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            Abstract
The histone acetyl reader bromodomain-containing protein 4 (BRD4) is an important regulator of chromatin structure and transcription, yet factors modulating its activity have remained elusive. Here we describe two complementary screens for genetic and physical interactors of BRD4, which converge on the folate pathway enzyme MTHFD1 (methylenetetrahydrofolate dehydrogenase, cyclohydrolase and formyltetrahydrofolate synthetase 1). We show that a fraction of MTHFD1 resides in the nucleus, where it is recruited to distinct genomic loci by direct interaction with BRD4. Inhibition of either BRD4 or MTHFD1 results in similar changes in nuclear metabolite composition and gene expression; pharmacological inhibitors of the two pathways synergize to impair cancer cell viability in vitro and in vivo. Our finding that MTHFD1 and other metabolic enzymes are chromatin associated suggests a direct role for nuclear metabolism in the control of gene expression.
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                    Fig. 1: A genetic screen identifies MTHFD1 as a functional partner of BRD4.[image: ]


Fig. 2: BRD4 recruits MTHFD1 to chromatin.[image: ]


Fig. 3: MTHFD1 regulates transcription by binding BRD4-occupied chromatin.[image: ]


Fig. 4: Effects of MTHFD1 loss on nuclear metabolite composition.[image: ]


Fig. 5: BET bromodomain inhibitors synergize with antifolates to impair cancer cell growth.[image: ]
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Supplementary Fig. 1 Characterization and validation of REDS BRD4 reporter clones.
a, Representative FACS panels showing REDS1, REDS2, REDS3 and REDS4 cells treated with 0.5 μM (S)-JQ1; an equal volume of DMSO was used as control. Shown are representative data from three biological replicates for each experimental condition. b, Representative cell cycle profiles evaluated by PI-staining and DNA content analysis by FACS. REDS1, REDS3 and REDS4 cells are compared to haploid WT-KBM7 (green profile). Three biological replicates were done for each experimental condition. c, Metaphase chromosome spreads in REDS clones. Nuclei were stained with DAPI; scale bar 10 μm. Three biological replicates were done for each experimental condition. d, Representation of the RFP integration site. RFP (red bar) is inserted in the antisense direction at chromosome 6 (chr6:20,520,542-20,588,419), in the first intron of the CDKAL1 gene (sense direction). e, Representative fluorescence in situ hybridization (FISH) images in REDS1 cells. RFP probe (red dots) stains the RFP insertion. DAPI (grey signal) was used to stain the nucleus. Yellow dashed lines mark nuclear perimeter. Scale bar 10 μm. The experiment was repeated three times with similar results. f, Representative live cell images of REDS1 treated with 1 μM (S)-JQ1 for 24 hours; an equal volume of DMSO was used as control. RFP expression is shown in red; Scale bar 100 μm. The experiment was repeated three times with similar results. g, Upper panel: BRD1, BRD2, BRD3, BRDT and BRD4 expression assessed by RT-PCR following shRNA-mediated downregulation of the respective protein in REDS1 cells. Two biological replicates were done for each experimental condition. Lower panel: Quantification of RFP positive cells from live images of BRD1, BRD2, BRD3, BRDT or BRD4 downregulated REDS1 cells. Two biological replicates were done for each experimental condition.


Supplementary Fig. 2 Mapping of gene trap integrations and validation of MTHFD1.
a, Representation of the gene-trap integration sites mapped on MDC1 and MTHFD1 genes. Red arrows indicate sense insertions; blue arrows indicate antisense insertions. b, Western Blot for MTHFD1 protein levels after downregulation with the indicated shRNAs in REDS3. Tubulin was used as loading control. The experiment was repeated twice with similar results. c, Validation of MTHFD1 in an alternative REDS clone described previously (Sdelci, S. et al. Mapping the chemical chromatin reactivation landscape identifies BRD4-TAF1 cross-talk. Nat Chem Biol 12, 504-10 (2016)). Quantification of RFP positive cells from live-cell imaging pictures of REDS3 cells treated with MTHFD1 shRNA. Two biological replicates were done for each experimental condition. d, Representative live-cell images of MTHFD1 knock down in REDS3 cells. RFP signal is shown in red; scale bar 100 μm.


Supplementary Fig. 3 MTHFD1 interacts with BRD4.
a, Analysis of BRD4 and MTHFD1 abundance from interaction proteomics screen. b, Western blot showing GFP pull-down from HEK293T whole-cell extracts overexpressing GFP-MTHFD1 or GFP alone. Tubulin was used as loading control. The experiment was repeated twice with similar results. c, Western blot showing BRD4 pull-down from HeLa whole-cell extracts The experiment was repeated twice with similar results. d, Immunoprecipitation of MTHFD1 from the chromatin-bound fraction of HAP1 cells. BRD4 is validated as interactor by western blot and mass-spectrometry based proteomics. e, Network of Gene Ontology enrichment of all MTHFD1 interactors reveals gene expression and RNA processing as most enriched terms. Two biological replicates were performed, as shown in the western blot. Significant GO terms were selected using the Benjamini-Hochberg adjusted Fisher’s exact test p-value threshold < 1e-3. f, Primary structure of BRD4 and MTHFD1, and peptide microarray based binding evaluation of the corresponding overlapping peptide library with Flag-MTHFD1, GST-MTHFD1 and GST-BRD4. Elaboration of the effect of acetylated lysine residues (Kac) of MTHFD1 and positive control of peptide H4(2-11)K5K8 binding on GST-BRD4 binding. g, AlphaLISA for the interaction between BRD4 and an acetylated histone peptide in the presence of increasing amounts of recombinant MTHFD1. Mean ± SD from n = 2 independent samples. h, AlphaLISA assay with the indicated MTHFD1 acetylated peptides and GST-BRD4 (full length). Two replicates for each condition. i, Titration of MTHFD1 peptides unmodified and K56 acetylated for their ability to disrupt the interaction of GST-BRD4 with an acetylated histone peptide. Mean ± SD from n = 2 independent samples.


Supplementary Fig. 4 Mapping the BRD4-MTHFD1 interaction site.
a, MTHFD1 and BRD4 constructs used in immunoprecipitation experiments. b, FLAG and GFP immunoprecipitation from HEK293 cells overexpressing the indicated constructs shows interaction of MTHFD1 with all three BRD4 isoforms. GFP immunoprecipitation from HEK293 cells overexpressing the indicated constructs shows interaction of BRD4 with full-length MTHFD1 but not with the individual domains of the protein. The experiment was repeated three times with similar results. c, GFP immunoprecipitation from HEK293 cells overexpressing the indicated constructs shows interaction of MTHFD1(K56A) and decreased interaction of MTHFD1(K56R) with the short isoform of BRD4. Similarly, the interaction is impaired in the BRD4 double bromodomain mutant. The experiment was repeated three times with similar results. Scale bar 20 μm.


Supplementary Fig. 5 Knockout of MTHFD1 in HAP1 cells.
a, Genomic scheme of the MTHFD1 locus and characterization of the editing events in the three knock-out cell lines. b, Propidium iodide for DNA content (x-axis) related to cell number (y-axis) indicating cell cycle distribution in HAP1 WT and MTHFD1 knock-out cells. The experiment was repeated three times with similar results. c, Cell proliferation analysis by dye dilution profiling in HAP1 WT and MTHFD1 knock-out cells. The experiment was repeated three times with similar results.


Supplementary Fig. 6 Locus-specific binding of MTHFD1.
ChIP-seq results for BRD4 and MTHFD1 immunoprecipitation in HAP1 WT (WT) and MTHFD1 knock-out (KO) cells. a, Number of ChIP-seq peaks detected for each protein in WT cells. b, Amount of overlap between peaks of MTHFD1, BRD4 or H3K27ac in WT or KO cells measured by the fractional overlap, total intersection or the Jaccard index (intersection over the union of peaks). c, GREAT enrichment analysis for binding sites of BRD4 and MTHFD1 in HAP1 WT cells. The hypergeometric test and Benjamini Hochberg multiple test correction were employed. d, Volcano and scatterplots comparing binding in KO to WT cells, with significantly bound sites (FDR adjusted p-value < 0.1 and absolute log2 fold change > 1) marked in red. Differential regions were discovered with the Wald test using the DiffBind package with n = 2 biologically independent experiments. P-values were adjusted with the Benjamini-Hochberg method. e, Normalized ChIP-seq signal in differential regions bound by MTHFD1 or BRD4; f, Global differences in differentially bound MTHFD1 or BRD4 sites upon MTHFD1 KO. A two-sided Mann-Whitney U-test was used to assess significance.


Supplementary Fig. 7 Loss of MTHFD1 binding after BRD4 degradation.
a, Representative genome browser view of BRD4 and MTHFD1 binding in the H3K27ac-marked promoters of KEAP1 (left) and TFAP4 (right). All ChIP tracks were normalized to total mapped reads and the respective IgG control was subtracted from the merged replicate tracks. b, Enrichment of BRD4 and MTHFD1 ChIP signal in H3K27ac peaks. Peaks were sorted by total signal abundance and data represent merged replicates normalized to 1X genome coverage. c, Volcano and scatterplots comparing binding in dBET6- or DMSO-treated cells, with significantly bound sites (FDR adjusted p-value < 0.1 and absolute log2 fold change > 1) marked in red. Differential regions were discovered with the Wald test using the DiffBind package with n = 2 biologically independent experiments. P-values were adjusted with the Benjamini-Hochberg method. d, Normalized ChIP-seq signal in differential regions bound by MTHFD1 or BRD4 upon dBET6 treatment. e, Quantification of global differences in differentially bound MTHFD1 or BRD4 sites upon dBET6 treatment. A two-sided Mann-Whitney U-test was used to assess significance. f, Number of ChIP-seq peaks detected for each protein in WT cells. g, Amount of overlap between peaks of MTHFD1, BRD4 or H3K27ac in dBET6- or DMSO-treated cells measured by the fractional overlap, total intersection or the Jaccard index (intersection over the union of peaks).


Supplementary Fig. 8 Gene expression changes following perturbation of the BRD4 and folate pathways.
a, Gene expression levels of folate, purine and pyrimidine pathway genes as measured by RNA-seq, shown as absolute log(RPKM) values and row-wise Z scores (across all samples). b, Pearson correlation of ChIP-seq signal and basal gene expression levels for differentially expressed genes bound by BRD4 (n = 825) or MTHFD1 (n = 773) in WT HAP1 cells. c, Association of MTHFD1 and BRD4 bound loci with high basal gene expression levels in HAP1 cells. d, Amount of normalized ChIP-seq signal in genes bound by MTHFD1 and BRD4 depending on the direction of transcriptional change upon perturbation (up- or down-regulated). For panels c) and d), the number of genes differentially expressed in each condition is as described in Fig. 3f. For c) and d) boxplot boxes represent interquartile range with center on median, while whiskers represent values 1.5 times outside the respective interquartile range.


Supplementary Fig. 9 Transcription changes in K-562 and A549 cells.
a, Heat map of relative transcription changes in K-562 cells treated with with 0.1 μM dBET6, 1 μM (S)-JQ1, 1 μM MTX, shRNAs targeting BRD4 or MTHFD1 alone or in combination. Equal amount of DMSO, or non-targeting hairpins were used as respective controls. b, Heat map matrix of relative transcription changes in A549 treated with 0.1 μM dBET6, 1 μM (S)-JQ1, 1 μM MTX, shRNAs targeting BRD4 or MTHFD1 alone or in combination. Equal amount of DMSO, or non-targeting hairpins were used as respective controls.


Supplementary Fig. 10 Effects of MTHFD1 loss on nuclear metabolite composition.
a, Scatter plot depicting changes in nuclear metabolite levels following BRD4 or MTHFD1 downregulation for all metabolites (upper panel) and folate-dependent metabolites (lower panel). Means from two biological replicates. r-value represents the Pearson Correlation Coefficient. b, Heat maps representing metabolite changes in the pyrimidine, purine and methionine biosynthetic pathways upon downregulation of BRD4 or MTHFD1 by shRNA. Two biological replicates were done for each experimental condition. c, Metabolite Set Enrichment Analysis (MSEA) showing a comparison of the enrichment of metabolite sets that are significant in both knockdowns (shBRD4: 1; shMTHFD1: 2), metabolite sets exclusively enriched in shMTHFD1 or metabolite sets exclusively enriched in shBRD4. The length of each bar represents fold change of enrichment compared to random expectation, colored by one-sided Fisher’s exact test p-value. d, Correlation plot depicting changes in nuclear metabolite levels following dBET1 or MTX treatment of HAP1 cells for 24 h. Means from two biological replicates. r-value represents the Pearson Correlation Coefficient. e, Heatmaps showing relative changes in folate metabolites levels in the of nuclear and cytosolic fraction of HAP1 cells treated with 1 μM Mitomycin C, Actinomycin D, Bortexomib, MTX and (S)-JQ1, 0.5 μM dBET6 or 12.5 μM Cyclohexamide for 6 hours. Equal amount of DMSO was used as control, two biological replicates were done for each experimental condition. f, LC-MS-MS peak areas for different folate metabolites in HAP1 WT and MTHFD1 knock-out cells after 2 h treatment with 13C formate. Two biological replicates were done for each experimental condition.


Supplementary Fig. 11 Validation of MTHFD1 reconstitution.
HAP MTHFD1 knock-out cells were transfected with constructs for the overexpression of full-length MTHFD1 either wild-type (WT) or harboring a nuclear localization (NLS) or nuclear export (NES) signal. a, Quantification of the nuclear MTHFD1 levels in the different conditions. Two biological replicates were done for each experimental condition. b, Effects of MTHFD1 reconstitution on cell proliferation at 48h and 96 hours post transfection. Two biological replicates were done for each experimental condition. c, Representative immunofluorescence microscopy images for MTHFD1 localization. Representative for two independent experiments. d, Western blot for nuclear and cytoplasmic MTHFD1 and FLAG levels in the MTHFD1 knock-out and reconstituted cells. Representative for two independent experiments. e, Quantification of nuclear (N) and cytoplasmic (C) folate levels in the different conditions. Two biological replicates were done for each experimental condition.


Supplementary Fig. 12 Synergism of MTX and (S)-JQ1.
a, Table of IC50 values for (S)-JQ1 and MTX as reported in the Welcome Trust-Genomics of Drug Sensitivity in Cancer database (WT; http://www.cancerrxgene.org), or produced in house (right two columns), for the different cell lines. b, Determination of IC50 values for (S)-JQ1 (red) and MTX (dark red) in the indicated cell lines. Three biological replicates were done for each experimental condition (mean ± SD). c, Dose response matrices displaying cell viability of HeLa and KBM7 treated for 72 h with (S)-JQ1 and MTX alone or in combination. Means from two biological replicates. d, Deviations from Bliss additivity for drug matrices from Fig. 4c and Supplementary Fig. 6c. e, Knock-down of MTHFD1 in A549 cells followed by 72 h treatment with increasing concentrations of (S)-JQ1. Mean ± SD from n = 2 independent samples. f, Induction of caspase activity in HAP1 WT and MTHFD1 knock-out cells treated with for 72 h with (S)-JQ1 or MTX. Mean ± SD from n = 2 independent samples.


Supplementary Fig. 13
Full scans of all western blots in the manuscript.
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