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Supplemental Methods 
 
Library Construction, quantification, and normalization 
500ng genomic DNA was used as input for DNA fragmentation using a Covaris acoustic 
ultrasonicator, targeting 150 bp fragments. Library preparation was performed using the KAPA 
Biosystems (KAPA HyperPrep Kit with Library Amplification product KK8504) and IDT’s duplex 
UMI adapters. The libraries were then paired with unique 8-base dual index sequences embedded 
within the p5 and p7 primers (IDT) during PCR. Enzymatic clean-ups were performed using 
Beckman Coulter AMPure XP beads. Libraries were quantified using the INvitrogen Quant-It 
broad range dsDNA quantification assay kit (Thermo Scientific) with a 1:200 PicoGreen dilution. 
Each library was normalized to 35ng/uL using Tris-HCl, 10 mM, pH 8.0.  
  
Hybrid Selection, Cluster Amplification, and Sequencing 
In solution hybrid selection was performed using IDT’s XGen hybridization and wash kit, with 
creation of 12-plex pre-hybridization pools. Custom exome bait (TWIST bioscience) was added 
to the lyophilized pool prior to resuspension, followed by library normalization and hybridization 
performed using a Hamilton Starlet liquid handling platform and target capture on an Agilent Bravo 
automated platform. Post capture, a PCR was performed to amplify the captured DNA. Cluster 
amplification using Exclusion Amplification cluster chemistry and HISeq amplification was 
performed according to manufacturer’s protocol (Illumina) and using HiSeq X flowcells. Flowcells 
were sequenced on v2 Sequencing-by-Synthesis chemistry for HiSeq X flowcells. The flowcells 
were then analyzed using RTA v.2.7.3 or later. Each pool of whole genome libraries was run on 
paired 151 bp runs, reading the dual-indexed sequences to identify molecular indices and 
sequenced across the number of lanes needed to meet coverage for all libraries in the pool. 
  
Variant calling 
Reads were aligned with bwa-mem 0.7.15. Duplex consensus reads were called with fgbio 1.0 
and realigned using bwa-mem. Consensus reads were required to have reads from both families 
αβ and βα, and consensus reads with Ns in excess of 5% of bases were discarded. Read one 
and two were soft-clipped from the 5′ end by 10 bases to reduce errors due to end repair. Single 
nucleotide and small insertion and deletion calling was performed with samtools-0.1.18 mpileup 
and Varscan 2.2.3. FLT3-ITDs were called as previously described.1 Variants were annotated to 
include information about cDNA and amino acid changes, sequence depth, number, and 
percentage of reads supporting the variant allele, and population allele frequency in the Genome 
Aggregation Database (gnomAD). Variants were excluded if they had fewer than two total duplex-
reassembled alternate reads at the position or fell outside of the target coordinates, caused 
synonymous changes, or were recurrent small insertions/deletions at low variant allele fraction 
adjacent to homopolymer repeat regions. Individual single nucleotide substitutions and small 
insertions or deletions were evaluated as candidate drivers of myeloid malignancies based on 
gene-specific characteristics, then curated manually and classified as driver mutations based on 
genetic criteria and literature review. All interpretation of variants was blinded to clinical 
characteristics and thus agnostic to variables including age, sex, diagnosis, treatment status, and 
clinical outcomes; the genetic analysis was completed and locked prior to merging with any 
clinical data. 
 
Data Sharing 
All molecular data are contained in the manuscript and supplemental files. 
 
 
Statistical Analysis 



 4 

In order to build a baseline mutational prognostic model, we first performed univariable Cox 
regression analysis for each mutation with at least 10 cases using a bootstrap validation method 
with 10,000 resamples of size 295 with replacement.2 The bootstrap method was used to adjust 
the model in order to decrease the impact of overfitting to the original dataset and reducing the 
influence of unusual or outlying values. Although the split-sample method is commonly used for 
validation, it greatly reduces the sample size for both the training and validation sets; if the process 
is repeated with a different split, different regression coefficients may be obtained from the 
validation set. This is a concern particularly when the sample size is not large.2 The bootstrap 
validation method overcomes these drawbacks and obtains nearly unbiased estimates without 
sacrificing sample.2 Using this method, mutations with p-values less than 0.05 were selected and 
classified into favorable, intermediate, and unfavorable group according to their hazard ratios. 
Variables with HRs of 1 to 1.5 received 0.5 points, those with HRs of 1.5 to 2 received 1 point, 
those with HRs of 2 to 2.5 received 1.5 points, and those with HRs ≥ 2.5 received 2 points (table 
S8). We then performed multivariable Cox model adjusting for other non-genetic risk factors using 
the same bootstrap method to build a final prognostic model for LFS. Center effect was tested 
using a frailty model and center was adjusted in every model (table S9). We also utilized the 
Akaike information index (AIC) for the assessment of model fit and C-index3 for predictive ability 
of models. For NRM and relapse, multivariable competing risks regression analysis (i.e., Fine and 
Gray model) for NRM and relapse were performed. For those patients who have samples at 
remission, the association between baseline genetic and clinical characteristics and the likelihood 
of MRD positivity at remission (modeled as a binary outcome, all clear/DT or MRD positive) was 
assessed using univariable and multivariable logistic regression analysis. Factors with p-value 
less than 0.05 from univariable logistic analysis were included in the multivariable analysis. Prior 
to analysis, collinearity among characteristics was assessed using correlation analysis and 
unsupervised hierarchical clustering analysis. Prior use of hypomethylation agent was correlated 
with secondary AML and cytogenetic risk was correlated with mutational risk. Since collinearity 
makes it difficult to estimate regression coefficients while holding (highly correlated) variables 
constant, we performed multivariable analysis including each of these prognostic variables 
separately but adjusting for all other variables. All P-values were two-sided at a significance level 
of 0.05. All calculations were performed using SAS 9.3 (SAS Institute, Inc., Cary, NC) and R 
version 3.3.2. 

1. Tsai HK, Brackett DG, Szeto D, et al. Targeted Informatics for Optimal Detection, 
Characterization, and Quantification of FLT3 Internal Tandem Duplications Across Multiple Next-
Generation Sequencing Platforms. J. Mol. Diagn. 2020;22(9):1162–1178. 

2. Efron and Tibshirani (1993). An Introduction to the Bootstrap, Chapman &Hall/CRC 

3. Harrell FE (2001). Regression modeling strategies: with applications to linear models, logistic 
regression, and survival analysis. Springer 
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Table S1. Number of patients enrolled by center 
 

Center Number Enrolled 
Dana-Farber Cancer Institute 104 
Johns Hopkins University 58 
Memorial Sloan Kettering Cancer Center 21 
The Ohio State University 36 
Roswell Park Comprehensive Cancer Center 48 
The University of Pennsylvania 28 
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Table S2. Characteristics of patients with and without remission samples 
 
Comparisons of distributions are by the Wilcoxon rank-sum test. Comparisons of categorical variables in 2 
groups are by Fisher’s exact test and comparisons of more than 2 groups are by Chi square. 
 

  CR sample No CR sample P value 
                                    N % N %  
Full Cohort                            192 65 103 35 NA 
Recipient age, median (range) 66 (60-76) 66 (60-74) 0.53 
Recipient sex                               0.17 

Female                              82 43 35 37  
Male                                110 57 68 66  

HCT-CI score     0.97 
0                              54 28 29 28  
1                                52 27 29 28  
3+ 76 40 44 43  
Missing 7 4 4 4  

Type of AML (clinically defined)     0.89 
        De novo 113 59 60 58  
        Secondary 60 31 31 30  
        Therapy-related 19 10 12 12  
Cytogenetics*     0.16 

Normal 85 44 51 50  
Core binding factor 2 1 4 3  
Complex karyotype 31 16 10 10  
Other 74 39 38 37  

2017 ELN risk group                                 0.98 
         Favorable 35 18 18 18  
         Intermediate 55 29 30 29  
         Adverse 100 52 52 51  
         Missing 3 2 2 2  
Initial therapy     0.87 

Intensive induction 161 84 88 85  
Non-intensive induction 31 16 15 15  

Re-induction       0.9 
Yes 58 30 32 31  
No 133 69 71 69  
Missing 1 0.5 2 2  

Pre-transplant consolidation     0.8 
Yes 121 63 63 61  
No 71 37 40 39  

Remission quality                 0.51 
CR with hematologic recovery 147 77 78 76  

         CRi  44 23 23 22  
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Missing 1 0.5 2 2  
Donor type                              0.008 

Matched related                            36 19 22 21  
Matched unrelated 106 55 68 66  
Mismatch related 2 1 0 0  
Mismatch unrelated 3 2 5 5  
Haploidentical 43 22 8 8  

Conditioning regimen                                   0.005 
         Myeloablative 11 6 17 16  
         Reduced intensity 181 94 86 84  
Stem cell source     0.003 
         Peripheral blood 132 69 84 82  
         Bone marrow 57 30 14 14  
         Umbilical cord blood 3 1.5 5 5  
Molecular Risk     0.67 
         Favorable 65 34 30 29  
         Intermediate 86 45 51 50  
         Unfavorable 41 21 22 21  
Molecular Ontogeny     0.81 
         De Novo 86 45 49 48  
         Secondary 83 43 44 43  
         p53 23 12 10 10  
Overall Risk     0.76 
         Low 24 13 12 12  
         Intermediate 79 41 37 36  
         High 40 21 26 25  
         Very High 49 26 28 27  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 8 

 
Table S3. Genes sequenced on diagnostic panel. 
 

 
 
Table S4. Genes sequenced on remission panel 
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Table S5. Mutations detected at the time of diagnosis (and remission, if applicable) 
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Table S6. Univariable molecular associations with outcomes 
 

 LFS Relapse NRM 

HR 95% CI P value sHR 95% CI P value sHR 95% CI P value 

NPM1+, FLT3-ITD- 0.56 0.37-0.81 0.002 0.56 0.31-0.91 0.02 0.75 0.38-1.33 0.29 

DNMT3A 0.73 0.51-1.02 0.056 0.68 0.44-1.04 0.068 0.94 0.55-1.53 0.78 

DDX41 0.55 0.25-0.95 0.036 0.23 0-0.68 0.008 1.36 0.46-2.55 0.44 

TP53 3.36 2.32-5.23 <0.001 5.6 3.52-9.17 <0.001 0.28 0-0.73 0.002 

JAK2 2.66 1.88-4.08 <0.001 1.62 0.6-3.25 0.276 2.23 0.58-5.6 0.18 

FLT3-ITD+, NPM1- 2.22 1.49-3.41 <0.001 2.28 1.18-3.88 0.012 1.07 0.38-2.25 0.86 

KRAS 2.00 1.36-2.95 0.004 1.3 0.54-2.61 0.546 2.25 1.07-4.17 0.034 

 
HR: hazard ratio from Cox proportional hazards model; sHR: subdistribution hazard ratio from Fine and Gray 
model. 
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Table S7. Univariable non-genetic associations with leukemia-free survival 
 

 HR 95% CI P value 
Age ≥ 65 at transplant 1.3 0.96-1.77 0.09 
Adverse cytogenetics, not monosomal 1.7 1.1-2.6 0.013 
Adverse, monosomal 4.4 2.9-6.8 <0.001 
sAML 1.77 1.31-2.38 0.0002 
Prior HMA 1.68 1.12-2.51 0.012 
Non-intensive induction 1.56 1.09-2.24 0.016 
Consolidation prior to transplant 0.7 0.52-0.94 0.016 
CRi 1.83 1.32-2.54 0.0003 
WBC < 2k at transplant 1.67 1.18-2.35 0.0034 
HCT-CI ≥ 3 1.8 1.3-2.7 0.002 

 
Table S8. Score assigned based on hazard ratio 
 
For each variable in the final model for LFS, scores were assigned based on the hazard ratio for death or 
relapse. Details are in the supplemental methods. 
 

HR Score 
1.00 - 1.50 0.5 
1.51 - 2.00 1 
2.01 - 2.50 1.5 
>2.5 2 

 
Table S9. Cox frailty model for LFS incorporating both clinical and genetic factors 
 
Five variables retained significance in a multivariable Cox model for LFS. The score assigned for each variable 
level is reported in the final column of the table. Additional details are in the supplemental methods. 
 

 HR 95% CI Score Assigned 
Cytogenetics Favorable/Intermediate Ref  0 

Adverse, not monosomal 1.56 0.93-2.59 1 
Adverse, monosomal 2.32 1.37-3.97 1.5 

HCT-CI 
0-2 Ref  0 
≥ 3 1.39 1.01-1.95 0.5 

CR 
CR Ref  0 
CRi  1.49 1.05-2.16 0.5 

sAML No Ref  0 
Yes 1.54 1.12-2.14 1 

Molecular risk 
Favorable Ref  0 
Intermediate 1.31 0.88-2.00 0.5 
High 2.90 1.85-4.64 2 
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Table S10. Non-genetic associations with relapse and NRM 
 
Shown are the associations with relapse and NRM for the four variables other than molecular risk that are 
included in the final model. 
 

Variable Relapse NRM 
 sHR 95% CI P value sHR 95% CI P-value 
Cytogenetics Favorable/Intermediate Ref      

Adverse, not monosomal 1.54 0.87-2.73 0.13 1.24 0.65-2.37 0.52 
Adverse, monosomal 4.37 2.65-7.21 <0.0001 0.87 0.37-2.04 0.75 

HCT-CI 
0-2 Ref   Ref   
≥ 3 0.98 0.67 – 1.44 0.93 2.38 1.50-3.78 0.0002 

CR 
CR Ref   Ref   
CRi  1.95 1.30 – 2.90 0.0011 1.04 0.60-1.78 0.89 

sAML No Ref   Ref   
Yes 1.58 1.07 – 2.33 0.0207 1.46 0.91-2.33 0.11 

sHR: subdistribution hazard ratio from Fine and Gray model. 
 
Table S11. Assignment of prognostic groups based on score 
 
Shown are the hazard ratios for death or relapse based on total scores for all 5 variables in the model, with 
corresponding prognostic groups labeled in the final column. 
 

Sum score HR 95% CI Prognostic Group 
0 Ref  Low 
0.5 2.88 1.33-8.46 Int 
1 3.39 1.5-9.96 
1.5 6.23 2.58-19.92 

High 2 4.16 1.83-12.51 
2.5 8.70 3.86-26.19 

Very High 
3 10.07 3.32-38.93 
3.5 21.84 9.21-74.02 
4 21.98 9.92-65.78 

 
Table S12. LFS, OS, Relapse, NRM for baseline prognostic groups 
 
Shown are the hazard ratios (HR) for leukemia-free survival (LFS), and overall survival (OS) from Cox 
proportional hazards models and subdistribution hazard ratios (sHR) for non-relapse mortality (NRM) and 
relapse from Fine and Gray models for the four tiers of overall risk in the final model. 
 

 N LFS OS NRM Relapse 
HR 95% CI p-value HR 95% CI p-value HR 95% CI p-value HR 95% CI p-value 

Low 35 Ref   Ref   Ref   Ref   
Int 113 3.7 1.8-11.3 0.0004 3.6 1.7-10.9 0.0006 11.5 2.7-80.8 0.02 1.7 0.8-6.4 0.17 
High 71 5.6 2.6-17.7 <0.0001 5.4 2.5-16.8 <0.0001 15.7 3.6-110.2 0.0095 2.3 1.0-8.5 0.037 
V high 74 13.4 6.3-42.2 <0.0001 12.7 5.9-40.3 <0.0001 12.5 2.9-87.7 0.018 6.4 3.0-22.9 <0.0001 
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Table S13. Outcomes 3 years after transplant 
 
Shown are the 3-year rates of leukemia-free survival (LFS), overall survival (OS), non-relapse mortality (NRM), 
and relapse for the four tiers of overall risk in the final model. The Kaplan-Meier method was used to estimate 
LFS and OS and log-rank test was used for group comparison of LFS and OS.  Cumulative incidence (CI) of NRM 
and relapse were estimated in the competing risks framework treating each event as a competing event. Gray 
test was used for group comparison of CI (cumulative incidence) of NRM and relapse.  
 

 N LFS (95% CI) OS (95% CI) CI NRM (95% CI) CI Relapse (95% CI) 
Low 35 86% (69, 94) 86% (69, 94) 2.9% (0.2, 13) 11% (3.5, 24) 
Intermediate 113 54% (44, 63) 58% (48, 67) 20% (13, 28) 26% (18, 35) 
High 71 35% (23, 47) 35% (23, 47) 32% (21, 43) 33% (22, 45) 
Very high 74 9% (4, 17) 9% (4, 17) 26% (16, 36) 65% (53, 75) 
p-value  <0.0001 <0.0001 0.006 <0.0001 
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Table S14. Treatment-Emergent Mutations 
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Table S15. Likelihood of mutation persistence by gene mutated at AML diagnosis.  
 
Shown are all genes mutated at the time of AML diagnosis in at least 5 individuals with available remission 
samples. Significant associations (P<0.05) are highlighted in gray. Note that DDX41 mutations shown here 
include only putative somatic mutations. 
 

Gene N, persisting N, diagnosis % OR for persistence 95% CI P value 

ASXL1 30 38 79 3.5 1.6-7.7 0.0016 
BCOR 23 13 57 1.5 0.66-3.4 0.40 
BCORL1 3 8 38 0.67 0.18-2.6 0.73 
CBL 6 2 33 0.6 0.1-2.4 0.69 
CEBPA 1 16 6 0.07 0.006-0.43 0.0006 
DDX41 2 9 22 0.3 0.06-1.4 0.18 
DNMT3A 55 66 83 6.6 3.4-12.7 <0.0001 
EZH2 5 12 42 0.81 0.29-2.3 0.78 
FLT3-ITD 11 58 19 0.24 0.12-0.46 <0.0001 
FLT3-TKD 2 10 20 0.29 0.06-1.1 0.11 
GATA2 2 10 20 0.29 0.06-1.1 0.11 
IDH1 12 24 50 1.1 0.5-2.6 0.84 
IDH2 16 28 57 1.6 0.7-3.3 0.33 
JAK2 4 8 50 1.1 0.3-3.8 >0.99 
KRAS 4 21 19 0.25 0.09-0.76 0.013 
NF1 5 7 71 2.8 0.6-14.1 0.27 
NPM1 4 43 9 0.1 0.04-0.28 <0.0001 
NRAS 6 28 21 0.30 0.13-0.73 0.0064 
PHF6 3 11 27 0.4 0.12-1.4 0.23 
PTPN11 7 23 30 0.49 0.19-1.2 0.14 
RUNX1 24 53 45 0.94 0.54-1.7 0.89 
SF3B1 6 7 86 6.7 1.1-77.6 0.057 
SRSF2 20 32 63 2.0 0.94-4.0 0.072 
STAG2 10 24 42 0.81 0.37-1.8 0.68 
TET2 47 61 77 4.2 2.3-7.8 <0.0001 
TP53 20 26 77 3.8 1.5-9.1 0.0036 
U2AF1 12 15 80 4.6 1.4-15.2 0.016 
WT1 3 17 18 0.23 0.07-0.79 0.024 
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Table S16. Comparison of molecular and flow-cytometry based MRD assessments. 
 
87 patients in the remission cohort had data available from clinical evaluation of MRD by flow cytometry. This 
table shows the results of a comparison between these assessments (“Flow MRD”) and results of remission 
sample sequencing (“molecular MRD”). 
 

 Flow MRD+ Flow MRD- 
Molecular MRD+ 21 32 
Molecular MRD- 5 29 

 
 
Table S17. Univariable and multivariable associations with MRD positivity 
 

 Univariable Logistic Multivariable Logistic 
OR 95% CI P value OR 95% CI P value 

sAML Y vs N 1.9 1.0-3.7 0.05 1.0 0.4-2.2 0.98 
CRi Y vs N 4.5 1.9-10.8 0.0006 3.7 1.5-9.1 0.0048 
Prior HMA Y vs N 3.4 1.2-9.6 0.023 1.4 0.4-5.2 0.63 
Intensive induction Y vs N 3.0 1.2-7.8 0.021 1.1 0.4-3.2 0.91 
Any consolidation Y vs N 0.5 0.3-1.0 0.052 0.7 0.4-1.6 0.44 

Cytogenetic risk 
Int vs Low 2.5 1.0-6.3 0.048 1.8 0.7-4.8 0.2 
High vs Low 6.4 1.4-28.9 0.016 5.7 1.2-26.6 0.027 

Molecular ontogeny Secondary vs De Novo 8.0 3.9-16.4 <0.0001 7.9 3.6-17.0 <0.0001 
P53 vs De Novo 8.4 2.6-27.0 0.0003 7.7 2.3-26.0 0.001 
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Figure S1. Post-transplant outcomes of the full cohort.  
 
Shown are overall survival and  leukemia-free survival (A), as well as cumulative incidence of relapse and 
cumulative incidence of non-relapse mortality (B) for full cohort. 
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Figure S2. Outcomes by molecular risk group. 
 
Shown are outcomes for patients with unfavorable genetics (TP53 mutation, JAK2 mutation, or FLT3-ITD 
without an NPM1 mutation), favorable genetics (absence of unfavorable mutation plus either NPM1 mutation 
without FLT3-ITD, DDX41 mutation, or DNMT3A mutation), and intermediate genetics (all others). 
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Figure S3. Likelihood of mutation persistence by gene using ELN definition of MRD 
 
This figure shows the results of Fisher’s exact test for clearance or persistence of mutations in each gene, 
plotting the odds of clearance on the x axis and significance, expressed as the negative log of the uncorrected 
P value, on the y axis. Mutations that are more likely to persist at remission appear towards the left, and those 
that are more likely to clear appear towards the right. Panel B shows the variant allele frequency (VAF) of 
remission mutations. Median VAF is denoted by a black dashed line, and the range is indicated by the red 
violin plot for each gene. This analysis is limited to the 326 persistent mutations with VAF ≥ 0.001, consistent 
with ELN guidelines for molecular MRD in AML. 
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Figure S4. Clonal abundance of persistent mutations 
 
Shown is the maximum variant allele fraction (VAF) for each patient with molecular residual disease 
(detectable diagnostic mutations in genes other than DNMT3A or TET2). Patients are grouped by the 
molecular ontogeny of their leukemia. TP53 ontogeny includes all patients with TP53 mutations at the time of 
diagnosis; secondary ontogeny includes all patients with mutations in SRSF2, SF3B1, U2AF1, ZRSR2, ASXL1, 
BCOR, BCORL1, EZH2, or STAG2 at the time of diagnosis; pan-AML/de novo ontogeny includes all other 
patients. The median VAF of persistent mutations for patients with TP53 ontogeny was 0.113, for those with 
secondary-type ontogeny was 0.042, and for those with pan-AML/de novo ontogeny was 0.021. Unadjusted P-
values are from the Wilcoxon rank-sum test. 
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Figure S5. Leukemia-free survival by MRD status using ELN definition. 
 
This figure shows unadjusted LFS for all remission cohort patients (N = 192) according to MRD status defined 
by ELN criteria (at least one mutation VAF ≥ 0.001). 
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Figure S6. Incidence of relapse using DTA as MRD-negative equivalent. 
 
In our study, we defined remissions with only persistent DNMT3A or TET2 mutations (“DT”) as equivalent to 
an MRD-negative remission. Previous studies of MRD in AML have also included sole remission mutations in 
ASXL1 (with/without DNMT3A or TET2, but without other mutations) in this definition. In this cohort, 6 
patients classified as MRD positive using a DT only definition would have been reclassified as MRD-negative 
using a DTA definition. This figure shows the rates of relapse using the DT definition (left), as in the text, or 
DTA definition (right). 
 
 


