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Abstract

The genomic and clinical information used to develop and

implement therapeutic approaches for acute myelogenous leu-

kemia (AML) originated primarily from adult patients and has

been generalized to patients with pediatric AML. However, age-

specific molecular alterations are becoming more evident and

may signify the need to age-stratify treatment regimens. The NCI/

COGTARGET-AML initiative usedwhole exome capture sequenc-

ing (WXS) to interrogate the genomic landscape of matched trios

representing specimens collected upon diagnosis, remission, and

relapse from 20 cases of de novo childhood AML. One hundred

forty-five somatic variants at diagnosis (median 6 mutations/

patient) and 149 variants at relapse (median 6.5 mutations) were

identified and verified by orthogonal methodologies. Recurrent

somatic variants [in (greater than or equal to) 2 patients] were

identified for 10 genes (FLT3, NRAS, PTPN11, WT1, TET2,

DHX15, DHX30, KIT, ETV6, KRAS), with variable persistence at

relapse. The variant allele fraction (VAF), used to measure the

prevalence of somatic mutations, varied widely at diagnosis.

Mutations that persisted from diagnosis to relapse had a signif-

icantly higher diagnostic VAF compared with those that resolved

at relapse (median VAF 0.43 vs. 0.24, P < 0.001). Further analysis

revealed that 90% of the diagnostic variants with VAF >0.4

persisted to relapse compared with 28% with VAF <0.2 (P <

0.001). This study demonstrates significant variability in the

mutational profile and clonal evolution of pediatric AML from

diagnosis to relapse. Furthermore, mutations with high VAF

at diagnosis, representing variants shared across a leukemic

clonal structure, may constrain the genomic landscape at relapse

and help to define key pathways for therapeutic targeting.

Cancer Res; 76(8); 2197–205. �2016 AACR.

Introduction

Comprehensive cataloguing of somatic changes in acute mye-

logenous leukemia (AML) in adults has revealed novel molecular

pathways that contribute to the development and progression of

the disease (1), though many lack prognostic significance. His-

torically, themanagement of pediatric AMLhasbeen largely based

on data from adult AML studies, in part because of the higher

number of adult cases available for clinical trials and the assump-

tion that there was similar biology across age groups. However,

molecular profiling of AML in pediatric and adult studies has

started to characterize AML as a disease with distinct age-depen-

dent alterations (2). Many of the novel and clinically impactful

alterations identified in adult AML by whole genome sequencing

(1, 3) are not present in childhood AML (1, 4), suggesting a

distinct age associated biology and highlighting the need for

comprehensive genomic profiling of this disease in children. The

Therapeutically Applicable Research to Generate Effective Treat-

ment (TARGET) AML initiative is a National Cancer Institute

(NCI) and Children's Oncology Group (COG) collaborative

project to establish the genomic alterations present in pediatric

AML with the goal of identifying novel therapeutic targets. Here,

we present the results of whole exome capture sequencing (WXS)

to define the somatic alterations in a cohort of patients without

known high-risk features who experienced relapse after having

initially achieved remission.

Patients and Methods

Study patients

Patients treated on recent COG AML trials (5–7), who

achieved an initial remission, had a subsequent relapse, and

a diagnostic blast percentage >50% were selected for this study.
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These clinical trials randomized type and timing of induction

therapy (CCG-2961) and randomized additions to backbone

therapy (AAML03P1 and AAML0531), but did not include

molecularly targeted treatment. All karyotypes were centrally

reviewed, and patients with high-risk cytogenetic features

(monosomy 7, monosomy 5, or del5q) were excluded. Selected

molecular features (e.g., KIT, RAS, NPM, WT1, CEBPA, IDH1

mutations, and FLT3/ITD) were clinically available (4, 8, 9).

Library construction

The complete library construction, exome capture, and DNA

sequencing protocols can be accessed at ftp://caftpd.nci.nih.gov/

pub/dcc_target/AML/Discovery/WXS/METADATA/.

Mapping reads

Illumina HiSeq bcl files were processed using BCLConvertor

v1.7.1. All reads from the prepared libraries that passed the

Illumina Chastity filter were formatted into fastq files. The fastq

files were aligned to human reference genome build37 (NCBI)

using BWA (bwa-0.5.9-R16) with default parameters with the

following exceptions: seed sequence (40), bpseed mismatch (2),

total mismatches allowed (3). BAM files generated from align-

ment were preprocessed using GATK (v1.3-8-gb0e6afe; ref.10) to

recalibrate and locally realign reads.

Data deposition

The raw data for all 60 specimens are available at dbGaP, study

phs000465.

Mutation detection

Full methods are available at ftp://caftpd.nci.nih.gov/pub/

dcc_target/AML/Discovery/WXS/. The somatic variant allele frac-

tion (VAF), defined as the number of variant reads/total reads at

sites of variants not detected in remission specimens, was used to

estimate the prevalence of leukemic mutations.

ITD detection

We used ITD Assembler (11), a combined de novo assembly/

algorithmic approach that takes the entire set of unmapped and

significantly soft-clipped reads, and employs a De Bruijn graph

assembly algorithm to select read sets that form cycles, indicative

of repetitive sequence structures, to find reads that span duplica-

tions. Read sets that formed De Bruijn graph cycles are indepen-

dently assembled using the Overlap Layout Consensus (OLC)

methodology of the Phrap algorithm, thereby alleviating the

collapse of repeat sequences from De Bruijn graph assembly

approaches. Resulting OLC assembled contigs are locally aligned

to the reference sequence and the mapped location data from

aligned soft-clipped reads and aligned-unaligned read pairs from

that contig, are used to annotate the position of detected internal

tandem duplications (ITD). FLT3/ITDs were also verified by

fragment length analysis using Life Technologies' GeneMapper

software (Life Technologies). VAFs are reported as the size of the

ITD peak divided by the sum of the wild-type and ITD peaks.

Copy number alterations detected by LOHcate

Copy number alterations (CNA) analysis was performed using

LOHcate (12), a method that identifies CNA events in whole

exome tumor sequence data via detecting enrichment in variant or

reference allele quantities per site across polymorphic exonic sites.

The per-site quantities are plotted two-dimensionally between

matched normal and tumor. Significant sites are then clustered in

this Euclidean 2D space using an optimized version of the

Density-Based Spatial Clustering of Applications with Noise

(DBSCAN) algorithm (13), after which clusters are classified to

denote the appropriate CNA events: somatic gain, loss of hetero-

zygosity (LOH), or copy neutral LOH (cnLOH). The sites within

these classified CNA clusters are mapped back to the exome,

which is subsequently segmented into CNA regions. Regions and

sub-regions of low to high recurrence are identified by comparing

CNA regions across samples. Segments with 200 or more markers

were visualized by Partek software (Partek Inc.) and used in the

analysis.

Validation on 454 and ion torrent platforms

WXS mutation calls were validated using alternative instru-

mentation and chemistries to avoid systematic errors inherent to

the processes described above. Variant sites were selected for

amplification by PCR followed by analysis on 454 sequencing

instruments as previously described (14). Amplicons were also

prepared for sequencing using the Life Technologies Ion Xpress

and Ion OneTouch protocols and reagents (Life Technologies,

Inc.). Briefly, amplicons were clonally amplified on Ion Sphere

Particles (ISP) through emulsion PCR and then enriched for

template-positive ISPs. For Ion Torrent runs, approximately 35

million template-positive ISPs per run were deposited onto the

Ion 318C chips (Life Technologies; Cat. No. 4466617) by a series

of centrifugation steps that incorporated alternating the chip

directionality. Sequencing was performed with the Ion Personal

Genome Machine Sequencing Kit (Life Technologies; cat. No.

4474004) using the 440 flow (200 bp) run format. The instru-

mentation used for validation is indicated in the MAF files.

Verification sequencing results were analyzed by using a two-step

mapping process. First, fastq sequence files were aligned to the

human genome reference using BLAT (v33); the top-scoring

alignment was reported from the cognate amplicon hits only if

it was greater than 90% of the next-best hit. Second, the passing

BLAT hits were pair-wise aligned to their respective amplicon

sequence using cross-match (v1.080812). A putative mutation

was considered verified in this secondary assay for sites with a

minimum of 50 reads in the secondary screening.

Statistical analysis

Study data were frozen as of December 31, 2012. Differences in

medianswere compared using theWilcoxon rank sum test for two

medians and Kruskal–Wallis test for three medians. The Fisher's

exact test was used to compare two proportions whereas ANOVA

was used to compare three proportions.

Results

Patients

Demographic, clinical, and laboratory characteristics of the

20 study patients are listed in Supplementary Table S1 and

available at http://target.nci.nih.gov/dataMatrix/TARGET_Data-

Matrix.html. Age at diagnosis ranged from 1 to 17 years (median

of 10.1 years). AMLs had variable morphology, karyotype, and

molecular alterations (Supplementary Fig. S1A and S1B). Patients

with high-risk cytogenetics (monosomy 7, 5q-, complex karyo-

type) were excluded. Those with core binding factor transloca-

tions [t(8;21) or inv(16), CBF AML] constituted 35% of the study

Farrar et al.
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population; of the remaining patients, twohadnormal karyotype,

one an MLL rearrangement and the remainder had a cytogenetic

abnormality without established clinical significance.

Whole exome sequencing

WXS obtained from trios of diagnostic, remission, and relapse

specimens from20 children with AMLwere interrogated to define

the somatic alterations at diagnosis and relapse. The coding region

of approximately 30,000 genes from RefSeq, CCDS and miRBase

databaseswere sequenced to aminimumdepthof 20X in>94%of

target bases. The somatic mutation profile at diagnosis was

compared with that at relapse to identify events that persist,

develop or disappear after treatment. All computationally derived

variants underwent verification by Roche 454 or Ion Torrent

sequencing at a median depth of 535X (range, 10–9716).

A broad range of nonsynonymous somatic mutations, includ-

ing missense, nonsense, insertion/deletion (indel, both in-frame

and frameshift), as well as splice site variants, were identified.

Overall, 145 variants in 120 genes at diagnosis and 149 variants in

136 genes at relapse were successfully verified through secondary

methodologies. A list of verified, somatic variants are provided in

Supplementary Table S2. One variant at diagnosis, 3 at relapse,

and 3 present at both diagnostic and relapse time points were

identified in 3 patients in regions of copy alteration or copy-

neutral LOH; these were tallied for description but excluded from

subsequent analyses of VAF changeswith disease progression. The

number of verified, somatic diagnostic mutations ranged from 1

to18per patientwith amedian of 6mutations per patient. Similar

findings were seen in relapse, with a median of 6.5 mutations per

patient (range, 0–18). The combined total number of verified

mutations at diagnosis or relapse varied from 1 to 36 with a

median of 12.5 (Fig. 1A). The majority of verified mutations

represented missense changes (120/145 in the diagnostic and

132/148 in relapse samples; Fig. 1B). Of the missense mutations,

PolyPhen (15) prediction analysis estimated 72% were possibly

and/or probably functionally damaging lesions. In addition, we

evaluated the distribution of single-nucleotide base pair changes

observed in somatic variants. Themost commonbase-pair change

was a cytosine-to-thymine (C!T) transition seen in 73% of all

variants at diagnosis and 60% of variants at relapse (Fig. 1C).

Younger patients (<2 years) had substantially fewer mutations

at diagnosis (medianof 3.5mutations per patient) comparedwith

older patients (2–17 years of age; median of 8 mutations, P ¼

0.006). Evaluation of the number of mutations identified at

diagnosis in specific cytogenetic or molecular cohorts demon-

strated variability, although these differences were not statistically

significant. Amedian of 10mutations per patient was seen in CBF

AML compared with 5 in patients with MLL/Other karyotype

abnormalities or FLT3/ITD (Fig. 2A and B).

Of the combined 294 nonsynonymousmutations in 179 genes

identified at diagnosis or relapse, variants in 10 geneswere seen in

2 or more patients, including FLT3 in 8 patients, NRAS in 7,

PTPN11, WT1, and TET2 in 3, and DHX15, DHX30, KIT, KRAS,

and ETV6, in 2 patients (Fig. 3). Gene-expression data did not

demonstrate significant differences in expression in comparison

of mutated and nonmutated specimens (Supplementary Fig. S2).

With the exception of FLT3/ITD, all previously ascertained

mutations in these samples (KIT, RAS, NPM, WT1, and CEBPA)

were independently identified in the WXS data. The variation in

length and site of insertion of ITDs in FLT3 has made detection of

such mutations in short-read sequence data a computationally

challenging process. Sequence data underwent additional compu-

tational analysis by two algorithms (ITD Assembler and Pindel)

specifically optimized for detection of ITDs. Both algorithms

identified FLT3/ITD mutations in all but one case with clinically

annotated FLT3/ITD,whichwas known to have low allele fraction

FLT3/ITD. Although presence of FLT3/ITD could be successfully

confirmed in 8of 9 specimenswith clinically annotatedmutation,

the concordance of allelic burden measured by this sequencing-

based approach was poor in comparison with established clinical

testing.

Recurrent mutations and common pathways

Although recurrent mutations of individual genes were not

prevalent, themutations clustered into groups of 11 gene families

with established relevance to leukemogenesis (Fig. 4). Mutations

innine tyrosine kinase genes, including FLT3 (N¼8),KIT (N¼2),

JAK2 (N ¼ 1), EPHA5 (N ¼ 1), POR1 (N ¼ 1), OBSCN (N ¼ 1),

MAP4K1 (N ¼ 1), TRPM7 (N ¼ 1), and PRKD1 (N ¼ 1), were

identified from 12 patients in the cohort. Similarly, from diag-

nostic samples, mutations in 13 RAS/MAPK/MEK family genes

were identified from 14 patients, mutations in 14 transcription

factor genes in ten patients, and mutations in 11 epigenetic

modifier genes inninepatients (Fig. 4A). Although tyrosine kinase

Figure 1.

Mutation distribution and types of variants. A, number of verified, nonsynonymous, somatic mutations per patient in all samples. B, types of verified, somatic,

nonsynonymous mutations found in diagnostic and relapse samples. C, nucleotide changes observed among the missense mutations.

Dominant Variants Predict Relapse in Childhood AML

www.aacrjournals.org Cancer Res; 76(8) April 15, 2016 2199

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/7

6
/8

/2
1
9
7
/2

8
7
0
5
6
0
/2

1
9
7
.p

d
f b

y
 g

u
e
s
t o

n
 2

4
 A

u
g
u
s
t 2

0
2
2



(TK) genes or RAS/MAPK/MEK pathway alterations were present

in 90% of cases, most patients (15/18) with mutations in one of

these gene families had mutations in one of the additional

functional groupings. All patients had a mutation in at least one

of these functional groups. Overall, we identified somatic muta-

tions in 78 genes from 11 functional groups with the majority

implicating key leukemia-driving signaling pathways, including

TK, RAS/MAPK/MEK pathways, and second, transcription factors

and epigenetic modifiers (Fig. 4B).

Clonal evolution from diagnosis to relapse

Sequence variants. Evaluation of the genomic alterations from

diagnosis to relapse revealed significant heterogeneity, including

numerousmutationswith resolution of diagnostic variants, emer-

gence of novel mutations at relapse as well as marked changes in

VAFs from diagnosis to relapse. Mutations at diagnosis and

relapse, along with their corresponding VAFs, are depicted in

Supplementary Fig. S3.

Of the 141 verified diagnostic somatic, nonsynonymousmuta-

tions, only 83 (58%) persisted and were identified at relapse.

Conversely, of the 143 mutations detected at relapse, 60 (42%)

appeared to be newly evolved variants that were not detected at

diagnosis. Of all somatic mutations detected at diagnosis or at

relapse, 58 (29%) were present only in diagnostic specimens, 60

(30%) were present only at the time of relapse, and 83 (41%)

variants were present in both specimens (Fig. 5A) highlighting a

significant molecular evolution with loss and gain of genomic

events from diagnosis to relapse.

Correlation of diagnostic VAF and relapse. The VAFs for all verified

mutations in diagnostic samples varied significantly from 0.037

to 0.86 (median VAF 0.35). To define whether diagnostic VAF

correlated with the genomic landscape at relapse, we compared

the diagnostic VAF in variants that persisted to those that were lost

at relapse. Themedian diagnostic VAF formutations that persisted

to relapsewas 0.43 (range, 0.055–0.72) versus 0.24 (range 0.048–

0.86, P < 0.0001) for the cleared variants (Fig. 5B), suggesting that

those with high diagnostic VAF are more likely to persist to

relapse. We further evaluated different diagnostic VAF thresholds

with persistence to relapse. Sixty mutations had a diagnostic VAF

of �0.4, of which 54 (90%) were also detected in the relapse

specimens. In contrast, of the diagnostic mutations with VAF of

<0.2 (N¼ 38), only 11 (28%)were detected at relapse (P < 0.001)

whereas those with intermediate VAF had an intermediate asso-

ciation with persistence at relapse (Fig. 5C). These trends are

evident at the individual as well as aggregate scale. Of 14 patients

in whom at least one high VAF (>0.4) variant was identifiable at

presentation, 13 (93%) had a persistent alteration identified at

relapse. Interestingly, of the 6 patients who lacked at least one

dominant variant, 4 had core-binding factor translocations.

Fifty-nine variants in 50 genes present at diagnosis were not

detected in the corresponding relapse specimens. These genes

included recurrent alterations in genes with established rele-

vance in driving myeloid malignancy such as FLT3 (N ¼ 3,

2 FLT3/ITDs and 1 FLT3 TKD mutations), 5 NRAS mutations

(N ¼ 4), and 3 PTPN11 mutations (N ¼ 2). Of the 8 total

FLT3 alterations identified in diagnostic or relapse specimens

(7 ITDs and 1 point mutation), 3 were only detected at diag-

nosis, 4 persisted from diagnosis to relapse and 1 was detected

at relapse only. Similarly, of the 11 NRAS variants identified

in 7 patients at diagnosis, 5 were not present at relapse. It is

notable that of the 19 variants at diagnosis involving FLT3,

Figure 2.

Number of diagnostic, verified,

somatic nonsynonymous mutations

by group. A andB, infant AML, age0 to

<2 years versus 2 to 17 years (A) and

risk-group, core-binding factor

abnormality (CBF) versus MLL

rearrangement and other karyotypic

abnormalities versus FLT3/ITD

positive (B). Numbers above each

cluster signify the median for that

risk group. A P value was determined

by Wilcoxon rank-sum test for A

and Kruskal–Wallis test for B.

Figure 3.

Number of patients with recurrent mutations.

Farrar et al.
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NRAS, and PTPN11, all variants that resolved from diagnosis to

relapse had initial VAFs <0.2, suggesting that the identification

of dominant mutations at diagnosis, rather than simple cate-

gorical presence of a mutation, may be more relevant in the

selection of targeted therapies.

Copy number alterations. We used enrichment for variant or

reference alleles across polymorphic exonic regions to identify

segmental chromosomal alterations. In addition to confirming

major karyotypic CNAs, we identified novel regions of copy

number gain or loss, and copy neutral loss of heterozygosity

(cnLOH) in diagnostic and relapse specimens (Fig. 6A). In total,

155 segments varying in length from 0.75 Mb to 168.81 Mb

(median 7.20Mb) were detected at diagnosis (N¼ 72) or relapse

(N ¼ 83), of which 23 segments were present in both diagnostic

and relapse specimens (46/155 segments; Fig. 6B). Accordingly,

49 distinct segments were identified at diagnosis only and 60

segments were identified at relapse only. Thus, of the total

CNA segments present at diagnosis or relapse, only 30% were

identified at both time points, demonstrating somatic CNAs,

like mutations, evolve significantly from diagnosis to relapse

(Fig. 6C). In addition to areas of LOH associated with deletions,

segmental cnLOH regions were detected in 15 of 20 patients

(75%), highlighting the prevalence of this previously undetect-

ed genomic alteration in AML. We further examined CNA

regions of less than 5 Mb in length that would be below the

resolution threshold of conventional karyotyping. We identified

10 recurrent (>2 patients) CNA segments (<5 Mb) with two

regions on 11p and 16p in five patients. Supplementary Table

S3 contains a list of all segments.

Clonal architecture at diagnosis and relapse. Given the significant

genomic heterogeneity of AML at diagnosis and variable clonal

evolution involving sequence variants and copy number

Figure 4.

Pathway analysis of identified mutations. A, the cytogenetic category is indicated below each patient identifier: normal karyotype (CN-AML),

core-binding factor AML (CBF) indicating presence of either t(8;21) or inv16, MLL rearrangement, or other karyotype abnormality. Tissue type is

indicated by degree of shading per legend above (diagnostic only, dark shading; relapse only, medium shading; both tissues, no shading). Both

refer to mutations identified at diagnosis that persist to relapse. B, a collapsed version of A, demonstrating the prevalence of mutations in each

pathway.

Dominant Variants Predict Relapse in Childhood AML
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alterations at relapse, we used clonal cluster analysis to map

changes in clonal architecture from diagnosis to relapse. VAFs

formutations present at diagnosis were used to study the genomic

complexity at diagnosis and track the genomic evolution to

relapse. Each patient's mutations were clustered using the

VAF scores (DBSCAN) and graphed according to time point. In

addition, CNV data were used to further inform the somatic

VAF (deletions or CN-LOH impact calculated VAF). Using this

information, we defined possible scenarios for clonal evolu-

tion and tracked each mutation from diagnosis to relapse to

map clones that persisted, those that resolved from diagnosis to

relapse as well as novelmutations that emerged at relapse. Noting

that these data are open to variable interpretation, Supplemen-

tary Fig. S4 shows various scenarios for clonal evolution involving

known mutations, such as FLT3 and NRAS, as well as novel

mutations. These data depict the genomic complexity of child-

hood AML and delineate the association of clonal dominance at

diagnosis with likelihood of persistence of mutations from diag-

nosis to relapse.

Discussion

The ongoing NCI/COG cooperative TARGET AML initiative

aims to interrogate the childhood AML genome, transcriptome

and epigenome to define biologic biomarkers that can be used for

more precise risk stratification and therapeutic intervention. This

study includedWXS of 20matched trios of diagnostic, remission,

and relapse specimens to better understand molecular evolution

between presentation and relapse. We demonstrate the hetero-

geneous nature of the somatically altered AML genome but also

the paucity of recurrentlymutated genes in childhoodAML, as has

previously been reported for adult de novo AML. However,

although highly recurrent individual mutations were not identi-

fied,mutations in specific gene families and key cellular pathways

are common. Protein-alteringmutations in 78 genes belonging to

only 11 known pathways were identified among the cases

sequenced. Mutations in tyrosine kinase and RAS/MAPK/MEK

were identified in 90% of patient samples, and were the predom-

inantly altered pathways. In addition, mutations in transcription

factors and epigeneticmodifiers were also common and appeared

to overlap with the activated TK and RAS/MAPK variants. Fur-

thermore, all phosphatase mutations occurred in the background

of TK or RAS/MAPK pathway mutations, suggesting that altera-

tions of phosphatases may cooperate with TK/RAS/MAPK muta-

tions during AML leukemogenesis.

These data also demonstrate that the presence or lack of specific

somatic variants may not operate as a binary entity. Rather, the

clonal prevalence of amutation, a property reflective of both order

of acquisition during leukemogenesis as well as the proliferative

drive induced by the accumulated constellation of mutations,

rather than its mere presence may be a significant contributor to

the clinical picture. We have previously demonstrated that leu-

kemogenic FLT3 variants that develop in the early progenitor

population have significantly different clinical implications than

the samemutations that evolve in themoremature, differentiated

cells (16). In these studies, Pollard and colleagues (16) demon-

strated that presence of FLT3/ITD in CD34þ/CD33� progenitors

was highly associated with relapse; in contrast, in those where

FLT3/ITD was restricted to the CD34þ/CD33þ fraction, a more

favorable outcome was observed. We have also demonstrated

significant association of allelic variation of FLT3/ITD and clinical

outcome, where those patients with AML having a highmutant to

normal allelic ratio FLT3/ITD had adverse outcomes, whereas

those with AML having a lower FLT3/ITD allelic ratio showed

outcomes similar to patients without FLT3 mutations (17). This

observation has been validated in other trials (18, 19) and has

been incorporated in the last two COG AML studies, where

patients with high allelic FLT3/ITD ratio are allocated to the

high-risk arm and directed to receive hematopoietic stem cell

transplantation (20). Similar observations have also been

reported for other mutations in AML, including KIT and CBL,

where allelic burden at diagnosis correlated with outcome (21).

Thefindings presented here suggest that thesemechanismsmay

operate more broadly in AML as well as offer a potential

Figure 5.

Number of mutations and VAF in tissues. A, Venn diagram depicting mutations present at diagnosis only, relapse only, or in both tissues. B, distribution

of allele fraction in all diagnostic variants, diagnostic variants that persist at relapse and diagnostic variants only. A P value was determined by the

Kruskal–Wallis test. C, proportion of variants present at relapse with diagnostic allele fraction greater than 0.40, between 0.20 and 0.40, and less than 0.20.

A P value was determined by ANOVA.
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explanation for differences in outcome based on the clone or

subclone of origin. The observation that themajority of dominant

variantspersist from diagnosis to relapse, and the corollary, that

many subclonal variants do not, may reflect both the context of

acquisition during leukemic ontogeny in addition to the potential

to drive proliferation. Surprisingly, even mutations of genes with

established roles as drivers in myeloid leukemogenesis such as

NRAS and PTPN11, were lost at relapse when initially present as

subclonal, low VAF variants. This is in contrast with recently

reported data in JMML, where essentially all somatic pathogenic

mutations at diagnosis were present at relapse (22). This suggests

that the presence of even driver somatic variants may not be

sufficient to drive myeloid leukemogenesis outside of limited

contexts. The clinical significance of a variantmay bemore closely

linked with whether it occurs during ancestral leukemic develop-

ment (dominant variants) or in a more distant subclone (minor

variants; refs.16, 23).

Current pediatric AML treatment stratification schema incor-

porate data on mutation status of several frequently mutated

genes for the classification of risk, although the number of

known mutations significantly exceeds those incorporated for

risk stratification, because many apparently lack prognostic

significance. The clinical incorporation of allelic burden testing

of specific mutations provides an opportunity for prioritization

of mutations for therapeutic targeting and risk-based therapy

allocation. In such a scenario, those variants with higher

diagnostic VAF would be preferentially targeted, as dominant

variants would be more clinically relevant. In addition to the

loss of variants present at diagnosis, evolution of novel variants

at relapse may provide insight into the selective pressures that

predispose to their appearance and contribution to relapse. The

contribution of the new, emerging mutations at relapse must be

carefully assessed, as events that lead to the evolution of

primary disease and those that lead to emergence of resistance

and relapse may be different.

The genomic landscape at relapse appears to befluid and in part

shaped by the selective pressure exerted by the applied therapy.

Emerging data in a specific subset of patients have clarified that

different therapeutic agents can lead to evolution of distinct

mutations at relapse. As an example, patients with FLT3/ITDwho

receive conventional chemotherapy versus targeted therapy with

tyrosine kinase inhibitors (TKI) have a distinctly different profile

at relapse. For instance, treatment with TKIs selectively leads to

secondary mutations in the activation loop domain of the gene,

where those who relapse after exposure to TKI show evolution of

secondary FLT3mutations that are associated with TKI resistance

(24, 25).

The WXS data presented in this study highlight the heteroge-

neity of AML at diagnosis, as well as the changing genomic make

up during therapy and at relapse. This remains a critical issue for

Figure 6.

Copy number segments determined byWXS. A, CNA segments were predicted by LOHcate, filtered to include only regions >200markers, and visualized by Partek.

Segments include somatic amplifications shown in red, loss of heterozygosity (LOH) shown in green, and copy neutral loss of heterozygosity (cnLOH)

shown in purple. Paired patient samples (diagnostic and relapse) are on the y-axis while chromosomes are indicated on the x-axis. B, table displaying number of

amplifications, deletions, or cnLOH found at diagnosis and relapse. C, Venn diagram depicting copy number segments present in diagnostic only, relapse

only, or both tissues.
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understanding the biologic drivers of these complex myeloid

malignancies in children. The mutation profile, guided by VAF,

has important implications in treatment assignment as we are

moving away from a morphologic classification system toward a

more precise, genomic guided therapy allocation. A more com-

plete understanding of the contribution these myriad of somatic

mutations to the leukemic process is critical for more precise

prioritization of the genomic events for intervention.
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