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            Abstract
In acute myeloid leukaemia, long-term survival is poor as most patients relapse despite achieving remission1. Historically, the failure of therapy has been thought to be due to mutations that produce drug resistance, possibly arising as a consequence of the mutagenic properties of chemotherapy drugs2. However, other lines of evidence have pointed to the pre-existence of drug-resistant cells3. For example, deep sequencing of paired diagnosis and relapse acute myeloid leukaemia samples has provided direct evidence that relapse in some cases is generated from minor genetic subclones present at diagnosis that survive chemotherapy3,4,5, suggesting that resistant cells are generated by evolutionary processes before treatment3 and are selected by therapy6,7,8. Nevertheless, the mechanisms of therapy failure and capacity for leukaemic regeneration remain obscure, as sequence analysis alone does not provide insight into the cell types that are fated to drive relapse. Although leukaemia stem cells9,10 have been linked to relapse owing to their dormancy and self-renewal properties11,12,13, and leukaemia stem cell gene expression signatures are highly predictive of therapy failure14,15, experimental studies have been primarily correlative7 and a role for leukaemia stem cells in acute myeloid leukaemia relapse has not been directly proved. Here, through combined genetic and functional analysis of purified subpopulations and xenografts from paired diagnosis/relapse samples, we identify therapy-resistant cells already present at diagnosis and two major patterns of relapse. In some cases, relapse originated from rare leukaemia stem cells with a haematopoietic stem/progenitor cell phenotype, while in other instances relapse developed from larger subclones of immunophenotypically committed leukaemia cells that retained strong stemness transcriptional signatures. The identification of distinct patterns of relapse should lead to improved methods for disease management and monitoring in acute myeloid leukaemia. Moreover, the shared functional and transcriptional stemness properties that underlie both cellular origins of relapse emphasize the importance of developing new therapeutic approaches that target stemness to prevent relapse.
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                    Figure 1: Mutational analysis reveals extensive pre-leukaemic genetic evolution and major clonal shifts at relapse.[image: ]


Figure 2: AML relapse can originate from rare cells with a primitive functional and cellular phenotype.[image: ]


Figure 3: AML relapse can originate from cells with a committed phenotype.[image: ]


Figure 4: Distinct gene expression patterns are associated with relapse origin.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Experimental design and estimated order of mutation acquisition for patients in PM AML cohort.
a, Experimental design. Patient samples obtained at diagnosis and relapse were sorted into multiple mature and progenitor populations by flow cytometry. In parallel, samples were injected into NSG or NSG-SGM3 mice, and human myeloid and T cells were sorted from the xenografts. WGS was performed on blasts and T cells, and ddPCR probes were designed for selected variants. These were then analysed by ddPCR in all the cell populations sorted from patient samples and xenografts for calculation of VAF. b, Estimated order of mutation acquisition for patients in PM AML cohort. Estimated order of acquisition of pre-leukaemic (grey) and leukaemic (black) PDVs, based on median joining network analysis.


Extended Data Figure 2 Analysis of relapse origin and clonal relationships for patients 1 and 6.
a, VAFs of PDVs as detected by ddPCR in various cell populations sorted directly from the diagnosis (Dx), relapse (Rel), or remission (Rem) samples of patient 1. No relapse variants were detected by ddPCR in this patient. White squares indicate populations in which no variants were detected. Phylogenetic tree showing clonal relationships for patient 1, based on analysis of VAFs of all pre-leukaemic and leukaemic mutations. The genetic distance between any two respective symbols on the phylogenetic tree was estimated using a neighbour joining method based on the degree of genetic relatedness (Neiâ€™s genetic distance). Each coloured box contains highly related cell populations and xenografts inferred to represent a clone (green, pre-leukaemic; blue, diagnostic; red, relapse; blended blue and red, equal representation of diagnostic and relapse populations). b, VAFs of relapse variants as detected by ddPCR in various cell populations sorted directly from the diagnostic or relapse samples of patient 6, or in CD33+ myeloid cells isolated from xenografts generated from the diagnostic sample of the same patient. Abbreviations and display criteria are the same as in a. Phylogenetic tree showing clonal relationships for patient 6. The display criteria are the same as for a.


Extended Data Figure 3 Analysis of relapse origin and clonal relationships for patient 9.
VAFs of relapse variants as detected by ddPCR in various cell populations sorted directly from the diagnostic, remission, or relapse samples of patient 9, or in CD33+ myeloid cells isolated from xenografts generated from the diagnostic sample of the same patient. Abbreviations and display criteria are the same as in Extended Data Fig. 2a. VAFs of the only PDV detected by ddPCR in diagnostic blasts and in various cell populations sorted directly from the remission sample of patient 9. Phylogenetic tree showing clonal relationships for patient 9. The display criteria are the same as for Extended Data Fig. 2a.


Extended Data Figure 4 Analysis of relapse origin and clonal relationships for patient 2.
VAFs of relapse variants as detected by ddPCR in various cell populations sorted directly from the diagnostic, remission, or relapse samples of patient 2, or in CD33+ myeloid cells isolated from xenografts generated from the diagnostic sample of the same patient. Abbreviations and display criteria as in Extended Data Fig. 2a. VAFs of PDVs as detected by ddPCR in diagnostic blasts and in various cell populations sorted directly from the remission sample of patient 2. Phylogenetic tree showing clonal relationships for patient 2, based on analysis of VAFs of all relapse variants, pre-leukaemic, and leukaemic mutations. The display criteria are the same as for Extended Data Fig. 2a.


Extended Data Figure 5 Analysis of relapse origin and clonal relationships for patient 8.
VAFs of relapse variants as detected by ddPCR in various cell populations sorted directly from the diagnostic, remission, or relapse samples of patient 8, or in CD19+ B or CD33+ myeloid cells isolated from xenografts (DxGFM) generated from the diagnostic sample of the same patient. Abbreviations and display criteria as in Extended Data Fig. 2a. VAFs of PDVs as detected by ddPCR in diagnostic blasts and in various cell populations sorted directly from the remission sample of patient 8. Phylogenetic tree showing clonal relationships for patient 8. The display criteria are the same as for Extended Data Fig. 2a.


Extended Data Figure 6 Analysis of relapse origin and clonal relationships for patient 10.
VAFs of relapse variants as detected by ddPCR in various cell populations sorted directly from the diagnostic, remission, or relapse samples of patient 10, or in CD33+ myeloid cells isolated from xenografts generated from the diagnostic sample of the same patient. Abbreviations and display criteria are the same as in Extended Data Fig. 2a. VAFs of PDVs as detected by ddPCR in diagnostic blasts and in various cell populations sorted directly from the remission sample of patient 10. Phylogenetic tree showing clonal relationships for patient 10. The display criteria are the same as for Extended Data Fig. 2a.


Extended Data Figure 7 Analysis of relapse origin and clonal relationships for patients 4 and 11.
a, VAFs of relapse variants as detected by ddPCR in various cell populations sorted directly from the diagnostic, remission, or relapse samples of patient 4, or in CD33+ myeloid cells isolated from xenografts (DxM) generated from the diagnostic sample of the same patient. Abbreviations and display criteria are the same as in Extended Data Fig. 2a. Phylogenetic tree showing clonal relationships for patient 4. The display criteria are the same as for Extended Data Fig. 2a. b, VAFs of relapse variants as detected by ddPCR in various cell populations sorted directly from the diagnostic or relapse samples of patient 11. Abbreviations and display criteria are the same as in Extended Data Fig. 2a. Phylogenetic tree showing clonal relationships for patient 11. The display criteria are the same as for Extended Data Fig. 2a.


Extended Data Figure 8 Analysis of relapse origin and clonal relationships for patient 12.
VAFs of relapse variants as detected by ddPCR in various cell populations sorted directly from the diagnostic, remission, or relapse samples of patient 12, or in CD19+ B or CD33+ myeloid cells isolated from xenografts generated from the diagnostic sample of the same patient. Abbreviations and display criteria are the same as in Extended Data Fig. 2a. VAFs of the PDVs as detected by ddPCR in diagnostic blasts and in various cell populations sorted directly from the remission sample of patient 12. Phylogenetic tree showing clonal relationships for patient 12. The display criteria are the same as for Extended Data Fig. 2a.


Extended Data Figure 9 ROP and ROC correlate with TCGA gene expression clusters and demonstrate distinct molecular and clinical properties.
a, Gene set enrichment analysis of ROP and ROC clusters in the Princess Margaret Cancer Centre AML and TCGA relapsed AML cohorts. Diagnosis genes were ranked from top upregulated to top downregulated (ROC versus ROP cluster), and this rank list was compared using gene set enrichment analysis with the TCGA top 150 upregulated and top 150 downregulated genes (TCGA ROC-like versus TCGA ROP-like cluster). ROC genes correlate with TCGA ROC-like genes and ROP genes correlate with TCGA ROP-like genes. b, Comparison of genetic and clinical parameters between the TCGA ROC-like and TCGA ROP-like clusters identified distinct genomic and clinical properties associated with relapse origin.


Extended Data Figure 10 AML relapse is associated with increased stemness transcriptional programs and therapy resistance.
a, b, Proportion of bulk leukaemia populations that possess gene expression profiles of undifferentiated (a) or mature myeloid (b) cells, as determined by the perturbation (PERT) deconvolution analysis using gene expression data from known normal haematopoietic cell subsets. c, Leukaemia-initiating cell (LIC) frequency as determined by limiting dilution analysis. d, Gene-expression-based therapy resistance score. For all panels, data are shown for diagnostic (blue) and relapse (red) samples of patients in the PM cohort. Patients for whom the relapse origin (ROP or ROC) was functionally established are boxed.





Supplementary information
Supplementary Table 1
Clinical characteristics of the PM AML cohort. (XLSX 11 kb)


Supplementary Table 2
Immunophenotype of the diagnostic patient samples of the PM AML cohort. (XLSX 13 kb)


Supplementary Table 3
Protein damaging variants (PDVs) in the PM AML cohort. The reference allele (Ref) and alternative allele (Alt) were determined. Variant allele frequency (VAF) from whole genome sequencing of bulk cells from diagnosis (Dx), relapse (Rel) and Dx T cells (Tc) are provided. If the mutation appeared in a gene that was recurrently mutated in AML (more than 1% mutations in the TCGA AML dataset) the mutation is marked as recurrent (Y). If the variant was described in dbSNP, the major allele frequency (MAF) of the SNP from SNP142 is noted. (XLSX 47 kb)


Supplementary Table 4
Relapse variants (RVs) in the PM AML cohort. The reference allele (Ref) and alternative allele (Alt) were determined. Variant allele frequency (VAF) from whole genome sequencing of bulk cells from diagnosis (Dx), relapse (Rel) and Dx T cells (Tc) are provided. (XLSX 525 kb)


Supplementary Table 5
Somatic variants at Dx in the PM AML cohort. (XLSX 337 kb)


Supplementary Table 6
Frequency of nucleotide substitutions for RVs and somatic variants in the PM AML cohort. (XLSX 9 kb)


Supplementary Table 7
LSC frequency determined by limiting dilution assays in xenografts. The inverse of LSC frequency as well as upper and lower estimates are provided. Samples that generated multilineage grafts composed mainly of B cells with a minor CD33+ myeloid population are shaded. (XLSX 10 kb)


Supplementary Table 8
Protein damaging variants (PDVs) and relapse variants (RVs) validated by ddPCR in the PM AML cohort. For each patient, a matrix of sorted cell populations (rows) and variants (columns) is provided. VAFs were calculated from the ddPCR reaction. For patients #2, 8, and 15, NSG-SGM3 xenograft data is also provided. For patients # 8 and 10, diagnosis variants (present in diagnosis blasts and not in relapse blasts) are also provided. The presence of FLT3-ITD was determined by PCR, and the VAF recorded as 50% if positive and 0 if negative. (XLSX 87 kb)


Supplementary Table 9
Differential gene expression between 11 diagnosis and relapse AML samples by RNA sequencing. First worksheet (RC_Dx_Rel), read counts (RC) of RNA sequencing data. Second worksheet (RC_Diff_Exp) differential gene expression by RC. Third worksheet (RPKM_Diff_Exp), RNA sequencing data by RPKM and differential gene expression. Fourth and fifth worksheets, list of genes significantly differentially expressed between the ROP and ROC clusters of the PM AML cohort. Forth (ROc), top 40 genes that are more highly expressed in the ROc cluster. Fifth (ROp) 40 genes that are more highly expressed in the ROp cluster. (XLSX 10972 kb)


Supplementary Table 10
Summary table of results from the 11 AML samples including relapse origin, clinical, genetic and engraftment data. (XLSX 10 kb)
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Relapse is frequently seen in patients with acute myeloid leukemia (AML). John Dick and colleagues now uncover the cell types from which relapse arises by following leukaemia propagation from patient-derived leukaemia samples. Surprisingly, they found that relapse can arise from two distinct leukaemia cell populations, both of which display stemness features. The first group consisted of rare leukaemia stem cells with a haematopoietic stem/progenitor cell phenotype, and the second were larger subclones of immunophenotypically committed leukaemia cells. These findings may help to better monitor and target relapse AML.
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