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            Abstract
Myeloid malignancies, including acute myeloid leukaemia (AML), arise from the expansion of haematopoietic stem and progenitor cells that acquire somatic mutations. Bulk molecular profiling has suggested that mutations are acquired in a stepwise fashion: mutant genes with high variant allele frequencies appear early in leukaemogenesis, and mutations with lower variant allele frequencies are thought to be acquired later1,2,3. Although bulk sequencing can provide information about leukaemia biology and prognosis, it cannot distinguish which mutations occur in the same clone(s), accurately measure clonal complexity, or definitively elucidate the order of mutations. To delineate the clonal framework of myeloid malignancies, we performed single-cell mutational profiling on 146 samples from 123 patients. Here we show that AML is dominated by a small number of clones, which frequently harbour co-occurring mutations in epigenetic regulators. Conversely, mutations in signalling genes often occur more than once in distinct subclones, consistent with increasing clonal diversity. We mapped clonal trajectories for each sample and uncovered combinations of mutations that synergized to promote clonal expansion and dominance. Finally, we combined protein expression with mutational analysis to map somatic genotype and clonal architecture with immunophenotype. Our findings provide insights into the pathogenesis of myeloid transformation and how clonal complexity evolves with disease progression.
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                    Fig. 1: Single-cell DNA sequencing of patients with myeloid malignancies.[image: ]


Fig. 2: Elucidation of clonal dominance and co-mutation by single-cell DNA sequencing.[image: ]


Fig. 3: Identification of initiating mutations and clonal expansion through assessing optimal genetic trajectories.[image: ]


Fig. 4: Simultaneous single-cell DNA and cell-surface protein expression sequencing.[image: ]
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Raw data are available on dbGAP (accession number phs002049.v1.p1) in the form of loom files and FASTQ files for each sample.



Code availability
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Extended data figures and tables

Extended Data Fig. 1 Single-cell DNA-sequencing patient cohort.
a, Oncoprint of patient samples analysed by scDNA-seq. b, Table describing patient cohort characteristics. Standard deviation calculated for mean age of patients at sample collection date. Absolute number of samples denoted with percent of total samples in parentheses. c, Number of individual mutations identified for each gene covered on our custom amplicon panel by scDNA-seq (nÂ =Â 146 biologically independent samples for câ€“f). Genes are ranked by the number of identified protein coding mutations from highest to lowest. Genes with zero identified mutations are not listed. d, Number of patients with protein coding mutations in a given gene. Genes are ranked by decreasing number of patients identified with mutations. e, Number of patients with a given number of identified mutant genes via single-cell sequencing. f, Number of patients with a given number of identified protein altering variants via single-cell sequencing. g, Correlation of bulk sequencing SNV data VAF versus single-cell SNV data VAF from MSKCC samples. Statistical significance was calculated by Pearson correlation coefficient. h, Violin plot of computed VAF from scDNA-seq for mutations found in both scDNA-seq and in bulk sequencing (identified; red), or mutations only identified in scDNA-seq (missed; blue) (top panel). Samples identified by scDNA-seq only were found to be low VAF mutations (PÂ <Â 2.2Â Ã—Â 10âˆ’16; two-sample Mannâ€“Whitney test). Bar plot of the number of new mutations in each sample identified by scDNA-seq only (bottom panel).


Extended Data Fig. 2 Analysis of clonal architecture by disease type and gene mutation.
a, scDNA-seq data processing and analysis workflow. FASTQ sequencing files for each sample were uploaded and processed through Mission Bio Tapestri Insights platform for variant calling and cell finding (Commercial Platform). Included samples for further analysis harbouredÂ â‰¥Â 1 variant which leads to a protein sequence change (non-synonymous/insertion/deletion) and included 50 cells with definitive genotyping for all protein coding variants within the sample (nÂ =Â 146). This data was used for analysis in Fig. 1. Clones present in each sample were identified and samples removed if they contained less than 2 clones for clonal analysis studies. Samples were subjected to random resampling of cells using a bootstrapping approach to identify the stability of identified clones (nÂ =Â 132). Following bootstrapping, clones with lower 95% confidence intervals <10 were removed as were variants identified only within those clones. Samples which harboured only 1 variant or presented with <2 clones after bootstrapping analysis were removed (nÂ =Â 111). The number of samples at each step of processing is shown below the different steps of the workflow. b, Number of mutations in the most dominant clone identified in each sample (nÂ =Â 111 biologically independent samples) stratified by cohort. Mean value for each cohort shown by height of bar with standard error of measurement (SEM) depicted with error bars. A two-sided t-test with FDR correction was used to determine statistical significance pairwise between all groups. For clarity, only significant P values referenced in theÂ text are shown. *PÂ <Â 0.1; **PÂ <Â 0.01; ***PÂ <Â 0.001. c, Association between clone size and the number of mutant alleles in the clone. Every clone (nÂ =Â 111 biologically independent samples) identified in clinical cohort is depicted by black circle. Centre line: median; box: IQR; whiskers 1.5Â Ã—Â IQR. d, BarÂ plot depicting the prevalence of dominant clones for each DTAI gene across patient cohorts. Colour of bar plot annotates if mutation occurs in the dominant clone (red) or subclone (grey). Absence of bar denotes no clones were identified with the indicated mutation in a given cohort. e, Association of VAF with presence of mutation in either the dominant clone (red) or subclone (grey) for select genes (nÂ =Â 101 biologically independent samples). Standard error of measurement depicted with error bars. A two-sided t-test with FDR correction was used to determine statistical significance pairwise between all groups. *PÂ <Â 0.1; **PÂ <Â 0.01; ***PÂ <Â 0.001. Absence of P value for IDH2 and JAK2 due to lack of samples with subclonal mutations. f, Pairwise interaction matrix of mutually exclusive (red square) and inclusive (blue square) on a per-sample basis. Pairwise interactions with no colour did not garner a significant P value.


Extended Data Fig. 3 Clonal dominance, initiating mutation, and co-mutation patterns in patients with myeloid malignancies.
a, Upset plot of co-occurring DTAI mutations in CH samples with more than one DTAI variant. Bar graph (top panel) depicts the number of samples with each mutant gene(s) and colour of bar annotating whether mutation(s) occur in the dominant clone (red) or subclones (grey). Black circles and connecting line in bottom panel demark the combination of mutations in each corresponding bar plot. b, Divergent frequency of co-mutated cells for epigenetic modifier genes (red) and signalling genes (blue). Individual samples (nÂ =Â 6 samples) shown with black square. Centre line: median; box: IQR; whiskers 1.5Â Ã—Â IQR. A two-sided Studentâ€™s t-test was used to determine statistical significance *PÂ <Â 0.1; **PÂ <Â 0.01; ***PÂ <Â 0.001. c, Fraction of mutant samples harbouring a homozygous mutation for the indicated given gene (at least >10% of cells). Homozygous sample denoted in blue. d, Correlation of VAF computed by scDNA sequencing to fraction of a mutant sample explained by the genetic trajectory starting with an initiating mutation in a given gene. Genes used as the initiating mutation for a given sample are denoted by colored squares (colours described in figure). Statistical significance calculated by Spearmanâ€™s rank correlation coefficient test (Ï�Â =Â 0.93; PÂ â‰¤Â 2.2 Ã— 10âˆ’16). e, Number of samples where a monoallelic clone for a given gene is observed. Dark blue denotes total number of mutant samples where single-mutant clone is present for a given gene and grey represents mutant samples where single-mutant clone is unobserved. f, Number of DNMT3A mutant samples where single-mutant clones are observed (red) or unobserved (grey) with samples categorized by DNMT3A R882 hotspot mutations, nonsense mutations, or missense mutations. A two-sided Fisherâ€™s exact test was used to determine statistical significance (PÂ â‰¤Â 0.04) between DNMT3AR882 and other missense mutations. g, Differences in dominant and subclone size in DNMT3A mutant samples (nÂ =Â 61 biologically independent clones). Fraction of sample in the dominant clone or subclone(s) for DNMT3A nonsense (red), R882-missense (green), and non-R882 missense (blue) mutations shown. Centre line: median; box: IQR; whiskers 1.5Â Ã—Â IQR. Each mutant clone denoted by black square. A two-sided t-test correction was used to determine statistical significance pairwise between all groups. For clarity, only significant PÂ values referenced inÂ the text are shown. *PÂ <Â 0.1. h, As in Fig. 3e, fraction of sample in single- and double-mutant clones in DNMT3A/IDH2 mutant samples. Each sample is indicated by a connecting line, absence of a line for single mutants indicates absence of clone.


Extended Data Fig. 4 Clonal evolution in patients with myeloid malignancies.
a, Paired samples from patients (nÂ =Â 6) that underwent MPN to AML transformation were analysed. Samples with significant changes in clonal architecture or clonal sweeps were evaluated using a two-sided two proportions z-test; ***PÂ <Â 0.001. Sample A (red) denotes the MPN sample and sample B (blue) denotes the AML sample. Clonotype plot depicts the frequency of a clone with given genotype in Sample A and B ranked by decreasing frequency based on Sample A (top panel). HeatÂ map (bottom panel) shows the genotype of each identified protein coding mutation in the given clone with zygosity (wildÂ typeÂ =Â light pink, heterozygousÂ =Â orange, homozygousÂ =Â red). Paired samples MSK75/76 are highlighted in Fig. 3f. b, Clonal sweeps, or significant clonal architecture alterations, following gilteritinib therapy of FLT3-mutant patients (nÂ =Â 3). Line graphs for each pair of samples depict individual clones and the change in clone frequency between pre- (left) and post- (right) therapy samples. Clones harbouring FLT3 mutations (red), RAS mutations (blue), or wild-type (WT) clones (light blue) are significantly altered after gilteritinib therapy in each patient. FLT3ï»¿â€“RAS mutations (orange) and clones harbouring additional mutations (Other; grey) are also included. Statistical significance was assessed using a two-sided two proportions z-test; ***PÂ <Â 0.001 (a, b). c, As in a, clonotype plot of paired sample (nÂ =Â 1 sample/time point) from a patient withÂ AML (MSK95/96)Â who underwent gilteritinib therapy: sample A (red, pre-therapy) and sample B (blue, post-therapy).


Extended Data Fig. 5 Contribution of clonal haematopoiesis mutations to mature cell lineages.
Bar graphs of the mutant cell percentage found in myeloid (CD11b high; green), B (CD19 high; orange), and T (CD3 high; purple) cells in samples from patients with CH. DNMT3A and/or TET2 mutations found in each sample are listed above each graph. Double-mutant samples are shown on the left and single-mutant samples are depicted on the right.


Extended Data Fig. 6 Simultaneous molecular and immunophenotypic profiling of samples from patients withÂ AML.
a, UMAP plot of MSK54 with cells clustered by immunophenotype. Genotype (wild typeÂ =Â grey; DNMT3AÂ =Â red; IDH2Â =Â green; DNMT3A/IDH2 double mutantÂ =Â blue) overlaid onto each cell. b, UMAP from a with protein expression (high expressionÂ =Â red; low expressionÂ =Â blue) for each of the six antibody targets (CD3, CD11b, CD34, CD38, CD45RA, CD90) overlaid onto each cell. Relative protein expression is normalized across individual samples by CLR. c, Immunophenotype changes based on co-occurring mutations in clones. HeatÂ map of normalized protein expression of CD34 (top panel) and CD11b (bottom panel) in DNMT3A and IDH1/2 single-mutant clones versus DNMT3A and IDH1/2 mutant clones with co-occurring NRAS or FLT3 mutations. High protein expression depicted in red and low protein expression depicted in blue.


Extended Data Fig. 7 Clonal architecture analysis using single-cellÂ DNA+Protein sequencing of select AML samples.
Samples shown have significant differences in community representation between the dominant clone and subclones further discussed in Extended Data Fig. 8. MSK71 (depicted with ***) is highlighted in Fig. 4câ€“f. Clonotype plot depicts the number of cells identified with a given genotype and ranked by decreasing frequency (top panel). Mean cell counts for each clone are depicted with 95% confidence intervals derived from random resampling analysis. HeatÂ map (middle panel) shows the genotype of each identified protein coding mutation in the given clone with zygosity (wildtypeÂ =Â light pink, heterozygousÂ =Â orange, homozygousÂ =Â red). HeatÂ map of the relative protein expression for each cell-surface protein (nÂ =Â 7) in each identified clone (purpleÂ =Â high expression; greenÂ =Â low expression).


Extended Data Fig. 8 Neighbourhood analysis of all single-cell DNA+Protein AML samples.
a, Divergences in cell-surface protein expression of CD34, CD38, CD11b, and CD45RA determined by presence of signalling effector mutation. Density plots of cells from MSK71 (further detailed in Figure 4câ€“f and Extended Data Figure 7) of DNMT3A mutant cells (yellowÂ =Â single-mutant) with co-occurring FLT3 (black), KRAS (orange), or NRAS (light blue) mutations. Concentration of cells with a given immunophenotype depicted by the density of lines. b, UMAP plot of samples (nÂ =Â 17) analysed by DNA+Protein single-cell sequencing with cells clustered by cell-surface protein expression of 6 antibody targets (CD3, CD11b, CD34, CD38, CD45RA, CD90). Cells from the same sample are denoted with same colour. c, Neighbourhood analysis of all samples from UMAP from b with communities of cells identified by neighbourhood analysis in overlaid colours.


Extended Data Fig. 9 Clone- and gene- specific alterations to cell-surface protein expression and community representation in AML samples.
a, Column normalized heatÂ map of cell-surface protein expression for each community identified in phenoGraph analysis on UMAP from Extended Data Figure 8b, c. Expression is depicted by colour with blue being low expression and red annotating high expression. b, Community representation changes across all samples (nÂ =Â 14) in the wild type, the dominant clone, and all subclones. The fraction of each sample within each community is shown with communities depicted by corresponding colour. Samples without communities shown for wild-type cells were found to not have any wild-type cells present in analysis. Changes in immunophenotype due to community representation changes for samples MSK94 (PÂ â‰¤Â 9.95 Ã— 10âˆ’3) and MSK130 (PÂ â‰¤Â 2.45 Ã— 10âˆ’8) are highlighted in c. A two proportions z-test for each sample was used to determine statistical significance between dominant clone communities and communities present in subclone ***PÂ <Â 0.001. c, Cell-surface protein expression of CD11b, CD34, and CD38 between dominant clone (red) and subclones (black) in an FLT3-ITD mutant sample (MSK130; right panel; nÂ =Â 2274 total cells) and JAK2 mutant sample (MSK94; left panel; nÂ =Â 6012 total cells). Each error bar represents a distinct community that is significantly expanded or contracted, (error bar indicatesÂ Â±Â standard error of measure, from the mean expression of indicated protein in a given community). A Studentâ€™s t-test was used to determine statistical significance *PÂ <Â 0.1; **PÂ <Â 0.01; ***PÂ <Â 0.001.
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