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ABSTrACT Genomic characterization of pediatric patients with acute myeloid leukemia 
(AML) has led to the discovery of somatic mutations with prognostic implications. 

Although gene-expression pro�ling can differentiate subsets of pediatric AML, its clinical utility in 
risk strati�cation remains limited. Here, we evaluate gene expression, pathogenic somatic mutations, 
and outcome in a cohort of 435 pediatric patients with a spectrum of pediatric myeloid-related acute 
leukemias for biological subtype discovery. This analysis revealed 63 patients with varying immunophe-
notypes that span a T-lineage and myeloid continuum designated as acute myeloid/T-lymphoblastic 
leukemia (AMTL). Within AMTL, two patient subgroups distinguished by FLT3-ITD and PRC2 mutations 
have different outcomes, demonstrating the impact of mutational composition on survival. Across the 
cohort, variability in outcomes of patients within isomutational subsets is in�uenced by transcriptional 
identity and the presence of a stem cell�like gene-expression signature. Integration of gene expression 
and somatic mutations leads to improved risk strati�cation.

SigniFiCanCE: Immunophenotype and somatic mutations play a signi�cant role in treatment approach 
and risk strati�cation of acute leukemia. We conducted an integrated genomic analysis of pediatric mye-
loid malignancies and found that a combination of genetic and transcriptional readouts was superior to 
immunophenotype and genomic mutations in identifying biological subtypes and predicting outcomes.
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INTrODUCTION
Acute myeloid leukemia (AML) comprises a heterogene-

ous group of malignancies that are linked by the presence 
of blasts displaying morphologic and immunophenotypic 
features of myeloid cell differentiation. These characteris-
tics served as the initial approach to subdivide AML into 
distinct clinical entities (1). Morphology and immunophe-
notype, however, are limited in biological, prognostic, and 
therapeutic signi�cance. The identi�cation of cytogenetic 
alterations and molecular lesions has allowed newer classi�-
cation schemes to be developed with the most recent widely 
used approach being the World Health Organization classi�-
cation of AML (2). Although the latter classi�cation scheme 
divides AML into many distinct clinical, morphologic, and/or 
molecular subtypes, from a clinical perspective most current 

therapeutic pediatric protocols stratify patients into favora-
ble, intermediate, and poor prognostic groups (3). Therapy in 
these groups is based on the relative risk of relapse, with poor 
prognostic groups proceeding to allogeneic hematopoietic 
stem cell (HSC) transplantation in �rst remission when a 
suitable donor is available.

With the development of genome-wide gene-expression 
pro�ling, array-based comparative genomic hybridization 
methodologies, and next-generation sequencing technologies, 
the �eld has gained a greater understanding of the molecu-
lar features involved in the occurrence of pediatric myeloid 
malignancies. Several pathologic lesions have been found to 
have prognostic implications contributing to a continuous 
re�nement of risk strati�cation over time in the context of 
modern therapy. We previously applied an integrated analysis 
to a large cohort of pediatric acute megakaryoblastic leukemia 
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(AMKL) that underwent next-generation sequencing with the 
goal of identifying biologically and clinically relevant subtypes 
so that we could gain a greater understanding of the biology 
of the disease as well as inform clinical decision-making (4). 
In that study, using gene-expression pro�ling coupled with 
somatic variants and outcome data, we were able to identify 
distinct molecular subtypes with varying outcomes. These 
results led to a recommendation to limit high-risk designa-
tion to a subset of patients, which has already been instituted 
in the ongoing multi-institutional AML16 trial for newly 
diagnosed pediatric patients with AML (NCT03164057) and 
several other collaborative group protocols. Here we apply a 
similar approach to a cohort of 435 pediatric patients with a 
spectrum of myeloid-related malignancies to provide a com-
prehensive view of this clinical entity and propose a re�ned 
classi�cation scheme with clinical utility. Using this approach, 
we identify a previously undescribed subtype that spans a 
T-lineage and myeloid continuum, as well as new prognostic 
mutational events within previously described subtypes. Fur-
ther, we demonstrate that mutational events, transcriptional 
pro�le, and evidence of a primitive hematopoietic progenitor 
gene-expression signature all associate independently with 
outcome. The most signi�cant association occurs when all 
three of these factors are combined, arguing in favor of sub-
group classi�cation by comprehensive molecular pro�ling to 
optimize risk strati�cation in pediatric AML.

RESULTS
Genomic Landscape of Normal and  
Complex Karyotype Pediatric AML

The Children�s Oncology Group (COG)�NCI TARGET 
AML initiative molecularly characterized 993 pediatric AML 
cases, including 197 specimens that underwent comprehen-
sive whole-genome sequencing (WGS; ref. 5). Of these, 94 car-
ried one of three oncogenic fusions known to be strong drivers 
of leukemogenesis: RUNX1–RUNX1T1, CBFB–MYH11, and 
KMT2A rearrangements (KMT2Ar). Among all other somatic 
alterations detected, only 10 occurred in more than 5% of 
subjects, all of which had been described previously. This 
suggested that low-frequency molecular subsets may exist 
that require larger cohorts to fully elucidate. To address this 
limitation, we selected 122 pediatric AML normal, noncom-
plex, and complex karyotype specimens from �ve cooperative 
study groups (SJCRH, DCOG, NOPHO, AIEOP, and BFM) 
that lacked RUNX1–RUNX1T1, CBFB–MYH11, and KMT2Ar 
by clinical testing for WGS and/or whole-exome sequencing 
(WES) and RNA sequencing (RNA-seq) to enrich for cases that 
carry low-frequency events (Supplementary Tables S1 and S2; 
Fig. 1A). Structural variations (SV), copy-number alterations 
(CNA), single-nucleotide variations (SNV), and indels were 
determined by our established pipelines, as well as an evalua-
tion for regulatory rearrangements driving oncogene overex-
pression through enhancer hijacking (Supplementary Tables 
S3�S9 and Supplementary Figs. S1 and S2; ref. 6). When 
considering exonic SNV/indel, CNA, and SV calls, mutational 
burden ranged from 1 to 101 somatic events, including a case 
with TP53-associated chromothripsis that carried 89 lesions 
in total (Supplementary Table S9; Supplementary Figs. S1 
and S3). In addition to known AML somatic mutations in 

genes such as CEBPA, GATA2, NPM1, WT1, FLT3, NRAS, KRAS, 
ETV6, RAD21, SMC1A, STAG1, STAG2, STAG3, SMC3, and rear-
rangements in NUP98 and KAT6A, we identi�ed rare events 
in known oncogenic drivers. These include internal tandem 
duplications (ITD) in GATA2, RUNX1, and CEBPA, as well as 
the repositioning of a distal ZEB2 enhancer, MYC enhancer, 
or ETV6 enhancer to ectopically activate BCL11B, MECOM, 
and MNX1 loci, respectively (Supplementary Table S6; Sup-
plementary Figs. S4 and S5). Interestingly, 15 AML cases 
(12.3%) carrying loss-of-function mutations in polycomb 
repressive complex 2 (PRC2) genes were found to resemble 
an early T-cell precursor acute lymphoblastic leukemia (ETP-
ALL) gene-expression pro�le (GEP) by gene set enrichment 
analysis (GSEA; Supplementary Fig. S6). ETP-ALL exhibits 
aberrant expression of stem cell and myeloid markers and has 
been shown to have a GEP consistent with transformation of 
a stem cell progenitor (7, 8). Further, mixed phenotype acute 
leukemias (MPAL) with T and myeloid lineage characteris-
tics have previously been suggested to be in this spectrum 
of immature leukemias (9). We therefore hypothesized that 
these PRC2-mutated AML cases represented the myeloid end 
of this continuum. To provide global transcriptional context 
to these ETP-like AMLs and evaluate a comprehensive cohort 
encompassing a range of pediatric myeloid malignancies, we 
integrated results from previously published AML (N � 169), 
MPAL (N � 80), AMKL (N � 45), and ETP-ALL (N � 19) data 
sets that had RNA-seq and either WES or WGS available for 
a total of 435 cases (Supplementary Table S10 and Fig. 1A; 
refs. 4, 5, 7�9).

Molecular Classi�er of Pediatric Myeloid 
Malignancies Agnostic of Immunophenotype

T-distributed Stochastic Neighbor Embedding (t-SNE) vis-
ualization using a 381-gene list derived from the top 100 most 
variably expressed transcripts within each of the �ve sequenc-
ing data sets revealed a clear molecular classi�er, identifying 
groups that had consistent mutational compositions but were 
agnostic of immunophenotype (Figs. 1B and C and 2; Supple-
mentary Tables S10�S13; Supplementary Fig. S7). A bootstrap 
hierarchical clustering procedure de�ned subgroups with an 
overall reproducibility of 97.4% and highly concordant with 
the t-SNE transcriptional subgroups (adjusted Rand index �  
0.72; Supplementary Table S14), indicating the subgroups 
identi�ed by t-SNE are statistically meaningful. This classi-
�er allowed the distinction of 63 cases with an ETP-ALL GEP 
comprising a mixture of AML (N � 12/63, 19%), acute undif-
ferentiated leukemia (AUL; N � 1/63, 1.6%), MPAL (N � 31/63, 
49.2%), and ETP-ALL (N � 19/63, 30.2%) leukemias (bootstrap 
reproducibility � 93.6%; Fig. 1B). All but one MPAL case within 
this subgroup coexpressed T-lineage antigens in addition to 
either myeloid and/or B-lineage antigens (Fig. 1B; Supplemen-
tary Table S10). Expression of MPO and CD3E con�rmed that 
the reported immunophenotypes of these cases were correct 
(Supplementary Fig. S8). A separate validation cohort of 399 
pediatric AML cases with microarray data con�rmed the pres-
ence of this entity with 23 cases identi�ed (Supplementary  
Fig. S9; Supplementary Tables S15 and S16). A �ve-gene classi-
�er consisting of CD3G, COCH, SLC35D2, SPTLC3, and TOR4A 
was able to predict these cases in both the discovery and valida-
tion cohorts (AUC 0.977 and 0.88, respectively). A molecularly  
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