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            Abstract
Following the discovery of BRD4 as a non-oncogene addiction target in acute myeloid leukaemia (AML)1,2, bromodomain and extra terminal protein (BET) inhibitors are being explored as a promising therapeutic avenue in numerous cancers3,4,5. While clinical trials have reported single-agent activity in advanced haematological malignancies6, mechanisms determining the response to BET inhibition remain poorly understood. To identify factors involved in primary and acquired BET resistance in leukaemia, here we perform a chromatin-focused RNAi screen in a sensitive MLL–AF9;NrasG12D-driven AML mouse model, and investigate dynamic transcriptional profiles in sensitive and resistant mouse and human leukaemias. Our screen shows that suppression of the PRC2 complex, contrary to effects in other contexts, promotes BET inhibitor resistance in AML. PRC2 suppression does not directly affect the regulation of Brd4-dependent transcripts, but facilitates the remodelling of regulatory pathways that restore the transcription of key targets such as Myc. Similarly, while BET inhibition triggers acute MYC repression in human leukaemias regardless of their sensitivity, resistant leukaemias are uniformly characterized by their ability to rapidly restore MYC transcription. This process involves the activation and recruitment of WNT signalling components, which compensate for the loss of BRD4 and drive resistance in various cancer models. Dynamic chromatin immunoprecipitation sequencing and self-transcribing active regulatory region sequencing of enhancer profiles reveal that BET-resistant states are characterized by remodelled regulatory landscapes, involving the activation of a focal MYC enhancer that recruits WNT machinery in response to BET inhibition. Together, our results identify and validate WNT signalling as a driver and candidate biomarker of primary and acquired BET resistance in leukaemia, and implicate the rewiring of transcriptional programs as an important mechanism promoting resistance to BET inhibitors and, potentially, other chromatin-targeted therapies.
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                    Figure 1: Multiplexed shRNAmir screening identifies chromatin factors that prevent resistance to BET inhibition.[image: ]


Figure 2: BET-resistant AML cells restore the transcription of key Brd4 target genes through remodelling of regulatory landscapes and pathways.[image: ]


Figure 3: Dynamic transcriptional and enhancer profiling of sensitive and resistant cancer cell lines.[image: ]


Figure 4: Wnt signalling promotes primary and acquired BET resistance in leukaemia.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Multiplexed shRNAmir screening for chromatin-associated dependencies in AML maintenance and BET resistance.
a, Scatter plot illustrating the correlation of normalized reads per shRNA at all three time points (T0, T1 and T2; top to bottom) compared to the plasmid pool in all three independent replicates (left to right). The schematic to the right illustrates the different sampling time points subjected to deep sequencing. Top hits enriched under JQ1 treatment and positive controls from the initial negative-selection screen (T1) are marked with coloured dots according to the legend on the right. b, Pooled negative-selection screening depicting changes in representation of 2,917 shRNAs during 7 days of culture. shRNA fold depletion values were calculated by dividing the number of reads after 7 days of culture (T1) by the number of reads obtained from the plasmid pool, and are plotted as the mean of three replicates in ascending order. Completely depleted shRNAs (0 reads at T1) obtained a fold depletion value of 1 × 10−3. Positive control shRNAs targeting essential genes are marked in red; negative control shRNAs are depicted in green. c, Scatter plot depicting all genes ranked by the sum of their average depletion score of all shRNAs across all three replicates. Top scoring hits were defined as genes for which at least two shRNAs showed an average depletion of eightfold after 7 days of shRNA expression and are marked in red (45 genes). d, IC50 determination for JQ1 in murine MLL–AF9;NrasG12D AML cells (RN2). Obtained numbers of viable cells per ml were normalized to DMSO (n = 3, mean ± s.e.m.). e, Table showing the top ten enriched shRNAs at T2. shRNAs targeting Suz12, Dnmt3a and Psip1 are strongly enriched in all three independent replicates. f, Relative mRNA abundance (RPKM) of shRNA target genes in JQ1-resistant leukaemia cells expressing the indicated shRNAs, plotted relative to leukaemia cells expressing Ren.713.


Extended Data Figure 2 PRC2 suppression confers resistance to JQ1.
a, Competitive proliferation assays of MLL–AF9;NrasG12D leukaemia cells transduced with pLMN constructs expressing the indicated shRNAs. Shown is the fraction of GFP+/shRNA+ cells (relative to the initial ratio) under treatment with JQ1 (50 nM) or DMSO over time (continuation from Fig. 1d). JQ1 treatment was initiated at the indicated time points (red arrow). b, Competitive proliferation assays evaluating one validated shRNA targeting Eed as an additional core component of the PRC2 complex (as in a). c, Competitive proliferation assays of Tet-on competent MLL–AF9;NrasG12D leukaemia cells expressing the indicated shRNAs from a Tet‐inducible vector (pRT3GEN-miR30). Transduced cells were selected with G418 and subsequently mixed with wild-type (wt) cells in a ratio of 95% to 5%. shRNA-expression was induced using dox treatment (1 µg ml−1; from day 0), and the fraction of GFP+ cells was measured over time and plotted relative to day 2. JQ1 treatment (50 nM) was initiated in one of the duplicate samples at the indicated time point (red arrow). Once the percentage of viable cells was below 10%, measurements were discontinued (indicated in the graph by the discontinuation of the respective sample). The negative effect induced by Suz12 suppression is reverted upon treatment with JQ1, which is not the case when Myc is suppressed. d, Bar chart showing colony-forming cell frequencies of MLL–AF9;NrasG12D leukaemia cells expressing Ren.713 or Suz12.1676 shRNAs in the presence of DMSO or 200 nM JQ1; type 1, myeloblasts; type 2, maturing myeloblasts; type 3, terminally differentiated myeloid cells (n = 3, mean ± s.e.m.). e, Pie charts depicting the fraction of JQ1-response genes which are re-expressed to the indicated extent in mouse resistant AML cells expressing shRNAs targeting Dnmt3a and Psip1 (continuation of Fig. 2b). JQ1-response genes (Fig. 2a) were grouped into four categories based on the divergence of their expression in resistant AML compared to AML expressing Ren.713 (not changed compared to expression after 24 h JQ1, less than 1.5-fold; restoration relative to DMSO control: full restoration, less than 1.5-fold; enhanced, above 1.5-fold; partial restoration, restored but less than 1.5 fold) f, Heat map showing the distribution of H3K27me3, H3K36me3 and H3K4me3 ChIP-seq peaks (fold enrichment >5 over input, FDR <1%) relative to Brd4 enhancer and promoter binding sites in MLL–AF9;NrasG12D AML cells with and without JQ1 treatment. g, ChIP-seq occupancy profiles of Brd4 and H3K27me3 and H3K36me3 chromatin marks at enhancer regions downstream of Myc and upstream of Tifab following 3 days of treatment with vehicle or JQ1 (25 nM). y axis reflects the number of normalized cumulative tag counts in each region.


Extended Data Figure 3 Changes in the regulatory landscape of BET-inhibitor-resistant mouse AML cells.
a, Global H3K27 acetylation density of Suz12.1842-expressing resistant MLL–AF9;NrasG12D leukaemia cells under long term (LT) treatment with 50 nM JQ1 (red bar), after 4 days of drug withdrawal (orange bar) and in Ren.713 controls (blue bar; statistical significance determined using Student’s t-test). b, Left panel, sorted fold change (FC) ratios of H3K27ac peaks in long-term JQ1-treated MLL–AF9;NrasG12D leukaemia cells expressing Suz12.1842 compared to cells expressing Ren.713 control shRNA. Included were all peaks showing > 10 reads per million in at least one condition. Right panel, top 15 gained peaks and their associated genes (defined using the closest transcription start site, TSS). The Myc proximal enhancer in the first intron of Pvt1 is highlighted in red as one of the most differentially enriched peaks (FC = 4.18). c, qRT–PCR validation of presented H3K27ac ChIP-seq at the indicated regions downstream of the Myc locus (n = 3, mean ± s.e.m., statistical significance determined using Student’s t-test). d, Gene set enrichment analysis plots of three publicly available gene sets associated with signalling pathways comparing expression changes in resistant MLL–AF9;NrasG12D AML cells induced by suppression of PRC2 complex members, compared to control cells expressing Ren.713 shRNA (n = 2) or empty vector (continuation of Fig. 2e, f). e, Core signature genes of KEGG-curated Wnt and TGF-β gene sets with increased expression in resistant murine MLL–AF9;NrasG12D cells, compared to sensitive cells. Red coloured bars indicate association with H3K27 methylation in JQ1-sensitive MLL–AF9;NrasG12D AML cells. f, H3K27 methylation density at three exemplified genes with high expression changes in JQ1-resistant murine AML.


Extended Data Figure 4 Resistant MLL–AF9;NrasG12D AML cells generated through Suz12 suppression are not enriched for LSC-associated surface markers or expression signatures.
a, Immunophenotyping of JQ1-resistant mouse AML cells expressing two independent Suz12 shRNAs stably cultured in 50 nM JQ1 for more than 4 weeks (LT) compared to cells expressing Ren.713 control shRNA. Data are representative of two independent biological replicates. b, Percentage of c-Kit+ cells in CD45.2+ bone marrow cells isolated from terminally diseased CD45.1+ mice following transplantation with MLL–AF9;NrasG12D cells expressing Ren.713 or Suz12.1676 and in vivo treatment with DMSO carrier or JQ1 (50 mg kg−1 per day) (n = 5, mean ± s.e.m.). c, Gene set enrichment analysis evaluating changes in macrophage and LSC gene signatures in resistant MLL–AF9;NrasG12D AML expressing three PRC2 shRNAs compared to cells expressing Ren.713 shRNA (n = 2) or empty vector (see also Fig. 2e, f).


Extended Data Figure 5 Comparison of JQ1-response genes in sensitive and resistant cancer cell lines.
a, JQ1 sensitivity profiling in 246 human cancer cell lines of different tissue contexts. Shown are GI50 values determined using Alamar blue staining after 72 h. b, Principal component analysis of steady-state transcriptomes (based on RPKM) and c, transcription changes (based on fold change, FC) following 2 h of JQ1 treatment (200 nM) in indicated sensitive and resistant cancer cell lines of different tissue context. Steady-state profiles cluster based on tissue context, while neither baseline nor dynamic expression analysis can accurately distinguish sensitive and resistant contexts. d, MYC mRNA levels (RPKM) at different time points after JQ1 treatment (200 nM) in indicated cell lines, relative to levels in DMSO-treated cells. Individual cell line pairs are grouped for their tissue context and coloured according to their sensitivities (green, sensitive; red, resistant). e, Number of genes twofold up- or downregulated upon JQ1 treatment (200 nM) after 2 h and 24 h (minimum expression >3 RPKM). f, Pairwise overlap of commonly up- or downregulated genes after 2 h of JQ1 treatment (200 nM) relative to DMSO control. Each cell colour corresponds to the relative number of commonly up- or downregulated genes in the cell lines listed in the respective row and column. The total number of genes regulated per cell line is indicated in black next to each cell line. Only little overlap is observed between cell lines of the same tissue context as well as between JQ1-sensitive or -resistant cell lines.


Extended Data Figure 6 shRNA-based analysis of BRD2/3/4-dependent target genes and detailed analysis of effects on HEXIM1 and MYC transcription in different cell lines.
a, Determination of knockdown levels of a set of BRD2, BRD3 and BRD4 shRNAs determined using an established fluorescence-based shRNAmir reporter assay11. Knockdown levels were quantified relative to Ren.713 control shRNA. b, Competitive proliferation assays in MOLM-13 cells functionally evaluating the potency of BRD2, BRD3 and BRD4 shRNAs over time using a Tet‐regulated vector (pRT3GEN) in presence of doxycycline. Only shRNAs targeting BRD4 induce a proliferative disadvantage and lead to rapid depletion of GFP+ cells over time. Red labels indicate most potent shRNAs based on results obtained from reporter and competitive proliferation assay. c, Determination of BRD2, BRD3 and BRD4 mRNA levels in K-562 and MOLM-13 cells expressing the indicated shRNA. d, Number of genes commonly up- or downregulated with a fold change (FC) >3 in MOLM-13 or K-562 cells following expression of indicated validated shRNAs or treatment with 200 nM JQ1 for 24 h. JQ1-induced expression changes show the largest overlap with cells expressing a validated BRD4 shRNA, suggesting that suppression of BRD4 is the key effector mechanism of JQ1 in leukaemia. e, Venn diagrams showing the overlap of genes commonly up- or downregulated following 2 h and 24 h of JQ1 either in all contexts, or specifically in sensitive or resistant leukaemias. f, HEXIM1/Hexim1 expression (RPKM) in all 18 analysed human cell lines and murine MLL–AF9;NrasG12D AML cells after 2 h and 24 h treatment with 200 nM JQ1, compared to DMSO control (statistical significance was determined using a paired Student’s t-test). g, Relative MYC mRNA levels determined by qRT–PCR quantification in the indicated cell lines after incubation with 200 nM JQ1 measured at different treatment time points. Cell lines are grouped according to their sensitivity and the respective IC50 is presented below. Resistant cell lines rapidly restore MYC transcription (n = 3, mean ± s.e.m.).

                          Source data
                        


Extended Data Figure 7 Dynamic STARR-seq analysis of enhancer activity in K-562 cells.
a, Schematic representation of the STARR-seq cloning and screening strategy in K-562 cells. BACs available for the extended MYC locus (covering approximately 91% of a 3.1 Mb region at the MYC locus) and 25 genic control BACs were fragmented and cloned into a modified STARR-seq vector containing a minimal MYC promoter. This library was then screened for enhancer activity using STARR-seq in K-562 cells with or without 250 nM JQ1. The schematic shows the underlying principle of STARR-seq: a bona fide enhancer can activate its own transcription from a minimal MYC promoter. Messenger RNA corresponding to active enhancer elements will therefore become more abundant among the cellular RNA compared to inactive fragments. b, PVT1 mRNA levels (RPKM) at different time points after JQ1 treatment (200 nM) in indicated cell lines, relative to levels in DMSO-treated cells. PVT1 expression is generally reduced upon JQ1 treatment indicating no association with enhancer activation.


Extended Data Figure 8 Analysis and functional validation of Wnt signalling as a key driver of BET resistance.
a, Protein levels of TCF4 and IGF2BP1 in K-562 cells transduced with pRT3GEN expressing indicated shRNAs after 7 days of doxycycline treatment, compared to Ren.713 and wild-type (wt) control samples. b, Competitive proliferation assay of JQ1-sensitive MOLM-13 cells expressing GFP-linked TCF4 cDNA or empty vector. Plotted is the relative fraction of GFP+ cells 72 h after JQ1 treatment using the indicated doses (n = 3, means ± s.e.m., ***P < 0.001; **P < 0.01; *P < 0.05 as determined by Student’s t-test). Cells overexpressing TCF4 exhibit a dose-dependent competitive advantage under JQ1 treatment. c, Protein levels of TCF4 after overexpression of TCF4 cDNA subcloned into pMSCV-PGK-NeoR-IRES-GFP in MOLM-13 after 4 weeks of G418 (0.5 mg ml−1) selection, compared to MOLM-13 transduced with empty control vector and to TCF4 protein levels in K-562 cells. d, ChIP qRT–PCR analysis of TCF7L2 binding to AXIN2, SP5, MYC promoter and the PVT1 enhancer element in K-562 cells at indicated time points after treatment with 200 nM JQ1 (n = 2 biological replicates, mean ± s.e.m.). TCF7L2 binding increases gradually over time at promoters of Wnt target genes and the PVT1 enhancer at the MYC locus. e, Protein levels of Apc in 3T3 murine fibroblast cells 7 days after infection with the indicated shRNAs cloned into pLMP compared to Ren.713 and wild-type control samples. f, Relative Axin2 mRNA expression levels, determined by qRT–PCR normalized to B2m, after expression of the indicated shRNAs targeting Apc. g, Competitive proliferation assays of MLL–AF9;NrasG12D leukaemia cells transduced with pLMP constructs expressing shRNAs targeting Apc, in combination with JQ1 (50 nM) or DMSO over time (continuation from Fig. 4d). h, Top, bioluminescent imaging of mice transplanted with 1 × 105 MLL–AF9;NrasG12D leukaemia cells expressing constitutively active Ctnnb1 (Ctnnb1.4x). Treatment with JQ1 (50 mg kg−1 per day) or DMSO carrier started at day 1 after injection. Bottom, Kaplan–Meier survival curves of control and JQ1-treated mice demonstrate decreased survival rates in mice treated with JQ1 (n = 5). Statistical significance was calculated using the log-rank test. i, Competitive proliferation assays of BCR/ABLp210;p53−/− and MLL/ENL;NrasG12D leukaemia cells transduced with constitutively active Ctnnb1 (Ctnnb1.4x) or empty vector control in the absence or presence of JQ1. Measurements started 4 days after transduction together with JQ1 treatment (50 nM). Shown is the fraction of GFP+ cells (relative to initial) over time.


Extended Data Figure 9 Wnt signatures are generally associated with BET resistance and Wnt activation drives resistance of pancreatic cancer models.
The BETi_Resistance_Rathert signature was defined by combining the core enriched genes from the two significant Wnt gene sets (KEGG_WNT_SIGNALING and ST_WNT_SIGNALING) in murine resistant AML, filtered for significant upregulation (DESeq padj <0.1). These were combined with the Wnt-associated genes found differentially expressed in resistant human leukaemia cell lines and primary patient samples, resulting in a total of 26 genes. a, Left, microarray expression data of all 26 signature genes was curated from the Cancer Cell Line Encyclopedia (CCLE)28 and normalized to the geometric mean of each individual gene throughout all samples (relative expression). The sum of the relative expression of all genes (resistance index) was plotted for all CCLE cell lines showing a GI50 > 450 nM (resistant, 54 total) or a GI50 < 150 nM (sensitive, 55 total) based on our sensitivity profiling (statistical significance was determined using Student’s t-test). Right, gene set enrichment analysis plot comparing the expression of 26 signature genes associated with JQ1 resistance across 54 resistant (GI50 > 450 nM) and 55 sensitive cell lines (GI50 < 150 nM) available from CCLE. b, Left, as in a the resistance index was calculated as the sum of relative expression values of all 26 signature genes, which were based on RPKM extracted from an independent RNA-seq data set27. Plotted are all 49 resistant (GI50 > 450 nM) and all 50 sensitive (GI50 < 150 nM) cell lines analysed in both sensitivity profiling and RNA-seq27 (statistical significance determined using Student’s t-test). Right, gene set enrichment analysis plot comparing the expression of 26 signature genes associated with JQ1 resistance across 49 resistant (GI50 > 450 nM) and 50 sensitive cell lines (GI50 < 150 nM) available from ref. 27. c, Competitive proliferation assays of murine pancreatic adenocarcinoma (KRPC2) cells transduced with pLEPC constructs expressing potent validated shRNAs targeting Apc, cultured in the presence of JQ1 (800 nM) or DMSO. Shown is the relative number of mCherry+ cells over time, relative to initial. d, Cell viability of murine KRPC2 was determined following 5 days of treatment with pyrvinium and/or JQ1 as indicated (n = 3, mean ± s.e.m., statistical significance determined using Student’s t-test). The combination index (CI) for drug combinations was calculated using the CompuSyn software and percentage inhibition (fraction affected, Fa) resulting from combined action of the two drugs versus effects of either drug alone. CI values <1.0 indicate synergism of the two agents. e, As in d, cell viability was determined for human ASPC-1 pancreatic cancer cells following 5 days of treatment with pyrvinium and/or JQ1 as indicated (n = 3, mean ± s.e.m., statistical significance determined using Student’s t-test). The combination index for drug combinations was obtained using percentage inhibition (fraction affected, Fa) resulting from combined action of the two drugs versus effects of either drug alone.


Extended Data Figure 10 Expression analysis of Wnt-associated genes in primary AML patient samples.
a, Determination of JQ1 response profiles in 12 primary AML patient samples. Sensitivity was determined using 3H-thymidine uptake across different JQ1 concentrations. b, qRT–PCR analysis of mRNA levels of additional Wnt-associated genes in primary human leukaemia samples relative to GAPDH (continuation of Fig. 4g). Patient groups with low JQ1 IC50 (<200 nM, blue dots) were compared to patients with high IC50 (>500 nM, red dots). Statistical significance was determined using a Student’s t-test. c, Definition of a JQ1 resistance index. Expression of HOXB4, TCF4 and CCND2 in each primary AML patient sample was normalized to the geometric mean of all samples. The sum of these relative expression values of all three genes were added up to a resistance index, which was plotted in comparison to the JQ1 IC50 of each sensitive (IC50 < 200 nM, blue dots) and resistant (IC50 > 500 nM, red dots) AML patient sample. Two-tailed Pearson correlation coefficient r and P value are shown.
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Emergence of resistance to BET inhibitors
BET inhibitors that target bromodomain chromatin readers such as BRD4 are being explored as potential therapeutics in cancer. Two papers published in this issue of Nature identify mechanisms that may be involved in resistance to BET inhibition in models of leukaemia. In an MLL–AF9 model, Mark Dawson and colleagues find that resistance emerges from leukaemic stem cells and is, in part, a consequence of increased Wnt signalling. Johannes Zuber and colleagues find that suppression of the PRC2 complex renders acute myeloid leukaemia cells resistant to BET inhibition by rewiring the transcriptional regulation of BRD4 target genes such as MYC. Wnt signalling is also implicated as a key driver of resistance.
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