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            Abstract
Recurrent chromosomal translocations producing a chimaeric MLL oncogene give rise to a highly aggressive acute leukaemia associated with poor clinical outcome1. The preferential involvement of chromatin-associated factors as MLL fusion partners belies a dependency on transcription control2. Despite recent progress made in targeting chromatin regulators in cancer3, available therapies for this well-characterized disease remain inadequate, prompting the need to identify new targets for therapeutic intervention. Here, using unbiased CRISPRâ€“Cas9 technology to perform a genome-scale loss-of-function screen in an MLL-AF4-positive acute leukaemia cell line, we identify ENL as an unrecognized gene that is specifically required for proliferation in vitro and in vivo. To explain the mechanistic role of ENL in leukaemia pathogenesis and dynamic transcription control, a chemical genetic strategy was developed to achieve targeted protein degradation. Acute loss of ENL suppressed the initiation and elongation of RNA polymerase II at active genes genome-wide, with pronounced effects at genes featuring a disproportionate ENL load. Notably, an intact YEATS chromatin-reader domain was essential for ENL-dependent leukaemic growth. Overall, these findings identify a dependency factor in acute leukaemia and suggest a mechanistic rationale for disrupting the YEATS domain in disease.
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                    Figure 1: ENL is required for growth of acute leukaemia.


Figure 2: ENL degradation induces growth arrest and transcription defects genome-wide.


Figure 3: ENL degradation attenuates SEC recruitment and activity.


Figure 4: The YEATS domain is essential for ENL-dependent leukaemic growth.
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Extended data figures and tables

Extended Data Figure 1 ENL, but not AF9, is required for growth of acute leukaemia.
a, Summary of CRISPRâ€“Cas9 knockout screen results in MV4;11 cells showing the number of hits (NESâ€‰<â€‰0.1 and Pâ€‰<â€‰0.05 in both replicates) and the percentage of hits known to be essential genes. Right, top 15 hits in essential and non-essential protein-coding genes. b, Immunoblot of ENL 5 days after transduction with the indicated sgRNA. c, Immunoblot of FLT3 5 days after transduction with the indicated sgRNA. d, Competition-based CRISPRâ€“Cas9 mutagenesis in MV4;11-Cas9 cells. Percentage GFP+ subpopulation (sgRNA+) after transduction with lentiviral constructs co-expressing GFP and the sgRNA indicated. Meanâ€‰Â±â€‰s.d., nâ€‰=â€‰3. e, ENL protein expression by immunoblot of all cell lines tested for ENL-dependent growth. fâ€“j, As in d but for the cell lines and sgRNAs indicated. k, Indel quantification by TIDE (tracking of indels by sequence trace decomposition) analysis 5 days after transduction with the sgRNA indicated in MV4;11-Cas9 cells. l, As in d for the cell lines and sgRNAs indicated, nâ€‰=â€‰4 for MV4;11, nâ€‰=â€‰3 for MOLM-13.

                          Source data
                        


Extended Data Figure 2 Loss of mouse Enl has minimal impact on LSK cells.
a, Validation of sgRNA targeting mouse Enl. Indel quantification of genomic Enl locus in NIH/3T3-Cas9 cells by TIDE analysis 5 days after transduction with control Rosa26-sg (left) or Enl-sg (right). b, Mac-1 and Gr-1 myeloid marker staining of viable doxycycline-inducible Cas9-expressing LSK cells 9 days after transduction with the sgRNA indicated.


Extended Data Figure 3 Characterization of dTAG-ENL system.
a, Chemical structure of dTAG-7. b, Dose-responsive FKBP12(F36V)-ENL degradation detected by immunoblot after 16â€‰h treatment of MV4;11 (Cas9+, ENL-FKBP12(F36V)â€“HA-ENL+) cells with DMSO (âˆ’) or dTAG-7 at the indicated concentration. c, As in b, but with dTAG-13. d, Immunoblot detection of ENL-FKBP12(F36V) degradation in MV4;11 (Cas9+, ENL-FKBP12(F36V)â€“HA+) after 16â€‰h. e, Kinetic evaluation of FKBP12(F36V)-ENL degradation by dTAG-7 (500â€‰nM) in MV4;11 (Cas9+, FKBP12(F36V)â€“HA-ENL+) cells. f, Degradation of ENL-FKBP12(F36V) in MOLM-13 cells after a 4-h treatment of ENL-FKBP12(F36V)-expressing cells with dTAG-13 (500â€‰nM). g, As in f, but with NOMO-1 cells expressing ENL-FKBP12(F36V). h, As in f, but with JURKAT cells expressing ENL-FKBP12(F36V). i, Long-term kinetic evaluation of ENL-FKBP12(F36V) degradation by a single dose of dTAG-7 (500â€‰nM) in MV4;11 (Cas9+, ENL-FKBP12(F36V)â€“HA+) cells. j, As in i, but with dTAG-13 (500â€‰nM).


Extended Data Figure 4 Response to dTAG-7 and dTAG-13.
a, CRISPRâ€“Cas9 knockout of endogenous ENL in MV4;11 (Cas9+, ENL-FKBP12(F36V)â€“HA+) cells. ENL/HA immunoblot in MV4;11 (Cas9+, ENL-FKBP12(F36V)â€“HA+) (P, parental) and MV4;11 (Cas9+, ENL-FKBP12(F36V)â€“HA+, ENLâˆ’/âˆ’) cells. b, CRISPRâ€“Cas9 knockout of endogenous ENL in MV4;11 (Cas9+, FKBP12(F36V)â€“HA-ENL+) cells. c, DMSO-normalized cellular viability of MV4;11 (Cas9+, ENL-FKBP12(F36V)â€“HA+, ENLâˆ’/âˆ’) cells after 72-h treatment with dTAG-13 approximated by ATP-lite assay. Meanâ€‰Â±â€‰s.d., nâ€‰=â€‰4. d, DMSO-normalized cellular viability of MV4;11 (Cas9+, FKBP12(F36V)â€“HA-ENL+, ENLâˆ’/âˆ’) cells after 72-h treatment with dTAG-7 or dTAG-13 approximated by ATP-lite assay. Meanâ€‰Â±â€‰s.d., nâ€‰=â€‰4. e, Growth over time of MV4;11 (Cas9+, ENL-FKBP12(F36V)â€“HA+, ENLâˆ’/âˆ’) cells treated with DMSO or dTAG-13 (500â€‰nM). Total number of viable cells as approximated by trypan blue exclusion is plotted over time. Meanâ€‰Â±â€‰s.d., nâ€‰=â€‰3. f, g, As in e, but with cell line indicated at top. h, As in d, but with wild-type MV4;11 cells. i, Representative plots of BrdU incorporation used for cell cycle analysis shown in Fig. 2f.

                          Source data
                        


Extended Data Figure 5 Genomic localization of ENL and ENL-FKBP12(F36V) in MV4;11 cells.
a, Correlation of ENL and ENL-FKBP12(F36V) genomic enrichment by ChIPâ€“seq. Top, scatterplot of ENL-FKBP12(F36V) and ENL ChIPâ€“seq signal (log2 RPM per bp) at the union of all regions enriched with ENL-FKBP12(F36V) or ENL. Bottom, Venn diagram depicts the number of unique and overlapping regions of enrichment identified by ChIPâ€“seq of ENL-FKBP12(F36V) (18,294 total) and ENL (5,397 total). b, ENL binding at active enhancers. Top, rank-ordered heat map of H3K27ac, ENL-FKBP12(F36V), and ENL at H3K27ac-defined active enhancers. Rows depict a single enhancer (centred on an H3K27ac peak) and are sorted by ENL-FKBP12(F36V) signal. ChIPâ€“seq signal is depicted by scaled colour intensity. Bottom, meta plot representation of heat maps. Average read density is plotted against the distance from the enhancer centre. c, ENL binding at promoters by ChIPâ€“seq. Top, rank-ordered heat map of ChIPâ€“seq signals at ENL-FKBP12(F36V)-bound promoters, sorted by ENL-FKBP12(F36V) levels and aligned at TSS. ChIPâ€“seq signal is depicted by scaled colour intensity. Bottom, meta-plot representation of heat maps. Average read density is plotted against the distance from the TSS. H3K9ac, ENL-FKBP12(F36V) and ENL samples are also shown in Fig. 3a. dâ€“i, Correlation of ENL and ENL-FKBP12(F36V) with histone acetyl-lysine residues by ChIPâ€“seq. Scatterplot of ChIPâ€“seq signals (log2 RPM per bp) at the union of all enriched regions for the two samples indicated in each plot. j, Asymmetric localization of ENL-FKBP12(F36V). ChIPâ€“seq signal at each location is plotted against its rank among all occupied regions. Points coloured red are loci with asymmetric ENL-FKBP12(F36V) load compared to typically loaded regions shown in grey. P values determined by Pearson correlation.


Extended Data Figure 6 Genomic localization of ENL in MOLM-13 cells.
a, ENL binding at enhancers and promoters. Top, mean H3K27ac and ENL ChIPâ€“seq signal across all H3K27ac-defined active enhancers in MOLM-13 cells. Average read density is plotted against the distance from the enhancer centre. Bottom, mean H3K27ac and ENL ChIPâ€“seq signal at ENL-bound TSS regions in MOLM-13 cells. Average read density is plotted against the distance from the TSS. Dataset for H3K27ac was obtained from GEO accession GSM1652920. b, Correlation of H3K27ac and ENL genomic enrichment by ChIPâ€“seq. Scatterplot of H3K27ac and ENL ChIPâ€“seq signal at the union of all H3K27ac and ENL enriched regions genome-wide. P value determined by Pearson correlation. c, Asymmetric localization of ENL in MOLM-13 cells. ChIPâ€“seq signal at each location is plotted against its rank among all occupied regions. Points coloured red are loci with asymmetric ENL load compared to typically loaded regions shown in grey. d, Gene tracks of ChIPâ€“seq signal at examples of asymmetrically (MYB) and typically enriched (ACTB) ENL target genes.


Extended Data Figure 7 Loss of ENL disrupts SEC recruitment and activity.
a, Boxplot of DMSO-normalized fold changes in gene expression of typically enriched (grey) and asymmetrically enriched (red) ENL-FKBP12(F36V) target genes with dTAG-13 (500â€‰nM) treatment. P values from Welchâ€™s two-tailed t-test. b, c, Gene set enrichment analysis (GSEA) of DMSO-normalized gene-expression changes with 8â€‰h dTAG-13 (500â€‰nM) treatment compared to the set of asymmetrically loaded ENL (b) and ENL-FKBP12(F36V) (c) target genes. d, Boxplots of change in RNA Pol II ChIPâ€“Rx signal (RRPM) at TSS and gene-body regions of typically enriched (grey) and asymmetrically enriched (red) ENL-FKBP12(F36V) target genes after 24â€‰h dTAG-13 (500â€‰nM) treatment. P values from Welchâ€™s two-tailed t-test. e, Cumulative distribution plot of RNA Pol II travelling ratio at asymmetrically loaded ENL (left) and ENL-FKBP12(F36V) (right) target genes determined by RNA Pol II ChIPâ€“Rx after 24â€‰h DMSO or dTAG-13 (500â€‰nM) treatment. f, Waterfall plot (left) and boxplot (right) of change in AFF4 ChIPâ€“Rx signal (RRPM) at promoters (TSSâ€‰Â±â€‰5â€‰kb) of ENL-FKBP12(F36V) target genes (typically enriched in grey, asymmetrically enriched in red) after 6â€‰h dTAG-13 treatment (500â€‰nM). P value from Welchâ€™s two-tailed t-test. g, As in f, but for CDK9. h, Meta-gene representations of Pol II S2P ChIPâ€“Rx signal at ENL and ENL-FKBP12(F36V) target genes after 24â€‰h dTAG-13 (500â€‰nM) treatment. i, Gene tracks of ChIPâ€“seq signal at an example of an asymmetrically enriched ENL target gene, MEIS1.


Extended Data Figure 8 Comparison of MV4;11 response to ENL degradation and DOT1L inhibition.
a, Immunoblot for H3K79me2 after 96â€‰h DMSO, dTAG-13 (500â€‰nM), or EPZ-5676 (500â€‰nM) treatment. Bottom, semi-quantitative representation of H3-normalized H3K79me2 signal as a percentage of DMSO treatment. b, Gene track view of H3K79me2 ChIPâ€“seq signal at examples of ENL target genes (asymmetric load: MYB and MEIS1; typical load: ACTB) after 96â€‰h DMSO or dTAG13 (500â€‰nM) treatment. c, Meta gene representation of H3K79me2 ChIPâ€“seq mean read density at typically loaded (left) and asymmetrically loaded (right) ENL target genes. d, Kinetic comparison of dTAG-13 (500â€‰nM) and EPZ-5676 (500â€‰nM) on gene expression changes in MV4;11 (Cas9+, ENL-FKBP12(F36V)â€“HA+, ENLâˆ’/âˆ’) cells. Gene expression quantified by quantitative PCR with reverse transcription (qRTâ€“PCR) (Î”Î”Ct method). Studentâ€™s t-tests comparing DMSO to EPZ-5676 and dTAG-13 are in grey and red, respectively. Meanâ€‰Â±â€‰s.d., triplicate PCR analysis. e, Cell cycle analysis via propidium iodide staining of MV4;11 (Cas9+, ENL-FKBP12(F36V)â€“HA+, ENLâˆ’/âˆ’) cells treated with DMSO, dTAG-13 (500â€‰nM), or EPZ-5676 (500â€‰nM). Percentage of G1 cells were compared by two-tailed t-tests. Meanâ€‰Â±â€‰s.d., nâ€‰=â€‰3. f, Gene expression changes in MV4;11 (Cas9+, ENL-FKBP12(F36V)â€“HA+, ENLâˆ’/âˆ’) cells with combination treatments of dTAG-13 (500â€‰nM) and EPZ-5676 (500â€‰nM). Gene expression quantified by qRTâ€“PCR (Î”Î”Ct method). P values by Studentâ€™s t-test. Meanâ€‰Â±â€‰s.d., triplicate PCR analysis. g, Overlap analysis of published MLL-AF4 target genes and asymmetrically loaded ENL or ENL-FKBP12 target genes. h, Heat map of DMSO-normalized fold changes in gene expression caused by dTAG-13 (500â€‰nM) or EPZ-5676 (500â€‰nM) treatment for the indicated amount of time. Raw expression values determined by RNA-seq were cell-count-normalized by spike-in of synthetic ERCC RNA standards. dTAG-13 data are redundant with data shown in Fig. 2g. i, GSEA of DMSO-normalized gene-expression changes with dTAG-13 (500â€‰nM) or EPZ-5676 (500â€‰nM) treatment compared to MLL-AF4 target genes. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, ****Pâ€‰<â€‰0.0001. Not significant (n.s.) Pâ€‰>â€‰0.05.

                          Source data
                        


Extended Data Figure 9 Characterization of ENL YEATS mutations.
a, Sequence alignment of AF9 and ENL YEATS domains. Identical residues are highlighted in grey. Two of these residues are coloured red to denote sites in in which mutations were engineered into ENL for interrogation of YEATS function. b, Histone peptide microarray probed with lysates from 293T cells overexpressing full-length wild-type ENL, or mutants F47A or Y78A, with a 3Ã—HA epitope tag. Select residues known to be YEATS-domain substrates and showing YEATS-domain-dependent signals have been boxed in red, blue or orange. Several other spots showed high signal, but not enriched over the corresponding unmodified peptide, and not YEATS-dependent. These have not been boxed in. c, Quantification of histone peptide microarray spots containing H3K18ac or H3K27ac after probing with cellular lysates from 293T cells overexpressing wild-type or mutant 3Ã—HAâ€“ENL. Meanâ€‰Â±â€‰s.d., nâ€‰=â€‰2. d, Isothermal titration calorimetry (ITC) measurements showing wild-type ENL bound to H34â€“10K9ac in a 1:0.943 stoichiometry with binding affinity (dissociation constant, Kd) of 30.1â€‰Î¼M. Interaction was not detected with ENL Y78A. e, Subcellular localization of ENL. MV4;11 cells stably expressing 3Ã—HAâ€“ENL (wild-type, F47A or Y78A) were fractionated and probed by immunoblot. Cy, cytoplasm; N nucleoplasm; Ch, chromatin. f, Thermal stability of ENL in cells. MV4;11 cells stably expressing 3Ã—HAâ€“ENL (wild-type, F47A or Y78A) were heated to the indicated temperature to induce irreversible aggregation. Remaining soluble protein was isolated and probed by immunoblot. g, Quantification of band intensity in e showing the temperature of aggregation (Tagg). h, Immunoblot to determine expression level of exogenously expressed ENL constructs used for rescue and ChIPâ€“qPCR experiments.
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