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Abstract
Objective—The withdrawal of cerivastatin involved an uncommon but serious adverse reaction,
rhabdomyolysis. The bimodal response--rhabdomyolysis in a small proportion of users-- points to
genetic factors as a potential cause. We conducted a case-control study to evaluate genetic markers
for cerivastatin-associated rhabdomyolysis.

Methods—The study had two components: a candidate gene study to evaluate variants in
CYP2C8, UGT1A1, UGT1A3, and SLCO1B1; and a genome-wide association (GWA) study to
identify risk factors in other regions of the genome. 185 rhabdomyolysis cases were frequency
matched to statin-using controls from the Cardiovascular Health Study (n=374) and the Heart and
Vascular Health Study (n=358). Validation relied on functional studies.

Results—Permutation test results suggested an association between cerivastatin-associated
rhabdomyolysis and variants in SLCO1B1 (p = 0.002), but not variants in CYP2C8 (p = 0.073) or
the UGTs (p = 0.523). An additional copy of the minor allele of SLCO1B1 rs4149056
(p.Val174Ala) was associated with the risk of rhabdomyolysis (OR: 1.89, 95% CI: 1.40 to 2.56).
In transfected cells, this variant reduced cerivastatin transport by 40% compared with the reference
transporter (p < 0.001). The GWA identified an intronic variant (rs2819742) in the ryanodine
receptor 2 gene (RYR2) as significant (p=1.74E-07). An additional copy of the minor allele of the
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RYR2 variant was associated with a reduced risk of rhabdomyolysis (OR: 0.48; 95% CI: 0.36 to
0.63).

Conclusion—We identified modest genetic risk factors for an extreme response to cerivastatin.
Disabling genetic variants in the candidate genes were not responsible for the bimodal response to
cerivastatin.
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Introduction
High-profile drug withdrawals have often involved serious adverse reactions such as liver
failure in troglitazone users or heart-valve damage in dexfenfluramine users [1,2]. The
occurrence of an extreme adverse reaction to a new drug sets a small number of people apart
from the rest of users who have few if any side effects. Although the cause may be
environmental, such as a drug-drug interaction, the bimodal response points to genetic
factors as a potential cause [3,4].

Cerivastatin, an HMG-CoA reductase inhibitor (statin), was withdrawn from the market in
2001 because of a pronounced increase in the risk of rhabdomyolysis, which causes muscle
pain and weakness and sometimes renal failure and death [5]. About half of the
rhabdomyolysis cases reported to the FDA occurred in subjects who had taken both
cerivastatin and the fibrate, gemfibrozil [5,6]. In one study, combined cerivastatin-fibrate
use was associated with a 1411 fold higher risk of rhabdomyolysis than the use of other
statin monotherapies [7]. In pharmacokinetic studies, gemfibrozil inhibited the major
disposal pathways for cerivastatin, not only the drug-metabolizing enzymes, CYP2C8,
UGT1A1, and UGT1A3 [8,9], but also the transporter, OATP1B1, responsible for uptake of
cerivastatin into hepatic cells [10].

The pronounced effect of gemfibrozil on these candidate gene products suggested that
genetic variants, including rare ones, might play a major role in this adverse effect,
especially in subjects who did not use gemfibrozil. We performed a case-control study to
evaluate common, novel, and rare genetic risk factors for cerivastatin-associated
rhabdomyolysis. This study of cerivastatin-associated rhabdomyolysis had two components:
(1) a candidate gene study to evaluate the association of variants in CYP2C8, UGT1A1,
UGT1A3, and SLCO1B1 (the gene that encodes OATP1B1); and (2) a genome-wide
association (GWA) study to identify risk factors in other regions of the genome. The
primary purpose of the study was to test the hypothesis that common or rare disabling
variants in the genes encoding the metabolizing enzymes or the transporter would have a
gemfibrozil-like effect on the incidence of this severe idiosyncratic adverse drug reaction.

Methods
Setting

Cases were recruited through attorneys who had represented cerivastatin users with
rhabdomyolysis and had settled their cases with the manufacturer. Attorneys were offered
reimbursement for their recruitment efforts. Because the identification of the optimal control
group, a random sample of cerivastatin users who did not develop rhabdomyolysis, was
infeasible, we selected as controls statin-using subjects from two ongoing population-based
studies: the Heart and Vascular Health Study (HVH) [11-13] and the Cardiovascular Health
Study (CHS) (see Methods, Supplemental Digital Content 1, Setting) [14]. The recruitment
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of the case subjects and the use of the CHS subjects were approved by the University of
Washington Institutional Review Board. The Group Health Human Subjects Review
Committee approved the use of the HVH study subjects. Subjects provided written informed
consent.

Case Definition, Recruitment, and Data Collection
Eighteen attorneys screened their clients for interest in the study and provided contact
information for potential participants to study coordinators (See Figure 1, Supplemental
Digital Content 1, Rhabdomyolysis case subject recruitment). Case subjects who
participated in the study were demographically similar to those who did not (see Table 1,
Supplemental Digital Content 1, Characteristics of case subjects who did and did not
participate in the study). For consenting cases, study staff conducted a telephone interview
and obtained copies of medical records from attorneys, doctors, and hospitals. Trained
abstracters used the medical records to validate the rhabdomyolysis event and collect
information about participants' medical history. Definite rhabdomyolysis was defined as
muscle pain or weakness associated with creatine kinase levels greater than 10 times the
upper limit of laboratory normal. Six subjects who would likely have been definite cases had
their medical history been complete were included in the primary analysis. Subjects
collected buccal cell DNA using a swish and spit mouthwash kit. Information on race was
obtained from the telephone interview, medical records, and attorneys.

Selection of Controls
CHS participants selected as controls reported using a statin at an annual study visit between
1989 and 2002. They were frequency matched to the rhabdomyolysis cases by sex at a ratio
of 2 controls per case. CHS controls were free of inpatient diagnostic codes for
rhabdomyolysis in the year before their qualifying statin-use visit (n=0 excluded) [15]. HVH
controls used a statin at the time they were selected as a control for the HVH studies
(between 1995 and 2005). They were frequency matched to the rhabdomyolysis cases by sex
and age by decade at a ratio of 2 to 1 (See Methods, Supplemental Digital Content 1,
Selection of controls). HVH controls with a creatine kinase value >10 times the upper limit
of laboratory normal in the year before their qualifying statin-use date were excluded (n=2).

Selection of Single Nucleotide Polymorphisms in Candidate Gene Analysis
To identify novel genetic variants in the four candidate genes, we re-sequenced the DNA
from the first 126 rhabdomyolysis cases recruited (See Methods and Tables 2-4,
Supplemental Digital Content 1, PCR and sequencing methods, and primers and conditions).
Re-sequenced regions included exons, intron-exon boundaries, the promoter and the
untranslated regions of each gene. The resequencing effort identified 45 novel variants,
which were submitted to dbSNP. To identify other variants of interest, we used HapMap
CEU data and publicly available resequencing data to select two other sets of single
nucleotide polymorphisms (SNPs): 1) tagSNPs that captured information on common
variants (minor allele frequency >= 2.5%) [16]; and 2) SNPs predicted to be functional (F-
SNPs) by the bioinformatics program F-SNP (http://compbio.cs.queensu.ca/F-SNP/).

In vitro functional data for key SLCO1B1 variant
The functional effect of the SLCO1B1 variant rs4149056 (c.521T>C; p.Val174Ala) on
cerivastatin uptake was measured in stable HEK293 (human embryonic kidney epithelial)
cells expressing the reference and variant transporter (See Methods, Supplemental Digital
Content 1, in vitro functional assessment of SLCO1B1 rs4149056 variant).
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Genome-Wide Association Screen
We used the Illumina Infinium 370 CNV chip to obtain GWA data on the cases (See
Methods, Supplemental Digital Content 1, Genome-wide association screen: subjects and
selection of SNPs). We used existing GWA data on statin-using CHS controls who had been
genotyped on the same Illumina platform. (See Table 5, Supplemental Digital Content 1,
Characteristics of GWA screen study subjects). Because the genotyping was done at two
different times in two different laboratories (See Table 5, Supplemental Digital Content 1,
Characteristics of GWA screen study subjects), we re-genotyped GWA high signal markers
in the rhabdomyolysis cases and controls selected for the candidate gene work. The most
significant SNP from each of the 6 high-signal loci (SNPs with p-values <1E-05) (Figure 1),
was re-genotyped to exclude drift, batch, or laboratory effects.

Genotyping in cases and controls
Re-genotyped SNPs included (1) the novel SNPs discovered by resequencing, and (2) the
high-signal markers identified by the GWA screen. The other sources of SNPs for
genotyping were the candidate gene tagSNPs and F-SNPs (See Table 6, Supplemental
Digital Content 1, SNPS selected for genotyping by gene, type, platform, and outcome).
Genotyping methods included an Illumina Goldengate custom panel and, for failed or
undesignable SNPs, the Taqman 5' nuclease discrimination assay. SNPs with poor Taqman
results underwent pyrosequencing on the PyroMark Q96MD platform. For each SNP, all
cases and controls were genotyped on the same platform (See Methods, Supplemental
Digital Content 1, Re-genotyping in cases and controls). SNPs were in Hardy-Weinberg
equilibrium in controls of European descent, except for two UGT F-SNPs, rs17862867 and
rs6431625.

Statistical Analysis
We pooled the CHS and HVH controls for the analysis. Rare functional SNPs (<1% minor
allele frequency) within each gene were collapsed to assess the association between case
status and having at least one rare variant [17]. Rare (<1% minor allele frequency) novel
SNPs within each gene were also collapsed. All other SNPs were modeled additively.
Logistic regression models were fit using robust standard errors and were adjusted for age at
statin use, sex, and race (See Methods, Supplemental Digital Content 1, Statistical analysis).
We used a permutation test to provide a gene level p-value that accounted for the multiple
SNPs tested within each candidate gene [18]. UGT1A1 and UGT1A3, which share exons
2-5, were analyzed together. A candidate gene was considered significant if the permutation
p-value was <0.05. High signal GWA markers were considered significant if their p-value
after re-genotyping was < 4E-07 (1/2.5million tests). Sensitivity analyses included an
analysis restricted to controls and definite cases and an analysis restricted to subjects who
did not use gemfibrozil.

Results
Subjects

Among the 215 eligible rhabdomyolysis cases recruited to the study, 27 were deceased, 2
did not have usable DNA, and 1 failed genotyping (See Figure 1, Supplemental Digital
Content 1, Rhabdomyolysis case subject recruitment). Most cases experienced both muscle
pain and weakness; creatine kinase values indicated significant muscle damage; 81.6% were
hospitalized; and 21.6% had renal failure (top part of Table 1). The prescribed daily dose of
cerivastatin was high; approved doses ranged between 0.2mg and 0.8mg.

Genotype data were available on 185 cases, 374 controls from CHS, and 358 controls from
HVH (bottom part of Table 1). The cases were mostly female (61%) and ranged widely in
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age (34-89). The CHS controls were mostly women (61%), were elderly (mean age 74
years), and resided in four US communities. The HVH controls, from western Washington
State, included fewer female statin users, but were similar in age to the rhabdomyolysis
cases. Cases used cerivastatin, and 64% were concomitant users of gemfibrozil. The CHS
and HVH controls used lovastatin, simvastatin, atorvastatin, fluvastatin, pravastatin or
cerivastatin. The distribution of statin use reflects the Group Health formulary preferences
for HVH controls and the time period over which the CHS controls were sampled. Few
controls used gemfibrozil.

Candidate-gene results
Permutation test results suggested strong evidence for an association between cerivastatin-
associated rhabdomyolysis and variants in SLCO1B1 (p = 0.002), but not CYP2C8 (p =
0.073) or the UGTs (p = 0.523). Table 2 summarizes the key results for SLCO1B1 in the top
section and for CYP2C8 in the bottom section. The entire and largely null set of results for
SLCO1B1, CYP2C8, and for the UGT candidate gene complex are described in Results and
Tables 7, 8, and 9, Supplemental Digital Content 1.

For SLCO1B1 (Table 2), the primary finding involved the functional, nonsynonymous SNP
rs4149056. An additional copy of its minor allele was associated with an increased risk of
rhabdomyolysis (OR: 1.89, 95% CI: 1.40 to 2.56). Carriers of two copies of the minor allele
had a four-fold higher risk of rhabdomyolysis compared with carriers of two copies of the
major allele (OR: 4.34; 95% CI: 1.86 to 10.10).

In functional studies, transport of cerivastatin into the transfected reference cells was 2.7-
fold higher than the empty vector cells (1.01 ± 0.12 vs. 0.38 ± 0.12; p < 0.001), indicating
the presence of OATP1B1-specific transport (Figure 2). Compared with the reference
transporter, the transporter with the SLCO1B1 rs4149056 variant showed a 40% reduction in
cerivastatin uptake (0.61 ± 0.15 vs. 1.01 ± 0.12; p < 0.001).

A second potential SLCO1B1 signal was the intronic tagSNP, rs4149033 (OR = 1.41; 95%
CI = 1.06 to 1.87). In an analysis that excluded the gemfibrozil users, the association was
especially strong (OR: 2.17; 95% CI: 1.47 to 3.21; p-value=0.00011). Rs4149033 was
weakly correlated with rs4149056 (r2=0.19). The associations remained when both
rs4149033 and rs4149056 were included in a model limited to subjects who did not use
gemfibrozil (p=0.029 and p=0.012, respectively).

The nonsynonymous variant, rs2306283 (c.388A>G, p.Asn130Asp), which often co-exists
with rs4149056 was not associated with an increased risk of rhabdomyolysis (OR: 0.96;
95% CI: 0.75 to 1.24; p-value 0.78). The results for rs2306283 are shown in Table 7 of the
supplementary material.

Although the permutation test was not significant (p=0.073) for CYP2C8 (bottom of Table
2) and (Table 8, Supplemental Digital Content 1, CYP2C8 tagSNP, FSNP and novel SNP
analysis), three tag SNPs and one F-SNP had uncorrected p-values <0.05. The well-
characterized CYP2C8*2, *3, and *4 alleles were less common in cases than controls,
though not significantly so. Results were similar when analyses were limited to definite
cases, and non-users of gemfibrozil.

GWA results
The 6 high-signal markers identified by GWA analyses were re-genotyped in the cases and
both HVH and CHS controls (Table 3). After re-genotyping, one intronic variant
(rs2819742) in the ryanodine receptor 2 gene (RYR2) was significant at the a priori p-value
threshold of 4E-07 (p=1.74E-07). An additional copy of the minor allele of the RYR2 variant
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was associated with a reduced risk of cerivastatin-associated rhabdomyolysis (OR: 0.48;
95% CI: 0.36 to 0.63). Carriers of two copies of the minor allele had a smaller risk of
rhabdomyolysis than carriers of two copies of the major allele (OR: 0.24; 95% CI: 0.13 to
0.44). The SLCO1B1 variant rs4149056 was not genotyped in the GWA, but a SNP in LD
with it (rs4363657, r2 = 0.79) had similar results (OR: 2.30; p-value=1.62E-05) to those
observed for rs4149056 in the candidate gene work.

Exploratory Analyses
Table 4 displays the results of the significant candidate gene and GWA variants in strata
defined by gemfibrozil use. The association of the RYR2 variant with cerivastatin-associated
rhabdomyolysis was similar in strata defined by gemfibrozil use and there was no evidence
of interaction with gemfibrozil use (p=0.439). Among the gemfibrozil users, there was little
evidence of association of the SLCO1B1 rs4149056 variant with rhabdomyolysis (OR: 0.68,
95%CI: 0.24 to 1.98). Among non-users, the association was strong (OR: 2.45, 95% CI: 1.61
to 3.75) and the interaction p-value was significant (p=0.018). A similar pattern was evident
for rs4149033. For all other SNPs, results in analyses limited to non-gemfibrozil users were
similar to the results of the primary analysis.

To evaluate if findings change when we control for gemfibrozil use, we re-analyzed our top
two findings adjusted for gemfibrozil use. The point estimates remained similar, though
precision was reduced due to the small number of controls using gemfibrozil (n=5).
Adjusting for gemfibrozil, the point estimate for the significant RYR2 variant was 0.50 (95%
CI: 0.33 to 0.75) and the point estimate for SLCO1B1 rs4149056 was 2.23 (95% CI 1.46 to
3.43).

To evaluate the net effect of the RYR2 variant rs2819742 and the SLCO1B1 variant
rs4149056, we included both in the same regression model. The odds ratio for SLCO1B1
rs4149056 adjusting for RYR2 rs2819742 was 1.86 (95% CI 1.37 to 2.53) and the odds ratio
for RYR2 rs2819742 adjusting for SLCO1B1 rs4149056 was 0.48 (95% CI 0.37 to 0.64).
These results suggest that the RYR2 and SLCO1B1 associations are independent.

Selecting users of statins other than cerivastatin as controls will introduce bias if the
decision to prescribe one statin versus another is related to the subjects' genotypes. We
evaluated this assumption and found no significant association between the type of statin
used and genotype among controls for our two key SNP findings (See Table 10,
Supplemental Digital Content 1, Distribution of genotype by type of statin among controls).

Discussion
We used candidate-gene re-sequencing and other methods to search comprehensively for
known, novel, and rare genetic variants that might underlie cerivastatin-associated
rhabdomyolysis. We identified two variants with significant associations: rs2819742 in the
RYR2 gene and rs4149056 in the SLCO1B1 gene. Functional studies corroborated the
SLCO1B1 finding. For the other candidate genes, CYP2C8 and the UGTs, there was little
evidence for an association with rhabdomyolysis. The modest associations observed in this
study suggest that the manner in which genetic factors affect rhabdomyolysis may be
complex, involving multiple genes, interactions, or rare variants outside the candidate
pharmacokinetic genes.

Though our findings support the hypothesis that underlying genetic factors contribute to
extreme adverse drug reactions, we had anticipated finding a number of rare or disabling
variants that affected drug-metabolizing enzymes and drug transporters. The CYP2C8 gene
is predominantly responsible for the first pass oxidative metabolism of cerivastatin [8] and
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contains variant alleles (CYP2C8*2, *3, and *4) which alter the function of the enzyme for
some substrates [19,20,21-24]. The UGT1A1 and 1A3 glucuronidation is an alternate to the
CYP-oxidation pathway for cerivastatin metabolism. Gemfibrozil, which inhibits the
cerivastatin oxidation and glucuronidation pathways, was strongly associated with
cerivastatin-associated rhabdomyolysis; yet in this study, neither known nor novel genetic
variation in UGT1A1 or 1A3 was associated with the risk of rhabdomyolysis and the
CYP2C8*2, *3, and *4 alleles were less common in cases than controls, though not
significantly so. For cerivastatin, these excellent candidate genes did not explain the high
incidence of rhabdomyolysis.

OATP1B1, the product of SLCO1B1, is a transporter that mediates the hepatic uptake of
cerivastatin as well as several other statins [10,25]. The nonsynonymous coding variant
rs4149056 variant slows the uptake of other statins in vitro [26,27]. In the STRENGTH
study, rs4149056 was associated with mild statin induced side effects (including muscle
symptoms) among users of simvastatin, atorvastatin and pravastatin [28]. A GWA study of
myopathy among high-dose simvastatin users [29] found an additional copy of the minor
allele of rs4149056 was associated with a 4.5 fold increase in the risk of myopathy (95% CI
2.6 to 7.7). Our study results extend the SLCO1B1 rs4149046 findings to cerivastatin-
associated rhabdomyolysis, and our functional studies provide additional support for a
causal association.

Our study results suggest there may be an interaction between SLCO1B1 rs4149056 and
gemfibrozil use (p=0.02). Analyses limited to subjects using gemfibrozil were null with
wide confidence intervals while analyses excluding subjects who used gemfibrozil showed a
strong association between rs4149056 and the risk of rhabdomyolysis (OR: 2.45; 95% CI
1.61 to 3.75). While it's difficult to draw strong conclusions about the association between
rs4149056 and rhabdomyolysis among gemfibrozil users because there were so few controls
using gemfibrozil (n=5), we suspect the exceedingly large effect of gemfibrozil obscured the
much smaller genetic association. In our study, gemfibrozil use was associated with a 278
fold increased risk of rhabdomyolysis (95% CI: 106-733). Another study suggested that
combined cerivastatin-gemfibrozil use relative to statin monotherapy was associated with a
1411 fold increased risk of rhabdomyolysis [7]. The role of SLCO1B1 variants was minor
relative to the risk associated with the drug-drug interaction.

The RYR2 gene encodes the ryanodine receptor type 2. The ryanodine receptors are
intracellular calcium release channels that are expressed in diverse tissues [30]. Three genes
encode the different isoforms. RYR1 is expressed predominantly in skeletal muscles where it
contributes to Ca2+ signaling and muscle contraction. Variants in RYR1 are associated with
malignant hyperthermia and central core disease [31]. RYR3 but not RYR1 expression was
found to be upregulated in the skeletal muscle of patients with statin-associated structural
muscle injury. The expression of RYR2 was not investigated [32]. RYR2 is expressed in
cardiac muscle and mutations in RYR2 are associated with arrhythmogenic right ventricular
cardiomyopathy type 2 and stress induced polymorphic ventricular tachycardia [33-35].
RYR2 is also expressed in the brain [36,37] and neonatal skeletal muscle [33]. A study in
rabbits showed that RYR2 expression is upregulated and RYR1 expression is downregulated
in conditioned muscle [33]. In mouse cardiomyocytes, RYR2 splice variants can modulate
apoptosis, with certain variants reducing Ca2+ release and preventing apoptosis [38]. An
apoptotic effect of cerivastatin on skeletal muscle through Ca2+ release [39,40] in the
presence of genetic variants that either alter RYR2 expression or disrupt splice variants
suggests potential mechanisms by which RYR2 variation might contribute to cerivastatin-
associated rhabdomyolysis.
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Our study had several strengths. We successfully recruited subjects with a rare adverse
event. The two control groups had complementary strengths: The CHS controls, like the
cases, were geographically diverse; the HVH controls had an age distribution similar to that
of the cases. We used multiple approaches--resequencing, tag-SNPs, and functional SNPs--
to search for genetic variants of importance in the candidate genes. The resequencing effort
had greater than 90% power to detect variants with a minor allele frequency of 1% in the
rhabdomyolysis cases and 80% power to detect variants with a minor allele frequency of
0.65% [41]. Additionally, we used genome wide scans to identify genetic risk factors
outside of the candidate genes.

The number of rhabdomyolysis cases, though large for a GWA study of an adverse event
[42], is nonetheless small and provided limited power to detect associations. To our
knowledge, no comparable group of rhabdomyolysis cases was available for replication. Our
pre-specified replication plan for the candidate genes was in vitro functional studies (Figure
2) [43]. In one case,a novel CYP2C8 variant discovered in the re-sequencing effort
introduced a frame shift (which changed the sequence of the last 22 amino acids of the
CYP2C8 C-terminus and introduced an additional three amino acids), and this variant likely
produced a non-functional protein [43]. Recombinant proteins containing two other non-
synonymous variants discovered in the CYP2C8 re-sequencing had in- vitro kinetic values
that were similar to wild type protein. Indeed, recombinant CYP2C8*3 and *4 proteins
actually increased the clearance of cerivastatin relative to wild type as has been observed for
some other substrates [21-24]. The findings of these functional studies may account for the
observation that these variants occurred less frequently in cases than controls (ORs, 0.64 to
0.73, Table 2).

There were other limitations. Most of our controls did not use cerivastatin. The small
number of cerivastatin users precluded a detailed examination of an interaction between
cerivastatin dose and genotype on rhabdomyolysis risk. The cases selected for this study
were not a random sample of rhabdomyolysis patients, but a select population of severe
cases who went to litigation. Within this select population, the proportion participating was
low. Insofar as the cases included in the study differ genetically or phenotypically from
cases that were not, results may generalize poorly. We observed one finding from the GWA
study at a p-value threshold at which one false positive is expected. Additional studies will
be necessary to corroborate the RYR2 finding. The GWA study provided information about
common, but not about rare variants, outside the candidate genes. If statin-induced
rhabdomyolysis resembles a heterogeneous Mendelian disorder that has several forms
caused by genetic variants at many loci in multiple genes - similar to malignant
hyperthermia associated with inhalation anesthetics [44] or clinical phenylketonuria and
dietary phenylalanine [45] - we would not have detected it. The focus of this paper was on
genetic risk factors for rhabdomyolysis but other environmental exposures, including
concomitant medication use, represent additional risk factors of interest.

For the SLCO1B1 rs4149056 variant, our results extend the findings for high-dose
simvastatin-induced myopathy to cerivastatin-associated rhabdomyolysis. Despite a small
sample size for the GWA study, our findings also suggest that disruptions in calcium
signaling may be associated with the risk of cerivastatin-associated rhabdomyolysis. RYR2 is
an interesting candidate for future investigations of statin-related muscle symptoms.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Stripe plot of genome-wide association screen among rhabdomyolysis cases (N=175) and
CHS statin-using controls with GWA data (n=645). Directly genotyped SNPs with minor
allele frequencies ≥ 5% = 292,461. The analysis was adjusted for age and sex. Six loci with
minor allele frequencies ≥5% fell below the p<1E-05 threshold for re-genotyping.
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Figure 2.
Intracellular accumulation of CER in HEK293 cells expressing Empty Vector, OATP1B1
Reference and the p.Val174Ala variant of OATP1B1. All values are expressed relative to
OATP1B1 Reference and are shown as mean ± S.D of 11 replicates measured in three
separate experiments. Significant differences were detected by one-way ANOVA followed
by Bonferroni correction for multiple testing and post hoc multiple comparison testing:
Reference and p.Val174Ala variant (P<0.001), Reference and Empty Vector (P<0.001),
Empty Vector and p.Val174Ala variant (P<0.01).
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Table 1

Characteristics of Rhabdomyolysis Cases and Controls

Rhabdomyolysis Case Characteristics (N=185)

Muscle pain, % 91.9

Muscle weakness, % 84.9

Creatine kinase* U/L, mean (std. dev) 55,166.2 (78,373.9)

Creatine kinase* U/L, median (range) 30,200 (1341 – 720,000)

Hospitalized rhabdomyolysis, % 81.6

Days of hospitalization, mean (std. dev.) 6.7 (6.2)

Creatinine† μmol/L, mean (std. dev.) 176.8 (212.2)

Creatinine† μmol/L, median (range) 88.4 (17.7 – 1211.1)

Renal Failure, % 21.6

Hemodialysis, % 7.0

Cerivastatin dose‡ mg, mean (std. dev.) 0.6 (0.2)

Cerivastatin dose‡ mg, median (range) 0.8 (0.2 – 1.6)

Case and Control Characteristics

Rhabdomyolysis Cases CHS§ controls HVH∥ controls

Subjects with any genotype data (N=917) N=185 N=374 N=358

Female, % 61.1 61.0 48.0

Age, mean (std) 63.5 (10.6) 73.6 (4.1) 64.5 (9.4)

Age, range 34-89 65-89 36-89

European descent, % 90.8 84.5 89.4

Location US, Canada CA, MD, PA, NC Western WA

Statin user#, % 100.0 100.0 100.0

Gemfibrozil user, % 63.8 0.0 1.4

Subjects with Illumina genotype data (n=910) N=181 N=372 N=357

Subjects with Taqman genotype data (n=904) N=183 N=366 N=355

*
Eight values recorded as ‘out of range’ were not used in this summary. Upper limits of normal ranged from 115 to 400 U/L.

†
Upper limits of normal for creatinine ranged from 88.4 to 150.3.

‡
Dose information was missing for 33 case subjects

§
Cardiovascular Health Study

∥
Heart and Vascular Health Study

#
Cases used cerivastatin. CHS Controls used lovastatin (43.9%), simvastatin (18.7%), atorvastatin (12.6%), fluvastatin (5.6%), pravastatin

(18.5%), or cerivastatin (1.1%). HVH controls used lovastatin (25.7%), simvastatin (69.0%), atorvastatin (3.9%), or pravastatin (1.4%).
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