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PEDIATRIC ACUTE LYMPHOBLAS-
tic leukemia (ALL) cure rates
have increased from less than
10% in the 1960s to more

than 80% today. Such advancement
was partly derived from the identifi-
cation of presenting clinical features

(eg, molecular subtype, leukocyte
count, age) associated with treatment
outcome and subsequent implemen-
tation of risk-adapted therapy.1,2 The
assessment of decreasing disease bur-

den in response to therapy by
sequential monitoring of minimal
residual disease (MRD) status has
now been integrated into r i sk
stratification.3-5 Minimal residual dis-

See also Patient Page.
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Context Pediatric acute lymphoblastic leukemia (ALL) is the prototype for a drug-
responsive malignancy. Although cure rates exceed 80%, considerable unexplained
interindividual variability exists in treatment response.

Objectives To assess the contribution of inherited genetic variation to therapy
response and to identify germline single-nucleotide polymorphisms (SNPs) associ-
ated with risk of minimal residual disease (MRD) after remission induction chemo-
therapy.

Design, Setting, and Patients Genome-wide interrogation of 476 796 germline
SNPs to identify genotypes that were associated with MRD in 2 independent
cohorts of children with newly diagnosed ALL: 318 patients in St Jude Total
Therapy protocols XIIIB and XV and 169 patients in Children’s Oncology Group trial
P9906. Patients were enrolled between 1994 and 2006 and last follow-up was in
2006.

Main Outcome Measures Minimal residual disease at the end of induction therapy,
measured by flow cytometry.

Results There were 102 SNPs associated with MRD in both cohorts (median odds
ratio, 2.18; P� .0125), including 5 SNPs in the interleukin 15 (IL15) gene. Of these
102 SNPs, 21 were also associated with hematologic relapse (P� .05). Of 102 SNPs,
21 were also associated with antileukemic drug disposition, generally linking MRD eradi-
cation with greater drug exposure. In total, 63 of 102 SNPs were associated with early
response, relapse, or drug disposition.

Conclusion Host genetic variations are associated with treatment response for child-
hood ALL, with polymorphisms related to leukemia cell biology and host drug dispo-
sition associated with lower risk of residual disease.
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ease assays provide a direct assess-
ment of early treatment response and
are associated with final treatment
outcome.6-9

Response to treatment varies dur-
ing the 4- to 6-week phase of remis-
sion induction therapy, as exemplified
by changes in early sequential MRD
assays.4,8,9 Thus, some patients exhibit
drastic depletion of leukemia (from
100% to less than 0.01% leukemia
cells in bone marrow) within only 2
to 3 weeks of induction therapy,
while others exhibit high levels of
residual leukemia even after 4 to 6
weeks of therapy.

This interindividual variation in
treatment response in cancer can

arise from both tumor- and host-
related factors; however, most prior
studies focused on the former. Gene
expression profiling of leukemic
blasts has identified tumor genetic
features associated with outcome10,11

and drug resistance.12-15 Much less is
known about host genetic factors
associated with cancer cure rates.16-19

Taking a global approach to iden-
tify host genetic factors that may
affect treatment response in ALL, we
tested germline single-nucleotide
polymorphisms (SNPs) for their
association with MRD at the end of
remission induction therapy in 2
independent cohorts of children
treated for newly diagnosed ALL.

METHODS
Patients
Two cohorts of patients were in-
cluded (TABLE 1) with approval of their
respective institutional review boards.
Written informed consent from pa-
tients or their guardians (as appropri-
ate) for genomic research was in-
cluded as part of the treatment protocols
at St Jude (Total Therapy protocols
XIIIB and XV) and the treatment/
biology protocol for the COG (Pediat-
ric Oncology Group 9900 study).

Treatment and MRD Assessment

There were common and unique ele-
ments to the eligibility and treatment
of the St Jude and COG cohorts

Table 1. Patient Characteristics and Relation to MRDa

Characteristics

St Jude Cohort Children’s Oncology Group Cohort

All
Patients
(n = 371)

Patients
in the MRD

Genome-wide
Association

Study
(n = 318)

P Value
for Relation

to MRDb

All
Patients
(n = 227)

Patients
in the MRD

Genome-wide
Association

Study
(n = 169)

P Value
for Relation

to MRDb

Racec

White 282 (76) 246 (77) 132 (58) 110 (65)

Black 58 (16) 45 (14) .63 12 (5) 8 (5) .18

Other 21 (8) 27 (9) 63 (37) 51 (30)

Sex
Male 213 (57) 181 (57)

.33
154 (68) 118 (70)

.13
Female 158 (43) 137 (43) 73 (32) 51 (30)

Age at diagnosis, y
�1 6 (1) 2 (1) 0 0

1-10 262 (71) 236 (74) .28 73 (32) 51 (30) .06

�10 103 (28) 80 (25) 154 (68)d 118 (70)

White blood cell count at diagnosis, /µL
�50 000 269 (73) 237 (75)

.07
124 (55) 94 (56)

.16
�50 000 102 (27)d 81 (25) 103 (45) 75 (44)

Lineage
B lineage 299 (81) 248 (78)

.06
227 (100) 169 (100)

T cell 72 (19) 70 (22) 0 0

Molecular subtype
TEL-AML1 65 (17) 61 (19) 3 (1) 3 (2)

BCR-ABL 12 (3)d 0 0 0

E2A-PBX1 13 (3) 0 .33 23 (10)d 0 .45

MLL rearrangement 7 (2) 0 18 (8)d 0

No common translocations 274 (74) 257 (81) 183 (81) 166 (98)

End-of-induction MRD, %
�0.01 293 (79) 257 (81) 149 (66) 111 (66)

0.01-1 63 (17) 53 (17) 52 (23) 36 (21)

�1 15 (4) 8 (2) 26 (11) 22 (13)
Abbreviation: MRD, minimal residual disease.
aData are presented as No. (%) of patients unless otherwise indicated.
bAssociation between patient characteristics and MRD assessed by �2 test (P� .05) in patients included in the genome-wide association study.
cRace was assigned based on germline genotype of approximately 600 000 SNPs as described in the Supplemental Methods (http://www.jama.com).
dPatient characteristics significantly associated with MRD by �2 test (P� .05).
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(eFigure 1)20,21 (http://www.acor.org
/ped-onc/diseases/ALLtrials/9906
.html). Common elements included
daily prednisone, weekly vincristine,
weekly daunorubicin, thrice-weekly as-
paraginase, and intrathecal methotrex-
ate therapy. After 28 days of therapy,
St Jude patients received cytarabine plus
etoposide (Total Therapy protocol
XIIIB) or cytarabine plus cyclophos-
phamide and 6-mercaptopurine (Total
Therapy protocol XV). Minimal re-
sidual disease was studied in bone
marrow at days 19 and 46 by flow cy-
tometry, with the latter time point cor-
responding to the end of induction
treatment.8 In contrast, COG patients
finished the induction phase after 28
days of therapy, and MRD status was
assessed at day 8 (blood) and at end of
induction at day 28 (bone marrow).7

For St Jude patients, MRD status was
categorized as negative (�0.01%), posi-
tive (�0.01% but �1%), and high-
positive (�1%). In COG patients, MRD
classification was nearly identical: nega-
tive (�0.01%), positive (�0.01%, but
�1%), and high-positive (�1%).

Diagnostic immunophenotype and
molecular subtype analyses were per-
formed as described.7,8

Genotyping, Genotype Imputation,
and Quality Control

DNA (500 ng) was digested with re-
striction enzymes, amplified, labeled,
and hybridized to the Affymetrix
GeneChip Human Mapping 100K and
500K sets (Affymetrix, Santa Clara,
California). Together, these 2 arrays in-
terrogated genotypes at 588 920 SNPs.

Race was designated in mutually ex-
clusive categories of white, black, and
other by comparing patient SNP geno-
types with reference populations in the
HapMap resource (Supplemental
Methods).

SNP genotypes were coded accord-
ing to the number of B alleles in the
genotype call as determined using
BRLMM,22 with the AA, AB, and BB
genotype calls coded as 0, 1, and 2, re-
spectively. For genotypes that were not
called by the BRLMM algorithm, we im-
puted the number of B alleles based on

signal intensity and consistency with
expected genotypes based on linkage
disequilibrium.23-25

SNPs with a minor allele frequency
of less than 1% or call rates less than
95% (ie, the number of samples with
definitive genotype call at this SNP is
�95% of the total number of samples
typed for this SNP) were excluded
(FIGURE 1); patient samples that failed
to achieve 95% call rates (ie, samples
for which �95% of interrogated SNPs
were successfully typed) were ex-
cluded (Figure 1 and Supplemental
Methods).

Genome-wide Association Analysis
for MRD

Minimal residual disease was treated as
an ordinal variable; ie, 1 for negative,
2 for positive, and 3 for high-positive,
as defined above. To minimize con-
founding effects, patients with ALL sub-
types that were strongly related to MRD
status and that differed in frequency be-
tween the 2 cohorts (ie, E2A-PBX1, MLL
rearrangements, BCR-ABL ALL) were
excluded from the MRD analyses
(Table 1, Figure 1, and Supplemental
Methods). The final analysis included
476 796 SNPs among 318 St Jude and
169 COG patients (Table 1 and
Figure 1).

SNPs associated with end-of-
induction MRD were identified based
on a bidirectional validation approach
in both the St Jude and COG co-
horts, comprising a 3-step analysis.
Our goal was to find SNP genotypes
that were associated with MRD in

both cohorts—those that might be
generalizable across induction treat-
ment for ALL.

In step 1, we computed the statisti-
cal significance for each SNP geno-
type’s association with MRD in each co-
hort separately. The Spearman rank
correlation was used as the test statis-
tic to account for the ordinal nature of
MRD and the gene dosage effect of
genotypes. P values were computed by
a permutation-asymptotic hybrid
method (Supplemental Methods). An
additive model was assumed, al-
though the trend test is also reason-
ably robust to moderate deviation from
additivity.26

In step 2, we determined the thresh-
old for statistical significance by esti-
mation of the false discovery rate (FDR)
and an internal validation (Supplemen-
tal Methods) in each cohort. Using the
P values obtained in step 1, in each co-
hort, FDR levels were estimated on a
grid of per-test significance levels (P
value cutoffs).27 Based on the FDR es-
timates and the internal validation, a
threshold (P� .0125) was chosen for
each cohort to declare a set of SNPs for
further investigation.

In step 3, we used the COG MRD co-
hort to validate the top-ranked SNPs
(P� .0125) discovered in the St Jude
MRD cohort and vice versa (bidirec-
tional validation) using a rank-based in-
ference procedure (Supplemental Meth-
ods). The 102 overlapping SNPs
satisfying the significance threshold de-
termined in step 2 (FDR estimation and
internal validation) and step 3 (bidi-

Figure 1. Patient Flow

318 Included in analysis

53 Excluded
25 Sample call rate <95%
28 Molecular ALL subtype

E2A-PBX1, MLL,
or BCR-ABL

371 Patients in St Jude cohort

169 Included in analysis

58 Excluded
20 Sample call rate <95%
38 Molecular ALL subtype

E2A-PBX1, MLL,
or BCR-ABL

227 Patients in COG cohort

A total of 588 920 germline SNPs were studied in the 371 patients from St Jude and the 227 patients from
COG. After quality control filters, 476 796 SNPs in 318 St Jude patients and 169 COG patients were
included in the final analysis. ALL indicates acute lymphoblastic leukemia; SNP, single-nucleotide
polymorphism.
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rectional validation) were prioritized for
further investigation and association
with additional relevant phenotypes.
The absolute risk difference28 was es-
timated for the 102 overlapping SNPs
by comparing the frequency of MRD
positivity in patients with 1 or 2 cop-
ies of the risk allele vs those homozy-
gous for the alternative allele.

As a secondary approach, we used the
St Jude cohort as a discovery set and the
COG cohort as a test set (Supplemen-
tal Methods).

Operating characteristics of the
Spearman rank correlation test were de-
termined via a simulation study
(Supplemental Methods and eFigure 4).
The genotypes associated with MRD
were also assessed by a pooled analy-
sis that combined evidence across the
2 cohorts to provide a combined P value
for each SNP (Supplemental Meth-
ods). The FDR, the false-positive re-
port probability,29-33 and the population-
attributable fraction (Supplemental
Methods) for prioritized SNPs were
estimated.

Statistical and computational analy-
ses were performed using S-Plus soft-
ware, version 7.0 (Insightful Corp,
Seattle, Washington), R software, ver-
sion 26.1 (http://www.r-project.org), and
SAS software, version 9.1 (SAS Insti-
tute Inc, Cary, North Carolina). Data
analyses were performed between 2006
and 2008.

Association of MRD SNPs
With Additional Phenotypes

Antileukemic Response. The rela-
tionship between the 102 overlap-
ping MRD SNP genotypes and 2
additional leukemia response pheno-
types was analyzed to prioritize SNPs
and to minimize the risk of false
discoveries.

For purposes of this analysis,
patients were also retrospectively cat-
egorized into super-responders,
responders, and poor responders
based on consideration of MRD status
at 2 time points.16 Minimal residual
disease status was dichotomized as
negative or positive as defined above.
Super-responders were MRD-negative

at both early (day 8 in COG, day 19 in
St Jude) and later (day 28 in COG,
day 46 in St Jude) time points;
responders were MRD-positive at the
early time point but became MRD-
negative at the later time point; and
poor responders had positive status
at the later time point. The associ-
a t ion be tween SNP genotypes
and this MRD responsiveness pheno-
type was assessed by rank correlation
in all evaluable patients in separate
analyses of St Jude (n=304) and COG
(n=154).

The cumulat ive incidence of
hematologic relapse (including iso-
lated and combined hematologic plus
extramedullary relapses) as a func-
tion of SNP genotypes in the com-
bined St Jude and COG cohorts was
analyzed by the Gray test. Isolated
extramedullary relapses, lineage
switch, second malignancy, and
death in remission were treated as
competing events. Excluding indi-
viduals with E2A-PBX1, MLL rear-
rangements, or BCR-ABL ALL, 416 St
Jude and 180 COG patients were
included in this analysis, overlapping
with but not identical to the MRD
cohorts as defined in Figure 1 and
Table 1. Of these, 33 in St Jude and
35 in COG experienced hematologic
relapse. St Jude patients were divided
into 4 strata according to their treat-
ment protocol and risk classification,
and COG patients formed the fifth
stratum. The cumulative incidence
hazard regression model of Fine and
Gray34 was used to confirm the direc-
tional association with relapse for
SNPs that achieved P � .10 in the
Gray test. Follow-up was confirmed
as of March 2006 for St Jude patients
and November 2006 fo r COG
patients.

Pharmacokinetic Studies. Three
pharmacokinetic phenotypes were
available from a subset of St Jude
patients for antileukemic agents used
during remission induction. Patients
in these 3 data sets overlapped with
but were not identical to those stud-
ied in the primary St Jude cohort for
MRD.

The first data set included plasma
clearance of etoposide on day 29 of
therapy in 97 patients enrolled in St
Jude Total Therapy protocol XIIIB.35

Although etoposide was a component
of induction therapy for only a subset
of the St Jude MRD cohort and none
of the COG cohort, its elimination is
mediated via cytochrome P450 3A4
(CYP3A4)36 and P-glycoprotein,37 a
common mechanism of elimination
that also affects prednisone,35,38 vin-
cristine,39,40 and anthracyclines.41,42

The second data set included intra-
venous methotrexate plasma clear-
ance at day 1 in 319 patients treated in
St Jude Total Therapy protocols XIIIB20

and XV.21 The third data set included
intracellular methotrexate polygluta-
mate accumulation in ALL blasts at 44
hours after receiving up-front metho-
trexate in 230 patients treated in St Jude
trials.43,44 Although only a subset of
the St Jude MRD cohort and none of
the COG MRD cohort received intra-
venous methotrexate, all patients in
both cohorts received intrathecal
methotrexate, which is known to dis-
tribute from cerebrospinal fluid to blood
systemically.45-47

The relationship between SNP
genotypes and pharmacokinetic vari-
ables was analyzed using linear
regression.

RESULTS
Patients and MRD Status

From St Jude Total Therapy protocols
XIIIB (accrual between 1994-1998)
and XV (2000-2006), 371 children
with newly diagnosed ALL had avail-
able germline DNA and evaluable
MRD status at the end of induction
therapy. Of the patients with ALL
enrolled in the COG study P9906 (ac-
crual between 2000 and 2003), 227
children had germline DNA and
evaluable end-of-induction MRD sta-
tus. The actual number of patients
included in specific analyses is
described below. We found no signifi-
cant differences in the characteristics
(age, initial leukocyte count, race, and
sex) of the patients enrolled in the St
Jude and COG trials who were not
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included in this analysis vs those who
were. Partial overlap exists in the
patients reported herein and those
reported previously16,17,48,49 but not in
genomic testing or analysis.

Identification and Validation
of Genomic Loci Associated
With End-of-Induction MRD

A total of 588 920 SNPs were geno-
typed in the germline DNA of 371 St
Jude and 227 COG patients. After qual-
ity control filters were applied (Supple-
mental Methods), 476 796 SNPs were
evaluated in 318 St Jude and 169 COG
patients (Figure 1 and Table 1). We ana-
lyzed the association between germ-
line SNP genotypes and MRD status in-
dependently in the St Jude and COG
cohorts. A P value threshold of .0125

was established based on FDR esti-
mates and an internal validation
inference (Supplemental Methods
and eFigure 2). Through a rank-
based bidirectional validation, a sig-
nificant impact of germline variation on
MRD identified in the St Jude cohort
was validated in the COG cohort
(P=2.2�10−6) and that identified in the
COG cohort was validated in the St Jude
cohort (P � 10−11) (Supplemental
Methods).

In total, 102 SNPs exhibited signifi-
cant concordant association with end-
of-induction MRD (P� .0125) in both
the St Jude and COG cohorts, with a
median odds ratio of 2.18 and a me-
dian population-attributable fraction of
0.17 (TABLE 2 for top 25 SNPs by com-
bined cohort P value; eTables 1 and 2

for full details). Among these 102 SNPs,
50 were annotated to genes. Because 45
SNPs were clustered at 15 genomic loci
by linkage disequilibrium (pairwise
r2�0.5), these 102 SNPs represented 72
unique genomic loci (eFigure 3). A SNP
in the ST8SIA6 (NM_001004470.1)
gene (for combined cohort, odds ra-
tio, 3.91; absolute risk difference: 0.46;
P=9.6�10−8) had the strongest asso-
ciation with MRD but had no signifi-
cant flanking SNPs and a relatively low
minor allele frequency of 4% (FIGURE 2
[chromosome 10]). The next highest-
ranked SNP (rs17007695) was in the
interleukin 15 (IL15) (NM_172174.2)
locus (Figure 2 [chromosome 4];
Table 2) and was notable for strong
(for combined cohort, odds ratio, 2.67;
absolute r isk di f ference, 0 .28;

Table 2. Top 25 SNPs Associated With End-of-Induction MRD in Both the St Jude and COG Cohorts

SNPa
Chromo-

some Locationb SNP ID Genec MAF
Risk
Allele

P Value for Association With MRD

St Jude COG Combined OR (95% CI) ARD PAF

SNP_A-1892341 10 17428149 rs359312 ST8SIA6 0.04 T .00103 9.57 � 10−6 9.58 � 10−8 3.91 (1.52-10.1) 0.46 0.14

SNP_A-2062945d 4 142929173 rs17007695 IL15 0.10 C 4.43 � 10−4 2.34 � 10−4 8.85 � 10−7 2.67 (1.53-4.68) 0.28 0.21

SNP_A-2264953 2 200730199 rs1569175 C2orf47 0.11 T .00116 9.56 � 10−5 9.43 � 10−7 2.73 (1.52-4.93) 0.27 0.23

SNP_A-1794325 2 200703932 rs4673727 C2orf47 0.10 C 8.39 � 10−4 1.55 � 10−4 1.10 � 10−6 2.85 (1.56-5.19) 0.27 0.21

SNP_A-4249789 20 45642012 rs6125048 NCOA3 0.04 T .00867 3.37 � 10−5 2.34 � 10−6 2.73 (1.08-6.88) 0.38 0.12

SNP_A-4233826 7 37232877 rs4723619 ELMO1 0.07 C 8.70 � 10−4 4.45 � 10−4 3.05 � 10−6 3.01 (1.5-6.03) 0.30 0.16

SNP_A-2105458d 7 14412442 rs6971925 DGKB 0.02 T 5.44 � 10−5 .00777 3.31 � 10−6 13.91 (2.72-70.92) 0.52 0.07

SNP_A-2139851d 10 122890613 rs2901286 NA 0.03 A 4.05 � 10−4 .00123 3.86 � 10−6 4.66 (1.58-13.7) 0.41 0.10

SNP_A-1793591d 11 20519095 rs7128311 NA 0.03 C 5.90 � 10−5 .011 4.95 � 10−6 13.9 (2.72-71.1) 0.39 0.11

SNP_A-1988256 6 155971493 rs35229355 NA 0.03 T 7.24 � 10−5 .00899 4.96 � 10−6 7.24 (2.46-21.3) 0.43 0.08

SNP_A-1918014d 5 36173377 rs267759 LMBRD2 0.05 A 2.88 � 10−4 .00316 6.78 � 10−6 3.23 (1.52-6.87) 0.32 0.12

SNP_A-1709114d 10 8190719 rs10508343 NA 0.04 A 6.00 � 10−4 .00169 7.50 � 10−6 3.81 (1.4-10.4) 0.38 0.13

SNP_A-4272973 11 95639748 rs7115578 MAML2 0.36 A .00205 5.03 � 10−4 7.62 � 10−6 1.86 (1.23-2.79) 0.15 0.36

SNP_A-4234252 7 15757351 rs17169056 NA 0.02 G .00396 5.19 � 10−4 1.45 � 10−5 4.28 (1.3-14) 0.51 0.06

SNP_A-4236270d 3 170154427 rs9871556 NA 0.45 C 6.87 � 10−4 .00335 1.61 � 10−5 1.95 (1.3-2.93) 0.10 0.32

SNP_A-2261153 9 8751778 rs10116682 PTPRD 0.04 A .00252 9.24 � 10−4 1.63 � 10−5 2.91 (1.36-6.21) 0.26 0.07

SNP_A-2174556d 1 54847650 rs2289015 ACOT11 0.05 T 2.38 � 10−4 .0105 1.74 � 10−5 3.67 (1.76-7.65) 0.28 0.15

SNP_A-1807959 2 200440235 rs769951 C2orf47 0.09 G .00579 4.69 � 10−4 1.88 � 10−5 2.14 (1.18-3.89) 0.25 0.19

SNP_A-2184177d 5 27993195 rs389719 NA 0.25 A 6.83 � 10−4 .00428 2.01 � 10−5 1.89 (1.23-2.89) 0.17 0.30

SNP_A-4244750 11 115818726 rs11215936 NA 0.06 A .00259 .00151 2.63 � 10−5 2.82 (1.36-5.84) 0.26 0.09

SNP_A-1980357 5 3587426 rs41425644 NA 0.04 G .00549 9.51 � 10−4 3.44 � 10−5 3.18 (1.31-7.71) 0.34 0.09

SNP_A-1958136 4 142899038 rs35964658 IL15 0.12 G .00225 .00274 4.01 � 10−5 2.38 (1.38-4.1) 0.22 0.19

SNP_A-2044445 8 62315228 rs10435604 NA 0.13 C .00327 .00208 4.39 � 10−5 2.01 (1.18-3.42) 0.18 0.17

SNP_A-2207718 8 62315603 rs3864671 NA 0.13 C .00303 .00247 4.79 � 10−5 2.09 (1.21-3.61) 0.18 0.17

SNP_A-2172039 4 33719815 rs13106616 NA 0.15 A .00598 .00128 4.89 � 10−5 2.01 (1.27-3.18) 0.15 0.15

Abbreviations: ARD, absolute risk difference between patients carrying the high-risk allele and those not (see detailed definition in “Methods” section of text); CI, confidence interval;
COG, Children’s Oncology Group; MAF, minor allele frequency in patients included in the genome-wide association analyses; MRD, minimal residual disease; OR, odds ratio for
MRD-positive status associated with carrying the high-risk allele; PAF, population-attributable fraction as defined in the “Methods” section of the text; SNP, single-nucleotide
polymorphism; SNP ID, SNP identifier according to the dbSNP database.

aAffymetrix SNP marker ID.
bPhysical location of a SNP based on March 2006 human genome assembly (hg18).
cNA indicates not applicable because the SNP is not annotated to any gene.
dSNPs that were identified in both the bidirectional validation and the discovery and validation approaches.
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P=8.8�10−7) and comparable associa-
tion with MRD in both the St Jude
(P = 4.4 � 10−4) and COG cohorts
(P=2.3�10−4). Moreover, this SNP was
flanked by 4 IL15 SNPs (rs17015014,
r s10519612 , r s10519613 , and
rs35964658; FIGURE 3) that were also

associated with MRD in both cohorts
(Figure 3, Table 2, and eTable 1), and
these 5 SNPs were in linkage disequi-
librium with each other (pairwise r2,
0.48-0.97).

Several of the highly ranked SNP
genotypes have relatively small num-

bers of patients in the least common
genotypic groups (eTable 2). Three
(50%) of the 6 St Jude patients with
the CC genotype, 35.6% of those with
the CT genotype (n=45), and only
15.8% of patients with the TT geno-
type (n = 267) at the IL15 SNP
rs17007695 had detectable MRD at
the end of induction therapy, with a
similar finding observed in the COG
cohort (FIGURE 4). The C allele at the
IL15 germline SNP rs17007695 was
weakly associated (P=.0701) with a
higher IL15 expression in leukemic
blasts, and overexpression of IL15
was associated with MRD in both
cohorts (P = .0342 in St Jude and
P=.0035 in COG; eTable 5).

All 102 SNPs remained significantly
associated with MRD after adjustment
for race, sex, leukocyte count at diag-
n o s i s , a g e , a n d A L L s u b t y p e
(eTable 1). To further explore
whether the genotypes had similar
associations with MRD in each racial
group, we examined the frequency of
MRD positivity for each SNP geno-
type in each major racial group. An
example is provided by the SNP
rs13106616, illustrating that the GG
genotype was similarly associated with
a lower risk of MRD across 3 racial
groups, although the allele frequency dif-
fered significantly by race (eTable 6). We
also assessed the false-positive report
probability for these 102 SNPs, and 82
(80.4%) exhibited a false-positive re-
port probability of less than 0.5 (Table
1), a level associated with replicated as-
sociations in other contexts.26,29-33

Genome-wide Association Analysis
for MRD Using the 2-Stage
Discovery and Validation Approach

In addition to the bidirectional valida-
tion described herein, we also present
a genome-wide analysis for SNPs asso-
ciated with end-of-induction MRD by
following the “discovery and valida-
tion” approach. In the discovery stage,
we computed the statistical signifi-
cance for each SNP genotype’s associa-
tion with MRD in the discovery co-
hort (St Jude), estimating permuta-
tion-asymptotic hybrid P values for

Figure 2. Overview of Genome-wide Association Results in the Combined St Jude and COG
Analysis (n=487)
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P values (shown as −log10) for the association of single-nucleotide polymorphism genotypes and minimal re-
sidual disease status at the end of induction therapy were calculated by pooling the results from the St Jude
and Children’s Oncology Group (COG) minimal residual disease cohorts (details in the Supplemental Methods
available at http://www.jama.com) and plotted from chromosomes 1 to X. Colors discriminate chromosomes.

Figure 3. Association of IL15 SNPs With MRD
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Single nucleotide polymorphisms (SNPs) in the interleukin 15 (IL15) region plotted with their P values (shown
as –log10) from the correlation between genotype and minimal residual disease (MRD) combining the St Jude
and Children’s Oncology Group cohorts. The 5 IL15 SNPs discussed in the text are shown in red. The arrow
indicates the location and transcription direction of the IL15 gene.
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association with MRD, as detailed in the
Supplemental Methods. A P value
threshold of 7�10−4 was arrived at by
balancing the levels of false-negative
and false-positive errors using the pro-
file information criterion (eFigure 5)27;
624 SNPs met this threshold. In the sec-
ond stage, these SNPs were then tested
in the validation cohort (COG). Of
these, 39 exhibited concordant asso-
ciations at P � .05, more than what
would be expected by chance (P=.021
by Fisher exact test), and those that
overlap with the bidirectional ap-
proach are shown in Table 2 and
eTable 1. At a P value threshold of .0125
for the discovery cohort, 8635 SNPs met
this cutoff, 330 of which were vali-
dated in the COG cohort with P� .05,
exceeding what would be expected by
chance (P=1.8�10−9).

Relation of MRD-Associated SNPs
to Other Antileukemic
Response Phenotypes

Although end-of-induction therapy
MRD is highly associated with long-
term treatment outcome, an earlier
reduction of leukemic burden is also
informative.50 Thus, nearly all patients
with negative MRD at early time
points (day 19 in St Jude and day 8 in
COG) remained leukemia-free. We
examined which of the 102 overlap-
ping SNPs could also distinguish
patients who responded early (super-
responders; n = 145 in St Jude and
n=26 in COG) vs those who remained
MRD-positive at the end of induction
therapy (poor responders; n=59 in St
Jude and n=52 in COG) vs individu-
als who were MRD-positive at the
early time point but MRD-negative
later (responders; n=100 in St Jude
and n=76 in COG). Of the 102 over-
lapping SNPs, 40 (40%) were also
associated (P � .05) with ear ly
response in both cohorts (eTable 3).

Of the 102 SNPs, 21 were signifi-
cantly associated with hematologic
relapse by stratified Gray test and in
a cumulat ive incidence hazard
regression model (P� .05; eTable 3).
An example is shown for rs1486649
(an intergenic SNP); there was a

monotonic relationship between the
number of copies of the C allele and
the risk of hematologic relapse
(FIGURE 5).

Relation of MRD-Associated
SNPs to Antileukemic
Drug Pharmacokinetics

To understand mechanisms by
which host genetic variation might
affect treatment response, we tested
whether the 102 overlapping SNP
genotypes were related to anti-
leukemic drug disposition in a set of
St Jude patients evaluable for phar-
macokinetics (TABLE 3; eTable 3). In
total, 21 of the 102 MRD-related
SNPs exhibited significant associa-
tion with antileukemic agent phar-
macokinetics, with 3 SNPs associated
with more than 1 pharmacokinetic
phenotype. Eight of 102 SNPs were
associated with methotrexate clear-
ance (at P � .05); all 8 genotypes
were associated with positive MRD
and greater drug clearance. Ten of
the 102 SNPs were associated with
the etoposide pharmacokinetics, with
7 of 10 associated with positive
MRD and greater drug clearance.

Similarly, 6 of the 102 SNPs were
significantly associated with the leu-
kemic cell accumulation of metho-
trexate polyglutamates, with 5 of 6
associated with positive MRD and
lower methotrexate polyglutamates.
Thus, of 24 significant associations,

Figure 4. Percentage of MRD-Positive
Patients by Interleukin 15 SNP
rs17007695 Genotype in the St Jude and
COG Cohorts
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Figure 5. Relation of a Minimal Residual Disease–Associated SNP to Hematologic Relapse
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The cumulative incidence of hematologic relapse was compared by the Gray test (stratified for treatment
arms) for each genotype at rs1486649 in the St Jude and Children’s Oncology Group (COG) cohorts. This
particular single-nucleotide polymorphism (SNP) is intergenic and was chosen because of a reasonable
minor allele frequency and low P value (P=.0215 in St Jude; P=.0137 in COG). The risk of relapse at 5
years was 0.055 (95% confidence interval [CI], 0.028-0.081), 0.114 (95% CI, 0.032-0.197), and 0.153
(95% CI, 0-0.358) for patients with AA, AC, and CC genotypes, respectively, in the St Jude cohort. Relapse
risk at 5 years among COG patients was 0.216 (95% CI, 0.111-0.321), 0.370 (95% CI, 0.054-0.687), and
0.762 (95% CI, 0.226-1.0) for the AA, AC, and CC genotypes. Difference in scales indicated in blue.
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20 were directly consistent with a
pharmacokinetically intuitive asso-
ciation with MRD; ie, lower drug
exposure translated into a higher
level of MRD.

COMMENT
Eradication of cancer cells by chemo-
therapy is a composite phenotype that
depends not only on the somatically ac-
quired characteristics of the malig-
nant cells but also on inherent patient
characteristics. Childhood ALL has long
served as a prototype for a malignancy
that is curable with drugs. Early MRD
measures are strongly associated with
cure rates and are used to modify
therapy.3-9,51 Eradication of MRD is af-
fected by genetic characteristics of the
blasts (eg, the Philadelphia chromo-
some) and by host characteristics such
as age.7,8 Using a candidate gene ap-
proach, a few germline genetic varia-
tions have been shown to affect the level
of MRD,16,52 but this has not been pre-
viously assessed on a genome-wide
level. Herein, we used an agnostic ge-
nome-wide interrogation to identify 102
germline genetic variations associated
with the level of residual leukemia in
2 independent cohorts and found that
a high proportion (63 of 102 SNPs
[61.7%]) also affected early response,
relapse risk, or antileukemic drug dis-
position.

One of the strongest signals from
the genome-wide scan came from 5
SNPs located in the IL15 locus, a
proliferation-stimulatory cytokine.53,54

Interleukin 15 can protect hemato-
logic tumors from glucocorticoid-
induced apoptosis in vitro,55 and IL15
expression in ALL blasts has been
linked to risk and relapse of CNS leu-
kemia.56 Both higher IL15 expression
(P= .0342 in St Jude and P= .003 in
COG) and germline SNP genotypes
were associated with an increased risk
of positive MRD (eTable 5), and we
found a trend (P = .0701) toward a
relationship between IL15 SNP geno-
types and IL15 expression in ALL leu-
kemic blasts. Several of the IL15 SNPs
that were associated with MRD have
been l inked to enhanced IL15
transcription/translation efficiency in
vitro.57 Thus, it is plausible that germ-
line genetic variation in IL15 plays a
role in treatment response in child-
hood ALL via affecting IL15’s function
or quantity in ALL blasts, and the fact
that IL15 SNPs were prominent from
unbiased genome scans in 2 indepen-
dently treated cohorts points to its
importance in ALL response, either as
a prognostic marker or as a therapeu-
tic target.

Because genome-wide interroga-
tions for pharmacogenetics are
still in their infancy, there are no

published whole-genome data link-
ing polymorphisms with anticancer
drug response. We had the opportu-
nity to couple the findings from our
genome-wide SNP interrogation
for MRD with 3 relevant host phar-
macokinetic phenotypes: systemic
clearance of 2 antileukemic agents
(etoposide and methotrexate) and
intracellular disposition of the latter.
Although 4 to 8 different antileuke-
mic agents were used in these 2
cohorts, remarkably, 21 of the 102
MRD-associated SNPs were also sig-
nificantly associated with disposition
of these 2 antileukemic agents.
Although many additional genetic
variations would be expected to be
specific for antileukemic drugs other
than methotrexate and etoposide and
might therefore account for some of
the remaining 81 MRD-associated
SNPs, several of the pathways in-
volved in methotrexate disposition
and etoposide disposition (http://www
.pharmgkb.org) are likely to be shared
by other antileukemic agents. Particu-
larly for etoposide, whose disposition
involves CYP3A4 metabolism and P-
glycoprotein excretion, it is likely that
there is overlap in the genetic determi-
nants of its disposition with those af-
fecting anthracyclines, glucocorti-
coids, and vincristine.35,38-42 The
majority (83.3%) of the associations

Table 3. Examples of Relationships Between MRD-Associated SNPs and Host Disposition of Antileukemic Drugs

Genotype
Host Disposition

of Drugsa

No. of
MRD-Positive

Patients

No. of
MRD-Negative

Patients
MRD-

Positive, % P Valueb

SNP_A-2155892 (rs7992226)
GG 125 (103.1-143.4) 2 17 10.5

GA 119 (92.4-150.6) 15 105 12.5 .01

AA 131 (104.4-166.8) 44 134 24.7

SNP_A-4236270 (rs9871556)
TT 2222 (890.0-4282.0) 10 66 13.2

CT 2293 (1144.0-4474.0) 19 123 13.4 .03

CC 1524 (609.1-2817.0) 32 68 32.0

SNP_A-2172039 (rs13106616)
GG 46.7 (41.01-53.14) 38 199 16.0

GA 48.3 (45.44-60.0) 16 51 23.9 .003

AA 56.2 (50.5-63.7) 7 7 50.0
Abbreviations: MRD, minimal residual disease; SNP, single-nucleotide polymorphism.
aFor SNP_A-2155892, host disposition of antileukemic drugs shown for median methotrexate plasma clearance in mL/min/m2; for SNP_A-4236270, as median methotrexate

polyglutamate accumulation in leukemic blasts in pmol/109 cells; and for SNP_A-2172039, as median etoposide plasma clearance in mL/min/m2.
bP values indicate the statistical significance of the association between SNP genotype and pharmacokinetic phenotypes as determined by linear regression.
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between SNP genotypes and drug dis-
position were pharmacologically intui-
tive, with genotypes that were associ-
ated with increased drug exposure
linked to lower levels of MRD. To-
gether, these results suggest that more
attention should be given to details of
drug administration and risk factors for
rapid drug clearance, in addition to the
attention already placed on more granu-
lar risk classification of ALL.

There was also a high proportion
(21/102) of SNPs that were associated
with not only MRD but also with the
risk of hematologic relapse in both
cohorts. This high percentage is
somewhat surprising in that the pos-
tremission therapy (which would ulti-
mately be expected to have a signifi-
cant effect on relapse risk) differed
substantially in the COG and St Jude
cohorts. This secondary analysis does
lend credence to the hypothesis that
we did identify true associations
between SNP genotypes and poor
response.

Like all risk features, genotypes
that are informative for pharmacoge-
netic phenotypes are likely to be
highly dependent on therapy. For
this reason, we purposefully chose 2
cohorts (St Jude and COG) that had
received somewhat different remis-
s ion induct ion regimens, with
slightly different time points for the
primary phenotype (MRD), to iden-
tify polymorphisms more likely to
have prognostic significance across
multiple therapeutic regimens. Com-
pared with the traditional “discovery
and validation” approach, this bidi-
rectional approach minimizes bias
against the discovery cohort (more
stringent P value cutoff). The disad-
vantage of this approach is that we
might have missed SNPs more spe-
cific to the few elements of therapy
that differed between the cohorts,
and may have a higher FDR.

It is important to consider race, both
from the standpoint of its possible
effects on antileukemic drug effi-
cacy58-60 and from its influence on
germline SNP allele frequency.61 We
found good agreement between self-

declared race and that determined using
ancestry-informative SNPs, and the 102
MRD-associated SNPs remained sig-
nificant after adjusting for ancestry
(eTable 1). The fact that SNP geno-
types maintained significance after ad-
justing for race, despite substantial dif-
ferences in some allele frequencies by
race, suggests that inherent differ-
ences in ALL prognosis among racial
groups are partly influenced by differ-
ences in allele frequencies among ra-
cial groups, which could in the future
lead to “race-neutral” (but genomi-
cally based) individualization of
therapy.

We acknowledge that despite the
fact that these SNP genotypes were
associated with MRD in 2 indepen-
dent cohorts, there is a danger of
false-negative and false-positive find-
ings, especially when sample size is
relatively small. However, pheno-
types of interest in pharmacogenetic
studies (eg, CYP2C9/VKORC for war-
farin6 2 , 6 3 and TPMT for thiopu-
rine52,64) may have effect sizes that
exceed those likely to be observed for
multigenic common diseases,24 and,
therefore, smaller sample sizes may
suffice in the former. By identifying
102 SNPs based on association in 2
independent cohorts and by further
validation of 62% of these SNPs
(eTable 3) to be associated with the
related phenotypes of relapse, “super
response” at days 8 or 19, and anti-
leukemic drug pharmacokinetics, we
have further decreased the chance of
false discoveries. The SNPs we iden-
tified may be in linkage disequilib-
rium6 5 with the truly causative
genetic variants that have not yet
been directly genotyped (eTable 4).
Importantly, few of the 102 polymor-
phisms we identified have previously
been suggested as candidates for
affecting anticancer drug efficacy,
and approximate ly hal f o f the
genomic variants are not annotated
to genes at all, illustrating the need
to further explore mechanisms by
which germline genomic variation
affects interindividual variability in
antileukemic drug response.

Although the acquired genetic
characteristics of tumor cells play a
critical role in drug responsiveness,
our results show that inherited
genetic variation of the patient also
affects effectiveness of anticancer
therapy, and that genome-wide
approaches can identify novel and
yet plausible pharmacogenetic varia-
tion. Such variation may be factored
into treatment decisions in the future
by placing additional emphasis on
optimizing drug delivery to over-
come host genetic variation, in addi-
tion to the current emphasis on
tumor genetic variation.
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