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3. Timeline: Genotyping will be complete in April. 

   Non-ARIC case samples (N=187) are in hand. 

   ARIC sequencing is complete. 

   Sequencing of cases will be complete by June. 

   Analyses will take place in July – December 

   Manuscript preparation will take place in December and January.  

 

 

4. Rationale:  
Identifying, replicating, and understanding the mechanism of potential drug-gene 
interactions is a formidable challenge in a translational-research effort to use genomics 
to improve public health.  To date, the study of severe adverse drug reactions (ADRs) 
has yielded some of the most impressive and useful pharmacogenetic advances to date.  
What used to be regarded as idiosyncratic unpredictable type B reactions--for instance, 
abacavir and the hypersensitivity syndrome (1,2), flucloxacillin and drug-induced liver 
injury (3,4), and statin-associated myopathy (5,6)--are now known to be associated with 
specific genetic variants.  While screening appears to be effective for some immune-
mediated ADRs (7), public health advances for statin-related rhabdomyolysis await 
additional discovery. 
 
 Recent trials and meta-analyses support not only more aggressive statin therapy 
in high risk individuals (8,9) but also the expansion of treatment to intermediate risk 
persons (10).  As a result, more US prescriptions are dispensed for lipid-lowering drugs 
than for any other class of drug.  In 2009, both simvastatin and atorvastatin were among 
the top 5 products dispensed.  The expanded use in intermediate-risk populations and 
the increasing use of high doses for high-risk populations provides new opportunities for 
both benefits and risks.  The most serious ADR associated with statins is 
rhabdomyolysis.  The bimodal response to statins--a serious ADR in a small proportion 
of users and none in the vast majority of users--suggests genetic factors as a potential 
cause (11,12).   
 
 Indeed, an analysis of GWAS data in 185 cerivastatin users provides evidence of 
additional undiscovered genetic loci that influence rhabdomyolysis risk (6).  Even after 
excluding SNPs with minor allele frequencies less than 2.5%, there was an excess of p-
values below 10-4, but no departure from a null p-value distribution for p-values above 
10-2. This excess of small p-values is consistent with the presence of undetected 
variants at multiple loci, and the lack of departure from the null distribution at larger p-
values suggests that cryptic population structure is not the cause.  There were 44 p-
values below 10-4, compared with an expected number of 30; this statistically significant 
excess (p=0.012) suggests the presence of additional loci that affect rhabdomyolysis 
risk. 
 



 While previous basic-science work has identified several pathways such as 
protein prenylation and cystolic calcium release that are important in statin-induced 
apoptosis, the number of such candidate genes is large but limited, on the order of 100 
to 500.  Exome sequencing is the most efficient method for screening a large number of 
genes for uncommon disabling variants that are likely to contribute to the complex 
genetics of this extreme adverse drug-reaction phenotype (13-15).   
 
 The purpose of the proposed project is to identify the genes and the uncommon 
disabling variants that determine the risk of rhabdomyolysis.  We hypothesize that statin-
induced rhabdomyolysis resembles a heterogeneous Mendelian disorder that may have 
several forms caused by a drug-gene interaction involving many loci in multiple genes.  
Examples of heterogeneous Mendelian disorders include Charcot-Marie-Tooth 
neuropathy [39 loci in 31 genes (16)], dilated cardiomyopathy [rare variants in 30 genes 
(17)], and long-QT syndrome [hundreds of variants in 12 genes, (18)].  Examples that 
result from gene-environment interactions include phenylketonuria, which is caused by 
dietary phenylalanine in susceptible patients [hundreds of variants in several genes 
(19,20)], and malignant hyperthermia, which is caused by exposure to fluorinated-
inhalation anesthetics in susceptible patients [many rare variants in 6 loci (21,22)]. 
 
References 
1.  Tohkin M, Ishiguro A, Kaniwa N, Saito Y, Kurose K, Hasegawa R.  Prediction of 
severe adverse drug reactions using pharmacogenetic biomarkers.  Drug Metab 
Pharmacokinet 2010;25:122-33. 
2.  Wadman M.  The Senators Sleuth.  Nature 2009; 330-334. 
3.  Daly A, Donaldson P, Bhatnagar P, et al.  HLA-B*5701 genotype is a major 
determinant of drug-induced liver injury due to flucloxacillin.  Nat Genet 2009;41:816-9. 
4.  Singer J, Lewitzky S, Leroy E, et al.  A genome-wide study identifies HLA alleles 
associated with lumiracoxib-related liver injury.  Nat Genet 2010;42:711-4. 
5.  Link E, Parish S, Armitage J, et alia for the SEARCH Collaborative Group.  SLCO1B1 
variants and statin-induced myopathy--a genomewide study.  N Engl J Med 
2008;359:789-99. 
6.  Marciante KD, Durda JP, Heckbert SR, Lumley T, Rice K, McKnight B, Totah RA, 
Tamraz B, Kroetz KL, Fukushima H, Kaspera R, Bis JC, Glazer NL, Li G, et al.  
Cerivastatin, genetic variants, and the risk of rhabdomyolysis.  Pharmacogenet 
Genomics 2011 May;21(5):280-8. 
7.  Mallal S, Phillips E, Carosi G.  HLA-B*5701 screening for hypersensitivity to abacavir.  
N Engl J Med 2008;358:568-79. 
8.  LaRosa JC, Grundy SM, Waters DD, et al for the Treating to New Targets (TNT) 
Investigators.  Intensive lipid lowering with atorvastatin in patients with stable coronary 
disease.  N Engl J Med 2005;352:352:  1425-35. 
9.  Cholesterol Treatment Trialists' (CTT) Collaboration.  Efficacy and safety of more 
intensive lowering of LDL cholesterol:  a meta-analysis of data from 170000 participants 
in 26 randomised trials.  Lancet 2010;376:1670-81. 
10.  Ridker P, Danielson E, Fonseca F, et al.  Rosuvastatin to Prevent Vascular Events 
in Men and Women with Elevated C-Reactive Protein.  N Engl J Med 2008;359:2195-
2207. 
11.  Wilke RA, Lin DW, Roden DM, et al.  Identifying genetic risk factors for serious 
adverse drug reactions:  current progress and challenges.  Nat Rev Drug Discov 
2007;6:904-16. 
12.  Meyer UA.  Pharmacogenetics and adverse drug reactions.  Lancet 2000;356:1667-
1671. 



13.  Lupski JR, Reid JG, Gonzaga-Jauregui C, et al.  Whole-genome sequencing in a 
patient with Charcot-Marie-Tooth Neuropathy.  N Engl J Med 2010;362:1181-1191. 
14.  Ng S, Turner E, Robertson P, et al.  Targeted capture and massively parallel 
sequencing of 12 human exomes.  Nature 2009;461:272-6. 
15.  Ng S, Buckingham K, Lee C, et al.  Exome sequencing identifies the cause of a 
mendelian disorder.  Nat Genet 2010;42:30-5. 
16.  Sacher J, Weigl L, Werner M, Szegedi C, Hohenegger M.  Delineation of myotoxicity 
induced by 3-hyroxy-3-methyglutaryl CoA reduction inhibitors in human skeletal muscle 
cells.  J Pharmacol Exp Ther 2005;314:1032-41. 
17.  Hershberger RE, Norton N, Morales A, Li Duznxiang, Siegfried JD, and Gonzalez-
Quintana J.  Coding sequence rare variants identified in MYBPC3, MYH6, TPM1, 
TNNC1, and TNNI3 from 312 patients with familial or idiopathic dilated cardiomypathy.  
Circ Cardiovasc Genet 2010;3:155-161. 
18.  Hedley PL, Jorgensen P, Schlamowitz S, et al.  The genetic basis of Long QT and 
short QT syndromes:  a mutation update.  Hum Mutat 2009;30:1486-511. 
19.  Scriver CR.  The PAH gene, phenylketonuria, and a paradigm shift.  Hum Mutat 
2007;28:831-45. 
20.  Thony B, Blau N.  Mutations in the GTP cyclohydrolase I and 6-pyruvoyl-
tetrahydropterin synthase genes.  Hum Mutat 1997;10:11-21. 
21.  Bellinger AM, Mongillo M, Marks AR.  Stressed out:  the skeletal muscle ryanodine 
receptor as a target of stress.  J Clin Invest 2008;118:445-453. 
22.  Litman RS, Rosenberg H.  Malignant hyperthermia:  update on susceptibility testing.  
JAMA 2005;293:2918-24. 

 

5. Main Hypothesis/Study Questions: 
The primary aim of the proposed manuscript is to conduct a whole-exome-sequencing 
case-control study of rhabdomyolysis to identify the specific mechanisms that underlie 
this toxic drug-response phenotype. 

 

6. Design and analysis (study design, inclusion/exclusion, outcome and other 

variables of interest with specific reference to the time of their collection, summary 

of data analysis, and any anticipated methodologic limitations or challenges if 

present). 
 
Cases: Cases (N=187) will come from a completed case-control study of cerivastatin 
(Baycol).  
Controls are  CHS and ARIC study participants with exome sequencing completed.  The 
ideal control group would be limited to those who are also taking a statin, cerivastatin in 
particular. Because rhabdomyolysis is so rare (about 5-10 per 100,000 person years), 
the statistical power of our analyses remains strong despite lack of documentation about 
the presence or absence of a history of rhabdomyolysis in controls, some of whom may 
not have even used statins. (The rare variants that we are looking for are likely to occur 
in only about 1 in 10,000 persons, so even if there are 1800 controls from CHS and 
ARIC, few if any are likely to have the mutations that might be a cause of 
rhabdomyolysis.) 
 
Note: A companion manuscript proposal is being sent to the CHS publication committee.  
 



 For association analyses with common variants, logistic regression will be used 
adjusting for sex, age, BMI and principal components to adjust for hidden 
substructure. 

 For association analyses with rare variants, the Madson-Browning burden test 
will be used with the same covariates. The Madson-Browning burden test 
combines rare variants across a gene, and is similar to a rank sum test. 

 Exploratory analyses will be carried-out assuming that rhabdomyolysis is an 
autosomal recessive disorder in a subset of the cases. Therefore, we will use 
bioinformatics analyses to identify individuals with two loss of function variants in 
the same gene. We will then use a permutation analysis to place a p-value on the 
observed distribution of loss of function variants. 
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