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abstract

PURPOSE To establish a patient-specific polygenic score derived from cytarabine (ara-C) pathway pharma-
cogenomic evaluation to personalize acute myeloid leukemia (AML) treatment.

MATERIALS AND METHODS Single nucleotide polymorphisms (SNPs) in the ara-C-pathway genes were
analyzed with outcome in patients from the multicenter-AML02 trial (N 5 166). Multi-SNP predictor
modeling was used to develop 10-SNP Ara-C_SNP score (ACS10) using top SNPs predictive of minimal
residual disease and event-free survival (EFS) from the AML02-cohort and four SNPs previously associated
with ara-C triphosphate levels in the AML97 trial. ACS10 was evaluated for association with outcomes in
each clinical trial arms: the standard low-dose ara-C (LDAC, n 5 91) and augmented high-dose ara-C
(HDAC, n5 75) arms of AML02 and the standard Ara-C, daunorubicin and etoposide (ADE) (n5 465) and
the augmented ADE 1 gemtuzumab ozogamicin (GO; n 5 466) arms of AAML0531 trial.

RESULTS In the standard LDAC-arm of AML02 cohort, the low-ACS10 score group (# 0) had significantly
worse EFS (ACS10 low v high hazard ratio [HR]5 2.81; 95% CI, 1.45 to 5.43; P5 .002) and overall survival
(OS; HR5 2.98; 95% CI, 1.32 to 6.75; P5 .009) compared with the high-ACS10 group (score. 0). These
results were validated in the standard-ADE arm of AAML0531, with poor outcome in the low-ASC10
group compared with the high-ACS10 group (EFS: HR 5 1.35, 95% CI, 1.04 to 1.75, P 5 .026; OS:
HR 5 1.64, 95% CI, 1.2 to 2.22, P 5 .002). Within the augmented arms (AML02-HDAC and AAML0531-
ADE1 GO), EFS and OS did not differ between low- and high-ACS10 score groups. In both cohorts, patients
with low-ACS10 consistently showed a 10-percentage point improvement in 5-year EFS with augmented
therapy (AML02-HDAC or AAML0531-ADE 1 GO arms) than with standard therapy (AML02-LDAC or
AAML0531-ADE arms).

CONCLUSION Patients with low-ACS10 score experienced significantly poor outcome when treated on standard
regimen. Augmentation with either high-dose ara-C or GO addition improved outcome in low-ACS10 group. A
polygenic ACS10 score can identify patients with unfavorable pharmacogenetic characteristics and offers a
potential for an elective augmented therapy option.

J Clin Oncol 40:772-783. © 2022 by American Society of Clinical Oncology

INTRODUCTION

For the past five decades, cytarabine (ara-C) has
been the mainstay of acute myeloid leukemia (AML)
chemotherapy regimen, primarily given in combi-
nation with anthracyclines. However, standard ara-
C–containing chemotherapy fails to induce remission
in roughly 10%-15% of children.1-4 Among those who
achieve remission, approximately 40% relapse.5-7

This interpatient variation in treatment response,
development of resistance, and high risk of relapse
remain major hurdles to effective AML chemother-
apy. Ara-C is a prodrug requiring activation to ara-C
triphosphate (ara-CTP) by multiple phosphorylation
steps, which upon incorporation in place of deoxy-
cytidine triphosphate, results in chain termination,

thereby blocking DNA/RNA synthesis and causing
leukemic cell death. Thus, intracellular abundance of
ara-CTP formation is one of the significant determi-
nants of treatment response.8 We and others have
previously sequenced multiple genes in the ara-C
pathway and reported SNPs of functional and clini-
cal relevance.9-19 Despite these efforts, a compre-
hensive evaluation of pharmacogenomic ara-C
pathway genes for association with clinical outcome
in AML is largely lacking. Our recent effort in this
direction evaluated genetic variation in 16 ara-C
metabolic pathway genes and developed a four
SNP score predictive of leukemic cell intracellu-
lar levels of ara-CTP.9 Encouraged by these prom-
ising results, the current study was designed
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with the objective to perform a comprehensive pharma-
cogenomic evaluation of ara-C pathway and develop a
polygenic score predictive of treatment outcome that also
holds clinical utility for designing chemotherapeutic
treatment regimens.

MATERIALS AND METHODS

Patient Cohorts

1. St Jude AML02 Discovery Cohort (NCT00136084):
166 pediatric, adolescent, and young adult patients
with AML (2 days-21.4 years old) treated under the
multicenter AML02 trial were included in the study.
Details of study design and clinical outcome have
been described elsewhere.3 Briefly, patients with de
novo AML were randomly assigned to receive either
high-dose (3 g/m2, every 12 hours on days 1, 3, and 5;
high-dose ara-C [HDAC] arm, n 5 75) or low-dose
(100 mg/m2 every 12 hours on days 1-10; low-dose
ara-C [LDAC] arm, n 5 91) ara-C along with dauno-
rubicin (50 mg/m2 over 6 hours on days 2, 4, and 6)
and etoposide (100 mg/m2 over 4 hours on days 2-6)
as a first course of chemotherapy.

2. COG-AAML0531 Validation Cohort (NCT00372593):
931 pediatric, adolescent and young adult patients
with AML (1 month-29.9 years old) treated on the
AAML0531 trial were included in this study. Patients
were randomly assigned to receive ADE (ADE arm:
ara-C 100 mg/m2/dose twice per day for 10 days
alongside daunorubicin and etoposide—equivalent to
the LDAC arm of St Jude AML02, n 5 465) without or
with the addition of two doses (at 3 mg/m2) of the
CD33-targeting drug gemtuzumab ozogamicin (GO;
ADE 1 GO arm, n 5 466).2

The Data Supplement (online only) provides the summary
of patient characteristics for the AML02 and COG-
AAM05L31 cohorts. Patient risk assignments were as

defined in the clinical trials reports published previously.2,3

St Jude Institutional Review Board approved the current
research in the AML02 trial, and the COG ethics committee
approved use of specimens and data for the current study.
Written informed consent or assent as described in study
protocols were obtained in accordance with Declaration of
Helsinki and local institutional policies. University of Florida
IRB approved the pharmacogenomic analysis for both
studies.

Clinical End Point Definitions

Clinical end points used in this evaluation were defined as
follows: (1) positive minimal residual disease at the end of
induction I (MRD1), $ 1 leukemic cell per 1,000 mono-
nuclear bone marrow cells ($ 0.1%) determined using flow
cytometry; (2) complete remission, trilineage hematopoietic
recovery with , 5% blasts in the marrow after induction 1;
(3) event-free survival (EFS), as the time from study en-
rollment to induction failure, relapse, secondary malignancy,
death, or study withdrawal for any reason, with event-free
patients censored on last follow-up for AML02 and as the
time from study entry until death, induction failure, or relapse
of any type with event-free patients censored on last follow-
up for AAML0531; and (4) overall survival (OS) defined as
the time from study enrollment to death, with living patients
censored on the date of last follow-up.

Genotyping

Genomic DNA from the patients was genotyped for SNPs
from both AML02 and AAML0531 clinical trials as de-
scribed in the Data Supplement.

Statistical Analysis

1. Individual SNP analysis: SNP genotype groups in three
different modes of inheritance (additive, dominant,
and recessive) were tested for association with MRD1
using logistic regression models and with EFS and OS
using Cox proportional hazard models. We performed
outcome association analysis of SNPs with and without
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adjusting for risk group to identify SNPs associated
with outcome independent of risk group.

2. Development of Multi-SNP Predictor Models for MRD,
EFS, and OS: We developed models that use the
genotypes of up to three SNPs to predict MRD at the
completion of induction therapy, EFS, or OS. SNPs
with P , .15 in the risk-adjusted association analyses
described above were included as candidate predictor
variables in logistic regression (for MRD1) or propor-
tional hazards regression (for EFS) under a Bayesian
information criterion (BIC) model selection framework
that evaluated all models with up to three SNPs as
predictors20 as described in depth in the Data Sup-
plement Methods section.

3. Statistical analysis of ACS10 score with outcome: The
SNPs identified in the multi-SNP predictor modeling
were used to construct a multi-SNP score (ACS10
score) for each patient (see results and Fig 1 for detail).
MRD1, EFS, and OS were evaluated for association
with ACS10 score in the AML02 and AAML0531 co-
horts using Kaplan-Meier and Cox regression models
for EFS and OS and logistic regression for MRD1 as
described in detail in the Data Supplement methods
section. All statistical analyses were performed using R
software.21

RESULTS

The overall study schema is shown in Figure 1, with details
described below.

Ara-C SNPs and Outcome in the AML02 Discovery Cohort

Of the 155 SNPs genotyped in AML02 cohort, 94 passed
initial quality control (SNPs excluded one with call rate
, 90%; 47 with minor allele frequency , 5%; 11 high LD
[r2 . 0.9] with other SNPs; and two deviated from Hardy-
Weinberg equilibrium) and were included for further asso-
ciation analysis with multiple end points described above
(Data Supplement). In unadjusted and diagnostic risk group–
adjusted individual SNP analysis of the whole AML02 cohort,
34 SNPs within 12 genes were associated at theP, .05 level
with at least one clinical outcome (MRD1, EFS, or OS; Data
Supplement). Within treatment arms, 25 SNPs were signif-
icantly associated with at least one clinical end point in the
LDAC arm and 15 SNPs within the HDAC arm (Data Sup-
plement). Two SNPs, rs10916819 in CDA and rs507964 in
SLC29A1, showed a consistent and significant detrimental
association with MRD1 (LDAC arm: odds ratio [OR] 5 1.75,
P5 .023, HDAC arm: OR5 1.87, P5 .023) and EFS (LDAC
arm: hazard ratio [HR] 5 1.54, P 5 .03, HDAC arm:
HR 5 1.71, P 5 .013) in both arms, respectively.

Development of Three-SNP Predictor Models for MRD

and EFS in AML02

The BIC model selection and permutation procedure found
themodel with a dominant mode of inheritance (MOI) of the
CDA-rs10916819, a dominantMOI of theNME4-rs5841 and

a dominant MOI of the CMPK1-rs17103168 to have smallest
permutation P value (P 5 .047) and BIC model weight of
5.6% among predictor models for MRD1. This procedure
also found the model with an additive MOI of the SLC29A1-
rs2396243, a dominant MOI of the CMPK1-rs1044457, and
a dominantMOI of the RRM2-rs1138729 to have the smallest
P value (P 5 .059) and BIC model weight of 94.6% among
predictor models for EFS. The top model for OS identified
same SNPs as EFS model. The Data Supplement provides
details and shows the association of individual SNPs with the
respective end point.

Development of the Ara-C Pharmacogenomic 10

SNP Score

We developed the ara-C pharmacogenomic 10-SNP
(ACS10) score by qualitatively combining the above re-
sults and our published study of the pharmacogenetics of
intracellular ara-CTP levels9 in the AML97 clinical trial.22

These 10 unique SNPs included top three-SNP predictor
model for EFS on AML02, top three-SNP predictor model
for MRD1 on AML02, and four SNPs from previously
published predictor model for intracellular ara-CTP levels
on AML97.1 We chose to include the SNPs from all three of
these models that each captured SNPs of distinct phar-
macologic and clinical relevance. Each statistical model
designated each SNP as having an additive, dominant, or
recessive MOI and direction of association with its end point
variable (EFS, MRD1, or ara-CTP levels). For each SNP,
each genotype was assigned a point value of –2, –1, 0,11,
or12 on the basis of direction of association and MOI.23 As
illustrated in the table embedded within Figure 1, for each
patient, the ACS10 score was defined and computed as the
sum of genotype point values for the 10 SNPs as explained
in equation below.

Composite ACS10 score5�ðGenotype scores of

10 SNPs ½rs10916819; rs17103168; rs5841;
rs2396243; rs1044457; rs1138729; rs4643786;

rs11030918; rs12067645; rs17343066�Þ

This qualitatively developed definition was fixed and then
computed for each patient on the AML02 and AAML0531
clinical trials with available genotype data before per-
forming the statistical analyses reported below (the Data
Supplement shows score distribution in the two trials). Also,
before subsequent analysis, we chose to dichotomize
patients as low score (# 0) or high score (. 0), indicating
whether they had more beneficial genotype points than
detrimental genotype points. An example for ACS10 with
hypothetical examples of patient score calculations and
categorizations is shown in the Data Supplement.

Low-ACS10 Score Associates With Poor Outcome From

Standard Therapy in Two Trials

Patient characteristics and outcome end points within low-
ACS10 and high-ACS10 groups from AML02 and AAML0531
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cohorts are summarized in Table 1. Ethnicity was the only
demographic factor found to be significantly different by
score groups with approximately 70% (range, 65%-78%) of
Black patients compared with approximately 30% (range,
24%-34%) White patients within low-ACS10 score group in
both cohorts. A low-ACS10 score was significantly associ-
ated with poor outcome on the standard treatment arms
of AML02 (LDAC arm) and the COG-AAML0531 cohorts
(ADE arm). On the AML02-LDAC arm, complete response
to induction I was significantly less common (OR 5 3.77;
95% CI, 1.23 to 12.65; P 5 .012) and MRD1 rate at the
end of induction I tended to be higher but was not statis-
tically significant (ACS10 low v high OR 5 1.87; 95% CI,
0.73 to 4.89; P 5 .19) among subjects with low-ACS10
score compared with high-ACS10 score group. Low-ACS10
score group within AML02-LDAC arm also had significantly
worse EFS (ACS10 low v high HR 5 2.81; 95% CI, 1.45

to 5.43; P 5 .002, Fig 2A) and OS (HR 5 2.98; 95% CI,
1.32 to 6.75; P 5 .009, Fig 2B) than patients with high-
ACS10 score. After adjustment for age, ethnicity, WBC, and
diagnostic molecular risk, low-ACS10 score remained sig-
nificantly associated with worse EFS (ACS10 low v high
HR5 4.12; 95%CI, 1.83 to 9.33; P, .001, Fig 3A) and OS
(HR5 4.04; 95%CI, 1.49 to 11.0;P5 .006, Fig 3B) among
patients on the AML02-LDAC treatment arm.

Similarly, on the standard ADE arm of AAML0531, patients
with low-ACS10 had significantly greater MRD11 rate
(ACS10 low v high OR 5 1.69; 95% CI, 1.02 to 2.79;
P 5 .038), worse EFS (ACS10 low v high HR 5 1.35; 95%
CI, 1.04 to 1.75; P 5 .026, Fig 2C), and worse OS
(HR 5 1.64; 95% CI, 1.2 to 2.22; P 5 .002, Fig 2D) than
patients with high-ACS10 score. After adjustment for age,
ethnicity, WBC, and diagnostic molecular risk, low-ACS10
score remained significantly associated with worse EFS

Composite ACS10 score = Σ (genotype scores of 10 SNPs [rs10916819, rs17103168, rs5841,

rs2396243, rs1044457, rs1138729, rs4643786, rs11030918, rs12067645, rs17343066])

AML02: augmented arm

(HDAC; n = 75)

HDAC (3 g/m2/dose
every 12 hours days 1, 3 and 5)

with daunorubicin and etoposide

AML02: standard arm

(LDAC; n = 91)

LDAC (100 mg/m2/dose
every 12 hours days 1-10) with

daunorubicin and etoposide

AAML0531: standard arm

(ADE; n = 465)

LDAC (100 mg/m2/dose
every 12 hours days 1-10) with

daunorubicin and etoposide

AAML0531: augmented arm

(ADE + GO; n = 466)

Ara-C (100 mg/m2/dose every 12 hours days
1-10) with daunorubicin and etoposide
PLUS two doses of GO (3 mg/m2/dose)

155 SNPs genotyped in 16 ara-C pathway genes
Exclusion criteria: MAF < 0.05 (47 SNPs), LD > 0.9 (11 SNPs), call rate < 0.9 (1 SNP), and

deviation from HWE (n = 2 SNPs)
SNPs that passed QC (n = 94) 

Discovery cohort: St Jude AML02 clinical study (N = 166)

Single SNP association with MRD1, EFS, and OS

Multi-SNP predictor modeling (up to 3 SNPs per model using SNPs P < .15 in risk-adjusted single SNP association)
Model with the lowest 1000 permutation P value and lowest BIC per end point selected to build polygenic score

Patient classification and score testing

Low composite ACS10 score: scores < = 0
High composite ACS10 score: scores > 0

COG-AAML0531 cohort (N = 931)AML02 cohort (N = 166)

wt

Allele

var

AlleleEnd Point SNP Gene Direction MOI Genotype Score

rs10916819 wt/wt = 0, wt/var and var/var = –1

rs17103168 wt/wt = 0, wt/var and var/var = 1

rs5841 NME4 C T Beneficial Dominant wt/wt = 0, wt/var and var/var = 1

rs2396243 wt/wt = 0, wt/var = –1, var/var = –2

rs1044457 wt/wt = 0, wt/var and var/var = 1

rs1138729

CDA A G Detrimental Dominant

CMPK1 A G Beneficial Dominant

SLC29A1 G A Detrimental Additive

CMPK1 C T Beneficial Dominant

RRM2 A G Detrimental Dominant wt/wt = 0, wt/var and var/var = –1

Best model:

MRD

(AML02 trial)

Best model:

EFS

(AML02 trial)

SNPs from multi-SNP predictor model that are included to be part of composite ACS10 SNP score

End Point SNP Gene
wt

Allele

Var

Allele Direction MOI Genotype Score

rs4643786 wt/wt = 0, wt/var = –1, var/var = –2

rs11030918 wt/wt and wt/var = 0, var/var = 1

rs12067645 wt/wt = 0, wt/var = 1, var/var = 2

rs17343066

DCK T C Detrimental Additive

RRM1 T C Beneficial Recessive

CTPS1 G A Beneficial Additive

SLC28A3 G A Beneficial Recessive wt/wt and wt/var = 0, var/var = 1

SNPs from previously published multi-SNP predictor model predictive of leukemic cell intracellulr ara-CTP

levels in AML97 clinical trial (Elsayed et al
9
)

Best model:

intracellular

ara-CTP levels

(AML97 trial) 

AML97 study (Elsayed et al9)

FIG 1. Overall study design. ACS10, ara-C pharmacogenomic 10-SNP; ADE, Ara-C, daunorubicin and etoposide; ara-C, cytarabine; ara-CTP, ara-C
triphosphate; BIC, Bayesian information criterion; EFS, event-free survival; GO, gemtuzumab ozogamicin; HDAC, high-dose ara-C; HWE, Hardy-
Weinberg Equilibrium; LD, linkage disequilibrium; LDAC, low-dose ara-C; MAF, minor allele frequency; MOI, mode of inheritance; MRD, minimal
residual disease; MRD1, minimal residual disease at the end of induction I; OS, overall survival; QC, quality control; SNP, single nucleotide poly-
morphism; var, variant; wt, wild-type.
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TABLE 1. Patient Characteristics and Outcome in AML02 Cohort and COG-AAML0531 Cohorts by ACS10 Score Groups

Characteristic

AML02 LDAC (N 5 91 patients) AML02 HDAC (N 5 75 patients) COG-AAML0531 ADE Arm (N 5 465 patients) COG-AAML0531 ADE 1 GO Arm (N 5 466 patients)

High ACS10
Score Group
(n 5 53)

Low ACS10
Score Group
(n 5 38) P

High ACS10
Score Group
(n 5 44)

Low ACS10
Score Group
(n 5 31) P

High ACS10
Score Group
(n 5 316)

Low ACS10
Score Group
(n 5 149) P

High ACS10
Score Group
(n 5 284)

Low ACS10
Score Group
(n 5 182) P

Sex

Female 22 13 .626 21 17 .709 148 77 .381 137 100 .188

Male 31 25 23 14 168 72 147 82

Age group, years

, 10 24 22 .33 20 17 .571 159 81 .475 143 90 .924

$ 10 29 16 24 14 157 68 141 92

Age (continuous) 9.3 (0.014-21.35) 8.04 (0.49-20.1) .346 9.02 (0.014-21.35) 8.2 (0.493-20.1) .591 9.1 (0.011-23.9) 8.9 (0.027-29.4) .673 9.65 (0.022-23.8) 9.5 (0.025-29.8) .649

Provisional risk

High 12 13 .466 12 10 .895 39 16 .321 37 13 .157

Low 17 11 14 9 119 49 101 65

Standard 24 14 18 12 149 83 143 97

WBC group, G/L

, 30 24 21 .468 30 19 .711 127 61 .997 122 73 .841

$ 30 29 17 14 12 130 64 116 74

WBC (continuous) 70.6 (0.06-412.2) 48.4 (1-291.7) .409 41.06 (0.028-351) 60.2 (0.013-358.1) .375 63.9 (1.1-447.3) 79.4 (0.2-526) .446 72.76 (0.8-827.2) 67 (0.6-415.7) .754

Ethnicity

Black 5 11 .064 3 11 .009 19 35 3.46E-09 15 35 1.88E-06

Other 5 4 7 4 13 15 9 12

Unknown 1 1 0 0 29 17 23 19

White 42 22 34 16 255 82 237 116

Cytogenetic group

t(8;21) 6 4 .787 5 6 .034 48 19 .83 35 29 .082

inv (16) 9 5 6 1 35 13 35 19

11q23a 13 6 12 5 59 32 64 36

Normal 14 13 11 4 63 31 61 53

Other 11 10 8 15 101 50 83 36

EFS

5 years 71.2 6 6.3 42.1 6 8 .002 63.1 6 7.4 54.8 6 8.9 .49 49.4 6 2.9 40.9 6 4.1 .026 53.9 6 3 50.1 6 3.8 .67

OS

5 years 82.9 6 5.2 57.9 6 8 .009 74.3 6 6.7 63.4 6 8.8 .298 68.3 6 2.7 52.9 6 4.2 .0016 67.8 6 2.8 62.8 6 3.72 .758

NOTE. P values , .05 indicated in bold.
Abbreviations: ACS10, ara-C pharmacogenomic 10-SNP; ADE, Ara-C, daunorubicin and etoposide; ara-C, cytarabine; EFS, event-free survival; GO, gemtuzumab ozogamicin; HDAC, high-dose ara-C;

LDAC, low-dose ara-C; OS, overall survival.
aBecause of small sample size, patients with t(9:11) are included with 11q23.
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(ACS10 low v high HR 5 1.48; 95% CI, 1.09 to 2.0;
P5 .011, Fig 3C) and OS (HR5 1.53; 95% CI, 1.08 to 2.2;
P 5 .016, Fig 3D). Because AAML0531 data were not used
in any way to select ACS10 SNPs or define the ACS10 score,
these results validate the ability of the ACS10 score to identify
patients with poorer prognosis under standard therapy.

Given significant prognostic value of MRD after induction 1
chemotherapy, we evaluated ACS10 by MRD1 status.
Overall, within both MRD1-negative and MRD-positive
groups, ACS10-score groups demonstrated significant
impact on outcome in both AML02-LDAC (Data Supple-
ment) and AAML0531-ADE arms (Data Supplement).

ACS10 Does Not Associate With Prognosis With

Augmented Therapy in Two Trials

Interestingly, ACS10 did not associate with prognosis on the
augmented HDAC arm of AML02 nor the augmented
ADE 1 GO arm of AAML0531. Within AML02-HDAC arm,
though for patients with low-ACS10 score we observed

greater MRD1 positivity at the end of induction I (ACS10 low
v high, OR 5 3.38; 95% CI, 1.13 to 10.58; P 5 .024),
complete response to induction I did not differ (OR5 0.53;
95% CI, 0.14 to 1.91; P 5 .377) between low and high
ACS10 score groups. In addition, within AML02-HDAC arm,
low-ACS10 patients did not have significantly different EFS
(ACS10 low v high HR 5 1.28; 95% CI, 0.63 to 2.61;
P 5 .49, Fig 4A) or OS (HR 5 1.56; 95% CI, 0.68 to 3.6;
P5 .298, Fig 4B) compared with patients with high-ACS10
score. After adjustment for age, ethnicity, WBC, and diag-
nostic molecular risk, ACS10 score was still not associated
with EFS (HR 5 1.15; 95% CI, 0.53 to 2.5; P 5 .718) and
OS (HR5 1.07; 95%CI, 0.427 to 2.7; P5 .889) among the
HDAC arm of AML02 (Data Supplement).

On the augmented ADE 1 GO arm of AAML0531, patients
with low-ACS10 did not have a significantly different
MRD 1 rate at the end of induction I (ACS10 low v high
OR 5 1.22; 95% CI, 0.7 to 2.13; P 5 .499), EFS (ACS10
low v high HR 5 1.06; 95% CI, 0.81 to 1.39; P 5 .67,

HR = 2.81 (1.45 to 5.43)
P = .002
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Fig 4C), or OS (HR5 1.05; 95% CI, 0.76 to 1.45; P5 .758,
Fig 4D) compared with patients with high-ACS10 score.
After adjustment for age, ethnicity, WBC, and diagnostic
molecular risk, ACS10 score was still not significantly as-
sociated with EFS (HR5 1.1; 95%CI, 0.82 to 1.5;P5 .479)
or OS (HR 5 1.1; 95% CI, 0.76 to 1.6; P 5 .613) among
AAML0531 ADE 1 GO arm patients (Data Supplement).

Estimated Benefit of Augmented Therapy for Low-ACS10

Score Patients

Across the two trials, augmented therapy was consistently
associated with a 10-percentage point improvement in 5-
year EFS among low-ACS10 patients (Data Supplement).

On the AAML0531 clinical trial, the 5-year EFS for low-ACS10
patients was 40.9% (95% CI, 33.6 to 49.7) on the standard
ADE arm and 50.1% (95% CI, 43.2 to 58) with augmented
ADE 1 GO therapy (ADE v ADE 1 GO HR 5 1.39; 95% CI,
1.04 to 1.87; P5 .027). Similarly, on the AML02 clinical trial,
the 5-year EFS for low-ACS10 patients was 42.1% (95% CI,
29 to 61.1) with standard LDAC therapy and 54.8% (95% CI,
39.8 to 75.5) with augmented HDAC therapy (LDAC v HDAC
HR 5 1.39; 95% CI, 0.71 to 2.72; P 5 .337).

Additionally, low-ACS10 patients had a statistically signif-
icant improvement in 5-year OS with augmented therapy on
the AAML0531 clinical trial. In this trial, low-ACS10 score
had a 5-year OS of 53% (95% CI, 45.4 to 61.8) with
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standard ADE therapy and 62.8% (95% CI, 55.9 to 70.6)
with augmented ADE 1 GO therapy (ADE v ADE 1 GO
HR 5 1.52; 95% CI, 1.08 to 2.14; P 5 .016). Also, low-
ACS10 patients demonstrated improvement in OS with
augmented therapy on the AML02 trial; there was a 5-year
OS of 57.9% (95% CI, 44.1 to 75.9) with standard LDAC
therapy and 63.4% (95% CI, 48.3 to 83.2) with augmented
HDAC therapy (LDAC v HDAC HR5 1.19; 95% CI, 0.55 to
2.57; P 5 .651). When comparing outcome by treatment
arms within ACS10 score groups, the benefit of adding GO
for low-ACS10 patients retained its statistical significance in
a multivariable analysis adjusting for risk group, ethnicity,
WBC, count, and age, but a similar impact was not seen in
the high-ACS10 score group (Data Supplement).

Estimation of ACS10 Therapy Personalization Thresholds

We also evaluated ACS10 as a numeric variable by fitting
statistical models to characterize the relationship of ACS10

with outcome on each therapy arm to estimate an appro-
priate threshold for personalization by ACS10 score (Fig 5).
For AML02, we observed that 5-year EFS and OS improved
with increasing ACS10 score more rapidly for the LDAC-arm
than for the HDAC treatment regimens. Our models suggest
that HDAC provides better EFS and OS than LDAC for
patients with ACS10, 0 but LDAC provides better EFS and
OS than HDAC for patients with ACS10 . 0 (Figs 5A
and 5B). The outcomes are comparable for patients with
ACS105 0. The personalization threshold may be different
for choosing between ADE and ADE1GO in AAML0531. As
shown in Figures 5C and 5D, outcomes improve with in-
creasing ACS10 score for ADE arm, but outcomes are not
strongly associated with ACS10 score on the ADE 1 GO
arm. For patients with ACS10 score , 2, outcomes are
better with ADE 1 GO. For patients with higher ACS10
score, outcomes are better with ADE. For patients with
ACS10 score 2-3, outcomes are similar (Figs 5C and 5D).
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Overall, in both cohorts, patients with low-ACS10 reflecting
lower ara-CTP levels were associated with worse outcome
when patients were treated with standard chemotherapy.
Specifically, in AML02, low-ACS10 was detrimental in
patients within the AML02-LDAC arm but not for the HDAC
arm. In AAML0531, low-ACS10 was detrimental in patients
within the AAML0531-ADE arm but not for the AAML0531-
ADE1 GO arm. These results demonstrate that low-ACS10
patients have a better outcome when treated with aug-
mented therapy (AML02-HDAC or AAML0531-ADE 1 GO
arms), presenting this as a personalized approach to im-
prove outcome for this group of patients.

DISCUSSION

ara-C–based regimens have been the mainstay of AML
therapy for more than five decades and are likely to re-
main the backbone of therapy in coming years as newly
approved agents24,25 are primarily given in sequence or in

combination with ara-C. Thus, efforts to incorporate newly
approved agents into clinical care by genomics-guided
stratification of patients can have a significant impact in
AML treatment strategies. In this study, we used a multistep
approach to develop a polygenic 10 SNP score (ACS10) of
relevance to ara-C pharmacology. Our results show that: (1)
Patients with low-ASC10 score had worse outcome when
compared with those in the high-ACS10 score group in
AML02 and AAML0531 trials when given standard che-
motherapy regimen. However, such an impact of score was
not observed in the augmented arms of the both trials
(AML02-HDAC arm) and AAML0531 (ADE1GO arm). The
results from AML02 trial indicate that patients with low-
ACS10 score benefit from high-dose of ara-C. Further
patients within high-ACS10 score had similar outcome
in LDAC and HDAC arms implying that treatment with
low dose ara-C might reduce the risk of toxicity. In
the AAML0531 cohort, patients with low-ACS10 score

Arm

HDAC: 75

LDAC: 91

ACS10 Score

1.00

0.75

0.50

5-
Ye

ar
 O

S 
(p

ro
ba

bi
lit

y)

0.25

0.00

–5.0 –2.5 0.0 2.5 5.0

A

Arm

HDAC: 75

LDAC: 91

ACS10 Score

1.00

0.75

0.50

5-
Ye

ar
 E

FS
 (p

ro
ba

bi
lit

y)

0.25

0.00

–5.0 –2.5 0.0 2.5 5.0

B

ACS10 Score

Arm: patients

GO: 456

NoGO: 455

1.00

0.75

0.50

5-
Ye

ar
 O

S 
(p

ro
ba

bi
lit

y)

0.25

0.00

–5.0 –2.5 0.0 2.5 5.0

C

Arm: patients

GO: 456

NoGO: 455

ACS10 Score

1.00

0.75

0.50
5-

Ye
ar

 E
FS

 (p
ro

ba
bi

lit
y)

0.25

0.00

–5.0 –2.5 0.0 2.5 5.0

D
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demonstrated improvement in outcome with addition of
GO, indicating this as an alternate treatment strategy for
these patients. Thus, consistently across two trials, aug-
menting standard therapy with HDAC or GO mitigates the
poor prognostic impact of low-ACS10 score. (2) Although
sample size of our study cohorts limited our ability to
perform any subgroup analysis by ethnicity or risk groups,
we observed a greater abundance of the low-ACS10 score
in Black patients within both AML02 and AAML0531
cohorts (approximately 30% White patients v approxi-
mately 70% Black patients had low-ACS10 score). Three
of the 10 SNPs in the score contribute toward these racial
differences and included a DCK SNP-rs4643786 with
detrimental impact (variant allele frequency 0.038 in
White v 0.48 v Black patients) and SNPs within CMPK1
(rs1044457: allele frequency 0.5 in White v 0.11 in Black
patients) and SLC28A3 (rs17343066: allele frequency
0.53 in White v 0.15 in Black patients) with beneficial
impact. Previous studies have reported worse outcomes in
Black patients compared with White patients.26-28 Al-
though validation in larger cohorts is required, higher
abundance of low-ACS10 score within Black patients
might contribute to the observed racial disparity in out-
come. (3) GivenMRD1 is considered a prognostic factor in
predicting outcome, our results show that ACS10 score
holds potential for classification of patients beyond MRD1
stratification to predict outcome and design downstream
treatment strategies.

In conclusion, our comprehensive approach not only
provides a unique ACS10 score of prognostic significance
that can predict poor outcome in AML, but suggests that
alternative treatment strategies with either high-dose ara-C
or addition of GO are more suitable strategies for patients
with detrimental low-ACS10 score. Our results also warrant

the need to further test whether patients within low-ACS10
score groups would benefit from augmentation with other
existing or newly approved agents such as clofarabine
(studied in AML08 trial), glasdegib, venetoclax etc. In fact,
we have reported a splicing-SNP (rs12459419C.T) in
CD33 that is predictive of response to GO.29 Future studies
are focused on in-depth evaluation of interaction between
ACS10 score and CD33 pharmacogenomics to more ac-
curately identify patients most likely to benefit from ADE-GO
combination. Recently, a systemic review protocol on the
basis of PRISMA guidelines for evaluation of ara-C–related
SNPs associated with response and toxicity in AML has been
published30; our results significantly contribute to this on-
going effort to accelerate evidence-based practice for better
patient management. Although our results are in pediatric
AML, we anticipate that the impact of ACS10 score will be
observed in adult AML, warranting the need to expand this
investigation in adults. Given that genotyping assays for
SNPs within ACS10 score are readily available, preemptive
genotyping with a rapid turnaround time can be accom-
plished using a wide range of samples (blood, buccal swab,
or skin) in most of the clinical settings. Thus, prospective
investigation of these germline polymorphisms in clinical
laboratories is highly feasible. Development of a web-based
tool that could be integrated into the electronic health rec-
ords for easy calculation and categorization of the patient on
the basis of ACS10 would accelerate clinical translation of
ACS10 for making treatment decisions. Our results also open
up opportunities to further refine the guidelines for cus-
tomizing regimens on the basis of the pharmacogenomic
evaluation of patient. Success of such examples as TPMT
andNUDT15 pharmacogenomics-guided regimens to guide
therapeutic decisions are already in clinics for the treatment
of acute lymphoblastic leukemia.
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