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A B S T R A C T

Purpose
Methotrexate plasma concentration is related to its clinical effects. Our aim was to identify the

genetic basis of interindividual variability in methotrexate pharmacokinetics in children with newly
diagnosed acute lymphoblastic leukemia (ALL).

Patients and Methods
We performed a genome-wide analysis of 500,568 germline single-nucleotide polymorphisms

(SNPs) to identify how inheritance affects methotrexate plasma disposition among 434 children
with ALL who received 3,014 courses of methotrexate at 2 to 5 g/m?. SNPs were validated in an
independent cohort of 206 patients.

Results
Adjusting for age, race, sex, and methotrexate regimen, the most significant associations were

with SNPs in the organic anion transporter polypeptide, SLCO7B1. Two SNPs in SLCO1B1,
rs11045879 (P = 1.7 X 107'°) and rs4149081 (P = 1.7 X 107°), were in linkage disequilibrium (LD)
with each other (P = 1) and with a functional polymorphism in SLCO1B1, T521C (rs4149056;
7 > 0.84). rs11045879 and rs4149081 were validated in an independent cohort of 206 patients
(P = .018 and P = .017), as were other SLCOT1B1 SNPs residing in different LD blocks. SNPs in
SLCO1B1 were also associated with Gl toxicity (odds ratio, 15.3 to 16.4; P = .03 to .004).

Conclusion

A genome-wide interrogation identified inherited variations in a plausible, yet heretofore low-
priority candidate gene, SLCO1B1, as important determinants of methotrexate’s pharmacokinetics
and clinical effects.

J Clin Oncol 27:56972-5978. © 2009 by American Society of Clinical Oncology

tify new candidate genes whose polymorphisms
forecast which patients might benefit from tailoring

Whole-genome studies have identified genetic
variations associated with risk of complex diseases.'~
However, whole-genome pharmacogenetic studies
are less common despite considerable speculation
that such information will transform drug therapy.®'°
Methotrexate is used to treat malignancies, includ-
ing acute lymphoblastic leukemia (ALL), as well as
autoimmune disorders.''""?

The pharmacologic effects of methotrexate are
well characterized, and its systemic exposure has
been related to cure and toxicity in childhood
ALL'®" and other diseases.>*"'**>?* The genetic
origins of interindividual pharmacokinetic and
pharmacodynamic variability of methotrexate re-
main poorly understood, with conflicting results on
candidate pharmacogenetic predictors for metho-
trexate.”>*> A genome-wide approach might iden-
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dosage on the basis of genomic variation. Herein, we
performed a genome-wide association analysis of
434 patients with newly diagnosed ALL and sur-
veyed 500,568 germline single-nucleotide polymor-
phisms (SNPs).

Patients and Treatment

The discovery cohort included 434 children (median
age, 5.92 years; range, 1.02 to 18.85 years) with ALL en-
rolled and treated on St. Jude Children’s Research Hospital
Total XIIIB and Total XV protocols (Data Supplement
Table 1).22® The validation cohort consisted of the next
set of 206 patients (median age, 5.10 years; range 1.17 to
18.67 years) treated on St. Jude’s Total XV protocol (Data
Supplement Table 1) who were enrolled after the initial
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analysis began. Total XIIIB included consolidation therapy of two weekly
doses of methotrexate (2 g/m” over 2 hours, followed by leucovorin) and
6-mercaptopurine (75 mg/m” per night for 2 weeks).”>*” Subsequent therapy
included identical methotrexate and 6-mercaptopurine doses administered
every 8 weeks up to 1 year. Total XV included four doses of methotrexate
during consolidation, each given over 24 hours with dosage adjusted to achieve
a steady-state plasma concentration of 33 wmol/L (low-risk arm) or 65
umol/L (standard/high-risk arm).?® Serum creatinine was measured in the 24
hours before methotrexate treatment. Parents and patients gave informed
consent and assent as appropriate, and the study was approved by the institu-
tional review board. All grade 3 and 4 toxicities were prospectively scored using
the National Cancer Institute (NCI) Cancer Therapy Evaluation Program
(CTEP) (http://ctep.cancer.gov) toxicity criteria during the consolidation and
continuation periods.”® The most common toxicities during consolidation,
when only methotrexate and 6-mercaptopurine were given, were GI (mucosi-
tis) and infection. Detailed procedures for methotrexate administration (Data
Supplement Table 2) and evaluations are provided in the Data Supplement.

Pharmacokinetic Data

Clearance was estimated on the basis of three to four methotrexate
plasma concentrations per course up to 48 hours from the start of infusion.
Clearance was estimated (CL = k, X V) using a two-compartmental linear
pharmacokinetic model and a Bayesian approach, via ADAPT software (Uni-
versity of Southern California, Los Angeles, CA), as described.”****° Popula-
tion priors, mean (variance), were 9.0 L/m? (22.1) for V,, 0.70 hours ™" (0.05)
for K, 0.08 hours ' (0.002) for Kep and 0.11 hours ™! (0.000014) for K, as

described.*® The average methotrexate clearance per patient across courses
was calculated using all available postremission courses.

Genotyping and SNP Filtering Criteria

Germline DNA was extracted from blood after remission was achieved.
DNA (500 ng) was applied to the 500K Array Set (Affymetrix, Santa Clara,
CA). Chips were scanned and genotype calls were made using the Bayesian
Robust Linear Multichip with Mahalanobis Distance (BRLMM) algorithm for
500,568 interrogated SNPs. Initial missing SNP genotypes were imputed
using the fastPHASE software (Data Supplement; University of Washing-
ton, Seattle).”’ SNPs were excluded for genotyping call rates less than 95%
(n = 29,314), minor allele frequency less than 1% (n = 63,110), or if allele
frequencies deviated from Hardy-Weinberg equilibrium (n = 10,944; P<1 X
10~7). Some SNPs were excluded that met more than one criterion, leaving
398,699 SNPs in the analysis.

For a subset of patients in the validation cohort (n = 103), SNP geno-
types were obtained using Affymetrix Genome-Wide Human SNP Array 6.0
(Affymetrix). The nonsynonymous SNP, SLCO1BI T521C (rs4149056) was
not represented on the Affymetrix arrays and was independently genotyped
(DNAPrint Genomics, Sarasota, FL); call rates were more than 97% for
this SNP.

Statistical Analysis

Analyses were conducted using R (http://www.r-project.org/) and SAS
(SAS Institute, Cary, NC). Associations between average methotrexate clear-
ance and patient characteristics (sex, age, race, and treatment regimen) were
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Fig 1. Average methotrexate clearance and linkage disequilibrium structure of the SLCO7B1 single-nucleotide polymorphisms (SNPs) in 434 children with acute
lymphoblastic leukemia. The average methotrexate clearance for each of the 434 children in the discovery cohort is plotted from the highest to lowest (gray shaded
area), and each patient’s genotype at each of the SLCO7B7 SNP loci listed is indicated (colored bars below the x axis). Patients homozygous for the major allele are
coded in blue, heterozygotes are coded in green, and those homozygous for the minor allele are coded in yellow.
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Fig 2. Genome-wide P values showing the association of single-nucleotide
polymorphisms (SNPs) with methotrexate clearance in the discovery cohort of
434 children with acute lymphoblastic leukemia. Shown is the distribution of P
values (as —logq values) for the association of 398,699 SNP genotypes with
methotrexate clearance in the discovery cohort. The Pvalue of 1.7 X 10~ % s for
the most significant association identified between a single SNP (located in
SLCO1B1 on chromosome 12) and methotrexate clearance.

tested using analysis of variance (ANOVA). Nongenetic factors (eg, hydration
and alkalinization) were standardized for each treatment regimen (Data Sup-
plement). Associations between germline SNP genotypes and methotrexate
clearance were evaluated using a general linear model, treating genotype as a
numerical variable (0 = AA, 1 = AB, and 2 = BB) and including age, race, sex,
and treatment regimen as covariates. Age was coded in years and treated as a
continuous variable. Treatment regimen was coded as a categoric variable, and
Total XIIIB was considered the baseline covariate in the multivariate analysis.
Ancestry was determined using the actual genotypes, computing each patient’s
probability of having European, African, or Asian ancestry (Data Supple-
ment). Ancestry was alternatively characterized using Eigenstrat software
(Harvard Medical School, Boston, MA) on the basis of a principal component
analysis of SNP genotypes.”> We found good concordance (94%) between
genomically determined ancestry and self-declared race. SNPs whose P value
for association with methotrexate clearance was less than 1 X 1077 were
considered reaching genome-wide significance. Because only SNPs annotated
to the SLCOIBI gene were tested for association with methotrexate clearance
in the validation cohorts, a P value less than .05 was considered statistically
significant. Multiple linear regression analysis was used to estimate percent
variation explained by genotypes and other covariates.

A genome-wide linear mixed effect model®® was also conducted with
each individual course of methotrexate clearance as a dependent variable,
including course number (course 1 to 10 for patients on Total XIIIB and

course 1 to 4 for patients on Total XV) and serum creatinine for each course as
covariates. A linear mixed effect model was also used to estimate the intra- and
interpatient variability in methotrexate clearance in the discovery cohort.

Logistic regression was used to analyze whether SLCOIBI genotypes
were associated with toxicity (GI toxicity and infection) as a dichotomous
variable (yes or no) during consolidation. Patients with grade 3 or 4 toxicities
(mucositis or infection) were considered as having toxicity. Weighted logistic
regression”® was used to analyze the genotype-toxicity association in the 120-
week continuation phase of therapy for Total XIIIB, accounting for recurrent
episodes and censoring. The cumulative incidences of GI toxicity were com-
pared among genotypes using Gray’s test with incorporation of competing
risks.** To compute the odds ratio estimated for toxicity during the consoli-
dation phase of therapy, we added a continuity adjustment of 0.5 to each cell
count to deal with the zero event count for those with common homozy-
gous genotypes.

For the gene level analysis, 24,836 genes were annotated to the interro-
gated SNPs, including all SNPs located within 5,000 base pairs (ie, cis-SNPs) of
each transcript. We tested for significant associations between all the SNP
genotypes (per gene) and methotrexate clearance using multiple linear regres-
sion, and we assessed the percent variation explained by the genotypes using r*
test statistic, the Akaike information criterion, and permutation analyses
(Data Supplement).

In the discovery cohort, we estimated methotrexate clearance for
3,014 treatment courses given to 434 patients (Data Supplement Table
1). There was substantial interpatient variability in average (* stan-
dard deviation) methotrexate clearance (Fig 1), which differed among
the 213 patients on the Total XIIIB (133 % 25 mL/min/m?®), the 114
patients on the Total XV low-risk (123 + 28 mL/min/m?), and the 107
patients on the Total XV standard/high-risk (106 * 22 mL/min/m?)
treatment regimens (Data Supplement Fig 1; P < 2.2 X 10~ '®). The
variability observed between treatment regimens is not surprising,
given that dosage and the concomitant hydration and alkalinization
(factors that can affect methotrexate clearance) differed (Data Supple-
ment Table 2).%* Average methotrexate clearance differed by ancestral
group (Data Supplement Fig 2; P = .005) with African American
patients having the highest clearance. As previously noted,'*** meth-
otrexate clearance decreased with increasing age (Data Supplement
Fig 3; P = 1.1 X 10°°). Thus, we adjusted all analyses for age, race, sex,

Table 1. SLCO7B7 SNPs and Methotrexate Clearance

Discovery Cohort (n = 434)

Validation Cohort (n = 206) Combined Cohort (n = 640)

Genomic  Alleles
dbSNP ID Location Position (A/B)  MAF Coefficient” 95% ClI P MAF  Coefficient” 95% ClI P MAF  Coefficient” 95% ClI P
rs11045879  Intron 21273886 C/T 017 13.1 9110171 1.7x10710 017 6.05 1.0t010.9 018 0.16 10.8 76t0140 82x10°"
rs4149081  Intron 21269288 A/G  0.16 12.7 8510168 1.7x107° 0.7 6.16 1.1t011.1 017 0.16 10.4 7210137 6.7x 10710
rs11045818 Synonymous 21221028 A/G  0.14 -9.2 -138t0—-45 22x107% 013 —11.7 -17.1t0-63 3.7x107° 0.14 -9.3 -129t0-57 63x 1077
rs10841753 Intron 21212637 C/T 020 -7.8 ~11.7t0-38 13x107% 0.15 -7 ~11.8t0 —2.3 .004 0.19 -7 -102t0 —4.0 86x 1076
rs11045872  Intron 21263611 A/G  0.16 8.1 371125 50x107* 0.15 7.1 2010122 .007 0.16 7.3 3910107 34x107°
1s2900476  Intron 21227330 C/T  0.23 6.5 2810102 6.0x107* 026 25 -2.0107.0 27 0.24 5.0 211079 .000796
rs17328763 5’ upstream 21173837 C/T 0.15 —6.1 -10.6to —1.6 .01 0.17 —54 —10.4t0 -0.4 .034 0.15 =158 —-8.7t0 —-1.9 .002676
1511045787  Intron 21191269 G/T  0.15 -5.9 10410 —1.4 01 0.16 -55 —~10.5t0 —0.4 034 0.15 -5.2 -86t0—1.7  .003227
14149076  Intron 21262411  C/T 032 4.4 0.9t07.9 01 0.32 0.4 -4.31036 85 0.32 2.9 0.2105.6 033823
157966613  intron 21270899 A/G 032 -36 ~7.0t0 —0.1 03 0.33 0.8 -3.1t048 67 0.32 -23 ~5.0100.4 .093071

clearance will increase on average 13.1 mL/min/m?.

Abbreviations: SNP, single-nucleotide polymorphism; doSNP, SNP database; ID, identification; MAF, minor allele frequency.

*The coefficient or effect size represents the increase (positive value) or decrease (negative value) in methotrexate clearance (mL/min/m?) for those patients who
carry an additional B allele at the SNP locus listed. For instance, methotrexate clearance for patients in the discovery cohort who carry the T allele at the rs11045879
locus will have higher methotrexate clearance (+13.1 mL/min/m? higher) than those patients that carry the C allele. For each additional T allele, methotrexate

5974 © 2009 by American Society of Clinical Oncology
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Fig 3. SLCO1B1 single-nucleotide polymorphism (SNP) rs11045879 is associated with methotrexate clearance and Gl toxicity. (A) Association of SLCOTB7 SNP
genotype (rs11045879) with methotrexate clearance in patients on Total XIIIB (TXIIIB), Total XV low-risk (TXVL), and Total XV standard/high-risk (TXVSH) treatment
regimens. Numbers below each box plot indicate the sample size for each genotype. (B) Association of this SNP with Gl toxicity. Logistic regression was used to analyze
whether genotypes for SLCO1B7 SNPs were associated with toxicity as a dichotomous variable (yes or no) during the 2-week consolidation phase. The bar graphs
display the percentage of patients (plotted on the y axis) per genotype (plotted on the x axis) who had grade 3 to 4 Gl toxicity. Numbers above each bar represent the
number of patients who had toxicity versus those who did not for the specified genotype. Similar relationships exist for SLCO7B7 SNP rs4149081 (data not shown).

and treatment regimen. Using a linear mixed effect model, the in-
trapatient variability in methotrexate clearance was 48%, while the
interpatient variability was 52%.

We tested the association between 398,699 SNPs and average
methotrexate clearance in 434 children in the discovery cohort. The
strongest association signal was on chromosome 12 (Fig 2). The two

top SNPs associated with methotrexate clearance were annotated to
the transporter gene, SLCOIBI/OATPI1B1, located on chromosome
12 (Table 1; Data Supplement Tables 3-5). These two SLCO1BI SNPs
remained significant (rs11045879, P = 1.7 X 107'° and rs4149081,
P = 1.7 X 10~°) even after correction for multiple testing. These two
SLCOIBI SNPs were in complete LD (r* = 1) with each other (Fig 1)

Table 2. Multivariate Analysis of Factors Associated With Average Methotrexate Clearance in the Discovery and Validation Cohorts

Validation Cohort With Serum Creatinine Data®

Discovery Cohort (n = 434) (n =125) Validation Cohortt (n = 206)
Variables Coefficientt 95% Cl Ps (%)  Coefficientt 95% Cl Ps (%)  Coefficientt 95% Cl Ps 2 (%)

Ancestryq| .0007 2.1 .32 1.6 .021 4.1

African Reft Reft Reft

European -13.0 —19.8t0 —6.3 —7.9 —18.51t02.8 =73 —-16.7t02.0

Asian —6.5 —25.0t012.0 24 —31.810 36.6 14.6 —4.31t033.6
Sex .003 0.01 .02 33 .046 1.1

Female Ref# Reft Ref#

Male 6.6 2210109 7.7 1110143 5.6 02t011.0
Serum creatinine, mg/dL|| —60.2 -86.8t0-33.7 86x107° 3.2 -33.6 —71.81t04.6 .09 1.9 NA NA NA
Age, years 0.39 —0.49t01.3 .39 0.1 0.98 —0.21t02.2 .10 1.7 -0.5 —-1.1t00.1 .093 1.7
Treatment regimen 1.1%x107%  17.9 .00013 9.3 .001 28

Total XV low-risk Reft Reft Reft

Total XV standard/high-risk =128 —22.1t0 —9.7 -15.0 —228t0—7.3 =72 —13.1t0o —1.4

Total XIIIB 14.3 8.7t019.8 NA NA
SLCO1B1 genotype# 23x 10710 9.3 .002 1.3 47 %1074 9.3

rs4149081 (A/G) 14.0 8.51t019.6 52 —3.3t013.8 6.6 0t013.2

rs10841753 (C/T) -7.2 —13.6t0 —0.8 0.07 —12.1t012.3 1.3 —6.8t09.4

rs11045818 (A/G) -83 -19.4t0-2.9 -18.6 —34.7t0 —2.4 -17.8 —29.7t0 —5.8

rs2900476 (C/T) 3.4 —1.6t084 3.4 —4.2t011.0 2.9 —3.1t08.9

17328763 (C/T) -84 -185t01.6 —6.0 —1741053 —6.2 —14.71t02.1

Abbreviation: NA, Not applicable.

“Results from a multivariate analysis in patients from the validation cohort who had evaluable serum creatinine levels available, n = 125. Eighty-one patients
(of 206) had missing serum creatinine values.

tResults from a multivariate analysis in the validation cohort without including serum creatinine as a covariate, n = 206.

+The coefficient or effect size represents the increase (positive value) or decrease (negative value) in methotrexate clearance (mL/min/m?) for each variable listed. For
example in the discovery cohort, for a patient whose ancestry is 100% European, methotrexate clearance will decrease 13.0 mL/min/m? relative to someone whose
ancestry is 100% African. Similarly, males will have methotrexate clearance that is 6.6 mL/min/m? higher than that of females. A patient with the G allele at rs4149081
would have a clearance of 14 mL/min/m? higher than a patient with the A allele. Ref denotes the baseline or reference variable in the multiple linear regression model.
§The Pvalue is derived from the x? test comparing the deviance of the full model including all variables (eg, SLCO187 SNP genotypes, ancestry, sex, age) versus
the model excluding each variable one at a time.

flAncestry was determined using SNP genotypes from the 500-K mapping array set as described in Patients and Methods and the Data Supplement.

|[The average serum creatinine concentration (mg/dL) was used as a measure for renal function and was included in the multivariate analysis.

#Patients who carry the B allele (A/B) will have an increase or decrease in clearance based on the sign of the coefficient listed.

www.jco.org © 2009 by American Society of Clinical Oncology 5975
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and were associated with methotrexate clearance across regimens
(Fig 3).

We also used a linear mixed effects model to identify associations
between SNP genotypes and methotrexate clearance; the results were
similar to those assessing average clearance, with the same two top-
ranked SNPs (P < 6.8 X 10~°) in SLCO1BI (Data Supplement Table
4). Only 6.0% of the intracourse variability in clearance was accounted
for by course number, even when accounting for the premethotrexate
serum creatinine (Data Supplement Table 6).

Eight additional SLCOIBI SNPs (Table 1) were associated with
clearance (P < .05); these SNPs were not in LD (based on %) with the
top two SLCO1BI SNPs (Fig 1) and were encompassed by multiple
haplotype blocks (Data Supplement Figs 4A and 4B). In a gene-level
analysis, SLCO1BI had a stronger association with methotrexate clear-
ance (P <1 X 10~°), with a higher r* and a lower Akaike information
criterion, than any other gene (Data Supplement Tables 7 and 11).

We genotyped a validation cohort of 206 additional patients (Table
1). Seven of the 10 interrogated SLCO1BI SNPs remained associated
(P < .05) with methotrexate clearance (Table 1). Nine of the 10
SLCOI1BI SNPs were associated with clearance (P < .05) when the two
cohorts (discovery and validation) were combined (Table 1), and the
strongest signal remained in SLCOIBI (Data Supplement Fig 5).

The percentage of methotrexate clearance variability that could
be explained by SLCOIBI genotypes compared with the variability
explained by factors such as race, sex, age, treatment regimen, or
serum creatinine was estimated in a multivariate analysis for both the
discovery and validation cohorts (Table 2). In a stepwise linear regres-
sion analysis, five SNPs were retained in the model (Table 2), such that
SLCOIBI genetic variation accounted for 9.3% of the interpatient
variability in the discovery cohort and 11.3% in the validation cohort.
This superseded the proportion of variability contributed by the sig-
nificant factors of race, serum creatinine, and sex; only treatment
regimen accounted for a higher proportion (17.9%) of the variation in
clearance (Table 2). Average serum creatinine concentrations ex-
plained 3.2% and 1.9% of the variability in methotrexate clearance in
the discovery and validation cohorts, respectively; in a linear mixed
effects model (Data Supplement Table 6), 2.4% of interpatient and
0.4% ofintrapatient variability was accounted for by serum creatinine.
Treatment regimen and SLCOIBI SNP genotypes accounted for
18.6% and 11.0% of variability in clearance, respectively. Results
were similar for the first cycle only of methotrexate (Data Supple-
ment Table 8).

GI toxicity (grade 3 or 4 mucositis) and infection were the most
common toxicities observed during the methotrexate-intensive con-
solidation and continuation phases of Total XIIIB therapy.*® SNPs in
SLCOI1BI, rs11045879 T allele (OR, 16.4; 95% CI, 8.7 to 26.7;
P =.004) and the G allele at rs4149081 (OR, 15.3; 95% CI, 7.9 to 24.6;
P = .03; data not shown) were each associated with GI toxicity during
consolidation (Fig 3). The same two SNPs were also associated with GI
toxicity during the continuation phase (Fig 4). During the consolida-
tion phase of Total XV, GI toxicity was less frequent (5% v 18% in
Total XIIIB), and we found no association with SLCOIBI1 SNP geno-
types. Because all patients on Total XV had their methotrexate doses
adjusted to achieve a common steady-state plasma concentration,
relationships among toxicity and methotrexate exposure and
SLCO1B1 SNPs may have been attenuated on this trial. We found no
associations between SLCO1B1 SNP genotype and infectious toxicity
in either trial (data not shown).
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Fig 4. Incidence of toxicity based on SLCO7B1rs11045879 genotype. Cumulative
incidence of the first episode of Gl toxicity significantly differed (P = .024) by
SLCO1BT1 rs11045879 genotype during the continuation phase of treatment during
the Total XIIIB treatment regimen. Cumulative incidences of Gl toxicity were
compared among genotypes using Gray's test with incorporation of competing risks.

We also genotyped the nonsynonymous SLCOIBI T521C
(rs4149056) polymorphism in a subset of 489 patients; this subset
included 387 patients from the discovery cohort and 102 patients
from the validation cohort (Data Supplement Table 1). SLCO1B1
T521C was in high LD with the top SLCOIBI SNPs rs11045879
(* = 0.86, discovery cohort; ¥ = 0.89, validation cohort) and
154149081 (r* = 0.86, discovery cohort; r* = 0.89, validation cohort).
SLCOI1BI T521C was associated with methotrexate clearance in the
discovery and the combined (discovery plus validation) patient co-
horts (Data Supplement Table 9; P = 1.9 X 10 7andP=12 X107,
respectively). In addition, a marginal association (P = .07) was ob-
served between this SNP genotype and the occurrence of GI toxicity
during consolidation (Data Supplement Fig 6). In multivariate analy-
sis, the T521C SNP was significantly associated with methotrexate
clearance; however, when genotypes at T521Cand at rs11045879 were
allowed to compete, only the rs11045879 SNP remained in the model
(Data Supplement Table 10).

Using a genome-wide interrogation of germline variation, we un-
covered genetic variation that affects the disposition and effects of
methotrexate in children with ALL. The strongest genetic variation
associated with methotrexate pharmacokinetics and dynamics resided
in a reasonable candidate gene, SLCO1BI, although this transporter
was not previously studied as a candidate gene in clinical pharmaco-
genetic studies of methotrexate,*>®

The SLCOI1BI locus maintained significance after adjusting for
covariates such as age, race, serum creatinine, sex, and treatment
regimen and was verified in an independent validation set. The top-
ranked SNPs (Data Supplement Tables 3-5), rs11045879 and
1rs4149081, were located in the gene (SLCO1BI) encoding an organic
anion transporter (OATP1B1). Eight additional SNPs in SLCOIBI
had P values less than .05 for their association with methotrexate
clearance (Table 1). The fact that multiple SNPs in this locus, some of
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which were not in LD, were independently associated with methotrex-
ate clearance provides further evidence of the functional importance
of SLCOIBI.

SLCO1BI islocalized at the sinusoidal membrane of hepatocytes,
and its transcript has been detected in enterocytes.’”*' SLCOIBI
mediates uptake of substrates from sinusoidal blood, resulting
in their net excretion from blood (likely via biliary excretion).
SLCOIBI has been shown to transport methotrexate in vitro,*>** as
well as other compounds such as bilirubin, bile acids, 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors,***
benzylpenicillin, rifampicin, angiotensin-converting enzyme inhibi-
tors, and the active metabolite of irinotecan, SN-38.*>*

Previous studies have described functional consequences of non-
synonymous polymorphisms in SLCO1BI in vitro*>*® and in vivo (eg,
statins).* The SLCOIBI T521C SNP was in high LD (* = 0.84) with
the SNPs interrogated on the genome-wide arrays we used, and our
independent genotyping confirmed an association of lower metho-
trexate clearance (higher systemic exposure) with the C allele. This is
consistent with prior studies that demonstrate greater plasma expo-
sure to multiple SLCO1BI substrates in those carrying the 521C allele
than those homozygous for the 521T allele.**™' Nonetheless, most of
the SLCO1B1 SNPs that were associated with clearance (Table 1) were
noncoding SNPs, not in LD with T521C, and in a multivariate model,
SNPs other than T521C maintained an association with methotrexate
clearance (Data Supplement Table 10). The fact that these SNPs re-
sided throughout the gene suggest multiple mechanisms by which
variations affect the function of SLCO1B1, perhaps by effects on tran-
scription and post-transcriptional processing (eg, pre-mRNA splicing
and mRNA translation). Moreover, noncoding SNPs may be in link-
age with rare, nontyped coding SNPs. Thus it appears that the function
of SLCO1BI may be affected by several different polymorphisms.

SNPs in SLCO1BI were associated not only with methotrexate
clearance but also with GI toxicity (Fig 3) in Total XIIIB. Only 5% of
patients in Total XV had toxicity, and this may in part be attributed to
targeting of methotrexate to achieve a specific plasma concentration.
The alleles that were associated with lower plasma exposure were
always associated with increased GI toxicity. This finding is consistent
with lower blood concentrations but higher GI tract or enterocyte
concentrations of methotrexate being associated with GI toxicity. The
fact that SLCO1BI polymorphisms were not associated with the other
common toxicity,”® infection, is consistent with GI concentrations being a
determinant of methotrexate GI toxicity’>>” and being of relatively minor
importance for infectious toxicity. Because 6-mercaptopurine was given
during consolidation, toxicity (particularly infection) may have been
partly due to 6-mercaptopurine. However, GI toxicity is more closely
linked to methotrexate® than to thiopurines.”*>*

SLCOIBI genotypes were associated with methotrexate clear-
ance across three different treatment regimens (Fig 3) and were signif-
icant after adjusting for regimen differences and for sex, race, renal
function, and age (Table 2 and Data Supplement Table 6). Moreover,
clearance was measured on multiple occasions, and thus the average
value of clearance is a composite that already accounts for intrapatient

2 diabetes. Nat Genet 39:977-983, 2007
2. Hakonarson H, Grant SF, Bradfield JP, et al: A
genome-wide association study identifies KIAA0350
as a type 1 diabetes gene. Nature 448:591-594, 2007
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variability that may have been due to nongenetic causes. Accounting
for each course independently in a mixed effects model, and account-
ing for variation in serum creatinine,” polymorphisms in SLCO1BI
remained significant predictors of interpatient variability in clearance.
The fact that serum creatinine explained a small fraction (2.4%) of
the interpatient variability in methotrexate clearance may be because
serum creatinine was monitored before administration of the drug, and
renal dysfunction was a contraindication to high-dose methotrex-
ate. The proportion (9.3%) of interpatient variability in drug clear-
ance attributable to germline variation in a single gene is on par
with or greater than the variability accounted for by a single gene
for other complex phenotypes.””

Identifying patients at risk of low methotrexate clearance could
be useful for monitoring and supportive care during high-dose meth-
otrexate, particularly in settings in which rapid turnaround of plasma
levels is not available. Moreover, identifying that SLCO1BI accounts
for a substantial degree of interpatient variability in clearance high-
lights that drug interactions are likely to occur if a potent SLCOIBI
substrate is given with methotrexate.

Methotrexate is metabolized to a 7-OH methotrexate me-
tabolite.”® This metabolite could interact with SLCOIBI. Other
genetic variations may influence methotrexate clearance, such asin
SLCOI1A2 (Data Supplement Tables 3-5).° Moreover, there may
be important insertion/deletion or germline copy number varia-
tions that were not adequately interrogated on the array we used.

Using a whole-genome approach, we identified a plausible can-
didate gene, SLCO1BI, that is associated with methotrexate pharma-
cokinetics and pharmacodynamics. This illustrates the proof of
principle that genome-wide tools can lead to the discovery of impor-
tant pharmacogenetic links between inherited genomic variation and
drug response in humans.
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