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Abstract

Busulfan is used in preparative regimens before stem cell transplantation. There is significant 

interpatient variability in busulfan pharmacokinetics (PK) and exposure is related to outcome. 

Polymorphisms in genes encoding glutathione-S-transferases have been associated with 

busulfan PK but only explain a limited portion of the observed variability. The aim of this study 

is to identify additional genetic variants associated with busulfan PK by interrogating 1,936 

variants in 225 genes involved in drug absorption, distribution, metabolism, and excretion 

(ADME). In an exploratory cohort (n = 65), patients who received busulfan were genotyped with 

the DMET array. Top SNPs and haplotypes associated with busulfan clearance were validated 

in an independent validation cohort (n = 78). In the exploratory cohort, seven variants were 

identified to be associated with busulfan clearance (p < 0.001). In the validation cohort, only 

GSTA5 (rs4715354 and rs7746993) remained significantly associated with busulfan clearance 

(p = 0.025). This is the first study using an exploratory pharmacogenetic approach to explain 

the interindividual variability in busulfan PK. The role of glutathione-Stransferases was 

confirmed, but no additional genetic markers involved in drug ADME appear to be associated 

with busulfan PK.
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Introduction

Busulfan is an alkylating agent used widely in high doses in conditioning regimens beforeal

logenic hematopoietic stem cell transplantation (allo-HSCT) in adult and pediatric patients. 

Interpatient variability is significant in busulfan pharmacokinetics (PK); even when busulfan is 

administered intravenously and body weight adjusted dosing is applied, interpatient variability 

in exposure or clearance remains between 20 and 30%.1,2 Furthermore, busulfan exposure is 

related to outcome. High busulfan exposure appears to result in a higher incidence of toxicities 

such as sinusoidal obstruction syndrome and mucositis, whereas low busulfan exposure 

apparently leads to higher rates of graft failure and rejection.3–5 Therefore, often, therapeutic 

drug monitoring is applied to individualize busulfan therapy and optimize clinical outcome. 

Many efforts have been made to develop a population PK model to further characterize busulfan 

PK.6,7 The facilities needed for applying therapeutic drug monitoring in a clinical setting are, to 

date, a barrier to universal acceptance. Furthermore, up-front-dose adaption is not possible. 

In addition to targeting busulfan doses on the basis of PK-models, pharmacogenetic profiling 

of patients could play a more important role. 

Multiple studies have been carried out to search for a pharmacogenetic explanation for the high 

variability in busulfan PK. To date, mainly polymorphisms in genes encoding for glutathione-

S-transferases (GSTs) have been studied.8–12 Busulfan is metabolized by conjugation to 

glutathione. This reaction is catalyzed by different GSTs enzymes, of which GSTA1 is the 

predominant enzyme responsible for 46% of busulfan conjugation.8 After conjugation, the 

complex is oxidized in the liver and metabolites are mainly excreted in the urine. In several 

studies, a single nucleotide polymorphism (SNP) in GSTA1 (rs3957357) was shown to be related 

to busulfan PK in adult patients receiving busulfan before their HSCT.9,10 We confirmed this 

in an independent cohort of adult patients.11 In this study, three SNPs in three different GST 

genes were tested for association with busulfan clearance. Only rs3957357 in GSTA1 was found 

to be associated with busulfan clearance; however, this SNP could only explain 14% of its 

variability. Most of the available studies investigating variability in busulfan PK have applied 

the candidate gene method. Although this method has proven to be successful in the past, its 

major limitation is that it cannot identify genetic markers in genes not previously associated 

with busulfan PK. We hypothesized that other absorption, distribution, metabolism, and 

excretion (ADME) genes involved in drug metabolism or transport of busulfan could add to 

the variability of PK, meaning that a set of genetic variants may be more important to explain 

interindividual differences in busulfan exposure than a single gene. Genetic profiling with the 

Affymetrix drug metabolizing enzymes and transporters genotyping array offers the ability to 

determine 1,936 variants in 225 genes involved in drug metabolism and disposition.12 In this 
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report, we present the results of the exploration of genetic factors associated with busulfan 

PK using this genotyping array.

Patients and methods

Patient and disease characteristic

Patients receiving allo-HSCT between 2004 and 2011 in the Leiden University Medical Center 

were included on the basis of the following selection criteria: age between 18 and 70 years, 

receiving busulfan as conditioning before their allo-HSCT with measured busulfan serum 

samples, and presence of DNA for genotyping. The Institutional Ethics Committee approved the 

study protocol. Written informed consent was obtained from all study participants according 

to the Helsinki Declaration. Diagnoses that required allo-HSCT were malignant: acute myeloid 

leukemia, chronic myeloid leukemia, chronic lymphoid leukemia, acute lymphoblastic leukemia, 

chronic myelomonocytic leukemia, non-Hodgkin’s lymphoma or multiple myeloma or non-

malignant: aplastic anemia, β-thalassemia or sickle cell anemia. Patients receiving busulfan 

between 2004 and 2008 were included in the exploratory cohort. This cohort was genotyped 

using de DMET plus arrays (Affymetrix UK Ltd, High Wycombe, UK). Patients receiving busulfan 

between 2008 and 2011 were included in the validation cohort. In this cohort, the positive 

findings of the exploratory cohort were tested. 

Treatment regimens

Patients received either myeloablative conditioning or non-myeloablative conditioning. The 

non-myeloablative conditioning consisted of intravenous busulfan 0.8 mg/kg four times 

daily on days -6 and -5 before allo-HSCT, oral fludarabine 50 mg/m2 on days -10 to -5, and 

alemtuzumab 15 mg for 2 days. In case of a matched unrelated donor, antithymocyte globulin 

1–3 mg/kg was added. Alternatively, busulfan on days -6 and -5 before allo-HSCT was combined 

with oral fludarabine 50 mg/m2 on day -10 to -5, intravenous cyclophosphamide 750 mg/m2 

on days -4 and -3, and alemtuzumab 15 mg during 2 days. The myeloablative conditioning 

consisted of intravenous busulfan 0.8 mg/kg four times daily on days -9 to -6 before allo-HSCT, 

intravenous cyclophosphamide 60 mg/kg on days -4 and -3, and alemtuzumab 15 mg during 2 

days. Dosing of the different drugs, including busulfan, is based on the actual body weight. All 

patients received 92 mg phenytoin three times daily for seizure prophylaxis starting one day 

before busulfan administration. Busulfan was administered intravenously in a 2-hour infusion. 
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Serum drug level measurements were performed at 2.5 and 4.0 h after the start of the first 

infusion on the first day of treatment. Busulfan was analyzed in 200 ml serum using a validated 

high-performance liquid chromatographic assay involving precolumnderivatization with 

diethyldithiocarbamate, liquid/liquid extraction, and UV detection, described previously by our 

group13 and on the basis of the method of Chow et al.14 The assay is linear between 30 and 8000 

mg/L and the limit of quantification is 30 mg/L. Accuracy at 200 and 1500 mg/L was 94 and 98%, 

respectively. Intraday variability in precision is 3.5 and 0.8% and interday variability in precision 

is 4.4 and 2.4% at 200 and 1500 mg/L, respectively. A validated limited sampling model was 

used to minimize the number of blood samples necessary to calculate the busulfanclearance.13 

A one-compartment population PK model for busulfan with linear elimination, developed and 

validated in MW/Pharm version 3.6 (Mediware, Groningen, the Netherlands), was used.11,13,15,16 

The calculated mean population PK parameters, clearance, volume of distribution, and half-life, 

were individualized according to the maximum a posteriori Bayesian fitting method.17 No dose 

adjustments were made on the basis of the individual PK parameters. 

Genotyping methods

DNA was isolated from EDTA blood using Maxwell (Promega, Leiden, the Netherlands) or 

Magnapure compact (Roche, Almere, the Netherlands). All samples were anonymized according 

to the instructions in the Codes for Proper Use and Proper Conduct (http:// www.federa.org). 

DNA samples of the exploratory cohort were analyzed using DMET plus arrays (Affymetrix UK 

Ltd) according to the manufacturers’ prescription and described in detail by Caldwell et al.18 

and Dumaual et al.19

Genotypes were calculated with DMET console software version 1.1 using the Dynamic 

Genotype Boundaries algorithm (Affymetrix UK Ltd). Patients with a call rate of less than 

90% were excluded from the analyses. All individual SNPs were tested for Hardy–Weinberg 

equilibrium in gPlink 2.05020; SNPs that were not in equilibrium (p < 0.001) were excluded 

from further analysis. 

In the validation cohort, SNPs were determined by high-resolution melting (HRM) of small 

amplicons with the LightScanner (HR-96; Idaho Technology, Salt Lake City, Utah, USA). 

Oligonucleotides used for small amplicon (40–60 bp) genotyping were chosen adjacent to 

the SNP. Melting curves were analyzed with LightScanner Software using Call-IT 2.0 (Idaho 

Technology). As a quality control measure, 10% of samples were genotyped in duplicate. 

Traditional Sanger sequencing was used to confirm HRM results for each SNPs. An overview 

of primers used in HRM and sequencing is presented in Table 4.1. 
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In both cohorts, more than 93% of the patients were of White ethnicity. Ethnicity was declared by 

the physician of the patient, but ethnicity was not studied as such in this study. To evaluate the 

ethnicity and to exclude the possibility of population stratification of the samples in the exploratory 

cohort, multidimensional scaling (MDS) was used, as implemented in software package plink. 

Four MDS coordinates were used and plots were created for adjacent MDS components. 

Haplotype estimation

In the exploratory cohort, haploblocks were composed of SNPs associated with busulfan 

clearance within one gene. The haploblocks were tested to detect linkage disequilibrium. 

Table 4.1  Patient characteristics

Exploratory
cohort

Validation
cohort p-value

Number of patients 62 78

Age in years (mean ± s.d.) 53 ± 11 57 ± 10 0.04

Sex
Male 34 51

0.20Female 28 27

Disease
AML 11 28
CML 3 2
CLL 5 7
ALL 0 1
MM 22 18
NHL 10 18
CMML 2 1
AA 7 2
β-thl 0 1
SCA 2 0

Busulfan clearance (L/hr/kg)
Volume of distribution

0.19 ± 0.05
47.6 ± 16.6

0.17 ± 0.05
51.0 ± 15.4

0.16
0.21

Conditioning regime
Flu Bu (ATG or Alemtuzumab) 59 74

0.55Flu Bu CY 2 3
Bu Cy Alemtuzumab 1 1

AML: acute myeloid leukemia, CML: chronic myeloid leukemia, CLL: Chronic lymphocytic leukemia, ALL: 
acute lymphoblastic leukemia , MM: Multiple Myeloma , NHL: Non-Hodgkin lymphoma , CMML: chronic 
myelomonocytic leukemia, AA: aplastic anemia, β-thl: β-thalassemia , SCA: sickle cell anemia, Flu: fludarabine, 
Bu: busulfan, Cy: cyclofosfamide, ATG: anti-thymocyteglobuline.
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If linkage disequilibrium between SNPs was present, haploblocks (with several haplotypes) 

were determined. A haplotype was set if the haplotype uncertainty parameter Rh2 was greater 

than 0.95. Haplotypes with an Rh2 of 0.95 or less were not considered for further analysis. 

Rare haplotypes (frequency < 10%) were pooled into one group in the association analysis. 

The following SNPs were analyzed in haploblocks: ABCB1 rs2032588 and rs2235015; ABCB4 

rs45595532, rs2109505, and rs1202283; ABCC2 rs7899457 and rs8187706; ABCC6 rs8058694 and 

rs8058696; CYP2B6 rs8058694 and rs8058696; CYP39A1 haploblock 1 rs2277119 and rs59926524; 

CYP39A1 haploblock 2 rs9381468 and rs953062; CYP3A7 rs45467892 and rs45494802; CYP4F2 

rs2108622 and rs3093106; FMO1 rs742350 and rs1126692, GSTA1 rs4715332 and rs4715333; 

GSTA5 rs4715354 and rs7746993; NR3C1 rs6195, rs6190 and rs6189; PPARD rs7746988, rs6901410, 

rs6457815, rs7757196, rs7754530, rs7739752, rs6913026, rs6922548, rs6940722, rs6915115, 

rs6457816, rs6906237, and rs1053046; and UGT2B15 rs4148269, rs3100, and rs4148269. 

In the validation cohort, a tagging SNP was identified in each haploblock to determine 

haplotypes. The tagging SNP was selected on the basis of the frequencies of the different 

haplotypes in the exploratory cohort. In case it was not possible to determine haplotypes in the 

exploratory cohort on the basis of one tagging SNP, two SNPs were selected for determination 

of the haplotype. Care was taken such that the same SNPs could be analyzed in the exploratory 

and validation cohorts. This resulted in the following analysis in the validation cohort: Three 

haploblocks contained two SNPs: GSTA5: two tagging SNPs (rs4715354 and rs7746993), CYP39A1 

block 1: one tagging SNP (rs2277119) and block 2: two tagging SNPs (rs9381468 and rs953062). 

One haploblock (ABCB4) contained three SNPs, of which two were determined (rs2109505 

and rs1202283). For each individual patient, haplotypes were estimated and haplotype Rh2 

was calculated using gPlink haplotypes; with Rh2 more than 0.95 haplotypes were considered 

present. 

In Table 4.2, an overview is presented of the number of SNPs and also the frequencies of the 

different haplotypes in both the exploratory and the validation cohort. 

Statistical analysis

PK parameters are presented as means (± SD) (normal distribution) or geometric mean in case 

of log-normal distribution (± SD) of the parameter. In the exploratory cohort, associations with 

busulfan clearance and SNPs were tested initially by linear regression analysis with the SNPs 

in the additive model using gPlink. The effect of the number of copies of the haplotypes was 

tested in the same manner and the effect of gene copy number variation on busulfan clearance 

was tested using Student’s t-test, both in PASW statistics, version 17.0.01 (SPSS Inc., Chicago, 
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Illinois, USA). Candidate markers with a p-value less than 0.05 (SNPs or haplotypes) and SNPs 

with a minor allele frequency more than 10%, to maintain a high enough power, were included 

in a multivariate linear regression analysis using a stepwise forward conditional approach with 

busulfan clearance as a dependent variable. The combination of SNPs and haplotypes explaining 

the largest portion of total variability in clearance was selected (highest R2). The selection of 

these most informative SNPs and haplotypes was used to create a pharmacogenetic model 

predicting busulfan clearance (ClPG). This model was tested in the validation cohort. 

All results from the multivariate analyses with a p-value less than 0.05 were considered 

significant. As this was an exploratory study, no correction for multiple testing was performed. In 

addition, this exploratory study used an uninformative approach, meaning that no adjustments 

for confounding factors and assumptions of polymorphism effects were made. 

In the validation cohort, a predicted busulfan clearance was calculated for each patient with 

the regression model developed in the exploratory cohort (ClPG). The algorithm to calculate 

ClPG was based on the βs of each genetic marker from the multivariate analyses (Table 4.2) and 

a constant of 0.211; an additive model was assumed, according to Eq 4.1. 

ClPG =0.016*GSTA5 – 0.021*SLC22A4 – 0.025*ABCB4 + 0.013*SLC7A8     ( Eq 4.1)

– 0.018*CYP39A1_TC + 0.023*CYP2C19 + 0.018*CYP39A1_GC

The value of each genetic marker is 0, 1, or 2 depending on the number of variant alleles. The 

busulfan clearances calculated using the pharmacogenetic model (ClPG) and the busulfan 

clearances calculated using the population pharmacokinetic model (ClPK) of each patient were 

compared on a case-by-case base with Pearson correlation. Furthermore, the association of 

the seven genetic markers with busulfan clearance was tested individually by linear regression 

analysis with the marker in the additive model in gPlink.

Results

Description of the patient population

We carried out a two-stage approach, an exploratory analysis, and an independent validation 

study. Sixty-five adult patients were included in the exploratory cohort. Three patients were 

excluded because of a genotype call rate of less than 90%. The validation cohort included 78 

adult patients. Patient characteristics of both cohorts are shown in Table 4.3. In the exploratory 

and validation cohort, 55 and 65% of patients were men, respectively (p = 0.20). The mean age 
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of the patient population was 53 ± 10 and 57 ± 11 years for the respective cohorts (p = 0.04). 

The mean busulfan clearance (ClPK) was similar in the exploratory cohort (0.19 ± 0.05 L/h/kg) 

and in the validation cohort (0.17 ± 0.04 L/h/kg) (p = 0.16). 

The two different cohorts were created sequentially on the basis of the date of HSCT and 

busulfan administration. The two cohorts were similar in terms of sex distribution, average 

busulfan clearance, indication, and conditioning regimen. There was a significant difference 

in the average age between the two cohorts. However, age is not associated with busulfan 

clearance in adult patients. 

Genotyping 

In the exploratory cohort, of the 1936 SNPs determined, 46 SNPs were X-chromosomal. As there 

was no sex difference in busulfan clearance levels (p = 0.19), these SNPs were excluded from 

the analysis. All 62 patients passed QC metrics and produced useable genotypes. 

The average call rate of the remaining 1890 SNP assays was more than 98%. One SNP 

(RS7436963/UGT2B17) failed to meet Hardy–Weinberg equilibrium (p < 0.001) and was excluded 

from further analysis. Of the remaining 1889 SNPs, 851 SNPs were polymorphic in the study 

population and were used in the association study. An overview is presented in Figure 4.1.

Figure 4.1  Flow charts of genotyping results in the exploratory cohort. HW: Hardy-Weinberg, 
SNP: single nucleotide polymorphism.

1936 SNPs

46 X-chromosomal
SNPs

1 SNP not in HW
(p < 0.001)

1085 SNPs: allele 
frequency < 0.001%

851 SNPs associated with
busulfan clearance

1889 SNPs:
call rate > 98%
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To exclude population stratification, MDS plots were created (Supplemental Figure 4.1). The 

plots do not indicate the presence of strong population stratification. If population stratifica

tion would be present, clear separated clusters would be observed in the graphs, indicating a 

difference in allele frequencies between subpopulations. 

In the validation cohort, 10 SNPs, which were selected in the exploratory cohort, were 

determined. The average call rate was more than 99%; all variants showed Hardy–Weinberg 

equilibrium (p > 0.05). 

Association of genetic variants with busulfan clearance in the exploratory cohort 

Of the 851 SNPs, 86 SNPs in 52 different genes showed a significant association with busulfan 

clearance (p < 0.05; see also Figure 4.2). Of the 45 SNPs, 15 haploblocks, containing 29 haplotypes, 

located in 14 different genes, were formed. In the next step of association analysis, SNPs and 

haplotypes that fulfilled the selection criteria (p < 0.05, minor allele frequency > 10%) were 

applied in the multivariate analyses. Seven variants (three SNPs and four haplotypes) in six genes 

were selected as the top genetic markers, explaining 64% (adjusted R2) of variance in busulfan 

clearance in the exploratory cohort (p < 0.001) (Table 4.2). To be more specific, three genes of the 

model are involved in drug metabolism processes in general: GSTA5 (rs4715354 and rs7746993) 

and two cytochrome P450 genes: CYP2C19 (rs12248560) and CYP39A1 (rs2277119 and rs9381468 

and rs953062) and three genes were found to be involved in drug transport: ABCB4 (rs2109505 

and rs1202283), SLC22A4 (rs1050152), and SLC7A8 (rs7141505). The effects of each individual 

genetic marker on busulfan clearance are presented in individual graphs in Figure 4.3. 

Predication of busulfan clearance in validation cohort

In the validation cohort, busulfan clearance was calculated using the prediction algorithm and 

the individual genotypes of the seven markers. The average predicted clearance (ClPG) was 0.19 

± 0.04 L/h/kg. A correlation graph and a Bland–Altman plot are provided in Supplemental Figure 

4.2 showing a poor correlation between ClPG and clearance calculated using the PK model (ClPK), 

R2 = 0.024, but no systematic bias between the two methods. 

When the seven genetic markers were tested separately, one haplotype in GSTA5 (rs4715354 and 

rs7746993) remained statistically significant (p = 0.025) for correlation with busulfan clearance. 

Busulfan clearance of patients with one variant allele was decreased by 11% and 18% in patients 

with two variant alleles as compared with GSTA5 wild-type patients. In the validation cohort, 

the GSTA5 haplotype could explain 6.5% of variability in busulfan clearance.
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Figure 4.3  Effects of individual genotypes associated with busulfan clearance in the exploratory 
cohort.
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Discussion

This is the first study using an exploratory pharmacogenetic approach including a wide range 

of genes involved in drug ADME to investigate the interindividual variability in busulfan 

clearance in adults. The GSTA5 haplotype was found to be associated significantly with busulfan 

GSTA5

WT/W
T

WT/C
G

CG/C
G

0.0

0.1

0.2

0.3

0.4

B
us

ul
fa

n
C

le
ar

an
ce

(L
/h

r/k
g)

SLC22A4

CC CT TT
0.0

0.1

0.2

0.3

0.4

B
us

ul
fa

n
C

le
ar

an
ce

(L
/h

r/k
g)

ABCB4

WT/W
T

WT/G
AT

GAT/G
AT

0.0

0.1

0.2

0.3

0.4

B
us

ul
fa

n
C

le
ar

an
ce

(L
/h

r/k
g)

SLC7A8

TT TG GG
0.0

0.1

0.2

0.3

0.4

B
us

ul
fa

n
C

le
ar

an
ce

(L
/h

r/k
g)

CYP39A1 TC

WT/W
T

WT/TC
TC/TC

0.0

0.1

0.2

0.3

0.4

B
us

ul
fa

n
C

le
ar

an
ce

(L
/h

r/k
g)

CYP2C19

CC CT TT
0.0

0.1

0.2

0.3

0.4

B
us

ul
fa

n
C

le
ar

an
ce

(L
/h

r/k
g)

CYP39A1 GC

WT/W
T

WT/G
C

GC/G
C

0.0

0.1

0.2

0.3

0.4

B
us

ul
fa

n
C

le
ar

an
ce

(L
/h

r/k
g)

GSTA5

WT/W
T

WT/C
G

CG/C
G

0.0

0.1

0.2

0.3

0.4
B

us
ul

fa
n

C
le

ar
an

ce
(L

/h
r/k

g)

SLC22A4

CC CT TT
0.0

0.1

0.2

0.3

0.4

B
us

ul
fa

n
C

le
ar

an
ce

(L
/h

r/k
g)

ABCB4

WT/W
T

WT/G
AT

GAT/G
AT

0.0

0.1

0.2

0.3

0.4

B
us

ul
fa

n
C

le
ar

an
ce

(L
/h

r/k
g)

SLC7A8

TT TG GG
0.0

0.1

0.2

0.3

0.4

B
us

ul
fa

n
C

le
ar

an
ce

(L
/h

r/k
g)

CYP39A1 TC

WT/W
T

WT/TC
TC/TC

0.0

0.1

0.2

0.3

0.4

B
us

ul
fa

n
C

le
ar

an
ce

(L
/h

r/k
g)

CYP2C19

CC CT TT
0.0

0.1

0.2

0.3

0.4

B
us

ul
fa

n
C

le
ar

an
ce

(L
/h

r/k
g)

CYP39A1 GC

WT/W
T

WT/G
C

GC/G
C

0.0

0.1

0.2

0.3

0.4

B
us

ul
fa

n
C

le
ar

an
ce

(L
/h

r/k
g)



77

Broad pharmacogenetic analysis on busulfan PK

4

clearance both in the exploratory and in the validation cohort. No additional genetic markers 

involved in drug metabolism and transport appeared to be associated with busulfan clearance. 

Busulfan is metabolized primarily by conjugation with glutathione, catalyzed by GSTs. Different 

GST enzymes are involved in busulfan metabolism, GSTA1 being the predominant enzyme.8 

The effect of SNPs in genes encoding for three GST enzymes (GSTA1, GSTM1, and GSTP1) on 

busulfan PK has been studied before, leading to ambiguous results. Our group11 and Kim et al.10 

showed an effect of a GSTA1 SNP (rs3957357) on busulfan clearance in adult patients receiving 

busulfan intravenously; the other two SNPs showed no effects. Our group21 and Ansari et al.22 

studied the same SNPs in a pediatric population. Both studies showed no association between 

the GSTA1 SNP and busulfan PK. 

Moreover, Hassan et al.23 suggested the involvement of transporter enzymes in busulfan 

metabolism, transporting the glutathione–busulfan conjugate out of the cell. Only one study 

investigated the effect of a transporter on busulfan PK. In this study, the effect of three GST 

SNPs and two ABCB1 SNPs (rs1045642 and rs2032582) was investigated and it was found that 

combined polymorphisms in GSTM1 and ABCB1 were associated with busulfan PK.24 

In the exploratory cohort, genetic markers in different transporters (two solute carriers and 

one ABC transporter) were identified to be potentially related to variance in busulfan PK. These 

findings could not be confirmed in the validation cohort, thus suggesting that the involvement 

of transporters in busulfan PK is not likely. 

In our study, genetic variants were tested in relation to busulfan clearance. Unfortunately, our 

study does not have sufficient statistical power to relate genetic variations to clinical outcome 

parameters such as toxicity, efficacy (engraftment), or relapse. Instead, we explored relationships 

with busulfan clearance. However, for busulfan, a clear relationship between PK and clinical 

outcome has been described.3–5

The GSTA5 haplotype was found to be associated significantly with busulfan clearance. The 

GSTA5 gene is a member of the same family as GSTA1 and GSTA5 protein is absent in human 

tissue.25 However, the previously studied GSTA1 SNP (rs3957357, -69C/T), a tagging SNP in a 

haploblock with three other SNPs in the promoter of GSTA1 (-631T/G, -567T/G, -69C/T, and 

-52G/A), and the tagging SNP of GSTA5 (rs4715354) are linked; haploview linkage disequilibrium 

of these SNPs is D’= 1 and r2 = 0.69. Thus, the association with the GSTA5 SNP is in fact a positive 

control for earlier findings for the association of GSTA1 SNP and busulfan PK. The GSTA1 SNP 

(rs3957357) is not present on the DMET array and was therefore analyzed separately. The absence 

of the tagging SNP of the GSTA1 gene on the DMET array and the relatively small sample size 

resulted in a slightly larger effect size of GSTA5 in comparison with other GSTA1 SNPs on the 



Chapter 4

78

DMET array in the exploratory cohort. Separate analyses of GSTA1 (rs3957357) showed an 

association with busulfan clearance in the exploratory cohort (p < 0.01) and in the validation 

cohort (p = 0.02). Linkage of the two SNPs could be confirmed in both cohorts, resulting in 

D’=1 and r2 = 0.57 in the exploratory cohort and D’= 1 and r2 = 0.71 in the validation cohort. 

Previous studies indicate that only a small proportion of variability in busulfan PK can be 

attributed to genetic variants in GSTs. We hypothesized that several yet unknown metabolic 

enzymes and drug transporters could be involved in busulfan PK, each with a small influence. 

Therefore, in this study, we used an unsupervised genetic association approach. The advantage 

of such an approach is the possibility of discovering new pathways and genetic variants that 

might contribute toward variability in busulfan exposure. One of the first examples of the 

possibility of finding a novel unexpected relationship using the DMET array is given by Ross 

et al.26, showing an association between cisplatin ototoxicity and genetic variants in TPMT and 

COMT using the same genotyping platform. 

A disadvantage of this exploratory approach is the difficult interpretation of its results as the 

effects of the identified variants on gene function or expression are not always clear. Hence, 

the effect of variants found in the exploratory cohort on busulfan metabolism can only be 

hypothesis-generating and should be confirmed in a validation study, as we performed in the 

current study. 

An overview of the function and possible effects on busulfan clearance of the seven genes that 

were found in the exploratory study is shown in Supplemental Table 4.1.

Concomitant medications have been associated with busulfan PK. Especially antifungals, 

but also antiepileptic drugs are known for drug–drug interactions with busulfan. All patients 

included in our study received 92 mg phenytoin three times daily for seizure prophylaxis, starting 

one day before busulfan administration. Phenytoin could induce the metabolism of busulfan. 

However, the effect of phenytoin is not very strong. Furthermore, if this interaction would 

affect busulfan PK, it will be the same in all patients included in this study. A more significant 

interaction is the effect of antifungals on busulfan PK. Antifungals such as ketoconazole can 

increase busulfan exposure, probably because of inhibition of busulfan metabolism in the 

liver. In our study population, the only antifungal administered to the patients concomitantly 

with busulfan was oral amphotericin B. This drug is not absorbed and will therefore not affect 

busulfan metabolism in the liver. 

In our study, a large number of SNPs were evaluated in the exploratory cohort, which introduces 

the potential problem of multiple testing and an increase in the risk of false-positive findings. To 

enrich our SNP set with predictive SNPs to be used by a prediction model for busulfan clearance, 
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we applied a mild statistical threshold of p less than 0.05 in the exploratory cohort. P-value 

thresholds in an exploratory set are meant to enrich for associated SNPs not strictly controlling 

type I error (following Purcell et al.27). Evaluation of the association of scores in the exploratory 

set has descriptive merits and formal evaluation of significance is carried out in the validation 

set. It is possible to use alternative strategies for the construction of a prediction model by using 

different model selection techniques (such as penalized regression or ensemble methods); 

however, by testing external validity in an independent data set, we offer a conservative and 

robust approach to model evaluation. Construction of a simple model has the advantage of 

overfitting and making our results more comparable with similar studies (compare Purcell et al.27). 

Evaluation of the associations in the validation cohort resulted in confirming one of the seven 

genetic markers (e.g. GSTA5 haplotype). However, the explained variability of GSTA5 in the 

validation cohort was relatively small in comparison with the findings in the exploratory cohort. 

This decrease in explained variability could be because of unmeasured confounders that are 

different between the two different cohorts. Furthermore, the explained variability of 64% in 

the exploratory cohort might be an overestimate because of the so-called winners curse. To 

assess the magnitude of this phenomenon, we performed a data-split by fitting the model in the 

first half and computing the R2 of the resulting predictor in the second half. With this analysis, 

the R2 decreased from 75 to 37%, indicating the presence of overfitting (aka winner’s curse). 

Still, this analysis confirms that the model has considerable explanatory power. The findings 

of involvement of GSTA5 on busulfan PK will not directly have an impact on clinical practice. 

This is the first study using an exploratory pharmacogenetic approach in 225 genes involved 

in ADME to find an explanation for the interindividual variability in busulfan clearance. The 

GSTA5 haplotype, and thus GSTA1, was significantly associated with busulfan clearance both 

in the exploratory and in the validation cohort. No additional genetic markers involved in drug 

metabolism and transport were found to be associated with busulfan clearance.
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Supplemental material

Supplemental Figure 4.1  Multidimensional scaling (MDS) plots of adjacent MDS components
The plots do not indicate the presence of strong population stratification. If stratification would 
be present, clear clusters would be depicted in the graphs, demonstrating a difference in allele 
frequencies between subpopulations.
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4Supplemental Figure 4.2  Correlation graph and Bland Altman Plot. Correlation graph showing 
busulfan clearance based on PK data (ClPK) on the x-axis and clearance predicted with genetic 
markers (ClPG) on the y-axis, R2 = 0.024. Bland Altman plot: on the x-axis: average of ClPG and ClPK 
per individual and on the y-axis the difference between ClPG and ClPK per individual. Middle line: 
the average difference and the two dashed lines: upper and lower limits of agreement (-2SD and 
+2SD).
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Supplemental Table 4.1  An overview of the function and possible effects on busulfan clearance 
of the 7 genes that were found in the exploratory cohort

Gene Role gene1 Postulated effect 

GSTA5 Part of the alpha class of gluthationetransferases, 
catalyze conjugation with gluthation. 

No functional protein identified 
in human.2

SLC22A4 Influx transporter also known as carnitine/organic 
cation transporter (OCTN1), present in liver, kidney, 
intestine and other organs. Critical for elimination of 
many small organic cations.3

ABCB4 ATP-binding cassette, sub-family B (MDR/TAP). This 
gene encodes a full transporter and member of the 
p-glycoprotein family; it may involve transport of 
phospholipids from liver hepatocytes into bile.

p-GP is a transporter of 
gluthatione conjugates out 
of the cell and may transport 
busulfan conjugate.4

SLC7A8 Cationic amino acid transporter, also known as LAT2 
gene.

SNP located in haploblock in 
promoter region of gene; no 
evidence for effect of SNP on 
expression of gene.5

CYP39A1
Block A & B

A member of the cytochrome P450 superfamily 
of enzymes. This endoplasmic reticulum protein 
is involved in the conversion of cholesterol to bile 
acids.

CYP2C19 This protein localizes to the endoplasmic reticulum 
and is known to metabolize many xenobiotics 
including omeprazol and anticonvulsive drugs.

*17 allele: increased transcription 
and ultrarapid allele.6

Busulfan conjugate is oxidized in 
the liver, which may be facilitated 
by CYP2C19.
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