéticos contribuem para a variabilidade na resposta às estatinas, mas 

existem poucos estudos sobre fatores farmacogenômicos na população brasileira. 

Objetivo: Explorar a associação de variantes genéticas com a resposta aos hipolipemiantes e SRAE em 

pacientes brasileiros com HF. 

Pacientes e Métodos: Pacientes adultos com HF (n=114) foram selecionados e dados clínicos e 

farmacoterapêuticos foram obtidos. A resposta ao tratamento com estatinas foi considerada como 

atingindo uma redução do LDL-c de 50%. Amostras de sangue foram obtidas para exames laboratoriais 

e extração de DNA genômico. Um painel de 84 genes (relacionados a HF e farmacogenes) foi analisado 

por sequenciamento de genes direcionados a exon (ETGS). Os dados de sequenciamento de DNA foram 

analisados usando um pipeline de descoberta de variantes. O impacto funcional das variantes em genes 

relacionados à farmacocinética (PK) e farmacodinâmica (PD) foi avaliado usando um escore de predição 

de funcionalidade (FPS) e outras ferramentas in silico. A resposta do LDL-c a estatinas e ao risco de 

SRAE foi analisada em portadores de variantes deletérias nos genes PK e PD, com frequência de alelo 

raro > 5,0% ou 10%, usando análises de regressão linear univariada e multivariada. A análise de 

modelagem molecular foi usada para explorar o efeito funcional in silico de variantes deletérias. 

Resultados: Cinquenta e oito (50,8%) dos pacientes com HF responderam às estatinas e 24 (21,0) 

apresentam SRAE. Obesidade e consumo de álcool foram mais frequentes no grupo de não 

respondedores (NRE) (p<0,05), enquanto o uso concomitante de ezetimiba e SRAE foram mais 

prevalentes no grupo de respondedores (RE) (p<0,05). A redução do LDL-c foi maior no grupo RE e 

nos pacientes com SRAE (p<0,05). ETGS revelou variantes patogênicas em genes relacionados a FH 

(19 LDLR, 1 APOB e 1 PCSK9), 402 variantes em 23 genes relacionados a PK (186 missense, 2 stop-

gain, 1 stop-loss, 10 frameshift indel, 5 deleções in-frame, 16 em sítios de splicing, 29 na região 5´UTR 

e 153 na região 3´UTR), e 752 variantes em 33 genes relacionados com PD (249 missense, 1 stop-gain, 

9 start-loss, 5 frameshift indel, 9 inframe indel, 26 em sítios de splicing, 67 na região 5´UTR e 386 na 

região 3´UTR). A análise de predição funcional revelou que 21 variantes missense, 1 stop-loss, 7 splice-

site e 10 frameshift / inframe em genes PK são deletérias. A análise de regressão multivariada de 16 

variantes em transportadores ABC e SLC e enzimas que metabolizam CYP com MAF > 10,0% e ajuste 

para covariáveis não genéticas, revelou que as variantes ABCC1 rs45511401 (c.2012G>T, p.Gly671Val) 

e SLCO1B3 rs60140950 (c.683G>C) aumentam a redução do LDL-c ao tratamento com estatina 

(p<0,05). A análise de modelagem molecular revelou que Val671 aumenta a interação de ABCC1 com 

estatinas em comparação com a proteína de referência (Gly671). Em genes relacionados ao PD, 93 

missense, 1 start-loss, 3 stop-gain, 10 splice-site and 4 frameshift foram considerados deletérios. A 

variante missense LPA rs76062330 (c.5468G>T) foi associada a maior redução do LDL-c, mesmo após 

as correções (p ajustado=0,001). A análise de regressão linear multivariada mostrou que a variante KIF6 

rs20455 (c.2155T>C) reduziu a resposta do LDL-c à atorvastatina (p=0,014), enquanto a regressão 

logística multivariada revelou associação de LPA rs3124784 (c.6046C>T) com resposta aumentada às 

estatinas (p=0,022). Variantes deletérias em genes relacionados a PK e PD não foram associadas ao 

aumento do risco de SRAE em pacientes com FH. 

Conclusões: As variantes deletérias ABCC1 c.2012G>T, SLCO1B3 c.683G>C, LPA c.5468G>T e LPA 

c.6046C>T aumentaram a redução do LDL-c. KIF6 rs20455 (c.2155T>C), uma variante neutra, 

diminuiu a redução de LDL-c à atorvastatina. Variantes deletérias não foram associadas ao aumento de 

risco de SRAE. 

Palavras-chave: Hipercolesterolemia Familial, estatina, farmacogenética, eventos adversos a 

medicamentos, mialgia. 
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ABSTRACT 

DAGLI-HERNANDEZ, C. Pharmacogenomic analysis in patients with familial 

hypercholesterolemia. 2021. 180p. PhD Thesis – Faculdade de Ciências Farmacêuticas, 

Universidade de São Paulo, São Paulo. 

 
Introduction: Familial hypercholesterolemia (FH) is a monogenic dyslipidemia with a high risk of 

developing early atherosclerotic disease. Statins are the first-line treatment of FH patients. Statins 

substantially reduce low-density lipoprotein cholesterol (LDL-c) and have a good efficacy and safety 

profile. However, some patients do not respond adequately whereas others experience statin-related 

adverse events (SRAE). Genetic and non-genetic factors contribute to the variability in the response to 

statins, but there are few studies on pharmacogenomic factors in the Brazilian population. 

Objective: To explore the association of genetic variants with the response to lipid-lowering drugs and 

SRAE in Brazilian FH patients 

Patients and Methods: Adult FH patients (n=114) were selected and clinical and pharmacotherapeutic 

data were obtained. The response to statin treatment was considered as LDL-c reduction of at least 50%. 

Blood samples were obtained for laboratory testing and genomic DNA extraction. A panel of 84 genes 

(related to HF and pharmacogenes) was analyzed by exon-targeted gene sequencing (ETGS). The DNA 

sequencing data was analyzed using a variant discovery pipeline. The functional impact of variants in 

pharmacokinetics (PK)- and pharmacodynamics (PD)-related genes was assessed using a functionality 

prediction score (FPS) and other in silico tools. LDL-c response to statin and SRAE risk was in carriers 

of deleterious variants in PK and PD genes, with minor allele frequency (MAF) > 5.0% or 10%, using 

univariate and multivariate linear regression analyses. Molecular modeling analysis was used to explore 

the functional effect in silico of deleterious variants.  

Results: Fifty-eight (50.8%) of the FH patients responded to statins and 24 (21.0) had SRAE. Obesity 

and alcohol consumption were more frequent in the non-responder (NRE) group (p<0.05), whereas the 

concomitant use of ezetimibe and SRAE were more prevalent in the responder (RE) group (p<0.05). 

LDL-c reduction was higher in RE group and in patients with SRAE (p<0.05). The ETGS revealed 21 

pathogenic variants in FH-related genes (19 LDLR, 1 APOB and 1 PCSK9), 402 variants in 23 PK-

related genes (186 missense, 2 stop-gain, 1 stop-loss, 10 frameshift indel, 5 inframe deletions, 16 in 

splicing region, 29 in the 5´UTR region, and 153 in the 3´UTR region), and 752 variants in 33 PD-

related genes (249 missense, 1 stop-gain, 9 start-loss, 5 frameshift indel, 9 inframe indel, 26 in splice-

sites, 67 in the 5´UTR region, and 386 in the 3´UTR region). Functional prediction analysis revealed 21 

missense, 1 stop-loss, 7 splice and 10 frameshift/inframe variants in PK genes are deleterious. 

Multivariate regression analysis of 16 variants in ABC and SLC transporters and CYP metabolizing 

enzymes with MAF > 10.0% and adjustment for non-genetic covariates, revealed that ABCC1 

rs45511401 (c.2012G>T, p.Gly671Val) and SLCO1B3 rs60140950 (c.683G>C) increased LDL-c 

reduction to statin treatment (p<0.05). Molecular modeling analysis revealed that Val671 enhance the 

interaction of ABCC1 with statins compared with reference protein (Gly671). In PD-related genes, 93 

missense, 1 start-loss, 3 stop-gain, 10 splice-site and 4 frameshift variants were predicted to be 

deleterious. The missense variant LPA rs76062330 (c.5468G>T) was associated with higher LDL-c 

reduction, even after corrections (Adjusted p=0.001). Multivariate linear regression analysis showed 

that the variant KIF6 rs20455 (c.2155T>C) reduced the LDL-c response to atorvastatin (p=0.014), 

whereas multivariate logistic regression revealed association of LPA rs3124784 (c.6046C>T) with 

increased response to statins (p=0.022). Deleterious variants in PK- and PD- related genes were not 

associated with increased risk of SRAE in FH patients. 

Conclusions: The deleterious variants ABCC1 c.2012G>T, SLCO1B3 c.683G>C, LPA c.5468G>T and 

LPA c.6046C>T enhanced LDL-c reduction in FH patients. KIF6 rs20455 (c.2155T>C), a neutral 

variant, decreased LDL-c reduction to atorvastatin. Deleterious variants in PK and PD genes were not 

associated with increased risk of SRAE. 

 

Keywords: Familial hypercholesterolemia, statin, pharmacogenetics, adverse drug events, myalgia. 

  



10 

 

LIST OF TABLES 

Table 1 Biodemographic and clinical data of FH patients grouped according to statin response

 .................................................................................................................................................. 36 

Table 2 FH-related pathogenic variants in FH patients (n=114). ............................................ 37 

Table 3 Biodemographic characteristics of FH patients with SRAE (n=114). ........................ 40 

Table 4 Missense and stop-loss variants in PK-related genes (MAF > 1.0%) with deleterious 

functionality prediction score (FPS>0.5). ................................................................................ 43 

Table 5 In silico functional prediction of splice-site variants in PK-related genes. ................ 43 

Table 6 In silico functional prediction of frameshift and inframe variants in PK-related genes.

 .................................................................................................................................................. 44 

Table 7 Influence of deleterious variants (MAF >10%) on LDL-c response to statins in FH 

patients: Multivariate linear regression analysis. ..................................................................... 46 

Table 8 Association of deleterious variants (MAF> 1.0%) in PK-related genes with statin 

response in FH patients: Multivariate logistic regression analysis........................................... 47 

Table 9 Association of deleterious variants (MAF > 1.0%) in PK-related genes with SRAE in 

FH patients: Multivariate logistic regression analysis. ............................................................. 50 

Table 10 Missense, start-loss and stop-gain variants (MAF > 1.0%) in PD-related genes 

predicted as deleterious. ........................................................................................................... 52 

Table 11 In silico functional prediction of splice-site variants in PD-related genes ............... 53 

Table 12 In silico functional prediction of frameshift and inframe variants in PD-related genes

 .................................................................................................................................................. 53 

Table 13 Influence of deleterious variants (MAF > 1.0%) in PD-related genes on LDL-c 

reduction in FH patients on statin treatment. ............................................................................ 55 

Table 14 Influence of deleterious variants (MAF > 1.0%) in PD-related genes on LDL-c 

reduction in FH patients on atorvastatin treatment. .................................................................. 56 

Table 15 Influence of deleterious variants (MAF > 1.0%) in PD-related genes on all statins 

response of FH patients. Multivariate linear regression analysis. ............................................ 58 

Table 16 Influence of genetic variants (MAF > 1.0%) in PD-related genes on atorvastatin 

response of FH patients. Multivariate linear regression analysis. ............................................ 59 

Table 17 Association of deleterious variants (MAF > 1.0%) in PD-related genes with all statin 

response of FH patients. Multivariate logistic regression analysis. ......................................... 60 

Table 18 Association of variants (MAF > 1.0%) in PD-related genes with atorvastatin response 

of FH patients. Multivariate logistic regression. ...................................................................... 61 



11 

 

Table 19 Association of deleterious variants (MAF > 1.0%) in PD-related genes with SRAE in 

FH patients. Multivariate logistic regression analysis. ............................................................. 62 

Supplementary table 1 Panel of statin PK- and PD-related genes sequenced. ...................... 85 

Supplementary table 2 Clinical data of FH patients classified according to CAD risk. ........ 86 

Supplementary table 3 Influence of lipid-lowering treatment on serum lipids of FH patients.

 .................................................................................................................................................. 87 

Supplementary table 4 Concentration of laboratory variables on treatment in FH patients 

grouped according to statin response. ...................................................................................... 88 

Supplementary table 5 Influence of the type of lipid-lowering treatments on lipid levels of FH 

patients (n=114). ....................................................................................................................... 89 

Supplementary table 6 Association between SRAE and serum lipids of FH patients (n=114).

 .................................................................................................................................................. 90 

Supplementary table 7 Variants in PK-related genes identified in FH patients (n=114). ..... 91 

Supplementary table 8 FPS score of variants in PK-related genes identified in FH patients (n 

= 114). ..................................................................................................................................... 100 

Supplementary table 9 Influence of deleterious variants in PK-related genes on LDL-c 

reduction in FH patients on statin treatment. .......................................................................... 104 

Supplementary table 10 Influence of variants in PK-related genesgenetic and non-genetic 

variables on LDL-c reduction in FH patients: Univariate linear regression analysis. ............ 106 

Supplementary table 11 Influence of deleterious variants (MAF > 1.0%) on LDL-c response 

to statins in FH patients: Multivariate linear regression analysis ........................................... 107 

Supplementary table 12 Association of variants in PK-related genes and non-genetic variables 

with statin response in FH patients: Univariate logistic regression analysis .......................... 108 

Supplementary table 13 Association of variants in PK-related genes and non-genetic variables 

with SRAE in FH patients: Univariate logistic regression analysis. ...................................... 109 

Supplementary table 14 Variants in PD-related genes identified in FH patients (n=114). . 110 

Supplementary table 15 Influence of variants in PD-related genes and non-genetic factors on 

LDL-c reduction of FH patients. Univariate linear regression analysis (MAF > 1.0%) ........ 127 

Supplementary table 16 Association of variants in PD-related genes with statin response in 

FH patients. Univariate logistic regression analysis. .............................................................. 129 

Supplementary table 17 Association of deleterious variants in PD-related genes with SRAE 

in FH patients. Univariate logistic regression analysis........................................................... 131  



12 

 

LIST OF FIGURES 

Figure 1 Serum lipid profile in FH patients treated with lipid-lowering drugs. ...................... 38 

Figure 2 Serum lipid profile of FH patients with statin-related adverse events (SRAE). ....... 41 

Figure 3 Mean LDL cholesterol response (% change) after lipid-lowering treatment in FH 

patients carrying deleterious- variants in PK genes (MAF>5.0%). .......................................... 45 

Figure 4 Molecular Modeling Analysis. Influence of ABCC1 rs45511401 (c.2012G>T, 

p.Gly671Val) on amino acid interaction with statins. .............................................................. 49 

  



13 

 

LIST OF ABBREVIATIONS 

ABC ATP-binding cassette  

ACMG American College of Medical Genetics and Genomics 

ADME Absorption, distribution, metabolism and excretion 

ALT Alanine aminotransferase 

AMI Acute myocardial infarction 

Apo A Apolipoprotein A 

Apo B Apolipoprotein B 

APOE Apolipoprotein E 

AST Aspartate aminotransferase 

BCRP Breast cancer resistance protein 

BMI Body mass index 

CAD Coronary artery disease 

CVD Cardiovascular disease 

CI Confidence interval 

CK Creatine kinase 

CPIC Clinical Pharmacogenetics Implementation Consortium 

CVD Cardiovascular disease 

CYP Cytochrome P450  

DLCN Dutch Lipid Clinic Network 

EAS European Atherosclerosis Society 

ESC European Society of Cardiology 

ETGS Exon-targeted gene sequencing 

FH Familial hypercholesterolemia 

FHBGEP Familial hypercholesterolemia genomics, epigenomics and pharmacogenomics 

GFR Glomerular filtration rate 

GOF Gain-of-function 

HbA1c Glycated hemoglobin 

HDL-c High-density lipoprotein cholesterol 

HMG-CoA 3-hidroxi-3-methylglutaryl-CoA 

HMGCR HMG-CoA reductase gene 

HMGR HMG-CoA reductase 

hsCRP High-sensitivity C-reactive protein 

HWE Hardy-Weinberg equilibrium 

IDPC Institute Dante Pazzanese of Cardiology 

KIF6 Kinesin Family Member 6 gene 

LDL-c Low-density lipoprotein cholesterol 

LDLR LDL receptor gene 

LOF Loss-of-function 

LP(a) Lipoprotein(a) 

MAF Minor allele frequency 

MDR1 Multi-drug resistance protein 1 

MRP2 Multi-drug resistance protein 2 



14 

 

NICE National Institute for Health and Care Excellence 

NRE Non-responder 

OATP Organic anion transporting polypeptide 

OR Odds ratio 

PCSK9 Proprotein convertase subtilisin/kexin type 9  

PD Pharmacodynamics 

PFS Prediction framework score 

PK Pharmacokinetics 

RE Responder 

SAMS Statin-associated muscle symptoms 

SLC Solute carrier  

SLCO Solute carrier organic anion transporter family 

SNP Single nucleotide polymorphism 

SNV Single nucleotide variation 

SRAE Statin-related adverse event 

SUS Unified Health System (Sistema Único de Saúde) 

T4 Thyroxine 

TG Triglycerides 

TSH Thyroid-stimulating hormone 

UFRN Federal University of Rio Grande do Norte 

UGT Uridine 5'-diphospho-glucuronosyltransferase 

USP University of Sao Paulo 

UTR Untranslated region 

VLDL-c Very low-density lipoprotein cholesterol 

  



15 

 

INDEX 

1 INTRODUCTION .................................................................................................. 17 

1.1 Dyslipidemias ................................................................................................. 17 

1.2 Familial hypercholesterolemia ........................................................................ 18 

1.3 Pharmacological treatment of FH patients ...................................................... 20 

1.4 Statin pharmacogenetics ................................................................................. 23 

1.4.1 Pharmacokinetics genes ............................................................................ 23 

1.4.2 Pharmacodynamics genes ......................................................................... 25 

1.4.3 Pharmacogenetics of statins in the Brazilian population .......................... 26 

2 OBJECTIVES ........................................................................................................ 28 

2.1 General objective ............................................................................................ 28 

2.2 Specific objectives .......................................................................................... 28 

3 METHODS............................................................................................................. 29 

3.1 Study design and patients ............................................................................... 29 

3.2 Ethical aspects ................................................................................................. 29 

3.3 Blood samples and laboratory testing ............................................................. 30 

3.4 Exon-targeted gene sequencing ...................................................................... 30 

3.5 Clinical and pharmacotherapy data ................................................................. 31 

3.6 Pharmacogenetic analysis ............................................................................... 32 

3.6.1 Pharmacokinetics genes ............................................................................ 32 

3.6.2 Pharmacodynamics genes ......................................................................... 33 

3.7 Molecular Modeling Analysis......................................................................... 33 

3.8 Statistical analyses .......................................................................................... 34 

4 RESULTS............................................................................................................... 35 

4.1 Characteristics of the individuals and molecular diagnosis ............................ 35 

4.2 Statin response ................................................................................................ 35 

4.2.1 Therapy targets .......................................................................................... 35 

4.2.2 Statin-related adverse events ..................................................................... 39 

4.3 Pharmacokinetics genes .................................................................................. 41 

4.3.1 Variants in PK-related genes ..................................................................... 41 

4.3.2 Functionality prediction of variants in PK genes ...................................... 42 



16 

 

4.3.3 Association study between variants in PK genes and response ................ 44 

4.4 Pharmacodynamics genes ............................................................................... 51 

4.4.1 Variants in PD-related genes ..................................................................... 51 

4.4.2 Functionality prediction of variants in PD genes ...................................... 51 

4.4.3 Association study between variants in PD genes and response to statins . 54 

5 DISCUSSION ........................................................................................................ 63 

6 CONCLUSIONS .................................................................................................... 74 

7 REFERENCES ....................................................................................................... 75 

8 SUPPLEMENTARY TABLES ............................................................................. 85 

9 SCIENTIFIC PRODUCTION ............................................................................. 132 

9.1 Published Articles ......................................................................................... 132 

9.1.1 Articles as first author (related to the thesis) .......................................... 132 

9.1.2 Articles as co-author ............................................................................... 132 

9.2 Articles under review .................................................................................... 133 

9.2.1 Articles as co-author ............................................................................... 133 

9.3 Articles in preparation .................................................................................. 133 

9.3.1 Articles as first author ............................................................................. 133 

APPENDIX 1 – Articles as first author (related to the thesis) ................................... 134 

APPENDIX 2 – Articles as co-author ........................................................................ 162 

APPENDIX 3 - Ethical approval ................................................................................ 166 

APPENDIX 4 – Educational history .......................................................................... 177 

 

 

  



17 

 

1  INTRODUCTION 

1.1 Dyslipidemias 

Dyslipidemias are metabolic disorders that cause abnormal concentrations of circulating 

lipids and lipoproteins, such as increased total and low-density lipoprotein (LDL) cholesterol 

and/or triglycerides, and/or decreased high-density lipoprotein (HDL) cholesterol (NI et al., 

2015). They can be caused by mutations in key genes involved in lipid homeostasis (i.e., 

familial hypercholesterolemia [FH]) or secondary to a poor lifestyle, medications or 

comorbidities (HEGELE, 2009).  

Extensive evidence has shown that abnormal plasma concentrations of lipoproteins, 

especially LDL and other apolipoprotein B (apo B)-containing lipoproteins, are the major cause 

of atherosclerotic cardiovascular disease (CVD), increasing the risk of cardiovascular events, 

such as ischemic stroke and acute myocardial infarction (AMI) (KAMSTRUP et al., 2008; 

MACMAHON et al., 2007; YUSUF et al., 2004; ZHANG et al., 2003). Early detection and 

adequate treatment of dyslipidemias are essential for the correct prevention and control of 

progression. The CVD mortality rate in Brazil was 372 per 100,000 inhabitants in 2012, 

showing a downward trend in recent years (MANSUR; FAVARATO, 2016).   

Dyslipidemias are classified as primary and secondary. Primary dyslipidemias are 

caused by mutations in genes involved in the synthesis, metabolism, or plasma removal of 

lipoproteins. Secondary dyslipidemias can be caused by the effects of other diseases, 

medications and some lifestyle habits, such as smoking and high-fat diets (XAVIER et al., 

2013). 

Primary dyslipidemias can be diagnosed by phenotypic (clinical and laboratory 

parameters) or molecular (search for mutations in disease-causing genes) methods. Monogenic 

dyslipidemias result from mutations in a single gene, while polygenic ones are caused by 

associations of multiple mutations that alone do not have great repercussion (GARCÍA-

GIUSTINIANI; STEIN, 2016; HEGELE et al., 2015).   
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1.2 Familial hypercholesterolemia 

FH is a primary dyslipidemia with frequent monogenic inheritance and autosomal 

dominant transmission (GOLDSTEIN; BROWN, 2009). FH prevalence was estimated at 1:313 

in the heterozygous form and 1:400,000 in the homozygous form, which implies in more than 

30 million affected individuals worldwide. (BEHESHTI et al., 2020). The prevalence varies 

according to ethnicity, as in the case of South Africans (1:72) and Lebanese (1:85) 

(BRAUTBAR et al., 2015; TURGEON; BARRY; PEARSON, 2016; VALLEJO-VAZ et al., 

2015). 

One of the main characteristics of FH is elevated plasma concentrations of LDL 

cholesterol (LDL-c) and early coronary artery disease (CAD) (IZAR et al., 2021). Untreated 

heterozygous individuals have a higher risk of early CAD than unaffected individuals; in the 

case of homozygotes when untreated, usually survival does not exceed 30 years of age. 

(TURGEON; BARRY; PEARSON, 2016; VALLEJO-VAZ et al., 2015). Thus, the cumulative 

risk of a cardiovascular event at age 50 is up to 44% in men and 20% in women, being a much 

higher risk than estimated for patients with other dyslipidemias, which justifies not 

recommending traditional methods to estimate cardiovascular risk (TURGEON; BARRY; 

PEARSON, 2016). 

Patients carrying homozygous mutations in the LDL receptor gene (LDLR) have 

extremely high plasma LDL-c concentrations, reaching values between 600 and 1,200 mg/dL. 

Heterozygotes have LDL-c values between 300 and 440 mg/dL (IZAR et al., 2021). This 

increase in plasma cholesterol results in accelerated cholesterol infiltration into some tissues, 

leading to clinical manifestations such as corneal arch, xanthelasmas, tuberous and tendinous 

xanthomas (BRAUTBAR et al., 2015).  

To diagnose FH, phenotypic criteria are used, evaluating the presence of xanthomas and 

corneal arch, early CAD and high LDL-c concentrations, as well as cascade screening according 

to family history (IZAR et al., 2021). Clinical signs are not always present in heterozygotes, 

which makes diagnosis challenging (IZAR et al., 2021). It has also been discussed that the 

increasingly frequent use of statins has reduced the incidence of CVD and delayed the 

appearance of typical clinical signs of FH in patients and their families, which in turn 

jeopardized FH diagnosis using only clinical signs. It is estimated that less than 5% of the 

affected population is diagnosed, and late diagnosis may be associated with a worse prognosis 

(VALLEJO-VAZ et al., 2015).  
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In Brazil, the diagnostic criteria are based on the recommendations of the National 

Institute for Health and Care Excellence (NICE), a public agency of the United Kingdom 

Department of Health, and the Dutch Lipid Clinic Network (DLCN). These recommendations 

were incorporated in the Brazilian Guideline on Familial Hypercholesterolemia together with 

the analysis of mutations in genes encoding LDLR (LDLR), apolipoprotein B (APOB) and 

proprotein convertase subtilisin/kexin type 9 (PCSK9) genes for molecular diagnosis (IZAR et 

al., 2021). 

FH has an autosomal dominant inheritance and results from functional mutations in 

LDLR, APOB and PCSK9, proteins that regulate cholesterol homeostasis. LDLRs are expressed 

in all cells, mainly in hepatocytes, and are responsible for the uptake of LDL by endocytosis. 

Apolipoprotein B (Apo B) is the constitutive apolipoprotein of LDL and is responsible for the 

interaction of LDL with the receptor, so that the uptake of LDL particles occurs. PCSK9 has 

the function of degrading the LDLR. Mutations in the genes of these proteins cause reduced 

plasma LDL uptake, its accumulation in plasma and, in the long term, in tissues (IZAR et al., 

2021; TURGEON; BARRY; PEARSON, 2016). 

There are also autosomal recessive forms of FH that are rare (estimated frequency 

1:5,000,000). An example arises from mutations in the gene that encodes the LDLR adapter 

protein 1 (LDLRAP1), a protein responsible for associating LDL receptors with clathrins, in the 

lined clefts of the cell surface membrane. Mutations in LDLRAP1 lead to loss of protein 

function, resulting in an increase in LDL (BRAUTBAR et al., 2015; IZAR et al., 2021; 

SANTOS; MARANHAO, 2014). 

Molecular diagnosis of FH is based on the search for functional mutations in genes 

causing autosomal dominant FH. However, although several functional mutations associated 

with FH have already been described in the LDLR, APOB and PCSK9 genes, in the last decade 

other genes involved in cholesterol metabolic pathways have also been associated, 

characterizing polygenic FH (HUBACEK et al., 2017; JANNES et al., 2015). A risk score for 

polygenic FH was tested, which could help in determining cardiovascular risk and choosing a 

personalized treatment (PAQUETTE et al., 2017).  

The UK NICE guideline, published in 2008, recommends the diagnosis of FH by genetic 

testing and confirmation of the presence of mutations in up to third degree relatives 

(WIERZBICKI; HUMPHRIES; MINHAS, 2008). Similarly, the modified DLCN criteria 

recommend the inclusion of genetic tests for the diagnosis of FH (IZAR et al., 2021).  
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1.3 Pharmacological treatment of FH patients  

Although lifestyle factors, such as diet and physical activity, play a role in plasma LDL 

balance, it is mostly affected by cholesterol de novo biosynthesis and metabolism (AFONSO et 

al., 2018). Cholesterol de novo biosynthesis occurs substantially in the liver and the rate-

limiting step is the conversion of 3-hidroxi-3-methylglutaryl-CoA (HMG-CoA) to mevalonic 

acid, a reaction catalyzed by HMG-CoA reductase (HMGR, encoded by HMGCR). Endogenous 

and exogenous cholesterol is transferred to very-low-density lipoprotein (VLDL), which in the 

bloodstream is converted to LDL. LDL clearance depends on the interaction between apo B, 

the structural protein of LDL and VLDL, and the LDLR, a transmembrane protein present in 

the cell surface (LUO; YANG; SONG, 2020).  

High plasma LDL-c is associated with atherosclerosis due to LDL retention and plaque 

formation in the arterial intima. LDL modifications, especially oxidation, disturb vascular 

homeostasis and facilitating the infiltration of pro-inflammatory cells by multiple mechanisms 

(TALL; WESTERTERP, 2019). Macrophages recognize and internalize modified LDL 

particles, becoming foam cells that mark the process of plaque formation. The rupture of the 

atherosclerotic plaque in advanced stages may cause the formation of thrombi that can result in 

cardiovascular events, such as myocardial infarction and stroke (ZMYSŁOWSKI; SZTERK, 

2017).  

The pharmacological treatment of FH aims to reduce the concentration of LDL-c and 

therefore prevent the development of CAD. Due to the seriousness of the disease, treatment 

should be started as soon as possible and maintained for the long term, in order to reduce the 

time of exposure to high LDL-c concentrations and, consequently, the incidence of resulting 

cardiovascular events. 

Currently, statins are the first-line treatment for FH, as they are highly effective in 

reducing plasma LDL-c. Statin treatment has shown to decrease the incidence of cardiovascular 

events in many clinical trials (AWAN et al., 2012; CANNON et al., 2004; LAROSA et al., 

2005; PEDERSEN et al., 2004; RIDKER et al., 2008, 2009; SACKS et al., 1996; SHEPHERD 

et al., 1995). The 2019 European Society of Cardiology (ESC) and European Atherosclerosis 

Society (EAS) guidelines recommend statin treatment to reduce LDL-c in patients at high 

cardiovascular risk, such as FH patients (MACH et al., 2020). 

Mechanistically, statins act via inhibition of HMGR, mainly in hepatocytes, decreasing 

cholesterol de novo biosynthesis and inducing sterol regulatory element-binding protein 

(SREBP) 2 activation. SREBP-2 is a transcription factor that regulates the expression of genes 
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involved in cholesterol metabolism, including LDLR. Elevated LDLR expression on the surface 

of hepatocytes increases LDL uptake by up to 55%, further enhancing the statin response 

(WARD; WATTS; ECKEL, 2019). The expression of other genes involved in cholesterol 

metabolism is also induced, including those encoding the proprotein convertase subtilisin/kexin 

type 9 (PCSK9), apo B (APOB) and apo E (APOE) (NOZUE, 2017). 

The therapeutic goal for FH patients is a reduction of at least 50% of plasma LDL-c; 

however, patients with two or more risk factors (such as male gender, smoking, presence of 

premature CAD in family members, low concentrations of HDL-cholesterol) should have the 

regimen intensified (IZAR et al., 2021).  

Despite the great advances in the treatment of hypercholesterolemia, FH is treated 

insufficiently or late. There is great inter-individual variability of response, with an estimate of 

only approximately 20% of patients achieving therapeutic goals (VALLEJO-VAZ et al., 2015). 

To improve the response of these patients, other lipid-lowering drugs are being used, such as 

cholesterol absorption inhibitors (ezetimibe), bile acid sequestrant resins and microsomal 

triglyceride transfer protein inhibitor (MTP). Other classes are in development such as squalene 

synthase inhibitor, PCSK9 inhibitors, and thyroid hormone analogues. (HIRATA et al., 2013). 

Many non-genetic factors, including gender, age, smoking status, diabetes, ethnicity, 

have been reported as predictors of statin response. Male gender and younger age have been 

described as predictors of lower LDL-c reductions upon simvastatin, atorvastatin and 

rosuvastatin (KARLSON et al., 2017; ONI-ORISAN et al., 2018). Diabetes and smoking also 

worsen statin response, while East Asians showed better statin response (ONI-ORISAN et al., 

2018). 

In addition to non-genetic factors, genetic variants have shown to affect statin response 

and the risk of adverse drug events (MAXWELL et al., 2017; ONI-ORISAN et al., 2018). In 

the meta-analysis of total genome-wide association studies (GWAS) variants in APOE 

(rs445925), SLCO1B1 (rs2900478), LPA (rs10455872) and SORT1/CELSR2/PSRC1 

(rs646776) contributed to up to 5.1% of the variability in LDL-c reduction resulting from the 

use of statins (POSTMUS et al., 2014).  

Statin-related adverse events (SRAE) have also been widely studied. The SRAE most 

frequently reported are statin-associated muscular events (SAMS), with a frequency in non-

blinded observational studies ranging from 7 to 29% (MACH et al., 2018; STROES et al., 

2015). Other SRAE reported also include increased glucose levels, with the development of 
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new-onset diabetes mellitus (1 per 1000 patients per year of exposure); mild proteinuria; and 

elevation of liver transaminases (MACH et al., 2018). 

SAMS occur due to the blockage of mevalonate pathway caused by statins, which not 

only reduces cholesterol production, but also other final products, such as ubiquinone. 

Ubiquinone, also called coenzyme Q10 (CoQ10), is critical for mitochondrial production of 

energy in the muscle (KEE et al., 2020). The lack of these products leads to mitochondrial 

dysfunction and other intracellular events, leading to muscle pain, myotoxicity, or even muscle 

cell apoptosis (KEE et al., 2020). 

SAMS are classified as four clinical presentations, according to the National Lipid 

Association: 1) Myalgia, that includes muscle aches, soreness, stiffness, tenderness and cramps 

with normal creatine kinase (CK) levels; 2) Myopathy, manifested by muscle weakness, not 

necessarily accompanied by pain or high CK levels; 3) Myositis, with muscle inflammation; 4) 

Myonecrosis, with hyperCKemia; and 5) Myonecrosis with myoglobinuria or acute renal 

failure, also named rhabdomyolysis (ROSENSON et al., 2014). The incidence tends to vary 

with the statin used and the dose, with simvastatin showing the highest rates of SAMS (TOTH 

et al., 2018). 

SAMS have many predisposing factors, such as older age (over 75 years), female 

gender, hypothyroidism, abuse of alcohol, and drug interactions that inhibit enzymes 

responsible for statin metabolism, such as amiodarone, that inhibits CYP3A4. Genetic variants 

are also important contributors to the incidence of SAMS (TOTH et al., 2018).  

Importantly, SRAE, especially SAMS, affect statin adherence. Myalgia has been 

reported as the main reason for treatment interruption (60%), followed by cost (16%) and lack 

of efficacy (13%) (WEI et al., 2013). Patient education is also fundamental for adherence. In 

one study, it was observed that 25% of FH patients were unaware of the risk of CAD resulting 

from the disease and 10% did not know the reason for using the medication, which could 

influence treatment adherence (HOLLMAN; OLSSON; EK, 2006). In the study by McGinnis 

et al., 2007, non-adherent patients were also shown to have less knowledge about the benefits 

of statins than adherent patients (MCGINNIS et al., 2007).   
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1.4 Statin pharmacogenetics 

1.4.1 Pharmacokinetics genes 

Genetic alterations can compromise pharmacokinetic parameters, by modifying the 

activity of enzymes responsible for drug metabolism, and pharmacodynamics, by modifying 

the affinity of a receptor for agonists and antagonists. In this way, the response to lipid-lowering 

drugs can be reduced or the risks of adverse effects can be increased (HIRATA et al., 2013; 

SANTOS et al., 2012b). 

Most genetic associations with statin response have been found in genes involved in 

statin absorption, distribution, metabolism and excretion (ADME), such as drug-metabolizing 

enzymes of the cytochrome P450 (CYP) family or influx/efflux transporters that actively 

participate in its pharmacokinetics and variants in these genes can impact statin plasma levels 

and, consequently, its efficacy and safety. Statins are absorbed in the intestine by passive 

diffusion or active transport by the organic anion transporting polypeptide (OATP) 2B1 

(OATB2B1, encoded by SLCO2B1), a member of solute carrier (SLC) transporter family. 

Statins are further carried through the portal vein to the liver and their hepatic uptake is 

mediated by OATP1B1 (SLCO1B1), with minor contributions of OATP1B3 (SLCO1B3) for 

rosuvastatin and fluvastatin (ROCHA; PEREIRA; RODRIGUES, 2018).  

In the liver, atorvastatin and simvastatin undergo first-pass metabolism by CYP3A4 and 

to a lesser extent by CYP3A5, generating both active and inactive metabolites. Fluvastatin is 

metabolized by CYP2C9, which also plays minor roles in the hydrolysis of rosuvastatin. 

However, rosuvastatin pharmacokinetics depend mostly on influx and efflux transporters 

(HIROTA; FUJITA; IEIRI, 2020).  

Statin excretion occurs via bile and depends on the activity of the efflux transporters of 

the ATP-binding cassette (ABC) superfamily that are present in the canalicular membrane of 

hepatocytes, namely multi-drug resistance protein 1 (MDR1, encoded by ABCB1), multi-drug 

resistance protein 2 (MRP2, encoded by ABCC2), and breast cancer resistance protein (BCRP, 

encoded by ABCG2). These transporters are also present in the apical membrane of enterocytes 

where they mediate the intestinal efflux of statins (ROCHA; PEREIRA; RODRIGUES, 2018). 

MRP1, encoded by ABCC1, is present in the basolateral membrane of hepatocytes and is 

involved in statin efflux to the bloodstream. MRP1, MOAT-B (ABCC4), MOAT-C (ABCC5) 

and OATP2B1 are also present in myocytes and the balance of their activities are suggested to 

be involved in statin myotoxicity (KNAUER et al., 2010). 
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Polymorphisms in key genes have been related to the presence of adverse events to 

statins. The concentration of statins in the blood, especially simvastatin and atorvastatin, may 

be related both to the response and to the presence of myalgia and other adverse events; 

therefore, variants in these transporters can also influence treatment. 

SLCO1B1 is the most studied gene involved in statin pharmacokinetics. Variants of the 

SLCO1B1 have been linked to lower doses of statins to reach the therapeutic goal and the 

development of myopathy (HIRATA et al., 2013; PATEL et al., 2014; REINER, 2014). 

SLCO1B1*5 (rs4149056, c.521T>C) is a particularly well-described decreased function 

variant. Extensive evidence demonstrates an association between this variant and simvastatin-

induced myopathy (HOU et al., 2015; THE SEARCH COLLABORATIVE GROUP, 2008). It 

was suggested that SLCO1B1*5 interfered with plasma statin concentrations and increased the 

risk of myalgia, reaching a frequency 50% in homozygous individuals against 19% in those 

without the mutated allele (VOORA et al., 2009). Consequently, SLCO1B1*5 was included in 

international guidelines as a risk allele for myopathy, together with two haplotypes containing 

*5 C allele, namely SLCO1B1*15 (*5 C and rs2306283 G alleles) and SLCO1B1*17 (*5 C, 

rs2306283 G, and rs4149015 A alleles) (RAMSEY et al., 2014).  

CYP3A5*3 polymorphism also showed an association with SAMS. Homozygous 

carriers of *3 allele showed greater muscle damage resulting from the use of atorvastatin 

compared to heterozygotes (WILKE; MOORE; BURMESTER, 2005). Another important gene 

in this mechanism is ABCB1, whose T allele of the c.3435C>T polymorphism was more 

frequent in patients with myalgia (GLUBA-BRZOZKA et al., 2016). 

There are also studies that focus on understanding the impact of genetic variants in LDL-

c reduction. Drug transporters, such as SLCO1B1 and ABCB1, have been widely studied. 

SLCO1B1 rs2306283 (c.388A>G), for example, was associated with a more pronounced 

reduction in LDL-c after treatment with atorvastatin and may be a predictor of therapeutic 

response (RODRIGUES et al., 2011). We recently suggested that SLCO1B1*15 and variants in 

SLCO1B3 and ABCB11 delayed rosuvastatin response in an FH patient, without jeopardizing 

LDL-c reduction after 12 weeks of treatment (DAGLI-HERNANDEZ et al., 2020). ABCB1 

rs1045642 (c.3435C>T) was also associated with better statin response in some studies 

(HOENIG et al., 2011; SU et al., 2015). Two independent Brazilian cohorts also showed that 

ABCB1 rs2032582 (c.2677T>G/A) GG genotype and A allele increased total cholesterol 

reduction and LDL-c reduction to simvastatin (REBECCHI et al., 2009) and atorvastatin 

(FIEGENBAUM et al., 2005a), respectively. 
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In CYP enzymes, CYP3A4*22, for example, has been associated with higher LDL-c 

reduction in simvastatin users (ELENS et al., 2011), but this result was not observed in Brazilian 

hypercholesterolemic patients using simvastatin (FIEGENBAUM et al., 2005a) or atorvastatin 

(RODRIGUES et al., 2013; WILLRICH et al., 2013). Our group reported an association 

between CYP3A5*3 (rs776746) and lower reduction of total cholesterol, LDL-c and HDL 

cholesterol (HDL-c) after atorvastatin treatment in non-African descendants (WILLRICH et al., 

2008), but this result still remains controversial, since other studies did not find any association 

(ROSALES et al., 2012). We later observed that changes in cholesterolemia promoted by 

atorvastatin influence the regulation of mRNA expression in CYP3A4 and CYP3A5 in 

peripheral blood mononuclear cells. The presence of the CYP3A5*3 polymorphism (AGT 

haplotype) also contributes to the variability of CYP3A5 mRNA expression (WILLRICH et al., 

2013). 

1.4.2 Pharmacodynamics genes 

The variability of the response to statins can be partly attributed to polymorphisms in 

more than 30 genes. Among these are several variants associated with LDL-c metabolism such 

as LDLR, PCSK9, APOE and HMGCR (HIRATA et al., 2013).  

Studies performed by our group evaluated the relationship of several genes with the 

response to statins and ezetimibe in individuals with hypercholesterolemia. Common 

polymorphisms of LDLR, APOB, APOE, APOA1 and SCARB1 genes were associated with 

variability in response to statins in Brazilian individuals with polygenic hypercholesterolemia 

(CERDA et al., 2010; GUZMÁN et al., 2000; HIRATA et al., 2013; SALAZAR et al., 2000a, 

2000b).  

Another study investigated the pharmacogenetics of simvastatin and/or ezetimibe and 

reported that the LDLR  rs879255000 (p.Trp556Arg) variant, in homozygosis, is associated 

with failure to respond to statins and with lower response (15%) to ezetimibe (SCHAEFER et 

al., 2012).  

APOE has also shown to be associated with statin response. In a meta-analysis, it was 

shown that low frequency alleles APOE c.-2189G>A and SORT1/CELSR2/PSRC1 c.*1859C>T 

polymorphisms were associated with a higher statin response, while LPA rs10455872 

(g.161010118A>G) and SLCO1B1 rs2900478 (c.1498-1256T>A) were associated with a lower 

response (POSTMUS et al., 2014). Additionally, APOE variants, especially the 2 and 4 
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alleles, have also been associated with increased and decreased LDL-c reduction, respectively, 

when treated with statin (GUAN et al., 2019).  

HMGCR c.451-174A>T and other variants can also lead to resistance to statin treatment. 

One of the proposed mechanisms is an alternative processing of mRNA and production of an 

isoform less sensitive to inhibition by statins (HIRATA et al., 2013). Another example is 

HMGCR rs17244841 (g.331648A>T), whose T allele decreased LDL-c response to simvastatin 

40 mg/d in African-American hypercholesterolemic (HC) patients (KRAUSS et al., 2008; 

MANGRAVITE et al., 2010). HMGCR rs3846662 (c.1564-106A>G) A allele also decreased 

LDL-c response to statins in patients with dyslipidemia and FH (CANO-CORRES et al., 2018; 

LEDUC et al., 2016).  

1.4.3 Pharmacogenetics of statins in the Brazilian population 

Statin pharmacogenetics studies have been performed in Brazilian cohorts and have 

brought important contributions, as we discussed in a recent review (DAGLI-HERNANDEZ et 

al., 2021). Most studies were performed with simvastatin and atorvastatin, and several genes 

and outcomes – including statin anti-inflammatory effects – have been explored. The main 

focus of these studies was lipid changes after statin treatment, and most associations were found 

with genes involved in statin pharmacodynamics, such as HMGCR, LDLR, APOB, SCARB1, 

and others (DAGLI-HERNANDEZ et al., 2021). 

However, some of the findings were not consistent with the literature. For example, only 

one study including Brazilian patients explored the association between SAMS and of 

SLCO1B1*5 or *15 and no association was found (SANTOS et al., 2012a). Nevertheless, there 

is strong evidence in the literature that SLCO1B1*5, *15 and *17 cause SAMS, which is why 

those are the only variants present in the Clinical Pharmacogenetics Implementation 

Consortium (CPIC) guideline for increasing the risk simvastatin-induced myotoxicity 

(RAMSEY et al., 2014). Due to this lack of evidence, the Brazilian guidelines for dyslipidemia 

management have not included a recommendation of genotyping SLCO1B1*5 and haplotypes 

in simvastatin users (FALUDI et al., 2017; IZAR et al., 2021). 

These differences could be due to a series of factors related to the population of study 

(DAGLI-HERNANDEZ et al., 2021). Most international pharmacogenetic studies that found 

relevant associations were performed with non-admixed populations, such as Caucasians or 

Asians. The Brazilian population, on the other hand, is highly heterogeneous, with a very 

particular admixture between several ethnicities that include Caucasians, Africans, East Asians, 
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and Amerindians. The coexistence of variants that are frequent in different ethnicities can mask 

or potentialize the outcome to be observed, which therefore could bring more confounding 

factors to the pharmacogenetic studies. In this way, the sequencing of target genes could bring 

new associations by adjusting these confounding factors.  

Additionally, there are few pharmacogenetic studies with Brazilian FH patients. Most 

studies focused mainly on hypercholesterolemic patients (DAGLI-HERNANDEZ et al., 2021). 

It is important to study the pharmacogenetics of Brazilian FH patients for multiple reasons. The 

presence of pathogenic FH-related variants can modify treatment response in these patients, 

and treatment response is crucial for these high-risk patients. Also, those patients are exposed 

to higher statin doses and therefore are more susceptible to SRAE. In order to fill this gap, we 

studied the influence of pharmacogenetic variants detected by exon-targeted gene sequencing 

in FH patients. 
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2 OBJECTIVES 

2.1 General objective 

This thesis aimed to explore the association of genetic variants with the response to 

lipid-lowering drugs in Brazilian FH patients.  

2.2 Specific objectives 

1) To identify variants in genes involved in statin pharmacokinetics (PK) and 

pharmacodynamics (PD) in a Brazilian cohort of FH patients.  

2) To explore functional effect using in silico algorithms and molecular modeling analysis for 

deleterious variants. 

3) To evaluate the influence of deleterious variants in PK and PD genes on lipid-lowering 

response in a Brazilian cohort in FH patients.  

4) To explore the association of variants in PK and PD genes with the predisposition to SRAE 

in FH patients. 

 

  



29 

 

3 METHODS 

3.1 Study design and patients 

This study is a part of the FHBGEP project that aims to investigate genomic, 

epigenomic, and pharmacogenomic factors associated with FH in the Brazilian population 

(BORGES et al., 2021). Two-hundred unrelated adult FH patients were recruited at three 

Brazilian Medical Centers from October 2014 to January 2020. FH was clinically diagnosed as 

possible (3-5 points), probable (6-8 points) or definite (>8 points) according to Dutch Lipid 

Clinic Network (DLCN) modified criteria (IZAR et al., 2021; WORLD HEALTH 

ORGANIZATION, 1998).  

Patients with the following comorbidities were excluded: liver failure, severe chronic 

kidney disease (estimated glomerular filtration rate, GFR < 30 mL/min/1.73m2) and/or 

nephrotic syndrome, clinically uncontrolled neoplasms, positive serology for human 

immunodeficiency virus (HIV), hypothyroidism, and/or Cushing's syndrome. Patients who 

withdrew from the study, aged less than 18 years old, without medical records available or with 

no history of statin treatment were also excluded from the pharmacogenetics analysis.  

3.2 Ethical aspects 

The study protocol was approved by the Ethics Committees of the Institute Dante 

Pazzanese of Cardiology (IDPC) (CAAE #24618713.0.1001.5462, #24618713.0.1001.5462) 

and #05234918.4.0000.5462, School of Pharmaceutical Sciences (CAAE 

#24618713.0.3001.0067) of the University of Sao Paulo (USP), and Federal University of Rio 

Grande do Norte (CAAE #24618713.0.2001.5292), Brazil. The study was conducted according 

to good clinical practices and the Declaration of Helsinki guidelines (as revised in 2013). All 

subjects signed an approved written informed consent before enrollment.  
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3.3 Blood samples and laboratory testing 

Blood samples were obtained from fastened patients (at least 8 h) for DNA sequencing 

and laboratory testing: serum lipid profile (total cholesterol and fractions, triglycerides, 

apolipoproteins AI and B); glycemic profile (glucose, glycated hemoglobin and insulin); 

thyroid-related hormones (thyroid-stimulating hormone and thyroxine); liver (alanine and 

aspartate aminotransferases) and muscle (creatine kinase) enzymes; creatinine; and high 

sensitivity C-reactive protein (hsCRP).  

Plasma glucose, triglycerides, total cholesterol, HDL-c were determined by colorimetric 

enzymatic methods. LDL-c and VLDL cholesterol levels were calculated using Friedwald’s 

formula (FRIEDWALD; LEVY; FREDNICKSON, 1972). Urea, creatinine, CK, alanine 

aminotransferase (ALT) and aspartate aminotransferase (AST) were determined by kinetic 

methods. Uric acid was determined by the modified kinetic method of Bulger and Johns. 

Apolipoprotein A (apo A), apo B and hsCRP were determined by immunoturbidimetry. 

Glycated hemoglobin (HbA1c) was determined by high-throughput liquid chromatograpy 

(HPLC). These determinations described above were made by a Dimension RXL automatic 

analyzer (Siemens, Munich, Germany) following the manufacturer’s instructions. 

Thyroid-stimulating hormone (TSH), thyroxine (T4) and insulin were determined by 

sandwich-type enzymatic immunoassays, with detection by electrochemiluminescence, using a 

CENTAURO automatic analyzer (Siemens, Munique, Alemanha). 

Laboratory external quality control was performed by the program of quality control of 

the Brazilian Society of Clinical Pathology. 

3.4 Exon-targeted gene sequencing 

Genetic analyses were performed as previously described (BORGES et al., 2021). 

Briefly, genomic DNA was extracted from whole blood samples using QIAamp® DNA Blood 

Maxi Kit (QIAGEN, Hilden, Germany). DNA quantification, purity (A260/A280 ratio), and 

integrity were analyzed using the QUBIT® 2.0 fluorometer (Life Technologies, Forest City, 

IA, USA), NanoDrop® ND-1000 spectrophotometer (Thermo Fisher Scientific Inc., Waltham, 

MA, USA), and 2200 TapeStation® system (Agilent Technologies, Santa Clara, CA, USA).  

FH- and pharmacogenetics-related genes were analyzed from a panel with 84 genes 

using an exon-targeted gene sequencing strategy (BORGES et al., 2021). Briefly, exons and 

regulatory regions were selected using Illumina's Design Studio tools 
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(https://accounts.illumina.com/). Good-quality genomic DNA was used for library construction 

using the Nextera Rapid Capture Custom Enrichment Kit (Illumina, San Diego, CA, USA). 

Clustering and paired-end sequencing reactions were performed using MiSeq® Reagent kit V2 

(300-cycles) in the MiSeq® system (Illumina, San Diego, CA, USA). PhiX (1%) was used as 

library clustering and diversity controls. Sequencing data was analyzed using a variant 

discovery pipeline previously described (BORGES et al., 2021). 

The molecular diagnosis of FH was carried out by identifying variants previously 

associated with FH, such as gain-of-function variants in PCSK9, or variants classified as 

pathogenic according to the American College of Medical Genetics and Genomics (ACMG) 

guidelines (RICHARDS et al., 2015).  

3.5 Clinical and pharmacotherapy data 

Clinical and biodemographic data, including patient medical history, lifestyle 

information, medications in use and adverse events, were obtained using a questionnaire and 

clinical examination, as previously described (Borges et al. 2020).  

Information on pharmacotherapy and laboratory tests was also obtained from medical 

records. To mitigate information bias, the time between the medical visit and the corresponding 

laboratory test was set to a maximum of 30 days. Baseline LDL-c was considered the highest 

plasma level without statin treatment for at least 30 days when clearly indicated in the medical 

record. On-treatment LDL-c was defined as the lowest level with statin treatment.  

Patients were considered responders (RE) if they reached an LDL-c reduction of at least 

50% and non-responders (NRE) if they did not reach the therapy target (GOLDBERG et al., 

2011; IZAR et al., 2021). Absolute LDL-c target was set according to the CAD risk 

stratification defined by the Update of the Brazilian Guideline for FH (IZAR et al., 2021): 1) 

Very high risk: patients carrying manifested CAD (history of AMI, angina pectoris, previous 

myocardial revascularization, or ischemic or transitory cerebrovascular event); 2) High risk: 

primary prevention with baseline LDL-c > 400 mg/dL, or baseline LDL-c > 310 mg/dL with 

one high-risk factor (tobacco smoking, male gender, or HDL-c < 40 mg/dL), or baseline LDL-

c > 190 mg/dL with two high-risk factors; 3) Intermediate risk: Primary prevention without 

high-risk factors. The therapy target for each risk group was the following: 1) Very high risk: 

LDL-c reduction ≥ 50% and on-treatment LDL-c < 50 mg/dL; 2) High risk: LDL-c reduction ≥ 

50% and on-treatment LDL-c < 70 mg/dL; 3) Intermediate risk: LDL-c reduction ≥ 50% and 

on-treatment LDL-c < 70 mg/dL. 
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FH patients were grouped according to the type and intensity of the statin therapy and 

the clinical response. Treatment intensity was established according to the American College 

of Cardiology/American Heart Association and the Brazilian guideline criteria, where moderate 

intensity were the following doses: simvastatin 20-40 mg, atorvastatin 10-20 mg or rosuvastatin 

5-10 mg; and high intensity: simvastatin 80 mg + ezetimibe 10 mg, atorvastatin 40-80 mg or 

rosuvastatin 20-40 mg (CHOU et al., 2016; IZAR et al., 2021). Drug-drug interactions were 

annotated when a concomitant medication could inhibit or induce enzymatic activity and affect 

statin response (BELLOSTA; CORSINI, 2018). SRAE were considered when clearly stated by 

the cardiologist as associated with statin therapy and were followed by dose reduction or change 

of statin (IZAR et al., 2021). Reduced adherence was considered for patients who reported at 

least one event of non-adherence to statin or ezetimibe (BORETZKI et al., 2017).  

3.6 Pharmacogenetic analysis 

3.6.1 Pharmacokinetics genes 

A total of 23 genes involved in pharmacokinetics (PK) of statins, including cytochrome 

P450 (CYP) and uridine 5'-diphospho-glucuronosyltransferase (UGT) enzymes, as well as 

ABC and SLC transporters, were analyzed (Supplementary table 1).  

An optimized prediction model was used to evaluate functional impact of variants in 

PK-related genes (ZHOU et al., 2018). Briefly, missense, stop-gain, and stop-loss variants were 

analyzed using ANNOVAR (WANG; LI; HAKONARSON, 2010) to assess the pathogenicity 

scores of five algorithms (LRT, Mutation Assessor, PROVEAN, VEST3 and CADD). Next, 

the PK optimized prediction model was used and variants were classified according to the 

functionality prediction score (FPS) as neutral (FPS < 0.5), deleterious (FPS > 0.5) or loss-of-

function (LOF) (FPS = 1.0). Splicing site and frameshift variants were considered deleterious 

when they were classified as pathogenic or with decreased or increased activity in ClinVar 

(https://www.ncbi.nlm.nih.gov/clinvar/) and PharmVar (https://www.pharmvar.org/). Also, the 

functional impact of variants in splice sites was performed using ANNOVAR’s dbNSFP v4.2 

in silico algorithm, followed by manual checking for the proximity to the branch point. 

Frameshift variants were considered deleterious. 

https://www.pharmvar.org/
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3.6.2 Pharmacodynamics genes 

A total of 34 genes involved in the pharmacodynamics (PD) of statins were included in 

the analysis (Supplementary table 1). Variants in genes associated with FH (LDLR, APOB, 

PCSK9, LDLRAP1), cholesterol homeostasis and metabolism (HMGCR, MYLIP, and others), 

reverse transport of cholesterol, apolipoproteins and other genes that were previously associated 

with statin response were analyzed. 

The functionality of missense, stop gain and stop loss variants was assessed using the 

following in silico prediction algorithms: PolyPhen-2, Mutation Assessor, SIFT, PROVEAN, 

CADD, DANN, and FATHMM. If the majority of the algorithms predicted the variant as 

deleterious, it was annotated as deleterious. The functional impact of variants in splice sites was 

predicted using dbNSFP v4.2 in silico algorithm, followed by manual checking for the 

proximity to the branch point. Frameshift variants were considered deleterious. 

3.7 Molecular Modeling Analysis 

The impact of deleterious genetic variants on the interaction between the protein and the 

statin ligands (simvastatin, atorvastatin and rosuvastatin) was assessed using molecular 

modeling analysis as previously described (BORGES et al., 2021).  

Briefly, amino acid sequences of reference proteins were downloaded from the Uniprot 

database (https://www.uniprot.org/help/uniprotkb) and tri-dimensional models were generated 

using AlphaFold2 pipeline (https://github.com/deepmind/alphafold). Protein models (reference 

and variants) were prepared by adding hydrogen atoms, fixing missing side chains, removing 

sulphate ions and other crystallization buffer molecules such as glycerol and minimizing by 

Biopolymer in Sybyl X suite (https://www.certara.com/). The molecular modeling analysis was 

was performed with the help of Dr. Glaucio Monteiro Ferreira.  
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3.8 Statistical analyses 

Statistical analyses were performed using RStudio V 4.0.3 (RStudio, Inc, Boston, MA, 

USA) and GraphPad Prism V8 (Sigma, San Diego, CA, USA). A cut-off of p-value < 0.05 was 

used for statistical significance.  

The distribution of the continuous variables was evaluated by the Kolmogorov-Smirnov 

test and those with normal distribution are shown as mean and SD and were compared using t-

test. Continuous variables with skewed distribution are shown as median and interquartile range 

and were compared using Mann-Whitney. For comparisons of continuous variables, Benjamini-

Hochberg correction was used to adjust p-values, considering a false discovery rate (FDR) of 

10%. Categorical variables were compared by chi-square or Fisher's exact tests.  

SNPassoc R package version 2.7 was used to analyze genotype and allele frequencies of 

the variants and Hardy-Weinberg equilibrium (HWE). 

Univariate and multivariate linear and logistic regression analyses were performed to 

investigate the influence of deleterious genetic variants on statin response and SRAE in FH 

patients. In univariate regression analyses, p-values were corrected using Benjamini-Hochberg 

correction for multiple tests. In multivariate regression analyses models, BMI, baseline LDL-c, 

treatment intensity, ezetimibe use, and SRAE (for analysis of statin response only) were used 

as covariates. 
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4 RESULTS 

4.1 Characteristics of the individuals and molecular diagnosis 

Of the 200 FH patients selected for this study, 86 were excluded due lack of information 

from medical records: 19 did not use lipid-lowering medication; 55 did not have baseline 

laboratory data; 6 did not have on-treatment data; and 6 did not have a medical record available. 

Biodemographic and clinical characteristics of 114 FH patients are described in the 

Table 1. Most patients were white (53.5%) and women (71.9%), and clinically diagnosed FH 

as defined (41.2%), probable (27.2%) and possible (31.6%) according to the modified DCLN 

criteria. Most patients were at very high risk (56.1%) and high risk (9.7 %) of CAD. The 

molecular diagnosis was confirmed for 35 (30.7%) patients, who carried pathogenic or likely 

pathogenic variants in LDLR (32) and APOB (1), according to ACMG classification, and a GOF 

variant in PCSK9 (2) previously associated with FH. No pathogenic or likely pathogenic 

variants were found in LDLRAP1 in this cohort (Table 2) (BORGES, 2019).  

4.2 Statin response 

4.2.1 Therapy targets 

A total of 58 (50.8%) FH patients were considered RE and 56 (49.2%) were considered 

NRE to statin treatment. Clinical and molecular diagnosis of FH variables had similar results 

between RE and NRE groups, with exception of median BMI and frequency of obesity and 

alcohol consumption that were higher in the NRE group (p<0.05) (Table 1). No difference was 

observed in FH clinical diagnosis between NRE and RE groups. Most patients were of very 

high risk (56.1%), intermediate risk (34.2%) and high risk (9.7%). The risk was similarly 

distributed in RE and NRE groups. 

Most patients were treated with atorvastatin (79.8%), followed by simvastatin (10.5%) 

and rosuvastatin (9.6%). The type and intensity of statin did not differ between RE and NRE 

groups (p>0.05), but association of statin with ezetimibe was more prescribed in RE group 

(p=0.046). Regarding drug interactions, total of 10 (8.8%) patients were taking amlodipine, an 

inhibitor of CYP3A4, but no difference was observed between RE and NRE (p>0.05). One 

patient was also taking carbamazepine, which is an inducer of CYP3A4. Reduced adherence to 

therapy was similar between RE and NRE patients (p>0.05). Myalgia and other SRAE were 

more frequent in RE than NRE patients (p=0.001).  
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Table 1 Biodemographic and clinical data of FH patients grouped according to statin response 

Variablea  Total  

(114) 

RE      

(58) 

NRE 

(56) 

p-value 

Age, years  57.1 (37.9-76.3) 54.9 (34.7 - 75.1) 57.6 (41.9 - 73.3) 0.261 

Gender (female), %  71.9 (82) 69.0 (40) 75.0 (42) 0.611 

Ethnics, % White 53.5 (54) 58.5 (31) 48.9 (23) 0.326 

 Brown  31.7 (32) 24.5 (13) 38.3 (18)  

 Black 14.9 (15) 17.0 (9) 12.8 (6)  

Xanthomas, %  12.3 (14) 13.8  (8) 10.7  (6) 0.830 

Arcus cornealis, %  17.9 (20) 14.0 (8) 21.8 (12) 0.407 

FH clinical diagnosisb, %  Defined or Probable 68.4 (78) 75.9 (44) 60.7 (34) 0.124 

 Possible 31.6 (36) 24.1 (14) 39.3 (22)  

FH molecular  FH-variants 30.7 (35) 34.5 (20) 26.8 (15) 0.491 

diagnosis,% APOB  0.9 (1) 0.0  (0) 1.8  (1) 0.166 

 LDLR 28.3 (32) 34.5 (20) 21.4 (12)  

 PCSK9 1.8 (2) 0.0  (0) 3.6  (2)  

 LDLRAP1 0.0 (0) 0.0 (0) 0.0 (0)  

Hypertension, %  62.5 (70) 60.3 (35) 64.8 (35) 0.770 

Type 2 diabetes, %  21.6 (24) 26.3 (15) 16.7  (9) 0.316 

Obesity, %  28.6 (32) 17.2 (10) 40.7 (22) 0.011 

BMI, kg/cm²  27.7 (22.5-32.9) 26.3 (21.4 - 31.2) 28.2 (22.5 - 33.9) 0.011 

Medical history, % AMI 29.2 (33) 28.1 (16) 30.4 (17) 0.952 

 CAD 40.0 (42) 44.0 (22) 36.4 (20) 0.550 

 CVE 6.0 (6) 3.9  (2) 8.2  (4) 0.637 

Alcohol consumption, %  25.0 (22) 14.6  (7) 37.5 (15) 0.007 

Tobacco smoking, %  14.3 (16) 17.2 (10) 11.1  (6) 0.510 

CAD risk, % Very high risk 56.1 (64) 53.4 (31) 58.9 (33) 0.095 

 High risk 9.7 (11) 15.5  (9) 3.6  (2)  

 Intermediate risk 34.2 (39) 31.0 (18) 37.5 (21)  

Lipid-lowering  Atorvastatin 79.8 (91) 77.6 (45) 82.1 (46) 0.275 

treatment, % Simvastatin 10.5 (12) 8.6  (5) 12.5  (7)  

 Rosuvastatin 9.6 (11) 13.8  (8) 5.4  (3)  

 Statins + Eze  36.8 (42) 46.6 (27) 26.8 (15) 0.046 

Statin intensity, % Moderate 14.0 (16) 6.9  (4) 21.4 (12) 0.050 

 High 86.0 (98) 93.1 (54) 78.6 (44)  

Drug interactions, % CYP3A4 inhibitorsc 10 (8.8) 7 (12.1) 3 (5.3) 0.349 

 CYP3A4 inhibitors 

+ inducersd 

1 (0.01) 0 (0.0) 1 (1.9) - 

Reduced adherence, % Statins 15.9 (18) 17.2 (10) 14.5  (8) 0.893 

 Ezetimibe 10.6 (12) 13.8  (8) 7.3  (4) 0.413 

SRAE, % Myalgia 16.8 (19) 29.3 (17) 3.6  (2) 0.001 

 Otherse 21.2 (24) 34.5 (20) 7.3  (4) 0.001 

Number of patients in brackets. Patients ≥ 50% LDL cholesterol reduction on statin treatment were classified as responders. 

Categorical variables were compared by chi-square test. Continuous variables are shown as median and interquartile range and 

were compared by Mann-Whitney test. AMI: acute myocardial infarction; BMI: body mass index; CAD: coronary artery 

disease; CVE: cerebrovascular event; Eze: ezetimibe; NRE: non responder; RE: responder; SRAE: statin-related adverse events  
a Data were not available for ethnics (13 patients), arcus cornealis (2), hypertension (2), diabetes (3), BMI (4), obesity (2), 

history of infarction (1), CAD (9), CVE (14), tobacco smoking (2), alcohol consumption (26), age (2). b DCLN modified 

criteria. c All patients in this category used the CYP3A4 inhibitor amlodipine. d  All patients in this category used the CYP3A4 

inhibitor amlodipine and the CYP3A4 inducer carbamazepine. e Including also stomach pain (4), diarrhea (1), urinary tract 

infection (1), increased hepatic enzymes (1) and joint pain (1).   
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Table 2 FH-related pathogenic variants in FH patients (n=114). 

Gene dbSNP code Variant Amino acid 

change 

Type In silico 

analysisa 

ACMG 

Classification 

Number of 

patients 

(zigosity) 

APOB rs61744153 c.11477C>T  p.Thr3826Met Missense P LP 1 (He) 

LDLR rs112029328 c.313+1G>A - Splice-

site 

NA P 2 (He) 

 rs121908026 c.530C>T p.Ser177Leu Missense P P 2 (He) 

 rs875989902 c.533A>T p.Asp178Val Missense P LP 1 (He) 

 rs121908039 c.551G>A p.Cys184Tyr Missense P P 1 (He) 

 rs879254797 c.1118G>A p.Gly373Asp Missense P LP 2 (He) 

 rs28942078 c.1285G>A p.Val429Met Missense P P 1 (He) 

 rs28942079 c.1291G>A p.Ala431Thr Missense P P 1 (He) 

 rs879254913 c.1463T>C  p.Ile488Thr Missense P LP 2 (He) 

 rs373646964 c.1474G>A p.Asp492Asn Missense P LP 1 (He) 

 rs28941776 c.1646G>A p.Gly549Asp Missense P P 2 (He) 

 rs137929307 c.1775G>A p.Gly592Glu Missense P LP 2 (He) 

 rs753707206 c.1801G>C  p.Asp601His Missense P LP 2 (He) 

 rs879254687 c.818-2A>G - Splice-

site 

NA P 1 (He) 

 rs1135402774 c.1474del p.Asp492fs InDel NA P 1 (He) 

 rs121908031 c.2043C>A p.Cys681* Stop-gain P P 6 (He) 

 rs752596535 c.501C>G p.Cys167* Stop-gain P P 2 (He) 

 rs1135402768 c.487C>T p.Gln163* Stop-gain P P 1 (He) 

 rs875989887 c.-140C>A - 5'UTR NA LP 1 (Ho) 

 rs387906307 c.-138del-T - 5'UTR NA LP 1 (He) 

PCSK9* rs141502002 c.1405C>T p.Arg469Trp Missense LB Conflict* 2 (He) 
a The functionality of missense, stop-gain and stop-loss variants was assessed using the following in silico prediction 

algorithms: PolyPhen-2, Mutation Assessor, SIFT, PROVEAN, CADD, DANN, and FATHMM. ACMG: American College 

of Medical Genetics and Genomics; He: heterozygous; Ho: homozygous; LB: likely benign; LP: likely pathogenic; NA: not 

applicable; P: pathogenic; UTR: untranslated region. 

Data obtained from BORGES, 2019. 

 

 

When considering the absolute therapy target, 100 FH patients (87.7%) did not achieve 

optimum LDL-c levels after therapy. None of the patients of the CAD very high-risk group 

reached an on-treatment LDL-c < 50 mg/dL. Also, only two patients (18.2%) of the CAD high 

risk group reached an LDL-c < 70 mg/dL and 12 (30.8%) of the CAD intermediate risk group 

reached an LDL-c < 100 mg/dL (Supplementary table 2). 

Baseline and post-treatment values of serum lipid profile in RE and NRE groups are 

shown in the Figure 1. RE group had higher baseline total cholesterol and LDL-c than the NRE 

patients, and lower on-treatment concentrations (p<0.05) (Supplementary table 3). As 

expected, RE patients had higher reduction of total cholesterol (absolute and % change), LDL-

c (absolute and % change) and triglycerides (% change) after treatment than NRE group 

(p<0.05) (Figure 1 and Supplementary table 3). Apo AI, apo B, glucose and insulin 

concentrations on treatment were higher in NRE than in RE groups (p<0.05), whereas other 

variables were not significantly different between the groups (Supplementary table 4).   
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Figure 1 Serum lipid profile in FH patients treated with lipid-lowering drugs.  

A. Baseline and post-treatment mean values and SD in responders (LDL-c reduction ≥ 50%). B. Baseline and post-

treatment l mean values and SD in non-responders (LDL-c reduction < 50%). C. Serum lipid response (mean 

values and SD of % change) in responder and non-responder groups. *p<0.05 (compared by t-test). 

 

Individuals on high intensity treatment showed lower post-treatment total cholesterol 

(p=0.011) and triglycerides (p=0.004) than individuals on moderate intensity treatment, but no 

difference was observed in other lipid parameters (Supplementary table 5). As expected, the 

reductions (% change) in total cholesterol, LDL-c and triglycerides, and HDL-c increase, were 

markedly higher, in individuals receiving high intensity treatment. In patients taking ezetimibe 

in combination with statin, ezetimibe users had higher baseline total cholesterol and LDL-c 

concentrations (p<0.05) and higher total cholesterol and LDL-c reductions (p<0.05) than non-

users (Supplementary table 5). 
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4.2.2 Statin-related adverse events 

A total of 24 (21.0%) patients experienced SRAE, which included myalgia (19, 79.1%), 

stomach pain (4, 16.7%), diarrhea (1, 4.2%), urinary tract infection (1, 4.2%), increased hepatic 

enzymes (1, 4.2%) and joint pain (1, 4.2%). Biodemographic characteristics of these patients 

are shown in the Table 3. SRAE group had higher frequency of xanthomas, FH-related 

pathogenic variants, with a higher frequency of pathogenic variants in LDLR, and reduced 

adherence to statins and ezetimibe (p<0.05). Interestingly, the prevalence of NRE patients was 

lower in SRAE group compared to no-SRAE (p=0.001). 

Differences were also observed in the lipid profile of FH patients who experience or not 

SRAE (Figure 2 and Supplementary table 6). SRAE group showed higher total cholesterol 

and LDL-c reductions compared to the no SRAE group (p<0.05). Baseline total cholesterol and 

LDL-c were also higher in SRAE group, while the on-treatment total cholesterol was lower 

(Supplementary table 6). 
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Table 3 Biodemographic characteristics of FH patients with SRAE (n=114). 

Variablea  Total            

(114) 

No SRAE      

(90) 

SRAE 

 (24) 

p-value 

Age, years  57.1 (37.9-76.3) 57.3 (38.3 - 76.3) 56.9 (38.9 - 74.9) 0.830 

Gender (female), %  71.9 (82) 72.2 (65) 70.8 (17) 1.000 

Ethnics, % White 53.5 (54) 53.2 (41) 54.2 (13) 0.538 

 Brown  31.7 (31) 29.9 (23) 37.5  (9)  

 Black 14.9 (15) 16.9 (13) 8.3  (2)  

Xanthomas, %  12.3 (14) 6.7  (6) 33.3  (8) 0.002 

Arcus cornealis, %  17.9 (20) 16.9 (15) 21.7  (5) 0.810 

FH clinical diagnosisb, %  Definite or 

probable 

68.4 (78) 64.4 (58) 83.3 (20) 0.128 

 Possible 31.6 (36) 35.6 (32) 16.7  (4)  

FH molecular  FH variants 30.7 (35) 24.4 (22) 54.2 (13) 0.011 

diagnosis, % APOB  0.9 (1) 0.0  (0) 4.2  (1) 0.006 

 LDLR 28.3 (32) 22.2 (20) 50.0 (12)  

 PCSK9 1.8 (2) 2.2  (2) 0.0  (0)  

 LDLRAP1 0.0 (0) 0.0 (0) 0.0 (0)  

Hypertension, %  62.5 (70) 61.4 (54) 66.7 (16) 0.812 

Type 2 diabetes, %  21.6 (24) 18.4 (16) 33.3  (8) 0.196 

Obesity, %  28.6 (32) 33.0 (29) 12.5  (3) 0.087 

BMI, kg/cm²  27.7 (22.5-32.9) 27.9 (22 - 33.8) 25.9 (22.1 - 29.7) 0.126 

Medical history, % AMI 29.2 (33) 28.9 (26) 30.4  (7) 1.000 

 CAD 40.0 (42) 36.5 (31) 55.0 (11) 0.205 

 CVE 6.0 (6) 6.4  (5) 4.5  (1) 1.000 

Alcohol consumption, %  25.0 (22) 28.8 (19) 13.6  (3) 0.281 

Tobacco smoking, %  14.3 (16) 14.8 (13) 12.5  (3) 0.918 

Lipid-lowering  Atorvastatin 79.8 (91) 83.3 (75) 66.7 (16) 0.192 

treatment, % Simvastatin 10.5 (12) 8.9  (8) 16.7  (4)  

 Rosuvastatin 9.6 (11) 7.8  (7) 16.7  (4)  

 Statins + Eze  36.8 (42) 33.3 (30) 50.0 (12) 0.206 

Statin intensity, % Moderate 14.0 (16) 15.6 (14) 8.3  (2) 0.566 

 High 86.0 (98) 84.4 (76) 91.7 (22)  

Statin response RE 50.9 (58) 42.2 (38) 83.3 (20) 0.001 

 NRE 49.1 (56) 57.8 (52) 16.7  (4)  

Drug interactions CYP3A4 

inhibitorsc 

10 (8.8) 5.6  (5) 20.8  (5) 0.052 

 CYP3A4 

inhibitors + 

inducersd 

1 (0.01) 0 (0.0) 1.0 (1.9) - 

Reduced adherence, % Statins 15.9 (18) 10.1  (9) 37.5  (9) 0.003 

 Ezetimibe 10.6 (12) 5.6  (5) 29.2  (7) 0.003 

Number of patients in brackets. SRAE, group included patients that experienced all SRAE, including myalgia (19), stomach 

pain (4), diarrhea (1), urinary tract infection (1), increased hepatic enzymes (1) and joint pain (1). Categorical variables were 

compared by chi-square test. Continuous variables are shown as median and interquartile range and were compared by Mann-

Whitney test. AMI: acute myocardial infarction; BMI: body mass index; CAD: coronary artery disease; CVE: cerebrovascular 

event; Eze: ezetimibe; NRE: non responder; RE: responder; SRAE: statin-related adverse events  
a Data were not available for ethnics (13 patients), arcus cornealis (2), hypertension (2), diabetes (3), BMI (4), obesity (2), 

history of infarction (1), CAD (9), CVE (14), tobacco smoking (2), alcohol consumption (26), age (2). b DCLN modified 

criteria. c All patients in this category used the CYP3A4 inhibitor amlodipine. d  All patients in this category used the CYP3A4 

inhibitor amlodipine and the CYP3A4 inducer carbamazepine.  
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Figure 2 Serum lipid profile of FH patients with statin-related adverse events (SRAE).  

A. Mean values and SD in patients without SRAE. B. Mean values and SD in patients with SRAE. C. Serum lipid 

response (Mean values and SD of % change) in patients with and without SRAE. *p<0.05 (compared by t-test). 

 

4.3 Pharmacokinetics genes 

4.3.1 Variants in PK-related genes 

ETGS analysis identified 402 variants in 23 PK-related genes: 186 missense, 2 stop-

gain, 1 stop-loss, 10 frameshift indel, 5 inframe deletions, 16 in splicing region, 29 in the 5´UTR 

region, and 153 in the 3´UTR region (Supplementary table 7). Of the total variants identified, 

36 are novel, as they are not reported at dbSNP database (https://www.ncbi.nlm.nih.gov/snp/). 

Data on these novel variants were submitted to the NCBI 

(https://www.ncbi.nlm.nih.gov/sra/PRJNA662090). Most of the variants in PK genes were in 

Hardy-Weinberg equilibrium, except for 30 variants.  

https://www.ncbi.nlm.nih.gov/snp/
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4.3.2 Functionality prediction of variants in PK genes  

The FPS was calculated for missense and stop-loss variants in PK genes, and deleterious 

FPS (>0.5) of 61 variants with MAF > 1.0% are shown in Table 4. The most frequent variants 

were SLCO1B3 rs60140950 (c.767G>C, LOF) (MAF: 14.7%); SLCO1B1 rs4149056 

(c.521T>C) (MAF: 11.0%), CYP2C9*2 rs1799853 (c.430C>T, LOF) (MAF: 8.8%), CYP2D6 

rs1065852 (c.941G>A, LOF) (MAF: 6.0%), and ABCC3 rs11568591 (c.3890G>A) (MAF: 

6.5%). Five novel deleterious variants were detected, but their FPS score could not be calculated 

due to the lack of prediction by the functionality prediction algorithms used; therefore, they 

were considered deleterious, with a FPS score of 1.0 (Supplementary table 8). 

A total of 16 splice-site variants in PK genes were considered deleterious according to 

the functional prediction algorithm (located at splice donor or splice acceptor regions) (Table 

5). Two known deleterious splice variants, CYP3A5*3 and CYP3A5*6, were detected in FH 

patients. CYP3A5*3 (MAF: 49.6%) and SLC22A1 rs35854239 (c.275_1276del) (MAF: 45.7%) 

were the most frequent variants. 

In silico functional analysis of frameshift and inframe variants in PK-related genes, 3 

inframe variants were considered as likely deleterious and 7 frameshift variants were considered 

deleterious, including the novel variant ABCC1 c.66del (Table 6). 
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Table 4 Missense and stop-loss variants in PK-related genes (MAF > 1.0%) with deleterious 

functionality prediction score (FPS>0.5). 

Gene Variant NT change AA change Type MAF (%) FPS 

CYP2C8 rs1058930 c.486C>G p.Ile162Met missense 4.9 0.6 

CYP2C9 rs1799853 (CYP2C9*2) c.430C>T p.Arg144Cys missense 8.8 1 
 

rs2256871 (CYP2C9*9) c.752A>G p.His251Arg missense 2.2 0.8 

CYP2C19 rs17884712 (CYP2C19*9) c.431G>A p.Arg144His missense 2.2 0.8 

CYP2D6 rs1065852 c.100C>T p.Pro34Ser missense 6.0 1 

 rs28371703 c.271C>A p.Leu91Met missense 1.1 0.6 

 rs1058172 c.941G>A p.Arg314His missense 4.9 1 

CYP3A5 rs6977165 c.423A>G p.X141Trp stoploss 5.7 1 

UGT1A3 rs45449995 c.808A>G p.Met270Val missense 2.2 0.75 

ABCC1 rs45511401 c.2012G>T p.Gly671Val missense 3.8 0.8 

ABCC2 rs8187692 c.3542G>T p.Arg1181Leu missense 2.7 0.8 
 

rs17216317 c.3872C>T p.Pro1291Leu missense 3.3 0.8 

ABCC3 rs11568591 c.3890G>A p.Arg1297His missense 6.5 0.8 
 

rs141856639 c.3971G>A p.Arg1324His missense 1.1 1 

SLC15A1 rs8187820 c.364G>A p.Val122Met missense 1.6 0.6 

SLC22A1 rs2282143 c.1022C>T p.Pro341Leu missense 1.1 0.8 
 

rs35888596 c.113G>A p.Gly38Asp missense 2.2 1 

 rs34059508 c.1393G>A p.Gly465Arg missense 1.1 0.8 

 rs12208357 c.181C>T p.Arg61Cys missense 3.8 0.6 

SLCO1B1 rs59502379 c.1463G>C p.Gly488Ala missense 1.8 0.8 
 

rs4149056 (SLCO1B1*5) c.521T>C p.Val174Ala missense 11.0 0.8 

SLCO1B3 rs60140950 c.767G>C p.Gly228Ala missense 14.7 1 

AA: amino acid; FPS: functionality prediction score; MAF: minor allele frequency; NT: nucleotide; PK: pharmacokinetics.  
a Only variants with MAF> 1.0% were considered. 

 

Table 5 In silico functional prediction of splice-site variants in PK-related genes. 

Gene Variant NT changeb Type MAF (%) Prediction a 

ABCC1 rs8187856 g.16146576C>G Splice region 1.1 B 

ABCC2 rs533334893 g.101552117G>A Splice donor  0.5 D 

ABCC3 rs11568607 g.48745787G>A Splice region  2.2 B 

ABCG2 rs34124189 g.89053790G>A Splice region  0.5 B 

CYP1A2 rs1288558234 g.75041241del Splice region  0.5 B 

 rs913188841 g.75041242C>G Splice region  0.5 B 

CYP2C8 rs11572078 g.96827126dup Splice region  17.4 B 

 rs2071426 g.5932A>G Splice donor 23.9 D 

CYP2D6 rs3892097 g.6866G>A Splice acceptor  2.2 D 

CYP3A5 rs776746 (CYP3A5*3) g.12083G>A Splice acceptor  49.6 D 

 rs10264272 (CYP3A5*6) g.19787G>A Splice defect 3.1 D 

SLC15A1 rs8187827 g.99354731T>C Splice region  0.5 B 

SLC22A1 rs35854239 c.275_1276del Splice acceptor  45.7 D 

SLCO1B1 rs77271279 g.21329832G>T Splice donor 0.9 D 

SLCO1B3 rs3764009 g.21013948C>T Splice region 16.3 B 

 rs958332597 g.21032366C>T Splice region 0.5 B 

B: benign; D: deleterious; MAF: minor allele frequency; NT: nucleotide; PK: pharmacokinetics. a Functionality prediction was 

made using dbNSFP v4.2 in silico prediction algorithm. b Genomic placement is described using the GRCh37 (hg19) version 

of the reference genome.  
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Table 6 In silico functional prediction of frameshift and inframe variants in PK-related genes. 

Gene Variant NT change Type MAF (%) Prediction a 

ABCC1 Novel c.66del Frameshift variant 0.5 D 

CYP2D6 rs5030656 c.88_690del Inframe deletion 0.5 LD 

 rs5030655 c.54del Frameshift truncation 1.1 
D 

CYP3A5 rs200579169 c.2dup Frameshift truncation 0.4 
D 

 rs41303343 c.035dup Frameshift variant 1.8 
D 

 rs547253411 c.372del Frameshift truncation 0.4 
D 

SLC22A1 rs72552763 c.258_1260del Disruptive inframe deletion  18.5 LD 

SLCO1B3 rs780598056 c.333del Frameshift truncation 0.5 D 

 rs558592800 c.19_120insAATT Frameshift elongation 0.5 D 

SLCO2B1 rs60113013 c._14del Inframe insertion 1.6 LD 

D: deleterious; LD: likely deleterious; MAF: minor allele frequency. a Functionality prediction was made using manually 

considering the region of the variant. Inframe variants were considered likely deleterious while frameshift variants were 

considered as deleterious. 

 

 

4.3.3 Association study between variants in PK genes and response  

4.3.3.1 LDL-c reduction 

To assess the influence of variants in PK genes on statin response, 24 deleterious 

variants detected at least in three carriers were analyzed. FH patients carrying the homozygous 

form of the minor allele were grouped with the heterozygous carriers and compared with non-

carriers (dominant inheritance model). Figure 3 and Supplementary table 9 show the results 

for deleterious variants in PK genes with MAF > 5%.  

Carriers of the deleterious variant ABCC1 rs45511401 (c.2012G>T) T allele had greater 

on-treatment LDL-c reduction with either all statins or atorvastatin treatment (p<0.001, adjusted 

p<0.10). One patient was considered an outlier because her LDL-c increased after statin 

treatment. SLCO1B1 rs4146056 c.521C allele, a known deleterious variant, and CYP3A5*3, a 

non-functional splicing variant, were not associated with statin response (Supplementary table 

9). 
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Figure 3 Mean LDL cholesterol response (% change) after lipid-lowering treatment in FH patients 

carrying deleterious- variants in PK genes (MAF>5.0%).  

A. Variants in ABC and SLC transporters. B. Variants in CYP and UGT metabolizing enzymes. *p<0.05 

(compared by t-test). 
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Univariate linear regression analysis showed that ABCC1 c.2012T allele contributed for 

an additional reduction of 18.8% in LDL-c after statin therapy (p=0.016, adjusted p = 0.096) 

(Supplementary table 10). Baseline LDL-c and therapy intensity also enhanced LDL-c 

reduction, whereas BMI had an opposite effect (p-adjusted<0.05). Multivariate linear 

regression analysis of variants in PK-related genes with MAF > 1.0% was performed adjusting 

each model only with non-genetic covariates (body mass index, baseline LDL-c, therapy 

intensity, and presence of SRAE). This analysis showed no association between ABCC1 

c.2012G>T or other variants and enhanced LDL-c reduction (Supplementary table 11).  

Next, we performed a multivariate linear regression analysis by including all deleterious 

variants with MAF >10% in the model and adjusting for non-genetic covariates using a 

dominant model (Table 7). In this model, ABCC1 c.2012T allele enhanced LDL-c reduction by 

13.8% after statin therapy (p=0.046) and SLCO1B3 c.683C by 8.9% (p=0.047).  

 

Table 7 Influence of deleterious variants (MAF >10%) on LDL-c response to statins in FH patients: 

Multivariate linear regression analysis. 

Variant  n β  SE p-value 

CYP2C8 g.5932A>G G allele 92 2.8 3.7 0.447 

CYP3A5*3 g.12083G>A A allele 114 12.4 7.6 0.106 

ABCC1 c.2012G>T T allele 92 -13.8 6.8 0.046 

SLC22A1 c.1260_1262del Deletion 92 -8.1 9.1 0.378 

SLCO1B1 c.521T>C C allele 114 -3.4 4.5 0.449 

SLCO1B3 c.767G>C C allele 92 -8.9 4.4 0.047 

The model was adjusted with the following covariates: body mass index, baseline LDL-c, therapy intensity, and presence of 

SRAE. n: number of patients; β: linear coefficient; SE: standard error; LDL-c: low-density lipoprotein cholesterol; FH: familial 

hypercholesterolemia; SRAE: statin-related adverse events. 

 

 

 

Univariate logistic regression analysis of with variants in PK-related genes and non-

genetic variables showed that higher baseline LDL-c, ezetimibe use, manifestation of SRAE or 

myopathy and lower BMI were associated with higher likelihood of being responder to statin 

(p<0.05) (Supplementary table 12). However, the association with ezetimibe use and BMI 

was not sustained after correction (p>0.05).  

Multivariate logistic regression analysis showed that variants in PK-related genes were 

not associated with the likelihood of being responder to statins, even after adjustment with non-

genetic covariates (Table 8). 
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Table 8 Association of deleterious variants (MAF> 1.0%) in PK-related genes with statin response in 

FH patients: Multivariate logistic regression analysis. 

Variable  RE, %  

(58) 

NRE, % 

(56) 

OR (95%CI) p-value 

Deleterious variants      

CYP2C19 c.431G>A A allele 2.2 (1) 6.4 (3) 2.58 (0.30 - 54.78) 0.428 

CYP2C8 c.486C>G A allele 4.4 (2) 12.8 (6) 1.81 (0.33 - 14.3) 0.520 

CYP2C8 g.5932A>G G allele 44.4 (20) 42.6 (20) 0.87 (0.33 - 2.26) 0.772 

CYP2C9*2 c.430C>T T allele 12.1 (7) 21.4 (12) 1.65 (0.48 - 6.14) 0.437 

CYP2C9*9 c.752A>G G allele 5.2 (3) 3.6 (2) 4.49 (0.38 - 56.46) 0.225 

CYP2D6 c.941G>A A allele 11.1 (5) 8.5 (4) 0.41 (0.07 - 2.1) 0.287 

CYP2D6 c.100C>T T allele 11.1 (5) 10.6 (5) 0.4 (0.08 - 1.99) 0.260 

CYP2D6 g.6866G>A A allele 2.2 (1) 6.4 (3) 1.09 (0.1 - 25.79) 0.948 

CYP3A5 c.624G>A A allele 3.4 (2) 3.6 (2) 0.95 (0.08 - 12.82) 0.968 

CYP3A5 c.423A>G G allele 10.3 (6) 12.5 (7) 0.99 (0.25 - 4.01) 0.986 

CYP3A5*3 g.12083G>A A allele 93.1 (54) 94.6 (53) 0.86 (0.11 - 6.38) 0.881 

UGT1A3 c.808A>G G allele 4.4 (2) 2.1 (1) 0.13 (0 - 1.95) 0.166 

ABCC1 c.2012G>T T allele 15.6 (7) 0.0 (0) NR - 

ABCC2 c.3872C>T T allele 2.2 (1) 10.6 (5) 7.58 (0.81 - 199.03) 0.123 

ABCC2 c.3542G>T T allele 4.4 (2) 6.4 (3) 1.15 (0.13 - 12.74) 0.903 

ABCC3 c.3890G>A A allele 13.3 (6) 12.8 (6) 0.95 (0.24 - 3.96) 0.946 

SLC15A1 c.364G>A A allele 4.4 (2) 2.1 (1) 0.1 (0 - 1.33) 0.098 

SLC22A1 c.181C>T T allele 4.4 (2) 8.5 (4) 1.34 (0.19 - 12.57) 0.776 

SLC22A1 c.113G>A A allele 6.7 (3) 2.1 (1) 0.44 (0.02 - 4.02) 0.504 

SLC22A1 c.1260_1262del Deletion 31.1 (14) 38.3 (18) 0.88 (0.31 - 2.5) 0.813 

SLCO1B1*5 c.521T>C C allele 24.1 (14) 19.6 (11) 0.62 (0.2 - 1.84) 0.391 

SLCO1B1 c.1463G>C C allele 3.4 (2) 3.6 (2) 1.75 (0.12 - 22.02) 0.657 

SLCO1B3 c.767G>C C allele 26.7 (12) 23.4 (11) 0.62 (0.18 - 1.98) 0.418 

Each model was adjusted with the following covariates: body mass index, baseline LDL-c, therapy intensity, and presence of 

SRAE. Number of patients in round brackets. NRE: non-responder; RE: responder; OR: odds ratio; CI: confidence interval; 

FH: familial hypercholesterolemia; NR: not reported (no patients in NRE group); PK: pharmacokinetics; SRAE: statin-related 

adverse events. 
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4.3.3.2 Molecular modeling results 

Molecular modeling analysis was performed to explore the influence of the missense 

variant ABCC1 rs45511401 (c.2012G>T, p.Gly671Val) on amino acid interactions with statin 

ligands. In this way, the amino acid sequence of reference ABCC1 was downloaded from the 

Uniprot database (code: P33527) and the tri-dimensional model was generated by AlphaFold2 

pipeline. ABCC1 reference (Gly671) and variant (Val671) models were prepared by adding 

hydrogen atoms, fixing missing side chains, removing sulphate ions and other crystallization 

buffer molecules such as glycerol and minimizing by Biopolymer in Sybyl X suite. 

As shown in Figure 4, the variant Val671 resulted in shorter distances of ABCC1 

interactions with atorvastatin (2.1 Å), rosuvastatin (1.1 Å) and simvastatin (1.7 Å) compared to 

the reference Gly671 (4.1 Å, 3.7 Å, 4.3 Å, respectively). These results indicate that the amino 

acid change from Glycine to Valine in position 671 enhance the interaction of ABCC1 with 

statins, possibly reducing the efflux rate in the basolateral membrane of the hepatocytes. In this 

way, the variant would cause more retention of statins within the liver increasing the LDL-c 

response. 
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Figure 4 Molecular Modeling Analysis. Influence of ABCC1 rs45511401 (c.2012G>T, p.Gly671Val) on amino 

acid interaction with statins.  

A. Representation of ABCC1 anchored in the basolateral membrane of a hepatocyte. The arrow indicates the sense 

of statin efflux. B, C, and D. Interactions between ABCC1 reference (Gly671) and atorvastatin, rosuvastatin and 

simvastatin, respectively. E, F, and G. Interactions between ABCC1 variant (Val671) and atorvastatin, 

rosuvastatin and simvastatin, respectively.  
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4.3.3.3  Statin-related adverse events 

The association of deleterious variants in PK genes with MAF > 1.0% and non-genetic 

variables with SRAE was also assessed by univariate logistic regression analysis. Higher 

baseline LDL-c increased the risk of SRAE (p<0.05). Reduced adherence, drug interaction with 

CYP3A4 inhibitor and FH-related variants were also predictors of SRAE, but these associations 

were not maintained after corrections (adjusted p>=0.05) (Supplementary table 13). 

Deleterious variants in PK genes were not associated with SRAE according to univariate 

logistic regression analysis (Supplementary table 13) or multivariate logistic regression 

analysis after adjustment with non-genetic covariates (p=0.067) (Table 9).  

 

Table 9 Association of deleterious variants (MAF > 1.0%) in PK-related genes with SRAE in FH 

patients: Multivariate logistic regression analysis. 

Variable  No SRAE , % 

(90) 

SRAE, %  

(24) 

OR (95%CI) p-value 

CYP2C8 c.486C>G A allele 45.5 (35) 35.7 (5) 0.70 (0.19 - 2.37) 0.574 

CYP2C9 c.430C>T T allele 16.9 (15) 12.5 (3) 0.54 (0.1 - 2.2) 0.428 

CYP2C9 c.752A>G G allele 2.2 (2) 12.5 (3) 3.03 (0.35 - 29.74) 0.309 

CYP3A5 c.624G>A A allele 3.4 (3) 4.2 (1) 1.34 (0.06 - 13.48) 0.817 

CYP3A5 c.423A>G G allele 11.2 (10) 12.5 (3) 1.11 (0.22 - 4.44) 0.886 

CYP3A5*3 g.12083G>A A allele 93.3 (83) 95.8 (23) 2.7 (0.33 - 60.01) 0.418 

ABCC1 c.2012G>T T allele 6.5 (5) 14.3 (2) 1.65 (0.2 - 9.46) 0.594 

ABCC2 c.3872C>T T allele 5.2 (4) 14.3 (2) 6.12 (0.72 - 41.6) 0.067 

ABCC2 c.3542G>T T allele 5.2 (4) 7.1 (1) 1.28 (0.06 - 11.08) 0.841 

ABCC3 c.3890G>A A allele 13 (10) 14.3 (2) 0.72 (0.07 - 4.06) 0.734 

SLC22A1 c.113G>A A allele 3.9 (3) 7.1 (1) 3.44 (0.16 - 32.63) 0.317 

SLC22A1 c.1260_1262del Deletion 37.7 (29) 14.3 (2) 0.27 (0.04 - 1.19) 0.122 

SLCO1B1 c.521T>C C allele 21.3 (19) 25.0 (6) 1.23 (0.36 - 3.85) 0.727 

SLCO1B1 c.1463G>C C allele 3.4 (3) 4.2 (1) 2.4 (0.11 - 22.59) 0.479 

SLCO1B3 c.767G>C C allele 26 (20) 14.3 (2) 0.36 (0.05 - 1.68) 0.252 

Each model was adjusted with the following covariates: baseline LDL-c, presence of FH-related variant and adherence to statin. 

Number of patients in round brackets. P-value was adjusted using the Benjamini-Hochberg correction. NRE: non-responder; 

RE: responder; OR: odds ratio; CI: confidence interval; BMI: body mass index; FH: familial hypercholesterolemia; LDL-c: 

low-density lipoprotein cholesterol; PK: pharmacokinetics; SRAE: statin-related adverse events. 
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4.4 Pharmacodynamics genes 

4.4.1 Variants in PD-related genes 

ETGS analysis identified 752 variants in 33 PD-related genes, with 85 novel variants. 

The variants were of the following types: 249 missense, 1 stop-gain, 9 start-loss, 5 frameshift 

indel, 9 inframe indel, 26 in splicing region, 67 in the 5´UTR region, and 386 in the 3´UTR 

region (Supplementary table 14). Most of the variants were in Hardy-Weinberg equilibrium, 

except for 29 variants. 

4.4.2 Functionality prediction of variants in PD genes  

A total of 111 variants were predicted as deleterious, of which 97 were missense, start -

loss or stop -gain, 10 were splice-sites and 4 were frameshift (Supplementary table 14). 

Variants with MAF higher than 1% and their functionality predictions are shown in Table 10 

(missense, start loss and stop gain), Table 11 (splice-site) and Table 12 (frameshift and 

inframe).).  

The most frequent deleterious variant was the missense variant ABCA1 rs2230808 

(c.4760G>A, p.Lys1587Arg), with a frequency of 36.4%, followed by KIF6 rs20455 

(c.2155T>C (rs20455, p.Trp719Arg), with a MAF of 44.3%, and APOB rs679899 (c.1853C>T 

(rs679899, p.Ala618Val), with a MAF of 37.3%. In FH-related genes, deleterious variants were 

found in APOB, LDLR and LDLRAP1, while only a likely deleterious splice-site variant was 

found in PCSK9. Two novel variants were predicted as deleterious, both frameshift variants: 

LDLR c.454del and c.103del (Table 12).  
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Table 10 Missense, start-loss and stop-gain variants (MAF > 1.0%) in PD-related genes predicted as 

deleterious. 

Gene rs code NT change AA change Type MAF (%) Prediction 

FH-related genes      

APOB rs1367117 c.293C>T p.Thr98Ile missense 32.0 D 

 rs679899 c.1853C>T p.Ala618Val missense 37.3 D 

 rs6752026 c.433C>T p.Pro145Ser missense 2.2 D 

 rs676210 c.8216C>T p.Pro2739Leu missense 19.3 D 

 rs12713675 c.7367C>A p.Ala2456Asp missense 2.2 D 

 rs12720855 c.9880T>C p.Ser3294Pro missense 2.2 D 

 rs1801699 c.5741A>G p.Asn1914Ser missense 4.4 D 

 rs533617 c.5768A>G p.His1923Arg missense 1.3 D 

LDLR rs121908031 c.1539C>A p.Cys513X Stop-gain 1.8 D 

 rs879254913 c.959T>C p.Ile320Thr missense 1.3 D 

 rs121908031 c.1539C>A p.Cys513X Stop-gain 1.8 D 

LDLRAP1 rs41291058 c.712C>T p.Arg238Trp missense 2.2 D 

Cholesterol homeostasis and metabolism     

ABCG4 rs12271907 c.1035C>G p.Asn345Lys missense 3.8 D 

 rs35060365 c.1055C>T p.Pro352Leu missense 1.1 D 

APOA4 rs12721041 c.37G>A p.Val13Met missense 2.2 D 

APOE rs7412 c.526C>T p.Arg176Cys missense 2.6 D 

 rs429358 c.388T>C p.Cys130Arg missense 12.3 Db 

CYP7A1 rs8192875 c.1039G>A p.Asp347Asn missense 1.1 D 

LPA rs3124784 c.6046C>T p.Arg2016Cys missense 27.6 D 

 rs139145675 c.5311C>T p.Arg1771Cys missense 2.2 D 

 rs41267807 c.6068A>G p.Tyr2023Cys missense 1.3 D 

 rs41272110 c.4195A>C p.Thr1399Pro missense 10.5 D 

 rs76062330 c.5468G>T p.Gly1823Val missense 3.5 D 

 rs3798220 c.5673A>G p.Ile1891Met missense 3.1 D 

 rs41259144 c.2969G>A p.Arg990Gln missense 1.8 D 

Reverse cholesterol transport      

ABCA1 rs2230808 c.4760G>A p.Lys1587Arg missense 36.4 D 

 rs9282541 c.688C>T p.Arg230Cys missense 1.8 D 

CETP rs5880 c.988G>C p.Ala330Pro missense 5.7 D 

Cholesterol efflux      

ABCG5 rs6756629 c.148C>T p.Arg50Cys missense 6.1 D 

ABCG8 rs11887534 c.55G>C p.Asp19His missense 6.1 D 

 rs4148211 c.161A>G p.Tyr54Cys missense 30.3 D 

 rs80025980 c.239G>A p.Cys80Tyr missense 1.3 D 

Associated with statin-related adverse events     

COQ10A rs60542959 c.3G>T p.A2_Met44del start-loss 2.2 D 

LPL rs1801177 c.106G>A p.Asp36Asn missense 2.2 D 

 rs328 c.1421C>G p.Ser474X Stop-gain 7.4 D 

Transcription regulators of cholesterogenic genes    

SREBF2 rs2229440 c.1867G>A p.Val623Met missense 3.1 D 

Other genes      

CLMN rs61750771 c.2698A>T p.Ile900Phe missense 1.8 D 

KIF6 rs20455 c.2155T>C p.Trp719Arg missense 44.3 Db 

AA: amino acid; FPS: functionality prediction score; MAF: minor allele frequency; NT: nucleotide; PD: pharmacodynamics. 
a Only variants with MAF> 1.0% were considered. b Although this variant was predicted as neutral, it was considered deleterious 

as it has already been associated with statin response in previous studies.   
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Table 11 In silico functional prediction of splice-site variants in PD-related genes 

Gene Variant NT changeb Type MAF (%) Prediction a 

ABCA1 rs77663187 g.107556811del splice region 
16.1 N 

 rs769705621 g.107556792_107556793insA splice acceptor  9.3 D 

 
rs769705621 

g.107556792_107556793insAA splice acceptor  21.2 D 

 
rs769705621 

g.107556792_107556793insAAA splice acceptor  22.0 D 

 
rs769705621 

g.107556792_107556793insAAAA splice acceptor 7.9 D 

 

rs769705621 g.107556792_107556793insAAAA

A splice acceptor 3.5 
D 

 

rs769705621 g.107556792_107556793insAAAA

AA splice acceptor 3.5 
D 

 

rs769705621 g.107556792_107556793insAAAA

AAA splice acceptor 3.5 
D 

ABCG1 rs77603571 g.43627101G>A splice region 0.5 N 

APOA2 rs6413453 g.161192316G>A splice region 5.3 N 

APOC2 rs74500990 g.45451954G>C splice region 0.9 N 

APOC3 rs138326449 g.116701354G>A splice donor 16.7 D 

CLMN rs5810715 g.95670813del splice region 0.9 N 

LDLR rs112029328 g.11213463G>A splice donor  0.9 D 

 rs116405216 g.11221324G>A splice region 0.4 
N 

 rs879254687 g.11218066A>G splice acceptor 13.6 D 

LIPA rs2297472 g.90984990G>A splice region 0.4 N 

LPA rs143431368 g.160969693T>C splice acceptor 0.5 D 

 rs41272114 g.161006077C>T splice donor  2.6 D 

 rs756764319 g.160962134C>T splice region  0.4 N 

PCSK9 rs2495477 g.55518467A>G splice region  18.4 N 

SREBF1 rs45567732 g.17718146C>A splice region  0.4 N 

MAF: minor allele frequency; NT: nucleotide; PD: pharmacodynamics. a Functionality prediction was made using dbNSFP 

v4.2 in silico prediction algorithm. b Genomic placement is described using the GRCh37 (hg19) version of the reference 

genome. 

 

Table 12 In silico functional prediction of frameshift and inframe variants in PD-related genes 

Gene Variant NT change Type MAF (%) Prediction a 

APOA4 rs539176882 c.145_1146insACAGCAGCAGG 

Disruptive inframe 

insertion  1.3 
LD 

APOB rs17240441 c.5_43del Disruptive inframe deletion  2.2 LD 

 rs562574661 c.3480_13482del Inframe deletion 0.4 LD 

LDLR Novel c.454del Frameshift variant 0.4 D 

 rs879255131 c.573_1574del Frameshift variant 0.4 D 

 Novel c.103del Frameshift variant 0.4 D 

 rs1135402774 c.70del Frameshift variant 0.4 D 

PCSK9 rs35574083 c.2_43insCTG 

Disruptive inframe 

insertion  14.0 
LD 

SREBF2 rs143615881 c.03_205del Disruptive inframe deletion  0.4 LD 

 rs779626156 c.85_193del Disruptive inframe deletion  0.4 LD 

D: deleterious; LD: likely deleterious; MAF: minor allele frequency; NT: nucleotide; PD: pharmacodynamics. a Functionality 

prediction was made using manually considering the region of the variant. Inframe variants were considered likely deleterious 

while frameshift variants were considered as deleterious.   



54 

 

4.4.3 Association study between variants in PD genes and response to statins  

4.4.3.1 LDL-c reduction 

A total of 40 deleterious variants with MAF > 1.0% were selected for the association 

analysis with LDL-c reduction after statin (Table 13) and atorvastatin (Table 14) treatment.  

For this analysis, we considered 5 possible variations of ABCA1 rs769705621, with the 

insertion of one to seven adenines in splice-site region. Since the three last variations, 

g.107556792_107556793insAAAAA/AAAAAA/AAAAAAA, were in complete linkage 

disequilibrium (R² = 0.998), we only considered the insertion of five adenines as a marker of 

these indels. 

ABCA1 rs769705621 (g.107556792_107556793insAAAAA) was associated with lower 

LDL-c reduction in carriers (p<0.001, adjusted p=0.003) (Table 13). Interestingly, the insertion 

of one to four adenines in the same site did not result in any differences in LDL-c change 

between carriers and non-carriers (p>0.05).  

The missense variants KIF6 rs20455 (c.508T>C) and LPA rs41267807 (c.6068A>G) 

were also associated with lower LDL-c reduction (p<0.05), but these significances were 

dropped after adjustment (adjusted p>0.05). On the other hand, the missense variant LPL 

rs1801177 (c.106G>A) was associated with higher statin response (p=0.022), which was not 

maintained after multiple testing adjustment (adjusted p=0.296) (Table 13). 

When only the response to atorvastatin was analyzed (Table 14), ABCA1 

g.107556792_107556793insAAAAA and KIF6 rs20455 (c.508T>C) were associated with 

lower atorvastatin response (p<0.05), but these associations were not maintained after 

corrections (p>0.05). On the other hand, the missense variant LPA rs76062330 (c.5468G>T) 

was associated with higher LDL-c reduction, even after corrections (adjusted p=0.001). 
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Table 13 Influence of deleterious variants (MAF > 1.0%) in PD-related genes on LDL-c reduction in 

FH patients on statin treatment. 

Gene rs code NT change Type LDL-c reduction, %  Adjusted 

    Non carriers Carriers p-value p-value 

All statins       

ABCA1 rs769705621 

g.107556792_107556793 

insA splice-site -45.6 ± 19.6 (70) -48.6 ± 17.6 (16) 0.555 0.910 

 rs769705621 

g.107556792_107556793 

insAA splice-site -48.7 ± 19.8 (64) -48.2 ± 19.2 (40) 0.902 0.973 

 rs769705621 

g.107556792_107556793 

insAAA splice-site -48 ± 20.3 (64) -47.3 ± 18.5 (43) 0.848 1.000 

 rs769705621 

g.107556792_107556793 

insAAAA splice-site -48 ± 19.6 (79) -46.2 ± 16.7 (10) 0.748 0.989 

 rs769705621 

g.107556792_107556793 

insAAAAA splice-site -48.5 ± 19.5 (110) -33.6 ± 3.6 (4) <0.001 0.003 

 rs9282541 c.688C>T missense -48.5 ± 19.5 (110) -34 ± 10.6 (4) 0.065 0.534 

 rs2230808 c.4760A>G missense -45.1 ± 18.1 (16) -48.4 ± 19.6 (98) 0.504 0.939 

ABCG4 rs12271907 c.1035C>G missense -47.6 ± 20.2 (86) -42.2 ± 17.3 (6) 0.491 1.000 

ABCG5 rs6756629 c.148C>T missense -48.2 ± 19.6 (100) -46.6 ± 18 (14) 0.768 0.955 

ABCG8 rs4148211 c.161A>G missense -50.7 ± 17.4 (54) -45.6 ± 20.9 (60) 0.157 0.717 

 rs11887534 c.55G>C missense -47.6 ± 19.5 (100) -50.4 ± 18.8 (14) 0.618 0.975 

 rs80025980 c.239G>A missense -47.9 ± 19.5 (111) -52.5 ± 15.3 (3) 0.658 0.899 

APOA4 rs12721041 c.37G>A missense -47.7 ± 19.5 (109) -53.5 ± 18.4 (5) 0.526 0.938 

 rs12713675 c.7367C>A missense -48.5 ± 19 (109) -37.1 ± 26.2 (5) 0.391 1.000 

 rs12720855 c.9880T>C missense -48.5 ± 19 (109) -37.1 ± 26.2 (5) 0.391 1.000 

APOB rs6752026 c.433C>T missense -47.8 ± 19.7 (109) -52.8 ± 6.7 (5) 0.191 0.713 

 rs1801699 c.5741A>G missense -48.3 ± 19.9 (104) -44.5 ± 12.6 (10) 0.400 0.965 

 rs1367117 c.293C>T missense -46.7 ± 20.6 (50) -48.9 ± 18.5 (64) 0.552 0.943 

 rs679899 c.1853C>T missense -46.9 ± 17.6 (43) -48.7 ± 20.4 (71) 0.619 0.940 

 rs533617 c.5768A>G missense -47.9 ± 19.3 (111) -50.6 ± 27.6 (3) 0.881 1.000 

 rs676210 c.8216C>T missense -48.1 ± 18.1 (75) -47.7 ± 21.8 (39) 0.929 0.977 

APOE rs7412 c.526C>T missense -47.4 ± 19.5 (108) -57.8 ± 16 (6) 0.178 0.730 

 rs429358 c.388T>C missense -47 ± 19.7 (89) -51.4 ± 18.1 (25) 0.307 0.820 

CETP rs5880 c.988G>C missense -47.1 ± 19.2 (101) -54.5 ± 19.9 (13) 0.226 0.773 

CLMN rs61750771 c.2698A>T missense -48 ± 19.6 (110) -47.2 ± 10.5 (4) 0.890 0.986 

COQ10A rs60542959 c.3G>T start-loss -48 ± 19.7 (109) -47.5 ± 11.3 (5) 0.932 0.955 

KIF6 rs20455 c.2155T>C missense -53.1 ± 18.7 (39) -45.3 ± 19.3 (75) 0.038 0.391 

LDLR rs879254913 c.959T>C missense -48 ± 19.6 (111) -47 ± 4.0 (3) 0.749 0.942 

 rs121908031 c.1539C>A stop-gain -48 ± 19.5 (110) -47.4 ± 16.1 (4) 0.949 0.949 

LDLRAP1 rs41291058 c.712C>T missense -47.9 ± 19.5 (109) -49.6 ± 18.4 (5) 0.851 0.976 

LPA rs41267807 c.6068A>G missense -48.5 ± 19.4 (111) -28.8 ± 5.9 (3) 0.012 0.239 

 rs41272110 c.4195A>C missense -49.6 ± 18.9 (90) -41.8 ± 20.3 (24) 0.100 0.649 

 rs139145675 c.5311C>T missense -47.6 ± 19.7 (109) -55.7 ± 8.6 (5) 0.106 0.591 

 rs3124784 c.6046C>T missense -45.5 ± 21.2 (60) -50.7 ± 16.9 (54) 0.148 0.768 

 rs76062330 c.5468G>T missense -47.5 ± 19.4 (107) -55.5 ± 18.2 (7) 0.301 0.870 

 rs3798220 c.5673A>G missense -47.5 ± 19.1 (108) -56.5 ± 24.3 (6) 0.410 0.970 

 rs41259144 c.2969G>A missense -48.5 ± 18.6 (110) -34.9 ± 35.5 (4) 0.502 0.978 

 rs41272114 g.161006077C>T splice-site -48.1 ± 19.6 (108) -44.9 ± 16 (6) 0.647 0.953 

LPL rs1801177 c.106G>A missense -47.2 ± 19.3 (109) -65.4 ± 11.7 (5) 0.022 0.296 

 rs328 c.1421C>G stop-gain -49 ± 18.7 (97) -42.2 ± 22.5 (17) 0.256 0.907 

SREBF2 rs2229440 c.1867G>A missense -47.7 ± 19.7 (107) -52 ± 13.8 (7) 0.468 1.000 
Number of patients in round brackets. Data are shown as mean ± SD and compared by t-test. FH: familial hypercholesterolemia; LDL-c: low-
density lipoprotein cholesterol; NT: nucleotide; PD: pharmacodynamics.  
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Table 14 Influence of deleterious variants (MAF > 1.0%) in PD-related genes on LDL-c reduction in 

FH patients on atorvastatin treatment. 

Gene rs code NT change Type LDL-c reduction, %  Adjusted 

    Non carriers Carriers p-value p-value 

Atorvastatin       

ABCA1 rs9282541 c.688C>T missense -48.5 ± 18.3 (94) -32.4 ± 11.4 (4) 0.060 0.587 

 rs2230808 c.4760A>G missense -44.6 ± 18.3 (16) -48.5 ± 18.3 (82) 0.404 1.000 

 rs769705621 

g.107556792_107556793 

insA splice-site -48.5 ± 17.8 (65) -44.8 ± 13.4 (9) 0.472 0.995 

 rs769705621 

g.107556792_107556793 

insAAAA splice-site -49 ± 18.1 (52) -46.2 ± 19.4 (39) 0.475 0.975 

 rs769705621 

g.107556792_107556793 

insAAA splice-site -49.5 ± 17.4 (52) -46.9 ± 19.7 (36) 0.516 0.959 

 rs769705621 

g.107556792_107556793 

insAA splice-site -45.7 ± 18 (55) -48 ± 17.3 (16) 0.641 0.961 

 rs769705621 

g.107556792_107556793 

insAAAAA splice-site -48.3 ± 18.4 (95) -34 ± 4.3 (3) 0.006 0.106 

ABCG4 rs12271907 c.1035C>G missense -47.9 ± 18.8 (74) -45.6 ± 13.3 (4) 0.754 0.933 

ABCG5 rs6756629 c.148C>T missense -48.6 ± 18 (84) -43.4 ± 20.1 (14) 0.371 0.999 

ABCG8 rs4148211 c.161A>G missense -51.1 ± 16.7 (49) -44.6 ± 19.4 (49) 0.079 0.619 

 rs80025980 c.239G>A missense -47.7 ± 18.4 (95) -52.5 ± 15.3 (3) 0.649 0.921 

 rs11887534 c.55G>C missense -48 ± 17.9 (84) -47.1 ± 21.4 (14) 0.887 0.975 

APOA4 rs12721041 c.37G>A missense -47.8 ± 18.3 (95) -50.5 ± 24.1 (3) 0.865 0.978 

APOB rs6752026 c.433C>T missense -47.7 ± 18.6 (94) -52.1 ± 7.5 (4) 0.347 0.967 

 rs679899 c.1853C>T missense -46.1 ± 17.4 (38) -49 ± 18.9 (60) 0.442 0.985 

 rs1801699 c.5741A>G missense -48 ± 19 (90) -46.4 ± 7.2 (8) 0.635 0.971 

 rs12713675 c.7367C>A missense -48.1 ± 18 (94) -42.6 ± 26.7 (4) 0.711 0.956 

 rs12720855 c.9880T>C missense -48.1 ± 18 (94) -42.6 ± 26.7 (4) 0.711 0.904 

 rs676210 c.8216C>T missense -47.4 ± 18 (68) -48.9 ± 19.2 (30) 0.732 0.951 

 rs1367117 c.293C>T missense -47.3 ± 19.6 (45) -48.3 ± 17.3 (53) 0.789 0.947 

APOE rs7412 c.526C>T missense -47.3 ± 18.3 (93) -57.9 ± 17.9 (5) 0.260 0.882 

 rs429358 c.388T>C missense 47.1 ± 18.8 (77) 50.7 ± 16.3 (21) 0.398 0.887 

CETP rs5880 c.988G>C missense -47.1 ± 18.6 (87) -54 ± 14.6 (11) 0.174 0.755 

CLMN rs61750771 c.2698A>T missense -47.9 ± 18.6 (94) -47.2 ± 10.5 (4) 0.905 0.954 

COQ10A rs60542959 c.3G>T missense -48.2 ± 18.3 (93) -41.8 ± 20.1 (5) 0.519 0.942 

KIF6 rs20455 c.2155T>C missense -54.8 ± 16.5 (33) -44.4 ± 18.3 (65) 0.006 0.073 

LDLR rs879254913 c.959T>C missense -48.2 ± 18.4 (95) -38.6 ± 11.1 (3) 0.271 0.880 

LDLRAP1 rs41291058 c.712C>T missense -47.6 ± 18.3 (94) -53.3 ± 18.8 (4) 0.591 0.960 

LPA rs76062330 c.5468G>T missense -46.9 ± 18.5 (92) -62.2 ± 4.7 (6) <0.001 0.001 

 rs139145675 c.5311C>T missense -47.4 ± 18.6 (93) -55.7 ± 8.6 (5) 0.101 0.603 

 rs3124784 c.6046C>T missense -45.2 ± 19.1 (49) -50.5 ± 17.3 (49) 0.155 0.758 

 rs41272110 c.4195A>C missense -48.9 ± 18.2 (78) -43.8 ± 18.8 (20) 0.287 0.861 

 rs41259144 c.2969G>A missense -47.8 ± 18.4 (95) -50.6 ± 20.2 (3) 0.832 0.983 

 rs41272114 g.161006077C>T splice-site -47.9 ± 18.5 (93) -47.2 ± 16.2 (5) 0.929 0.966 

LPL rs1801177 c.106G>A missense -47.2 ± 18.2 (94) -63.7 ± 13 (4) 0.080 0.492 

 rs328 c.1421C>G Stop-gain -48.3 ± 18.3 (84) -45.2 ± 18.7 (14) 0.566 0.940 

SREBF2 rs2229440 c.1867G>A missense -47.5 ± 18.5 (93) -55.1 ± 13.1 (5) 0.272 0.848 

Number of patients in round brackets. Data are shown as mean ± SD and compared by t-test. FH: familial hypercholesterolemia; LDL-c: low-
density lipoprotein cholesterol; NT: nucleotide; PD: pharmacodynamics. 
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Univariate linear regression analysis for LDL-c reduction after treatment with statins 

showed that KIF6 rs20455 (c.2155T>C) reduced LDL-c change when considering the treatment 

with all statins and atorvastatin isolated, whereas LPA rs76062330 (c.5468G>T) was associated 

with higher LDL-c reduction after treatment with atorvastatin. However, these associations 

were not significant after multiple testing adjustment (adjusted p>0.05) (Supplementary table 

15). 

Results of multivariate linear regression analysis, after adjusting for covariates, showed 

that deleterious variants in PD-related genes did no influence the response to all statins (Table 

15). Interestingly, KIF6 c.2155T>C was associated with lower LDL-c reduction after 

atorvastatin treatment (p=0.014) (Table 16). 

In univariate logistic regression analysis, only LPA rs3124784 (c.6046C>T) was 

associated with higher likelihood of being responder to all statins and to atorvastatin 

(Supplementary table 16), but this result was not maintained after multiple testing adjustment 

(adjusted p>0.05). Multivariate logistic regression analysis with adjustment for non-genetic 

covariates confirmed the association of LPA c.6046C>T with higher likelihood of being 

responder to all statins (p=0.022) (Table 17). Similar result was observed when considering 

only atorvastatin use (Table 18). 
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Table 15 Influence of deleterious variants (MAF > 1.0%) in PD-related genes on all statins response of 

FH patients. Multivariate linear regression analysis. 

Gene rs code NT change Allele n β SE p-value 

All statins        

ABCA1 
rs76970562

1 

g.107556792_107556793 

insA 
A allele 

86 1.9 4.8 0.689 

 

rs76970562

1 

g.107556792_107556793 

insAAAA 
AA allele 

104 -0.8 3.2 0.805 

 

rs76970562

1 

g.107556792_107556793 

insAAA 
AAA allele 

107 0.1 3.3 0.964 

 

rs76970562

1 

g.107556792_107556793 

insAA 
AAAA allele 

89 -0.6 5.2 0.915 

 

rs76970562

1 

g.107556792_107556793 

insAAAAA 
AAAAA allele 

114 2.9 8.3 0.724 

ABCG4 rs12271907 c.1035C>G G allele 92 2.7 7.4 0.713 

ABCG5 rs6756629 c.148C>T A allele 114 -1.1 4.7 0.813 

ABCG8 rs4148211 c.161A>G G allele 114 -0.2 3.1 0.959 

 rs80025980 c.239G>A A allele 114 0.3 9.5 0.974 

APOB rs12713675 c.7367C>A T allele 114 8.4 7.3 0.253 

 rs12720855 c.9880T>C G allele 114 8.4 7.3 0.253 

 rs1801699 c.5741A>G C allele 114 -1.3 5.6 0.822 

 rs533617 c.5768A>G C allele 114 -2.3 9.3 0.806 

 rs6752026 c.433C>T A allele 114 0.1 7.3 0.992 

 rs676210 c.8216C>T A allele 114 2.6 3.2 0.418 

APOE rs7412 c.526C>T T allele 114 -5.9 6.7 0.382 

 rs429358 c.388T>C C allele 114 -3.7 3.6 0.312 

CETP rs5880 c.988G>C C allele 114 -6.4 4.9 0.193 

CLMN rs61750771 c.2698A>T A allele 114 -2.3 9.3 0.808 

COQ10A rs60542959 c.3G>T T allele 114 -3.5 7.4 0.641 

KIF6 rs20455 c.2155T>C G allele 114 6.2 3.2 0.059 

LDLR 
rs12190803

1 

c.2043C>A 
A allele 

114 5.1 8.2 0.531 

 

rs87925491

3 

c.1463T>C  
C allele 

114 1.2 9.3 0.895 

LDLRAP1 rs41291058 c.712C>T T allele 114 -7.7 7.3 0.291 

LPA 
rs13914567

5 c.5311C>T 
A allele 

114 -3.5 7.3 0.629 

 rs3124784 c.6046C>T A allele 114 -5.6 3.1 0.073 

 rs41259144 c.2969G>A T allele 114 12.7 8.0 0.118 

 rs41267807 c.6068A>G C allele 114 8.2 9.4 0.383 

 rs41272114 g.161006077C>T T allele 114 3 6.7 0.649 

 rs76062330 c.5468G>T A allele 114 -5.1 6.2 0.414 

LPL rs328 c.1421C>G G allele 114 8 4.2 0.056 

SREBF2 rs2229440 c.1867G>A A allele 114 -6.5 6.2 0.294 

Each model was adjusted with the following covariates: body mass index, baseline LDL-c, therapy intensity, and presence of SRAE. n: Number 

of patients. β: linear coefficient; SE: standard error; FH: familial hypercholesterolemia; NT: nucleotide; PD: pharmacodynamics. 
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Table 16 Influence of genetic variants (MAF > 1.0%) in PD-related genes on atorvastatin response of 

FH patients. Multivariate linear regression analysis. 

Gene rs code NT change Allele n β SE p-value 

Atorvastatin 
 

  
    

ABCA1 
rs769705621 

g.107556792_107556793 

insA 
A allele 

86 2.8 4.9 0.566 

 rs769705621 

g.107556792_107556793 

insAAAA 
AA allele 

104 1.6 3.4 0.644 

 rs769705621 

g.107556792_107556793 

insAAA 
AAA allele 

107 1.6 3.5 0.651 

 rs769705621 

g.107556792_107556793 

insAA 
AAAA allele 

89 1.3 5.3 0.811 

 rs769705621 

g.107556792_107556793 

insAAAAA 
AAAAA allele 

114 -0.6 9.5 0.952 

ABCG4 rs12271907 c.1035C>G G allele 92 4.5 8.9 0.617 

ABCG5 rs6756629 c.148C>T A allele 114 2 4.7 0.667 

ABCG8 rs4148211 c.161A>G G allele 114 0.7 3.3 0.844 

 rs80025980 c.239G>A A allele 114 -1.3 9.4 0.893 

APOB rs12713675 c.7367C>A T allele 114 3 8 0.705 

 rs12720855 c.9880T>C G allele 114 3 8 0.705 

 rs1801699 c.5741A>G C allele 114 -4.3 6.3 0.495 

 rs6752026 c.433C>T A allele 114 3.3 8 0.608 

 rs676210 c.8216C>T A allele 114 0.8 3.5 0.815 

APOE rs7412 c.526C>T T allele 114 -4.5 7.2 0.540 

 rs429358 c.388T>C C allele 114 -5.1 3.9 0.192 

CETP rs5880 c.988G>C C allele 114 -8.1 5.2 0.124 

CLMN rs61750771 c.2698A>T A allele 114 -2.4 9.1 0.792 

COQ10A rs60542959 c.3G>T T allele 114 2.5 7.3 0.728 

KIF6 rs20455 c.2155T>C G allele 114 8.4 3.4 0.014 

LDLR rs879254913 c.1463T>C  C allele 114 9.1 9.1 0.319 

LDLRAP1 rs41291058 c.712C>T T allele 114 -9.5 8 0.236 

LPA rs139145675 c.5311C>T A allele 114 -4.3 7.2 0.552 

 rs3124784 c.6046C>T A allele 114 -4.8 3.3 0.147 

 rs41259144 c.2969G>A T allele 114 -2.2 9.2 0.811 

 rs41272114 g.161006077C>T T allele 114 0.1 7.3 0.985 

 rs76062330 c.5468G>T A allele 114 -11 6.5 0.096 

LPL rs328 c.1421C>G G allele 114 5.8 4.6 0.207 

SREBF2 rs2229440 c.1867G>A A allele 114 -8.4 7.2 0.243 

Each model was adjusted with the following covariates: body mass index, baseline LDL-c, therapy intensity, and presence of SRAE. n: Number 

of patients. β: linear coefficient; SE: standard error; FH: familial hypercholesterolemia; NT: nucleotide; PD: pharmacodynamics. 
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Table 17 Association of deleterious variants (MAF > 1.0%) in PD-related genes with all statin response 

of FH patients. Multivariate logistic regression analysis. 

Gene  rs code  NT change  Allele RE NRE OR (95% CI) p-value 

All statins       

ABCA1 rs769705621 g.107556793insA A allele 20.0 (8) 17.4 (8) 1.56 (0.42 - 6.23) 0.507 

 rs769705621 g.107556793insAA AA allele 34.5 (19) 42.9 (21) 1.81 (0.67 - 5.09) 0.245 

 rs769705621 g.107556793insAAA AAA allele 35.2 (19) 45.3 (24) 1.62 (0.63 - 4.24) 0.319 

 rs769705621 
g.107556793insAAAA 

AAAA 

allele 8.7 (4) 14 (6) 3.52 (0.47 - 42.9) 0.260 

ABCG4 rs12271907 c.1035C>G G allele 4.4 (2) 8.5 (4) 1.84 (0.27 - 17.66) 0.548 

ABCG5 rs6756629 c.148C>T T allele 10.3 (6) 14.3 (8) 1.69 (0.42 - 7.37) 0.464 

ABCG8 rs4148211 c.161A>G G allele 44.8 (26) 60.7 (34) 1.23 (0.5 - 2.99) 0.649 

 rs80025980 c.239G>A A allele 1.7 (1) 3.6 (2) 3.95 (0.18 - 156.41) 0.410 

APOB rs12713675 c.7367C>A A allele 3.4 (2) 5.4 (3) 1.62 (0.17 - 18.89) 0.675 

 rs12720855 c.9880T>C C allele 3.4 (2) 5.4 (3) 1.62 (0.17 - 18.89) 0.675 

 rs1801699 c.5741A>G G allele 5.2 (3) 12.5 (7) 1.63 (0.35 - 9.43) 0.551 

 rs533617 c.5768A>G G allele 1.7 (1) 3.6 (2) 1.92 (0.16 - 45.01) 0.612 

 rs6752026 c.433C>T T allele 5.2 (3) 3.6 (2) 0.84 (0.09 - 6.54) 0.871 

 rs676210 c.8216C>T T allele 31 (18) 37.5 (21) 2.39 (0.89 - 6.9) 0.093 

APOE rs7412 c.526C>T T allele 8.6 (5) 1.8 (1) 0.25 (0.01 - 2.14) 0.253 

 rs429358 c.388T>C C allele 20.7 (12) 23.2 (13) 1.2 (0.5 - 2.8) 0.745 

CETP rs5880 c.988G>C C allele 13.8 (8) 8.9 (5) 0.43 (0.1 - 1.84) 0.258 

CLMN rs61750771 c.2698A>T T allele 3.4 (2) 3.6 (2) 0.65 (0.03 - 10.36) 0.756 

COQ10A rs60542959 c.3G>T T allele 5.2 (3) 3.6 (2) 0.33 (0.04 - 2.36) 0.272 

KIF6 rs20455 c.2155T>C C allele 58.6 (34) 73.2 (41) 1.59 (0.6 - 4.26) 0.349 

LDLR rs121908031 c.2043C>A A allele 3.4 (2) 3.6 (2) 3.7 (0.25 - 80.77) 0.363 

 rs879254913 c.1463T>C  C allele 1.7 (1) 3.6 (2) 1.9 (0.16 - 43.93) 0.617 

LDLRAP1 rs41291058 c.712C>T T allele 5.2 (3) 3.6 (2) 0.27 (0.03 - 1.97) 0.201 

LPA rs139145675 c.5311C>T T allele 6.9 (4) 1.8 (1) 0.5 (0.02 - 4.55) 0.575 

 rs3124784 c.6046C>T T allele 56.9 (33) 37.5 (21) 0.33 (0.12 - 0.84) 0.022 

 rs41259144 c.2969G>A A allele 1.7 (1) 5.4 (3) 2.93 (0.3 - 66.9) 0.393 

 rs41272114 g.161006077C>T T allele 3.4 (2) 7.1 (4) 4.44 (0.57 - 58.27) 0.192 

 rs76062330 c.5468G>T T allele 10.3 (6) 1.8 (1) 0.13 (0.01 - 1.01) 0.087 

LPL rs328 c.1421C>G G allele 13.8 (8) 16.1 (9) 1.92 (0.55 - 7.45) 0.319 

SREBF2 rs2229440 c.1867G>A A allele 6.9 (4) 5.4 (3) 0.53 (0.08 - 3.37) 0.500 

Each model was adjusted with the following covariates: body mass index, baseline LDL-c, therapy intensity, and presence of SRAE. n: Number 

of patients. OR: odds ratio; CI: confidence interval; FH: familial hypercholesterolemia; NT: nucleotide; PD: pharmacodynamics; RE: 
responder; NRE: non-responder. 

 

  



61 

 

Table 18 Association of variants (MAF > 1.0%) in PD-related genes with atorvastatin response of FH 

patients. Multivariate logistic regression. 

Gene  rs code  NT change  Allele RE NRE OR (95% CI) p-

value 

Atorvastatin  
      

ABCA1 rs769705621 g.107556793insA A allele 22.2 (8) 22.9 (8) 1.61 (0.41 - 7.09) 0.502 

 rs769705621 g.107556793insAA AA allele 36 (18) 47.4 (18) 1.7 (0.56 - 5.24) 0.348 

 rs769705621 g.107556793insAAA AAA allele 38.8 (19) 47.6 (20) 1.59 (0.57 - 4.56) 0.379 

 rs769705621 g.107556793insAAAA AAAA allele 11.9 (5) 12.5 (4) 3.43 (0.28 - 113.8) 0.390 

 rs769705621 g.107556793insAAAAA  AAAAA 

allele 

1.9 (1) 4.4 (2) NR - 

ABCG4 rs12271907 c.1035C>G G allele 2.4 (1) 8.1 (3) 6.25 (0.53 - 241.38) 0.208 

ABCG5 rs6756629 c.148C>T T allele 11.3 (6) 17.8 (8) 1.62 (0.36 - 7.97) 0.532 

ABCG8 rs4148211 c.161A>G G allele 39.6 (21) 62.2 (28) 1.21 (0.45 - 3.23) 0.709 

 rs80025980 c.239G>A A allele 3.8 (2) 2.2 (1) 3.2 (0.11 - 132.62) 0.496 

APOB rs12713675 c.7367C>A A allele 3.8 (2) 4.4 (2) 1.11 (0.05 - 18.91) 0.939 

 rs12720855 c.9880T>C C allele 3.8 (2) 4.4 (2) 1.11 (0.05 - 18.91) 0.939 

 rs1801699 c.5741A>G G allele 3.8 (2) 13.3 (6) 1.68 (0.31 - 13.11) 0.569 

 rs6752026 c.433C>T T allele 3.8 (2) 4.4 (2) 1.94 (0.2 - 19.64) 0.548 

 rs676210 c.8216C>T T allele 28.3 (15) 33.3 (15) 2.34 (0.79 - 7.51) 0.135 

APOE rs7412 c.526C>T T allele 7.5 (4) 2.2 (1) 0.55 (0.02 - 5.96) 0.637 

 rs429358 c.388T>C C allele 20.8 (11) 22.2 (10) 0.98 (0.3 - 3.2) 0.977 

CETP rs5880 c.988G>C C allele 15.1 (8) 6.7 (3) 0.3 (0.05 - 1.48) 0.151 

CLMN rs61750771 c.2698A>T T allele 3.8 (2) 4.4 (2) 0.68 (0.03 - 12.72) 0.783 

COQ10A rs60542959 c.3G>T T allele 5.7 (3) 4.4 (2) 0.33 (0.04 - 2.35) 0.271 

KIF6 rs20455 c.2155T>C C allele 58.5 (31) 75.6 (34) 1.79 (0.62 - 5.37) 0.283 

LDLR rs879254913 c.1463T>C  C allele 1.9 (1) 4.4 (2) 1.82 (0.16 - 41.74) 0.638 

LDLRAP1 rs41291058 c.712C>T T allele 5.7 (3) 2.2 (1) 0.16 (0.01 - 1.51) 0.144 

LPA rs139145675 c.5311C>T T allele 7.5 (4) 2.2 (1) 0.55 (0.02 - 5.48) 0.630 

 rs3124784 c.6046C>T T allele 62.3 (33) 35.6 (16) 0.26 (0.09 - 0.73) 0.012 

 rs41259144 c.2969G>A A allele 1.9 (1) 4.4 (2) 2.27 (0.18 - 55.4) 0.535 

 rs41272114 g.161006077C>T T allele 3.8 (2) 6.7 (3) 3.25 (0.31 - 85.24) 0.373 

LPL rs328 c.1421C>G G allele 13.2 (7) 15.6 (7) 2.51 (0.59 - 13.45) 0.235 

SREBF2 rs2229440 c.1867G>A A allele  5.7 (3) 4.4 (2) 0.63 (0.06 - 6.26) 0.691 

Each model was adjusted with the following covariates: body mass index, baseline LDL-c, therapy intensity, and presence of SRAE. n: Number 

of patients. OR: odds ratio; CI: confidence interval; FH: familial hypercholesterolemia; NT: nucleotide; PD: pharmacodynamics; RE: 
responder; NRE: non-responder; NR: not reported. 

 

 

4.4.3.2 Statin-related adverse events 

Univariate logistic regression analysis of deleterious variants in PD-related genes and 

SRAE in FH patients showed that carriers of the variant ABCA1 rs769705621 

(g.107556793insA) have higher risk of SRAE (p=0.027), but this association was not 

maintained after corrections (p=0.648) (Supplementary table 17). No significant associations 

of variants in PD-related genes with SRAE were also found in the multivariate logistic 

regression analysis (Table 19). 
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Table 19 Association of deleterious variants (MAF > 1.0%) in PD-related genes with SRAE in FH 

patients. Multivariate logistic regression analysis. 

Gene  rs code  NT change  Allele 

No 

SRAE SRAE OR (95% CI) p-value 

ABCA1 rs769705621 g.107556793insA A allele 14.3 (10) 40.0 (6) 3.45 (0.77 - 15.39) 0.098 

 rs769705621 g.107556793insAA AA allele 35.8 (29) 50.0 (11) 2.24 (0.73 - 7.21) 0.162 

 rs769705621 g.107556793insAAA AAA allele 42.4 (36) 33.3 (7) 0.6 (0.19 - 1.72) 0.353 

 rs769705621 g.107556793insAAAA AAAA allele 8.8 (6) 20 (4) 2.8 (0.55 - 13.5) 0.198 

ABCG4 rs12271907 c.1035C>G G allele 5.2 (4) 14.3 (2) 5.92 (0.7 - 40.07) 0.072 

ABCG5 rs6756629 c.148C>T T allele 11.2 (10) 16.7 (4) 1.34 (0.29 - 5.2) 0.685 

ABCG8 rs4148211 c.161A>G G allele 56.2 (50) 37.5 (9) 0.44 (0.15 - 1.2) 0.115 

 rs80025980 c.239G>A A allele 1.1 (1) 8.3 (2) 12.5 (0.93 - 306.72) 0.060 

APOB rs12713675 c.7367C>A A allele 4.5 (4) 4.2 (1) 2.07 (0.1 - 16.69) 0.540 

 rs12720855 c.9880T>C C allele 4.5 (4) 4.2 (1) 2.07 (0.1 - 16.69) 0.540 

 rs1801699 c.5741A>G G allele 10.1 (9) 4.2 (1) 0.56 (0.03 - 3.62) 0.608 

 rs6752026 c.433C>T T allele 4.5 (4) 4.2 (1) 1.12 (0.05 - 8.98) 0.923 

 rs676210 c.8216C>T T allele 31.5 (28) 41.7 (10) 1.24 (0.43 - 3.46) 0.681 

APOE rs7412 c.526C>T T allele 4.5 (4) 8.3 (2) 1.87 (0.19 - 13.01) 0.545 

 rs429358 c.388T>C C allele 24.7 (22) 12.5 (3) 0.28 (0.05 - 1.09) 0.097 

CETP rs5880 c.988G>C C allele 12.4 (11) 8.3 (2) 0.57 (0.07 - 2.88) 0.537 

CLMN rs61750771 c.2698A>T T allele 3.4 (3) 4.2 (1) 1.24 (0.05 - 11.91) 0.865 

KIF6 rs20455 c.2155T>C C allele 69.7 (62) 54.2 (13) 0.42 (0.14 - 1.21) 0.108 

LDLR rs121908031 c.2043C>A A allele 2.2 (2) 8.3 (2) 1.57 (0.14 - 16.87) 0.699 

LPA rs139145675 c.5311C>T T allele 3.4 (3) 8.3 (2) 4.69 (0.53 - 34.51) 0.129 

 rs3124784 c.6046C>T T allele 49.4 (44) 37.5 (9) 0.43 (0.14 - 1.21) 0.123 

 rs41272114 g.161006077C>T T allele 4.5 (4) 8.3 (2) 2.53 (0.27 - 17.03) 0.359 

 rs76062330 c.5468G>T T allele 5.6 (5) 8.3 (2) 1.63 (0.19 - 9.67) 0.612 

LPL rs328 c.1421C>G G allele 13.5 (12) 20.8 (5) 3.55 (0.86 - 14.18) 0.071 

SREBF2 rs2229440 c.1867G>A A allele 6.7 (6) 4.2 (1) 1.28 (0.06 - 9.01) 0.832 

Each model was adjusted for the following covariates: baseline LDL-c, presence of FH-related variant, and adherence to statin. 

Number of patients in round brackets. OR: odds ratio; CI: confidence interval; FH: familial hypercholesterolemia; PD: 

pharmacodynamics; SRAE: statin-related adverse events. 
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5 DISCUSSION 

In this study, very high percentage (49.2%) of FH patients did not achieve the therapy 

target of LDL-c reduction  50%. This result is in line with previous studies, in which the 

percentage of FH individuals who did not achieve the same treatment goal ranged from 48% to 

59% (DEGOMA et al., 2016; KORNEVA; KUZNETSOVA; JULIUS, 2019; PIJLMAN et al., 

2010).  

Only 30.7% of the FH patients carried a pathogenic or likely pathogenic variant in FH-

related genes. The association of pathogenic variants in LDLR, APOB, PCSK9 and LDLRAP1 

with FH in this cohort has been previously discussed elsewhere (BORGES, 2019). However, 

the molecular diagnosis was performed only with variants considered pathogenic with ACMG 

criteria, which possibly excluded pathogenic variants that were not previously associated with 

FH. Still, most patients (68.4%) had a defined or probable clinical diagnosis of FH with DCLN 

modified criteria (IZAR et al., 2021). No difference was observed in FH diagnosis between RE 

and NRE groups, showing a balanced sample of FH patients. Importantly, the presence of FH-

related variants did not show to influence statin response. 

When comparing the characteristics between RE and NRE group, NRE patients showed 

lower baseline total cholesterol and LDL-c levels and higher frequency alcohol consumption. 

Similar results were reported in the PROSPER study, that included elderly patients with CVD 

or with high risk of CVD (TROMPET et al., 2016). In this study, non-responders to pravastatin 

drank alcohol and smoked tobacco more often, were less likely to have hypertension, and had 

lower LDL-c levels. This, in turn, could indicate that these patients were more aware of their 

health and less aware of the disease status, which consequently increased the risk of non-

adherence to therapy in non-responders (TROMPET et al., 2016).  

Lack of adherence is an important barrier for the effective treatment of FH patients. A 

study has reported an adherence of 89% by FH patients (GALEMA-BOERS et al., 2014). 

However, a recent study showed worrying data: only 57% of FH patients with a definite 

diagnosis were fully adherent to therapy, while 16% were partially adherent and 27% were not 

adherent (KORNEVA; KUZNETSOVA; JULIUS, 2019).  

Although the NRE group showed indicators of lack of adherence (higher alcohol 

consumption and lower baseline cholesterol level), NRE group probably had comparable 

adherence to RE group. First, statin or ezetimibe adherence were similar between RE and NRE 

groups. Although there is a possibility of lack of information about patient adherence from the 

medical charts, we considered “reduced adherence” as any event of lack of adherence in the 
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whole history of the medical chart – not only in the visit considered for data collection – to 

mitigate a possible lack of information about adherence. Second, FH patients tend to be aware 

of their disease and the possible outcomes resulting from it – more than 76% of FH patients in 

Japan and the US acknowledged their disease status (BUCHOLZ et al., 2018; TADA et al., 

2020), which is an enabler for treatment adherence (KINNEAR et al., 2019). Hence, lack of 

adherence was not the main factor for classifying patients as NRE. 

Many elements indicate that a contributing factor for reduced response in our cohort 

could be related to the lipid-lowering treatment prescribed to FH patients. Although treatment 

response was independent of the type of statin used, the addition of ezetimibe and possibly the 

use of a high intensity treatment showed to be associated with statin response. These results 

indicate that NRE patients are probably more undertreated compared to RE patients, which 

might reflect a reality of the Brazilian health system. Although simvastatin and atorvastatin, 

two extensively used statins, are provided for free by SUS, rosuvastatin and ezetimibe must be 

bought by the patient (DO NASCIMENTO et al., 2018).  

Rosuvastatin 40 mg is currently the strongest statin dosage available. A meta-analysis 

showed rosuvastatin 40 mg led to a mean LDL-c reduction of -55%; atorvastatin 80 mg, in 

contrast, led to a mean LDL-c reduction of approximately -45% (KARLSON et al., 2016a). 

Ezetimibe 10 mg incremental reduction in LDL-c, when associated with a high-intensity statin 

treatment, was reported to be -14% in another meta-analysis (LEE et al., 2021). Despite these 

numbers, many patients, especially those treated by the public health system, do not have access 

to these medications because of their cost, which therefore would contribute to reducing the 

intensity of the treatment received (DAGLI-HERNANDEZ et al., 2021). Nevertheless, both the 

use of rosuvastatin 40 mg and/or the addition of ezetimibe 10 mg to statin treatment would be 

highly beneficial for FH patients, especially those who are unresponsive to treatment and at 

very high cardiovascular risk.  

When considering the absolute LDL-c target level proposed by the Brazilian FH 

guideline (IZAR et al., 2021), ensuring the best treatment for FH patients is even more crucial. 

In our sample, the majority of patients, including all of the patients with very high risk of CAD, 

did not reach optimum LDL-c levels.  

Most of FH patients have not achieved these targets in previous studies as well. In the 

SAFEHEART study, only 4.7% of patients achieved an on-treatment LDL-c < 70 mg/dL after 

5 years on high-intensity statin treatment (PEREZ DE ISLA et al., 2016). In the CASCADE 

study, only 24% and 17% of primary and secondary prevention FH patients, respectively, 
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achieved the absolute LDL-c goals of <100 mg/dL or <70 mg/dL (DUELL et al., 2019). 

Therefore, it is important to increase the accessibility to the best lipid-lowering treatment to FH 

patients by providing ezetimibe 10 mg and rosuvastatin 40 mg through SUS to FH patients.  

Besides having lower LDL-c reduction, NRE group also showed lower baseline total 

cholesterol and LDL-c levels, and higher on-treatment total cholesterol and LDL-c. 

Furthermore, their mean on-treatment LDL-c levels were higher than the least rigid absolute 

therapy target of LDL-c <100 mg/dL. These results are in line with previous studies, in which 

lower baseline LDL-c was a strong predictor of reduced therapy response (KARLSON et al., 

2016b; MASSON et al., 2014). A recent study in Japanese patients with de novo AMI also 

observed that hypo-responders (patients with LDL-c reduction ≤ 15%) had a higher baseline 

LDL-c and this low response was a predictor of heart failure (TSUDA et al., 2020). Thus, it is 

essential to consider that lower baseline LDL-c does not necessarily mean lower risk or better 

lipid-lowering response in FH patients. 

Despite treatment-related factors previously discussed, most patients in NRE group still 

received a high intensity treatment. Therefore, their insufficient response could also be due to 

the presence of pharmacogenetic variants.  

In PK-related genes, most associations with statin response described in previous studies 

were observed with ABCB1, SLCO1B1, CYP3A4, CYP2C9 and CYP3A5 variants. For example, 

ABCB1 rs2032582 (c.2677T>G/A) and ABCB1 rs1045642 (c.3435C>T) were associated with 

better statin response in some studies (FIEGENBAUM et al., 2005a; HOENIG et al., 2011; 

REBECCHI et al., 2009; SU et al., 2015), as well as SLCO1B1 rs2306283 (c.388A>G) 

(RODRIGUES et al., 2011), while CYP3A5*3 showed to be associated with lower statin 

response (WILLRICH et al., 2008). However, there is still controversy about these associations 

and no variant shows strong evidence of influencing statin response.  

In our study, ABCC1 c.2012G>T showed to improve statin response in FH patients.  

ABCC1 (or MRP1) is an ABC membrane transporter highly expressed in the thymus, 

skeletal muscle tissue, kidney, urinary bladder, and gastrointestinal tract according to the 

Human Protein Atlas (https://www.proteinatlas.org). It promotes the efflux of drugs, including 

statins and its metabolites, from hepatocytes to the bloodstream (DAGLI-HERNANDEZ et al., 

2021). ABCC1 is a highly conserved protein (WANG et al., 2006), but several variants, 

deleterious or not, have been identified worldwide (ROCHA; PEREIRA; RODRIGUES, 2018).  

Previous studies have reported the importance of ABCC1 c.2012G>T in 

pharmacogenetics. It has been previously associated with febrile neutropenia in breast cancer 

https://www.proteinatlas.org/
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patients undergoing treatment with 5‐fluorouracil, epirubicin, and cyclophosphamide 

chemotherapy (VULSTEKE et al., 2013). Also, an in vitro study demonstrated that HEK293 

overexpressing ABCC1 c.2012T allele (p.671Val) retained approximately 20% more 

doxorubicin compared to the reference protein, indicating that it might be related to 

doxorubicin-associated acute cardiac toxicity (JUNGSUWADEE et al., 2012).  

When considering statin response, however, there are conflicting results on the influence 

of ABCC1 c.2012G>T. In our study, this variant showed to higher percent LDL-c reduction 

after treatment with all statins and atorvastatin. In contrast, a study with Iranian 

hypercholesterolemic patients showed that carriers of c.2012T allele had lower percent 

reduction of LDL-c and total cholesterol compared to GG carriers when on atorvastatin 10 mg/d 

treatment (p=0.02), but no difference was observed in patients using atorvastatin 20 or 40 mg 

(p=0.81) (BEHDAD et al., 2017). Similarly, a previous work from our group showed no 

association between this variant and LDL-c reduction in Brazilian hypercholesterolemic 

patients, but ABCC1 mRNA levels were reduced in mononuclear cells of patients treated with 

atorvastatin 10 mg/day compared to baseline levels (REBECCHI et al., 2009).  

The prediction framework score used in this study showed that ABCC1 c.2012G>T is 

potentially deleterious. We also observed a stronger interaction between ABCC1 Val671 and 

three statins by molecular docking. ABCC1 rs45511401 (c.2012G>T) causes a change from 

glycine to valine in position 671 (p.Gly671Val) in the protein. Although both amino acids are 

nonpolar, an in silico characterization study showed this change shifts the free energy of 

ABCC1, turning it into potentially deleterious (VOHRA et al., 2018). This is possibly due to 

the special properties of the reference amino acid, glycine. Glycine has a hydrogen in its side 

chain, differently from other amino acids, that carry a carbon. This confers unique flexibility to 

glycine, and allows it to be in tight regions of proteins, which is not accessible to other amino 

acids (BETTS; RUSSELL, 2003). The change to valine, that does not contain these properties, 

can cause conformational changes in the protein, making this region more accessible to 

substrates (BETTS; RUSSELL, 2003). This stronger protein-ligand interaction possibly leads 

to a less efficient statin efflux from hepatocytes by retaining the statins bound in position 671 

in ABCC1. Since ABCC1 acts in statin efflux from the liver, a possible mechanism through 

which p.Gly671Val increased statin response would be that the lower function of this protein 

led to an increased intracellular statin concentration in hepatocytes. This, in turn, could enhance 

the inhibition of HMGCR and therefore potentialize the cholesterol-lowering effect.  
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A similar mechanism was proposed in a case report on a pharmacogenetic analysis of a 

female FH patient with late rosuvastatin response previously published (DAGLI-

HERNANDEZ et al., 2020).  The patient underwent a 6-week rosuvastatin wash-out period, 

after which rosuvastatin 20 mg was reintroduced. However, after 6 weeks of treatment, her lipid 

profile did not show any changes from baseline, which could only be observed after 12 weeks 

of rosuvastatin treatment. The patient was a carrier of the deleterious variants SLCO1B1*15, 

SLCO1B3 rs4149117 and rs7311358, ABCB11 rs2287622, and LOF variant CYP3A5*3. 

Possibly, the effect of the deleterious variants in the influx proteins SLCO1B1 and SLCO1B3 

led to a slow internalization of rosuvastatin by hepatocytes, which led to a lower response in 

the first 6 weeks. However, the patient still responded to rosuvastatin treatment after 12 weeks. 

This could be due to an accumulation of rosuvastatin in hepatocytes resulting from the effect 

of the deleterious variant in the efflux protein ABCB11.  

It is noteworthy that the previous studies were performed with lower doses of 

atorvastatin (10 mg to 40 mg) (BEHDAD et al., 2017; REBECCHI et al., 2009), while the 

majority of patients in our cohort were on high atorvastatin doses (atorvastatin 40 or 80 mg). It 

is possible that clearer effects of ABCC1 c.2012G>T are observed in higher statin doses. 

However, in vitro and in vivo studies with larger samples are necessary to clarify these 

disparities.  

Interestingly, the influence of ABCC1 c.2012G>T on the percent LDL-c change was 

significant in the multiple regression linear analysis when considering deleterious variants in 

PK genes with MAF>10%. This result possibly shows that the influence of pharmacogenetic 

variants is not isolated but depends on the burden of deleterious variants carried by each patient. 

Therefore, similarly to the discussion presented in our case report (DAGLI-HERNANDEZ et 

al., 2020), the effect of each variant on statin response could be potentialized or annulated by 

the interaction with other variants, consequently leading to the phenotype observed. Since we 

had a limited number of patients, we could not analyze the effect of variants with lower MAF; 

however, this approach could be used for future pharmacogenetic studies with higher sample 

sizes in order to understand how these variants interact with each other. 

The multivariate linear regression analysis also showed that SLCO1B3 c.767G>C 

significantly enhanced statin response.  

SLCO1B3 encodes the OATP1B3 influx transporter. It is present in the basal membrane 

of hepatocytes and has several drug substrates, including atorvastatin, fluvastatin, rosuvastatin 

and pitavastatin (MAEDA, 2015). Although OATP1B1 (encoded by SLCO1B1) has a major 
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contribution in statin uptake, OATP1B3 also plays an important role. In an in vivo study with 

OATP1B3 knockout mice, knocking in of SLCO1B3 decreased atorvastatin and simvastatin 

plasma concentrations by 33% and 27%, respectively, due to their uptake by OATP1B3 

(HIGGINS et al., 2014).  

SLCO1B3 c.767G>C (p.Gly228Ala) causes a change from Glycine to Alanine in 

position 228, which is inside OATP1B3 channel in the transmembrane domain of the 

transporter. Similar to ABCC1 c.2012G>T, the substitution of the flexible amino acid Glycine 

to Alanine possibly caused conformational changes to OATP1B3 protein structure. Moreover, 

Alanine is a hydrophobic amino acid whose side chain is relatively inert (BETTS; RUSSELL, 

2003). Therefore, the substitution from Glycine to Alanine in the transmembrane domain could 

possibly affect any interaction between OATP1B3 p.228 Glycine and its substrates in this 

position. 

To the best of our knowledge, this variant has not been approached in any 

pharmacokinetic study on statins. However, it was recently shown to increase telmisartan area 

under curve (AUC) by 22% per allele copy in healthy Finnish volunteers (HIRVENSALO et 

al., 2020). This evidence shows that this variant is possibly of low function. Moreover, similarly 

to the discussed in our case report, it is possible that SLCO1B3 c.767G>C and ABCC1 

c.2012G>T only have significant effects on statin response when both are present and modulate 

the uptake and efflux of statins. 

Other common variants on PK genes did not show to influence statin response in this 

study. In fact, the remaining variants did not consistently show to impact statin response in 

previous studies. CYP3A5*3, for example, has shown to decrease total cholesterol, LDL-c and 

HDL-c reduction after atorvastatin treatment in Brazilian hypercholesterolemic patients 

(WILLRICH et al., 2008), but no differences were observed in another study with Chilean 

hypercholesterolemic patients (ROSALES et al., 2012). Other variants, such as SLCO1B1*5, 

have shown to increase statin blood levels in previous studies, but did not show to impact statin 

response, which therefore is in agreement with the results in our study (DAGLI-HERNANDEZ 

et al., 2021). 

In PD-related genes, most associations with statin response described in the literature 

were observed with genes associated to cholesterol metabolism. Many studies showed 

associations between statin response and LDLR, PCSK9, APOB, APOE variants and other genes 

(DAGLI-HERNANDEZ et al., 2021). In our study, we observed an association between KIF6 

rs20455 c.2155T>C and lower atorvastatin response.  
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Kinesin Family Member 6 (KIF6) belongs to the superfamily of kinesins and is involved 

in the microtubular-dependent intracellular transport of protein complexes, organelles and 

mRNA (MIKI et al., 2001). KIF6 contains two equal dimers, whose N-terminal domain is 

responsible for interacting and moving along microtubules. Its C-terminal domain interacts 

directly or indirectly with the molecules being transported, also called “cargo” (LI et al., 2010).  

The KIF6 c.2155T>C variant is frequent in many populations and C allele has been 

reported to increase up to 50% the risk of coronary heart disease (CHD) (BARE et al., 2007; 

IAKOUBOVA et al., 2008a; PENG et al., 2012; RUIZ-RAMOS et al., 2015). It causes an amino 

acid substitution from tryptophan to arginine in position 719 (p.Trp719Arg), which is close to 

the domain that interacts with the cargo. Tryptophan is nonpolar and aromatic, while Arginine 

is polar and positively charged (BETTS; RUSSELL, 2003). This polarity change could cause 

not only conformational changes in KIF6, but also changes in KIF6-cargo interaction, 

consequently affecting the transportation of molecules by KIF6. 

The mechanism through which KIF6 affects lipid levels or cardiovascular events in 

response to statins is still unknown. Studies have shown conflicting results concerning the 

impact of KIF6 c.2155T>C in LDL-c reduction due to statin treatment. Similarly to our results, 

a recent study showed that CC genotype carriers had attenuated LDL-c and c-non-HDL-c 

reduction in atorvastatin, simvastatin and rosuvastatin users; additionally, rosuvastatin users 

carrying this variant showed an increase in HDL-c (RUIZ-IRUELA et al., 2018). These 

differences, however, were not observed in other studies (IAKOUBOVA et al., 2008b; LI et 

al., 2010, 2011).  

Paradoxically, previous studies have shown a decrease in the risk of CHD in C-allele 

carriers using high-dose atorvastatin or pravastatin compared to non-carriers (IAKOUBOVA 

et al., 2008b; LI et al., 2010). It has been hypothesized that the observed benefit of this variant 

on cardiovascular outcomes occurs mostly through statin pleiotropic effects, particularly the 

early plaque-stabilizing effect, rather than LDL-c reduction (IAKOUBOVA et al., 2008b; 

RUIZ-IRUELA et al., 2018). Moreover, a meta-analysis showed that KIF6 c.2155T>C changes 

the influence of LDL-c on the risk of CHD, increasing the vulnerability to the deleterious effects 

of LDL-c in carriers of this variant. LDL-c reduction could, therefore, reduce CHD risk to C-

allele carriers than to TT-carriers (FERENCE et al., 2017).  

In this study, a surrogate outcome of LDL-c reduction was used to understand the impact 

of variants in PD genes on statin efficacy, but not on CAD risk. Also, the studies previously 

cited were performed with hypercholesterolemic patients, but not FH patients. Therefore, KIF6 



70 

 

c.2155T>C possibly does have an impact on LDL-c reduction after atorvastatin treatment in FH 

patients, but its effect on the risk of CAD in FH patients still remains to be further studied in a 

prospective study.  

LPA rs3124784 (c.6046C>T) and rs76062330 (c.5468G>T) were also associated with 

increased statin response in this study. LPA c.6046C>T increased the likelihood of being 

responder to all statins and atorvastatin, while LPA c.5468G>T influenced atorvastatin response 

by enhancing LDL-c reduction in T allele carriers.  

LPA encodes the apolipoprotein(a) precursor. Apolipoprotein(a) is an apolipoprotein 

that is linked to apo B100 by disulfide bridge in lipoprotein(a) [Lp(a)], a type of plasma 

lipoprotein similar to LDL. LPA is responsible for >90% of the variance in circulating Lp(a) 

(ENAS et al., 2019). Lp(a) is synthetized mostly in the liver and binds to LDL receptors with 

lower affinity when compared to LDL (JANG et al., 2020). Lp(a) is also more susceptible to 

oxidation than LDL, which in turn facilitates its uptake by macrophages in the arterial wall. 

Consequently, high Lp(a) levels have been extensively associated with the risk of CAD 

(MARANHÃO et al., 2014).  

Lp(a) levels tend to be constant in an individual’s life, but have wide interindividual 

variability, ranging from <1 mg/dL to >1,000 mg/dL (MARANHÃO et al., 2014). 

Heterozygous FH patients have higher Lp(a) levels than the general population, which 

contributes to the higher risk of cardiovascular events (VUORIO et al., 2020). It is estimated 

that 8 to 20% of LDL-c quantified by Friedewald’s formula is in Lp(a), depending on Lp(a) 

plasma concentration (LI; WILCKEN; DUDMAN, 1994). Statin treatment does not affect 

Lp(a) levels, but ezetimibe has shown to decrease it by 29% (NOZUE; MICHISHITA; 

MIZUGUCHI, 2010). 

Variants in LPA have already been associated with statin response. A large meta-

analysis of genome-wide association studies confirmed the association between LPA 

rs10455872 (g.161010118A>G), an intronic variant, and worse statin response, with each G 

allele attenuating LDL-c reduction by 5.9% (POSTMUS et al., 2014). Other studies have found 

the same result (CHASMAN et al., 2012; DESHMUKH et al., 2012). This variant is in high 

linkage disequilibrium with the LPA copy number variation kringle IV type 2 (KIV-2), which 

was shown to be responsible for 30% of Lp(a) level variation. Since Lp(a) levels are not affected 

by statins, it is possible that apparent non-responders to statins have high concentrations of 

LDL-c retained in Lp(a), which in turn are measured in Friedewald’s formula (DESHMUKH 

et al., 2012).  



71 

 

To the best of our knowledge, this is the first study to show an association between LPA 

c.6046C>T and c.5468G>T and statin response. Both variants are missense and located in the 

peptidase S1 domain, which contains an inactive serine protease (BATEMAN et al., 2021; 

MARANHÃO et al., 2014). We did not find any studies with other LPA variants located in this 

domain. It is likely that these variants, are associated with low plasma Lp(a) levels, which would 

therefore contribute to the differences in LDL-c response to statins. Therefore, LDL-c reduction 

would account mostly for the reduction in LDL particles. This could be due to a reduction in 

apo(a) expression or to increased interaction with receptors that act on the uptake of Lp(a), such 

as megalin receptors (MARANHÃO et al., 2014). However, this hypothesis has to be confirmed 

by large populational studies and in vitro studies as well. 

Other important PD-related variants have been detected in FH patients and were not 

associated with statin response in our study. For example, variants in APOE, such as rs429358 

(c.388T>C, 2) and rs7412 (c.526C>T , 4), have been associated with better and worse lipid 

lowering, respectively, to atorvastatin, pravastatin and simvastatin in previous studies (GUAN 

et al., 2019). Studies with Brazilian hypercholesterolemic patients, however, did not find these 

associations (CERDA et al., 2011; FIEGENBAUM et al., 2005b; ISSA et al., 2012). Variants 

in HMGCR, LDLR, PCSK9, and APOB also did not show any associations with statin response.  

The lack of association of variants in most of PD genes with statin response could be 

due the small sample size of this study, which did not allow the analysis of rare variants. Also 

FH patients already carry deleterious variants in PD genes or genes involved in cholesterol 

homeostasis, which already jeopardizes the LDL-c response to statins. Most of our FH patients 

possibly had polygenic FH, with deleterious variants in more than one gene involved in 

cholesterol metabolism. 

A total of 21% of FH patients experienced SRAE. There is little information about 

SRAE in FH patients (PANG; CHAN; WATTS, 2020), but a study has reported a frequency of 

statin intolerance as high as 15% in FH patients (DEGOMA et al., 2016).  

Considering that the patients studied used mostly high intensity treatment, a high 

frequency of SRAE reports is expected in this population, since high statin dosage is a risk 

factor for SRAE (NGUYEN et al., 2018). In fact, most patients that experienced SRAE were 

of the RE group. It is known that SRAE, including the most frequent event, SAMS, are drug 

concentration-dependent (KEE et al., 2020). Therefore, a plausible explanation for the higher 

frequency of SRAE in responders is that these patients probably have higher plasma levels of 

statin, which led to a higher risk of SRAE. Importantly, the use of a CYP3A4 inhibitor, such as 
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amiodarone, could be a predictor of SRAE in this cohort. In fact, a meta-analysis showed that 

drug-drug interactions with statins are a risk factor for myopathy and rhabdomyolysis 

(NGUYEN et al., 2018) The inhibition of CYP3A4 by amiodarone is a drug interaction that 

possibly impacted simvastatin and atorvastatin metabolism, potentially increasing statin levels 

and consequently the susceptibility to SRAE (BUCSA et al., 2015). 

Another interesting observation is that most patients in SRAE group carried an FH-

related variant and had xanthomas, a clinical manifestation of FH. Although we did not find 

any associations between SRAE and the statin used or the intensity of the treatment, one could 

hypothesize that patients with clinical manifestations of FH tend to follow a stricter statin 

regimen, which also could have raised the risk of SRAE. This in turn showed that SRAE affect 

therapy adherence negatively: SRAE group had episodes of reduced adherence to statins and 

ezetimibe more frequently than no SRAE group, which is in line to what has been observed by 

therapy adherence studies (WEI et al., 2013).  

Other variables were described as risk factors for SAMS. A meta-analysis showed that 

female gender and age higher than 65 years old are risk factors for myopathy, which we did not 

observe in our study (NGUYEN et al., 2018). Clinical-related factors include having diabetes 

mellitus, renal and hepatic impairment, hypothyroidism, and cardiovascular disease. 

(NGUYEN et al., 2018; TOTH et al., 2018). Lifestyle factors, such as alcohol abuse and 

physical exercise, were also associated with myalgia risk (TOTH et al., 2018). However, we 

did not observe these associations in our study. Therefore, the SAMS observed in our study 

might rather be treatment-related than patient-related. 

Importantly, we could not classify the type of myalgia experienced by the patients or 

evaluate if the SAMS was associated with CK elevations. This is because the FH patients that 

experienced SAMS usually interrupted their statin treatment on their own, before undergoing a 

laboratory testing and a medical visit. Therefore, it was only possible to collect the SAMS report 

from the medical recros, but we could not associate the events with any laboratory measures. 

In this study, no deleterious PK- and PD-related variants were significantly associated 

with increased risk of SRAE. We have previously discussed the lack of association between 

SRAE and SLCO1B1*5 and *15, a well-described variant, in the Brazilian population in a 

recent review (DAGLI-HERNANDEZ et al., 2021). This is probably due to low sample sizes, 

which impaired the statistical power of the analysis in previous studies with Brazilian patients 

(DAGLI-HERNANDEZ et al., 2021). Although SRAE were very frequent in this study, the 

size of the SRAE group is still small, which therefore makes the association study difficult. 
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Therefore, it is necessary to increase the sample size in order to study the association between 

genetic variants and SRAE in FH patients. 

Our study has some limitations. First, we have a low sample size, which impaired the 

association study of deleterious variants, especially those with lower frequency. Second, this is 

an observational, retrospective study, which is susceptible to some biases, such as information 

bias. However, we mitigate these biases by establishing a rigorous protocol of medical records 

review and data selection.  
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6 CONCLUSIONS 

In this thesis, several deleterious variants in PK- and PD-related genes were detected by 

in silico analysis and some impacted statin response in Brazilian FH patients. 

In PK-related genes, the deleterious variant ABCC1 rs45511401 (c.2012G>T) was a 

major contributor on LDL-c response to statins, and enhanced LDL-c reduction after statin 

treatment. Molecular docking showed this variant causes stronger interaction between ABCC1 

and the statin, impairing statin efflux. SLCO1B3 rs60140950 (c.767G>C), a deleterious variant, 

also showed to enhance LDL-c reduction.  

In PD-related genes, the neutral variant KIF6 rs20455 (c.2155T>C), reduced 

atorvastatin response in FH patients, whereas The deleterious variants LPA rs3124784 

(c.6046C>T) and rs76062330 (c.5468G>T) increased statin response.  

PK- or PD-variants were not associated with increased risk of SRAE in Brazilian FH 

patients.  
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8 SUPPLEMENTARY TABLES 

Supplementary table 1 Panel of statin PK- and PD-related genes sequenced. 

PD-related genes PK-related genes 

ABCA1 ABCB1 

ABCG1 ABCB11 

ABCG4 ABCC1 

ABCG5 ABCC2 

ABCG8 ABCC3 

APOA1 ABCG2 

APOA2 CYP1A2 

APOA4 CYP2C19 

APOA5 CYP2C8 

APOB CYP2C9 

APOC1 CYP2D6 

APOC2 CYP3A4 

APOC3 CYP3A5 

APOC4 SLC15A1 

APOE SLC22A1 

CETP SLC22A6 

CLMN SLC22A8 

COQ10A SLCO1B1 

CYP7A1 SLCO1B3 

HMGCR SLCO2B1 

KIF6 UGT1A1 

LDLR UGT1A3 

LDLRAP1 UGT2B7 

LIPA  

LIPC  

LPA  

LPL  

MYLIP  

PCSK9  

PON1  

SCAP  
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Supplementary table 2 Clinical data of FH patients classified according to CAD risk. 

   CAD riska  

  Total 

(n=114) 

Very high 

(n = 64) 

High  

(n = 11) 

Intermediate 

(n = 39) 

p value 

High risk factors       

Gender Male 28.1 (32) 34.4% (22) 36.4% (4) 15.4%  (6) 0.093 

Medical historyb, % AMI 29.2 (33) 51.6 (33) 0.0  (0) 0.0  (0) <0.001 

 CAD 40.0 (42) 70.0 (42) 0.0  (0) 0.0  (0) <0.001 

 CVE 6.0 (6) 10.3  (6) 0.0  (0) 0.0  (0) 0.099 

 Angina 40.6 (41) 69.5 (41) 0.0  (0) 0.0  (0) <0.001 

 MR 30.9 (34) 54.8 (34) 0.0  (0) 0.0  (0) <0.001 

Tobacco smokingb, %  14.3 (16) 19.4 (12) 27.3 (3) 2.6  (1) 0.027 

Therapy factors       

LDL-c absolute target, % <50 mg/dL 2.6 (3) 0.0  (0) 18.2 (2) 2.6  (1) 0.002 

 <70 mg/dL 9.6 (11) 9.4  (6) 18.2 (2) 7.7  (3) 0.578 

 < 100 mg/dL 34.2 (39) 31.2 (20) 27.3 (3) 41.0 (16) 0.525 

LDL-c reduction ≥ 50%   81.8 (9) 48.4 (31) 46.2 (18) 0.095 

TT reachedc, %  12.3 (14) 0.0  (0) 18.2 (2) 30.8 (12) <0.001 

Number of patients in brackets. Categorical variables were compared by chi-square test. AMI: acute myocardial infarction; 

CAD: coronary artery disease; CVE: cerebrovascular event; LDL-c: low-density lipoprotein cholesterol; MR: myocardial 

revascularization; TT: therapy target.  
a The stratification of CAD risk was performed according to the Update of the Brazilian Guideline for FH (IZAR et al., 2021):  

1) Very high risk: patients carrying manifested CAD (history of AMI, angina pectoris, previous myocardial revascularization 

or ischemic or transitory CVE);  

2) High risk: primary prevention with baseline LDL-c > 400 mg/dL, or baseline LDL-c > 310 mg/dL with one high risk factor 

(tobacco smoking, male gender or HDL-c < 40 mg/dL), or baseline LDL-c > 190 mg/dL with two high risk factors;  

3) Intermediate risk: Primary prevention without high risk factors.  
b Data were not available for history of AMI (1), CAD (9), CVE (14), tobacco smoking (2).  
c The therapy target for each risk group was the following:  

1) Very high risk: LDL-c reduction ≥ 50% + on-treatment LDL-c < 50 mg/dL;  

2) High risk: LDL-c reduction ≥ 50% + on-treatment LDL-c < 70 mg/dL;  

3) Intermediate risk: LDL-c reduction ≥ 50% + on-treatment LDL-c < 70 mg/dL.  
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Supplementary table 3 Influence of lipid-lowering treatment on serum lipids of FH patients. 

Variable  Total  

(n=114) 

RE 

(n=58) 

NRE 

(n=56) 

p-value 

Total cholesterol, 
mg/dL 

Baseline  318 (216 - 420) 330 (173 - 487) 300 (247 - 353) 0.004 

 On-treatment 197 (133 - 261) 176 (122 - 230) 230 (170 - 290) <0.001 

 % change -36 (-61 - -11) -51 (-65 - -37) -25 (-40 - -10) <0.001 

 p-value <0.001 <0.001 <0.001  

LDL cholesterol, 
mg/dL 

Baseline  226 (128 - 324) 239 (100 - 378) 222 (171 - 273) 0.005 

 
On-treatment 118 (51 - 185) 96 (60 - 132) 152 (104 - 200) <0.001 

 
% change -51 (-81 - -21) -62 (-76 - -48) -32 (-50 - -13) <0.001 

 p-value <0.001 <0.001 <0.001  

HDL cholesterol, 
mg/dL 

Baseline  49 (35 - 63) 50 (34 - 66) 48 (35 - 61) 0.711 

 On-treatment 47 (30 - 64) 44 (26 - 62) 48 (35 - 61) 0.473 

 % change 0 (-26 - 26) -6 (-31 - 19) 0 (-22 - 22) 0.230 

 p-value 0.619 0.268 0.546  

Triglycerides, 

mg/dL 
Baseline  154 (52 - 256) 150 (18 - 282) 154 (80 - 228) 0.511 

 On-treatment 122 (43 - 201) 105 (12 - 198) 130 (53 - 207) 0.073 

 % change -24 (-72 - 24) -31 (-68 - 6) -13 (-57 - 31) 0.003 

 p-value <0.001 <0.001 0.010  

Patients with LDL-c reduction of at least 50% after statin treatment were classified as responders. Continuous variables are 

shown as median and interquartile range and were compared by Mann-Whitney or Wilcoxon test. . n: number of patients; HDL: 

high-density lipoprotein; LDL: low-density lipoprotein; RE: responder; NRE non responder.  
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Supplementary table 4 Concentration of laboratory variables on treatment in FH patients grouped 

according to statin response. 

Variable Total 

(n=113) 

RE 

(n=58) 

NRE 

(n=56) 

p-value 

Apo AI, mg/dL 147 (112 - 182) 142 (105 - 178) 153 (121 - 185) 0.036 

Apo B, mg/dL 125 (73 - 177) 119 (75 - 163) 150 (93 - 207) 0.007 

Glucose, mg/dL 92 (73 - 111) 89 (76 - 102) 95 (74 - 116) 0.004 

HbA1c, % 6 (5.3 - 6.7) 6.0 (5.2 - 6.8) 5.9 (5.2 - 6.6) 0.617 

Insulin, µIU/mL 7.9 (1.9 - 13.9) 7.0 (2.1 - 11.9) 9.4 (4.4 - 14.4) 0.028 

Creatinine, mg/dL 0.8 (0.6 - 1) 0.8 (0.6 - 1) 0.7 (0.4 - 1) 0.075 

ALT, U/L 32 (11 - 53) 32 (12 - 52) 31.5 (11.3 - 51.7) 0.446 

AST, U/L 26 (16 - 36) 28 (17 - 39) 24.5 (15.5 - 33.5) 0.221 

CK, U/L 91.5 (12.3 - 170.7) 94.5 (34.5 - 154.5) 88.5 (6.3 - 170.7) 0.924 

hsCRP, mg/dL 0.5 (0.2 - 0.8) 0.5 (0.3 - 0.7) 0.6 (0.3 - 0.9) 0.832 

TSH, µIU/mL 1.6 (0.1 - 3.1) 1.5 (-0.2 - 3.2) 1.7 (0.5 - 2.9) 0.899 

T4, ng/dL 1.0 (0.8 - 1.2) 1.0 (0.8 - 1.2) 0.9 (0.7 - 1.1) 0.680 

Patients with LDL-c reduction of at least 50% after statin treatment were classified as responders. Continuous variables are 

shown as median and interquartile range and were compared by Mann-Whitney test. Information on laboratory data was 

missing for apo AI (33 patients), apo B (33), glucose (17), HbA1c (27), insulin (32), creatinine (27), ALT (25), AST (25), CK 

(24), hsCRP (31), TSH (23) and T4 (25). n: number of patients; ALT: alanine aminotransferase; Apo AI: apolipoprotein AI; 

Apo B: apolipoprotein B; AST: aspartate aminotransferase; CK: creatine kinase; HbA1c: glycated hemoglobin; HDL: high-

density lipoprotein; LDL: low-density lipoprotein; T4: thyroxine; TSH: thyroid-stimulating hormone; hsCRP: high sensitivity 

C-reactive protein; RE: responder; NRE non responder.  
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Supplementary table 5 Influence of the type of lipid-lowering treatments on lipid levels of FH patients 

(n=114).  

Variable  Statin intensity Ezetimibe  
  

Moderate 

(n=16) 

High  

(n=98) 

p-value Non-users 

(n=72) 

Users 

(n=42) 

p-value 

TC Baseline  306 (253-359) 322 (213-431) 0.109 304 (239-369) 333 (204-462) 0.011 
 

On-treatment 232 (160-304) 192 (125-259) 0.011 203 (121-285) 188 (137-239) 0.362 
 

% change -22 (-40 – -4) -40 (-65 – -15) <0.001 -34 (-53– -15) -47 (-74– -20) 0.031 
 

p-value <0.001 <0.001 
 

<0.001 <0.001 
 

LDL-c Baseline  222 (149-295) 230 (123-337) 0.071 221 (169-273) 244 (142-346) 0.001 
 

On-treatment 130 (68-192) 116 (58 - 174) 0.116 117 (49-185) 122 (65-179) 0.936 
 

% change -32 (-56 – -8) -53 (-72 – -31) 0.002 -47 (-73–-21) -61 (-88–-34) 0.009 
 

p-value <0.001 <0.001 
 

<0.001 <0.001 
 

HDL-c Baseline  52 (44-60) 48 (33 - 63) 0.103 49 (34-64) 49 (34-64) 0.342 
 

On-treatment 53 (36-70) 46 (29-63) 0.086 45 (29-61) 48 (32-64) 0.374 
 

% change -6 (-38 - 26) 0 (-23 - 23) 0.003 -1 (-26 - 24) 0 (-24 - 24) 0.764 
 

p-value 1.000 0.680 
 

0.837 0.581 
 

TG Baseline  162 (100-224) 154 (42 - 66) 0.831 157 (41-273) 142 (41-243) 0.464 
 

On-treatment 157 (73-241) 110 (34-186) 0.004 130 (30-230) 108 (38-178) 0.085 
 

% change -4 (-39 - 31) -27 (-75 - 21) 0.001 -24 (-68-20) -24 (-75-27) 0.438 
 

p-value 0.391 <0.001 
 

<0.001 <0.001 
 

Continuous variables are shown as median and interquartile range and were compared by Mann-Whitney test. FH: familial 

hypercholesterolemia; HDL-c: high-density lipoprotein cholesterol; LDL-c: low-density lipoprotein cholesterol; TC: total 

cholesterol; TG: triglycerides.  
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Supplementary table 6 Association between SRAE and serum lipids of FH patients (n=114).  

Variable 
 

No SRAE      

(90) 

SRAE 

 (24) 

p-value 

TC Baseline  310 (245 - 376) 374 (239 - 509) 0.001 
 

On-treatment 192 (111 - 273) 204 (163 - 245) 0.001 
 

% change -33.4 (-12.7 - -54.1) -50.0 (-36.6 - -63.4) 0.001 
 

p-value <0.001 <0.001  

LDL-c Baseline  224 (169 - 279) 295 (140 - 449) 0.007 
 

On-treatment 117 (47 - 187) 121 (78 - 165) 0.784 
 

% change -47.3 (-20.1 - -74.5) -61.3 (-51.8 - -70.8) 0.002  
p-value <0.001 <0.001  

HDL-c Baseline  49 (35 - 63) 51 (30.5 - 71.5) 0.352  
On-treatment 47 (34 - 60) 46.5 (20.5 - 72.5) 0.833  
% change 0 (-26.3 - 26.3) -6.6 (-20.9 – 7.7) 0.325  
p-value 0.824 0.523  

TG Baseline  154 (60.8 - 247.2) 191 (41.5 - 340.5) 0.242  
On-treatment 119 (49 - 189) 142 (17 - 267) 0.385  
% change -24.2 (-70.4 – 22.0) -28.9 (- 91.3 – 33.5) 0.985  
p-value <0.001 0.279  

Continuous variables are shown as median and interquartile range and were compared by Mann-Whitney test. FH: familial 

hypercholesterolemia; HDL-c: high-density lipoprotein cholesterol; LDL-c: low-density lipoprotein cholesterol; TC: total 

cholesterol; TG: triglycerides; SRAE: statin-related adverse events.  
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Supplementary table 7 Variants in PK-related genes identified in FH patients (n=114). 

Gene rs code NT change AA change Type 

MAF 

(%) 

In sílico 

prediction 

HWE  

p -value 

ABCB1 rs2032582 c.2677T>G p.Ser893Ala missense 59.2 N 0.247 

 rs28364277 c.*146G>A  3'UTR 3.1 N 1.000 

 rs2229107 c.3421T>A p.Ser1141Thr missense 1.3 N 1.000 

 rs2235052 c.*82_*79delTTAC 3'UTR 2.2 N 1.000 

 rs17064 c.*89A>T  3'UTR 7.9 N 1.000 

 rs3842 c.*193A>G  3'UTR 12.3 N 0.213 

 rs9282564 c.61A>G p.Asn21Asp missense 3.9 N 1.000 

 rs3213619 c.-693T>C  5'UTR 4.8 N 0.224 

 rs2032582 c.2677T>A p.Ser893Thr missense 3.1 N 1.000 

 rs3747802 c.-113086T>C  5'UTR 0.9 N 1.000 

 rs2229109 c.1199G>A p.Ser400Asn missense 3.5 N 1.000 

 rs28364275 c.*21T>C  3'UTR 1.8 N 1.000 

 rs28364278 c.*172_*173insGAGAGACA 3'UTR 1.8 N 1.000 

 rs35023033 c.2005C>T p.Arg669Cys missense 0.4 N 1.000 

 rs35730308 c.3322T>C p.Trp1108Arg missense 0.4 N 1.000 

 rs28364274 c.3751G>A p.Val1251Ile missense 0.9 N 1.000 

 rs57521326 c.3262G>A p.Asp1088Asn missense 0.9 N 1.000 

 rs28364279 c.*252A>C  3'UTR 0.4 N 1.000 

 rs28364280 c.*316G>A  3'UTR 0.4 N 1.000 

 rs36008564 c.781A>G p.Ile261Val missense 0.4 N 1.000 

ABCB11 rs2287622 c.1331T>C p.Val444Ala missense 58.7 N <0.001 

 rs473351 c.*236A>G  3'UTR 63.6 N 0.009 

 rs495714 c.*368G>A  3'UTR 56.0 N 0.037 

 rs496550 c.*420A>G  3'UTR 56.0 N 0.037 

 rs2287622 c.1331T>C p.Val444Ala missense 58.7 N <0.001 

 rs11568364 c.2029A>G p.Met677Val missense 5.4 N 1.000 

 rs1521808 c.3556G>A p.Glu1186Lys missense 0.5 N 1.000 

 rs766285158 c.3691C>T p.Arg1231Trp missense 0.5 N 1.000 

 Novel c.*614G>A  3'UTR 0.5 N 1.000 

 rs11568357 c.616A>G p.Ile206Val missense 0.5 N 1.000 

 rs111482608 c.1636C>A p.Gln546Lys missense 0.5 N 1.000 

 rs11568370 c.1774G>C p.Glu592Gln missense 0.5 N 1.000 

ABCC1 rs129081 c.*801G>C  3'UTR 40.2 N 0.034 

 rs3743527 c.*543C>T  3'UTR 21.2 N 0.093 

 rs4148381 c.*1321_*1322insT 3'UTR 51.1 N 0.000 

 rs8056298 c.*1385T>G  3'UTR 97.8 N <0.001 

 rs212090 c.*866T>A  3'UTR 40.2 N 0.011 

 rs129081 c.*801G>C  3'UTR 40.2 N 0.034 

 rs113264879 c.*883G>A  3'UTR 0.5 N 1.000 

 rs16967632 c.*1645G>A  3'UTR 0.5 N 1.000 

 rs142023064 c.*1293_*1297delGAAAA 3'UTR 2.2% N 1.000 

 rs150927043 c.*1759T>A  3'UTR 1.6 N 1.000 

 rs4148381 c.*1321_*1322insTT 3'UTR 30.2 N 0.802 

 rs212091 c.*1512T>C  3'UTR 11.4 N 0.006 

 rs4148356 c.2168G>A p.Arg723Gln missense 0.5 N 1.000 
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Gene rs code NT change AA change Type 

MAF 

(%) 

In sílico 

prediction 

HWE  

p -value 

 rs4148380 c.*1293G>A  3'UTR 4.9 N 0.151 

 rs113328089 c.*228G>A  3'UTR 2.2 N 1.000 

 Novel c.*1293G>0  3'UTR 1.1 N 1.000 

 Novel c.66del5>C  

frameshift 

deletion 0.5 D 1.000 

 rs45511401 c.2012G>T p.Gly671Val missense 3.8 D 1.000 

 rs139158420 c.*401C>T  3'UTR 0.5 N 1.000 

 Novel c.*1752_*1753insA 3'UTR 1.6 N 1.000 

 rs111601005 c.*1752delA  3'UTR 2.2 N 1.000 

 rs45492303 c.*1237G>C  3'UTR 2.2 N 1.000 

 rs74009607 c.*443C>T  3'UTR 2.2 N 1.000 

 rs80085493 c.*1604C>T  3'UTR 0.5 N 1.000 

 Novel c.*1015_*1016delGC 3'UTR 0.5 N 1.000 

 rs8187856 g.16146576C>G  splicing 1.1 N 1.000 

 rs146369277 c.*800C>G  3'UTR 0.5 N 1.000 

 rs183032276 c.4154G>A p.Arg1385Gln missense 0.5 N 1.000 

 rs112282109 c.1898G>A p.Arg633Gln missense 0.5 N 1.000 

 rs557646879 c.-88_-75del-  5'UTR 0.5 N 1.000 

 rs147785655 c.*1000G>A  3'UTR 0.5 N 1.000 

 rs45569938 c.*546T>G  3'UTR 0.5 N 1.000 

 rs13337489 c.3140G>C p.Cys1047Ser missense 1.1 N 1.000 

 rs28706727 c.3436G>A p.Val1146Ile missense 0.5 N 1.000 

 rs143805318 c.*1644C>T  3'UTR 0.5 N 1.000 

 Novel c.145T>G  missense 0.5 N 1.000 

 rs182967563 c.*272G>A  3'UTR 0.5 N 1.000 

 rs187769078 c.185G>A p.Arg62Gln missense 0.5 N 1.000 

 rs188577026 c.*891A>G  3'UTR 0.5 N 1.000 

 rs199815778 c.4441G>A p.Val1481Ile missense 0.5 N 1.000 

ABCC2 rs2273697 c.1249G>A p.Val417Ile missense 16.8 N 0.429 

 rs45441199 c.3107T>C p.Ile1036Thr missense 1.1 N 1.000 

 rs927344 c.116A>T p.Tyr39Phe missense 98.9 N <0.001 

 rs17222723 c.3563T>A p.Val1188Glu missense 7.6 N 0.051 

 rs8187699 c.3817A>G p.Thr1273Ala missense 0.5 N 1.000 

 rs8187710 c.4544G>A p.Cys1515Tyr missense 9.8 N 0.136 

 rs17222617 c.2546T>G p.Leu849Arg missense 1.6 N 1.000 

 rs717620 c.-24C>T  5'UTR 17.9 N 0.701 

 rs2273697 c.1249G>A p.Val417Ile missense 16.8 N 0.429 

 rs138578110 c.*259G>T  3'UTR 1.1 N 1.000 

 rs8187692 c.3542G>T p.Arg1181Leu missense 2.7 D 1.000 

 rs7080681 c.1058G>A p.Arg353His missense 2.7 N 1.000 

 rs17216317 c.3872C>T p.Pro1291Leu missense 3.3 D 1.000 

 rs72558199 c.3196C>T p.Arg1066X stopgain 0.5 N 1.000 

 rs141413284 c.1860T>A p.Asp620Glu missense 0.5 N 1.000 

 rs533334893 g.101552117G>A  splicing 0.5 D 1.000 

ABCC3 rs34926034 c.202C>T p.His68Tyr missense 1.1 N 1.000 

 rs141856639 c.3971G>A p.Arg1324His missense 1.1 D 1.000 

 rs35999272 c.2758C>T p.Pro920Ser missense 2.2 N 1.000 
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Gene rs code NT change AA change Type 

MAF 

(%) 

In sílico 

prediction 

HWE  

p -value 

 rs34346931 c.1223A>G p.Glu408Gly missense 0.5 N 1.000 

 rs150601692 c.4030A>G p.Lys1344Glu missense 0.5 N 1.000 

 rs11568591 c.3890G>A p.Arg1297His missense 6.5 D 1.000 

 rs200779271 c.980T>C p.Ile327Thr missense 0.5 N 1.000 

 rs201562834 c.871C>T p.Arg291Trp missense 0.5 N 1.000 

 rs1003354 c.1580C>T p.Thr527Met missense 0.5 N 1.000 

 rs143608762 c.694C>T p.Arg232Trp missense 0.5 N 1.000 

 rs35777968 c.296G>A p.Arg99Gln missense 0.5 N 1.000 

 rs139106724 c.2377G>A p.Val793Ile missense 1.1 N 1.000 

 rs200413276 c.2558C>A p.Ala853Asp missense 0.5 N 1.000 

 rs372683132 c.922G>A p.Gly308Ser missense 1.1 N 1.000 

 rs34926034 c.202C>T p.His68Tyr missense 1.1 N 1.000 

 rs11568584 c.2153A>T p.Lys718Met missense 0.5 N 1.000 

 rs11568607 g.48745787G>A  splicing 2.2 N 1.000 

 rs11568590 c.4094A>G p.Gln1365Arg missense 0.5 N 1.000 

 rs11568608 c.1820G>A p.Ser607Asn missense 1.1 N 1.000 

 rs34291385 c.2293G>C p.Val765Leu missense 1.1 N 1.000 

 rs200903266 c.3401G>A p.Arg1134Gln missense 0.5 N 1.000 

 rs138342952 c.*258G>C  3'UTR 1.1 N 1.000 

 rs11568588 c.4042C>T p.Arg1348Cys missense 1.1 N 1.000 

 rs148804178 c.205C>G p.Leu69Val missense 0.5 N 1.000 

 rs563802547 c.*140_*141insT  3'UTR 0.5 N 1.000 

ABCG2 rs45605536 c.1582G>A p.Ala528Thr missense 1.1 N 1.000 

 rs111766106 c.-18485C>T  5'UTR 0.5 N 1.000 

 rs45605536 c.1582G>A p.Ala528Thr missense 1.1 N 1.000 

 rs45510401 c.*1964T>C  3'UTR 2.2 N 0.026 

 rs72554040 c.-91177C>T  5'UTR 8.2 N 0.389 

 rs1448784 c.*1066T>C  3'UTR 1.1 N 1.000 

 rs2231142 c.421C>A p.Gln141Lys missense 6.5 N 1.000 

 rs2231137 c.34G>A p.Val12Met missense 6.0 N 1.000 

 rs10030206 c.*1295A>T  3'UTR 1.1 N 1.000 

 rs115770495 c.*1726G>A  3'UTR 2.2 N 1.000 

 rs1337337886 c.131A>G p.Tyr44Cys missense 0.5 N 1.000 

 rs35965584 c.1624A>G p.Thr542Ala missense 0.5 N 1.000 

 rs45630471 c.-18400A>G  5'UTR 0.5 N 1.000 

 rs2231135 c.-18847T>C  5'UTR 1.1 N 1.000 

 Novel c.1453C>A  missense 0.5 N 1.000 

 rs138606116 c.1060G>A p.Gly354Arg missense 0.5 N 1.000 

 rs55927234 c.-18436C>G  5'UTR 0.5 N 1.000 

 rs34783571 c.1858G>A p.Asp620Asn missense 0.5 N 1.000 

 rs34264773 c.1758A>T p.Lys586Asn missense 0.5 N 1.000 

 Novel c.*1575T>C  3'UTR 0.5 N 1.000 

 rs34124189 g.89053790G>A  splicing 0.5 N 1.000 

CYP1A2 rs33923017 c.*360_*361insT  3'UTR 11.4 N 0.595 

 rs33923017 c.*360_*361insTT  3'UTR 22.8 N 0.012 

 rs34002060 c.*1034delT  3'UTR 15.2 N 0.213 
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Gene rs code NT change AA change Type 

MAF 

(%) 

In sílico 

prediction 

HWE  

p -value 

 rs33923017 c.*360_*361insT  3'UTR 11.4 N 0.595 

 rs58661304 c.*270A>C  3'UTR 5.4 N 0.012 

 Novel c.*1033_*1034insT 3'UTR 6.0 N 1.000 

 rs1288558234 g.75041241del  splicing 0.5 N 1.000 

 rs17861157 c.894C>A p.Ser298Arg missense 3.3 N 0.065 

 rs45540640 c.613T>G p.Phe205Val missense 0.5 N 1.000 

 rs913188841 g.75041242C>G  splicing 0.5 N 1.000 

 rs201763966 c.142T>G p.Trp48Gly missense 0.5 N 1.000 

 Novel c.*1035_*1036insT 3'UTR 18.5 N 0.127 

 Novel c.*1035delT  3'UTR 18.5 N 0.127 

 Novel c.*1034_*1035delTT 3'UTR 19.6 N 0.070 

 Novel c.*361_*362insT  3'UTR 12.5 N 0.600 

 Novel c.*361_*362insTT  3'UTR 12.5 N 0.600 

 rs201977879 c.*361delT  3'UTR 17.9 N 0.211 

 Novel c.*274C>0  3'UTR 1.1 N 1.000 

 rs11636419 c.*171A>G  3'UTR 6.5 N 1.000 

 rs150722579 c.*292_*293insC  3'UTR 1.6 N 1.000 

 rs17861162 c.*1324C>G  3'UTR 8.7 N 1.000 

 rs201077484 c.*274delC  3'UTR 1.6 N 1.000 

 rs57295890 c.*282delC  3'UTR 10.3 N 1.000 

 rs200442208 c.*282C>A  3'UTR 2.2 N 1.000 

 rs780737808 c.*304_*305insAT 3'UTR 1.6 N 1.000 

 Novel c.*1034_*1035insT 3'UTR 1.1% N 1.000 

 rs201443593 c.*292A>C  3'UTR 0.5 N 1.000 

 rs56141902 c.*854G>A  3'UTR 0.5 N 1.000 

 Novel c.*271_*274delAAAC 3'UTR 2.7 N 0.044 

 rs758124536 c.409C>T p.Arg137Trp missense 0.5 N 1.000 

 Novel c.*283_*284insA  3'UTR 1.1 N 1.000 

 Novel c.*282_*283delins0 3'UTR 1.1% N 1.000 

 Novel c.*283delA  3'UTR 1.1 N 1.000 

 Novel c.*263_*264insA  3'UTR 0.5 N 1.000 

 rs200675446 c.*263delA  3'UTR 4.9 N 1.000 

 rs45564134 c.*974delG  3'UTR 0.5 N 1.000 

 rs28465265 c.*274C>A  3'UTR 0.5 N 1.000 

CYP2C19 rs3758581 c.991A>G p.Ile331Val missense 43.5 N <0.001 

 rs3758581 c.991A>G p.Ile331Val missense 43.5 N <0.001 

 rs17884712 c.431G>A p.Arg144His missense 2.2 D 1.000 

 rs576823729 c.648C>G p.Cys216Trp missense 0.5 N 1.000 

 rs17882687 c.55A>C p.Ile19Leu missense 0.5 N 1.000 

 rs17878459 c.276G>C p.Glu92Asp missense 3.3 N 1.000 

 rs58973490 c.449G>A p.Arg150His missense 1.1 N 1.000 

CYP2C8 rs1058932 c.*24C>T  3'UTR 23.9 N 0.006 

 rs11572078 g.96827126dup   splicing 17.4 N <0.001 

 rs2071426 g.5932A>G  splicing 23.9 D 1.000 

 rs1058932 c.*24C>T  3'UTR 23.9 N 0.006 

 rs11572103 c.499A>T p.Ile167Phe missense 3.3 N 0.065 
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HWE  

p -value 

 rs10509681 c.890A>G p.Lys297Arg missense 4.9 N 1.000 

 rs11572080 c.110G>A p.Arg37Lys missense 5.4 N 1.000 

 rs77147096 c.787G>A p.Gly263Ser missense 0.5 N 1.000 

 rs1058930 c.486C>G p.Ile162Met missense 4.9 D 0.151 

 rs369591911 c.65G>A p.Arg22Gln missense 0.5 N 1.000 

 rs11572066 c.-86A>C  5'UTR 0.5 N 1.000 

 rs143386810 c.844G>A p.Gly282Ser missense 0.5 N 1.000 

CYP2C9 rs1799853 c.430C>T p.Arg144Cys missense 8.8 D 1.000 

 rs9332242 c.*108C>G  3'UTR 8.8 N 1.000 

 rs1799853 c.430C>T p.Arg144Cys missense 8.8 D 1.000 

 rs28371685 c.1003C>T p.Arg335Trp missense 0.9 N 1.000 

 rs1057910 c.1075A>C p.Ile359Leu missense 7.5 N 0.475 

 rs577147873 c.*60C>T  3'UTR 0.4 N 1.000 

 rs7900194 c.449G>A p.Arg150His missense 1.3 N 1.000 

 rs9332241 c.*88C>T  3'UTR 1.3 N 1.000 

 rs2256871 c.752A>G p.His251Arg missense 2.2 D 1.000 

 rs201055266 c.1034T>C p.Met345Thr missense 0.4 N 1.000 

 rs28371686 c.1080C>G p.Asp360Glu missense 0.4 N 1.000 

 rs9332239 c.1465C>T p.Pro489Ser missense 0.4 N 1.000 

CYP2D6 rs16947 c.733C>T p.Arg245Cys missense 32.6 N 0.211 

 rs769258 c.31G>A p.Val11Met missense 4.3 N 0.119 

 rs16947 c.733C>T p.Arg245Cys missense 32.6 N 0.211 

 rs1058172 c.941G>A p.Arg314His missense 4.9 D 1.000 

 rs1065852 c.100C>T p.Pro34Ser missense 6.0 D 0.224 

 Novel c.551C>T  missense 0.5 N 1.000 

 rs5030656 c.88_690del 

p.Lys230_C442d

elins 

nonframeshif

t deletion 1.1 LD 1.000 

 rs28371717 c.556G>T p.Ala186Ser missense 0.5 N 1.000 

 rs28371704 c.281A>G p.His94Arg missense 1.6 N 1.000 

 rs3892097   splicing 2.2 D 1.000 

 rs28371706 c.320C>T p.Thr107Ile missense 2.2 N 1.000 

 rs139779104 c.482G>A p.Gly161Glu missense 0.5 N 1.000 

 rs5030655 c.54del4>T p.Trp152Gfs*2 

frameshift 

deletion 0.5 D 1.000 

 rs140513104 c.821C>T p.Pro274Leu missense 0.5 N 1.000 

 rs59421388 c.859G>A p.Val287Met missense 0.5 N 1.000 

 rs61736512 c.406G>A p.Val136Met missense 0.5 N 1.000 

 rs28371703 c.271C>A p.Leu91Met missense 1.1 D 1.000 

CYP3A4 rs28969391 c.*767delT  3'UTR 18.0 N 0.757 

 rs28969391 c.*767delT  3'UTR 18.0 N 0.757 

 rs28988604 c.*683C>T  3'UTR 3.5 N 1.000 

 rs12721631 c.*329C>T  3'UTR 1.3 N 1.000 

 rs4986907 c.485G>A p.Arg162Gln missense 0.4 N 1.000 

 rs28371763 c.*948A>T  3'UTR 1.3 N 1.000 

 rs28988606 c.*1095C>T  3'UTR 0.9 N 1.000 

CYP3A5 rs15524 c.*14T>C  3'UTR 21.1 N 0.576 

 rs776746 g.12083G>A  splicing 77.6 D 0.431 
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 rs41279857 c.299C>A p.Ser100Tyr missense 0.4 N 1.000 

 rs10264272 c.624G>A p.Lys208Lys splicing 3.1 N 1.000 

 rs149664815 c.1378C>T p.Gln460X stopgain 0.4 D 1.000 

 rs15524 c.*14T>C  3'UTR 21.1 N 0.576 

 rs28371765 c.-3554A>C  5'UTR 0.4 N 1.000 

 rs28365095 c.-3625G>A  5'UTR 0.4 N 1.000 

 rs6977165 c.423A>G p.X141Trp stoploss 5.7 D 1.000 

 rs145774441 c.827T>C p.Ile276Thr missense 0.4 N 1.000 

 rs28371764 c.-3613C>T  5'UTR 3.1 N 1.000 

 rs200579169 c.92dupG p.Gly31fs 

frameshift 

insertion 0.4 D 1.000 

 rs28383468 c.88C>T p.His30Tyr missense 0.4 N 1.000 

 rs41303343 c.1035dupT p.Thr346Yfs*2 

frameshift 

insertion 1.8 D 1.000 

 rs147489136 c.608T>G p.Phe203Cys missense 0.4 N 1.000 

 rs547253411 c.1372delG p.Val458Sfs*16 

frameshift 

deletion 0.4 D 1.000 

 rs41303343 c.1035dupT p.Thr346fs 

frameshift 

insertion 1.8 D 1.000 

 rs6957030 c.419T>G p.Leu140Arg missense 0.4 N 1.000 

SLC15A1 rs1289389 c.*688G>A  3'UTR 19.0 N 0.024 

 rs759932207 c.*178_*177delTT  3'UTR 19.6 N 0.070 

 rs779338904 c.*178_*176delTTT 3'UTR 2.8 N 1.000 

 Novel c.*178_*179insT  3'UTR 1.1 N 1.000 

 rs1289389 c.*688G>A  3'UTR 19.0 N 0.024 

 rs4646234 c.*598A>G  3'UTR 12.5 N 1.000 

 rs2297322 c.350G>A p.Ser117Asn missense 18.5 N 0.003 

 rs7331216 c.*59A>G  3'UTR 9.8 N 0.517 

 rs113824127 c.*211G>T  3'UTR 1.1 N 1.000 

 rs8187820 c.364G>A p.Val122Met missense 1.6 D 1.000 

 rs8187838 c.1352C>A p.Thr451Asn missense 1.6 N 1.000 

 Novel c.*176_*177insT  3'UTR 3.8 N 1.000 

 Novel c.*174_*175insT  3'UTR 5.4 N 1.000 

 Novel c.*177delT  3'UTR 3.8 N 1.000 

 Novel c.*175delT  3'UTR 5.4 N 1.000 

 Novel c.*176_*175delTT  3'UTR 5.4 N 1.000 

 Novel c.*177_*175delTTT 3'UTR 5.4 N 1.000 

 Novel c.*178_*175delTTTT 3'UTR 5.4 N 1.000 

 Novel c.*178_*175delTTTT 3'UTR 2.2 N 1.000 

 rs3783002 c.*224C>T  3'UTR 7.6 N 0.346 

 rs4646227 c.1256G>C p.Gly419Ala missense 4.3 N 1.000 

 rs2274828 c.1348G>A p.Val450Ile missense 0.5 N 1.000 

 rs572627369 c.*160T>C  3'UTR 0.5 N 1.000 

 rs578247729 c.*914C>T  3'UTR 0.5 N 1.000 

 rs8187827 g.99354731T>C  splicing 0.5 N 1.000 

 rs398037820 c.*178delT  3'UTR 3.9 N 1.000 

 Novel c.800A>T  missense 0.5 N 1.000 

 rs114218227 c.*125G>A  3'UTR 1.1 N 1.000 
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 rs8187821 c.351C>A p.Ser117Arg missense 0.5 N 1.000 

 Novel c.*451G>A  3'UTR 0.5 N 1.000 

 rs79136019 c.*587T>C  3'UTR 1.6 N 1.000 

 rs8187815 c.-73T>C  5'UTR 1.1 N 1.000 

 rs146304164 c.1246G>C p.Val416Leu missense 0.5 N 1.000 

 Novel c.*150_*144delCTTTTTC 3'UTR 0.5 N 1.000 

 rs4646206 c.-33C>T  5'UTR 0.5 N 1.000 

 Novel c.*178_*173delTTTTTT 3'UTR 0.6 N 1.000 

SLC22A1 rs113569197 c.1275_1276del p.Pro425fs 

frameshift 

deletion 33.2 N <0.001 

 rs628031 c.1222A>G p.Met408Val missense 66.8 N 0.004 

 rs683369 c.480G>C p.Leu160Phe missense 85.9 N <0.001 

 rs776304541 c.1406G>A p.Arg469His missense 0.5 N 1.000 

 rs35854239 c.275_1276del p.Pro425fs splicing 45.7 D <0.001 

 rs72552763 c.258_1260del p.420_420del 

nonframeshif

t deletion 18.5 LD 1.000 

 rs34205214 c.1025G>A p.Arg342His missense 2.2 N 1.000 

 rs34447885 c.41C>T p.Ser14Phe missense 2.2 N 1.000 

 rs41267797 c.1390G>A p.Val464Ile missense 4.9 N 0.151 

 rs72552763 c.258_1260del p.Met420del 

nonframeshif

t deletion 18.5 D 1.000 

 rs35270274 c.1463G>T p.Arg488Met missense 1.6 N 1.000 

 rs35888596 c.113G>A p.Gly38Asp missense 2.2 D 1.000 

 rs34059508 c.1393G>A p.Gly465Arg missense 1.1 D 1.000 

 rs2282143 c.1022C>T p.Pro341Leu missense 1.1 D 1.000 

 rs12208357 c.181C>T p.Arg61Cys missense 3.8 D 0.090 

 rs36103319 c.659G>T p.Gly220Val missense 0.5 N 1.000 

 rs78899680 c.1442G>T p.Gly481Val missense 0.5 N 1.000 

 rs34130495 c.1201G>A p.Gly401Ser missense 0.5 N 1.000 

 rs774654623 c.1396C>A p.Pro466Thr missense 0.5 N 1.000 

SLC22A6 rs4149170 c.-127G>A  5'UTR 12.0 N 0.009 

 rs4149171 c.-20A>G  5'UTR 16.8 N 0.006 

 rs4149170 c.-127G>A  5'UTR 12.0 N 0.009 

 rs11568627 c.311C>T p.Pro104Leu missense 0.5 N 1.000 

 rs150811286 c.*46T>C  3'UTR 0.5 N 1.000 

 rs11568626 c.149G>A p.Arg50His missense 0.5 N 1.000 

 rs181212822 c.*57G>A  3'UTR 0.5 N 1.000 

SLC22A8 rs145493231 c.-857A>G  5'UTR 0.5 N 1.000 

 Novel c.*353C>T  3'UTR 0.5 N 1.000 

 rs11568481 c.560C>T p.Ala187Val missense 0.5 N 1.000 

 rs4149179 c.-16G>A  5'UTR 3.8 N 0.090 

 rs45438191 c.473T>C p.Val158Ala missense 0.5 N 1.000 

SLCO1B1 rs2306283 c.388A>G p.Asn130Asp missense 47.4 N 0.354 

 rs4149056 c.521T>C p.Val174Ala missense 11.0 D 0.355 

 rs4149087 c.*439T>G  3'UTR 38.2 N 0.691 

 rs4149088 c.*463A>G  3'UTR 35.5 N 1.000 

 rs2306283 c.388A>G p.Asn130Asp missense 47.4 N 0.354 

 rs11045819 c.463C>A p.Pro155Thr missense 13.2 N 1.000 
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 rs11045891 c.*449A>C  3'UTR 15.4 N 0.725 

 rs11045852 c.733A>G p.Ile245Val missense 0.9 N 1.000 

 rs74064213 c.1495A>G p.Ile499Val missense 0.9 N 1.000 

 rs34671512 c.1929A>C p.Leu643Phe missense 5.3 N 0.263 

 rs59502379 c.1463G>C p.Gly488Ala missense 1.8 D 1.000 

 rs71581985 c.*46T>G  3'UTR 0.9 N 1.000 

 rs77271279 g.21329832G>T  splicing 0.9 D 1.000 

 rs61760249 c.*575G>A  3'UTR 0.4 N 1.000 

 rs79135870 c.664A>G p.Ile222Val missense 0.4 N 1.000 

 rs59113707 c.1200C>G p.Phe400Leu missense 0.4 N 1.000 

 rs72655363 c.*82C>T  3'UTR 0.4 N 1.000 

SLCO1B3 rs3764009 g.21013948C>T  splicing 16.3 N <0.001 

 rs4149117 c.250T>G p.Ser84Ala missense 76.1 N <0.001 

 rs4149158 c.-7_-4del-  5'UTR 24.5 N 0.040 

 rs527574443 c.-28_-11del-  5'UTR 24.5 N 0.040 

 rs7305323 c.-2125C>T  5'UTR 64.1 N <0.001 

 rs7311358 c.615G>A p.Met205Ile missense 72.8 N <0.001 

 rs397689574 c.*347_*348insA  3'UTR 32.6 N 0.629 

 rs57585902 c.355A>G p.Thr119Ala missense 1.1 N 1.000 

 rs60140950 c.767G>C p.Gly228Ala missense 14.7 D 0.048 

 rs780598056 c.1333delG p.Val445Sfs*6 

frameshift 

deletion 0.5 D 1.000 

 rs773176181 c.1247G>C p.Gly416Ala missense 0.5 N 1.000 

 rs150007972 c.233C>A p.Thr78Asn missense 0.5 N 1.000 

 rs61736817 c.1282C>T p.Leu428Phe missense 0.5 N 1.000 

 rs76963574 c.1628C>G p.Ala543Gly missense 0.5 N 1.000 

 rs115227445 c.592C>G p.Leu198Val missense 0.5 N 1.000 

 rs77957556 c.*642G>A  3'UTR 1.1 N 1.000 

 rs558592800 c.119_120insAATTG p.Asp42Efs*12 

frameshift 

insertion 0.5 D 1.000 

 Novel c.596G>T  missense 0.5 N 1.000 

 Novel c.-2107A>T  5'UTR 0.5 N 1.000 

 rs12299012 c.1595T>C p.Val532Ala missense 1.1 N 1.000 

 rs958332597 g.21032366C>T  splicing 0.5 N 1.000 

SLCO2B1 rs11236359 c.-2866A>G  5'UTR 75.5 N <0.001 

 rs1944612 c.-36A>G  5'UTR 98.9 N <0.001 

 rs2851069 c.-71T>C  5'UTR 47.3 N 0.078 

 rs11236359 c.-2866A>G  5'UTR 75.5 N <0.001 

 rs17133818 c.*1386C>T  3'UTR 6.0 N 1.000 

 rs1801906 c.*1070T>C  3'UTR 9.2 N 1.000 

 rs2306168 c.1025C>T p.Ser342Phe missense 6.5 N 0.263 

 rs3781727 c.*396T>C  3'UTR 6.5 N 1.000 

 rs41298121 c.*1222T>C  3'UTR 10.3 N 0.558 

 rs12422149 c.503G>A p.Arg168Gln missense 12.0 N 0.595 

 Novel c.*956C>A  3'UTR 0.5 N 1.000 

 rs41298117 c.*721C>G  3'UTR 3.8 N 1.000 

 rs78825186 c.485G>A p.Arg162His missense 1.1 N 1.000 



99 

 

Gene rs code NT change AA change Type 

MAF 

(%) 

In sílico 

prediction 

HWE  

p -value 

 rs145875125 c.1206C>A p.Asn402Lys missense 0.5 N 1.000 

 rs185838153 c.*1776T>C  3'UTR 0.5 N 1.000 

 rs60113013 c._614del p.Glu4_T6del 

nonframeshif

t deletion 1.6 LD 1.000 

 rs35199625 c.169G>A p.Val57Met missense 1.1 N 1.000 

UGT1A3 rs6431625 c.140T>C p.Val47Ala missense 41.8 N 0.212 

 rs28898619 c.342G>A p.Met114Ile missense 1.1 N 1.000 

 rs3821242 c.31T>C p.Trp11Arg missense 45.7 N 0.027 

 rs6431625 c.140T>C p.Val47Ala missense 41.8 N 0.212 

 rs61764030 c.473C>T p.Ala158Val missense 1.1 N 1.000 

 rs149324549 c.775G>C p.Gly259Arg missense 1.1 N 1.000 

 rs45449995 c.808A>G p.Met270Val missense 2.2 D 0.026 

 rs61764031 c.523A>T p.Asn175Tyr missense 0.5 N 1.000 

 rs140541315 c.172G>A p.Ala58Thr missense 0.5 N 1.000 

 rs13406898 c.431C>T p.Thr144Ile missense 0.5 N 1.000 

 rs45595237 c.145C>T p.Arg49Trp missense 0.5 N 1.000 

UGT2B7 rs57075995 c.*100_*101insA  3'UTR 17.9 N 0.122 

 rs7439366 c.802T>C p.Tyr268His missense 62.0 N <0.001 

 rs57075995 c.*100_*101insA  3'UTR 17.9 N 0.122 

 Novel c.*101delA  3'UTR 29.1 N <0.001 

 rs111878373 c.-2G>A  5'UTR 1.1 N 1.000 

 rs140153012 c.321A>T p.Leu107Phe missense 1.1 N 1.000 

 rs57075995 c.*100_*101insAA 3'UTR 2.2 N 1.000 

 Novel c.*101_*102insA  3'UTR 22.8 N 0.012 

 Novel c.*101_*102insAA 3'UTR 22.8 N 0.012 

 rs60103519 c.536C>T p.Thr179Ile missense 1.1 N 1.000 

 rs78265585 c.*247C>A  3'UTR 1.6 N 1.000 

In silico functionality prediction was performed either using the functionality prediction score (FPS) for missense variants or 

dbNSFP v4.2 in silico algorithm for splice variants. Frameshift variants were considered deleterious. Nonframeshift variants 

were considered potentially deleterious. AA: amino acid; NT nucleotide; D: deleterious; HWE: Hardy-Weinberg equilibrium; 

LD: likely deleterious;/ MAF: minor allele frequency; N: neutral; PK: pharmacokinetics; UTR: untranslated region.  
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Supplementary table 8 FPS score of variants in PK-related genes identified in FH patients (n = 114). 

Gene rs code NT change AA change Type MAF (%) FPS 

ABCB1 rs2032582 c.2677T>G p.Ser893Ala missense 59.2 0.2 

 rs2229107 c.3421T>A p.Ser1141Thr missense 1.3 0.0 

 rs9282564 c.61A>G p.Asn21Asp missense 3.9 0.0 

 rs2032582 c.2677T>A p.Ser893Thr missense 3.1 0.4 

 rs2229109 c.1199G>A p.Ser400Asn missense 3.5 0.2 

 rs35023033 c.2005C>T p.Arg669Cys missense 0.4 0.6 

 rs35730308 c.3322T>C p.Trp1108Arg missense 0.4 0.8 

 rs28364274 c.3751G>A p.Val1251Ile missense 0.9 0.2 

 rs57521326 c.3262G>A p.Asp1088Asn missense 0.9 0.6 

 rs36008564 c.781A>G p.Ile261Val missense 0.4 0.2 

ABCB11 rs2287622 c.1331T>C p.Val444Ala missense 58.7 0.0 

 rs11568364 c.2029A>G p.Met677Val missense 5.4 0.2 

 rs1521808 c.3556G>A p.Glu1186Lys missense 0.5 0.4 

 rs766285158 c.3691C>T p.Arg1231Trp missense 0.5 1.0 

 rs11568357 c.616A>G p.Ile206Val missense 0.5 0.0 

 rs111482608 c.1636C>A p.Gln546Lys missense 0.5 0.2 

 rs11568370 c.1774G>C p.Glu592Gln missense 0.5 0.6 

ABCC1 rs4148356 c.2168G>A p.Arg723Gln missense 0.5 0.0 

 rs45511401 c.2012G>T p.Gly671Val missense 3.8 0.8 

 rs183032276 c.4154G>A p.Arg1385Gln missense 0.5 1.0 

 rs112282109 c.1898G>A p.Arg633Gln missense 0.5 0.0 

 rs13337489 c.3140G>C p.Cys1047Ser missense 1.1 0.0 

 rs28706727 c.3436G>A p.Val1146Ile missense 0.5 0.4 

 Novel c.145T>G p.Cys49Gly missense 0.5 NR 

 rs187769078 c.185G>A p.Arg62Gln missense 0.5 0.4 

 rs199815778 c.4441G>A p.Val1481Ile missense 0.5 0.4 

ABCC2 rs2273697 c.1249G>A p.Val417Ile missense 16.8 0.0 

 rs45441199 c.3107T>C p.Ile1036Thr missense 1.1 0.2 

 rs927344 c.116A>T p.Tyr39Phe missense 98.9 0.2 

 rs17222723 c.3563T>A p.Val1188Glu missense 7.6 0.2 

 rs8187699 c.3817A>G p.Thr1273Ala missense 0.5 0.2 

 rs8187710 c.4544G>A p.Cys1515Tyr missense 9.8 0.2 

 rs17222617 c.2546T>G p.Leu849Arg missense 1.6 0.4 

 rs8187692 c.3542G>T p.Arg1181Leu missense 2.7 0.8 

 rs7080681 c.1058G>A p.Arg353His missense 2.7 0.0 

 rs17216317 c.3872C>T p.Pro1291Leu missense 3.3 0.8 

 rs72558199 c.3196C>T p.Arg1066X stopgain 0.5 0.5 

 rs141413284 c.1860T>A p.Asp620Glu missense 0.5 0.2 

ABCC3 rs34926034 c.202C>T p.His68Tyr missense 1.1 0.0 

 rs141856639 c.3971G>A p.Arg1324His missense 1.1 1.0 

 rs35999272 c.2758C>T p.Pro920Ser missense 2.2 0.0 

 rs34346931 c.1223A>G p.Glu408Gly missense 0.5 1.0 

 rs150601692 c.4030A>G p.Lys1344Glu missense 0.5 0.0 

 rs11568591 c.3890G>A p.Arg1297His missense 6.5 0.8 

 rs200779271 c.980T>C p.Ile327Thr missense 0.5 0.0 

 rs201562834 c.871C>T p.Arg291Trp missense 0.5 0.2 

 rs1003354 c.1580C>T p.Thr527Met missense 0.5 0.4 

 rs143608762 c.694C>T p.Arg232Trp missense 0.5 0.8 

 rs35777968 c.296G>A p.Arg99Gln missense 0.5 0.0 

 rs139106724 c.2377G>A p.Val793Ile missense 1.1 0.4 

 rs200413276 c.2558C>A p.Ala853Asp missense 0.5 0.6 

 rs372683132 c.922G>A p.Gly308Ser missense 1.1 0.4 

 rs11568584 c.2153A>T p.Lys718Met missense 0.5 0.4 

 rs11568590 c.4094A>G p.Gln1365Arg missense 0.5 0.0 

 rs11568608 c.1820G>A p.Ser607Asn missense 1.1 0.0 

 rs34291385 c.2293G>C p.Val765Leu missense 1.1 0.4 

 rs200903266 c.3401G>A p.Arg1134Gln missense 0.5 1.0 
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 rs11568588 c.4042C>T p.Arg1348Cys missense 1.1 0.2 

 rs148804178 c.205C>G p.Leu69Val missense 0.5 0.6 

ABCG2 rs45605536 c.1582G>A p.Ala528Thr missense 1.1 0.4 

 rs2231142 c.421C>A p.Gln141Lys missense 6.5 0.2 

 rs2231137 c.34G>A p.Val12Met missense 6 0.2 

 rs1337337886 c.131A>G p.Tyr44Cys missense 0.5 0.8 

 rs35965584 c.1624A>G p.Thr542Ala missense 0.5 0.4 

 Novel c.1453C>A p.Pro485Thr missense 0.5 NR 

 rs138606116 c.1060G>A p.Gly354Arg missense 0.5 0.0 

 rs34783571 c.1858G>A p.Asp620Asn missense 0.5 0.4 

 rs34264773 c.1758A>T p.Lys586Asn missense 0.5 0.3 

CYP1A2 rs17861157 c.894C>A p.Ser298Arg missense 3.3 0.2 

 rs45540640 c.613T>G p.Phe205Val missense 0.5 1.0 

 rs201763966 c.142T>G p.Trp48Gly missense 0.5 0.8 

 rs758124536 c.409C>T p.Arg137Trp missense 0.5 1.0 

CYP2C19 rs3758581 c.991G>G p.Val331Val missense 43.5 NR 

 rs17884712 c.431G>A p.Arg144His missense 2.2 0.8 

 rs576823729 c.648C>G p.Cys216Trp missense 0.5 0.6 

 rs17882687 c.55A>C p.Ile19Leu missense 0.5 0.0 

 rs17878459 c.276G>C p.Glu92Asp missense 3.3 0.2 

 rs58973490 c.449G>A p.Arg150His missense 1.1 0.0 

CYP2C8 rs11572103 c.499A>T p.Ile167Phe missense 3.3 0.4 

 rs10509681 c.890A>G p.Lys297Arg missense 4.9 0.2 

 rs11572080 c.110G>A p.Arg37Lys missense 5.4 0.4 

 rs77147096 c.787G>A p.Gly263Ser missense 0.5 0.0 

 rs1058930 c.486C>G p.Ile162Met missense 4.9 0.6 

 rs369591911 c.65G>A p.Arg22Gln missense 0.5 1.0 

 rs143386810 c.844G>A p.Gly282Ser missense 0.5 0.8 

CYP2C9 rs1799853 c.430C>T p.Arg144Cys missense 8.8 1.0 

 rs28371685 c.1003C>T p.Arg335Trp missense 0.9 0.6 

 rs1057910 c.1075A>C p.Ile359Leu missense 7.5 0.2 

 rs7900194 c.449G>A p.Arg150His missense 1.3 0.0 

 rs2256871 c.752A>G p.His251Arg missense 2.2 0.8 

 rs201055266 c.1034T>C p.Met345Thr missense 0.4 1.0 

 rs28371686 c.1080C>G p.Asp360Glu missense 0.4 0.8 

 rs9332239 c.1465C>T p.Pro489Ser missense 0.4 0.8 

CYP2D6 rs16947 c.733T>T p.Cys245Cys missense 32.6 NR 

 rs769258 c.31G>A p.Val11Met missense 4.3 0.0 

 rs1058172 c.941G>A p.Arg314His missense 4.9 1.0 

 rs1065852 c.100C>T p.Pro34Ser missense 6 1.0 

 Novel c.551C>T p.Ala184Val missense 0.5  

 rs28371717 c.556G>T p.Ala186Ser missense 0.5 0.0 

 rs28371704 c.281A>G p.His94Arg missense 1.6 0.0 

 rs28371706 c.320C>T p.Thr107Ile missense 2.2 0.0 

 rs139779104 c.482G>A p.Gly161Glu missense 0.5 0.6 

 rs140513104 c.821C>T p.Pro274Leu missense 0.5 1.0 

 rs59421388 c.859G>A p.Val287Met missense 0.5 0.4 

 rs61736512 c.406G>A p.Val136Ile missense 0.5 0.0 

 rs28371703 c.271C>A p.Leu91Met missense 1.1 0.6 

CYP3A4 rs4986907 c.485G>A p.Arg162Gln missense 0.4 0.0 

CYP3A5 rs41279857 c.299C>A p.Ser100Tyr missense 0.4 0.8 

 rs149664815 c.1378C>T p.Gln460X stopgain 0.4 1.0 

 rs6977165 c.423A>G p.X141Trp stoploss 5.7 1.0 

 rs145774441 c.827T>C p.Ile276Thr missense 0.4 0.6 

 rs28383468 c.88C>T p.His30Tyr missense 0.4 0.0 

 rs147489136 c.608T>G p.Phe203Cys missense 0.4 1.0 

 rs6957030 c.419T>G p.Leu140Arg missense 0.4 0.0 

SLC15A1 rs2297322 c.350G>A p.Ser117Asn missense 18.5 0.0 

 rs8187820 c.364G>A p.Val122Met missense 1.6 0.6 
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 rs8187838 c.1352C>A p.Thr451Asn missense 1.6 0.0 

 rs4646227 c.1256G>C p.Gly419Ala missense 4.3 0.0 

 rs2274828 c.1348G>A p.Val450Ile missense 0.5 0.0 

 Novel c.800A>T p.Glu267Val missense 0.5 NR 

 rs8187821 c.351C>A p.Ser117Arg missense 0.5 0.0 

 rs146304164 c.1246G>C p.Val416Leu missense 0.5 0.0 

SLC22A1 rs628031 c.1222A>G p.Met408Val missense 66.8 0.0 

 rs683369 c.480G>C p.Leu160Phe missense 85.9 0.0 

 rs776304541 c.1406G>A p.Arg469His missense 0.5 0.5 

 rs34205214 c.1025G>A p.Arg342His missense 2.2 0.0 

 rs34447885 c.41C>T p.Ser14Phe missense 2.2 0.2 

 rs41267797 c.1390G>A p.Val464Ile missense 4.9 0.0 

 rs35270274 c.1463G>T p.Arg488Met missense 1.6 0.0 

 rs35888596 c.113G>A p.Gly38Asp missense 2.2 1.0 

 rs34059508 c.1393G>A p.Gly465Arg missense 1.1 0.8 

 rs2282143 c.1022C>T p.Pro341Leu missense 1.1 0.8 

 rs12208357 c.181C>T p.Arg61Cys missense 3.8 0.6 

 rs36103319 c.659G>T p.Gly220Val missense 0.5 0.8 

 rs78899680 c.1442G>T p.Gly481Val missense 0.5 0.3 

 rs34130495 c.1201G>A p.Gly401Ser missense 0.5 0.8 

 rs774654623 c.1396C>A p.Pro466Thr missense 0.5 0.0 

SLC22A6 rs11568627 c.311C>T p.Pro104Leu missense 0.5 0.6 

 rs11568626 c.149G>A p.Arg50His missense 0.5 0.6 

SLC22A8 rs11568481 c.560C>T p.Ala187Val missense 0.5 0.0 

 rs45438191 c.473T>C p.Val158Ala missense 0.5 0.0 

SLCO1B1 rs2306283 c.388A>G p.Asn130Asp missense 47.4 0.0 

 rs4149056 c.521T>C p.Val174Ala missense 11 0.8 

 rs11045819 c.463C>A p.Pro155Thr missense 13.2 0.2 

 rs11045852 c.733A>G p.Ile245Val missense 0.9 0.2 

 rs74064213 c.1495A>G p.Ile499Val missense 0.9 0.0 

 rs34671512 c.1929A>C p.Leu643Phe missense 5.3 0.0 

 rs59502379 c.1463G>C p.Gly488Ala missense 1.8 0.8 

 rs79135870 c.664A>G p.Ile222Val missense 0.4 0.0 

 rs59113707 c.1200C>G p.Phe400Leu missense 0.4 0.0 

SLCO1B3 rs4149117 c.250T>G p.Ser84Ala missense 76.1 0.2 

 rs7311358 c.615G>A p.Met205Ile missense 72.8 0.0 

 rs57585902 c.355A>G p.Thr119Ala missense 1.1 0.0 

 rs60140950 c.767G>C p.Gly228Ala missense 14.7 1.0 

 rs773176181 c.1247G>C p.Gly416Ala missense 0.5 0.8 

 rs150007972 c.233C>A p.Thr78Asn missense 0.5 0.4 

 rs61736817 c.1282C>T p.Leu428Phe missense 0.5 0.0 

 rs76963574 c.1628C>G p.Ala543Gly missense 0.5 0.8 

 rs115227445 c.592C>G p.Leu198Val missense 0.5 0.0 

 Novel c.596G>T p.Gly199Val missense 0.5 NR 

 rs12299012 c.1595T>C p.Val532Ala missense 1.1 0.0 

SLCO2B1 rs2306168 c.1025C>T p.Ser342Phe missense 6.5 0.0 

 rs12422149 c.503G>A p.Arg168Gln missense 12 0.2 

 rs78825186 c.485G>A p.Arg162His missense 1.1 0.0 

 rs145875125 c.1206C>A p.Asn402Lys missense 0.5 0.0 

 rs35199625 c.169G>A p.Val57Met missense 1.1 0.4 

UGT1A3 rs6431625 c.140T>C p.Val47Ala missense 41.8 0.0 

 rs28898619 c.342G>A p.Met114Ile missense 1.1 0.0 

 rs3821242 c.31T>C p.Trp11Arg missense 45.7 0.0 

 rs61764030 c.473C>T p.Ala158Val missense 1.1 0.3 

 rs149324549 c.775G>C p.Gly259Arg missense 1.1 0.3 

 rs45449995 c.808A>G p.Met270Val missense 2.2 0.8 

 rs61764031 c.523A>T p.Asn175Tyr missense 0.5 0.0 

 rs140541315 c.172G>A p.Ala58Thr missense 0.5 0.0 

 rs13406898 c.431C>T p.Thr144Ile missense 0.5 0.3 
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Gene rs code NT change AA change Type MAF (%) FPS 

 rs45595237 c.145C>T p.Arg49Trp missense 0.5 0.5 

UGT2B7 rs7439366 c.802T>C p.Tyr268His missense 62 0.3 

 rs140153012 c.321A>T p.Leu107Phe missense 1.1 0.0 

 rs60103519 c.536C>T p.Thr179Ile missense 1.1 0.0 

AA: amino acid; NT nucleotide; NR: not reported (for variants that did not show any prediction in the 5 algorithms used); 

FPS: functionality prediction score; MAF: minor allele frequency; PK: pharmacokinetics.   
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Supplementary table 9 Influence of deleterious variants in PK-related genes on LDL-c reduction in 

FH patients on statin treatment. 

Gene rs code NT change Type LDL-c reduction (%)  Adjusted Prediction 

    Non carriers Carriers p-value p-value  

All statins        

ABCC1 rs45511401 c.2012G>T missense -45.9 ± 20.1 (85) -64.7 ± 6.4 (7) <0.0001 0.001 0.8 

ABCC2 rs17216317 c.3872C>T missense -48.3 ± 18.9 (86) -33.6 ± 30.7 (6) 0.297 1.000 0.8 

 rs8187692 c.3542G>T missense -47.5 ± 19.9 (87) -43 ± 23.5 (5) 0.693 0.912 0.8 

ABCC3 rs11568591 c.3890G>A missense -47 ± 20.3 (80) -49.5 ± 18.2 (12) 0.665 0.950 0.8 

CYP2C19 rs17884712 c.431G>A missense -47.9 ± 19.8 (88) -33.5 ± 22.2 (4) 0.286 1.000 0.8 

CYP2C8 rs1058930 c.486C>G missense -47.7 ± 20.2 (84) -43.4 ± 18.1 (8) 0.548 1.000 0.6 

 rs2071426 g.96828323T>C splicing -47.7 ± 19.2 (52) -46.7 ± 21.3 (40) 0.816 0.906 D 

CYP2C9 rs1799853 c.430C>T missense -48.8 ± 19.3 (95) -43.6 ± 19.6 (19) 0.298 1.000 1.0 

 rs2256871 c.752A>G missense -47.7 ± 19.4 (109) -53.4 ± 19.5 (5) 0.558 0.962 0.8 

CYP2D6 rs3892097 g.42524947C>T splicing -47.8 ± 19.9 (88) -36.5 ± 22.3 (4) 0.387 1.000 D 

 rs1058172 c.941G>A missense -46.9 ± 19.8 (83) -51.1 ± 22.9 (9) 0.608 1.000 1.0 

 rs1065852 c.100C>T missense -47.2 ± 19.9 (82) -48.3 ± 22 (10) 0.875 0.931 1.0 

CYP3A5 rs776746 g.99270539C>T splicing -57.5 ± 16.7 (7) 

-47.4 ± 19.4 

(107) 0.168 1.000 D 

 rs41303343 c.035dup 

frameshift 

insertion -47.8 ± 19.5 (110) -51.9 ± 15 (4) 0.634 0.990 D 

 rs6977165 c.423A>G stoploss -47.8 ± 19.5 (101) -49.1 ± 18.7 (13) 0.823 0.901 1.0 

SLC15A1 rs8187820 c.364G>A missense -47.3 ± 20.2 (89) -47.1 ± 13.7 (3) 0.983 1.000 0.6 

SLC22A1 rs35888596 c.113G>A missense -46.8 ± 20.1 (88) -59.2 ± 12.9 (4) 0.147 1.000 1.0 

 rs72552763 c.258_1260del 

non-

frameshift 

deletion -48.4 ± 20.2 (60) -45.3 ± 19.8 (32) 0.484 1.000 D 

 rs12208357 c.181C>T missense -47.5 ± 19.9 (86) -44.5 ± 23 (6) 0.768 0.937 0.6 

SLCO1B1 rs4149056 c.521T>C missense -47.5 ± 19.6 (89) -49.6 ± 18.7 (25) 0.633 1.000 0.8 

 rs59502379 c.1463G>C missense -48.1 ± 19.4 (110) -45.4 ± 20.3 (4) 0.808 0.940 0.8 

SLCO1B3 rs60140950 c.683G767G>C missense -46.3 ± 19.3 (69) -50.4 ± 22.2 (23) 0.432 1.000 1.0 

UGT1A3 rs45449995 c.808A>G missense -47.2 ± 20.2 (89) -50.1 ± 13.5 (3) 0.753 0.942 0.8 

Atorvastatin        

ABCC1 rs45511401 c.2012G>T missense -46.3 ± 18.4 (72) -65.8 ± 6.2 (6) 0.000 0.001 0.8 

ABCC2 rs8187692 c.3542G>T missense -48.4 ± 18.1 (73) -39.6 ± 24.1 (5) 0.467 1.000 0.8 

 rs17216317 c.3872C>T missense -48.2 ± 18.3 (73) -42.7 ± 23.4 (5) 0.637 0.965 0.8 

ABCC3 rs11568591 c.3890G>A missense -47.8 ± 18.3 (69) -47.9 ± 21.3 (9) 0.988 0.988 0.8 

CYP2C19 rs17884712 c.431G>A missense -48.6 ± 18.1 (74) -33.5 ± 22.2 (4) 0.269 1.000 0.8 

CYP2C8 rs2071426 g.96828323T>C splicing -46.5 ± 17 (43) -49.4 ± 20.4 (35) 0.512 1.000 D 

 rs1058930 c.486C>G missense -48.1 ± 18.6 (71) -44.7 ± 19.2 (7) 0.665 0.924 0.6 

CYP2C9 rs1799853 c.430C>T missense -48.9 ± 17.8 (81) -42.8 ± 20.5 (17) 0.264 1.000 1.0 

 rs1799853 c.430C>T missense -48.9 ± 17.8 (81) -42.8 ± 20.5 (17) 0.264 1.000 1.0 

 rs2256871 c.752A>G missense -47.6 ± 18.3 (93) -53.4 ± 19.5 (5) 0.547 1.000 0.8 

CYP2D6 rs3892097 g.42524947C>T splicing -48.4 ± 18.3 (74) -36.5 ± 22.3 (4) 0.364 1.000 D 

 rs1065852 c.100C>T missense -48.4 ± 18.7 (69) -43.6 ± 17.1 (9) 0.452 1.000 1.0 

 rs1058172 c.941G>A missense -48.2 ± 18.6 (71) -43.7 ± 18.5 (7) 0.553 0.988 1.0 
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Gene rs code NT change Type LDL-c reduction (%)  Adjusted Prediction 

    Non carriers Carriers p-value p-value  

CYP3A5 rs776746 NA splicing -57.5 ± 16.7 (7) -47.1 ± 18.3 (91) 0.160 1.000 D 

 rs41303343 c.035dup 

frameshift 

insertion -47.7 ± 18.3 (95) -52 ± 20.4 (3) 0.751 0.963 D 

         

SLC22A1 rs35888596 c.113G>A missense -47.2 ± 18.6 (74) -59.2 ± 12.9 (4) 0.158 1.000 1.0 

 rs12208357 c.181C>T missense -47.2 ± 18.5 (75) -62.3 ± 15.4 (3) 0.228 1.000 0.6 

 rs72552763 c.258_1260de1>l 

nonframeshift 

deletion -48.5 ± 19.2 (51) -46.5 ± 17.4 (27) 0.649 0.954 D 

 rs72552763 c.258_1260de1>l 

nonframeshift 

deletion -48.5 ± 19.2 (51) -46.5 ± 17.4 (27) 0.649 0.954 D 

SLCO1B1 rs4149056 c.521T>C missense -47.2 ± 18.5 (78) -50.3 ± 17.7 (20) 0.502 1.000 0.8 

 rs59502379 c.1463G>C missense -48 ± 18.3 (94) -45.4 ± 20.3 (4) 0.815 0.927 0.8 

SLCO1B3 rs60140950 c.683G767G>C missense -47 ± 17.7 (63) -51.4 ± 21.8 (15) 0.473 1.000 1.0 

ABCC3 rs11568591 c.3890G>A missense -35.8 ± 16.7 (22) -33.5 ± 23.6 (3) 0.884 0.921 0.8 

CYP2C8 rs2071426 g.96828323T>C splicing -36.3 ± 15.2 (15) -34.3 ± 20.3 (10) 0.790 0.941 D 

CYP2C9 rs1799853 c.430C>T missense -37.9 ± 20.2 (30) -31.2 ± 18.3 (9) 0.360 1.000 1.0 

CYP3A5 rs776746 g.99270539C>T splicing -33.8 ± 26 (3) -36.6 ± 19.6 (36) 0.870 0.946 D 

SLC22A1 rs72552763 c.258_1260de1>l 

nonframeshift 

deletion -37.4 ± 15.6 (19) -29.5 ± 21.4 (6) 0.432 1.000 D 

 rs12208357 c.181C>T missense -36.4 ± 17.5 (22) -29.5 ± 14.2 (3) 0.503 1.000 0.6 

SLCO1B1 rs4149056 c.521T>C missense -35.4 ± 19.2 (27) -38.6 ± 21.6 (12) 0.668 0.903 0.8 

SLCO1B3 rs60140950 c.683G767G>C missense -37.1 ± 18.4 (20) -29.3 ± 8.3 (5) 0.178 1.000 1.0 

FH patients carrying the homozygous form of the minor allele (AA) were grouped with the heterozygous carriers (RA) and 

compared with non-carriers (RR). Continuous variables are shown as mean ± SD and were compared by t-test.The p-value was 

adjusted using the Benjamini-Hochberg correction. In silico functionality prediction was performed either using the 

functionality prediction score (FPS) for missense variants or dbNSFP v4.2 in silico algorithm for splice variants. Frameshift 

variants were considered deleterious. Nonframeshift variants were considered potentially deleterious. NT nucleotide; D: 

deleterious; FPS: Functionality prediction score; N: neutral.    
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Supplementary table 10 Influence of variants in PK-related genesgenetic and non-genetic variables on 

LDL-c reduction in FH patients: Univariate linear regression analysis. 

Variant  β  SE p-value Adjusted p-

value 

Deleterious variants     

CYP2C19*9 c.431G>A A allele 14.4 10.2 0.159 0.520 

CYP2C8 c.486C>G A allele 4.2 7.4 0.570 0.855 

CYP2C8 g.5932A>G G allele 1 4.2 0.813 0.915 

CYP2C9 c.430C>T T allele 4.2 7.4 0.570 0.606 

CYP2C9 c.752A>G G allele 5.2 4.9 0.286 0.859 

CYP2D6 c.941G>A A allele -5.7 8.9 0.525 0.862 

CYP2D6 c.100C>T T allele -4.2 7.0 0.551 0.940 

CYP2D6 g.6866G>A A allele 11.3 10.2 0.270 0.608 

CYP3A5 c.624G>A A allele -1.2 6.7 0.862 0.912 

CYP3A5 c.423A>G G allele -1.3 5.7 0.827 0.924 

CYP3A5*3 g.12083G>A A allele 4.6 7.6 0.684 0.504 

UGT1A3 c.808A>G G allele -2.9 11.8 0.182 0.504 

ABCC1 c.2012G>T T allele -18.8 7.7 0.016 0.096 

ABCC2 c.3872C>T T allele 14.7 8.3 0.082 0.328 

ABCC2 c.3542G>T T allele 4.5 9.2 0.625 0.900 

ABCC3 c.3890G>A A allele -2.5 6.2 0.685 0.881 

SLC15A1 c.364G>A A allele 0.2 11.8 0.987 0.987 

SLC22A1 c.181C>T T allele 3 8.5 0.726 0.901 

SLC22A1 c.113G>A A allele -12.5 10.2 0.224 0.538 

SLC22A1 c.1260_1262del Deletion 3.1 4.4 0.485 0.831 

SLCO1B1*5 c.521T>C C allele -2.1 4.4 0.641 0.888 

SLCO1B1 c.1463G>C C allele 2.7 9.9 0.784 0.941 

SLCO1B3 c.767G>C C allele -4.1 4.8 0.396 0.750 

Treatment      

Baseline LDL-c  -0.1 0.02 <0.001 <0.001 

High intensity treatment  -15.8 5.0 0.002 0.024 

Atorvastatin  -7.3 5.9 0.218 0.561 

Rosuvastatin  -16.4 8.0 0.043 0.193 

Ezetimibe  -8.8 3.7 0.018 0.090 

Drug interactions CYP3A4 

inhibitor -8.9 6.4 0.164 0.590 

SRAE Presence -11.8 4.3 0.007 0.063 

 Myopathy -11.8 4.7 0.014 0.101 

Reduced adherence  14.4 10.2 0.159 0.919 

Patient characteristics     

Age  0.11 0.1 0.391 0.834 

Gender Male -3.3 4.0 0.413 0.834 

Ethnics Brown 7.2 4.3 0.099 0.317 

 Black -0.4 5.6 0.942 0.972 

Type 2 diabetes   -2.8 4.5 0.525 0.859 

BMI   1.44 0.4 <0.001 <0.001 

FH-related variant Carrier -4.2 3.9 0.288 0.627 

β: linear coefficient; SE: standard error; BMI: body mass index; FH: familial hypercholesterolemia; LDL-c: low-density 

lipoprotein cholesterol; SRAE: statin-related adverse events. P-value was adjusted using the Benjamini-Hochberg correction.  
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Supplementary table 11 Influence of deleterious variants (MAF > 1.0%) on LDL-c response to statins 

in FH patients: Multivariate linear regression analysis 

Variant  n β  SE p-value 

CYP2C19 c.431G>A A allele 92 14.4 8.7 0.101 

CYP2C8 c.486C>G A allele 92 -2.2 6.5 0.737 

CYP2C8 g.5932A>G G allele 92 0.6 3.7 0.863 

CYP2C9*2 c.430C>T T allele 114 2.3 4.2 0.595 

CYP2C9*9 c.752A>G G allele 114 9 7.5 0.232 

CYP2D6 c.941G>A A allele 92 -6.5 6.0 0.281 

CYP2D6 c.100C>T T allele 92 -6.4 5.8 0.272 

CYP2D6 g.6866G>A A allele 92 0.3 90. 0.974 

CYP3A5 c.624G>A A allele 114 -1.3 8.1 0.873 

CYP3A5 c.423A>G G allele 114 -2.1 4.9 0.669 

CYP3A5*3 g.12083G>A A allele 114 4.7 6.4 0.463 

UGT1A3 c.808A>G G allele 92 -11.3 10.3 0.274 

ABCC1 c.2012G>T T allele 92 -11.5 6.7 0.092 

ABCC2 c.3872C>T T allele 92 12.2 7.2 0.095 

ABCC2 c.3542G>T T allele 92 3.6 8.0 0.656 

ABCC3 c.3890G>A A allele 92 -2.0 5.3 0.710 

SLC15A1 c.364G>A A allele 92 -11.8 10.3 0.253 

SLC22A1 c.181C>T T allele 92 -2.3 7.3 0.757 

SLC22A1 c.113G>A A allele 92 -10.3 8.8 0.247 

SLC22A1 c.1260_1262del Deletion 92 -1.4 4.0 0.720 

SLCO1B1*5 c.521T>C C allele 114 -3.3 3.7 0.365 

SLCO1B1 c.1463G>C C allele 114 3.1 8.1 0.701 

SLCO1B3 c.767G>C C allele 92 -6.3 4.3 0.150 

Each model was adjusted with the following covariates: body mass index, baseline LDL-c, therapy intensity, and presence of 

SRAE. n: number of patients; β: linear coefficient; SE: standard error; LDL-c: low-density lipoprotein cholesterol; FH: familial 

hypercholesterolemia; SRAE: statin-related adverse events. 
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Supplementary table 12 Association of variants in PK-related genes and non-genetic variables with 

statin response in FH patients: Univariate logistic regression analysis 

Variable  RE, % 

(58) 

NRE, % 

(56) 

OR (95%CI) p-value Adjusted p-

value 

Deleterious variants       

CYP2C19*9 c.431G>A A allele 2.2 (1) 6.4 (3) 3.0 (0.4 - 61.9) 0.349 0.785 

CYP2C8 c.486C>G A allele 4.4 (2) 12.8 (6) 3.1 (0.7 - 22.3) 0.175 0.700 

CYP2C8 g.5932A>G G allele 44.4 (20) 42.6 (20) 0.9 (0.4 - 2.1) 0.855 0.993 

CYP2C9 c.430C>T T allele 12.1 (7) 21.4 (12) 2.0 (0.7 - 5.8) 0.185 0.666 

CYP2C9 c.752A>G G allele 5.2 (3) 3.6 (2) 0.7 (0.1 - 4.3) 0.678 0.939 

CYP2D6 c.941G>A A allele 11.1 (5) 8.5 (4) 0.7 (0.2 - 3) 0.676 0.973 

CYP2D6 c.100C>T T allele 11.1 (5) 10.6 (5) 1.0 (0.2 - 3.7) 0.942 1.000 

CYP2D6 g.6866G>A A allele 2.2 (1) 6.4 (3) 3.0 (0.4 - 61.9) 0.349 0.739 

CYP3A5 c.624G>A A allele 3.4 (2) 3.6 (2) 1.0 (0.1 - 8.9) 0.972 1.000 

CYP3A5 c.423A>G G allele 10.3 (6) 12.5 (7) 1.2 (0.4 - 4.1) 0.718 0.909 

CYP3A5*3 g.12083G>A A allele 93.1 (54) 94.6 (53) 1.3 (0.3 - 6.9) 0.733 0.880 

UGT1A3 c.808A>G G allele 4.4 (2) 2.1 (1) 0.5 (0.0 - 5) 0.541 0.885 

ABCC1 c.2012G>T T allele 15.6 (7) 0.0 (0) - - - 

ABCC2 c.3872C>T T allele 2.2 (1) 10.6 (5) 5.2 (0.8 - 102.6) 0.138 0.475 

ABCC2 c.3542G>T T allele 4.4 (2) 6.4 (3) 1.5 (0.2 - 11.5) 0.683 0.921 

ABCC3 c.3890G>A A allele 13.3 (6) 12.8 (6) 1.0 (0.3 - 3.3) 0.936 1.000 

SLC15A1 c.364G>A A allele 4.4 (2) 2.1 (1) 0.5 (0 - 5) 0.541 0.927 

SLC22A1 c.181C>T T allele 4.4 (2) 8.5 (4) 2 (0.4 - 15) 0.437 0.874 

SLC22A1 c.113G>A A allele 6.7 (3) 2.1 (1) 0.3 (0 - 2.5) 0.311 0.746 

SLC22A1 

c.1260_1262del 

Deletion 

31.1 (14) 38.3 (18) 1.4 (0.6 - 3.3) 0.470 0.891 

SLCO1B1*5 c.521T>C C allele 24.1 (14) 19.6 (11) 0.8 (0.3 - 1.9) 0.563 0.844 

SLCO1B1 c.1463G>C C allele 3.4 (2) 3.6 (2) 1 (0.1 - 8.9) 0.972 1.000 

SLCO1B3 c.767G>C C allele 26.7 (12) 23.4 (11) 0.8 (0.3 - 2.2) 0.718 0.891 

Treatment       

Baseline LDL-c  (mg/dL)  275 ± 90 226 ± 61 0.99 (0.98 – 0.99) 0.002 0.024 

High intensity treatment  93.1 (54) 78.6 (44) 0.3 (0.1 - 0.8) 0.033 0.198 

Atorvastatin  77.6 (45) 82.1 (46) 1.3 (0.5 - 3.4) 0.545 0.853 

Rosuvastatin  13.8 (8) 5.4 (3) 0.4 (0.1 - 1.3) 0.141 0.634 

Ezetimibe  46.6 (27) 26.8 (15) 0.4 (0.2 - 0.9) 0.030 0.216 

Drug interaction CYP3A4 

inhibitor 13.2 (7) 6.7 (3) 0.5 (0.1 - 1.8) 0.295 1.000 

SRAE  29.3 (17) 3.6 (2) 0.1 (0 - 0.3) 0.002 0.036 

Myopathy  34.5 (20) 7.3 (4) 0.1 (0 - 0.4) 0.001 0.036 

Reduced adherence  17.2 (10) 14.5 (8) 0.8 (0.3 - 2.2) 0.696 0.895 

Patient characteristics       

Age  53.3 ± 14.9 56.7 ± 13.9 1.0 (0.99 - 1.04) 0.215 0.645 

Male gender  31.0 (18) 25.0 (14) 0.7 (0.3 - 1.7) 0.474 0.853 

Ethnics Brown + 

black 46.6 (27) 58.9 (33) 1.5 (0.7 - 3.4) 0.288 0.741 

BMI (kg/cm²)  26.9 ± 3.5 29.2 ± 5.0 1.1 (1.04 - 1.26) 0.009 0.081 

Type 2 diabetes   25.9 (15) 16.7 (9) 0.6 (0.2 - 1.4) 0.220 0.660 

FH-related variant Carrier 34.5 (20) 26.8 (15) 0.7 (0.3 - 1.5) 0.374 0.792 

Number of patients in round brackets. Categorical variables are expressed as percentage and number between brackets. 

Continuous variables are expressed as mean and standard deviation. P-value was adjusted using the Benjamini-Hochberg 

correction with a FDR of 10%. NRE: non-responder; RE: responder; OR: odds ratio; CI: confidence interval; BMI: body mass 

index; FH: familial hypercholesterolemia; LDL-c: low-density lipoprotein cholesterol; NR: not reported (No patients in NRE 

group); SRAE: statin-related adverse events.  
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Supplementary table 13 Association of variants in PK-related genes and non-genetic variables with 

SRAE in FH patients: Univariate logistic regression analysis. 

Variant  No SRAE  

(n= 89) 

SRAE  

(n=24) 

OR (95%CI) p-value Adjusted 

p-value 

Deleterious variants      

CYP2C8 c.486C>G A allele 45.5 (35) 35.7 (5) 0.7 (0.2 - 2.1) 0.501 0.895 

CYP2C9*2 c.430C>T T allele 16.9 (15) 12.5 (3) 0.7 (0.2 - 2.4) 0.606 0.947 

CYP2C9*3 c.752A>G G allele 2.2 (2) 12.5 (3) 6.2 (1 - 49.5) 0.053 0.331 

CYP3A5 c.624G>A A allele 3.4 (3) 4.2 (1) 1.2 (0.1 - 10.3) 0.852 0.926 

CYP3A5 c.423A>G G allele 11.2 (10) 12.5 (3) 1.1 (0.2 - 4.1) 0.863 0.932 

CYP3A5*3 g.12083G>A A allele 93.3 (83) 95.8 (23) 1.7 (0.3 - 32.2) 0.646 0.950 

ABCC1 c.2012G>T T allele 6.5 (5) 14.3 (2) 2.4 (0.3 - 12.6) 0.327 0.743 

ABCC2 c.3872C>T T allele 5.2 (4) 14.3 (2) 3.0 (0.4 - 17.5) 0.227 0.568 

ABCC2 c.3542G>T T allele 5.2 (4) 7.1 (1) 1.4 (0.1 - 10.5) 0.770 1.000 

ABCC3 c.3890G>A A allele 13 (10) 14.3 (2) 1.1 (0.2 - 5) 0.895 0.932 

SLC22A1 c.113G>A A allele 3.9 (3) 7.1 (1) 1.9 (0.1 - 16.2) 0.591 0.985 

SLC22A1 c.1260_1262del Deletion 37.7 (29) 14.3 (2) 0.3 (0 - 1.1) 0.107 0.446 

SLCO1B1*5 c.521T>C C allele 21.3 (19) 25 (6) 1.2 (0.4 - 3.4) 0.702 0.975 

SLCO1B1 c.1463G>C C allele 3.4 (3) 4.2 (1) 1.2 (0.1 - 10.3) 0.852 0.968 

SLCO1B3 c.767G>C C allele 26 (20) 14.3 (2) 0.5 (0.1 - 1.9) 0.356 0.742 

Treatment       

Baseline LDL-c (mg/dL)  240  ±  75 296  ±  90 1 (1.00 - 1.01) 0.004 0.033* 

High intensity treatment  84.3 (75) 91.7 (22) 2.1 (0.5 - 13.7) 0.365 0.702 

Atorvastatin  83.1 (74) 66.7 (16) 0.4 (0.1 - 1.2) 0.081 0.405 

Rosuvastatin  7.9 (7) 16.7 (4) 2.3 (0.6 - 8.6) 0.207 0.575 

Ezetimibe  32.6 (29) 50 (12) 2.1 (0.8 - 5.2) 0.119 0.425 

Drug interaction CYP3A4 

inhibitor 5.6 (5) 20.8 (5) 4.4 (1.1 - 17.4) 0.029 0.196 

Reduced adherence  10.1 (9) 37.5 (9) 5.3 (1.8 - 16) 0.002 0.050 

Patient characteristics      

Age  55.1  ±  14.4 55.9  ±  13.6 1 (0.97- 1.03) 0.822 1.027 

Gender Male 27 (24) 29.2 (7) 1.1 (0.4 - 2.9) 0.830 0.988 

Ethnics Brown + 

Black 46.1 (35) 45.8 (11) 1.0 (0.4 - 2.5) 0.985 0.985 

BMI   28.4  ±  4.7 26.8  ±  3.4 0.9 (0.81 - 1.02) 0.134 0.419 

FH-related variant Carrier 22.5 (20) 54.2 (13) 4.1 (1.6 - 10.7) 0.004 0.050 

Number of patients in round brackets. P-value was adjusted using the Benjamini-Hochberg correction. NRE: non-responder; 

RE: responder; OR: odds ratio; CI: confidence interval; BMI: body mass index; FH: familial hypercholesterolemia; LDL-c: 

low-density lipoprotein cholesterol; NR: not reported (No patients in NRE group); SRAE: statin-related adverse events. 
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Supplementary table 14 Variants in PD-related genes identified in FH patients (n=114). 

Gene rs code NT change AA change Type MAF 

(%) 

Prediction HWE  

p -value 

ABCA1 rs200463326 c.*1466delT 
 

3'UTR 21.9 N 0.002 
 

rs2066718 c.2311G>A p.Val771Met missense 9.2 N 0.049 
 

rs2230806 c.656G>A p.Arg219Lys missense 35.1 N 0.684 
 

rs2230808 c.4760A>G p.Lys1587Arg missense 63.6 D 0.690 
 

rs363717 c.*1896G>A 
 

3'UTR 80.7 N 0.006 
 

rs557492263 c.*321delT 
 

3'UTR 43.9 N <0.001 
 

rs769705621 
  

splicing 21.2 D 1.000 
 

rs769705621 
  

splicing 7.9 D 0.000 
 

rs1799777 c.-76_-75insG 
 

5'UTR 16.2 N 0.733 
 

rs1800977 c.-24490C>T 
 

5'UTR 37.7 N 0.549 
 

rs1800978 c.-18G>C 
 

5'UTR 15.8 N 0.735 
 

rs73517870 c.*395T>A 
 

3'UTR 7 N 0.432 
 

Novel 
  

splicing 9.6 N 0.595 
 

rs115059464 c.*2213T>C 
 

3'UTR 0.4 N 1.000 
 

rs200463326 c.*1466delT 
 

3'UTR 21.9 N 0.002 
 

rs2066714 c.2649A>G p.Ile883Met missense 22.4 N 0.185 
 

rs41432545 c.*1653T>A 
 

3'UTR 6.6 N 0.389 
 

rs77663187 g.107556811del 
 

splicing 7.0 N 1.000 
 

rs142039624 c.*738G>T 
 

3'UTR 0.4 N 1.000 
 

rs4149338 c.*693C>T 
 

3'UTR 32 N 0.137 
 

rs4149339 c.*1440C>T 
 

3'UTR 30.7 N 0.126 
 

rs4149340 c.*1911C>T 
 

3'UTR 3.9 N 1.000 
 

rs769705621 g.107556792_10755679

3insA 

 
splicing 

9.3 

D 0.779 

 
rs769705621 g.107556792_10755679

3insAA 

 
splicing 

21.2 

D 1.000 

 
rs769705621 g.107556792_10755679

3insAAA 

 
splicing 

22.0 

D 1.000 

 
rs769705621 g.107556792_10755679

3insAAAA 

 
splicing 

7.9 

D 1.000 

 
rs769705621 g.107556792_10755679

3insAAAAA 

 
splicing 

3.5 

D 1.000 

 rs769705621 g.107556792_10755679

3insAAAAAA 

 splicing 

3.5 

D 1.000 

 rs769705621 g.107556792_10755679

3insAAAAAAA 

 splicing 

3.5 

D 1.000 

 
rs779989235 c.*1466_*1465delTT 

 
3'UTR 11.7 N 0.355 

 
rs4149341 c.*2311A>G 

 
3'UTR 11 N 0.355 

 
rs2066718 c.2311G>C p.Val771Leu missense 0.4 N 1.000 

 
rs75141626 c.*2705G>A 

 
3'UTR 2.2 N 1.000 

 
rs763013834 c.*321_*322insT 

 
3'UTR 1.8 N 1.000 

 
Novel c.*320_*321insT 

 
3'UTR 20.6 N 0.003 

 
Novel c.*1464delT 

 
3'UTR 18.9 N 0.012 

 
Novel c.*1465_*1464delTT 

 
3'UTR 18.9 N 0.012 

 
Novel c.*1466_*1464delTTT 

 
3'UTR 23 N 0.006 

 
rs373974758 c.*2899_*2897delGTT 

 
3'UTR 6.6 N 0.389 

 
rs35207495 c.2602G>A p.Glu868Lys missense 0.4 D 1.000 

 
Novel c.2673A>T 

 
missense 0.4 N 1.000 

 
Novel c.*1465_*1466insT 

 
3'UTR 9.2 N 0.595 



111 

 

Gene rs code NT change AA change Type MAF 

(%) 

Prediction HWE  

p -value  
rs41474449 c.*2899_*2897delGTT 

 
3'UTR 7.5 N 0.475 

 
rs74316246 c.*96T>C 

 
3'UTR 0.9 N 1.000 

 
rs771296481 c.*1466delT 

 
3'UTR 9.2 N 0.595 

 
rs33918808 c.3516G>C p.Glu1172Asp missense 5.7 N 0.304 

 
rs9282541 c.688C>T p.Arg230Cys missense 1.8 D 1.000 

 
Novel c.*1466_*1467insT 

 
3'UTR 1.8 N 1.000 

 
rs41436749 c.3763A>C p.Ser1255Arg missense 0.4 D 1.000 

 
rs567793069 c.-24380A>G 

 
5'UTR 0.4 N 1.000 

 
rs10991377 c.*3220A>G 

 
3'UTR 2.6 N 1.000 

 
rs35819696 c.2320A>C p.Thr774Pro missense 0.4 D 1.000 

 
rs1033439149 c.3316C>T p.His1106Tyr missense 0.4 D 1.000 

 
rs9282543 c.1196T>C p.Val399Ala missense 0.9 N 1.000 

 
rs115216814 c.634T>A p.Ser212Thr missense 0.9 N 1.000 

 
rs77877520 c.*3083T>C 

 
3'UTR 0.4 N 1.000 

 
rs111292742 c.-24442C>G 

 
5'UTR 1.3 N 1.000 

 
rs2066715 c.2473G>A p.Val825Ile missense 3.5 N 1.000 

 
rs148080589 c.*3251T>C 

 
3'UTR 0.4 N 1.000 

 
Novel c.6197T>G 

 
missense 0.4 D 1.000 

 
rs143180998 c.3544G>A p.Ala1182Thr missense 0.4 D 1.000 

 
rs563665817 c.2419G>A p.Asp807Asn missense 0.4 N 1.000 

 
rs34879708 c.6729C>A p.Asp2243Glu missense 0.4 N 1.000 

 
rs78086474 c.-24368G>T 

 
5'UTR 0.9 N 1.000 

 
rs41437944 c.*1923A>C 

 
3'UTR 0.4 N 1.000 

 
Novel c.*321_*320delTT 

 
3'UTR 1.3 N 1.000 

 
rs147743782 c.4022G>C p.Arg1341Thr missense 0.4 N 1.000 

 
rs940819544 c.*2737T>C 

 
3'UTR 0.4 N 1.000 

 
Novel c.*1795_*1792delTAC

T 

 
3'UTR 0.4 N 1.000 

ABCG1 rs1044317 c.*399A>G 
 

3'UTR 50.5 N 0.053 
 

rs368753152 c.-40_-35del- 
 

5'UTR 8.2 N 1.000 
 

rs55913235 c.*232_*233insT 
 

3'UTR 13.7 N 0.355 
 

rs9975490 c.-16C>G 
 

5'UTR 12 N 0.595 
 

rs1044317 c.*399A>G 
 

3'UTR 50.5 N 0.053 
 

Novel c.*786T>C 
 

3'UTR 0.5 N 1.000 
 

rs55913235 c.*232_*233insTT 
 

3'UTR 6.6 N 1.000 
 

rs765506549 c.-40_-38del- 
 

5'UTR 2.7 N 1.000 
 

rs56292133 c.*81C>T 
 

3'UTR 1.1 N 1.000 
 

rs765329833 c.-41_-40insCCGCCG 
 

5'UTR 1.6 N 1.000 
 

rs79961376 c.-78G>A 
 

5'UTR 2.2 N 1.000 
 

rs55913235 c.*232_*233insTTT 
 

3'UTR 4.1 N 1.000 
 

rs547649704 c.*175G>A 
 

3'UTR 1.1 N 1.000 
 

rs369739888 c.*233delT 
 

3'UTR 11.2 N 1.000 
 

rs145032173 c.*56A>G 
 

3'UTR 0.5 N 1.000 
 

rs115605747 c.-52C>T 
 

5'UTR 1.1 N 1.000 
 

rs77603571 g.43627101G>A 
 

splicing 0.5 N 1.000 
 

rs56337741 c.*52G>A 
 

3'UTR 3.8 N 1.000 
 

Novel c.*233_*234insT 
 

3'UTR 9.8 N 1.000 
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Gene rs code NT change AA change Type MAF 

(%) 

Prediction HWE  

p -value  
Novel c.*233_*234insTT 

 
3'UTR 9.8 N 1.000 

 
Novel c.*233_*234insTTT 

 
3'UTR 9.8 N 1.000 

 
Novel c.*233_*234insTTTT 

 
3'UTR 9.8 N 1.000 

 
rs66675434 c.*232_*233insTT 

 
3'UTR 7.1 N 1.000 

 
rs66675434 c.*232_*233insTTT 

 
3'UTR 7.1 N 1.000 

 
Novel c.-37_-35del- 

 
5'UTR 1.1 N 1.000 

 
rs1569204516 c.-35_-34insCCGCCG 

 
5'UTR 1.1 N 1.000 

 
rs145298932 c.-64G>A 

 
5'UTR 0.5 N 1.000 

 
rs1220835545 c.34A>G p.Lys12Glu missense 0.5 N 1.000 

 
rs138797997 c.-62G>T 

 
5'UTR 0.5 N 1.000 

 
rs144780823 c.71C>T p.Thr24Met missense 0.5 D 1.000 

 
rs541178113 c.-42C>T 

 
5'UTR 0.5 N 1.000 

 
rs558008801 c.-91C>T 

 
5'UTR 0.5 N 1.000 

 
rs115417708 c.-18732T>A 

 
5'UTR 0.5 N 1.000 

 
rs142204098 c.-20C>T 

 
5'UTR 0.5 N 1.000 

ABCG4 rs71482170 c.-799G>A 
 

5'UTR 34.2 N 0.347 
 

rs71482170 c.-799G>A 
 

5'UTR 34.2 N 0.347 
 

rs398017754 c.*25_*26insC 
 

3'UTR 42.4 N 0.040 
 

rs3802885 c.*874A>C 
 

3'UTR 12 N 1.000 
 

rs796346631 c.-356_-355del- 
 

5'UTR 5.4 N 0.186 
 

rs12271907 c.1035C>G p.Asn345Lys missense 3.8 D 0.090 
 

rs55659437 c.-356_-355del- 
 

5'UTR 6 N 0.018 
 

rs1323608174 c.-785G>A 
 

5'UTR 0.5 N 1.000 
 

rs73564404 c.*1495G>C 
 

3'UTR 1.6 N 1.000 
 

rs35060365 c.1055C>T p.Pro352Leu missense 1.1 D 1.000 

ABCG5 rs2278356 c.*380T>G 
 

3'UTR 42.1 N 0.847 
 

rs2278357 c.*416G>A 
 

3'UTR 20.2 N 0.239 
 

rs6720173 c.1810C>G p.Gln604Glu missense 19.3 N 0.239 
 

rs2278356 c.*380T>G 
 

3'UTR 42.1 N 0.847 
 

rs4148195 c.*622C>T 
 

3'UTR 22.8 N 0.595 
 

rs78070897 c.785A>G p.Lys262Arg missense 2.2 N 1.000 
 

rs77105521 c.*522G>A 
 

3'UTR 16.2 N 0.490 
 

rs141828689 c.593G>A p.Arg198Gln missense 0.4 D 1.000 
 

rs6756629 c.148C>T p.Arg50Cys missense 6.1 D 1.000 
 

Novel c.1390A>C 
 

missense 0.4 N 1.000 
 

rs192476318 c.*540C>T 
 

3'UTR 0.4 N 1.000 
 

rs55853083 c.-118A>C 
 

5'UTR 0.9 N 1.000 
 

rs376797531 c.431T>C p.Val144Ala missense 0.4 D 1.000 
 

rs77265083 c.*72G>A 
 

3'UTR 0.9 N 1.000 
 

rs79475203 c.*399C>T 
 

3'UTR 1.3 N 0.013 
 

rs144452054 c.*219delT 
 

3'UTR 0.4 N 1.000 
 

rs1014472511 c.*324A>G 
 

3'UTR 0.4 N 1.000 
 

rs145241042 c.1304T>C p.Met435Thr missense 0.4 D 1.000 
 

rs140374206 c.1864A>G p.Met622Val missense 1.3 N 1.000 
 

rs17031672 c.1550C>G p.Thr517Ser missense 1.8 N 0.026 
 

rs72542426 c.139G>T p.Val47Phe missense 0.4 D 1.000 
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Gene rs code NT change AA change Type MAF 

(%) 

Prediction HWE  

p -value  
rs139045335 c.*219delT 

 
3'UTR 0.4 N 1.000 

 
rs575195880 c.*367G>A 

 
3'UTR 0.4 N 1.000 

ABCG8 rs6544718 c.1895T>C p.Val632Ala missense 83.8 N 0.490 
 

rs11887534 c.55G>C p.Asp19His missense 6.1 D 1.000 
 

rs6544718 c.1895T>C p.Val632Ala missense 83.8 N 0.490 
 

rs3806471 c.-19T>G 
 

5'UTR 28.5 N 1.000 
 

rs4148211 c.161A>G p.Tyr54Cys missense 30.3 D 0.658 
 

rs4148217 c.1199C>A p.Thr400Lys missense 23.2 N 0.792 
 

rs370422066 c.1476T>A p.Tyr492X stopgain 0.4 D 1.000 
 

rs80025980 c.239G>A p.Cys80Tyr missense 1.3 D 1.000 
 

rs9282574 c.628G>A p.Val210Met missense 0.9 D 1.000 
 

rs142250628 c.154C>G p.Leu52Val missense 0.4 D 1.000 
 

rs72647315 c.-15A>C 
 

5'UTR 1.8 N 1.000 
 

rs9282573 c.1963A>G p.Met655Val missense 0.4 N 1.000 
 

rs144200355 c.1201A>T p.Thr401Ser missense 0.4 N 1.000 
 

rs137852991 c.1234C>T p.Arg412X stopgain 0.4 D 1.000 
 

rs148370122 c.94A>G p.Ser32Gly missense 0.4 N 1.000 

APOA2 rs6413453 g.161192316G>A 
 

splicing 5.3 N 1.000 

APOA4 rs35211609 c.*71_*68delTGTC 
 

3'UTR 21.5 N 0.000 
 

rs5104 c.440G>A p.Ser147Asn missense 74.1 N 0.231 
 

rs675 c.1099A>T p.Thr367Ser missense 17.5 N 0.518 
 

rs35211609 c.*71_*68delTGTC 
 

3'UTR 21.5 N 0.000 
 

rs146353487 c.1057T>G p.Ser353Ala missense 0.4 N 1.000 
 

rs5091 c.-98G>A 
 

5'UTR 2.2 N 1.000 
 

rs539176882 c.145_1146insACAGC

AGCAGG1>A 

p.Glu382delins

EQQQGlu 

nonframeshift 

insertion 

1.3 LD 1.000 

 
rs675 c.1099A>G p.Thr367Ala missense 7 N 0.432 

 
rs9282602 c.*71_*68delTGTC 

 
3'UTR 12.7 N 0.000 

 
rs5110 c.1140G>T p.Gln380His missense 3.5 N 0.119 

 
rs746344058 c.461G>A p.Arg154Gln missense 0.4 N 1.000 

 
rs775236625 c.689C>T p.Thr230Met missense 0.4 N 1.000 

 
rs142050734 c.598C>T p.Arg200Cys missense 0.4 D 1.000 

 
rs12721041 c.37G>A p.Val13Met missense 2.2 D 1.000 

 
rs12721043 c.481G>T p.Ala161Ser missense 0.9 N 1.000 

 
rs12721040 c.*103C>T 

 
3'UTR 0.4 N 1.000 

 
rs755577773 c.334C>T p.Arg112Trp missense 0.4 D 1.000 

 
rs1181852696 c.533C>T p.Ser178Leu missense 0.4 N 1.000 

APOA5 rs2266788 c.*158C>T 
 

3'UTR 90.4 N 0.000 
 

rs651821 c.-3G>A 
 

5'UTR 86 N 0.457 
 

rs2266788 c.*158C>T 
 

3'UTR 90.4 N 0.000 
 

rs619054 c.*31C>T 
 

3'UTR 19.3 N 0.562 
 

rs889100545 c.*418A>G 
 

3'UTR 0.4 N 1.000 
 

rs148759216 c.*289_*290insAG 
 

3'UTR 3.1 N 1.000 
 

rs3135507 c.457G>A p.Val153Met missense 4.4 N 1.000 
 

rs33984246 c.*394T>C 
 

3'UTR 5.3 N 1.000 
 

rs34089864 c.*76C>T 
 

3'UTR 3.9 N 1.000 
 

rs45596738 c.*289_*290insAG 
 

3'UTR 2.2 N 1.000 
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Gene rs code NT change AA change Type MAF 

(%) 

Prediction HWE  

p -value  
rs3135506 c.56C>G p.Ser19Trp missense 11.8 N 0.652 

 
rs114627122 c.*172C>T 

 
3'UTR 0.4 N 1.000 

 
rs34282181 c.111C>A p.Asp37Glu missense 0.4 N 1.000 

 
rs2075291 c.553G>T p.Gly185Cys missense 0.4 D 1.000 

 
rs186726407 c.-539C>T 

 
5'UTR 0.9 N 1.000 

 
rs45611741 c.-552G>A 

 
5'UTR 0.4 N 1.000 

 
rs143292359 c.944C>T p.Ala315Val missense 0.4 D 1.000 

APOB rs1042031 c.12541G>A p.Glu4181Lys missense 17.1 N 0.520 
 

rs1042034 c.13013G>A p.Ser4338Asn missense 76.8 N 0.016 
 

rs1367117 c.293C>T p.Thr98Ile missense 32 D 0.290 
 

rs584542 c.6937A>G p.Ile2313Val missense 94.3 N 0.000 
 

rs679899 c.1853C>T p.Ala618Val missense 37.3 D 0.550 
 

rs1801701 c.10913G>A p.Arg3638Gln missense 14.5 N 1.000 
 

rs61744153 c.11477C>T p.Thr3826Met missense 0.4 D 1.000 
 

rs12714192 c.2222C>A p.Thr741Asn missense 2.2 N 1.000 
 

rs61736761 c.3634C>A p.Leu1212Met missense 3.1 N 1.000 
 

rs6752026 c.433C>T p.Pro145Ser missense 2.2 D 1.000 
 

rs1042023 c.10294C>G p.Gln3432Glu missense 0.9 N 1.000 
 

rs1801702 c.12809G>C p.Arg4270Thr missense 6.6 N 1.000 
 

rs61742331 c.10061C>G p.Ala3354Gly missense 0.9 N 1.000 
 

rs61744288 c.10780T>C p.Trp3594Arg missense 0.9 D 1.000 
 

rs12714225 c.1223T>C p.Ile408Thr missense 0.4 N 1.000 
 

rs1800480 c.-115C>G 
 

5'UTR 0.9 N 1.000 
 

rs676210 c.8216C>T p.Pro2739Leu missense 19.3 D 0.562 
 

rs977664488 c.4830G>T p.Arg1610Ser missense 0.4 D 1.000 
 

rs1801695 c.13441G>A p.Ala4481Thr missense 3.9 N 0.007 
 

rs12713675 c.7367C>A p.Ala2456Asp missense 2.2 D 1.000 
 

rs12720855 c.9880T>C p.Ser3294Pro missense 2.2 D 1.000 
 

rs61743299 c.12697T>A p.Ser4233Thr missense 2.2 N 1.000 
 

rs72654423 c.12940A>G p.Ile4314Val missense 0.4 N 1.000 
 

rs1801699 c.5741A>G p.Asn1914Ser missense 4.4 D 1.000 
 

rs181737266 c.434C>T p.Pro145Leu missense 0.4 D 1.000 
 

rs12713450 c.13451C>T p.Thr4484Met missense 1.8 N 1.000 
 

rs144034290 c.4187T>C p.Val1396Ala missense 0.4 N 1.000 
 

rs140877474 c.4375A>G p.Ser1459Gly missense 0.4 D 1.000 
 

rs17240441 c.5_43de3>l p.12_15del nonframeshift 

deletion 

2.2 N 1.000 

 
rs12691202 c.2188G>A p.Val730Ile missense 1.8 N 1.000 

 
rs886055597 c.-71C>T 

 
5'UTR 0.4 N 1.000 

 
rs61743502 c.12794T>C p.Val4265Ala missense 0.9 N 1.000 

 
rs12720854 c.9835A>G p.Ser3279Gly missense 0.9 N 1.000 

 
rs533617 c.5768A>G p.His1923Arg missense 1.3 D 1.000 

 
rs562574661 c.3480_13482de1>l p.Gln4494del nonframeshift 

deletion 

0.4 N 1.000 

 
rs767810570 c.4274C>T p.Ser1425Phe missense 0.4 D 1.000 

 
rs761311695 c.5743G>A p.Gly1915Arg missense 0.4 D 1.000 

 
rs1801703 c.12382G>A p.Val4128Met missense 0.9 N 1.000 
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rs12714097 c.2630C>T p.Pro877Leu missense 0.4 D 1.000 

 
rs752149683 c.2950G>A p.Ala984Thr missense 0.4 D 1.000 

 
rs12713540 c.11401T>A p.Ser3801Thr missense 0.4 N 1.000 

 
rs766573431 c.1910A>G p.Tyr637Cys missense 0.4 D 1.000 

 
rs377429190 c.6223G>A p.Glu2075Lys missense 0.4 N 1.000 

 
rs72654430 c.*229A>G 

 
3'UTR 0.4 N 1.000 

 
rs371224295 c.6125T>C p.Met2042Thr missense 0.4 N 1.000 

APOC1 rs12721054 c.*100A>G 
 

3'UTR 1.8 N 1.000 
 

rs72654453 c.48C>G p.Ile16Met missense 0.9 N 1.000 
 

rs1064725 c.*74T>G 
 

3'UTR 1.8 N 0.026 
 

rs12721054 c.*100A>G 
 

3'UTR 1.8 N 1.000 

APOC2 rs148343756 c.8C>T p.Thr3Ile missense 0.4 D 1.000 
 

rs74500990 g.45451954G>C 
 

splicing 0.4 N 1.000 
 

rs5126 c.229A>C p.Lys77Gln missense 0.9 D 1.000 

APOC3 rs4225 c.*71G>T 
 

3'UTR 45.2 N 0.708 
 

rs5128 c.*40G>C 
 

3'UTR 83.8 N 0.000 
 

rs4225 c.*71G>T 
 

3'UTR 45.2 N 0.708 
 

rs187628630 c.*139C>G 
 

3'UTR 0.9 N 1.000 
 

rs897418559 c.-659A>T 
 

5'UTR 0.4 N 1.000 
 

rs138326449 g.116701354G>A 
 

splicing 0.9 D 1.000 

APOC4 rs1132899 c.107T>C p.Leu36Pro missense 50 N 1.000 
 

rs5167 c.287T>G p.Leu96Arg missense 36.4 N 0.046 
 

rs1132899 c.107T>C p.Leu36Pro missense 50 N 1.000 
 

rs12691089 c.155G>A p.Gly52Asp missense 0.9 N 1.000 

APOE rs429358 c.388T>C p.Cys130Arg missense 12.3 N 0.370 
 

rs7412 c.526C>T p.Arg176Cys missense 2.6 D 1.000 
 

rs267606661 c.805C>G p.Arg269Gly missense 0.4 D 1.000 
 

rs121918396 c.683G>A p.Trp228X stopgain 0.4 D 1.000 

CETP rs1801706 c.*84G>A 
 

3'UTR 12.3 N 1.000 
 

rs5882 c.1084G>A p.Val362Ile missense 61 N 1.000 
 

rs34065661 c.44C>G p.Ala15Gly missense 1.8 N 1.000 
 

rs1801706 c.*84G>A 
 

3'UTR 12.3 N 1.000 
 

rs34716057 c.460C>T p.Arg154Trp missense 0.9 D 1.000 
 

rs770008221 c.1004A>G p.Lys335Arg missense 0.4 D 1.000 
 

rs5880 c.988G>C p.Ala330Pro missense 5.7 D 1.000 
 

rs1800777 c.1223G>A p.Arg408Gln missense 3.9 N 1.000 
 

rs34855278 c.973G>A p.Val325Met missense 0.4 N 1.000 
 

rs1331344801 c.*25G>A 
 

3'UTR 0.9 N 1.000 

CLMN Novel c.*2581_*2580delTT 
 

3'UTR 3.5 N 1.000 
 

rs540351557 c.*157_*158insT 
 

3'UTR 32 N 0.000 
 

rs1054195 c.*9244G>T 
 

3'UTR 46.1 N 0.850 
 

rs3829946 c.*6312A>G 
 

3'UTR 46.1 N 0.850 
 

rs8005908 c.*5776A>G 
 

3'UTR 25.4 N 0.805 
 

rs1054196 c.*9477A>C 
 

3'UTR 42.5 N 0.443 
 

rs142407833 c.*5989G>A 
 

3'UTR 1.3 N 1.000 
 

rs45492302 c.*2125T>G 
 

3'UTR 17.5 N 0.332 
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rs561763514 c.*2581_*2582insT 

 
3'UTR 11.8 N 0.359 

 
rs779597760 c.*142_*143insG 

 
3'UTR 16.2 N 0.041 

 
rs879180742 c.*2581delT 

 
3'UTR 12.8 N 0.209 

 
rs5810715 g.95670813del 

 
splicing 16.7 N 0.015 

 
rs116472671 c.*1773G>A 

 
3'UTR 2.6 N 1.000 

 
rs12893595 c.*8498C>T 

 
3'UTR 12.3 N 1.000 

 
rs57061680 c.*8856C>T 

 
3'UTR 12.3 N 1.000 

 
rs66493670 c.*8111G>A 

 
3'UTR 20.6 N 0.779 

 
rs8020060 c.*6283G>A 

 
3'UTR 7 N 1.000 

 
rs75541050 c.*3810C>G 

 
3'UTR 2.6 N 1.000 

 
Novel c.*2580_*2581insT 

 
3'UTR 12.7 N 0.209 

 
Novel c.*157_*158insTT 

 
3'UTR 17.1 N 0.040 

 
Novel c.*2581delT 

 
3'UTR 12.7 N 0.209 

 
Novel c.*9401delA 

 
3'UTR 0.4 N 1.000 

 
rs148497172 c.735A>C p.Glu245Asp missense 0.4 D 1.000 

 
rs11844624 c.*4973G>C 

 
3'UTR 23.2 N 0.792 

 
rs17091868 c.*9118C>T 

 
3'UTR 6.6 N 0.389 

 
rs3814816 c.*6136C>T 

 
3'UTR 6.6 N 0.389 

 
rs61217816 c.*6854A>G 

 
3'UTR 6.6 N 0.389 

 
rs779597760 c.*143T>G 

 
3'UTR 6.6 N 1.000 

 
rs114567749 c.*5635T>C 

 
3'UTR 1.8 N 1.000 

 
rs116779805 c.*3047A>G 

 
3'UTR 1.8 N 1.000 

 
rs116794212 c.*4201A>C 

 
3'UTR 2.2 N 1.000 

 
rs61750771 c.2698A>T p.Ile900Phe missense 1.8 D 1.000 

 
rs7155470 c.*2956T>C 

 
3'UTR 6.1 N 0.346 

 
rs7156866 c.*2992A>G 

 
3'UTR 6.1 N 0.346 

 
rs111596735 c.*9128T>C 

 
3'UTR 4.8 N 0.224 

 
rs112366105 c.*5194C>A 

 
3'UTR 3.5 N 0.119 

 
rs7155222 c.*3121T>C 

 
3'UTR 3.9 N 0.151 

 
rs149843418 c.*1330A>G 

 
3'UTR 1.8 N 1.000 

 
rs768809029 c.2882A>G p.His961Arg missense 0.4 N 1.000 

 
Novel c.*2581_*2580delTT 

 
3'UTR 3.5 N 1.000 

 
rs75063901 c.*5035G>A 

 
3'UTR 2.6 N 1.000 

 
rs779597760 c.*142_*143insGT 

 
3'UTR 1.8 N 1.000 

 
rs954588181 c.*3408G>T 

 
3'UTR 0.4 N 1.000 

 
rs61976556 c.*5174C>G 

 
3'UTR 2.6 N 1.000 

 
rs1032856681 c.*50T>G 

 
3'UTR 0.4 N 1.000 

 
rs1896559413 c.*70T>G 

 
3'UTR 0.4 N 1.000 

 
rs10149705 c.2888C>T p.Pro963Leu missense 0.9 D 1.000 

 
rs13379182 c.*3160T>C 

 
3'UTR 2.6 N 1.000 

 
rs28707051 c.*1405A>G 

 
3'UTR 3.1 N 1.000 

 
rs55869249 c.*8832C>T 

 
3'UTR 3.5 N 1.000 

 
rs56817762 c.*9223G>C 

 
3'UTR 3.5 N 1.000 

 
rs59940917 c.*7946G>A 

 
3'UTR 0.9 N 1.000 

 
rs7157746 c.*8516A>C 

 
3'UTR 3.5 N 1.000 

 
rs73333229 c.*1025C>G 

 
3'UTR 0.9 N 1.000 
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rs74079240 c.*5293C>T 

 
3'UTR 0.4 N 1.000 

 
Novel c.*648_*649insT 

 
3'UTR 0.4 N 1.000 

 
rs547591026 c.*5470C>T 

 
3'UTR 0.4 N 1.000 

 
rs35010297 c.1069G>A p.Glu357Lys missense 0.9 D 1.000 

 
rs56119341 c.*985A>G 

 
3'UTR 1.8 N 1.000 

 
rs58411401 c.*2581_*2582insT 

 
3'UTR 0.4 N 1.000 

 
rs143029831 c.*505G>A 

 
3'UTR 0.4 N 1.000 

 
rs143612295 c.*3226C>T 

 
3'UTR 0.9 N 1.000 

 
rs144692084 c.*7537C>A 

 
3'UTR 0.9 N 1.000 

 
rs199567429 c.*7234_*7235insT 

 
3'UTR 0.4 N 1.000 

 
rs537343229 c.*3270G>A 

 
3'UTR 0.4 N 1.000 

 
rs551337617 c.*3767C>T 

 
3'UTR 0.4 N 1.000 

 
Novel c.*157delT 

 
3'UTR 0.4 N 1.000 

 
rs115304392 c.*9145G>A 

 
3'UTR 0.4 N 1.000 

 
rs148831726 c.2783A>G p.Tyr928Cys missense 0.9 D 1.000 

 
rs767493473 c.*977_*975delAGG 

 
3'UTR 0.4 N 1.000 

 
rs558763349 c.*6989G>C 

 
3'UTR 0.4 N 1.000 

 
rs116654567 c.1465G>T p.Val489Phe missense 0.9 D 1.000 

 
rs1031568855 c.*5151C>A 

 
3'UTR 0.4 N 1.000 

 
rs114588605 c.*90C>T 

 
3'UTR 0.4 N 1.000 

 
rs149311951 c.*3846C>T 

 
3'UTR 0.4 N 1.000 

 
rs531898727 c.*6460A>T 

 
3'UTR 0.4 N 1.000 

 
rs560028865 c.*6514C>A 

 
3'UTR 0.4 N 1.000 

 
rs531221357 c.*4716T>C 

 
3'UTR 0.4 N 1.000 

 
rs545900155 c.*8901_*8902insACT

CAAAAAGGCTTCTG

AAATTCTACTCAGA

ATCG 

 
3'UTR 0.4 N 1.000 

 
rs139780666 c.*7659A>G 

 
3'UTR 0.4 N 1.000 

 
rs183284283 c.*1060C>T 

 
3'UTR 0.4 N 1.000 

 
rs573108459 c.*5030_*5027delAAC

A 

 
3'UTR 0.4 N 1.000 

 
rs531876967 c.*6421G>T 

 
3'UTR 0.4 N 1.000 

COQ10A rs77131854 c.*130C>T 
 

3'UTR 4.8 N 0.224 
 

rs1274498 c.-210A>G 
 

5'UTR 2.6 N 1.000 
 

rs60542959 c.3G>T p.Met1Ile missense 2.2 D 1.000 
 

rs77131854 c.*130C>T 
 

3'UTR 4.8 N 0.224 
 

rs60542959 c.3G>T p.Ala2_M44de

l 

startloss 2.2 D 1.000 

 
rs74603322 c.*332T>C 

 
3'UTR 0.4 N 1.000 

CYP7A1 rs8192879 c.*458G>A 
 

3'UTR 31.5 N 0.083 
 

rs8192879 c.*458G>A 
 

3'UTR 31.5 N 0.083 
 

rs561226849 c.*539A>C 
 

3'UTR 0.5 N 1.000 
 

rs1004963084 c.-29C>A 
 

5'UTR 0.5 N 1.000 
 

rs142956490 c.*330A>G 
 

3'UTR 0.5 N 1.000 
 

rs8192875 c.1039G>A p.Asp347Asn missense 1.1 D 1.000 
 

rs117214002 c.*451C>T 
 

3'UTR 2.2 N 1.000 
 

rs567109509 c.*1001_*1000delAT 
 

3'UTR 0.5 N 1.000 
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HMGCR rs12916 c.*372T>C 
 

3'UTR 36.8 N 0.687 
 

rs5909 c.*8G>A 
 

3'UTR 10.5 N 1.000 
 

rs12916 c.*372T>C 
 

3'UTR 36.8 N 0.687 
 

rs17238554 c.*1485C>G 
 

3'UTR 0.9 N 1.000 
 

rs17244932 c.*497T>C 
 

3'UTR 1.8 N 1.000 
 

rs150429867 c.*385_*401delAAATG

GATTTTTAAATT 

 
3'UTR 0.9 N 1.000 

 
rs6805 c.*1117T>A 

 
3'UTR 1.3 N 1.000 

 
rs5908 c.1753A>G p.Ile585Val missense 0.9 N 1.000 

 
rs17883498 c.*385_*401delAAATG

GATTTTTAAATT 

 
3'UTR 1.3 N 1.000 

 
rs377093901 c.*34T>C 

 
3'UTR 0.4 N 1.000 

 
rs189370032 c.*1282G>A 

 
3'UTR 1.3 N 1.000 

 
rs906837651 c.*165T>C 

 
3'UTR 0.4 N 1.000 

 
rs17244722 c.-5350T>C 

 
5'UTR 0.9 N 1.000 

 
rs10474435 c.*1113T>C 

 
3'UTR 0.9 N 1.000 

 
rs151001406 c.*424T>C 

 
3'UTR 0.4 N 1.000 

 
rs142563098 c.-5417T>C 

 
5'UTR 1.3 N 1.000 

 
rs112915543 c.*1146C>T 

 
3'UTR 0.4 N 1.000 

 
rs113929238 c.*238A>G 

 
3'UTR 0.4 N 1.000 

 
rs112757256 c.*678C>T 

 
3'UTR 0.4 N 1.000 

KIF6 rs139304973 c.*968delA 
 

3'UTR 10.5 N 0.019 
 

rs1887716 c.*1476G>A 
 

3'UTR 6.1 N 0.004 
 

rs20455 c.508T>C p.Trp170Arg missense 44.3 D 0.185 
 

rs6904582 c.*553C>T 
 

3'UTR 39 N 0.169 
 

rs9462531 c.*714C>T 
 

3'UTR 33.3 N 0.673 
 

rs10947807 c.*501G>A 
 

3'UTR 20.2 N 0.041 
 

rs11756686 c.*342C>T 
 

3'UTR 5.7 N 0.304 
 

rs11758639 c.*468A>G 
 

3'UTR 2.6 N 1.000 
 

rs3823213 c.*438G>A 
 

3'UTR 20.2 N 0.041 
 

rs61748649 c.5G>A p.Arg2Lys missense 1.8 N 1.000 
 

rs72858468 c.*1432G>A 
 

3'UTR 2.6 N 1.000 
 

rs72858469 c.*1142T>A 
 

3'UTR 2.6 N 1.000 
 

rs72858477 c.*205A>G 
 

3'UTR 2.6 N 1.000 
 

rs113412831 c.-107T>A 
 

5'UTR 14 N 0.693 
 

rs3734621 c.*97T>G 
 

3'UTR 9.2 N 0.049 
 

rs114269617 c.103A>G p.Ser35Gly missense 0.9 N 1.000 
 

rs139304973 c.*968delA 
 

3'UTR 10.5 N 0.019 
 

rs144747535 c.*1169C>T 
 

3'UTR 0.4 N 1.000 
 

rs2273063 c.1535G>A p.Arg512His missense 1.8 N 1.000 
 

rs115025619 c.*1001G>A 
 

3'UTR 1.8 N 1.000 
 

rs116706958 c.*430C>T 
 

3'UTR 1.8 N 1.000 
 

rs74659777 c.*296T>A 
 

3'UTR 1.8 N 1.000 
 

rs114951361 c.1564A>T p.Met522Leu missense 0.9 N 1.000 
 

rs34059104 c.187A>G p.Ile63Val missense 0.9 N 1.000 
 

rs114582772 c.*1370G>A 
 

3'UTR 0.9 N 1.000 
 

rs139767998 c.*160G>T 
 

3'UTR 0.9 N 1.000 



119 

 

Gene rs code NT change AA change Type MAF 

(%) 

Prediction HWE  

p -value  
rs142944273 c.1087C>T p.Arg363Cys missense 0.4 D 1.000 

 
rs918723940 c.*940G>A 

 
3'UTR 0.4 N 1.000 

 
rs190137715 c.*1081T>G 

 
3'UTR 0.4 N 1.000 

 
rs927108958 c.1181A>C p.Gln394Pro missense 0.4 D 1.000 

 
Novel c.*182G>T 

 
3'UTR 0.4 N 1.000 

 
Novel c.433C>A 

 
missense 0.4 D 1.000 

 
rs564418655 c.*668A>G 

 
3'UTR 0.4 N 1.000 

 
rs897242351 c.*1205T>C 

 
3'UTR 0.4 N 1.000 

LDLR rs121908031 c.1539C>A p.Cys513X stopgain 1.8 D 1.000 
 

rs1433099 c.*666T>C 
 

3'UTR 71.9 N 0.487 
 

rs17243011 c.*223G>A 
 

3'UTR 1.8 N 1.000 
 

rs2738464 c.*315G>C 
 

3'UTR 85.1 N 1.000 
 

rs2738467 c.*1743C>T 
 

3'UTR 36 N 0.546 
 

rs397844005 c.*2196_*2197delTA 
 

3'UTR 29.8 N 0.261 
 

rs5742911 c.*1453A>G 
 

3'UTR 31.6 N 1.000 
 

rs11669576 c.667G>A p.Ala223Thr missense 4.8 N 1.000 
 

rs752596535 c.378C>A p.Cys126X stopgain 0.9 D 1.000 
 

Novel c.514T>C 
 

missense 0.4 D 1.000 
 

rs14158 c.*52G>A 
 

3'UTR 28.1 N 0.817 
 

rs17242683 c.*1168G>A 
 

3'UTR 23.2 N 0.607 
 

rs17249057 c.*1510T>C 
 

3'UTR 28.9 N 0.649 
 

rs17249064 c.*1600G>T 
 

3'UTR 28.9 N 0.649 
 

rs2738465 c.*504G>A 
 

3'UTR 33.8 N 0.834 
 

rs2738466 c.*773A>G 
 

3'UTR 28.9 N 0.649 
 

rs35921663 c.*1406_*1407insA 
 

3'UTR 6.1 N 1.000 
 

rs875989902 c.410A>T p.Asp137Val missense 0.4 D 1.000 
 

rs28941776 c.1142G>A p.Gly381Asp missense 0.9 D 1.000 
 

rs7254521 c.*1430C>T 
 

3'UTR 8.3 N 1.000 
 

rs397762834 c.*2195_*2196insTAT

A 

 
3'UTR 7.6 N 1.000 

 
rs72658879 c.*2016G>A 

 
3'UTR 5.3 N 0.027 

 
rs753707206 c.1297G>C p.Asp433His missense 0.9 D 1.000 

 
rs10409044 c.*982G>C 

 
3'UTR 2.2 N 1.000 

 
rs28398082 c.*2054G>A 

 
3'UTR 2.2 N 1.000 

 
Novel c.*2199_*2200insTA 

 
3'UTR 27.2 N 0.000 

 
Novel c.*2197_*2198insTAT

A 

 
3'UTR 8.3 N 1.000 

 
Novel c.*2199_*2200insTAT

A 

 
3'UTR 27.2 N 0.000 

 
Novel c.*2198_*2199delTA 

 
3'UTR 27.2 N 0.000 

 
Novel c.*2196_*2199delTAT

A 

 
3'UTR 34.9 N 0.000 

 
rs137853964 c.1975G>A p.Val659Ile missense 0.4 D 1.000 

 
rs137929307 c.1271G>A p.Gly424Glu missense 0.9 D 1.000 

 
rs112029328 g.11213463G>A 

 
splicing 0.9 D 1.000 

 
rs376207800 c.185C>T p.Thr62Met missense 0.4 D 1.000 

 
rs3826810 c.*141G>A 

 
3'UTR 5.7 N 1.000 

 
rs28942079 c.787G>A p.Ala263Thr missense 0.4 D 1.000 
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rs121908026 c.407C>T p.Ser136Leu missense 0.9 D 1.000 

 
Novel c.*2195_*2196insTA 

 
3'UTR 2.9 N 1.000 

 
rs121908039 c.428G>A p.Cys143Tyr missense 0.4 D 1.000 

 
rs373371572 c.1279C>T p.Arg427Trp missense 0.4 D 1.000 

 
Novel c.454del1>T 

 
frameshift 

deletion 

0.4 D 1.000 

 
rs142697277 c.*2126G>A 

 
3'UTR 0.4 N 1.000 

 
rs5928 c.1937G>A p.Arg646Gln missense 0.4 D 1.000 

 
rs72658874 c.*965C>T 

 
3'UTR 0.9 N 1.000 

 
rs869054445 c.*2210_*2211insAC 

 
3'UTR 0.4 N 1.000 

 
rs1042897688 c.*1491G>A 

 
3'UTR 0.4 N 1.000 

 
rs113972139 c.1808C>T p.Ala603Val missense 0.4 N 1.000 

 
rs879255131 c.573_1574de1>l p.Lys525Vfs*2

2 

frameshift 

deletion 

0.4 D 1.000 

 
rs879254797 c.614G>A p.Gly205Asp missense 0.9 D 1.000 

 
rs879254913 c.959T>C p.Ile320Thr missense 1.3 D 1.000 

 
rs148054434 c.*2111G>A 

 
3'UTR 0.4 N 1.000 

 
rs545860269 c.*2069_*2070insC 

 
3'UTR 0.4 N 1.000 

 
rs72658880 c.*2319C>G 

 
3'UTR 0.9 N 1.000 

 
rs931426690 c.*1401C>T 

 
3'UTR 0.4 N 1.000 

 
rs121908031 c.1539C>A p.Cys513X stopgain 1.8 D 1.000 

 
rs7258146 c.*1354T>C 

 
3'UTR 0.9 N 1.000 

 
rs143587805 c.*1550A>T 

 
3'UTR 1.8 N 1.000 

 
rs750649426 c.672C>A p.Cys224X stopgain 0.4 D 1.000 

 
rs116405216 g.11221324G>A 

 
splicing 0.9 N 1.000 

 
rs869054445 c.*2210T>0 

 
3'UTR 1.8 N 0.026 

 
rs1035917105 c.*1123C>T 

 
3'UTR 0.4 N 1.000 

 
Novel c.103del1>G 

 
frameshift 

deletion 

0.4 D 1.000 

 
rs72658860 c.466G>A p.Gly156Ser missense 0.4 D 1.000 

 
Novel c.*2195_*2196insTAT

ATA 

 
3'UTR 1.5 N 1.000 

 
rs28942078 c.781G>A p.Val261Met missense 0.4 D 1.000 

 
rs993011316 c.*1912C>T 

 
3'UTR 0.4 N 1.000 

 
rs1135402774 c.970G>A p.Asp324Asn missense 0.4 D 1.000 

 
rs387906307 c.-138del- 

 
5'UTR 0.4 N 1.000 

 
rs375312185 c.*1477G>A 

 
3'UTR 0.4 N 1.000 

 
rs879254687 c.818-2A>G 

 
splicing 0.4 D 1.000 

 
rs875989887 c.-140C>A 

 
5'UTR 0.9 N 1.000 

 
rs1135402768 c.364C>T p.Gln122X stopgain 0.4 D 1.000 

 
rs3180023 c.*1217C>G 

 
3'UTR 0.4 N 1.000 

 
rs34113544 c.*1215_*1216insA 

 
3'UTR 0.4 N 1.000 

 
rs1266961929 c.*1128G>A 

 
3'UTR 0.4 N 1.000 

 
rs56270417 c.*19G>A 

 
3'UTR 0.9 N 1.000 

 
rs1135402774 c.70delG p.Asp324fs frameshift 

deletion 

0.4 D 1.000 

LDLRAP1 rs10635955 c.*985_*986insTG 
 

3'UTR 99.6 N 0.000 
 

rs11563 c.*1370G>T 
 

3'UTR 54.4 N 0.130 
 

rs397860393 c.*445delT 
 

3'UTR 46.1 N 0.345 
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rs7491 c.*1755C>T 

 
3'UTR 54.8 N 0.185 

 
rs10635955 c.*985_*986insTG 

 
3'UTR 99.6 N 0.000 

 
rs4537542 c.*1794G>A 

 
3'UTR 7.9 N 0.136 

 
rs62619761 c.*63G>A 

 
3'UTR 1.3 N 1.000 

 
rs1057515539 c.*765_*766insT 

 
3'UTR 1.3 N 1.000 

 
rs76969561 c.*1222T>C 

 
3'UTR 2.6 N 1.000 

 
rs114583297 c.653C>T p.Thr218Ile missense 2.6 N 1.000 

 
rs528624038 c.*1677G>A 

 
3'UTR 0.9 N 1.000 

 
rs41291058 c.712C>T p.Arg238Trp missense 2.2 D 1.000 

 
rs186747548 c.*430G>T 

 
3'UTR 0.9 N 1.000 

 
rs529005321 c.397G>A p.Ala133Thr missense 0.4 D 1.000 

 
rs149951294 c.*765_*766insT 

 
3'UTR 1.8 N 1.000 

 
rs148579379 c.713G>A p.Arg238Gln missense 0.9 D 1.000 

 
rs10062 c.*1793C>T 

 
3'UTR 1.8 N 1.000 

 
rs41307931 c.*1115C>T 

 
3'UTR 0.4 N 1.000 

 
rs768454420 c.796C>T p.Arg266Trp missense 0.4 D 1.000 

LIPA rs13500 c.*1093C>T 
 

3'UTR 11.8 N 0.048 
 

rs1051338 c.46A>C p.Thr16Pro missense 33.3 N 1.000 
 

rs1051339 c.67G>A p.Gly23Arg missense 13.6 N 0.123 
 

rs1332326 c.-23656A>C 
 

5'UTR 39.9 N 0.000 
 

rs1332327 c.-23645G>A 
 

5'UTR 19.7 N 0.374 
 

rs2297472 g.90984990G>A 
 

splicing 13.6 N 0.123 
 

rs1131706 c.*909T>A 
 

3'UTR 21.5 N 0.401 
 

rs78931290 c.*1187C>A 
 

3'UTR 2.2 N 1.000 
 

rs13500 c.*1093C>T 
 

3'UTR 11.8 N 0.048 
 

rs41284116 c.*744C>G 
 

3'UTR 0.4 N 1.000 
 

rs571012707 c.*647G>A 
 

3'UTR 0.4 N 1.000 
 

rs116074523 c.*841C>T 
 

3'UTR 0.4 N 1.000 
 

rs1211198607 c.-23594A>G 
 

5'UTR 0.4 N 1.000 
 

rs543830356 c.-23579G>A 
 

5'UTR 0.4 N 1.000 
 

rs2228159 c.335T>C p.Phe112Ser missense 0.4 D 1.000 
 

rs9664201 c.*608C>T 
 

3'UTR 0.4 N 1.000 
 

rs1589558414 c.254A>G p.Gln85Arg missense 0.4 D 1.000 
 

rs1044857442 c.-4065_-

4072delCGCGGCGC 

 
5'UTR 0.4 N 1.000 

LIPC rs3829462 c.1068C>A p.Phe356Leu missense 94.3 N 0.304 
 

rs3829462 c.1068C>A p.Phe356Leu missense 94.3 N 0.304 
 

rs6083 c.644A>G p.Asn215Ser missense 41.7 N 0.700 
 

rs6078 c.283G>A p.Val95Met missense 5.7 N 1.000 
 

rs148828229 c.1430G>A p.Arg477His missense 0.4 N 1.000 
 

rs182603751 c.317C>T p.Ala106Val missense 0.4 D 1.000 

LPA rs1801693 c.5036T>C p.Met1679Thr missense 69.3 N 0.659 
 

rs1853021 g.11213463A>G 
 

splicing 20.6 N 0.000 
 

rs3124784 c.6046C>T p.Arg2016Cys missense 27.6 D 1.000 
 

rs143431368 g.160969693T>C 
 

splicing 0.4 D 1.000 
 

rs1801693 c.5036T>C p.Met1679Thr missense 69.3 N 0.659 
 

rs139145675 c.5311C>T p.Arg1771Cys missense 2.2 D 1.000 
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Gene rs code NT change AA change Type MAF 

(%) 

Prediction HWE  

p -value  
rs41267807 c.6068A>G p.Tyr2023Cys missense 1.3 D 1.000 

 
rs41267809 c.5882T>C p.Leu1961Pro missense 2.2 N 1.000 

 
rs41272110 c.4195A>C p.Thr1399Pro missense 10.5 D 0.608 

 
rs7765781 c.4114C>G p.Leu1372Val missense 36 N 0.841 

 
rs7765803 c.4072C>G p.Leu1358Val missense 35.5 N 1.000 

 
rs1800769 c.-21G>A 

 
5'UTR 18.4 N 0.530 

 
rs76062330 c.5468G>T p.Gly1823Val missense 3.5 D 0.119 

 
rs201200716 c.4046C>T p.Thr1349Met missense 0.4 N 1.000 

 
rs41267817 c.3917A>G p.His1306Arg missense 0.4 N 1.000 

 
rs41272114 g.161006077C>T 

 
splicing 2.6 D 1.000 

 
rs41264308 c.4793T>C p.Met1598Thr missense 1.3 N 1.000 

 
rs41272112 c.4262G>A p.Arg1421Gln missense 3.1 N 1.000 

 
rs113020022 c.3178C>A p.Gln1060Lys missense 0.4 N 1.000 

 
rs140720828 c.4522C>T p.Arg1508Trp missense 0.4 D 1.000 

 
rs3798220 c.5673A>G p.Ile1891Met missense 3.1 D 0.090 

 
rs41259144 c.2969G>A p.Arg990Gln missense 1.8 D 1.000 

 
rs142720914 c.3428C>T p.Thr1143Met missense 0.4 D 1.000 

 
rs59566810 c.4971T>G p.Asn1657Lys missense 1.3 N 1.000 

 
rs201013584 c.4607G>A p.Arg1536Lys missense 0.4 N 1.000 

 
rs41265936 c.5465G>C p.Gly1822Ala missense 1.3 N 1.000 

 
rs200802664 c.2782C>G p.Gln928Glu missense 0.4 N 1.000 

 
rs191762721 c.182A>G p.Asn61Ser missense 0.4 N 1.000 

 
rs144281871 c.5236G>T p.Ala1746Ser missense 0.4 N 1.000 

 
rs756764319 g.160962134C>T 

 
splicing 0.4 N 1.000 

 
rs147235826 c.4523G>A p.Arg1508Gln missense 0.4 N 1.000 

 
rs62621433 c.3296C>G p.Thr1099Ser missense 0.4 N 1.000 

 
rs114322360 c.6092C>A p.Thr2031Asn missense 0.4 N 1.000 

 
rs577363233 c.-2118G>A 

 
5'UTR 0.4 N 1.000 

 
rs76144756 c.4283C>T p.Pro1428Leu missense 0.4 D 1.000 

 
rs981155235 c.3889T>C p.Ser1297Pro missense 0.4 N 1.000 

 
rs889335800 c.4918T>C p.Trp1640Arg missense 0.4 D 1.000 

LPL rs1059507 c.*1142C>T 
 

3'UTR 13.2 N 1.000 
 

rs11570892 c.*796A>G 
 

3'UTR 16.2 N 0.490 
 

rs13702 c.*1671T>C 
 

3'UTR 32.5 N 0.831 
 

rs15285 c.*1846C>T 
 

3'UTR 32.5 N 0.831 
 

rs3200218 c.*1250A>G 
 

3'UTR 18 N 0.757 
 

rs3208305 c.*827A>T 
 

3'UTR 32.5 N 0.831 
 

rs3866471 c.*1848C>A 
 

3'UTR 16.7 N 0.510 
 

rs4922115 c.*9G>A 
 

3'UTR 14.5 N 0.701 
 

rs1059507 c.*1142C>T 
 

3'UTR 13.2 N 1.000 
 

rs1800590 c.-281T>G 
 

5'UTR 7.9 N 1.000 
 

rs17091815 c.*1783A>T 
 

3'UTR 1.8 N 1.000 
 

rs5934 c.1279G>A p.Ala427Thr missense 0.9 N 1.000 
 

rs1801177 c.106G>A p.Asp36Asn missense 2.2 D 1.000 
 

rs3289 c.*371T>C 
 

3'UTR 3.9 N 1.000 
 

rs1059611 c.*1742T>C 
 

3'UTR 9.6 N 0.595 
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Gene rs code NT change AA change Type MAF 

(%) 

Prediction HWE  

p -value  
rs10645926 c.*1805_*1806insTT 

 
3'UTR 9.6 N 0.595 

 
rs1803924 c.*853C>T 

 
3'UTR 7.5 N 1.000 

 
rs328 c.1421C>G p.Ser474X stopgain 7.5 D 1.000 

 
rs3735964 c.*1224C>A 

 
3'UTR 7.9 N 1.000 

 
rs146978295 c.-176_-175insCC 

 
5'UTR 1.3 N 1.000 

 
rs147116359 c.*1886G>A 

 
3'UTR 0.4 N 1.000 

 
rs1803923 c.*1387T>C 

 
3'UTR 1.8 N 1.000 

 
rs139240067 c.*1291G>A 

 
3'UTR 1.3 N 1.000 

 
rs80351041 c.-283G>T 

 
5'UTR 0.4 N 1.000 

 
rs300 c.1135A>G p.Thr379Ala missense 0.4 N 1.000 

 
rs7818177 c.*29G>A 

 
3'UTR 0.4 N 1.000 

 
rs58998793 c.*1416T>C 

 
3'UTR 1.8 N 1.000 

 
rs150960886 c.*1106G>A 

 
3'UTR 0.4 N 1.000 

 
rs540525285 c.-241G>C 

 
5'UTR 0.4 N 1.000 

 
rs79756214 c.*1928T>C 

 
3'UTR 0.4 N 1.000 

 
rs1365389587 c.*1643C>G 

 
3'UTR 0.4 N 1.000 

 
rs190991033 c.*30G>A 

 
3'UTR 0.4 N 1.000 

 
rs572077788 c.*1877G>A 

 
3'UTR 0.4 N 1.000 

 
rs374509929 c.*412_*416delTACTC 

 
3'UTR 0.4 N 1.000 

 
rs915452684 c.*1217T>A 

 
3'UTR 0.4 N 1.000 

 
rs268 c.953A>G p.Asn318Ser missense 0.4 D 1.000 

 
rs1464971282 c.*1038C>T 

 
3'UTR 0.4 N 1.000 

MYLIP rs185701087 c.*995G>C 
 

3'UTR 1.3 N 0.013 
 

rs2205794 c.*1194G>A 
 

3'UTR 4.4 N 0.186 
 

rs2205795 c.*1076G>T 
 

3'UTR 21.1 N 1.000 
 

rs35112615 c.*116_*117insA 
 

3'UTR 11 N 0.355 
 

rs3765234 c.-56G>T 
 

5'UTR 8.3 N 0.558 
 

rs9370867 c.1025A>G p.Asn342Ser missense 58.8 N 0.177 
 

rs185701087 c.*995G>C 
 

3'UTR 1.3 N 0.013 
 

Novel c.*117delA 
 

3'UTR 25.9 N 0.000 
 

rs574992262 c.*665delT 
 

3'UTR 0.4 N 1.000 
 

rs2072781 c.*367T>C 
 

3'UTR 7.9 N 1.000 
 

rs35112615 c.*116_*117insAA 
 

3'UTR 0.9 N 1.000 
 

rs560855721 c.*97C>T 
 

3'UTR 0.9 N 1.000 
 

Novel c.*117_*118insA 
 

3'UTR 9.2 N 0.595 
 

Novel c.*117_*118insAA 
 

3'UTR 9.2 N 0.595 
 

Novel c.*117_*118insAAAA

A 

 
3'UTR 9.2 N 0.595 

 
rs397971095 c.*116_*117insAA 

 
3'UTR 1.8 N 1.000 

 
rs144304196 c.*627C>G 

 
3'UTR 0.4 N 1.000 

 
rs142596337 c.*248_*249insT 

 
3'UTR 1.8 N 1.000 

 
rs113117363 c.*220G>T 

 
3'UTR 0.9 N 1.000 

 
rs114004922 c.*858A>G 

 
3'UTR 1.8 N 1.000 

 
rs73724995 c.*871A>G 

 
3'UTR 0.9 N 1.000 

 
rs79714658 c.*687C>T 

 
3'UTR 0.4 N 1.000 

 
rs79992066 c.604A>C p.Ile202Leu missense 0.9 N 1.000 

 
rs148485764 c.*993_*994insG 

 
3'UTR 2.2 N 0.044 
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Gene rs code NT change AA change Type MAF 

(%) 

Prediction HWE  

p -value  
rs541642474 c.*1170T>C 

 
3'UTR 0.4 N 1.000 

PCSK9 rs505151 c.2009G>A p.Gly670Glu missense 85.5 N 0.000 
 

rs562556 c.1420G>A p.Val474Ile missense 76.3 N 0.000 
 

rs662145 c.*571C>T 
 

3'UTR 71.9 N 0.021 
 

rs2495477 g.55518467A>G 
 

splicing 18.4 N 0.208 
 

rs28362201 c.-245G>T 
 

5'UTR 2.6 N 0.065 
 

rs557622245 c.*171C>T 
 

3'UTR 2.6 N 1.000 
 

rs11583680 c.158C>T p.Ala53Val missense 10.1 N 1.000 
 

rs45448095 c.-64C>T 
 

5'UTR 9.2 N 1.000 
 

rs145886902 c.169G>A p.Glu57Lys missense 0.4 N 1.000 
 

rs28362288 c.*444G>C 
 

3'UTR 2.2 N 1.000 
 

rs182138201 c.*234C>T 
 

3'UTR 0.9 N 1.000 
 

rs17111557 c.*614C>T 
 

3'UTR 3.9 N 1.000 
 

rs35574083 c.2_43insCTG 
 

nonframeshift 

insertion 

14.0 LD 0.346 

 
rs775707869 c.884G>A p.Arg295His missense 0.4 D 1.000 

 
rs28362202 c.-26G>A 

 
5'UTR 0.4 N 1.000 

 
rs141502002 c.1405C>T p.Arg469Trp missense 0.4 D 1.000 

 
rs72646509 c.835C>A p.Pro279Thr missense 0.4 D 1.000 

 
rs13376071 c.*414C>T 

 
3'UTR 2.2 N 1.000 

 
rs28362270 c.1658A>G p.His553Arg missense 0.9 N 1.000 

 
rs72646533 c.*442_*443insG 

 
3'UTR 0.9 N 1.000 

 
rs756500786 c.*887C>T 

 
3'UTR 0.4 N 1.000 

 
rs17111555 c.*345C>T 

 
3'UTR 1.3 N 1.000 

 
rs28362287 c.*75C>T 

 
3'UTR 1.3 N 1.000 

 
rs72646535 c.*537delT 

 
3'UTR 1.3 N 1.000 

 
rs1557510084 c.*225T>C 

 
3'UTR 0.4 N 1.000 

 
rs28362201 c.-245G>C 

 
5'UTR 1.8 N 0.026 

 
rs149837083 c.*1052C>T 

 
3'UTR 0.4 N 1.000 

 
rs28362263 c.1327G>A p.Ala443Thr missense 0.9 N 1.000 

 
rs181453 c.*413G>T 

 
3'UTR 0.4 N 1.000 

 
rs917249802 c.-112A>G 

 
5'UTR 0.9 N 1.000 

 
rs772677312 c.1399C>G p.Pro467Ala missense 0.4 N 1.000 

 
rs1346795665 c.2039G>A p.Arg680Gln missense 0.4 N 1.000 

 
rs28362292 c.*849T>C 

 
3'UTR 0.4 N 1.000 

 
rs868163847 c.-117C>T 

 
5'UTR 0.4 N 1.000 

 
rs148195424 c.709C>T p.Arg237Trp missense 0.4 D 1.000 

 
rs1277652244 c.*1148T>C 

 
3'UTR 0.4 N 1.000 

SCAP rs12487736 c.1627G>A p.Val543Ile missense 40.4 N 0.083 
 

rs12487736 c.1627G>A p.Val543Ile missense 40.4 N 0.083 
 

rs111762817 c.-49785A>G 
 

5'UTR 14.5 N 1.000 
 

rs45453398 c.*83C>T 
 

3'UTR 3.5 N 1.000 
 

rs150166851 c.*49_*50insGGGGC 
 

3'UTR 0.4 N 1.000 

SCARB1 rs5891 c.403G>A p.Val135Ile missense 2.2 N 1.000 
 

rs4238001 c.4G>A p.Gly2Ser missense 7.5 N 0.475 
 

rs10396211 c.*688G>C 
 

3'UTR 2.6 N 1.000 
 

rs58032386 c.*504C>T 
 

3'UTR 4.8 N 0.018 
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rs5891 c.403G>A p.Val135Ile missense 2.2 N 1.000 

 
rs901958835 c.*332C>T 

 
3'UTR 0.4 N 1.000 

 
rs184715678 c.*497C>A 

 
3'UTR 1.3 N 1.000 

 
rs701103 c.1495G>A p.Gly499Arg missense 3.1 N 1.000 

 
rs150512235 c.*759T>C 

 
3'UTR 0.9 N 1.000 

 
rs150222965 c.386C>T p.Ser129Leu missense 0.9 N 1.000 

 
rs546100832 c.*234C>A 

 
3'UTR 0.4 N 1.000 

 
rs539157321 c.-206_-205insC 

 
5'UTR 0.4 N 1.000 

 
rs943358614 c.*93T>C 

 
3'UTR 0.4 N 1.000 

SREBF1 rs2297508 c.*619G>C 
 

3'UTR 60.5 N 0.173 
 

rs60282872 c.-34delG 
 

5'UTR 19.7 N 0.000 
 

rs11868035 c.*835C>T 
 

3'UTR 30.3 N 0.375 
 

rs13306736 c.-150G>A 
 

5'UTR 42.1 N 0.704 
 

rs2297508 c.*619G>C 
 

3'UTR 60.5 N 0.173 
 

rs11304210 c.*1085delC 
 

3'UTR 13.2 N 1.000 
 

rs141503556 c.*159G>C 
 

3'UTR 0.4 N 1.000 
 

rs143430327 c.*736C>G 
 

3'UTR 0.4 N 1.000 
 

rs73981076 c.*521G>T 
 

3'UTR 1.3 N 1.000 
 

Novel c.*1084delC 
 

3'UTR 14.5 N 0.247 
 

rs1022633114 c.*1086A>C 
 

3'UTR 14.5 N 0.247 
 

rs747735223 c.*1085_*1084delCC 
 

3'UTR 14.5 N 0.247 
 

rs796641934 c.-34delG 
 

5'UTR 17.5 N 0.006 
 

rs74520623 c.820G>A p.Val274Ile missense 0.9 N 1.000 
 

rs879617029 c.353G>A p.Gly118Glu missense 0.4 N 1.000 
 

rs764217259 c.2594G>A p.Arg865Gln missense 0.4 N 1.000 
 

rs73981075 c.*870T>G 
 

3'UTR 1.3 N 1.000 
 

rs554897947 c.-147G>C 
 

5'UTR 1.8 N 1.000 
 

rs36215896 c.1666G>A p.Val556Met missense 0.9 D 1.000 
 

rs7214136 c.1757G>A p.Arg586Gln missense 2.2 N 1.000 
 

rs8064706 c.*267C>A 
 

3'UTR 2.6 N 1.000 
 

rs114001633 c.518C>T p.Pro173Leu missense 1.3 N 0.013 
 

rs768028319 c.*1085delC 
 

3'UTR 0.9 N 1.000 
 

rs2229590 c.1177G>A p.Val393Met missense 0.9 N 1.000 
 

rs73981078 c.*255C>T 
 

3'UTR 0.4 N 1.000 
 

rs539120019 c.*446C>T 
 

3'UTR 0.4 N 1.000 
 

rs903846087 c.*974A>C 
 

3'UTR 0.4 N 1.000 
 

rs115855236 c.260C>T p.Pro87Leu missense 0.9 D 1.000 
 

rs192087293 c.*337A>G 
 

3'UTR 1.8 N 1.000 
 

rs59995125 c.*559T>C 
 

3'UTR 0.4 N 1.000 
 

rs45567732 g.17718146C>A 
 

splicing 0.4 N 1.000 
 

Novel c.2483C>T 
 

missense 0.4 N 1.000 
 

rs137899785 c.*937C>T 
 

3'UTR 0.4 N 1.000 

SREBF2 rs2228314 c.1784G>C p.Gly595Ala missense 36 N 0.221 
 

rs2229442 c.*84A>G 
 

3'UTR 14.9 N 0.459 
 

rs569655423 c.3418G>A p.Ala1140Thr missense 0.4 D 1.000 
 

rs2157590 c.*48T>C 
 

3'UTR 14 N 1.000 
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rs2228314 c.1784G>C p.Gly595Ala missense 36 N 0.221 

 
rs4822067 c.*647G>A 

 
3'UTR 14 N 1.000 

 
rs2228313 c.2580G>C p.Arg860Ser missense 7.5 N 1.000 

 
rs2269664 c.*279C>T 

 
3'UTR 8.8 N 1.000 

 
rs376482369 c.1991G>T p.Arg664Leu missense 0.4 D 1.000 

 
rs2229440 c.1867G>A p.Val623Met missense 3.1 D 1.000 

 
rs183045818 c.*206G>A 

 
3'UTR 0.9 N 1.000 

 
rs191835473 c.*579A>G 

 
3'UTR 0.9 N 1.000 

 
rs537096033 c.*686T>A 

 
3'UTR 1.3 N 1.000 

 
rs182758758 c.*669A>G 

 
3'UTR 2.2 N 1.000 

 
rs576372173 c.*205C>T 

 
3'UTR 0.4 N 1.000 

 
rs143615881 c.03_205de2>l p.Ser74del nonframeshift 

deletion 

0.4 LD 1.000 

 
rs2229439 c.1112G>A p.Arg371Lys missense 0.9 D 1.000 

 
rs1018819294 c.*527G>A 

 
3'UTR 0.9 N 1.000 

 
rs73431000 c.*333C>T 

 
3'UTR 0.9 N 1.000 

 
rs779626156 c.85_193de1>l p.62_65del nonframeshift 

deletion 

0.4 LD 1.000 

 
rs568275502 c.*621_*622insGGTGG

GAGGCA 

 
3'UTR 1.8 N 1.000 

  rs199735149 c.3239G>A p.Arg1080Gln missense 0.4 D 1.000 

aIn silico functionality prediction was performed either using PolyPhen-2, Mutation Assessor, SIFT, PROVEAN, 

CADD, DANN, and FATHMM for missense, stop gain and stop loss variants or dbNSFP v4.2 in silico algorithm 

for splice variants. Frameshift variants were considered deleterious and inframe variants were considered likely 

deleterious. AA: amino acid; NT nucleotide; D: deleterious; HWE: Hardy-Weinberg equilibrium; MAF: minor allele 

frequency; N: neutral; PD: pharmacodynamics.  
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Supplementary table 15 Influence of variants in PD-related genes and non-genetic factors on LDL-c 

reduction of FH patients. Univariate linear regression analysis (MAF > 1.0%) 

Gene rs code  NT change  Allele β SE p-value 

Adjusted 

p-value 

All statins        

ABCA1 rs769705621 g.107556793insA A allele -3.0 5.3 0.578 1.000 
 

rs769705621 g.107556793insAA AA allele 0.5 3.9 0.903 1.000 
 

rs769705621 g.107556793insAAA AAA allele 0.7 3.9 0.851 1.000 
 

rs769705621 g.107556793insAAAA AAAA allele 1.9 6.5 0.772 1.000 
 

rs769705621 g.107556793insAAAAA AAAAA / 

AAAAAA / 

AAAAAAA 

allele 

14.9 9.8 0.131 1.000 

ABCG4 rs12271907 c.1035C>G G allele 5.4 8.5 0.524 1.000 

ABCG5 rs6756629 c.148C>T T allele 1.6 5.5 0.780 1.000 

ABCG8 rs4148211 c.161A>G G allele 5.1 3.6 0.161 1.000 
 

rs80025980 c.239G>A A allele -4.6 11.4 0.687 1.000 

APOB rs12713675 c.7367C>A A allele 11.3 8.8 0.202 1.000 
 

rs12720855 c.9880T>C C allele 11.3 8.8 0.202 1.000 
 

rs1801699 c.5741A>G G allele 3.8 6.4 0.551 1.000 
 

rs533617 c.5768A>G G allele -2.7 11.4 0.812 1.000 
 

rs6752026 c.433C>T T allele -5.1 8.9 0.569 1.000 
 

rs676210 c.8216C>T T allele 0.4 3.8 0.925 1.000 

APOE rs7412 c.526C>T T allele -10.4 8.1 0.202 1.000 

 rs429358 c.388T>C C allele -10.4 8.1 0.202 1.000 

CETP rs5880 c.988G>C C allele -7.4 5.7 0.198 1.000 

CLMN rs61750771 c.2698A>T T allele 0.8 9.9 0.934 1.000 

COQ10A rs60542959 c.3G>T T allele 0.5 8.9 0.957 1.000 

KIF6 rs20455 c.2155T>C C allele 7.9 3.8 0.039 1.000 

LDLR rs121908031 c.2043C>A A allele 0.6 9.9 0.955 1.000 
 

rs879254913 c.1463T>C  C allele 1.0 11.4 0.930 1.000 

LDLRAP1 rs41291058 c.712C>T T allele -1.7 8.9 0.851 1.000 

LPA rs139145675 c.5311C>T T allele -8.1 8.9 0.363 1.000 
 

rs3124784 c.6046C>T T allele -5.2 3.6 0.152 1.000 
 

rs41259144 c.2969G>A A allele 13.6 9.8 0.170 1.000 
 

rs41267807 c.6068A>G G allele 19.7 11.2 0.082 1.000 
 

rs41272114 g.161006077C>T T allele 3.3 8.2 0.689 1.000 
 

rs76062330 c.5468G>T T allele -8.0 7.6 0.293 1.000 

LPL rs328 c.1421C>G G allele 6.8 5.1 0.185 1.000 

SREBF2 rs2229440 c.1867G>A A allele -4.2 7.6 0.577 1.000 

Atorvastatin        

ABCA1 rs769705621 g.107556793insA A allele -2.3 5.1 0.646 1.000 
 

rs769705621 g.107556793insAA AA allele 2.7 4 0.506 1.000 
 

rs769705621 g.107556793insAAA AAA allele 2.9 4 0.470 1.000 
 

rs769705621 g.107556793insAAAA AAAA allele 3.7 6.2 0.551 1.000 
 

rs769705621 g.107556793insAAAAA

/AAAAAA 

AAAAA allele 

or AAAAAA 

allele 

14.3 10.7 0.185 1.000 

ABCG4 rs12271907 c.1035C>G G allele 2.4 9.6 0.805 1.000 
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Gene rs code  NT change  Allele β SE p-value 

Adjusted 

p-value 

ABCG5 rs6756629 c.148C>T T allele 5.3 5.3 0.322 0.466 

ABCG8 rs4148211 c.161A>G G allele 6.5 3.7 0.079 0.737 
 

rs80025980 c.239G>A A allele -4.7 10.8 0.661 1.000 

APOB rs12713675 c.7367C>A A allele 5.5 9.4 0.560 1.000 
 

rs12720855 c.9880T>C C allele 5.5 9.4 0.560 1.000 
 

rs1801699 c.5741A>G G allele 1.6 6.8 0.819 1.000 
 

rs6752026 c.433C>T T allele -4.4 9.4 0.641 1.000 
 

rs676210 c.8216C>T T allele -1.4 4 0.724 1.000 

APOE rs7412 c.526C>T T allele -10.6 8.4 0.209 1.000 

 rs429358 c.388T>C C allele -3.6 4.5 0.433 1.000 

CETP rs5880 c.988G>C C allele -6.9 5.8 0.241 1.000 

CLMN rs61750771 c.2698A>T T allele 0.7 9.4 0.940 1.000 

COQ10A rs60542959 c.3G>T T allele 6.4 8.4 0.447 1.000 

KIF6 rs20455 c.2155T>C C allele 10.4 3.8 0.007 0.196 

LDLR rs879254913 c.1463T>C  C allele 9.5 10.7 0.377 1.000 

LDLRAP1 rs41291058 c.712C>T T allele -5.7 9.4 0.544 1.000 

LPA rs139145675 c.5311C>T T allele -8.3 8.4 0.327 1.000 
 

rs3124784 c.6046C>T T allele -5.3 3.7 0.155 1.000 
 

rs41259144 c.2969G>A G allele -2.8 10.8 0.793 1.000 
 

rs41272114 g.161006077C>T T allele 0.7 8.4 0.933 1.000 
 

rs76062330 c.5468G>T T allele -15.2 7.6 0.048 0.672 

LPL rs328 c.1421C>G G allele 3.1 5.3 0.555 1.000 

SREBF2 rs2229440 c.1867G>A A allele -7.6 8.4 0.366 1.000 

AA: amino acid; NT nucleotide; FH: familial hypercholesterolemia; PD: pharmacodynamics; β: linear coefficient; SE: standard 

error. 
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Supplementary table 16 Association of variants in PD-related genes with statin response in FH 

patients. Univariate logistic regression analysis. 

Gene  rs code  NT change  Allele RE NRE OR (CI 95%) p-value 
Adjusted 

p-value 

All statins       
  

ABCA1 rs769705621 g.107556793insA A allele 20 (8) 17.4 (8) 0.8 (0.3 - 2.5) 0.757 1.000 

 rs769705621 g.107556793insAA AA allele 34.5 (19) 42.9 (21) 1.4 (0.6 - 3.2) 0.385 1.000 

 rs769705621 g.107556793insAAA AAA allele 35.2 (19) 45.3 (24) 1.5 (0.7 - 3.3) 0.288 1.000 

 rs769705621 g.107556793insAAAA AAAA allele 8.7 (4) 14 (6) 1.7 (0.5 - 7.1) 0.436 1.000 

ABCG4 rs12271907 c.1035C>G G allele 4.4 (2) 8.5 (4) 2 (0.4 - 15) 0.437 1.000 

ABCG5 rs6756629 c.148C>T T allele 10.3 (6) 14.3 (8) 1.4 (0.5 - 4.7) 0.523 1.000 

ABCG8 rs4148211 c.161A>G G allele 44.8 (26) 60.7 (34) 1.9 (0.9 - 4) 0.091 1.000 

 rs80025980 c.239G>A A allele 1.7 (1) 3.6 (2) 2.1 (0.2 - 46.2) 0.547 1.000 

APOB rs12713675 c.7367C>A A allele 3.4 (2) 5.4 (3) 1.6 (0.3 - 12.4) 0.621 1.000 

 rs12720855 c.9880T>C C allele 3.4 (2) 5.4 (3) 1.6 (0.3 - 12.4) 0.621 1.000 

 rs1801699 c.5741A>G G allele 5.2 (3) 12.5 (7) 2.6 (0.7 - 12.7) 0.180 1.000 

 rs533617 c.5768A>G G allele 1.7 (1) 3.6 (2) 2.1 (0.2 - 46.2) 0.547 1.000 

 rs6752026 c.433C>T T allele 5.2 (3) 3.6 (2) 0.7 (0.1 - 4.3) 0.678 1.000 

 rs676210 c.8216C>T T allele 31 (18) 37.5 (21) 1.3 (0.6 - 2.9) 0.467 1.000 

APOE rs7412 c.526C>T T allele 8.6 (5) 1.8 (1) 0.2 (0 - 1.2) 0.139 1.000 

 rs429358 c.388T>C C allele 20.7 (12) 23.2 (13) 1.2 (0.5 - 2.8) 0.745 0.828 

CETP rs5880 c.988G>C C allele 13.8 (8) 8.9 (5) 0.6 (0.2 - 2) 0.417 1.000 

CLMN rs61750771 c.2698A>T T allele 3.4 (2) 3.6 (2) 1 (0.1 - 8.9) 0.972 1.000 

COQ10A rs60542959 c.3G>T T allele 5.2 (3) 3.6 (2) 0.7 (0.1 - 4.3) 0.678 1.000 

KIF6 rs20455 c.2155T>C C allele 58.6 (34) 73.2 (41) 1.9 (0.9 - 4.3) 0.103 1.000 

LDLR rs121908031 c.2043C>A A allele 3.4 (2) 3.6 (2) 1 (0.1 - 8.9) 0.972 1.000 

 rs879254913 c.1463T>C  C allele 1.7 (1) 3.6 (2) 2.1 (0.2 - 46.2) 0.547 1.000 

LDLRAP1 rs41291058 c.712C>T T allele 5.2 (3) 3.6 (2) 0.7 (0.1 - 4.3) 0.678 1.000 

LPA rs139145675 c.5311C>T T allele 6.9 (4) 1.8 (1) 0.2 (0 - 1.7) 0.216 1.000 

 rs3124784 c.6046C>T T allele 56.9 (33) 37.5 (21) 0.5 (0.2 - 1) 0.039 1.000 

 rs41259144 c.2969G>A A allele 1.7 (1) 5.4 (3) 3.2 (0.4 - 66.3) 0.317 1.000 

 rs41272114 g.161006077C>T T allele 3.4 (2) 7.1 (4) 2.2 (0.4 - 16) 0.387 1.000 

 rs76062330 c.5468G>T T allele 10.3 (6) 1.8 (1) 0.2 (0 - 1) 0.092 1.000 

LPL rs328 c.1421C>G G allele 13.8 (8) 16.1 (9) 1.2 (0.4 - 3.4) 0.733 1.000 

SREBF2 rs2229440 c.1867G>A A allele 6.9 (4) 5.4 (3) 0.8 (0.1 - 3.6) 0.733 1.000 

Atorvastatin      
  

ABCA1 rs769705621 g.107556793insA A allele 22.2 (8) 22.9 (8) 1.0 (0.3 - 3.2) 0.949 0.949 

 rs769705621 g.107556793insAA AA allele 36 (18) 47.4 (18) 1.6 (0.7 - 3.8) 0.284 0.852 

 rs769705621 g.107556793insAAA AAA allele 38.8 (19) 47.6 (20) 1.4 (0.6 - 3.3) 0.396 0.972 

 rs769705621 g.107556793insAAAA AAAA allele 11.9 (5) 12.5 (4) 1.1 (0.2 - 4.4) 0.938 0.974 

 rs769705621 
g.107556793insAAAA

A / AAAAAA 

AAAAA / 

AAAAAA 

allele 

1.9 (1) 4.4 (2) 2.4 (0.2 - 53.1) 

0.477 0.859 

ABCG4 rs12271907 c.1035C>G G allele 2.4 (1) 8.1 (3) 3.5 (0.4 - 73.2) 0.284 0.958 

ABCG5 rs6756629 c.148C>T T allele 11.3 (6) 17.8 (8) 1.7 (0.5 - 5.6) 0.366 0.988 

ABCG8 rs4148211 c.161A>G G allele 39.6 (21) 62.2 (28) 2.5 (1.1 - 5.8) 0.027 0.364 

 rs80025980 c.239G>A A allele 3.8 (2) 2.2 (1) 0.6 (0 - 6.2) 0.660 0.990 
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Gene  rs code  NT change  Allele RE NRE OR (CI 95%) p-value 
Adjusted 

p-value 

APOB rs12713675 c.7367C>A A allele 3.8 (2) 4.4 (2) 1.2 (0.1 - 10.2) 0.867 1.000 

 rs12720855 c.9880T>C C allele 3.8 (2) 4.4 (2) 1.2 (0.1 - 10.2) 0.867 1.000 

 rs1801699 c.5741A>G G allele 3.8 (2) 13.3 (6) 3.9 (0.9 - 27.8) 0.105 0.709 

 rs6752026 c.433C>T T allele 3.8 (2) 4.4 (2) 1.2 (0.1 - 10.2) 0.867 0.975 

 rs676210 c.8216C>T T allele 28.3 (15) 33.3 (15) 1.3 (0.5 - 3) 0.591 0.939 

APOE rs7412 c.526C>T T allele 7.5 (4) 2.2 (1) 0.3 (0 - 2) 0.261 1.000 

 rs429358 c.388T>C C allele 20.8 (11) 22.2 (10) 1.1 (0.4 - 2.9) 0.860 1.000 

CETP rs5880 c.988G>C C allele 15.1 (8) 6.7 (3) 0.4 (0.1 - 1.5) 0.199 1.000 

CLMN rs61750771 c.2698A>T T allele 3.8 (2) 4.4 (2) 1.2 (0.1 - 10.2) 0.867 0.936 

COQ10A rs60542959 c.3G>T T allele 5.7 (3) 4.4 (2) 0.8 (0.1 - 4.9) 0.786 1.000 

KIF6 rs20455 c.2155T>C C allele 58.5 (31) 75.6 (34) 2.2 (0.9 - 5.4) 0.078 0.702 

LDLR rs879254913 c.1463T>C  C allele 1.9 (1) 4.4 (2) 2.4 (0.2 - 53.1) 0.477 0.991 

LDLRAP1 rs41291058 c.712C>T T allele 5.7 (3) 2.2 (1) 0.4 (0 - 3.1) 0.408 0.918 

LPA rs139145675 c.5311C>T T allele 7.5 (4) 2.2 (1) 0.3 (0 - 2) 0.261 1.000 

 rs3124784 c.6046C>T T allele 62.3 (33) 35.6 (16) 0.3 (0.1 - 0.8) 0.009 0.243 

 rs41259144 c.2969G>A A allele 1.9 (1) 4.4 (2) 2.4 (0.2 - 53.1) 0.477 0.920 

 rs41272114 g.161006077C>T T allele 3.8 (2) 6.7 (3) 1.8 (0.3 - 14.3) 0.522 0.881 

LPL rs328 c.1421C>G G allele 13.2 (7) 15.6 (7) 1.2 (0.4 - 3.8) 0.741 1.000 

SREBF2 rs2229440 c.1867G>A A allele 5.7 (3) 4.4 (2) 0.8 (0.1 - 4.9) 0.786 1.000 

AA: amino acid; NT nucleotide; FH: familial hypercholesterolemia; PD: pharmacodynamics; RE: responder; NRE: non-

responder; OR: odds ratio; CI: confidende interval. 
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Supplementary table 17 Association of deleterious variants in PD-related genes with SRAE in FH 

patients. Univariate logistic regression analysis. 

Variable  rs code  NT change  Allele No SRAE SRAE OR (95% CI) p-value 

Adjusted 

p-value 

ABCA1 rs769705621 g.107556793insA A allele 14.3 (10) 40 (6) 4 (1.1 - 13.8) 0.027 0.648 

 rs769705621 g.107556793insAA AA allele 35.8 (29) 50 (11) 1.8 (0.7 - 4.7) 0.229 0.687 

 rs769705621 g.107556793insAAA AAA allele 42.4 (36) 33.3 (7) 0.7 (0.2 - 1.8) 0.453 0.777 

 rs769705621 g.107556793insAAAA AAAA allele 8.8 (6) 20 (4) 2.6 (0.6 - 10.2) 0.177 0.850 

ABCG4 rs12271907 c.1035C>G G allele 5.2 (4) 14.3 (2) 3 (0.4 - 17.5) 0.227 0.778 

ABCG5 rs6756629 c.148C>T T allele 11.2 (10) 16.7 (4) 1.6 (0.4 - 5.3) 0.476 0.672 

ABCG8 rs4148211 c.161A>G G allele 56.2 (50) 37.5 (9) 0.5 (0.2 - 1.2) 0.108 0.864 

 rs80025980 c.239G>A A allele 1.1 (1) 8.3 (2) 8 (0.7 - 176.8) 0.096 1.000 

APOB rs12713675 c.7367C>A A allele 4.5 (4) 4.2 (1) 0.9 (0 - 6.6) 0.945 1.000 

 rs12720855 c.9880T>C C allele 4.5 (4) 4.2 (1) 0.9 (0 - 6.6) 0.945 0.986 

 rs1801699 c.5741A>G G allele 10.1 (9) 4.2 (1) 0.4 (0 - 2.2) 0.379 0.700 

 rs6752026 c.433C>T T allele 4.5 (4) 4.2 (1) 0.9 (0 - 6.6) 0.945 0.945 

 rs676210 c.8216C>T T allele 31.5 (28) 41.7 (10) 1.6 (0.6 - 3.9) 0.350 0.764 

APOE rs7412 c.526C>T T allele 4.5 (4) 8.3 (2) 1.9 (0.3 - 10.6) 0.464 0.742 

 rs429358 c.388T>C C allele 24.7 (22) 12.5 (3) 0.4 (0.1 - 1.4) 0.210 00.75 

CETP rs5880 c.988G>C C allele 12.4 (11) 8.3 (2) 0.6 (0.1 - 2.6) 0.586 0.781 

CLMN rs61750771 c.2698A>T T allele 3.4 (3) 4.2 (1) 1.2 (0.1 - 10.3) 0.852 0.974 

KIF6 rs20455 c.2155T>C C allele 69.7 (62) 54.2 (13) 0.5 (0.2 - 1.3) 0.158 0.948 

LDLR rs121908031 c.2043C>A A allele 2.2 (2) 8.3 (2) 4 (0.5 - 34.5) 0.181 0.724 

LPA rs139145675 c.5311C>T T allele 3.4 (3) 8.3 (2) 2.6 (0.3 - 16.7) 0.310 0.744 

 rs3124784 c.6046C>T T allele 49.4 (44) 37.5 (9) 0.6 (0.2 - 1.5) 0.301 0.803 

 rs41272114 g.161006077C>T T allele 4.5 (4) 8.3 (2) 1.9 (0.3 - 10.6) 0.464 0.696 

 rs76062330 c.5468G>T T allele 5.6 (5) 8.3 (2) 1.5 (0.2 - 7.6) 0.627 0.792 

LPL rs328 c.1421C>G G allele 13.5 (12) 20.8 (5) 1.7 (0.5 - 5.2) 0.375 0.750 

SREBF2 rs2229440 c.1867G>A A allele 6.7 (6) 4.2 (1) 0.6 (0 - 3.8) 0.646 0.775 

AA: amino acid; NT nucleotide; FH: familial hypercholesterolemia; PD: pharmacodynamics; SRAE: statin-related adverse 

events; OR: odds ratio; CI: confidende interval. 
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