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Abstract

Warfarin is the most commonly used oral anticoagulant worldwide. Warfarin has a narrow
therapeutic index, requiring frequent monitoring of the INR to achieve therapeutic anticoagulation.
The role of pharmacogenomics in warfarin disposition and response has been well-established in
adults, but remains unclear for pediatric patients. In this review, we focus on the important
CYP2C9and VKORCI variants involved in warfarin response, our current understanding of
warfarin disposition and pharmacogenomics, and recent warfarin pharmacogenetic studies in
pediatric patients. Finally, we discuss the need for future prospective pediatric studies and the
clinical implications of developing pharmacogenetic-based dosing algorithms in children.
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INTRODUCTION

Since receiving FDA approval in 1954, warfarin has been the most widely used oral
anticoagulant worldwide, with 0.5-1.5% of the population receiving the drug annually.[1]
Approved indications include prophylaxis and treatment of venous thrombosis and its
extension, pulmonary embolism, prophylaxis and treatment of thromboembolic
complications associated with atrial fibrillation and/or cardiac valve replacement, and
reduction in the risk of death, recurrent myocardial infarction, and thromboembolic events
after myocardial infarction.[2] Although the majority of warfarin usage occurs in adults, it is
also the mainstay of oral anticoagulation therapy in children and adolescents, most
commonly in the setting of primary or secondary deep venous thromboses, indwelling
central venous access catheters and congenital heart disease with prosthetic valves and/or
endovascular stents.[3]

Despite its utility, warfarin has a narrow therapeutic index that can contribute to its
therapeutic failure (i.e. thromboses) or toxicity (i.e. bleeding). A wide variability in warfarin
sensitivity among patients makes determination of the optimal warfarin dose a time and
effort intensive task. Multiple factors, including age, height, diet, concomitant medications,
and indication for warfarin contribute to this variability. Adjustment of warfarin doses to
obtain therapeutic levels of anti-coagulation is dictated by frequent measurement of the
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International Normalized Ratio (INR), and therapeutic INR levels typically range from 2—
3.5, with a significant increase in risk of adverse events above or below this range.[4]
Therefore, maintaining a therapeutic INR is essential to prevent either untoward bleeding or
thrombosis.

Such variability in warfarin response and the increased risk of complications when patients
are above or below therapeutic INR highlight a need for a prescribing approach accounting
for the wide interpatient variability in dose requirement. Clinicians had noted this variability
in dosing for years, but despite clinical and pharmacokinetic studies, the wide range in
warfarin dosing requirements was poorly understood.[5] Polymorphisms in the genes
encoding vitamin K epoxide reductase complex subunit 1 (VKORC1) and cytochrome P450
2C9 (CYP2C9) were subsequently discovered to account for a substantial amount of
variability in warfarin sensitivity.[6-8] The incorporation of genetic information into
warfarin dosing has the potential to improve clinical practice substantially. However, limited
information is available in children receiving warfarin. Tables | and 11 provide a summary of
a number of influential adult and pediatric warfarin pharmacogenetic studies to date.[7, 9-
18]

WARFARIN DISPOSITION AND METABOLISM

Warfarin is the most widely-used member of a family of anticoagulants known as Vitamin K
antagonists. Vitamin K is an essential cofactor in the gamma-glutamyl-carboxylase-
mediated activation of coagulation factors I, VII, 1X, and X.[19] VKORCL is an integral
membrane protein which converts vitamin K epoxide to vitamin K, thus activating the
Vitamin K dependent coagulation factors I, VII, 1X, and X, and allowing the coagulation
cascade to continue. Warfarin inhibits VKORC1, reducing the amount of active coagulation
factors available and interrupting the coagulation cascade. (Figure 1)[19, 20]

CYP2C9is a phase | drug-metabolizing enzyme that is responsible for the metabolism of S-
warfarin, the more active enantiomer of the drug, into 6-hydroxy and 7-hydroxy metabolites.
[7]1 CYP2C9 makes up ~20% of total hepatic CYP content contributes to the metabolism of
~15% of clinical drugs, including amiodarone, phenobarbital, and rosuvastatin, along with
warfarin.[21]

PHARMACOGENETICS OF WARFARIN RESPONSE

It has been well-established in adults that polymorphisms in CYP2C9and VKORCI affect
the metabolism and response to warfarin and thereby the dose required to achieve a stable
therapeutic INR.[17] The majority of these polymorphisms are related to a low-dose
phenotype — i.e patients with variant alleles require a less-than-average stable dose of
warfarin to achieve a therapeutic INR, though rare VKORC1 polymorphisms have been
associated with a high-dose phenotype. This association was intially noted from several
clinical studies but subsequently has been confirmed in a series of genome-wide association
studies (GWAS).[13, 22, 23]

Polymorphisms in CYP2C9(rs1799853, rs1057910) were the first to be associated with
warfarin metabolism and account for up to 18% of the variability in stable warfarin dosing.
[1] One of the initial studies to demonstrate this association was a small case-control study
from a British anticoagulation clinic, in which 36 patients who required a significantly lower
warfarin dose than control patients in the same clinic were 6 times more likely to have a
variant CYP2C9allele, and four times more likely to have a major bleeding complication
during the induction phase of therapy.[7] This paved the way for larger studies that
confirmed the association between CYP2C9 genotype and warfarin metabolism.[9, 10, 14,
24]
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CYP2C9is highly polymorphic, resulting in multiple functional variants which can
significantly affect drug metabolism. Patients with low enzyme activity may be at increased
risk for adverse drug events due to poor drug clearance. Polymorphisms in CYP2C9,
therefore, can lead to delayed clearance of warfarin and thus require a lower dose to reach
the goal INR. CYP2C9+*1 is the most prevalent or major allele, while CYP2C9*2and
CYP2C9*3represent the most frequent variant alleles. Patients can be heterozygous and
carry any combination of the alleles, and the variant alleles have an additive effect.
However, a prospective study demonstrated that while CYP2C9variant alleles affect the
stable warfarin dose, they did not as contribute as much as VKORCI to the variability in the
time required to initially reach a therapeutic INR.[14]

The CYP2C9*2variant (430C>T; rs1799853) results in a missense mutation with
significantly decreased enzyme activity secondary to an alteration in the interaction between
the CYP enzyme molecule and P450 reductase.[21] Patients with this genotype have a
maximum clearance rate of warfarin that is approximately 50% lower than patients with
CYP2C9*1. This variant allele tends to be ethnicity-dependent, with allele frequencies of
10-20% in the Caucasian population, ~1-5% in the African-American and Asian
populations, and 3-10% in the Hispanic population.[25]

The CYP2C9*3variant (1075A>C; rs1057910) results in a missense mutation causing
conformational changes in the substrate binding site at residue 359 is located with resultant
reduced enzyme activity.[21] Patients heterozygous for this allele have approximately 50%
of the activity of a CYP2C9*1*1 patient, and homozygotes are rare. This variant occurs less
commonly than the CYP2C9#*2 variant, with an allele frequency of ~2.5-8% in Caucasians,
~1-3% in African-Americans, ~1.6% in Asians, and ~3-10% inHispanic populations.[25]

However, only a relatively small percentage of warfarin dose variability was accounted for
by CYP2C9polymorphisms alone, and soon thereafter VKORCI was identified as a key
determinant of warfarin sensitivity. A cohort of 147 patients, originally evaluated for
information regarding CYP2C9polymorphisms and warfarin dose, was genotyped for
VKORC1 polymorphisms.[6] A similar association to that of CYP2C9was identified:
patients with one or more variant alleles for VKORC1 required a lower stable dose of
warfarin to maintain their INR in therapeutic range.

Multiple polymorphisms have been noted in VKORCI. A retrospective study of 186
European-Americans on long-term warfarin demonstrated that the presence of any of these
polymorphisms on at least one allele places the patient in haplotype group A, which is
associated with a low-dose phenotype.[11] The major allele was subsequently referred to as
haplotype group B or G, depending on the source of the nomenclature. Thus, patients may
be designated A/A (homozygous for a variant allele), A/B (heterozygous for a variant
allele), or B/B (homozygous for the major allele). The effect of haplotype A is additive, in
that A/A patients require a low dose while A/B patients require an intermediate dose as
compared to B/B patients.[11]

Haplotype A includes seven single nucleotide polymorphisms (SNPs) in linkage
disequilibrium (1173 C>T, rs9934438; 497 T>G, rs2884737; 1542 G>C, rs8050894; 3730
G>A, 157294, 2255C>T, rs2359612; —4451C>A, rs17880887; —1639 G>A, rs9923231) but
is tagged with —1639 G>A (rs9923231), in the promoter region of VKORCI. [11, 26, 27]
This SNP appears to alter a transcription factor binding site and reduces the amount of
transcribed VKORC1 mRNA, leading to fewer functional copies of the mature VKORC1
protein. VKORC1 mRNA levels in human liver tissue measured by Rieder et al were three
times higher in B/B patients as compared to A/A patients, further correlating the
polymorphism with the clinical phenotype.[11]
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-1639 G>A is present in ~34-47% of the Caucasian population, with similar frequencies in
the Hispanic population, and has been identified as the majority allele in the Asian
population, with a frequency of approximately ~67-90%, depending on the heterogeneity of
the Asian population being studied.[25] It is less frequent in the African-American
population, where approximately ~10-30% of patients express the variant allele.[25]

Recent studies have provided evidence that another cytochrome P450 enzyme, CYP4F2,

may play a role in warfarin metabolism. It has been hypothesized that a SNP in CYP4F2
(1297G>A, rs2108622) may result in decreased Vitamin K1 (VK1, a form of vitamin K)

oxidation activity, leading to higher hepatic levels of VK1 and a higher required warfarin
dose. The clinical utility of this association has not been well-delineated at this time.[28]
However, the association between CYP2C9and VKORCI genotype and stable warfarin

dose in the adult population has been clearly defined.

In 2007 the FDA approved a labeling change for warfarin which describes the reported
effects of these genetic variants on dose requirements, stating, "lower initiation doses should
be considered for patients with certain genetic variations in CYP2C9and VKORC1
enzymes”.[2] In addition, the FDA approved clinical testing for these genetic variants to
inform warfarin dosing. Subsequently, in 2009, the International Warfarin
Pharmacogenomics Consortium (IWPC) released a study examining the utility of a dosing
algorithm for adults which included genotype along with other clinical factors to determine
the most appropriate starting dose of warfarin. The algorithm was created using data from
over 4000 patients and was validated with a cohort of over 1000 patients. This algorithm
was found to be significantly more accurate in predicting the stable therapeutic dose of
warfarin than either fixed-dose regimens or strictly clinical algorithms.[17] Despite this, the
overall clinical utility and cost benefit ratio of using genotype to direct warfarin dosing has
not been clearly determined. There are several major issues, including cost benefit analysis
of reducing under- or overdosing based on routine genotyping, number needed to screen and
turnaround time of widespread genotyping, before pharmacogenetics-based warfarin dosing
algorithms may be widely implemented in clinical practice.

WARFARIN DISPOSITION IN THE PEDIATRIC POPULATION

Current warfarin dosing algorithms in the pediatric population are extrapolated from adult
algorithms, and do not take genotype into account. The American College of Chest
Physicians Evidence-Based Clinical Practice Guidelines are based on an age-specific,
weight-based algorithm which starts at 0.2 mg/kg/day and is then adjusted based on a
nomogram using subsequent INRs.[29] While these algorithms are relatively effective in
clinical practice, they are not ideal in light of the inherent differences between adult and
pediatric hemostatic systems, which affect the pathophysiology of thrombosis and the
response to anticoagulation.[29-31]

The levels of several coagulation factors in children differ from adults significantly in
infancy, with differences persisting through adolescence.[32, 33] While anti-thrombin and
heparin cofactor I, the two primary physiologic inactivators of thrombin, reach adult levels
around 6 months of age — prior to the time when most pediatric patients are started on
warfarin — protein C and S do not reach adult levels until adolescence.[32, 33] In addition,
children up to the age of 16 have a decreased capacity to generate thrombin as compared to
adults.[33]

These physiologic differences may make it difficult to accurately extrapolate a dosing
algorithm for children based on adult pharmacogenetic-based dosing algorithms that include
genotype, as was demonstrated in one study in which the IWPC algorithm tended to
overestimate the actual required dose in pediatric patients.[34] Current practice uses the
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patient’s age, weight, and serial INRs to dictate initial warfarin dose and dose adjustment to
therapeutic levels.[29] As most pediatric physicians who have prescribed and managed
warfarin can attest, this method can be time-consuming, inaccurate, and frustrating, leading
to both sub- and supra-therapeutic periods with risks for therapeutic failure or adverse
effects. Whether or not genotype would provide a valuable addition to current warfarin
dosing algorithms in children is currently unknown.

WARFARIN PHARMACOGENETICS IN PEDIATRIC PATIENTS

Between 1995 and 2008, there were fewer than 10 multinational randomized trials initiated
addressing the issues of anticoagulation in the pediatric population, and the majority of these
have failed to recruit an adequate number of patients to address the primary study question.
[30] The incidence of thromboembolic events is significantly less in children compared to
adults. Hence, conducting clinical trials in children evaluating the outcome of long-term
anticoagulation is difficult both in design and execution due to small numbers of patients.
However, warfarin pharmacogenetic discoveries in adults have led to increased efforts to
evaluate similar associations in children.

A study comparing warfarin pharmacokinetics in Japanese children and adults found that
among patients with most prevalent CYP2C9allele, pre-pubertal children had a decreased
clearance of warfarin as compared to adults of the same genotype (367 + 226 mL/min vs
667 = 282 mL/min). In contrast, there was no significant difference in the clearance of
warfarin between pre-pubertal children and adults heterozygous for CYP2C9*3 (212 + 50
mL/min vs 213 £ 62 mL/min, respectively).[35] While the study size was small, this may
indicate that the variant alleles for CYP2C9prevent the full development and maturation of
enzyme activity as observed in patients homozygous for the major allele, though the entire
scope of the ontogeny of CYP2C9 in the context of a variant allele is unknown. [35].

Recent studies have evaluated the relationship of polymorphisms in CYP2C9 and VKORC1
to warfarin response in children. The first was a prospective cohort of 59 German patients
aged 3 months or older who were either taking warfarin or phenprocoumon, another vitamin
K antagonist. Nowak-Gottl et al. identifed a significant association between VKORCI A/A
haplotype and lower required doses of warfarin as compared to B/B patients, while CYP2C9
variants had no significant effect. Despite this significant association, age accounted for
more variability in stable warfarin dose (28.3%) than genotype (3.7% for VKORCI and
0.4% for CYP2C9), leading the authors to suggest that the effect of age “overwhelms” the
effect of genotype in children.[36] Prior studies had also noted age as an important factor in
the dosing of warfarin or acenocoumarin in children.[20, 37] It should be noted however that
the study by Nowak-Gottl et al. was limited by a small sample size and that age was highly
correlated with weight and height, both of which were excluded from the final regression
model. Nevertheless, this study suggested that the most influential contributors to warfarin
dosing in children may be related to age or developmental changes associated with age.

A similar study was conducted in pediatric patients in Japan examining the relationship
between genotype and stable warfarin dose. The study enrolled 48 patients (ages 0.42 —
19.25 years) and only 1 patient was found to have a CYP2C9 variant, so only the effects of
VKORCI variants were examined. A multiple regression analysis model to predict INR
values which included age, weight, VKORCI genotype and daily warfarin dose
demonstrated that patients with a homozygous variant genotype (A/A) required a 28% lower
warfarin dose than the patients with heterozygous or homozygous for the major allele (B/B
or A/B). The homozygous variant patients also had a higher mean INR than the other
patients, despite their lower doses.[38]
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In a French study, Moreau et al. examined a cohort of 83 pediatric cardiology patients on
warfarin (ages 3 months-18 years, median age 12 years) and 35 patients on fluindione,
another vitamin K antagonist. The relative contribution of non-genetic factors and
VKORC1/CYP2CI/CYPA4F2 genotype to stable warfarin dose and time spent with sub- or
supra-therapeutic levels was evaluated by multivariate analysis. Height, target INR,
VKORC1and CYP2C9genotypes were the main determinants of warfarin dose
requirement, accounting for 48.1%, 4.4%, 18.2% and 2.0%, respectively, and explaining
69.7% of the variability in warfarin dose. This suggested non-genetic factors, in this case
height, may have more influence on stable warfarin dose than genetic factors and in contrast
to what had been noted from the majority of pharmacogenetic studies in adults. In addition,
there was no association between any of the covariates and time spent with sub- or supra-
therapeutic INR, though patients within their cohort spent 80% of the study time within
therapeutic INR range, which may have limited their ability to detect factors that contributed
to this clinical endpoint. There was no association between CYP4F2 genotype and warfarin
dose requirement. This information was also used to create a model for warfarin dose
prediction, which was accurate to within 7 mg/week in 86.7% of patients. The same group is
currently evaluating this model in a validation cohort of pediatric patients receiving
warfarin.[39]

In a multi-center cross-sectional study of 120 pediatric patients ages 1-18 years old in
Canada and the United Kingdom, Biss et al. similarly found that 72.4% of the
interindividual variability in warfarin dosing could be attributed to height (29.8%
contribution), VKORC1 genotype (26.6%), CYP2C9 genotype (12.8%), and indication for
warfarin therapy (3.2%), including both cardiac patients and patients with
thromboembolism. This was the most ethnically diverse study population, with 75.8%
Caucasian, 8.3% Indian, 5% black, 5% Asian, and 5.8% other. This study also noted a
difference in the dose as predicted by the IWPC algorithm versus the patient’s actual
maintenance dose, with the IWPC consistently overestimating the dose. Similar to the
findings of Moreau et al, CYP4F2had no effect on stable warfarin dose.[34]

Recently, a small prospective cohort study (n=37) examining the role of genotype in
warfarin dosing among pediatric patients with heart disease found that VKORCI genotype
makes a significant contribution to stable warfarin dose, with CYP2C9 genotype accounting
for only 5% of the variability. Age, height, and goal INR were also found to contribute to
stable warfarin dose. While this study is small and limited to a select sub-population of
pediatric patients, it serves as further evidence to support the genotype-phenotype
correlation in children.[40]

As previously noted, the Chest guidelines utilize a weight-based dosing algorithm to
estimate starting doses of warfarin (0.2 mg/kg/day).[29] In a recent study, Hamberg et al.
compared dosing algorithms for warfarin in children, noting that the fixed dose weight-
based dosing regimen predicted ideal maintenance dose 33% of time while
pharmcogenetics-based algorithms derived from studies conducted by Nowak-Gottl et al.,
Moreau et al. and Biss et al. predicted ideal maintenance dose 35%, 33% and 41% of time,
respectively.[41] However, the fixed dose regimen, while intended to be used to estimate
starting doses, overestimated maintenance dose a majority of the time (59%). Although
these studies point to significant associations between VKORC1 and/or CYP2C9 genotype
and warfarin dose in the pediatric population, they are also all limited by size, lack of ethnic
diversity, and lack of information on potential confounders in regards to warfarin
disposition, such as diet and vitamin K intake. These limitations make it difficult to
conclusively determine whether or not genotype is likely to provide clinically meaningful
information in estimating therapeutic warfarin dose, and more importantly, if knowledge and
use of genotype could improve the clinical care and outcomes in this population.
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CONCLUSIONS

Overall, there is a paucity of published information regarding pharmacogenetics and
warfarin response in children. Given the evidence supporting the correlation of commonly
occurring CYP2C9and VKORCI polymorphisms and warfarin sensitivity in the adult
population, the increasing number of pediatric patients on warfarin, and inherent differences
in adult and pediatric hemostatic physiology, this is an area in which further investigation
may or may not provide information with clinical benefit.

All pediatric studies to date have been limited in scope by sample size as compared to the
majority of adult studies conducted. Prospective multicenter trials offer the most potential to
determine the true utility of warfarin pharmacogenomics in the pediatric population,
allowing for a more accurate representation of the distribution of genotypes among children
of multiple ethnicities, and may help to determine the relative contribution of both
nongenetic and genetic factors to warfarin dosing. However, the question remains as to the
clinical utility of this information, which while physiologically interesting, may ultimately
offer limited benefit to clinical practice. Therefore, it may be worthwhile to perform meta-
analyses of existing studies via an international pediatric warfarin consortium, similar to
what has been established for adults, along with cost-benefit analyses, prior to embarking on
costly multicenter trials.

If the relationship of CYP2C9and VKORCI polymorphisms to warfarin response in
children can be more clearly defined and shown to have clinical relevance, the opportunity
will exist for future prospective and randomized trials examining the utility of a warfarin
dosing algorithm which includes patient genotype. These future trials may allow for a safer
and more accurate method of dosing warfarin in the pediatric population, thus improving
clinical care for this already at-risk patient population.
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R-warfarin S-warfarin
\ CYP2C9

7-OH
warfarin

NADH \ NAD+

s
VKORC1

Vitamin K Vitamin K
(oxidized) (reduced)

CYP4F2?

Inactivated Activated
Factors Il, VII, IX, X Factors Il, VII, IX, X
Proteins C and S Proteins C and S

Figure 1. Warfarin consists of 2 enantiomers, R- and S- warfarin, which inhibit VKORC1. S
warfarin isthe more active enantiomer

VKORCL1 is an integral membrane protein which reduces vitamin K epoxide to vitamin K,
thus activating the Vitamin K dependent coagulation factors I1, VII, 1X, and X, and allowing
the coagulation cascade to continue. CYP2C9 is a cytochrome P450 enzyme which
metabolizes S-warfarin to its inactive form, 7-OH warfarin. The role of CYP4F2, another
cytochrome P450 enzyme, is poorly understood, but is thought to be involved in Vitamin K
oxidation.
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