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Abstract:

Background - Statin therapy influences not only low-density lipoprotein-cholesterol (LDL-C) 

levels, but also LDL-related biomarkers including non-high-density lipoprotein cholesterol (non-

HDL-C), apolipoprotein B (apo B), total number of LDL particles (LDL-P), and mean LDL 

particle size (LDL-size).  Recent studies have identified many genetic loci influencing 

circulating lipid levels and statin-induced LDL-C reduction.   However, it is unknown how these 

genetic variants influence statin-induced change in LDL subfractions and non-HDL-C. 

Methods and Results - One hundred and sixty candidate SNPs for effects on circulating lipid 

levels or statin-induced LDL-C lowering were tested for association with response of LDL 

subfractions and non-HDL-C to rosuvastatin or placebo over 1 year among 7,046 participants

from the JUPITER trial. Of the 51 SNPs associated with statin response for one or more of the 

LDL subfractions, or non-HDL-C, 20 SNPs could be clustered according to effects

predominantly on LDL-size, predominantly on LDL particle number, and on apo B but not LDL-

C or non-HDL-C.  

Conclusions - These differential associations point to pathways of LDL response to statin 

therapy and possibly to mechanisms of statin dependent CVD risk reduction. 

Clinical Trial Registration - http://clinicaltrials.gov; Unique Identifier: NCT00239681 

Key words: genetics, genetics, association studies, cholesterol, lipoprotein, JUPITER, nuclear 
magnetic resonance spectroscopy, rosuvastatin
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Introduction

Statin-mediated inhibition of hydroxy-3-methylglutaryl-Co-A reductase, an enzyme catalyzing 

the rate-limiting step in cholesterol synthesis, lowers circulating low-density lipoprotein (LDL) 

cholesterol primarily by inducing uptake of LDL particles from plasma into peripheral tissues1.

As a consequence, statins also affect alternative measures related to LDL particles including 

levels of non-high-density lipoprotein cholesterol (non-HDL-C), levels of apolipoprotein B (apo 

B), the total number of LDL particles (LDL-P), and the mean LDL particle size (LDL-size)2.

The responses to statin of these alternative LDL measures are somewhat but not entirely 

correlated with each other and with LDL-C, and are discordant in up to a quarter of healthy 

individuals3, in the sense that statin-lowered LDL-C is not always accompanied by lower LDL 

particle number, or apo B concentration. These alternative measures of LDL response to statin 

therapy thus are not necessarily reflected in LDL-C reduction and may have clinical relevance.

Among agents targeting LDL-C lowering for prevention of incident CVD, statin therapy appears 

to be especially beneficial. For example, statins may cause as much as 50% or more lowering of 

LDL-C, and throughout this range, there is approximately a 10% lowering of CVD risk per a 

10% reduction in LDL-C4.  By contrast LDL-C lowering by inhibitors of Niemann-Pick protein5

(i.e. ezetemibe, via inhibition of intestinal cholesterol absorption) or CETP 6, 7(cholesteryl ester 

transfer protein, via inhibition of the exchange of cholesterol and triglyceride in HDL particles 

and these lipids in LDL and VLDL particles), both are only somewhat less potent at lowering 

LDL-C than statins and are accompanied by smaller reductions in CVD risk.  These findings are 

consistent with the hypothesis that the benefit of statin therapy is not solely induced by LDL-C

lowering per se, a notion also consistent with the observed modest differences in the magnitude 

of residual vascular risk with statin therapy depending upon which LDL-related measure is 
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evaluated8. Understanding the detailed consequences of statins’ effects on LDL metabolism may 

reveal the biological basis for the dramatic risk reduction observed in many statin trials.

To date, few if any clinical variables have been identified that distinguish among statin-

induced changes in LDL-related measures.  Meanwhile, recent work has demonstrated 

substantive genetic influence not only on circulating lipid levels9-11 but also on statin-induced 

changes in LDL-C12. The primary aim of the present study was to examine if candidate genetic 

loci associated with circulating lipids, that represent several different biological pathways, could 

explain differential response of LDL-C compared to response of other LDL-related lipoprotein 

fractions and non-HDL-C to statin treatment. We thus sought in the context of a randomized 

placebo-controlled trial to address whether a panel of 160 SNPs known from the literature to 

influence basal levels of conventional lipid fractions, and for comparison LDL-C change with 

statin therapy, might be associated with statin-induced changes in non-HDL-C, apo B, LDL-P, 

and LDL-size and further whether there may be differential associations among these alternative 

LDL measures.  These markers were selected for analysis on the basis that the LDL fraction is 

the target of statin therapy and therefore statin effects on these measures would be larger and 

more likely to be detectable than for other lipid fractions such as HDL, which are also influenced 

by statin therapy but to a lesser degree13. As shown here, in a study of 7,046 men and women of 

European ancestry allocated to rosuvastatin 20 mg or placebo over a 12 month period, there were 

three groups of SNPs that were predominantly associated with statin-response in one or a subset 

of lipid measures but not with the others. The groups of genes implied by the selective SNP 

effects appear to influence substantially different aspects of lipid metabolism and catabolism, 

reflecting the complexity of cholesterol transport and biosynthesis and highlighting the basis of 

complex statin effects that are not revealed by analysis of LDL-C response alone. 

placebo-controlled trial to address whether a panel of 160 SNPs known from thf e liliiteteteraaatututurerere tttooo
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Methods

Study Population 

The study population for this analysis was derived from the Justification for Use of statins in 

Prevention: an Intervention Trial Evaluating Rosuvastatin (JUPITER trial: NCT00239681). 

JUPITER is an international, randomized, placebo-controlled evaluation of rosuvastatin (20 

mg/day) conducted among men and women free of cardiovascular disease with moderate-to-low 

LDL cholesterol (LDL-C) levels (<130 mg/dL) and elevated C-reactive protein (CRP

mg/L) at baseline14.  Blood samples were obtained at time of randomization and after 12 months 

of treatment with either placebo or rosuvastatin.  Participants included in this analysis consented 

to procedures used in JUPITER for the genetic testing of samples.  All procedures and protocols 

in this study were approved by the Partners Human Research Committee (Institutional Review 

Board for Partners Healthcare on behalf of Brigham and Women’s Hospital).  

Genotyping and Imputation

Study participants were genotyped using the Omni 1M Quad platform and GenomeStudio v 1.6.2 

(both Illumina, San Diego, CA, USA) by the manufacturer.  A total of 1,006,348 single 

nucleotide polymorphisms (SNPs) passed quality control standards as previously described12. In 

short, only a small subset of markers had poor characteristics regarding clustering metrics for 

ABrMean (intensity), cluster separation, Hardy-Weinberg Equilibrium, or call frequency.   These 

markers were visually inspected and either flagged, removed, or re-clustered manually.  Detailed 

experimental data on individual genotypes and plots for manually clustered variants are available 

in Chasman et al12. SNPs were retained in the final data set if the updated clusters met quality 

standards and the genotyping was successful in at least 98.5% of the samples.  A 

multidimensional scaling (MDS) procedure in PLINK15 was used to verify self-reported 

o procedures used in JUPITER for the genetic testing of samples.  All procedureees anaa dd d prprprotototococo ols

n this sts udu y y wew ree approved by the Partners Humaan n ReR search Committeee (((Institutional Review 
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European ancestry; 37 participants were excluded due to discordance between self-reported 

ancestry and assignment of European ancestry by MDS. A total of 33 individuals from 31 family 

groups were excluded in the JUPITER data to eliminate 1st degree relatives as judged by PLINK 

15. EIGENSTRAT was used to estimate sub-European stratification and calculate principal 

components16.  Approximately 6.8 million SNPs from the pilot data of the 1000 Genomes Project 

were imputed using MaCH v.1.0.1617, 18. All SNPs were imputed from a genotyping panel with 

SNPs that either met HWE p>10-6 or for the case of APOE (rs7412), included manual review of 

genotyping clusters12.  Imputation quality scores for all candidate SNPs were above 0.7 (MaCH 

R2>0.7); please see Supplemental Table 1 for imputation quality scores of the individual SNPs. 

Biomarker measurement

LDL-C, non-HDL-C, apolipoprotein B100 (apo B), HDL cholesterol (HDL-C) and total 

cholesterol (TC) were measured in a core laboratory facility at the time of randomization and 

after 12 months of randomized allocation to placebo- or rosuvastatin-treatment as previously 

described12.  Non-HDL-C was calculated by subtracting HDL-C from TC measurements and 

captures the amount of cholesterol carried by apo B particles. LDL-P and LDL-size were 

determined by proton nuclear magnetic resonance (NMR) spectroscopy analysis (NMR 

LipoProfile3, LipoScience, Raleigh, NC, USA)19 and capture the total number of LDL particles 

and the mean size of all LDL particles, respectively.

SNP selection

A total of 154 candidate SNPs from the published GWAS of circulating plasma lipids from the 

Global Lipids Genetics Consortium (GLGC)9, 10 were selected for analysis (see Supplemental 

Table 2a).  When multiple SNPs mapped to the same locus and were in LD, the SNP with the 

most significant p-value (in association with any lipid) was chosen as the locus representative

Biomarker measurement

LDL-CC,,, non n-HDHDLL-C, apoa lipoprotein B100 (apo B)),, HDH L cholesterol (HDLDL-C) and total 
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(index SNP).  All index SNPs that mapped to the same locus but were nevertheless not in LD 

were included.  A proxy (rs8035382) was used for the original index SNP (rs292982) at one 

locus FRMD5 (R2=1; 1000 Genomes) where the original index was neither genotyped nor 

imputed.  Three SNPs were neither genotyped nor imputed and did not have any proxies 

available; therefore these SNPs were excluded from analysis (rs2412710 CAPN3, rs1047891

CPS1, rs13238203 TYW1B).  

 In addition, 6 candidate SNPs (rs17111584, PCSK9; rs2199936, ABCG2; rs10455872, 

LPA; rs12317268, SLCO1B1; rs11672123, LDLR; rs7412 APOE) for statin-induced LDL-C

reduction in JUPITER12 were included in the analysis (see Supplemental Table 2b).  Four loci 

(APOE, LDLR, LPA, and PCKS9) contain two SNPs each, however the variants are independent 

of one another (R2<0.03 between the two SNPs at each of the four loci).  A listing of all 

candidate SNPs can be found in Supplemental Table 2c. 

Analysis 

Primary outcomes examined in this study were absolute change and percentage change in LDL-

C, non-HDL-C, apo B, LDL-P, and LDL-size after 12 months of rosuvastatin or placebo therapy.  

Absolute change was calculated as the difference between the 12-month and baseline value; and 

percentage change was calculated by dividing the absolute change by the baseline value such that,

for example, greater reduction in LDL-C was reflected in negative values with greater magnitude.  

The percentage change calculation implicitly accounts for baseline measures. Analysis of each 

outcome was stratified by statin-allocation arm and restricted to the 7,046 participants with both 

baseline and 12-month lipoproteins measures, compliance with study medication based on pill 

counts, and the absence of self-reported non-trial statin use. To assess the effect of the 

recruitment criteria in JUPITER (LDL-C < 130mg/dL) on known lipid associations, additional 

APOE, LDLR, LPA, and PCKS9) contain two SNPs each, however the variants aarare e e ininindededepepependndndent

of one aanon there ((RR2<0.03 between the two SNPs at eaeach of the four loci).  A A listing of all 

cacaandddidate SNNNPsPsPs cccanaa bbbeee fffouououndnn iiin n n SuSuSupppppplelelememm ntntntalalal Tabbbleee 2c.c.c. 
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analyses were performed among a combined total of 7,046 participants (allocated to either 

rosuvastatin or placebo) for association of candidate SNPs from GLGC and baseline measures of 

LDL-C, non-HDL-C, apo B, LDL-P and mean LDL-size. Spearman correlation coefficients 

were calculated between all baseline and change measures in up to 3,534 statin-allocated 

participants. 

To decrease the influence of extreme outliers on the change outcomes, all measures were 

transformed using inverse-quantile normalization9, 20, 21, which was carried out in the statin- and 

placebo-allocated arms (preserving the ranks within each allocation group). We chose to 

transform our data by inverse-quantile normalization due to the long right-tail we observed for 

statin-induced absolute change in many of the examined traits; log-transformation was not 

possible because the distributions of absolute and percentage change include negative values.  P-

values for association were obtained from linear regression of transformed outcome measures

while estimates of the genetic effects were obtained from linear regression of untransformed 

outcome measures, both encoding genetic information with a standard additive genetic model 

assuming proportionality between the number of inherited copies of the minor (i.e. coded) allele 

and mean LDL phenotype.  Thus, negative regression coefficients implied greater reduction of 

LDL-C, non-HDL-C, apo B, and LDL-P levels or greater reduction in the mean size of LDL 

particles with each additional inherited copies of the minor allele.    In interaction analysis where 

statin- and placebo-allocated arms are combined, the values/ranking of the inverse-quantile 

normalized traits created within the groups are no longer valid for between group comparisons, 

i.e. interactions.  Therefore we reverted back to the untransformed outcomes for interaction 

analysis.  Interaction analysis was performed by introducing a standard multiplicative drug-by-

SNP interaction term in the linear regression models of statin response. All regression models  

tatin-induced absolute change in many of the examined traits; log-transformatioonn wawaw sss nononot t t 

possiblele bbecauausee ttheh  distributions of absolute and pepep rcentage change inclcludu e negative values.  P-
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were adjusted for age, sex, region and 10 principal components calculated from EIGENSTRAT. 

In total, 160 candidate SNPs (for full list see Supplemental Table 2c) were evaluated for

association with absolute and percentage change in LDL-C, non-HDL-C, apo B, LDL-P and 

LDL-size.  Variants associated with any of the change measures among statin-allocated 

participants at a nominal significance level (p<0.05) were carried forward for further analysis if 

they were either not associated with any of the change measures among placebo-allocated 

drug-by-SNP interaction (p<0.1); excluding SNPs for associations 

with change measures among the placebo-allocated participants and excluding SNPs lacking 

evidence for SNP-by-drug interactions directly assures the SNPs included are better candidates 

for statin-response. We used complete linkage hierarchical clustering with a standard Euclidean

distance metric to cluster SNP associations with change in LDL-C, non-HDL-C, apo B, LDL-P

and LDL-size among statin-allocated participants with binary encoding, specifying 1 for 

significant association (p<0.05) and 0 otherwise; absolute change and percentage change were 

clustered separately.  In the “complete linkage” method the distance between clusters is defined 

as the maximum distance between any of the individual SNP/biomarker pairs (one in each 

cluster).  To delineate clusters in our association results, we used the NbClust package in R22, 23

which determines credible clustering structures through consensus among 30 clustering criteria. 

Variance explained (R2) was calculated from a regression of the inverse-quantile normalized 

residualized trait on each SNP. 

To examine the biological connectivity and functional relationships among the genes 

within clusters based on SNP associations with LDL-size and LDL-P, we used GRAIL (Gene 

Relationships Among Implicated Loci)24, which is based on text mining of PubMed abstracts.

As recommended, to emphasize relationships that might suggest biological pathways rather than 

for statin-response. We used complete linkage hierarchical clustering with a stanndadadardrdrd EEEucucuclililidededean

distancece mmetriric too cluster SNP associations with chahange in LDL-C, non-HDH L-C, apo B, LDL-P

anannd d d LDL-sizeee aaamomomonggg ssstatatatititinnn-a- llllocococatatatedede ppparararticicicipapapants wiwiw th bbbinininararary yy ennnccocodididingngng,,, spspspecififfyiyiyingngng 111 ffororor 
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associations derived from GWAS findings, GRAIL was run with a database derived from 

PubMed abstracts published before 2009, pre-dating most GWAS findings. 

Gene-set enrichment analysis (GSEA) using MAGENTA25 and R22 were performed to 

test for enrichment of genes in the mean LDL particle size (n=11 genes, tagged by 8 SNPs), and

LDL particle number (n=11 genes, tagged by 8 SNPs) gene clusters and used 1722 predefined 

genesets from Gene Ontology, BioCARTA, INGENUITY, KEGG, PANTHER, and 

REACTOME.  Genes analyzed in GSEA were derived from the gene name annotations of each 

SNP from the published GLGC papers; if a SNP was annotated with multiple genesd9, 10, 12, all 

listed genes were used in GSEA.   Multiple testing was addressed by permutation with 10,000

replicates.

Results

As shown in Supplemental Table 3, clinical characteristics of the 7,046 JUPITER participants of 

European ancestry who consented to genetic research, had successful LDL-related biomarkers 

measured at baseline and 12 months, and were compliant with study medications were 

indistinguishable between those allocated to rosuvastatin (N=3,534) and those allocated to 

placebo (N=3,512).  At one year, rosuvastatin reduced LDL-C by 54 mg/dL (-52%), non-HDL-C

by 59 mg/dL (-45%), apo B by 43 mg/dL (-37%), LDL-P by 528 nmol/L (-37%) and LDL-size 

by 0.4 nm (-1.7%). Among statin-allocated participants, we observed high correlation between 

absolute (and percentage) change in LDL-C, non-HDL-C and apo B, and moderate correlations 

between change in these three measure and change in LDL-P, but little to no correlation between 

change in LDL-size and the other LDL-related measures or non-HDL-C (please refer to 

Supplemental Table 4 for pairwise correlations between all analyzed measures).

Candidate SNPs were selected from genome-wide significant associations9, 10 with one or  

eplicates.

RRResesesuuults
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more of LDL-C (N=58), HDL-C (N=74), triglycerides (N=43), total cholesterol (N=75), or statin 

response of LDL-C (N=6)12 for a total of 160 unique SNPs. Of the candidates from analysis of 

circulating lipid levels, 64 SNPs were nominally significantly associated (p<0.05) with baseline 

levels of either LDL-C, non-HDL-C, apo B, LDL-P, or LDL-size (Supplemental Table 5) among 

the 7,046 participants with baseline lipoprotein measures representing 132 associations out of the 

800[=160 SNPs x 5 traits] total associations (Supplementary Table 5, which also shows 

associations meeting Bonferroni and false discovery rate [FDR] thresholds). Of the 96 SNPs 

evaluated that did not associate with any of these LDL-related measures, 10 had been described 

in prior literature as being primarily associated with triglycerides, 36 with HDL-C, 4 with both 

triglycerides and HDL-C.  Of the remaining SNPs, 31 had previously been described in the 

literature as being associated with LDL-C (alone or in addition to HDL-C and/or triglycerides). 

However, not all of the candidate variants were expected to be significantly associated with 

baseline LDL-related measures due to a smaller size of the JUPITER sample compared to the 

discovery sample (7,046 vs. 200,000 participants9, 10), the primary association of some 

candidates with non-LDL-C lipid measures, and possibly the enrollment criteria in JUPITER that 

required baseline LDL-C<130mg/dL.  Of the six candidate SNPs derived from previous analysis 

of LDL-C response to statin only one (in LDLR) was also associated with LDL-C at baseline in 

JUPITER.

 All 160 SNPs were evaluated by regression for association with absolute and fractional 

response to statin for the five LDL-related lipoprotein measures (Supplemental Tables 6a-d). 

SNPs with effects on statin response were selected for further examination based on the 

following criteria for a total of 51 SNPs: nominally significant association with 12-month change 

in absolute or fractional lipoprotein response among the 3,534 study participants allocated to 

riglycerides and HDL-C.  Of the remaining SNPs, 31 had previously been descrribibibededed iiin n n thththeee

iteratuurer  as beb inng g g associated with LDL-C (alone oror in addition to HDL-C C and/or triglycerides). 

HHHowwwever, notott aaallllll ofoo  ththheee cacacandndndiddatatate ee vavavariiiananantstt wwwerereree exxxpeeectededed tttooo bebb  sisiigngngnififificici ananantltltly assssososociciciatatateded wwwititith h h 

babaaseeelil ne LDL-reelaaated memm asurrresess due ttto o aaa sssmalallleeer sizezeze of f f thththe JUJUJUPITETETER sampmpmpleee cccoomo paaarereed d ttoto the  

discovery sample (77,0,0,046464  vs. 222000000,0000 ppara ticipantss9,, 10),)  the pppriririmaryy assococociaii tion of some 

cacandndididatateses wwitith h nonon-n LDLDLL-C-C llipippidid mmeaeasusureres,s,, aandnd ppposossisiblbly y y ththe e enenrorollllmementnt ccririteteriria a inin JJUPUPITITERER tthahatt



DOI: 10.1161/CIRCGENETICS.114.000962

12

rosuvastatin (Supplemental Tables 6a-d) and either no significant association with absolute or 

fractional response among the 3,512 study participants allocated to placebo (Supplemental 

Tables 6c and 6d), or at least marginally significant interaction effect (p<0.1) for allocation to

rosuvastatin vs. placebo in a complementary analysis (see Methods and Supplemental Table 6e). 

Complete linkage hierarchical clustering of the 51 SNPs selected for association with 

absolute change in non-HDL-C and LDL-related subfractions indicated the existence of 14 

clusters (see Figure 1, see Methods). An identical clustering procedure performed on statin-

induced percentage change in non-HDL-C and LDL-related subfractions resulted in the same 

number of optimal clusters (N=14 clusters; see Methods and Supplemental Figure 1).  As 

expected, these clusters were similar but not completely identical to those identified in the 

absolute change results.  This discrepancy is likely due to the presence of SNPs that are highly 

influential on circulating levels and therefore have a stronger effect on percentage change 

compared to absolute change.  Therefore we only focused follow-up analyses on the clusters 

identified by the absolute change analysis.

 Among these 14 clusters identified in the absolute change results, there were three large 

clusters that were predominantly associated with a single fraction (clusters 2, 4 and 11 in Figure 

1; to be referred to as Clusters A, B and C, respectively in Figure 1), one large cluster that was 

not associated with any specific LDL-related measure nor appeared to follow a discernable 

pattern (cluster 1; which was not followed up in subsequent analyses), and 10 smaller clusters 

containing 3 SNPs or less (clusters 3, 5-10 and 12-14; also not followed up in subsequent 

analyses).  The first trait-specific cluster (cluster A) included 8 SNPs - rs964184 (APOA1-A5

cluster), rs3764261 (CETP), rs11694172 (FAM117B), rs4846914 (GALNT2), rs514230 

(IRF2BP2), rs9686661 (MAP3K1), rs12967135 (MC4R), and rs4660293 (PABPC4) - that were 

expected, these clusters were similar but not completely identical to those identifififiededed iinnn thththe e e 

absolutete cchangn e reresults.  This discrepancy is likelylyy ddue to the presence oof f SNPs that are highly 

nnnfluuuential onnn ccirirircucuculaatititingngng lllevevevellsss aaandndnd ttheheherererefooorerere hhhaveee aaa stroroongngngererer efffffeeect t t onono pppererercentnttagagage e e chchchannngegege 

cocoompmpmpared to absoolllute cchhhangeee.  Therefefe orrreee we onnly fofofocuseseseddd fooollllow---uupup anaaalyyyseesss ooon theee cclcluussteeers 

dentified by the absososolululutet  chaaangngnge e ana alysysis.
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DOI: 10.1161/CIRCGENETICS.114.000962

13

associated only with statin-induced response in LDL-size. The second trait-specifc cluster 

(Cluster B) included 8 SNPs - rs4420638 (APOE-C1-C2), rs7255436 (ANGPTL4), rs2277862 

(ERGIC3), rs7515577 (EVI5), rs1260326 (GCKR), rs737337 (LOC55908-DOCK6), rs6759321 

(RABGAP1), and rs643531 (TTC39B) – that were associated almost exclusively with statin-

induced response in LDL-P. The third trait-specifc cluster (cluster C) included 4 SNPs - 

rs2131925 (ANGPTL3), rs11649653 (CTF1), rs2807834 (MOSC1), and rs11246602 (OR4C46) –

that were associated with statin-induced response primarily in apo B and had virtually no 

association with statin-induced reductions in LDL-C or non-HDL-C. One branch of the top level 

split in the hierarchical clustering eventually leads to several small clusters (clusters 12-14) and 

captures associations that were very strong for statin response of LDL-C and also for the related 

subfractions of non-HDL-C, apoB, and LDL-P, but not for LDL-size.  These loci were 

rs2199936 (ABCG2-delta), rs10455872 (LPA-delta), rs17111584 (PCSK9-delta), rs11672123 

(LDLR-delta) and rs12317268 (SLCO1B1-delta). Of note, two SNPs not previously identified in 

association with statin-response of LDL-C are also present in this branch of combined clusters, 

rs6805251 (GSK3B) and rs2293889 (TRPS1). 

Bioinformatics tools were used to assess the correspondence between known biological 

pathways related to LDL and SNP clusters A and B, the clusters reflecting selective associations 

with LDL-size and LDL-P, respectively. This analysis was not done for cluster C due to the 

small number of SNPs in the cluster (n=4). For cluster A that associated with change in LDL-

size only, two genes tagged by the 8 SNPs had significant functional connections based on text-

mining of PubMed abstracts before 2009 (pre-dating the main lipoprotein GWAS results) using 

GRAIL (CETP (rs3764261, p=9.7e-3), and APOA5 (rs964184, p=9.0e-3).  In addition, gene set 

enrichment analysis (GSEA) of the SNPs in cluster A using 1,724 predetermined gene-sets

captures associations that were very strong for statin response of LDL-C and alsooo fofofor thththeee rererelalalatet d 

ubfractctioons oof nonon-n HDL-C, apoB, and LDL-P, buut t not for LDL-size. TTheh se loci were 

sss2121199936 (ABABABCGCGCG2(( -d-ddeleleltatata),),), rrs110404045555558787872 2 2 (((L(( PAPAPA-d-d-deltaaa),, rs11171717111111158444 (PCPCPCSKSKK999( -d-- elltatata),),), rrrs1s1s11666727272121212333

LDLDLDLRLL -delta) )) annd rs122231726668 (((SLCOOO1BBB11-deeeltta). OOOfff noootetete, twwwooo SNNNPPPs not ppprevvviooously ididdenenntifffiedd innn 

association with staatititinnn-r-r- esponsnsnse e e of LDL-C are alssso oo prp esennntt t ininin tthis branannchchch of combined clusters, 

ss68680505252511 (((GSGSK3K3BB) ) ) anand d rsrs2222939388889 9 (((TRTRPSPS11).).)
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showed enrichment in phosphatidylcholine binding pathway (ppermutation=0.03) that is related to 

vesicle transport; no other pathways reached statistical significance after multiple testing 

correction.  However both marginally enriched pathways (ppermutation<0.1), “high-density 

lipoprotein particle” and “cholesterol binding”, are related to lipid metabolism; a list of pathways 

are available in Supplemental Table 7. For cluster B that related predominantly to LDL-P, none 

of the 11 genes tagged by the 8 index SNPs were functionally connected in GRAIL analysis – 

the most significant result was for rs4420638 at the APOE-C1-C2 locus (p=0.06).  GSEA using 

1,724 predetermined gene-sets identified one marginally enriched pathway, chylomicron 

remnant clearance (ppermutation=0.09). 

Discussion

Previous genetic analysis of statin response has primarily focused on associations between LDL-

C and genetic variants or SNPs either in known pathways of statin action26 or arising from 

genome-wide analysis of LDL-C lowering12, the latter limited in statistical power by the 

relatively small size of suitable cohorts with genome-wide genetic data. Recently, however, 

genome-wide association studies of LDL-C and other lipid fractions including as many as 

200,000 samples have dramatically increased the number of credible candidate variants for statin 

response analysis. This advance is complemented by high throughput NMR-based assays of 

lipoprotein sub-fractions that provide higher resolution lipoprotein profiles than can be inferred 

from standard plasma lipid measures alone. We examined the effects of 160 candidate SNPs on 

rosuvastatin response of LDL-C, non-HDL-C, apo B and two NMR-based LDL subfraction 

measures over 1 year of follow-up. This investigation highlighted clearly delineated subsets of 

SNPs implicating clusters of genes with selective effects on LDL properties or LDL-related

measures distinct from LDL-C.  One of the two larger clusters with effects on LDL properties 

Discussion

Prrrevevviiious genenneeetic analysis of statin respponse has priiimmmarilyy focuseddd ooon associations between LDL-

CC C anannd genetic vaaariiiantsss ooor SNPNPNPss either innn kknownwnw  paaathhhwayayaysss ofofof ssstatinnn aca tionnn26 ooor aaarisinggg fffrooommm 

genomememe--wiwiwidde aananallylysisiiss ffof LLDLL-CCC llloweriiingngng121212, thththe e lllatttttterer lllimimimiititededed iin stststatatatiistititicacalll pop weweerrr bybby theheh  

elatively small size ee ofofof sssuiuiuitatatablblbleee cococohohohortrtrtsss wiwiwiththth gggenenenomomomeee---wiww dedee gggeneneneteteticicic dddatatata.a.a RRRecececenenently, however, 
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was selective for effects on LDL-size while the other was selective for LDL-particle number.

SNPs in both had essentially no effect on the rosuvastatin-induced change in LDL-C.   

Several of the genes implicated for selective association with LDL-size (cluster A) may 

be understood in terms of known pathways regulating triglyceride levels, lipids which constitute 

much of the volume of LDL particles.  CETP encodes cholesteryl ester transfer protein that 

exchanges triglycerides and cholesteryl esters between HDL or LDL and VLDL27, 28. The apoA5 

protein encoded in the APOA1-APOA5 cluster is also a strong determinant of circulating 

triglyceride levels29. The candidate SNPs at these two genes conferred among the strongest total 

effects on LDL-size at baseline but exert relatively little effect on LDL-C, likely by affecting 

baseline triglyceride content.  The exact mechanisms underlying these associations are unknown, 

although it may be relevant that for both loci, the alleles associated with greater LDL particle 

size at baseline are also associated with a smaller change in size with statin allocation 

(Supplemental Tables 5, 6a and 6b). Although the MC4R gene was initially identified for 

association with HDL-C by the GLGC9, 10, this locus was also associated with triglycerides albeit 

not at genome-wide significance; and the effect at MC4R may be related to its predominant role 

in regulating adiposity30, itself highly correlated with triglyceride levels.  The mechanistic 

relationships of the other candidate SNPs in this cluster and the change in LDL-size with statin 

treatment are less clear, but both PABPC4 and GALNT2 are involved in protein expression and 

may act through regulation of protein, rather than lipid components of LDL particles.  None of 

the remaining SNPs (IRF2BP2, FAM117B, MAP3K1) was significant for association with LDL-

C at baseline (p>0.05) in JUPITER and only IRF2BP2 was associated with circulating LDL-C at 

genome-wide significance in previous analyses9, 10.

For the most part, the associations with the cluster of determinants for rosuvastatin

baseline triglyceride content.  The exact mechanisms underlying these associationonns s arareee uuunknknknonon wn

althoughghg  it mamay bebe relevant that for both loci, the alallel les associated with  grgg eater LDL particle 

iiizezee at baselininnee ararareee alalsososo aaassssssocoo iaiaateteted d d wiwiw ththth aaa smamamallll er ccchhhanggge e e ininin sssizi ee wiwiwiththth sstatatatititin nn allololocacacatititionono  

SSuSuppppplemental TTTabbbles 5,, 6a aaandndnd 6b). AlAllthhhougghgh the MMCMC4R4R4R geeenee waasas initiaaalllly iiidedeentifieeed d d fooor 

association with HDLDLDL---CC byyy thehehe GLGG GC9, 10, this locococusu  was aaalslslso asa sociatattededed with triglycerides albeit

nonot t atat gggenenomome-e wiwidede ssigiggninifificacancnce;e;; aandnd tthehe eeffffecect t atat MCMC4R4R mamay y y bebe rrelelatateded tto o ititss prprp ededomomininanant t rorolele 
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response of LDL particle number (LDL-P; cluster B) are not explained by a simple model of 

cholesterol and triglyceride regulation.  The major exception to this is the APOE-C1-C2 SNP,

rs4420638, which is in linkage disequilibrium with APOE4 (rs429358; R2=0.7).  A well-studied 

variant in plasma lipid metabolism, APOE4 influences LDL-receptor binding31, but has not 

previously shown evidence of association with statin-induced response in LDL-C12, 32. Of the 

remaining genes in this cluster, ANGTPL4 and GCKR have been highlighted for roles in 

regulation of triglyceride levels, but it is not obvious why SNPs in these genes are specifically 

associated with statin response of LDL-P and not, for example, mean LDL particle size.  

GCKR’s regulation is mediated through effects on glucokinase and therefore glucose 

metabolism33, 34, and these effects are manifest in association with LDL-P at baseline

(Supplemental Table 5).  ANGTPL4 appears to modulate the triglyceride hydrolyzing activity of 

lipoprotein lipase35, 36 and was also associated with LDL-P at baseline. Half of the candidate 

genes in this cluster are also associated with baseline LDL-P, which suggests the genes that 

mediate the number of circulating LDL particles may also play a role in change of LDL particle 

number on statin therapy.  However, SNPs associated with baseline LDL-P are not particularly 

enriched in the statin response LDL-P cluster compared to the other three clusters, indicating a 

complex mechanism may influence statin-induced LDL-P response. 

While the gene cluster identified as cluster C (containing candidate variants from the 

MOSC1, ANGPTL3, CTF1 and OR4C46 genes) was most significantly associated with statin-

induced changes in apo B, there was much less specificity of this cluster for change in apo B

compared to the LDL-size and LDL-P clusters (clusters A and B).   In part, the lack of specificity 

may be due to mechanisms influencing change in apo B that were not adequately captured by 

selecting candidate SNPs from analyses of circulating lipoproteins.  We did not observe an 

metabolism33, 34, and these effects are manifest in association with LDL-P at baseelelininine

Suppppplelemem ntala TTabable 5u ).  ANGTPL4 appears to mododulu ate the triglyceridee hhydrolyzing activity of 

iiipopopopprotein liiipapapasesese353 , 36 ananandd d waww s s alalalsososo aaasssssococociaateteteddd withhh LLLDLLL--PPP atatat basasaseelelininineee.. HaHaHalf ofoff ttthehehe cccanandidididadadatetete 

gegeenenees in this clusssteeer arrre also asasssos ciatttededd wwwith baaaseliiinee LLLDLDLDL-PPP, whiiichhh sugggeeeststss ttthehh geenenenes tththaat

mediate the numberr ooof f f cic rculatatatinining g LDL particles mamam y y alsooo ppplall y y a rolee iiin n n chcc angeg  of LDL particle 
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association between the APOB SNP and statin-induced change in any of the LDL-related 

measures analyzed (Supplemental Table 6a), and only observed associations with baseline apo B 

and LDL-P that were marginally significant (p=0.085 and p=0.054; Supplemental Table 4).  It is 

possible the enrollment criteria based on low LDL-C levels affected the distribution of baseline 

apo B and thus affected the power to detect variants associated with higher levels of apo B; there 

have not been any prior associations of the APOB SNP and statin-induced reduction in LDL-

related measures or subfractions. 

Several strengths and limitations should be considered when interpreting our results.  The 

chief strength of the study is the unique nature of the data representing a large population-based 

sample with measures of lipoprotein particle concentration by NMR at baseline and after 1 year 

of follow up after randomized allocation to rosuvastatin or placebo.  The study also benefited 

from the large scale of recent the genome-wide genetic analysis of conventional plasma lipid 

measures among up to 200,000 individuals10 identifying 62 loci beyond the 95 that had been 

identified previously9, all combined with 6 loci with prior evidence for effects on statin response 

directly12, 26. The large number of candidates poses a risk for associations due to chance.  

However, this risk is offset by the strong prior evidence for roles of the candidate SNPs in 

lipoprotein metabolism or statin response.  Moreover, our statistical criteria included verified 

interaction with randomized allocation to placebo.  Our a priori selection of common candidate 

variants does not address the possibility of rare genetic variants with effects on statin-induced 

changes in LDL-related subfractions or non-HDL-C.  Targeted sequencing of candidate genes or 

whole exome sequencing would be ideal methods to implement in future investigations.  We also 

acknowledge our lack of replication as a limitation.  Ideally, we would replicate our analysis in 

an independent sample; however an adequately powered sample with genotypes and the 

ample with measures of lipoprotein particle concentration by NMR at baseline aanand d d afaffteteter r r 111 yeyy ar 

of folloow w upp aafterer rrandomized allocation to rosuvaaststatin or placebo.  The e sts udy also benefited 

frfrromomm the largggeee scscscalalale ofofof rrrecececenenent thththe e e gegegenonoomememe-wwwididide ee genenenetic anananalalalysysysis ooof cococonvnvvenenentionnalalal ppplalalasmsms a a a lililipipipidd d 

mmemeasasasures amonggg uuup tooo 22200,00000000 indivvvididuauauals1000 idddentttifffyyyingngng 6662 loooci bbbeyyyond ththhe 95995 that hahahad d bebebeen

dentified previouslylyy9,,, ala l combmbmbinii ede  witth 6 loci wwwititi h prior r eveveviddence fororr eeeffff ects on statin response 
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biomarkers examined in our study is currently not available.  Finally, it is possible that the 

ascertainment in JUPITER could influence association with genetics and potentially limit 

generalizability; although any limitations on the population variance, as for example the LDL < 

130 mg/dL study entry criterion, would be expected to diminish rather than accentuate the 

strength of association. In addition, at baseline, the strongest GLGC SNPs remain associated 

with lipid fractions in the JUPITER sample (Supplemental Table 5). The recently published 

GIST consortium paper32, which did not represent trials or studies ascertained on lipoprotein 

level and did not include JUPITER in discovery, observed highly comparable loci for statin-

induced change in LDL-C that were identified in JUPITER12.  Thus, we believe that the other 

genetic associations we report with statin response are likely to be generalizable.

 Focusing on LDL-related biomarker alternatives to LDL-C, the genetic associations 

reported here highlight pathways for statin response of LDL particle number, LDL particle size, 

and apo B that differ at least in part from pathways for statin response of LDL-C.  The clinical 

literature evaluating these alternative LDL-related measures in outcomes-driven statin trials has 

been limited to comparing LDL-C with apo B or non-HDL-C (the amount of cholesterol carried 

by apo B particles)37-42.  Meta-analysis of eligible studies suggests, for example, that achieved 

levels of apo B and non-HDL-C may more accurately reflect residual CV risk on statin therapy 

than achieved LDL-C levels8, 43, 44. These studies also emphasize the possibility that variation in 

the residual risk assessed by on-statin LDL-C levels may reflect discordance between statin 

responses of LDL-C and the alternative LDL-related measures45. It remains to be seen whether 

statin modification of the pathways identified by the current genetic analysis for LDL particle 

number and size may influence CV risk in ways that are distinguishable from statin effects on 

LDL-C alone.

genetic associations we report with statin response are likely to be generalizable.
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While the primary focus of this study was to examine differential genetic effects on

statin-induced changes in LDL-related subfractions and non-HDL-C, statin therapy is also 

known to beneficially influence levels of other lipoproteins such as HDL-C13.  To fully explore 

alternate the pathways influencing differential CVD risk reduction by statin therapy, compared to 

Niemann-Pick or CETP inhibitors, future investigations would benefit from examination of 

genetic influences on statin-induced changes in HDL-C and other lipid biomarkers. 

In conclusion, when examining LDL-related biomarker alternatives to LDL-C, we found 

that the genetic pathways for statin response of LDL particle number, LDL particle size, and apo 

B only partially overlapped with pathways for statin response of LDL-C. These differences in 

LDL-related statin responses may provide potential therapeutic targets that could be exploited to 

reduce residual CV risk for individuals on statin therapy. 

Acknowledgments: We thank Jean MacFadyen, Lynda Rose, the JUPITER study participants, 
and the >1000 physicians worldwide for their personal time, effort, and commitment to 
JUPITER.

Funding Sources: This work was supported by research funds from AstraZeneca to Drs Ridker 
and Chasman.  The JUPITER trial was funded by AstraZeneca. Research reported in this 
publication was supported by the National Heart, Lung, and Blood Institute of the National 
Institutes of Health under Award Number R01HL117861 to Dr Mora. The content is solely the 
responsibility of the authors and does not necessarily represent the official views of the National 
Institutes of Health.

Conflict of Interest Disclosures: Drs Barratt, Ding and Nyberg are employees of AstraZeneca. 
Dr Ridker reports being listed as a coinventor on patents related to the use of inflammatory 
biomarkers in cardiovascular disease, which are held by the Brigham and Women’s Hospital and 
have been licensed by Siemens and AstraZeneca. Dr Ridker receives funding from the National 
Heart, Lung, and Blood Institute, the National Cancer Institute, AstraZeneca, Sanofi-Aventis, 
and Novartis. Dr. Mora has received research support from AstraZeneca, Atherotech Diagnostics, 
and NHLBI, served as a consultant to Quest Diagnostics, Lilly, Sanofi-Genzyme, Pfizer, and 
Cerenis Therapeutics.  The other authors report no conflicts. 

LDL-related statin responses may provide potential therapeutic targets that coulddd bbbeee exexexplplploioioiteteteddd to 

educee rrese iduaual CVCV risk for individuals on statin thhererapy. 

AAAckckcknon wledgmgg ennttts: WeWeWe thanknknk Jean MaMaMacccFadddyeeen, LLLyyyndadada RRRosssee, theee JJJUPITTTEERER sstututudy pppararrtit cccipppants, 
and dd thththee e >1>1>1000000000 phphphysysysiciciciiaiansnsns worrrldldldwiwiwidedede fororor tttheheheiirir pppererrsssonananall l tititimememe, , , efefeffofortrtrt,,, ananand d d cocoommmmmmitititmemementntnt to o o 
JUPITER.

FFunundidingng SSouourcrceses:: ThThisis wwororkk wawass susupppporortetedd byby rreseseaearcrchh fufundndss frfromom AAststraraZeZenenecaca ttoo DrDrss RiRidkdkerer



DOI: 10.1161/CIRCGENETICS.114.000962

20

References: 

1. Istvan ES, Deisenhofer J. Structural mechanism for statin inhibition of HMG-CoA reductase. 
Science. 2001;292:1160-1164. 

2. Mora S, Glynn RJ, Boekholdt SM, Nordestgaard BG, Kastelein JJ, Ridker PM. On-treatment 
non-high-density lipoprotein cholesterol, apolipoprotein B, triglycerides, and lipid ratios in 
relation to residual vascular risk after treatment with potent statin therapy: JUPITER 
(Justification for the Use of Statins in Prevention: an Intervention Trial Evaluating Rosuvastatin). 
J Am Coll Cardiol. 2012;59:1521-1528. 

3. Mora S, Buring JE, Ridker PM. Discordance of low-density lipoprotein (LDL) cholesterol 
with alternative LDL-related measures and future coronary events. Circulation. 2014;129:553-
561.

4. Grundy SM, Cleeman JI, Merz CN, Brewer HB, Jr., Clark LT, Hunninghake DB, et al. 
Implications of recent clinical trials for the National Cholesterol Education Program Adult 
Treatment Panel III guidelines. Circulation. 2004;110:227-239. 

5. Kastelein JJ, Akdim F, Stroes ES, Zwinderman AH, Bots ML, Stalenhoef AF, et al. 
Simvastatin with or without ezetimibe in familial hypercholesterolemia. N Engl J Med.
2008;358:1431-1443. 

6. Bots ML, Visseren FL, Evans GW, Riley WA, Revkin JH, Tegeler CH, et al. Torcetrapib and 
carotid intima-media thickness in mixed dyslipidaemia (RADIANCE 2 study): a randomised, 
double-blind trial. Lancet. 2007;370:153-160. 

7. Schwartz GG, Olsson AG, Abt M, Ballantyne CM, Barter PJ, Brumm J, et al. Effects of 
dalcetrapib in patients with a recent acute coronary syndrome. N Engl J Med. 2012;367:2089-
2099.

8. Boekholdt SM, Arsenault BJ, Mora S, Pedersen TR, LaRosa JC, Nestel PJ, et al. Association 
of LDL cholesterol, non-HDL cholesterol, and apolipoprotein B levels with risk of 
cardiovascular events among patients treated with statins: a meta-analysis. JAMA.
2012;307:1302-1309. 

9. Teslovich TM, Musunuru K, Smith AV, Edmondson AC, Stylianou IM, Koseki M, et al. 
Biological, clinical and population relevance of 95 loci for blood lipids. Nature. 2010;466:707-
713.

10. Willer CJ, Schmidt EM, Sengupta S, Peloso GM, Gustafsson S, Kanoni S, et al. Discovery 
and refinement of loci associated with lipid levels. Nat Genet. 2013;45:1274-1283. 

11. Petersen AK, Stark K, Musameh MD, Nelson CP, Romisch-Margl W, Kremer W, et al. 
Genetic associations with lipoprotein subfractions provide information on their biological nature. 
Hum Mol Genet. 2012;21:1433-1443. 

Treatment Panel III guidelines. Circulation. 2004;110:227-239. 

5. Kastelein JJ, Akdim F, Stroes ES, Zwinderman AH, Bots ML, Stalenhoef AF, etetet aaalll. 
Simvasstatatin wiw thh oor without ezetimibe in familial hyhyypercholesterolemia. N N Engl J Med.
200080808;3;3;35858:1:114343431-14141443. 

66.6 BBBots ML, Visssseeeren FFLLL, EEvavavannns GGGWWW, RRRiiley WWWA, RRReeevkikikinnn JHJHH, Tegggelller CHHH,,, ett aalll. Torrrceceetraapapiib aaandndd 
cacaarorootitt d intima-mmmedddia ttthiiickneeesss s in mixixi eed dyslllipppidaemememiaaa (((RARARADDDIANNNCCCE 2 ssstuuudyyy)::: a rannndododommmisssed, 
doububublelele---blblblininind dd trtrriaiaial. LaLaLannncetetet... 2000007;7;7;3737370:0:0 15553-3-3-1616160.0.0.  

7. Schwartz GG, Olllssssssononon AAAG,G,G, AAAbtbtbt MMM,, BaBaBallllllananantytytynenene CCCM,M,M, BBBarrrteteer r PJPJPJ,,, BrBrBrumumumm mm J,J,J, eeett t aaal. Effects of 
dadalclcetetrarapipip bb inin pppatatieientnts s wiwithth aa rrececenent t acacutute e cocororonanaryryy ssynyny drdromome.e. N N EnEnglglg JJ MMeded.. 2201012;2;;36367:7:20208989-
20209999



DOI: 10.1161/CIRCGENETICS.114.000962

21

12. Chasman DI, Giulianini F, Macfadyen J, Barratt BJ, Nyberg F, Ridker PM. Genetic 
Determinants of Statin-Induced Low-Density Lipoprotein Cholesterol Reduction: The 
Justification for the Use of Statins in Prevention: An Intervention Trial Evaluating Rosuvastatin 
(JUPITER) Trial. Circ Cardiovasc Genet. 2012;5:257-264. 

13. Barter PJ, Brandrup-Wognsen G, Palmer MK, Nicholls SJ. Effect of statins on HDL-C: a 
complex process unrelated to changes in LDL-C: analysis of the VOYAGER Database. J Lipid 
Res. 2010;51:1546-1553. 

14. Ridker PM, Danielson E, Fonseca FA, Genest J, Gotto AM, Jr., Kastelein JJ, et al. 
Rosuvastatin to prevent vascular events in men and women with elevated C-reactive protein. N
Engl J Med. 2008;359:2195-2207. 

15. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D, et al. PLINK: a tool 
set for whole-genome association and population-based linkage analyses. Am J Hum Genet.
2007;81:559-575. 

16. Price AL, Patterson NJ, Plenge RM, Weinblatt ME, Shadick NA, Reich D. Principal 
components analysis corrects for stratification in genome-wide association studies. Nat Genet.
2006;38:904-909. 

17. Li Y, Willer C, Sanna S, Abecasis G. Genotype imputation. Annu Rev Genomics Hum Genet.
2009;10:387-406. 

18. Li Y, Willer CJ, Ding J, Scheet P, Abecasis GR. MaCH: using sequence and genotype data to 
estimate haplotypes and unobserved genotypes. Genet Epidemiol. 2010;34:816-834. 

19. Mora S, Otvos JD, Rifai N, Rosenson RS, Buring JE, Ridker PM. Lipoprotein particle 
profiles by nuclear magnetic resonance compared with standard lipids and apolipoproteins in 
predicting incident cardiovascular disease in women. Circulation. 2009;119:931-939. 

20. Barber MJ, Mangravite LM, Hyde CL, Chasman DI, Smith JD, McCarty CA, et al. Genome-
wide association of lipid-lowering response to statins in combined study populations. PLoS One.
2010;5:e9763. 

21. Stephens M. A unified framework for association analysis with multiple related phenotypes. 
PLoS One. 2013;8:e65245. 

22. Team RC. R: A language and environment for statistical computing. 2014. 

23. Charrad M, Ghazzali N, Boiteau V, Niknafs A. NbClust: An R Package for Determining the 
Relevant Number of Clusters in a Data Set. Journal of Statistical Software. 2014;61:1-36; URL: 
http://www.jstatsoft.org/v61/i06/.

16. Price AL, Patterson NJ, Plenge RM, Weinblatt ME, Shadick NA, Reich D. Prinnncicic papall
components analysis corrects for stratification in genome-wide association studieees. NaNaNat t t GeGeGenenenet.
2006;38:904-909. 

177.. LiLiLi YYY, WiWiWillllerr CCC, Sanna S, Abecasis G. Genotypppe e imputation. Annnnun  Revevev Genomics Hum Genet.
20200090909;10:387-40404066.6. 

18188. LiLL  Y, Willer CCCJ, DDDinnng J, SSScchcheet P,PP AAAbbbecaaasiiis GRRR.. MaMaMaCHCHC :: uuusinggg ses quenenence aannnd gennnoototypppeee dattta to
estitiimamamatetete hhhapapaplollotytytypepepes s s ananand dd unuu obbbseseservrvededed genennotototypypypeseses.. GeGeGenenenet t EpEpEpidididemememioioi ll.. 202020101010;3;3;34:4:4:8181816-6-6-8383834.4.4. 

19. Mora S, Otvos JDJDJD, , , RiRiRifafafai i i N,N,N, RRRosososenenensososon n n RSRSRS, , , BuBuBuririingngng JJJEE,E, RRRidididkekekerrr PMPMPM... LiLiLipopopoprprprototo ein particle 
prprp ofofilileses bby y y nunuclcleaear r mamagngng eteticic rresesononanancece ccomompapap rered d wiwithth sstatandndarard d lilipipip dsds aandnd aapopop lilipopop prprp ototeieinsns iin n 
prprededicictitingng iincncididenentt cacardrdioiovavascsculularar ddisiseaeasese iinn wowomemenn CiCircrcululatatioionn 20200909;1;11919:9:93131 9-93939



DOI: 10.1161/CIRCGENETICS.114.000962

22

24. Raychaudhuri S, Plenge RM, Rossin EJ, Ng AC, Purcell SM, Sklar P, et al. Identifying 
relationships among genomic disease regions: predicting genes at pathogenic SNP associations 
and rare deletions. PLoS Genet. 2009;5:e1000534. 

25. Segre AV, Consortium D, investigators M, Groop L, Mootha VK, Daly MJ, et al. Common 
inherited variation in mitochondrial genes is not enriched for associations with type 2 diabetes or 
related glycemic traits. PLoS Genet. 2010;6. pii: e1001058. 

26. Mangravite LM, Medina MW, Cui J, Pressman S, Smith JD, Rieder MJ, et al. Combined 
influence of LDLR and HMGCR sequence variation on lipid-lowering response to simvastatin. 
Arterioscler Thromb Vasc Biol. 2010;30:1485-1492. 

27. Kuivenhoven JA, Jukema JW, Zwinderman AH, de Knijff P, McPherson R, Bruschke AV, et 
al. The role of a common variant of the cholesteryl ester transfer protein gene in the progression 
of coronary atherosclerosis. The Regression Growth Evaluation Statin Study Group. N Engl J 
Med. 1998;338:86-93. 

28. Tall AR. Plasma cholesteryl ester transfer protein. J Lipid Res. 1993;34:1255-1274. 

29. Pennacchio LA, Olivier M, Hubacek JA, Cohen JC, Cox DR, Fruchart JC, et al. An 
apolipoprotein influencing triglycerides in humans and mice revealed by comparative sequencing. 
Science. 2001;294:169-173. 

30. Speliotes EK, Willer CJ, Berndt SI, Monda KL, Thorleifsson G, Jackson AU, et al. 
Association analyses of 249,796 individuals reveal 18 new loci associated with body mass index. 
Nat Genet. 2010;42:937-948. 

31. Eichner JE, Dunn ST, Perveen G, Thompson DM, Stewart KE, Stroehla BC. Apolipoprotein 
E polymorphism and cardiovascular disease: a HuGE review. Am J Epidemiol. 2002;155:487-
495.

32. Postmus I, Trompet S, Deshmukh HA, Barnes MR, Li X, Warren HR, et al. Pharmacogenetic 
meta-analysis of genome-wide association studies of LDL cholesterol response to statins. Nat 
Commun. 2014;5:5068. 

33. Hayward BE, Dunlop N, Intody S, Leek JP, Markham AF, Warner JP, et al. Organization of 
the human glucokinase regulator gene GCKR. Genomics. 1998;49:137-142. 

34. Hayward BE, Fantes JA, Warner JP, Intody S, Leek JP, Markham AF, et al. Co-localization 
of the ketohexokinase and glucokinase regulator genes to a 500-kb region of chromosome 2p23. 
Mamm Genome. 1996;7:454-458. 

35. Sukonina V, Lookene A, Olivecrona T, Olivecrona G. Angiopoietin-like protein 4 converts 
lipoprotein lipase to inactive monomers and modulates lipase activity in adipose tissue. Proc 
Natl Acad Sci U S A. 2006;103:17450-17455. 

28. Tall AR. Plasma cholesteryl ester transfer protein. J Lipid Res. 1993;34:1255-112727274.4. 

29. Pennacchio LA, Olivier M, Hubacek JA, Cohen JC, Cox DR, Fruchart JC, et alalal.. AnAnAn 
apolipppopoppror teinin infnflul encing triglycerides in humanss aand mice revealed by y y coc mparative sequencing
Sccieieiencncnce. 22000000111;2999444:169-173. 

3303 . Speliotes EKKK, WWilllllerrr CCJ,J BBBerndddttt SIS ,,, MMMonnndaaa KLLL, Thhhorororleeifififsssson GGG, Jackkksson n AUAA , ettt aaal.ll  
AsAsAssosoociation analllyssses ooof f 249,7979796 indididivividududuals reeevealll 1118 neneneww lllocci asssssoociateeeddd wiwiwithhh bodyyy mamamassss indddexx
Nat tt GeGeGenenenettt. .  202020101010;4;4;42:22 9393937-7-7-9499 8.8  

31. Eichner JE, Dunnnnnn SSST,T,T, PPPererervevev enenen GGG,,, ThThThomomompspspsononon DDDM,M,M, SSSteeewawawartrtrt KKKE,E,E, SSStrtrtroeoeo hlhlhla a BBCBC. Apolipoprotein 
E E popop lylyymomorprpphihismsm aandnd ccarardidiovovasascuculalar r didiseseasase:e: aa HHuGuGEE rereviviewew. . AmAm JJ EEpipip dedemimiolol. . 20200202;1;1; 5555:4:48787-
494955



DOI: 10.1161/CIRCGENETICS.114.000962

23

36. Yoon JC, Chickering TW, Rosen ED, Dussault B, Qin Y, Soukas A, et al. Peroxisome 
proliferator-activated receptor gamma target gene encoding a novel angiopoietin-related protein 
associated with adipose differentiation. Mol Cell Biol. 2000;20:5343-5349. 

37. Pedersen TR, Olsson AG, Faergeman O, Kjekshus J, Wedel H, Berg K, et al. Lipoprotein 
changes and reduction in the incidence of major coronary heart disease events in the 
Scandinavian Simvastatin Survival Study (4S). Circulation. 1998;97:1453-1460. 

38. Simes RJ, Marschner IC, Hunt D, Colquhoun D, Sullivan D, Stewart RA, et al. Relationship 
between lipid levels and clinical outcomes in the Long-term Intervention with Pravastatin in 
Ischemic Disease (LIPID) Trial: to what extent is the reduction in coronary events with 
pravastatin explained by on-study lipid levels? Circulation. 2002;105:1162-1169. 

39. Gotto AM, Jr. Establishing the benefit of statins in low-to-moderate--risk primary 
prevention: the Air Force/Texas Coronary Atherosclerosis Prevention Study 
(AFCAPS/TexCAPS). Atheroscler Suppl. 2007;8:3-8. 

40. Charlton-Menys V, Betteridge DJ, Colhoun H, Fuller J, France M, Hitman GA, et al. Targets 
of statin therapy: LDL cholesterol, non-HDL cholesterol, and apolipoprotein B in type 2 diabetes 
in the Collaborative Atorvastatin Diabetes Study (CARDS). Clin Chem. 2009;55:473-480. 

41. Holme I, Cater NB, Faergeman O, Kastelein JJ, Olsson AG, Tikkanen MJ, et al. Lipoprotein 
predictors of cardiovascular events in statin-treated patients with coronary heart disease. Insights 
from the Incremental Decrease In End-points Through Aggressive Lipid-lowering Trial (IDEAL). 
Ann Med. 2008;40:456-464. 

42. Ovbiagele B, Goldstein LB, Amarenco P, Messig M, Sillesen H, Callahan A, 3rd, et al. 
Prediction of major vascular events after stroke: the stroke prevention by aggressive reduction in 
cholesterol levels trial. J Stroke Cerebrovasc Dis. 2014;23:778-784. 

43. Gotto AM, Jr., Whitney E, Stein EA, Shapiro DR, Clearfield M, Weis S, et al. Relation 
between baseline and on-treatment lipid parameters and first acute major coronary events in the 
Air Force/Texas Coronary Atherosclerosis Prevention Study (AFCAPS/TexCAPS). Circulation.
2000;101:477-484. 

44. Kastelein JJ, van der Steeg WA, Holme I, Gaffney M, Cater NB, Barter P, et al. Lipids, 
apolipoproteins, and their ratios in relation to cardiovascular events with statin treatment. 
Circulation. 2008;117:3002-3009. 

45. Sniderman AD. Differential response of cholesterol and particle measures of atherogenic 
lipoproteins to LDL-lowering therapy: implications for clinical practice. J Clin Lipidol.
2008;2:36-42. 

40. Charlton-Menys V, Betteridge DJ, Colhoun H, Fuller J, France M, Hitman GA,A,, eeet alal.. TaTargrggete s
of statin therapy: LDL cholesterol, non-HDL cholesterol, and apolipoprotein B innn tttypypy eee 2 2 2 dididiabababetes
n the Collaborative Atorvastatin Diabetes Study (CARDS). Clin Chem. 2009;55:474747333-4848480.00  

411.. HoHoHollme I,I,I, CCCatattererer NB, Faergeman O, Kastelein JJJJJJ, Olsson AG, Tikikikkaneeennn MJ, et al. Lipoprotein 
prprpredddictors of ff cacacardrdrdioii vavaascscsculululararar eveveventntnts s s inini ssstatatatinnn-t-t-trerereateddd pppatieieientntnts s s wiww thhh corororonononararary yy heararart t t dididiseseseasase.e.e. IIInsnsnsigigighthth s
frfrfrommm the Incremeeennntal DDDeeecreasasaseee In EEEnnnd---pooointsss TTThrouououghh AAAggggggrreresss ivvve LiL piddd-lllowwewerrring TTTriririalal (IIDIDEAAALLL
AnAnAnnnn Med. 2008;444000:45666-4464. 

42. Ovbiagele B, Golololdsdsd tet in LLLB,B,B, Amareenco P,, Mesesessig g M, SSSililillell ses n H, CCCalalallall han A, 3rd, et al. 
Prediction of major r r vavavascscscululu ararar eeeveveventntntss s afafafteteterrr stststrororokekeke::: thththeee stststrrorokekeke ppprerereveveventntntioioion n n bybyby aaaggggggrereressive reduction in
chchololesesteterorol l lelevevelsls ttririalal.. J J StStrorokeke CCererebebrorovavascsc DDisis.. 20201414;2;2; 3:3:77778-8-78784.4. 



DOI: 10.1161/CIRCGENETICS.114.000962

24

Figure Legends:

Figure 1: Dendrogram of 14 clusters from complete linkage hierarchical clustering and variance 

explained in rosuvastatin-induced absolute change for LDL cholesterol (LDL-C), non-HDL 

cholesterol (non-HDL-C), apolipoprotein B (apo B), LDL particle number (LDL-P), and LDL 

particle size (LDL-size) by candidate variants (p<0.05).  A) cluster of SNPs associated with 

change in LDL-size, B) cluster of SNPs associated with change in LDL-P, and C) cluster of 

SNPs associated with change in apo B.  




