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Abstract

Mixed phenotype acute leukemia (MPAL) is a heterogeneous group of poor-prognosis leukemias 

with immunophenotypic features of at least two cell lineages. The full spectrum of genetic 

mutations in this rare disease has not been elucidated, limiting our understanding of disease 

pathogenesis and our ability to devise targeted therapeutic strategies. We sought to define the 

mutational landscape of MPAL by performing whole exome sequencing on samples from 23 adult 

and pediatric MPAL patients. We identified frequent mutations of epigenetic modifiers, most 

notably mutations of DNMT3A in 33% of adult MPAL patients. Mutations of activated signaling 

pathways, tumor suppressors and transcription factors were also frequent. Importantly, many of the 

identified mutations are potentially therapeutically targetable with agents currently available or in 

various stages of clinical development. Therefore, the mutational spectrum we identified provides 
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potential biological insights and is likely to have clinical relevance for patients with this poor-

prognosis disease.

 Introduction

Mixed phenotype acute leukemia (MPAL) is a relatively rare and difficult to treat neoplasm 

with immunophenotypic features of at least two cell lineages (typically myeloid with B– or 

T–lymphoid). This duality led to our interest in examining patient samples using whole 

exome sequencing (WES) for mutations associated with those arising in stem cells, as well 

as for myeloid and lymphoid regulators.

MPAL accounts for approximately 2–5% of acute leukemias1. The World Health 

Organization (WHO) recently redefined biphenotypic and bilineal leukemias under MPAL, 

requiring specific lineage-defining immunophenotypic criteria to standardize the 

diagnosis2–4. MPAL can exhibit either two distinct affected cell populations of different 

lineages, one clonal cell population with characteristics of two lineages, or a combination of 

both. Markers that are pathognomonic to each of two lineages are required for diagnosis. A 

previous study of MPAL assessed mutations in 17 genes of 31 patients5. Here, we examined 

23 MPAL patients aged 2–74 years with WES, capturing a broader array of mutations.

 Methods

To perform WES, genomic DNA was extracted from frozen blood or bone marrow cell 

pellets (12 T/myeloid, 10 B/myeloid, and 1 B/T-lymphoid). The median age was 35 years, 

including 5 pediatric patients <18 years old). Under IRB approval, pathology and flow 

cytometry records were reviewed by a hematopathologist to ensure samples met WHO 2008 

MPAL criteria. Nine samples were from relapse. Four of the samples were cytogenetically 

normal, 5 had monosomy 5 and/or 7, two had an MLL rearrangement, one was positive for 

the Philadelphia chromosome, and 11 had other cytogenetic abnormalities (Supplemental 

Table 1).

WES libraries were constructed and annealed in-solution to the HGSC VCRome2.1 design 

(42Mb, NimbleGen) as described6. Paired-end sequencing (2 × 101 base pairs) using the 

Illumina HiSeq 2000 or 2500 platforms was performed. Samples achieved >96% of the 

targeted exome bases covered to a depth of ≥20× or (average 120×). Data processing, 

mutation calling and annotation was performed as described6. Rigorous stepwise filtering 

was applied to identify likely somatic and pathogenic variants (Suppl. Fig. 1s). Briefly, only 

nonsynonymous variants (nonsense, missense, frameshift, at splice site) with ≥4 supporting 

sequencing reads and a variant allele fraction of ≥0.05 were selected. Potential germline 

SNPs were eliminated by comparison to common SNPs (with a minor allele frequency 

≥0.005) in dbSNP build 139, 1000 Genome phase III dataset, the NHLBI GO Exome 

Sequencing Project (ESP6500), and the Exome Aggregation Consortium (ExAC) datasets. 

In the absence of germline DNA samples, we primarily focused on a set of 562 genes 

included in the cancer gene census (http://cancer.sanger.ac.uk/census/) and previously 

reported in leukemias. The COSMIC database (http://cancer.sanger.ac.uk/cosmic) was used 

to highlight known cancer mutations. Six commonly used mutation prediction algorithms 
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(SIFT, Polyphen2, LRT, LR, Mutation Assessor, Mutation Taster) were used to predict each 

mutation’s functional importance. Only known cancer hotspot mutations and likely 

pathogenic mutations predicted to be “damaging” by at least 3 algorithms were selected. The 

selected mutations were further prioritized based on the mutation type, variant allele 

fraction, COSMIC site frequency, and gene function. Finally, 54 mutations were selected 

(Supplemental Table 2).

 Results/Discussion

A previous study evaluated 31 patients with MPAL for mutations in 17 genes recurrently 

mutated in acute leukemias identified genomic lesions in only 12 (39%) of the patients, 

including alterations of IKZF1, EZH2, TET2, ASXL1, and NOTCH1. They identified no 

mutations in the other probed genes including DNMT3A, FLT3, NPM1, RUNX1 and WT15. 

The authors concluded that the mutational spectrum of MPAL may differ from other acute 

leukemias. To more fully evaluate the mutational landscape of MPAL, we performed whole 

exome sequencing in 23 patients with this rare disease, identifying mutations in 21 patients 

(91%) (Table 1).

Eight of the 23 samples (35%) had mutations in epigenetic regulatory genes (Table 1). The 

de novo DNA methyltransferase, DNMT3A, was the most frequently mutated gene with 6 

patients (26%) harboring mutations. All the DNMT3A mutations involved the 

methyltransferase domain, 3 of which were missense mutations at Arg882, the hotspot 

common in acute myeloid leukemia (AML). DNMT3A mutations occurred in all 

immunophenotypic subtypes examined, and similar to reports in AML, MPAL patients with 

a mutation in DNMT3A trended towards being older and more likely to have normal 

cytogenetics when compared to patients without a DNMT3A mutation (Suppl. Table 3)7,8. 

Other mutations in epigenetic regulatory genes were found in IDH2 (9%), TET3 (4%), and 

EZH2 (9%).

We also identified mutually exclusive mutations of activated signaling genes in 61% of 

patients. Mutations of the RAS pathway were particularly common, including mutations of 

NRAS (17%), KRAS (13%) and NF1 (9%). Three patients had FLT3 mutations (one 

missense mutation and two internal tandem duplication ITD mutation), and 2 had JAK 

pathway mutations including a JAK2 V617F mutation in a patient with a history of pre-

existing essential thrombocythemia (ET).

Tumor suppressors were also frequently mutated, most notably five patients harbored 

mutations of TP53 (22%). Three samples (13%) also had four exon 1 or 7 frameshift 

mutations of WT1, consistent with a small prior study showing WT1 mutations in up to 20% 

of biphenotypic and undifferentiated acute leukemia9. We also identified recurrent mutations 

in a number of transcription factors. NOTCH1 mutations were present in 5 of the 16 patients 

(32%) with T lymphoblastic subtypes (T/myeloid and B/T ALL) and none of the patients 

with B/myeloid disease. Mutations of RUNX1 and GATA2 were found in 2 and 1 patient, 

respectively. One of the RUNX1 mutations occurred in a patient with secondary MPAL 

arising from pre-existing ET, consistent with the reported increased risk of progression to 

acute leukemia in JAK2 V617F mutant MPN patients with co-occurrence of a RUNX1 
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mutation10,11. The other patient with a RUNX1 mutation was a pediatric patient who 

developed therapy-related MDS/MPAL after treatment for neuroblastoma. RUNX1 
mutations are common in patients with therapy-related MDS12, and mutations of RUNX1 in 

MDS are associated with an increased risk of progression to acute leukemia13. Therefore it 

is likely that in these two patients, the acquisition of a RUNX1 mutation was a critical driver 

of their disease.

To assess possible clonal origin of mutations, we calculated the variant allele frequency of 

individual mutations (Fig. 1). Mutations of DNMT3A and tumor suppressors consistently 

showed high VAFs suggesting these mutations arise early in disease development. Mutations 

of lineage specific transcription factors tended to occur at lower VAFs indicting they may 

arise in a smaller sub-clonal population. The VAFs of mutations involving activated 

signaling pathways were more widely distributed indicating these mutations can arise at 

varying stages of disease development. Of the DNMT3A-mutant patients, 4/6 had a 

concomitant NRAS/KRAS mutation and 3/6 had a NOTCH1 mutation, with 2/6 having both 

a NRAS/KRAS and a NOTCH1 mutation. Evaluation of the VAF of these patients suggests 

that the DNMT3A mutation was present in the founding pre-leukemic clone, which then 

acquired a driver mutation of the RAS-pathway, with a T lineage-specific NOTCH1 
mutation subsequently arising in a subordinate clone. For example, the VAFs of the 

DNMT3A, KRAS, and NOTCH1 mutations of patient TMy013 were 0.56. 0.37, and 0.29, 

respectively (Suppl. Table S2).

MPAL is defined by the co-expression of lymphoid and myeloid surface markers, suggesting 

a leukemia arising from developmental arrest of a precursor cell capable of differentiating 

into both lineages, such as a stem or progenitor cell. Consistent with this view is the finding 

of frequent mutation in genes encoding epigenetic modifiers, particularly DNMT3A (33% of 

the adult patients), which are also found in hematologic malignancies of both lymphoid and 

myeloid origin as well as age-related clonal hematopoiesis8,14–19. Supporting the stem cell 

association of mutations in these genes is data from animal models, in which loss of these 

genes leads to increased hematopoietic stem cell self-renewal and increased risk of 

hematopoietic disorders of either lineage20–22.

We also observed mutations in many genes previously associated primarily with one or the 

other branch of hematopoietic differentiation. For example, RUNX1 and GATA2 mutations 

are typically associated with myeloid disease. Similarly, we see lymphoid disease-associated 

mutations such as NOTCH1. In addition, we note the conspicuous absence of mutations in 

NPM1, which have not yet been found in any lymphoid malignancy, and the absence of 

PAX5 and IL7R mutations, which are almost exclusively associated with lymphoid disease, 

although the sample size is too small for definitive conclusions. In addition, the sample 

number prevents statistical analysis of differences between T- and B-ALL-type MPAL, but 

we observe NOTCH1 mutations associated exclusively with the T/myeloid, as might be 

expected. Thus, this constellation of mutations is interesting in light of the mixed phenotype 

of this malignancy, and may reflect mutations acquired during specific stages of 

differentiation, and/or permissive for development of specific lineages.
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In summary, we identified a spectrum of genetic abnormalities with potential biological and 

clinical implications in a cohort of MPAL patients. Strikingly, one-third of adult patients 

harbored DNMT3A mutations, supporting a likely stem cell origin of this disease. 

Importantly, a number of the mutations we identified are potentially targetable by agents that 

are currently available or are being testing in clinical trials including epigenetically targeted 

agents, tyrosine kinase pathway inhibitors, and NOTCH1 inhibitors. Therefore, our data 

support the use of genomic sequencing in patients with this poor-prognosis disease toward a 

goal of precision medicine.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Variant allele frequency (VAF) of selected mutations in MPAL
Quantitative measure of variant containing reads estimates the abundance of these mutations 

divided into epigenetic modifiers (red), tumor suppressors (green), tyrosine-kinase signaling 

genes (orange), and transcription factors (purple).
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Table 1

Summary of mutations from whole exome sequencing of MPAL samples.

Relapsed samples indicated with bold font

*
B-TALL018 had two mutations in EZH2 (both missense, both at a COSMIC codon)

†
TMy015 had three mutations in TP53 (one missense and two nonsense, all three at COSMIC codons)

‡
BMy020 had two frameshift mutations in WT1
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