
Copyright 2015 American Medical Association. All rights reserved.

Association BetweenMutation Clearance After Induction

Therapy andOutcomes in AcuteMyeloid Leukemia

Jeffery M. Klco, MD, PhD; Christopher A. Miller, PhD; Malachi Griffith, PhD; Allegra Petti, PhD; David H. Spencer, MD, PhD;

Shamika Ketkar-Kulkarni, MS; Lukas D. Wartman, MD; Matthew Christopher, MD, PhD; Tamara L. Lamprecht, BS; Nicole M. Helton, BS;

Eric J. Duncavage, MD; Jacqueline E. Payton, MD, PhD; Jack Baty, BA; Sharon E. Heath; Obi L. Griffith, PhD; Dong Shen, PhD;

Jasreet Hundal, MS; Gue Su Chang, PhD; Robert Fulton, MS; Michelle O'Laughlin, BS; Catrina Fronick, BS; Vincent Magrini, PhD;

Ryan T. Demeter, BE; David E. Larson, PhD; Shashikant Kulkarni, MS, PhD; Bradley A. Ozenberger, PhD; John S. Welch, MD, PhD;

Matthew J. Walter, MD; Timothy A. Graubert, MD; Peter Westervelt, MD, PhD; Jerald P. Radich, MD; Daniel C. Link, MD;

Elaine R. Mardis, PhD; John F. DiPersio, MD, PhD; Richard K. Wilson, PhD; Timothy J. Ley, MD

IMPORTANCE Tests that predict outcomes for patients with acute myeloid leukemia (AML) are

imprecise, especially for those with intermediate risk AML.

OBJECTIVES To determine whether genomic approaches can provide novel prognostic

information for adult patients with de novo AML.

DESIGN, SETTING, AND PARTICIPANTS Whole-genome or exome sequencingwas performed

on samples obtained at disease presentation from 71 patients with AML (mean age, 50.8

years) treated with standard induction chemotherapy at a single site starting in March 2002,

with follow-up through January 2015. In addition, deep digital sequencing was performed on

paired diagnosis and remission samples from 50 patients (including 32 with intermediate-risk

AML), approximately 30 days after successful induction therapy. Twenty-five of the 50were

from the cohort of 71 patients, and 25 were new, additional cases.

EXPOSURES Whole-genome or exome sequencing and targeted deep sequencing. Risk of

identification based on genetic data.

MAIN OUTCOMES ANDMEASURES Mutation patterns (including clearance of

leukemia-associated variants after chemotherapy) and their association with event-free

survival and overall survival.

RESULTS Analysis of comprehensive genomic data from the 71 patients did not improve

outcome assessment over current standard-of-care metrics. In an analysis of 50 patients with

both presentation and documented remission samples, 24 (48%) had persistent

leukemia-associatedmutations in at least 5% of bonemarrow cells at remission. The 24 with

persistent mutations had significantly reduced event-free and overall survival vs the 26 who

cleared all mutations. Patients with intermediate cytogenetic risk profiles had similar findings.
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CONCLUSIONS AND RELEVANCE The detection of persistent leukemia-associatedmutations in

at least 5% of bonemarrow cells in day 30 remission samples was associated with a

significantly increased risk of relapse, and reduced overall survival. These data suggest that

this genomic approachmay improve risk stratification for patients with AML.
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A
pproximately 20% of adult patients with acute

myeloid leukemia (AML) fail to achieve remission

with initial induction chemotherapy, and approxi-

mately 50% ultimately experience relapse after achieving

complete remission.1-3 Even though potentially curative

therapy (eg, allogeneic hematopoietic stem cell trans-

plantation) is now avail-

able for many patients,

this therapy is expensive

and is associated with

significant morbidity.

Thus, identifying pa-

tients at high risk for re-

lapse would be clinically

useful and is the basis of

current risk stratification approaches,which include conven-

tional karyotyping, clinical features, and the mutational sta-

tus of a limited panel of genes.4-9

Genomic approaches have identified somatic mutations

in coding genes that are associated with outcomes, however,

no study has yet addressed whether mutations in noncoding

and regulatory regions may further improve outcome predic-

tions for adults with de novo AML. Further, it is not yet clear

whether genomic approaches can be used to assess the clear-

ance of leukemia cells after chemotherapy, which has histori-

cally been done by morphologic examination and more

recently, by multicolor flow cytometry.10,11 The known prog-

nostic value of persistent clonal cytogenetic abnormalities in

remission samples12,13 (which is relevant for the 50%-60% of

AML cases with clonal cytogenetic abnormalities at presenta-

tion) suggests that higher-resolution genomic approaches

that can be applied to all AML samples may provide useful

prognostic information.

In this study, we used whole-genome sequencing to de-

termine whether mutations anywhere in the genome (either

codingornoncoding regions)detectedatpresentationwereas-

sociatedwith outcomes in patients with AML.We also evalu-

ated an alternative approach: tracking the clearance of leuke-

mia-associatedmutationsafter inductionchemotherapy (using

approaches that shouldbe informative fornearlyallAMLcases)

to determinewhether persistentmolecular diseasewas asso-

ciated with less-favorable clinical outcomes.

Methods

Patient Selection

All samples from patients with AMLwere collected as part of

a study approvedby theHumanResearch ProtectionOffice at

Washington University School of Medicine. All patients pro-

vided informed consent explicit for whole-genome or exome

sequencing,usingaprotocol approvedby theWashingtonUni-

versity School of Medicine Institutional Review Board.

Patients were selected from a larger cohort of more than

500 adult patients (enrolled from March 2002 to December

2013). Previously,we studied 200of these cases (chosen to re-

flect the natural distribution of AML cases) for The Cancer

Genome Atlas (TCGA) AML study.8 Of the 71 patients de-

scribed herein, 68 were also included in the TCGA study and

the diagnostic material was banked prior to 2010. These

samples were selected for further study after excluding pa-

tientswith good risk cytogenetic abnormalities, lack of inten-

sive induction chemotherapy, or death during induction

therapy, in accordance with accepted guidelines (for full de-

scription, see eMethods, section A.1.1, in the Supplement).14

All 68 of the cases chosen for this study received inten-

sive chemotherapy with an induction regimen of intravenous

cytarabine (100 mg/m2 × 64 patients; 200 mg/m2 × 4

patients) and an anthracycline (either idarubicin or daunoru-

bicin). Patients were then divided into 3 outcome-stratified

groups: (1) the refractory group, including patients with pri-

mary refractory disease after 2 rounds of induction chemo-

therapy, and also patients with relapse in less than 6 months;

(2) the R6-12 group, including patients with relapse between

6 and 12 months; and (3) the long first remission group (LFR),

including patients with chemotherapy only, surviving at least

12 months without an allogeneic stem cell transplant. To

identify additional patients fulfilling these criteria, we reana-

lyzed our updated database and found 3 additional refractory

group patients who were not included in the TCGA study. No

additional LFR patients were available. We allowed for up to

2 rounds of intensive induction chemotherapy to achieve

complete remission, consistent with other recent studies.15

Patients with a documented relapse within the first year were

included in the study (in either the refractory or R6-12

groups), regardless of transplantation status.

Thirty-five of these 71 patients had formalin-fixed

paraffin-embedded postchemotherapy remission samples at

approximately day 30 available for targeted sequencing to

follow the clearance of each leukemia-specific mutation in

remission; 25 of these samples provided adequate DNA for

further testing. We also identified 25 additional cases with

cryopreserved cells available from presentation and at first

remission at approximately day 30, as well as a bone marrow

sample from a first remission that lasted at least 1 year, or at

first relapse (banking of all AML patient follow-up samples—

including day 30 and remission samples—began at our insti-

tution in late 2011; the diagnostic material for the 25 patients

selected for this study was therefore banked between 2011

and 2013, allowing for a follow-up period of at least 1 year

after presentation). Cases of acute promyelocytic leukemia

were excluded from this cohort of 50 cases because these

patients received all-trans-retinoic acid as part of induction

therapy, but we included 6 cases with translocations produc-

ing RUNX1-RUNX1T1 (GenBank 861 and 862) or CBFB-MYH11

(GenBank 865 and 4629) fusions. For all cases, cytogenetic

risk was determined by conventional cytogenetics or fluores-

cence in situ hybridization, unless otherwise stated.

Identification of Recurring Nonprotein CodingMutations

Usingwhole-genomesequencedata from110AMLsamples se-

quenced at theMcDonnell Genome Institute (including all 58

whole-genome sequencing cases reported in this study), we

assessed all genomic regions that were sequenced to ad-

equate depth for variant calling. We identified 8673 regions

with recurrent putativemutations, and these sites were then

AML acute myeloid leukemia

LFR long first remission (ie, an initial

remission of >12 months with

chemotherapy only)

R6-12 patients who relapsed

between 6 and 12 months from the

initiation of therapy

VAF variant allele frequency
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deeply sequenced in all 71 cases in this study, using a

NimbleGencustom-capturearray.Additionaldetailsof thiscap-

ture, sequencing, and variant validation are described in the

eMethods, section A.2.6, in the Supplement.

Identification of Germline Polymorphisms

A total of 518 germline variants that were exclusive to either

refractory group or LFR group samples were identified from

whole-genome sequencing, and then validatedwith targeted

sequencing. We conducted standard association analysis in

PLINK,16,17 version 1.07, by comparing allele frequencies be-

tween affected (LFR group, 25 patients) and unaffected (re-

fractory group, 34 patients) patients. We obtained the results

of a 1df χ2with asymptotic significance value. Bonferroni cor-

rection was used to account for multiple comparisons.

mRNA andmiRNAAnalysis

RNA sequencing data was obtained for 45 of 71 samples (42

from the TCGA study, plus the 3 new refractory cases), and

differentially expressed transcripts between the refractory

group (n = 26) and LFR group (n = 19) were inferred using

edgeR (Bioconductor), version 2.6.12.18 Each differentially

expressed transcript was required to exceed a fragments per

kilobase of transcript per million mapped reads (FPKM)

value of 1 in at least 50% of either the refractory or LFR

samples or both. Unsupervised hierarchical clustering was

performed for the 1000 most variably expressed transcripts

across all 45 samples using the heatmap.2 function (with

default clustering parameters) in the gplots package for R

(R Foundation), version 2.8.0. MicroRNA (miRNA) expres-

sion data was available for 24 refractory group cases and 19

LFR group cases. Differentially expressed miRNAs were

detected using edgeR.

Outcomes

Outcomes were assessed according to standard guidelines.14

Event-free survival was defined as the period of time from di-

agnosis to treatment failure, relapse, or death from any cause.

Overall survival was defined as the period of time from diag-

nosis todeath. Patientswere required to complete appropriate

inductionchemotherapyandwerethenevaluatedbybonemar-

row biopsy approximately 30 days after induction initiation.

Statistical Approach

P values for continuous variables were calculated from the

Kruskal-Wallis test, categorical valueswerecomparedwith the

Fisher exact test, and time-to-event comparisons were from

the log-rank testwithunivariate proportional hazards regres-

sion used to calculate hazard ratios. Multivariate propor-

tionalhazardsmodelswereconstructedforbothevent-freesur-

vival and overall survival. Covariates considered included

cytogenetics, clinical variables such as age, white blood cell

count, and the percentage of bone marrow blasts, as well as

somatic mutations and mutation clearance. Details are pre-

sented in theeMethods, sectionA.7, in theSupplement.All sig-

nificance tests are 2-tailed, with a P value of .05 used as the

threshold for statistical significance. Statistical analyseswere

performed with SAS (SAS Institute), version 9.3.

Sequencing

Thesequencedata for all tumorsandmatchednormal samples

has been deposited in the database of Genotypes and Pheno-

types (dbGaP) under accession number phs000159.v6.p4.

Additional information is available in the Supplement.

Results

Patient Characteristics and Genomic Findings

for the AML Cases Analyzed at Diagnosis

Among the 71 patients with de novo AML whose initial diag-

nostic sampleswereanalyzed, 34were in the refractorygroup,

12 in theR6-12 group, and25 in theLFRgroup (Figure 1,Table,

and eTable 1 and eFigure 1 in the Supplement). Thosewith in-

termediate-riskAML (n = 52)weremore commonly in theLFR

group, but were found in all 3 cohorts. No significant differ-

ences were observed in the number of coding mutations, in

the number of total genomicmutations in thewhole-genome

sequencing cases, or in the number of detectable subclones

among the groups (eFigures 2-3 and eTables 1-2 in the Supple-

ment).Morecopynumberalterationsweredetectedamongpa-

tients in the refractory group because more of these patients

hadunfavorable cytogeneticprofiles,which is associatedwith

complex cytogenetic abnormalities (eFigure 4 and eTable 3 in

the Supplement).

For these 71 cases, FLT3 (GenBank 2322; n = 33 mutations

[29cases]),NPM1 (GenBank4869;n = 28mutations [28cases]),

andDNMT3A (GenBank1788;n = 26mutations [23cases])were

the most commonly mutated genes (eFigure 5 in the Supple-

ment). Mutations in genes involved in drug metabolism (eg,

components of cytarabinemetabolism or solute carrier family

members)were uncommon (eFigure 6 in the Supplement). Al-

though mutations in a few genes and functional categories

(eTable4 in theSupplement)wereenriched in thedifferentout-

comegroups, themutational spectrumatpresentationwasnot

significantlyassociatedwithoutcomes(eMethods,sectionA.2.9

and A.7, and eFigure 7 in the Supplement).

Identification of RecurringMutations

in Nonprotein Coding Regions

Using a genome-widediscovery approach and targeted valida-

tion sequencing, we identified 25 regions of 10 kbp or less that

containedmutations in 4 or more cases (eFigure 8 and eTable

5 intheSupplement); 13 regionscontainedmutations inprotein-

codinggenesonly,whereas the remaining 12hadat least 1non-

codingmutation (includingmutationsaffectingantisense tran-

scripts within theWT1 gene:WT1-AS [GenBank 51352]). Eight

of these regions were characterized exclusively by noncoding

variants, butnonewere commonenough tobeassociatedwith

an outcome group (eTable 6 in the Supplement).

Identification of Germline Polymorphisms and Expression

andMethylation Patterns

Neither an analysis of thewhole-genome sequencing data nor

a focused interrogationofpolymorphismsassociatedwithche-

motherapeutic response or neoplasia (eFigure 9 and eTable 7
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in the Supplement) revealed an associationwith anypolymor-

phismandanoutcomegroup.Further, usingRNAsequencing,

miRNA sequencing, andmethylation data from 450K arrays,8

we identified only limited signatures associatedwith outcome

groups (eFigures 10-14 and eTables 8-13 in the Supplement).

Genomic Assessment ofMutation Clearance

After Induction Chemotherapy

These data suggested that comprehensive genomic charac-

terization of adult AML samples at presentation added little

additional prognostic value beyond standard approaches (eg,

cytogenetics, age, or identification of coding mutations in

genes that are recurrently mutated in AML). We therefore

investigated whether digital sequencing could be used to fol-

low the clearance of leukemia-specific mutations after the

bonemarrow recovered from induction therapy, andwhether

this approach could improve risk stratification for AML

patients. All 50 cases in this part of the study met morpho-

logic criteria for complete remission (<5% blasts) approxi-

mately 30 days (median, 34 days [interquartile range, 30-38])

Figure 1. Flowchart Outlining the Selection of Samples and Sequencing Approaches in the Study

71 Patients (presentation cohort)

Variant calling and filtering

Validation sequencing (targeted
capture + AML-RMG panel)a

Refractory disease

34 Patients

18 Relapsed <6 mo

16 No remission

Relapse between 6 and 12 mo (R6-12)

12 Patients

Long first remission (LFR)

25 Patients with >12 mo remission

MicroRNA sequencing

43 Patients

24 Refractory group

19 LFR group

Methylation array

55 Patients

31 Refractory group

24 LFR group

RNA sequencing

45 Patients

26 Refractory group

19 LFR group

Assessment of disease clearance

25 Patients (from presentation cohort) with adequate
day 30 (remission) samples b

14 Patients with event-free survival ≤12 mo

11 Patients with event-free survival >12 mo

25 Additional patients with previously unsequenced AML
samples from day 0 (presentation), day 30 (remission),
and follow-up (first relapse or prolonged remission)

16 Patients with event-free survival ≤12 mo

9 Patients with event-free survival >12 mo

Acute myeloid leukemia samples at disease presentation (day 0)

Exome sequencing

13 Patients

5 Refractory group

8 LFR group

Whole-genome sequencing

58 Patients

29 Refractory group

12 R6-12 group

17 LFR group

Genomic sequencing

Post-induction chemotherapy disease clearance assessment

 Enhanced exome sequencing c

Curation and manual review

Targeted Ampliseq d

a AML-RMG is a capture reagent consisting of all of the exons of the genes that

are currently known to be recurrently mutated in acute myeloid leukemia,

based on The Cancer Genome Atlas AML study.8

bThe only samples with sufficient day 30 DNA for sequencing and assessment

of disease clearance (refractory group, 6 patients; R6-12 group, 8 patients;

LFR group, 11 patients).

c Enhanced exome sequencing is exome capture-based sequencing

supplemented with the AML-RMG panel of target genes, to improve coverage

of critical regions of the exome.

dTargeted Ampliseq is a polymerase chain reaction–based digital sequencing

approach that allows for accurate determination of the frequency of specific

mutations in acute myeloid leukemia samples.
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after the initiation of induction chemotherapy (and all but 1

patient also had complete recovery of peripheral counts at

the sampling date).19

We first identified 25 previously unsequenced, de novo

AMLsamples frompatientswhoachievedmorphologic remis-

sionat approximately day30,withcryopreservedcells banked

at presentation, at approximately day 30, and at follow-up

(either at first relapse or during a prolonged first remission;

eTable 14 in the Supplement). All samples for these 25 cases

were sequencedusing amodified exomecapture reagentwith

additional probes covering all of the exons of the 264 recur-

rentlymutated genes (RMG) in AML8 (hereafter referred to as

the AML-RMG capture set; for additional information about

enhanced exome sequencing, see eMethods, section A.6.1, in

the Supplement). Themeancoverageof exomevariants in the

day 0 samples from this set was 199X,with 383X coverage for

genes in theAML-RMGcapture set. In theday 30 samples, the

mean coverage of all leukemia-associated variants previ-

ously identified on day 0was 256X, and 543X for those in the

AML-RMG capture set (eTable 15 in the Supplement).

To increase the number of cases available for this analy-

sis, genomic DNA was extracted from day 30 remission

formalin-fixed, paraffin-embedded bone marrow biopsy

samples from 35 of the 71 cases described in the first part of

Table. Characteristics for the 71 Adult PatientsWith AcuteMyeloid Leukemiaa

Refractory Group R6-12 Group LFR Group P Valueb
Additional Cases for
Clearance Assessment

Patients in cohort, No. 34 12 25 25

Age at study entry, mean (95% CI), y 51.6 (46.4-56.9) 48.7 (39.0-58.3) 50.6 (45.4-55.8) .82 57.4 (53.1-61.8)

Male sex, No. (%) 15 (44.1) 5 (41.7) 14 (56.0) .59 12 (48.0)

Bone marrow blasts at diagnosis,
mean (95% CI), %

72.5 (65.8-79.2) 63.1 (50.2-76.0) 75.4 (69.5-81.3) .15 56.4 (47.5-65.4)

White cell count at diagnosis,
mean (95% CI), per mm3

52 600
(37 400-67 700)

75 900
(27 600-124 200)

44 800
(17 700-71 900)

.18 33 940 (21 040-46 830)

Median (IQR) 47 100
(12 000-80 500)

51 900
(15 400-118 200)

19 800
(5 000-59 300)

21 700 (7500-21 700)

Event-free survival, median (95% CI), mo 3.0 (2.2-3.7) 8.2 (6.4-10.2) 20.6 (16.6-40.4) <.001 10.7 (9.5-17.3)

Overall survival, median (95% CI), mo 7.5 (5.7-9.3) 11.7 (7.9-16.4) 42.3 (24.8-NE) <.001 20.4 (15.1-22.2)

Normal cytogenetic profile, No. (%) 13 (38.2) 8 (66.7) 20 (80.0) .02 12 (48.0)

Cytogenetic risk group, No. (%)

Favorable 0 0 0 6 (24.0)

Intermediate 19 (55.9) 10 (83.3) 23 (92.0) 14 (56.0)

Unfavorable 13 (38.2) 2 (16.7) 2 (8.0) 5 (20.0)

Missing data 2 (5.9) 0 0 0

Total coding mutations, mean (95% CI)c 21.8 (17.7-25.9) 20.8 (14.6-27.1) 16.0 (12.1-19.9) .06 11.8 (9.7-13.9)

Median (IQR) 20.0 (14.0-27.0) 19.5 (15.0-25.5) 14.0 (9.0-20.0) 12.0 (8.5-14.0)

Common AML somatic mutations, No. (%)

NPM1 7 (20.6) 6 (50.0) 15 (60.0) .005 8 (32.0)

DNMT3A 8 (23.5) 5 (41.7) 10 (40.0) .31 5 (20.0)

FLT3 13 (38.2) 6 (50.0) 10 (40.0) .77 10 (40.0)

TP53 7 (20.6) 2 (16.7) 1 (4.0) .19 1 (4.0)

IDH1 and/or IDH2 10 (29.4) 1 (8.3) 10 (40.0) .13 4 (16.0)

KRAS and/or NRAS 6 (17.7) 2 (16.7) 5 (20) >.99 11 (44.0)

WT1 6 (17.7) 3 (25) 1 (4.0) .16 1 (4.0)

RUNX1 5 (14.7) 0 (0.0) 0 (0.0) .08 2 (8.0)

NF1 4 (11.8) 0 (0.0) 0 (0.0) .16 0

WGS cases, samples 29 12 17

Total variants, mean (95% CI) 411.2
(336.2-486.3)

422.9
(306.6-539.3)

375.1
(284.6-465.6)

.78

Median (IQR) 435.0
(282.0-509.0)

414.5
(268.0-583.5)

378.0
(287.0-439.0)

Subclones, mean (95% CI) 1.2 (0.9-1.5) 1.3 (0.6-2.1) 1.4 (0.9-1.9) .78

Median (IQR) 1.0 (1.0-2.0) 1.0 (0.5-2.5) 1.0 (1.0-2.0)

Abbreviations: AML, acute myeloid leukemia; IQR, interquartile range; LFR, long

first remission; R6-12, relapsed between 6 and 12months from the initiation of

therapy; WGS, whole-genome sequencing.

a Percentages may not total 100 because of rounding.

bP values are based on a comparison of the 3 different outcome groups.

c Coding variants for the 71 refractory, R6-12, or LFR cases are based on the

number of coding variants from theWGS or exome sequencing data; for the 25

additional cases for clearance assessment, this number is based on the total

number of variants identified by exome sequencing. Common AML somatic

mutations are the numbers of cases with any somatic mutation in DNMT3A,

TP53 (including deletions),WT1, RUNX1, or NF1, and canonical mutations in

IDH1, IDH2, KRAS, NRAS, or FLT3.
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this study; these cases did not have cryopreserved cells avail-

able from day 30. Although the DNA obtained from these

samples was highly degraded (and not suitable for standard

targeteddeepsequencing),wewereable togenerate short am-

plicons (using Ampliseq [Thermo Fisher Scientific]) for deep

sequencingon the IonTorrentplatformfrom25of the35cases.

We selected 6 to 15 somatic mutations (mean, 12.1) identified

atday0 fromeachcase, andassessed their presence in theday

30 remissionbonemarrow (meancoverageof these leukemia-

associated variants on day 30, 14 780X).

A total of 597 variants (eTable 16 in the Supplement) iden-

tified in the day 0 samples were deeply sequenced in the 50

remissionsamples,withameanof 11.9variantspercase (range,

5-30). Even though all 50patientswere inmorphologic remis-

sion onday 30, the clearance patterns of leukemia-associated

mutations varied substantially among samples (Figure 2, pan-

els A-D). Some patients essentially cleared all variants on day

30 (Figure 2A), whereas among other patients, only a few of

themutationswere cleared and the samemutations returned

at relapse (Figure 2B). In other cases, remission at day 30was

associated with clearance of a subset of themutations (prob-

ably representing subclones),whereas the foundingclonemu-

tations persisted in virtually all cells, despite thenormalmor-

phology of the samples (Figure 2C and 2D). We separately

evaluated the caseswith follow-upexomesequencingwith an

event-free survival of 12 months or less (n = 16 cases) vs an

event-free survival of more than 12 months (n = 9 cases)

(Figure 2, panel E vs F). Many more patients with an event-

freesurvivalof 12monthsor lesshadpersistentdisease (asmea-

sured by themaximumday 30 variant allele frequency [VAF]

for each patient), as compared with those with an event-free

survival of more than 12months (meanmaximumVAF, 18.39

for ≤12 months vs 0.56 for >12 months; P = .01). Importantly,

the same persistent day 30 variants often increased at re-

lapse, as cells containing these mutations reexpanded.

The determination of whether a mutation is present at

levels above background sequencing error depends not only

on sequencing depth, but also on sequence context, and the

error rate of the sequencing platform. Because different

sequencing platforms and levels of coverage were used in the

two 25-sample cohorts (and to ensure that these data would

be broadly applicable to other studies using different

sequencing approaches), we applied VAF thresholds for each

variant in the day 30 remission sample. Because nearly all

somatic mutations in AML genomes are heterozygous,8 a

mutation with a VAF of 2.5% on day 30 (day 30-VAF2.5%) sug-

gests that 5% of the cells in that sample contained that muta-

tion. In addition to being a conservative threshold that is

robust across different genomic contexts, coverage levels,

and sequencing platforms, the day 30-VAF2.5% threshold is

congruent with previous studies of leukemia clearance using

karyotypic analysis (ie, 1 in 20metaphases), and can easily be

extended to other molecular technologies.

Of the597variants followedatday30, 109variants (18.3%)

had a day 30 VAF of 2.5% ormore. To determinewhether day

30clearancewasassociatedwith relapseor survival,we strati-

fied patients based on the presence or absence of leukemia-

associatedvariants at this level in theday30samples. Twenty-

four of the 50 cases had at least 1 persistent (noncleared)

mutation at day 30 (Figure 3, left side); many cases had sev-

eral variants that persisted (mean, 4.5). The number of vari-

ants above this threshold variedwidely among the cases, but

having more persistent variants was not significantly associ-

atedwitha shortened time to relapse (eFigure 15 in theSupple-

ment). Of the 24 cases that failed to clear all mutations on ap-

proximately day 30, 10 cases were in the cohort of 25 cases

assessed with exome sequencing, and 14 cases were in the

Ampliseq cohort (P = .40).

Only a subset of the persistent mutations were in recur-

rentlymutatedAMLgenes (diamonds inFigure 3),with the re-

mainder occurring elsewhere in the genome. Eight cases had

only 1 persistent mutation at day 30, with 4 of these occur-

ring in DNMT3A (GenBank 1788). Overall, of the 16 DNMT3A

mutations (in 13 cases), only 3 were cleared on day 30. Muta-

tions inTET2 (GenBank54790)wereoftenpersistent in remis-

sion, whereasmutations in FLT3, NRAS, andKRAS (GenBank

2322, 4893, and 3845) were usually cleared below the VAF

threshold (Figure 4).

The 24 caseswith at least 1 persistent day 30-VAF2.5%mu-

tationhadsignificantly reducedevent-free survival (Figure5A;

median, 6.0 months [95% CI, 3.7-9.6]) compared with the 26

cases that cleared all mutations at the day 30-VAF2.5% thresh-

old (median, 17.9months [95%CI, 11.3-40.4], log-rankP < .001;

hazard ratio [HR], 3.67 [95% CI, 1.93-7.11], P < .001). A similar

reduction in overall survival was also found (median, 10.5

months [95% CI, 7.5-22.2] for persistent mutations vs 42.2

months [95%CI,20.6-notestimable] forclearedmutations, log-

rank P = .003; HR, 2.86 [95% CI, 1.39-5.88], P = .004)

(Figure 5B). Aday 30-VAF threshold of ≥1.0% resulted inmore

persistent variants (169 variants [28.3%]), but differences in

event-free survival were still significant (7.9months [95%CI,

4.5-9.9] for persistentmutations vs 25.6months [95%CI, 11.4-

notestimable] forclearedmutations, log-rankP = .001;HR,3.33

[95% CI, 1.61-6.89], P = .001; eFigure 16 in the Supplement).

Inmultivariate proportional hazards regressionmodels, both

thresholds were significant with respect to event-free sur-

vival in multivariate models: the HR for day 30-VAF1.0% was

2.58 (95% CI, 1.17-5.69, P = .02); for day 30-VAF2.5%, 3.52 (95%

CI, 1.68-7.39, P = .001) (section A7 in the Supplement). Nei-

ther the day 30-VAF1.0% nor the day 30-VAF2.5% was signifi-

cant in themultivariatemodel for overall survival when con-

sidering all 50 patients,most likely due to the contribution of

cytogenetic findings in the 6 favorable risk cases (for themul-

tivariate model for overall survival: day 30-VAF1.0%, HR, 1.90

[95% CI, 0.70-5.18], P = .21; day 30-VAF2.5%, HR, 2.14 [95% CI,

0.93-4.99], P = .07).

Analysis of the 32 intermediate-risk cases (Figure 5C and

Figure 5D) revealed that the detection of at least 1 persistent

mutation (n = 14 patients) compared with cleared mutations

(n = 18 patients) was also associated with reduced event-free

survival (median, 8.8 months [95% CI, 3.7-14.6] for persistent

mutations vs 25.6 months [95% CI, 11.4-not estimable] for

cleared mutations, log-rank P = .003; HR, 3.32 [95% CI, 1.44-

7.67], P = .005) and reduced overall survival (median, 19.3

months [95% CI, 7.5-42.3] for persistent mutations vs 46.8

months [95% CI, 22.6-not estimable] for cleared mutations,
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Figure 2. Clearance Patterns of AcuteMyeloid Leukemia–AssociatedMutations Detected by Exome Sequencing
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log-rank P = .02; HR, 2.88 [95% CI, 1.11-7.45], P = .03). In con-

trast, there was no association of event-free survival with the

mutation status of DNMT3A,NPM1, or FLT3 (eFigure 17 in the

Supplement). Associations with adverse outcomes were also

significant when the day 30-VAF1.0% threshold was applied

(eMethods, section A.7, and eFigure 18 in the Supplement).

Discussion

In this study of adult patients with de novo AML treated at a

single academic center, novel risk-assessment biomarkers

were not identified by extensively evaluating the presenta-

tion tumor sample from 71 similarly treated patients with

very different outcomes. However, the persistence of

leukemia-associated variants approximately 30 days after

initiation of chemotherapy was associated with an

increased risk of relapse, using a genomic approach that

should be informative for nearly all AML cases. Using data

from 50 patients from 2 separate AML patient cohorts and

different sequencing platforms, we found a statistically sig-

nificant association between the detection of persistent

disease-specific variants at day 30, and a shorter event-free

survival and overall survival. These associations also were

found among the 32 AML cases with intermediate risk cyto-

genetics, which are difficult to classify using information

available at diagnosis.

Previous studies have shown a strong association

between persistent clonal cytogenetic markers in first

remission samples, and an increased risk of relapse.12,13

Although the sensitivity of this technique is low—only 1 in

20 metaphases (ie, 5% of cells)—it still has considerable

prognostic value when it is applicable ( approximately 50%-

60% of AML cases). Although this approach holds no value

for patients with normal karyotype AML, it provides an

important scientific foundation, and a benchmark for the

sensitivity threshold used in this study. Direct comparison

of the 2 methods was possible for the 14 cases with clonal

Figure 3. Day 30Mutation Clearance Patterns by Patient for 50 AcuteMyeloid Leukemia Cases
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cytogenetic abnormalities at presentation: using the day

30-VAF2.5% threshold, all 6 cases with persistent cytogenetic

abnormalities at day 30 also had persistent mutations. Of

the 8 cases with complete cytogenetic clearance at day 30, 5

had persistent mutations. These data suggest the methods

correlate well, but that digital sequencing is more sensitive,

probably because it samples many more cells, and more

mutations, than standard karyotyping.

Although this studywas too small to establish an optimal

sensitivity threshold formutation clearanceandoutcomepre-

dictions, our data (and previous cytogenetic clearance stud-

ies) suggest thatultrasensitivemethodsafter inductiontherapy

maynot be required to improve risk assessment. In fact, these

methods may overestimate the risk of relapse and cause pa-

tients to be overtreated. For example, RUNX1-RUNX1T1 fu-

sions canoftenbedetectedbyultrasensitivepolymerase chain

reaction methods in patients who are in long, durable

remissions.20,21 Further studies are needed to fully under-

stand the levels of sequencing sensitivity that will be re-

quired for optimal risk assessment.

These data also provide biological information regarding

the clonal structure of AML cases, which may be relevant for

clinical testing. For example, NPM1 mutations were cleared

below the day 30-VAF2.5% threshold in all 18 cases; in con-

trast, 12 of 15 DNMT3A mutations (in 13 cases) persisted on

day 30, and 12 of these 13 cases have relapsed. There were 8

doubly mutant AML cases with persistent DNMT3A muta-

tions in remission despite clearance of NPM1, consistent with

the hypothesis that DNMT3A mutations often precede NPM1

mutations.22,23 In 4 cases, only DNMT3Amutations remained

on day 30 (3 cases have relapsed, but 1 remains in remission

at 25 months), consistent with other reports of persistent

Figure 4. Day 30Mutation Clearance by Gene for 50 AcuteMyeloid Leukemia Cases
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DNMT3A mutations found in remission samples.22,24-26

Mutations in TET2were also likely to persist at day 30, which

corroborates recent studies that identified DNMT3A, TET2

and other mutations in the peripheral blood of elderly indi-

viduals with clonally skewed hematopoiesis, but no overt

myeloid disease.27-30 Collectively, these data support the

hypothesis that these mutations are initiating events for

AML, but are not sufficient to directly cause this disease. In

contrast, somatic mutations that activate signaling pathways

(eg, mutations in FLT3, KRAS, or NRAS) were usually cleared

on day 30, suggesting that subclones containing these muta-

tions may be more sensitive to induction chemotherapy.

Although the optimal method for measuring clearance of

AML cells following induction chemotherapy is currently

unknown, this study suggests that monitoring a small subset

of genes may have limited usefulness for many AML cases.

Even testing with the panel of 264 genes that are recurrently

mutated in AML will be inadequate for assessing clearance

for some patients (eg, 5 cases from this set of 50). Flow

cytometry–based assessment of residual disease in pediatric

acute leukemias is becoming well established,11,21,31,32 and

recent data suggest that the same will apply to adult AML

cases.10 However, this test was not available for the patients

studied in this report, because they were enrolled in the

study approximately 2 to 10 years ago, and because it is not

yet a standard-of-care test for adult patients with AML. The

detection of residual disease by flow cytometry and the mea-

surement of clonal clearance by digital sequencing are very

different assays with different sensitivities and specificities,

and potentially different strengths and weaknesses, and will

need to be compared in future prospective studies.

Some of the conclusions of this study are limited in

scope, primarily because of the relatively small sizes of the

sample cohorts. For example, recurrent mutations in non-

coding regions of AML genomes were identified in this study,

but were not common enough to be associated with out-

comes. Larger studies will be needed to further investigate

the importance of these regions for AML pathogenesis, as

Figure 5. Association BetweenMutation Clearance andOutcomes
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well as any rare polymorphisms that may influence AML

development or drug resistance. Likewise, the lack of a

strong association with mutational status and patient out-

comesmay be related to the relatively small size of this study.

However, another recent study has also shown that themuta-

tional status of NPM1 and FLT3 are not as strongly associated

with outcomes as previously suggested.5 The lack of the pre-

dictive value of individual mutations in presentation AML

samples also reflects the now well-recognized combinatorial

complexity of AML-associated mutations: most AML cases

have at least 3 to 5 driver mutations, occurring in the more

than 250 genes that are recurrently mutated in this disease;

this yields an extraordinary number of mutation combina-

tions that could be relevant for pathogenesis and outcomes.8

This study was not designed to make definitive statements

about such mutation combinations because a very large

number of samples would be needed to identify all signifi-

cant co-associations. For example, we only had 4 cases in this

study with an NPM1 mutation along with an IDH1 (GenBank

3417) or IDH2 (GenBank 3418) mutation that did not have a

coexisting FLT3 or DNMT3A mutation; this combination of

mutations is associated with a favorable outcome.6 Finally,

virtually all AML samples are clonally complex at presenta-

tion; subclones can have unique functional properties that

are sometimes critical for relapse.33,34 Therefore, we suspect

that the mutational and clonal complexity of this disease will

confound efforts to classify risk, if assessment is based only

on the mutations that are detected at presentation.

The data presented in this report begin to define a ge-

nomic method for the risk stratification of patients with AML

that places greater emphasis on the clearance of somatic mu-

tations after chemotherapy than the identification of specific

mutationsat the timeofpresentation. It buildsonpreviousob-

servations that utilized the clearance of cytogenetic markers

to predict relapse risk,12,13 but extends these findings consid-

erably because it appears tobebroadly applicable for interme-

diate riskpatients,whichusuallyhaveanormal karyotype.Al-

though this studywas not designed to determine the optimal

clearance threshold for the associationwith outcomes, it rep-

resents a foundation for prospective trials focused on the role

of digital sequencing to improve risk stratification forAMLpa-

tients, and perhaps other cancer types as well.

Conclusions

Thedetectionof persistent leukemia-associatedmutations in

at least 5% of bonemarrow cells in day 30 remission samples

was associated with a significantly increased risk of relapse,

and reduced overall survival. These data suggest that this ge-

nomic approach may improve risk stratification for patients

with AML.
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