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Abstract: Statins are a class of medications that are competitive inhibitors of Hydroxy Methyl Glutaryl Co-enzyme A
(HMG-CoA) reductase which is the rate-limiting enzyme in the cholesterol bio-synthesis pathway. As a result, statins
lower total cholesterol and low density lipoprotein (LDL) cholesterol thus impacting cardiovascular mortality. The
downstream effects of statins are not limited to inhibition of cholesterol synthesis alone. Statins have anti-inflammatory effects thought to be important in the setting of acute myocardial infarction which also may be a mechanism
involved in anti-carcinogenic properties of statins. Furthermore, statin inhibition of the mevalonate pathway may
impact Ras and RhoGTPases that are important in cell proliferation, migration and apoptosis. These alterations may
also play a role in the anti-cancer effect of statins. In this article we will review the literature on how genetic variation modifies the effect of statins on the risk of cardiovascular disease and how genetic variation may impact the
relationship between statins and the risk of a number of different cancers.
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Introduction
Statins are a class of medications that are competitive inhibitors of Hydroxy Methyl Glutaryl
Co-enzyme A (HMG-CoA) reductase which is
the rate-limiting enzyme in the cholesterol biosynthesis pathway. As a result, statins lower
total cholesterol and low density lipoprotein
(LDL) cholesterol thus impacting cardiovascular mortality. The downstream effects of statins
are not limited to inhibition of cholesterol synthesis alone. Statins have anti-inflammatory
effects thought to be important in the setting of
acute myocardial infarction which also may be
a mechanism involved in anti-carcinogenic
properties of statins. Furthermore, statin inhibition of the mevalonate pathway may impact
Ras and RhoGTPases that are important in cell
proliferation, migration and apoptosis. These
alterations may also play a role in the anti-cancer effect of statins.

Variations in the metabolism of a number of
medications have been linked to genetic polymorphisms. One prominent example is warfarin
where SNPs in the vitamin K epoxide reductase
complex subunit 1 (VKORC1) (the molecular target of warfarin) or genetic variants in enzymes
involved in the metabolism of warfarin (cytochrome P-450 e, CYP2C9 and CYP4F2) have
been linked to warfarin anticoagulant activity
and dosing [1-3]. Variations in SNPs associated
with warfarin activity are responsible for up to
40% of dose variance and is an example of how
pharmacogenomics has led to a better understanding of clinical dosing of a commonly used
medication [4]. Similarly, genetic variation leads
to differences in metabolism of other commonly used anti-cancer drugs including irinotecan
[5], 6-mercaptopurine [6] and tamoxifen [7]
which also have important clinical implications.
In summary, variation in lipid metabolism genes
including those that alter HMG-CoA reductase
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as well as other genes that modify lipid metabolism may directly or indirectly impact the effect
of statins on blood lipid levels as well as the
possible effect of statins on cancer risk. In this
article we will review the literature on how
genetic variation modifies the effect of statins
on the risk of cardiovascular disease and how
genetic variation may impact the relationship
between statins and the risk of a number of different cancers.
Association of lipid metabolism genes with
lipid phenotypes
A number of studies have investigated the relationship between polymorphisms in genes
involved in lipid metabolism and/or the effect
of statins on blood lipid levels [8-13]. Lipid levels are influenced by diet and diurnal variations;
however an evaluation of the influence of
genetic variation has the potential to provide
additional insight into the effects of statins on
lipid metabolism which in turn may help to better predict the effect of statins on cardiovascular outcomes.
In the Pravastatin Inflammation/CRP Evaluation
(PRINCE) study, Chasman et al. evaluated the
relationship between 33 polymorphisms in the
3-hydroxy-3 methylglutaryl-coenzyme A (HMGCR) gene and the effect of pravastatin on blood
lipid levels [8]. The team identified two SNPs
(rs17244841 and rs17238540) that were significantly associated with a reduced effect of
pravastatin on lowering LDL and total cholesterol. Among individuals treated with pravastatin, a single copy of the major allele (A) in
rs17244841 was associated with a mean
decrease in total cholesterol of 32.8 mg/dL,
and for those homozygous for the major allele
the mean reduction in total cholesterol was
42.0 mg/dL (absolute difference, 9.2 mg/dl,
95% CI 3.8-14.6 mg/dL; p=0.001). For
rs17238540, individuals homozygous for the
major allele (T) had a 22.3% lower reduction of
total cholesterol compared to heterozygotes
with an absolute difference of 9.3 mg/dL (95%
CI, 3.8-14.7 mg/dL, p<0.001). Whether titrated
dose adjustment of statins based on inheritance will improve cholesterol level control and
thereby further impact cardiovascular outcomes needs to be elucidated in prospective
trials.
HMGCR typically undergoes alternative splicing
of exon 13 which encodes a portion of the
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statin binding domain [14]. Previous studies
have identified certain SNPs and haplotypes
that are associated with a reduced statin efficacy [15]. In an attempt to understand the
underlying mechanism of this observation,
Medina et al studied alternative splicing variation using a sample of simvastatin-incubated
immortalized lymphocyte cell lines derived
from participants in the Cholesterol and
Pharmacogenetics (CAP) study. They postulated that the intronic SNPs rs17244841,
rs17238540 and rs384662 which form a haplotype (H7) may impact mRNA splicing. They
demonstrated that the H7 haplotype was associated with an alternatively spliced HMGCR
mRNA lacking exon 13, which is important for
proper statin binding. The fact that statins do
not efficiently bind to HMGCR lacking exon 13
may explain inter-individual variation in the
effect of statins on blood lipid levels. There is
evidence that alternative splicing may also be
important in other genes in the cholesterol synthesis pathway such as HMG-CoA synthase
[16] and mevalonate kinase [17]. A better
understanding of the mechanisms of how
genetic variation contributes to drug response
could help direct future clinical use of statins in
reducing cardiovascular disease outcomes.
While the above mentioned genes are directly
involved in the cholesterol synthesis pathway,
genes that regulate other compensatory mechanisms of LDL regulation may be involved in
modulating statin efficacy in lipid lowering.
Paraprotein convertase subtilisin/kexin type 9
(PCSK9) is one such gene involved in regulating
LDL receptor expression on the surface of
hepatocytes. PCSK9 acts as a ‘chaperone’ for
the intracellular uptake of LDL receptor and its
degradation and recycling. Thus, down regulation of PCSK9 leads to an increased LDL receptor expression on surface hepatocytes and
lower LDL levels resulting from increased clearance of LDL particles [18, 19]. It might be
expected therefore, that blocking PCSK9 might
enhance statin efficacy, and thereby increase
clearance of atherogenic lipoproteins. Conversely, the use of statins and the subsequent
lower intracellular LDL concentration may be
associated with a compensatory up regulation
of PCSK9 with a resultant lowering of efficacy
of statins on prolonged use [20].
In a nested case-control study in the TNT
(Treating to New Targets) Trial, baseline circulating PCSK9 levels predicted the outcome of
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cardiovascular disease only in patients randomized to low dose atorvastatin group (10 mg)
and not in participants who were randomized to
the high dose atorvastatin group (80 mg), after
an initial run in period of low dose atorvastatin.
However, the PCSK9 levels measured at baseline and 1 year after randomization did not
change significantly among the low and high
dose participants therefore making a causal
inference difficult [21].
In the JUPITER trial (Justification for the Use of
Statins in Prevention: an Intervention Trial
Evaluating Rosuvastatin), various polymorphisms in PCSK9 were found to influence the
patient response to rosuvastatin in a GWAS
study of 6989 participants who were randomly
allocated to rosuvastatin or placebo [22]. In a
case control analysis of 668 cases and 1217
controls with hypercholesterolemia selected
from the Utrecht Cardiovascular Pharmacogenetics (UCP) studies, two SNPs in PCSK9
(rs10888896 and rs505151 (E670G)) were
found to modify the efficacy of statins in preventing MI. Participants with the variant allele
E670G did not benefit from statin use (OR 0.63,
95% C.I. 0.30-1.32) whereas homozygous wild
type carriers benefited from statin treatment
(OR 0.36, 95% C.I. 0.28-0.45) [23]. On the
other hand, there is contrary literature as well
with no association seen with the E670G polymorphism in the PROSPER trial [24] and PROVE
IT_TIMI trial [25]. In addition, another GWAS
study conducted by Vrablik et al also did not
demonstrate any influence of PCSK9 polymorphisms on statin efficacy in modulating lipid
levels [26].
Association of statin usage with CVD phenotypes
There have been multiple reports on the effect
of statins in reducing the risk of cardiovascular
events and mortality. These studies have
included heterogeneous participant groups
including individuals with and without known
occlusive vascular disease [27]. A meta-analysis of 26 randomized clinical trials of statins
versus placebo reported a reduction in allcause mortality associated with statins of 10%
per 1 mmol/L reduction in LDL cholesterol (RR
0.90, 95% CI 0.87-0.93; p<0.0001) [28]. In
another meta-analysis of 18 randomized trials
analyzing the effect of statins in the primary
prevention of cardiovascular events, statins
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were found to reduce both all-cause mortality
(OR 0.86, 95% CI 0.79 to 0.94) and the rate of
cardiovascular events (RR 0.75, 95% CI 0.700.81) [29]. In contrast, another meta-analysis
of 8 randomized trials evaluated the risk of cardiovascular events in a primary prevention setting, although 8.6% of the participants in the
meta-analysis had baseline vascular occlusive
disease. In this analysis, total mortality was not
affected by randomization to statins (RR 0.95,
95% CI 0.89-1.01), however there was a reduction in the rate of cardiovascular events associated with statins (0.82, 0.77-0.87). This latter
benefit however was due to a significant benefit
among men aged 30-69, while no benefit was
seen among women (0.98, 0.85-1.12) or for
participants older than 69 years (0.94, 0.771.15) [30]. However, a more recent meta-analysis of 18 randomized clinical trials of statins
with sex specific outcomes showed a protective
effect of statins on both primary and secondary
cardiovascular event rates in women (OR 0.81,
95% C.I. 0.75-0.89) as well as men (OR 0.77,
95% C.I. 0.71-0.83) irrespective of baseline risk
[31]. The all-cause mortality was significantly
lower in women when primary prevention trials
were examined (OR 0.87, 95% C.I. 0.78-0.97)
while the effect was not significant for all-cause
mortality in secondary prevention trials (OR
1.03, 95% C.I. 0.84-1.25). Conversely, the allcause mortality was lower in men when secondary prevention trials were considered (OR
0.76, 95% C.I. 0.66-0.87) and not significantly
lower for primary prevention trials (OR 0.92,
95% C.I. 0.84-1.01).
Overall, statins have proven to be beneficial in
primary and secondary reduction of cardiovascular events and mortality. The observed variations in the results of studies evaluating these
relationships may be linked to a number of variables including environmental factors and
genetic risk. A better understanding of the
effect of genetic variation in the effect of statins
on cardiovascular disease outcomes may be
helpful in identifying sub-populations that are
more likely to benefit from statin intervention.
Association of lipid metabolism genes with
CVD phenotypes
To explore the effect of polymorphisms in genes
that affect lipid metabolism and cardiovascular
outcomes Kathiresan and colleagues used
samples from the cardiovascular cohort of the
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Statins, CVD, cancer and genetic variation
Malmo Diet and Cancer study (MDCS) [9]. In
this analysis, a “genotype score” was developed which was based on the number of unfavorable alleles in 9 SNPs in genes associated
with high LDL or low HDL. The results of this
study demonstrated an increase in the crude
rate of cardiovascular events from 3.1/1,000
to 11/1,000 person years for individuals with a
genotype score of ≤6 vs. ≥13. After multivariable adjustment, genotype score was significantly associated with an increased risk of a
cardiovascular event (HR 1.15 per copy of an
unfavorable allele, C.I 1.07-1.24). While there
was a significant relationship between genotype score and time to first cardiovascular
event, the genotype score did not have any
additional value in predicting cardiovascular
events at 10 years of follow-up. In addition, the
authors could not discriminate the effect of
specific SNPs on cardiovascular outcomes.
Other studies have looked at variation in another gene involved with statin metabolism, the
kinesis-like protein 6 gene (KIF6), that encodes
for kinesin a protein involved in transport of
proteins, membrane organelles and messenger ribonucleic acid (mRNA) along microtubules
[32]. In a study of genotype data from the
Cholesterol and Recurrent Events (CARE) and
West of Scotland Coronary Prevention Study
(WOSCOPS) investigators found that the
Trp719Arg allele polymorphism (rs20455) in
the KIF6 gene was associated with a 50%
increased risk of coronary events compared to
non-carriers in a dominant model (HR 1.5, 95
C.I., 1.05 to 2.15) [33]. Iakoubova and colleagues also studied the effect of polymorphisms in the KIF-6 gene on the relationship
between statins and cardiovascular outcomes
among participants in the Pravastatin or
Atorvastatin Evaluation and Infection Therapy:
Thrombolysis in Myocardial Infarction 22
(PROVE IT-TIMI 22) trial [33]. They found that
59% of study participants were carriers of the
rs20455 polymorphism in KIF-6 and that carriers of this polymorphism had a significantly
greater benefit from intensive statin therapy
with lower rates of coronary events (HR 0.59,
95% CI 0.45-0.77), while no benefit was
observed among non-carriers 0.94 (95% CI
0.70-1.27). While carriers of rs20455 were
found to be at increased risk of fatal or nonfatal
coronary events in other studies [34, 35], in the
Iakoubova study, there was no increased risk of
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cardiovascular events for rs20455 carriers that
were treated with statins. The authors proposed that the increased risk associated with
rs20455 may be offset by intensive statin therapy suggesting that rs20455 may be both a
prognostic and a predictive polymorphism.
Further evidence of genetic vulnerability of
KIF6 polymorphism and LDL cholesterol comes
from a meta-analysis of 37 studies including
case control, prospective cohort and randomized clinical trials by Ference et al. In their analysis, the KIF6 719 Arg allele was not associated
with risk of CVD, but participants with one or
more copies of the KIF 719 Arg allele had a
15% greater increase in CVD per mmol/L
increase in LDL and at the same time experienced a 13% greater reduction in CVD risk per
mmol/L decrease in LDL cholesterol in response to statins compared to non-carrier status [36]. However, the exact mechanism by
which KIF6 gene modulates statin efficacy is
not known.
Association of statin usage with cancer phenotypes
As indicated above, statins were primarily
developed for the purpose of lowering serum
cholesterol; however there is evidence that
statins may also have chemo preventive and
therapeutic effects for a number of different
cancers. In-vitro data has shown anti-proliferative, apoptotic and anti-invasive properties of
statins in cancer cell line studies [37-43]. In
vitro studies of breast and lung cancer cell lines
have shown statin induced decrease in expression of anti-apoptotic Bcl2 and increase in proapoptotic Bax protein [44]. It was postulated
that a change in the balance of pro-apoptotic
and anti-apoptotic signals toward the former
may enhance the apoptotic activity of chemotherapy.
Another possible chemo preventive activity of
statins may be related to statin induced inhibition of the mevalonate pathway. This inhibition
leads to lower levels of downstream products
including farnesyl diphosphate (FPP), geranylgeranyl diphosphate (GGPP) and dolichol which
are involved in post translational modification
of many different proteins [45-47]. In particular,
the Ras molecule requires farnesylation, mediated by FPP, to attach onto the cellular membrane which in turn helps transmit downstream
signaling from surface receptors [48]. Ras
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increases gene transcription and proliferation
by acting through the MEK and PI3K/Akt pathways [37, 38] which are up regulated in many
cancers.
GGPP is involved in geranylgeranylation of Rho
proteins including RhoGTPases [39] which in
turn maintains function of Rho kinases that are
involved in various cellular functions including
gene expression, actin cytoskeleton migration,
adhesion and contractility of cells [49]. By
inhibiting the production of GGPP, statins may
reduce cell migration and have anti-proliferative and anti-invasive properties. In vitro studies of cerivastatin have shown dose dependent
reduction in nuclear factor kappa B (NFkB)
along with Rho A inhibition, resulting in a
decrease in matrix metalloproteinase 9 (MMP9)
and urokinase levels which are important in cell
migration [50] and may lead to reduced metastatic potential in cancer cells. Statins are also
associated with increase in p21 and p27 [41,
51-53] which are two cyclin mediated kinases
whose degradation is mediated by RhoGTPases
[54]. P27 acts as an inhibitor in cell cycle progression and thereby reduces cell proliferation.
Thus the implication of statins in G1-S arrest
mediated by the increase in p27 [41, 43] may
explain the anti-proliferative effects of statins.
Epidemiologic studies of the association
between statins and cancer risk have demonstrated mixed results with some studies showing a protective effect for some cancers and
other studies showing an increased risk or no
association [42, 55-57]. Two meta-analyses
evaluating the effect of statins on breast cancer risk, one which included 7 randomized trials and 9 observational studies [58], and the
other 7 randomized trials [59] showed no significant association. A recent prospective
cohort analysis showed no significant relationship between statins and colon, lung, pancreatic, breast or bladder cancer however there
was a reduction in risk of melanoma, endometrial cancer and NHL [60]. Another recent nested case control study revealed an increased
risk of bladder, colon and lung cancer although
a reduced risk of hematological malignancies
including myeloma, leukemia and lymphoma
[61] and in a meta-analysis of twenty case control studies, there was a protective effect for
colon cancer but no effect on breast, lung and
prostate cancer risk [62]. Other studies which
have demonstrated a protective effect of
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statins include a US veteran’s study which demonstrated a reduced risk of lung cancer [63]
and three recently completed meta-analyses
showed a reduced risk of colon cancer [64-66].
As indicated in the review, the results in the epidemiological studies on statins and cancer risk
are heterogeneous and point towards possible
inter-individual variation in the protective effect
of statins with regards to cancer risk.
Association of lipid metabolism genes and
cancer phenotypes
A number of investigators have looked at the
relationship between inter-individual variation
in genes associated with lipid metabolism pathways and the risk of cancer [2, 67, 68]. In a
population based case-control study in
Shanghai, China, Andreotti et al. examined the
association of 12 SNPs in 5 genes in the lipid
metabolism pathway with risk of biliary tract
cancers and stones [2]. Results from this
showed that individuals with the G allele in
rs440446 SNP (MAF=0.375) of the APOE gene
had a 1.8 fold increased risk of gallbladder cancer (95% CI 1.1-3.3), a 3.7 fold increased risk of
bile duct cancer (95% CI 2-7) and a 4 fold
increased risk of ampullary cancer (95% CI 1.412). Individuals who had a T allele for the SNP
rs520354 in the APOB gene had a 1.6 fold
increased risk of bile duct cancer (CI 95% 1.12.3). The increased cancer risk was independent of the occurrence of gallstones and may
hint towards other pathways that are affected
by variations in SNPs that modify the risk of biliary tract cancer. However, this study did not
explore the interaction of statin therapy, lipid
levels and risk of biliary tract cancer.
Lipkin et al. examined how genetic variation in
the HMGCR gene modifies the chemo preventive activity of statins for colorectal cancer
among participants in the population-based
Molecular Epidemiology of Colon Cancer
(MECC) study in Northern Israel [67]. Individuals
with the AA genotype for SNP rs12654264 in
the HMCGR gene who were also statin users,
had a greater reduction in the risk of colorectal
cancer compared to individuals who had the TT
genotype. In a case only analysis, the odds of
colorectal cancer among statin users vs. nonusers with the AA genotype was 0.3 (95% C.I.
0.18-0.51), whereas the odds of colorectal cancer for users vs. non-users associated with the
TT genotype was 0.66 (95% C.I. 0.41-1.06) and
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the AT genotype had an intermediate odds ratio
(p value for interaction 0.0012). In addition, the
AA genotype was associated with lower serum
levels of LDL among all cases and controls
compared to AT or TT genotype [67].
Lipkin et al further evaluated the potential
mechanism involving alternative splicing by cell
culture studies and HMGCR mRNA isoform
quantification. The rs12654264 variant, which
was also discussed earlier, was found to be a
noncoding SNP located in intron 12 of HMGCR.
As previously noted, Medina et al. had described
an alternative spliced form of HMGCR (HMGCR
v1) that does not include exon 13, which
encodes a critical portion of the statin binding
domain and that this truncated transcript is
less effective at binding statins [15]. The
rs12654264 A allele was found to be associated with full length mRNA transcripts, whereas
the T allele was associated with the truncated
HMGCR v1 transcript. Thus the molecular
mechanism by which the rs12654264 transcript modifies cholesterol synthesis in colorectal cancer cell lines, was found to be related to
the concept of alternative splicing. Genotype
alone was not associated with colorectal cancer risk after adjustment for multiple comparisons. Furthermore, in this study rs12654264
was not associated with altered overall HMGCR
mRNA expression levels when tested in nonstatin users, suggesting that genetic variation
in HMGCR modifies colorectal cancer risk only
in the presence of statins. Other downstream
targets impacted by increased cholesterol synthesis in colon cancer cells may be involved in
why individuals homozygous for rs12654264
have increased protection from colorectal
cancer.
Discussion
In summary, variation in genes involved in the
cholesterol synthesis pathway influence lipid
levels and response to statins. These polymorphisms also modify the efficacy of statins in
prevention of cancer and may allow us to categorize individuals that may have a greater or
lesser benefit from statins in regards to cardiovascular disease risk reduction and prevention
of cancer. SNPs that predict lesser response
are equally important in targeting individuals
that may need more than standard intervention
to result in similar cardiovascular outcomes as
compared to individuals carrying SNPs that pre-
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dict better response. While this is important in
moving towards personalized medicine, it is a
daunting task to identify all important polymorphisms with their respective variations. Some
identified polymorphisms such as the PCSK9
with a well-described mechanism of action, do
not always modulate the effects of statins as
expected in experimental studies. Furthermore,
there may be racial or ethnic differences in
genetic effects, as exemplified by a study by
Krauss et al. that included 326 AfricanAmericans and 596 whites and evaluated possible racial differences in LDL lowering efficacy
of statins. African-Americans with H7 or H2
haplotype had lower baseline LDL levels and
also attenuated LDL reduction response to simvastatin treatment (p value 0.02) compared
with African-Americans who did not carry this
haplotype, whereas, there was no effect of the
haplotype on baseline LDL or LDL reduction
response in whites [69]. These ethnic variations in SNPs allele frequencies should be
incorporated into plans to use these polymorphisms for screening purposes. Moreover,
genetic variations in HMGCR may modify the
chemo preventive activity of statins for colorectal cancer [67]. SNPs in the lipid metabolism
pathway have also been linked to the risk of biliary tract cancer, [68] independent of the occurrence of gall stones, which is an independent
risk factor for the occurrence of gall bladder
cancer. With further elucidation of associations
between genotype and statin response in cardiovascular disease and cancer prevention and
treatment, statin therapy may be tailored based
on genotype profile.
Disclosure of conflict of interest
None.
Address correspondence to: Michael S Simon,
Barbara Ann Karmanos Cancer Institute, 4100 John
R, 4221 HWCRC Detroit, MI, USA. Tel: +1-313-5768727; Fax: +1-313-576-8764; E-mail: simonm@karmanos.org; Pinkal Desai, Weill Cornell Medical
College, New York, NY. E-mail: dr.pinkal.desai@
gmail.com

References
[1]
[2]

Wang L, McLeod HL and Weinshilboum RM.
Genomics and drug response. N Engl J Med
2011; 364: 1144-1153.
Andreotti G, Chen J, Gao YT, Rashid A, Chen
BE, Rosenberg P, Sakoda LC, Deng J, Shen MC,

Int J Mol Epidemiol Genet 2013;4(4):183-192

Statins, CVD, cancer and genetic variation
Wang BS, Han TQ, Zhang BH, Yeager M, Welch
R, Chanock S, Fraumeni JF Jr and Hsing AW.
Polymorphisms of genes in the lipid metabolism pathway and risk of biliary tract cancers
and stones: a population-based case-control
study in Shanghai, China. Cancer Epidemiol
Biomarkers Prev 2008; 17: 525-534.
[3] Takeuchi F, McGinnis R, Bourgeois S, Barnes C,
Eriksson N, Soranzo N, Whittaker P, Ranganath
V, Kumanduri V, McLaren W, Holm L, Lindh J,
Rane A, Wadelius M and Deloukas P. A genome-wide association study confirms
VKORC1, CYP2C9, and CYP4F2 as principal
genetic determinants of warfarin dose. PLoS
Genet 2009; 5: e1000433.
[4] Manolopoulos VG, Ragia G and Tavridou A.
Pharmacogenetics of coumarinic oral anticoagulants. Pharmacogenomics 2010; 11: 493496.
[5] Di PA, Bocci G, Polillo M, Del RM, Di DT, Lastella M and Danesi R. Pharmacokinetic and
pharmacogenetic predictive markers of irinotecan activity and toxicity. Curr Drug Metab
2011; 12: 932-943.
[6] Dorababu P, Naushad SM, Linga VG, Gundeti
S, Nagesh N, Kutala VK, Reddanna P and
Digumarti R. Genetic variants of thiopurine
and folate metabolic pathways determine
6-MP-mediated hematological toxicity in childhood ALL. Pharmacogenomics 2012; 13:
1001-1008.
[7] Walko CM and McLeod H. Use of CYP2D6 genotyping in practice: tamoxifen dose adjustment. Pharmacogenomics 2012; 13: 691-697.
[8] Chasman DI, Posada D, Subrahmanyan L,
Cook NR, Stanton VP Jr and Ridker PM. Pharmacogenetic study of statin therapy and cholesterol reduction. JAMA 2004; 291: 28212827.
[9] Kathiresan S, Melander O, Anevski D, Guiducci
C, Burtt NP, Roos C, Hirschhorn JN, Berglund G,
Hedblad B, Groop L, Altshuler DM, NewtonCheh C and Orho-Melander M. Polymorphisms
associated with cholesterol and risk of cardiovascular events. N Engl J Med 2008; 358:
1240-1249.
[10] Evans WE and McLeod HL. Pharmacogenomics--drug disposition, drug targets, and side effects. N Engl J Med 2003; 348: 538-549.
[11] Fiegenbaum M, da Silveira FR, Van der Sand
CR, Van der Sand LC, Ferreira ME, Pires RC
and Hutz MH. The role of common variants of
ABCB1, CYP3A4, and CYP3A5 genes in lipidlowering efficacy and safety of simvastatin
treatment. Clin Pharmacol Ther 2005; 78:
551-558.
[12] Donnelly LA, Doney AS, Dannfald J, Whitley AL,
Lang CC, Morris AD, Donnan PT and Palmer
CN. A paucimorphic variant in the HMG-CoA re-

189

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

ductase gene is associated with lipid-lowering
response to statin treatment in diabetes: a GoDARTS study. Pharmacogenet Genomics
2008; 18: 1021-1026.
Thompson JF, Hyde CL, Wood LS, Paciga SA,
Hinds DA, Cox DR, Hovingh GK and Kastelein
JJ. Comprehensive whole-genome and candidate gene analysis for response to statin therapy in the Treating to New Targets (TNT) cohort.
Circ Cardiovasc Genet 2009; 2: 173-181.
Burkhardt R, Kenny EE, Lowe JK, Birkeland A,
Josowitz R, Noel M, Salit J, Maller JB, Pe’er I,
Daly MJ, Altshuler D, Stoffel M, Friedman JM
and Breslow JL. Common SNPs in HMGCR in
micronesians and whites associated with LDLcholesterol levels affect alternative splicing of
exon13. Arterioscler Thromb Vasc Biol 2008;
28: 2078-2084.
Medina MW, Gao F, Ruan W, Rotter JI and
Krauss RM. Alternative splicing of 3-hydroxy3-methylglutaryl coenzyme A reductase is associated with plasma low-density lipoprotein
cholesterol response to simvastatin. Circulation 2008; 118: 355-362.
Gil G, Smith JR, Goldstein JL and Brown MS.
Optional exon in the 5’-untranslated region of
3-hydroxy-3-methylglutaryl coenzyme A synthase gene: conserved sequence and splicing
pattern in humans and hamsters. Proc Natl
Acad Sci U S A 1987; 84: 1863-1866.
Houten SM, Koster J, Romeijn GJ, Frenkel J, Di
RM, Caruso U, Landrieu P, Kelley RI, Kuis W,
Poll-The BT, Gibson KM, Wanders RJ and Waterham HR. Organization of the mevalonate kinase (MVK) gene and identification of novel
mutations causing mevalonic aciduria and hyperimmunoglobulinaemia D and periodic fever
syndrome. Eur J Hum Genet 2001; 9: 253259.
Zhang DW, Lagace TA, Garuti R, Zhao Z, McDonald M, Horton JD, Cohen JC and Hobbs HH.
Binding of proprotein convertase subtilisin/
kexin type 9 to epidermal growth factor-like repeat A of low density lipoprotein receptor decreases receptor recycling and increases degradation. J Biol Chem 2007; 282: 1860218612.
Qian YW, Schmidt RJ, Zhang Y, Chu S, Lin A,
Wang H, Wang X, Beyer TP, Bensch WR, Li W,
Ehsani ME, Lu D, Konrad RJ, Eacho PI, Moller
DE, Karathanasis SK and Cao G. Secreted
PCSK9 downregulates low density lipoprotein
receptor through receptor-mediated endocytosis. J Lipid Res 2007; 48: 1488-1498.
Dubuc G, Chamberland A, Wassef H, Davignon
J, Seidah NG, Bernier L and Prat A. Statins upregulate PCSK9, the gene encoding the proprotein convertase neural apoptosis-regulated
convertase-1 implicated in familial hypercho-

Int J Mol Epidemiol Genet 2013;4(4):183-192

Statins, CVD, cancer and genetic variation

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

190

lesterolemia. Arterioscler Thromb Vasc Biol
2004; 24: 1454-1459.
Huijgen R, Boekholdt SM, Arsenault BJ, Bao W,
Davaine JM, Tabet F, Petrides F, Rye KA, DeMicco DA, Barter PJ, Kastelein JJ and Lambert G.
Plasma PCSK9 levels and clinical outcomes in
the TNT (Treating to New Targets) trial: a nested case-control study. J Am Coll Cardiol 2012;
59: 1778-1784.
Chasman DI, Giulianini F, MacFadyen J, Barratt
BJ, Nyberg F and 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.
Peters BJ, Pett H, Klungel OH, Stricker BH, Psaty BM, Glazer NL, Wiggins KL, Bis JC, de Boer A
and Maitland-van der Zee AH. Genetic variability within the cholesterol lowering pathway and
the effectiveness of statins in reducing the risk
of MI. Atherosclerosis 2011; 217: 458-464.
Polisecki E, Muallem H, Maeda N, Peter I, Robertson M, McMahon AD, Ford I, Packard C,
Shepherd J, Jukema JW, Westendorp RG, de
Craen AJ, Buckley BM, Ordovas JM and Schaefer EJ. Genetic variation at the LDL receptor
and HMG-CoA reductase gene loci, lipid levels,
statin response, and cardiovascular disease
incidence in PROSPER. Atherosclerosis 2008;
200: 109-114.
Mega JL, Morrow DA, Brown A, Cannon CP and
Sabatine MS. Identification of genetic variants
associated with response to statin therapy. Arterioscler Thromb Vasc Biol 2009; 29: 13101315.
Vrablik M, Hubacek JA, Dlouha D, Lanska V,
Rynekrova J, Zlatohlavek L, Prusikova M, Ceska R and Adamkova V. Impact of variants within seven candidate genes on statin treatment
efficacy. Physiol Res 2012; 61: 609-617.
Baigent C, Keech A, Kearney PM, Blackwell L,
Buck G, Pollicino C, Kirby A, Sourjina T, Peto R,
Collins R and Simes R. Efficacy and safety of
cholesterol-lowering treatment: prospective
meta-analysis of data from 90,056 participants in 14 randomised trials of statins. Lancet 2005; 366: 1267-1278.
Baigent C, Blackwell L, Emberson J, Holland
LE, Reith C, Bhala N, Peto R, Barnes EH, Keech
A, Simes J and Collins R. Efficacy and safety of
more intensive lowering of LDL cholesterol: a
meta-analysis of data from 170,000 participants in 26 randomised trials. Lancet 2010;
376: 1670-1681.
Taylor F, Huffman MD, Macedo AF, Moore TH,
Burke M, Davey SG, Ward K and Ebrahim S.
Statins for the primary prevention of cardiovas-

[30]
[31]

[32]
[33]

[34]

[35]

[36]

[37]
[38]

[39]

[40]

[41]

cular disease. Cochrane Database Syst Rev
2013; 1: CD004816.
Abramson J and Wright JM. Are lipid-lowering
guidelines evidence-based? Lancet 2007;
369: 168-169.
Kostis WJ, Cheng JQ, Dobrzynski JM, Cabrera J
and Kostis JB. Meta-analysis of statin effects
in women versus men. J Am Coll Cardiol 2012;
59: 572-582.
Hirokawa N. Kinesin and dynein superfamily
proteins and the mechanism of organelle
transport. Science 1998; 279: 519-526.
Iakoubova OA, Sabatine MS, Rowland CM,
Tong CH, Catanese JJ, Ranade K, Simonsen
KL, Kirchgessner TG, Cannon CP, Devlin JJ and
Braunwald E. Polymorphism in KIF6 gene and
benefit from statins after acute coronary syndromes: results from the PROVE IT-TIMI 22
study. J Am Coll Cardiol 2008; 51: 449-455.
Morrison AC, Bare LA, Chambless LE, Ellis SG,
Malloy M, Kane JP, Pankow JS, Devlin JJ, Willerson JT and Boerwinkle E. Prediction of coronary heart disease risk using a genetic risk
score: the Atherosclerosis Risk in Communities Study. Am J Epidemiol 2007; 166: 28-35.
Shiffman D, Chasman DI, Zee RY, Iakoubova
OA, Louie JZ, Devlin JJ and Ridker PM. A kinesin family member 6 variant is associated with
coronary heart disease in the Women’s Health
Study. J Am Coll Cardiol 2008; 51: 444-448.
Ference BA, Yoo W, Flack JM and Clarke M. A
common KIF6 polymorphism increases vulnerability to low-density lipoprotein cholesterol:
two meta-analyses and a meta-regression
analysis. PLoS One 2011; 6: e28834.
Lee KW, Bode AM and Dong Z. Molecular targets of phytochemicals for cancer prevention.
Nat Rev Cancer 2011; 11: 211-218.
Laezza C, Malfitano AM, Proto MC, Esposito I,
Gazzerro P, Formisano P, Pisanti S, Santoro A,
Caruso MG and Bifulco M. Inhibition of 3-hydroxy-3-methylglutaryl-coenzyme A reductase
activity and of Ras farnesylation mediate antitumor effects of anandamide in human breast
cancer cells. Endocr Relat Cancer 2010; 17:
495-503.
Duncan RE, El-Sohemy A and Archer MC.
Statins and cancer development. Cancer Epidemiol Biomarkers Prev 2005; 14: 18971898.
Crick DC, Andres DA, Danesi R, Macchia M and
Waechter CJ. Geranylgeraniol overcomes the
block of cell proliferation by lovastatin in C6
glioma cells. J Neurochem 1998; 70: 23972405.
Cho SJ, Kim JS, Kim JM, Lee JY, Jung HC and
Song IS. Simvastatin induces apoptosis in human colon cancer cells and in tumor xeno-

Int J Mol Epidemiol Genet 2013;4(4):183-192

Statins, CVD, cancer and genetic variation

[42]

[43]

[44]

[45]
[46]
[47]

[48]

[49]
[50]

[51]

[52]

[53]

191

grafts, and attenuates colitis-associated colon
cancer in mice. Int J Cancer 2008; 123: 951957.
Heart Protection Study Collaborative Group.
MRC/BHF Heart Protection Study of cholesterol lowering with simvastatin in 20,536 highrisk individuals: a randomised placebo-controlled trial. Lancet 2002; 360: 7-22.
Keyomarsi K, Sandoval L, Band V and Pardee
AB. Synchronization of tumor and normal cells
from G1 to multiple cell cycles by lovastatin.
Cancer Res 1991; 51: 3602-3609.
Spampanato C, De MS, Sarnataro M, Giordano
E, Zanfardino M, Baiano S, Carteni M and Morelli F. Simvastatin inhibits cancer cell growth
by inducing apoptosis correlated to activation
of Bax and down-regulation of BCL-2 gene expression. Int J Oncol 2012; 40: 935-941.
Liao JK. Isoprenoids as mediators of the biological effects of statins. J Clin Invest 2002;
110: 285-288.
Goldstein JL and Brown MS. Regulation of the
mevalonate pathway. Nature 1990; 343: 425430.
Holstein SA, Wohlford-Lenane CL and Hohl RJ.
Isoprenoids influence expression of Ras and
Ras-related proteins. Biochemistry 2002; 41:
13698-13704.
Jackson SM, Ericsson J and Edwards PA. Signaling molecules derived from the cholesterol
biosynthetic pathway. Subcell Biochem 1997;
28: 1-21.
Seasholtz TM, Majumdar M and Brown JH. Rho
as a mediator of G protein-coupled receptor
signaling. Mol Pharmacol 1999; 55: 949-956.
Denoyelle C, Vasse M, Korner M, Mishal Z,
Ganne F, Vannier JP, Soria J and Soria C. Cerivastatin, an inhibitor of HMG-CoA reductase,
inhibits the signaling pathways involved in the
invasiveness and metastatic properties of
highly invasive breast cancer cell lines: an in
vitro study. Carcinogenesis 2001; 22: 11391148.
Kusama T, Mukai M, Iwasaki T, Tatsuta M, Matsumoto Y, Akedo H and Nakamura H. Inhibition
of epidermal growth factor-induced RhoA
translocation and invasion of human pancreatic cancer cells by 3-hydroxy-3-methylglutarylcoenzyme a reductase inhibitors. Cancer Res
2001; 61: 4885-4891.
Wachtershauser A, Akoglu B and Stein J. HMGCoA reductase inhibitor mevastatin enhances
the growth inhibitory effect of butyrate in the
colorectal carcinoma cell line Caco-2. Carcinogenesis 2001; 22: 1061-1067.
Lee SJ, Ha MJ, Lee J, Nguyen P, Choi YH, Pirnia
F, Kang WK, Wang XF, Kim SJ and Trepel JB.
Inhibition of the 3-hydroxy-3-methylglutaryl-co-

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]
[63]

[64]

enzyme A reductase pathway induces p53-independent transcriptional regulation of
p21(WAF1/CIP1) in human prostate carcinoma cells. J Biol Chem 1998; 273: 1061810623.
Hirai A, Nakamura S, Noguchi Y, Yasuda T,
Kitagawa M, Tatsuno I, Oeda T, Tahara K, Terano T, Narumiya S, Kohn LD and Saito Y. Geranylgeranylated rho small GTPase(s) are essential for the degradation of p27Kip1 and
facilitate the progression from G1 to S phase in
growth-stimulated rat FRTL-5 cells. J Biol Chem
1997; 272: 13-16.
Cauley JA, Zmuda JM, Lui LY, Hillier TA, Ness
RB, Stone KL, Cummings SR and Bauer DC.
Lipid-lowering drug use and breast cancer in
older women: a prospective study. J Womens
Health (Larchmt) 2003; 12: 749-756.
Pocobelli G, Newcomb PA, Trentham-Dietz A,
Titus-Ernstoff L, Hampton JM and Egan KM.
Statin use and risk of breast cancer. Cancer
2008; 112: 27-33.
Haukka J, Sankila R, Klaukka T, Lonnqvist J,
Niskanen L, Tanskanen A, Wahlbeck K and Tiihonen J. Incidence of cancer and statin usage-record linkage study. Int J Cancer 2010; 126:
279-284.
Bonovas S, Filioussi K, Tsavaris N and Sitaras
NM. Use of statins and breast cancer: a metaanalysis of seven randomized clinical trials
and nine observational studies. J Clin Oncol
2005; 23: 8606-8612.
Baigent C, Keech A, Kearney PM, Blackwell L,
Buck G, Pollicino C, Kirby A, Sourjina T, Peto R,
Collins R and Simes R. Efficacy and safety of
cholesterol-lowering treatment: prospective
meta-analysis of data from 90,056 participants in 14 randomised trials of statins. Lancet 2005; 366: 1267-1278.
Jacobs EJ, Newton CC, Thun MJ and Gapstur
SM. Long-term use of cholesterol-lowering
drugs and cancer incidence in a large United
States cohort. Cancer Res 2011; 71: 17631771.
Vinogradova Y, Coupland C and Hippisley-Cox
J. Exposure to statins and risk of common cancers: a series of nested case-control studies.
BMC Cancer 2011; 11: 409.
Taylor ML, Wells BJ and Smolak MJ. Statins
and cancer: a meta-analysis of case-control
studies. Eur J Cancer Prev 2008; 17: 259-268.
Khurana V, Sheth A, Caldito G and Barkin JS.
Statins reduce the risk of pancreatic cancer in
humans: a case-control study of half a million
veterans. Pancreas 2007; 34: 260-265.
Bardou M, Barkun A and Martel M. Effect of
statin therapy on colorectal cancer. Gut 2010;
59: 1572-1585.

Int J Mol Epidemiol Genet 2013;4(4):183-192

Statins, CVD, cancer and genetic variation
[65] Bonovas S, Filioussi K, Flordellis CS and Sitaras NM. Statins and the risk of colorectal cancer: a meta-analysis of 18 studies involving
more than 1.5 million patients. J Clin Oncol
2007; 25: 3462-3468.
[66] Samadder NJ, Mukherjee B, Huang SC, Ahn J,
Rennert HS, Greenson JK, Rennert G and Gruber SB. Risk of colorectal cancer in self-reported inflammatory bowel disease and modification of risk by statin and NSAID use. Cancer
2011; 117: 1640-1648.
[67] Lipkin SM, Chao EC, Moreno V, Rozek LS,
Rennert H, Pinchev M, Dizon D, Rennert G, Kopelovich L and Gruber SB. Genetic variation in
3-hydroxy-3-methylglutaryl CoA reductase
modifies the chemopreventive activity of
statins for colorectal cancer. Cancer Prev Res
(Phila) 2010; 3: 597-603.

192

[68] Andreotti G, Chen J, Gao YT, Rashid A, Chen
BE, Rosenberg P, Sakoda LC, Deng J, Shen MC,
Wang BS, Han TQ, Zhang BH, Yeager M, Welch
R, Chanock S, Fraumeni JF Jr and Hsing AW.
Polymorphisms of genes in the lipid metabolism pathway and risk of biliary tract cancers
and stones: a population-based case-control
study in Shanghai, China. Cancer Epidemiol
Biomarkers Prev 2008; 17: 525-534.
[69] Krauss RM, Mangravite LM, Smith JD, Medina
MW, Wang D, Guo X, Rieder MJ, Simon JA, Hulley SB, Waters D, Saad M, Williams PT, Taylor
KD, Yang H, Nickerson DA and Rotter JI. Variation in the 3-hydroxyl-3-methylglutaryl coenzyme a reductase gene is associated with racial differences in low-density lipoprotein
cholesterol response to simvastatin treatment.
Circulation 2008; 117: 1537-1544.

Int J Mol Epidemiol Genet 2013;4(4):183-192

