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            Abstract
We define the chromatin accessibility and transcriptional landscapes in 13 human primary blood cell types that span the hematopoietic hierarchy. Exploiting the finding that the enhancer landscape better reflects cell identity than mRNA levels, we enable 'enhancer cytometry' for enumeration of pure cell types from complex populations. We identify regulators governing hematopoietic differentiation and further show the lineage ontogeny of genetic elements linked to diverse human diseases. In acute myeloid leukemia (AML), chromatin accessibility uncovers unique regulatory evolution in cancer cells with a progressively increasing mutation burden. Single AML cells exhibit distinctive mixed regulome profiles corresponding to disparate developmental stages. A method to account for this regulatory heterogeneity identified cancer-specific deviations and implicated HOX factors as key regulators of preleukemic hematopoietic stem cell characteristics. Thus, regulome dynamics can provide diverse insights into hematopoietic development and disease.
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                    Figure 1: Interrogation of chromatin landscapes in primary blood cells.[image: ]


Figure 2: Distal regulatory elements enable accurate classification of the hematopoietic hierarchy.[image: ]


Figure 3: Enhancer cytometry allows for deconvolution of the hematopoietic hierarchy.[image: ]


Figure 4: Integrative analysis of the hematopoietic regulome refines the transcriptional circuitry driving cell specification and enriches understanding of human disease.[image: ]


Figure 5: Acute myeloid leukemia regulomes show cooption of normal myelopoiesis.[image: ]


Figure 6: Enhancer cytometry and single-cell regulomes support a model of regulatory heterogeneity and allow for deconvolution of AML-specific biology.[image: ]


Figure 7: Early chromatin accessibility alterations in pHSCs cause defects in differentiation that correlate with adverse patient outcomes.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Validation of Fast-ATAC protocol and comparison to the original ATAC-seq protocol.
(a) ATAC-seq insert size distribution for three biological replicates of HSCs. (b,c) Enrichment of signal at annotated transcription start sites (TSSs) from Fast-ATAC data compared to DNase-seq (b) and previously published ATAC-seq (c) data using the original ATAC-seq protocol6. (d,e) The fraction of reads mapping to mitochondrial DNA (d) and the number of unique fragments in peaks per cell used in the assay (e), comparing the original ATAC-seq protocol and the Fast-ATAC protocol. Error bars in e, s.e.m. (f) Accessible chromatin landscape surrounding a constitutively accessible region of the genome. Profiles represent the union of all technical and biological replicates for each cell type. Genomic coordinates: chr. 19: 36,102,236â€“36,277,236. The y-axis scales range from 0â€“10 in normalized arbitrary units. (g,h) Reproducibility, measured by Pearson correlation of normalized counts per peak (Online Methods), for each cell type (g) and comparing technical and biological replicates (h). Error bars, 1 s.d.


Supplementary Figure 2 Sorting strategy for HSPCs.
Representative examples of sorting strategies and post-sort analysis for the seven CD34+ HSPC populations isolated in this study. Post-sort analyses represent a minimum of 100 events. Events displayed represent single-cell events for lineage-negative, live cells.


Supplementary Figure 3 Sorting strategy for differentiated lymphoid cells.
Representative examples of sorting strategies and post-sort analysis for the differentiated lymphoid cells isolated in this study. Post-sort analyses represent a minimum of 1,000 events. Events displayed represent single-cell events for lineage-negative, live cells.


Supplementary Figure 4 Sorting strategy for differentiated monocytes and erythroblasts.
Representative examples of sorting strategies and post-sort analysis for the differentiated erythroid (left) and myeloid (right) cells isolated in this study. Post-sort analyses represent a minimum of 1,000 events. Events displayed represent single-cell events from lineage-negative, live cells.


Supplementary Figure 5 Data processing pipelines.
(a,b) Data processing pipeline for ATAC-seq (a) and RNA-seq (b) data (see the Online Methods for a full description).


Supplementary Figure 6 Validation of RNA-seq and ATAC-seq using GO term enrichment analysis and motif enrichment analysis.
(a,b) GO term analyses from unique gene expression (a) and accessible peaks (b) from normal hematopoietic cells. (c) Enrichment of developmentally relevant motifs in accessible peaks using the HOMER21 motif enrichment tool.


Supplementary Figure 7 PCA and t-SNE analysis of RNA-seq and ATAC-seq data from primary human hematopoietic cells.
(a,b) PCA of RNA-seq (a) and ATAC-seq (b) data using all genes and peaks, respectively. (c,d) t-SNE analysis of RNA-seq (c) and ATAC-seq (d) data using all genes and peaks, respectively.


Supplementary Figure 8 Enhancer cytometry with CIBERSORT provides robust classification of most human hematopoietic cell types.
(aâ€“c) Leave-one-out cross-validation of CIBERSORT, comparing the predicted fraction to the synthesized (ground truth) fraction in MPPs (a), CLPs (b), and monocytes (c). For these in silico validations, one replicate of each normal cell type was excluded from use in generating the signature matrix using CIBERSORT. Random synthetic mixtures of these â€˜left-outâ€™ samples were then used to assess the ability of CIBERSORT to correctly predict cellular composition. (d) Overall classification performance of deconvolving synthesized mixtures for each hematopoietic cell type shown in Figure 3d. r squared value is derived from correlation of the CIBERSORT-predicted fraction with the synthesized ground truth fraction of 100 random permutations. (e,f) Correlation of deviation between MPPs and HSCs (e) and MPPs and CMPs (f) derived from Figure 3d. Higher correlation of observed deviations implies that the two cell types are more frequently misclassified for one another using CIBERSORT. (g) Heat map representation of all pairwise correlations for deviation as shown in e and f. Heat map color represents the r2 value from the correlation of deviation between two cell types (Online Methods). (h) Enhancer cytometry performed without manual removal of peaks corresponding to chromosome X, TSS peaks, and cancer-specific peaks shows a lower correlation with ground truth data (r2 = 0.91 as compared to r2 = 0.95 with manual curation of peaks). (i) Enhancer cytometry of DNase I hypersensitivity data using a signature matrix derived from our ATAC-seq data.


Supplementary Figure 9 Trans regulators of hematopoiesis.
(a) Summary of motif usage across hematopoiesis. The values shown represent normalized relative deviation scores. Relative deviation scores for representative transcription factor motifs are shown in Figure 4b,c. Scores are normalized by the maximum and minimum (range) across the 13 cell types assayed, such that the values shown range from 0 to 1. The range for the raw scores is shown above each column. Raw values can be found in Supplementary Table 3. (b) Unsupervised hierarchical clustering of hematopoiesis transcription factor motifs (n = 46; rows) with in vitroâ€“derived motifs (CIS-BP) (n = 806; columns). Values shown represent motif similarity using Pearson correlation (Online Methods). Boxes highlight clustered CIS-BP motifs. (c,d) Examples of individual motif PWMs from clustered motifs as in b for the GATA (c) and MEIS1 (d) hematopoiesis transcription factor motifs. The top row represents a hematopoietic TF motif and subsequent rows show similar CIS-BP motifs from the cluster analysis. (e) Histogram of all correlation values in b. A correlation cutoff of 0.8 was used to assign potential regulators to motifs. Putative hematopoietic regulators are highlighted (n = 255). (f) Correlation of motif deviation scores to gene expression changes across hematopoietic cell types for two developmentally important transcription factors, GATA1 and PAX5. Each point represents a cell type comparison (for example, HSC versus MPP). Error bars, error in the gene expression measurement, as estimated by DESeq2. (g,h) Summary list of putative transcription factor positive (g) and negative (h) regulators of hematopoiesis motifs. Motifs are listed on the left, and the names of the genes predicted to regulate that motif are listed on the right. Values represent correlation coefficients (Pearson) comparing changes in motif deviation scores to the expression of putative regulators, as shown in f and Figure 4e, only the most correlated gene is shown here; a full list of correlation coefficients and P values can be found in Supplementary Table 4.


Supplementary Figure 10 GWAS enrichments across hematopoiesis.
(a) Representative example of GWAS enrichment across tissues. Fold enrichment (see the Online Methods for description of the calculation) is calculated from increasingly stringent GWAS SNP associations within different tissues. Line color represents tissue as shown in b. (b) Hierarchical clustering of row-normalized, rank fold enrichment values (Online Methods), for all GWAS collected (n = 235) across diverse tissues. The colored dendrogram and color bar below denote GWAS enriched in blood cells. (c) Summary of GWAS deviations across hematopoiesis. Scores are normalized by the maximum and minimum (range) across the 13 cell types assayed, such that the values shown range from 0 to 1. The range for the raw scores is shown above each column. Raw values can be found in Supplementary Table 3.


Supplementary Figure 11 Characterization of leukemogenic evolution in the patient cohort.
(a) Representative sorting strategy for HSCs (green), LSCs (yellow), and blasts (orange) from a single patient with AML (SU353). HSCs are characterized immunophenotypically as CD34+CD38âˆ’CD99âˆ’TIM3âˆ’. LSCs are characterized immunophenotypically as CD34+CD38âˆ’CD99+TIM3+. Blasts are characterized as CD99+TIM3+CD45midSSChigh. Depending on the sample, blasts can be CD34+ or CD34âˆ’. (b) Preleukemic HSC purification strategies for all patients with AML analyzed by ATAC-seq and RNA-seq. Healthy bone marrow after CD34 magnetic bead enrichment is included as a normal control. (c) Mutation frequencies observed in the full patient cohort (Fig. 5a; n = 39). This cohort is biased toward samples harboring internal tandem duplications in FLT3. This lesion leads to a higher white blood cell count and, therefore, more cells to work with, making these samples more attractive. (d) Variant allele frequencies in HSCs isolated from patients with AML (n = 39) as determined by targeted amplicon sequencing to depth >500 reads. *P < 0.05, **P < 0.01, Ï‡2 test. (e,f) Principal-component analysis of RNA-seq data (e) and ATAC-seq data (f) showing the spread of AML cell types across the myelopoietic continuum. The position of each normal hematopoietic cell type is shown using cartoon cells. These normal hematopoietic cell type positions represent the average for all biological and technical replicates.


Supplementary Figure 12 Validation of enhancer cytometry in AML cell lines and primary cells by single-cell ATAC-seq.
(a) Enhancer cytometry of ATAC-seq data as shown in Figure 6a but ordered by patient instead of by AML cell type. (b) Projection of downsampled bulk hematopoiesis data onto a 2D PCA. Bulk ATAC-seq data were downsampled to give 1,000 fragments, approximately the lower bound of fragments obtained by scATAC-seq. Each dot represents an individual permutation of downsampled bulk ATAC-seq data from HSCs (green), GMPs (yellow), and monocytes (orange). Principal components were derived from bulk ATAC-seq data for normal hematopoietic cells. (c) Projection of downsampled bulk hematopoiesis data onto a one-dimensional myelopoietic differentiation trajectory. (d,e) scATAC-seq data derived from FACS-purified LMPPs (n = 94) (d) and monocytes (n = 88) (e) projected onto a 2D PCA plot. Principal components were derived from bulk ATAC-seq data for normal hematopoietic cells. (f) Enhancer cytometry of bulk ATAC-seq data derived from various blood cell lines demonstrates mixed regulatory contribution from various normal hematopoietic cell types. (g) Projection of scATAC-seq data derived from healthy monocytes, LMPPs, and leukemic cell types from patients SU070 and SU353 onto a one-dimensional myeloid differentiation trajectory. (h) Projection of scATAC-seq data derived from HL60 cells (n = 90) onto a one-dimensional myeloid differentiation trajectory. (i,j) Projection of scATAC-seq data derived from single cells of the common cell lines K562 (n = 227 total) and TF1 (n = 56) (i) and GM12878 (n = 75) (j) onto a one-dimensional erythroid (i) and lymphoid (k) differentiation trajectory. AU, arbitrary units.


Supplementary Figure 13 Analysis of the synthetic normal analog comparisons used for AML cell types.
(a) Pearson correlations derived from comparison of all peaks for AML cell types with the closest normal analog (color) and the enhancer cytometryâ€“derived synthetic normal (gray). (b) Total significant peaks observed after comparison of AML cell types to synthetic normal analogs. Significant peaks were defined as those with a log2 (fold change) value greater than 3 or less than â€“3 for comparison of AML with the closest normal or synthetic normal analog. (c) Comparison of AML cell types to synthetic normal analogs as shown in Figure 6i except reordered by patient instead of AML cell type. For each sample, the closest normal is shown with the color of the bar. The percentage of the total significant peaks that were removed by comparison to synthetic normal analogs is plotted for each sample. (d) Global epigenetic variance of AML cell types after subtraction of signal corresponding to synthetic normal analogs. Values are normalized to the maximum variance observed in Figure 5d to allow for comparison across plots.


Supplementary Figure 14 Validation of regulatory network analysis in AML cell types
(a) Mean Euclidean distance of centroids, derived by k-means clustering, of differentially accessible peaks in AML samples compared to their synthetic normal, for increasing K from 1 to 20. Mean distances across centroids stabilize after a K of 7.
(b) Expression of JUN in various normal hematopoietic cell types, pHSCs, and blasts. *P <0.05, two-tailed t-test
(c-e) The effect of JNK/ERK inhibition by (a) JNK-IN-8, (b) SP600125, and (c) SCH772984 was determined by IC50 of sorted primary AML blast cells in comparison to CD34+ HSPCs derived from umbilical cord blood. Viability was determined by flow cytometric assessment of Annexin V and DAPI.
(f) Strategy for in vitro differentiation of HSPCs down the myeloid and erythroid lineages. HSPCs are grown in defined culture media for 6 days and then analyzed for cell surface markers of stemness or differentiation. Immature cells at day 6 express CD34 and have not yet upregulated CD33.
(g) Quantitative reverse-transcriptase PCR validation of HOXA9 knockdown via shRNA. Knockdown performed in THP1 cells for 72 hours and validated with two separate primer sets.
(h,i) Fold change in the percent of (h) CD15+ granulocytes or (i) CD71+GPA+ erythroblasts between cord blood-derived CD34+ HSPCs infected with lentiviruses with non-targeting or HOXA9 shRNAs after 6 days of differentiation down the (h) myeloid or (i) erythroid lineage. ***P <0.001, ****P <0.0001 by two-tailed t-test
(j) Fold change in the percent of CD34+ HSPCs after 6 days of culture in stemness retention media (see methods) between cord blood-derived CD34+ HSPCs infected with lentiviruses with non-targeting or HOXA9 shRNAs.
(k) Burden (% of cells with mutation) of mutations in DNMT3A, TET2, IDH1/2, or other genes when detected in pre-leukemic HSC. *P < 0.05, **P < 0.01 by two-tailed t-test
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