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            Abstract
Pharmacologic inhibitors of cyclin-dependent kinases 4 and 6 (CDK4/6) were designed to induce cancer cell cycle arrest. Recent studies have suggested that these agents also exert other effects, influencing cancer cell immunogenicity, apoptotic responses and differentiation. Using cell-based and mouse models of breast cancer together with clinical specimens, we show that CDK4/6 inhibitors induce remodeling of cancer cell chromatin characterized by widespread enhancer activation, and that this explains many of these effects. The newly activated enhancers include classical super-enhancers that drive luminal differentiation and apoptotic evasion, as well as a set of enhancers overlying endogenous retroviral elements that are enriched for proximity to interferon-driven genes. Mechanistically, CDK4/6 inhibition increases the level of several activator protein-1 transcription factor proteins, which are in turn implicated in the activity of many of the new enhancers. Our findings offer insights into CDK4/6 pathway biology and should inform the future development of CDK4/6 inhibitors.
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                    Fig. 1: CDK4/6 inhibition induces chromatin remodeling in breast cancer.[image: ]


Fig. 2: CDK4/6 inhibitor-activated enhancers are predicted to be functional.[image: ]


Fig. 3: CDK4/6 inhibitor-activated enhancers promote luminal differentiation.[image: ]


Fig. 4: CDK4/6 inhibitor-activated enhancers potentiate apoptotic evasion.[image: ]


Fig. 5: CDK4/6 inhibitor-activated LTR enhancers are predicted to regulate immune genes.[image: ]


Fig. 6: CDK4/6 inhibitor-induced active enhancers demonstrate increased AP-1 binding.[image: ]


Fig. 7: Upregulation of key transcriptional signatures by CDK4/6 inhibitors is mitigated by concomitant inhibition of AP-1.[image: ]


Fig. 8: Clinical evidence of CDK4/6 inhibitor-induced enhancer remodeling.[image: ]
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                Data availability

              
              ATAC-seq, ChIP-seq, RNA-seq and HiChIP data that support the findings of this study have been deposited into the Gene Expression Omnibus (GEO) repository under accession codes GSE157097, GSE157082, GSE157222, GSE157218, GSE157216, GSE157214, GSE157211, GSE157385, GSE157384, GSE157383 and GSE157381. Previously deposited transcriptomic data (GSE99062 (ref. 6) and GSE93204 (ref. 42)) that are used in this study are also available at GEO4. Source data for Figs. 1â€“4 and 6â€“8 and Extended Data Figs. 1, 3, 4, 6 and 7 are provided with this paper. All other data that support the findings of this study are available from the corresponding author upon reasonable request. Source data are provided with this paper.
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Extended data

Extended Data Fig. 1 Transcriptional, phenotypic, and epigenetic effects of CDK4/6 inhibitors in human breast cancer cells.
a, Relative RNA-seq normalized reads of representative E2F target genes in breast cancer cell lines treated with abemaciclib for the indicated times (n=2 in MCF7, n=1 in MDA-MB-453, independent cultures). b, Percentage of cells in S-phase in cell lines treated with dimethyl sulfoxide (DMSO; control) or abemaciclib (abema) for 24 hours (n=3 independent cultures). c, Representative senescence-associated Î²-galactosidase staining (blue) of cells treated with DMSO or abemaciclib for 1, 3, or 7 days. Scale bars represent 200 Î¼m. Representative images of two independent experiments in MCF7 and two technical replicates from one experiment in MDA-MB-453. d, Genomic distribution of regions of significantly reduced ATAC-seq signal in cells treated with abemaciclib, compared to DMSO. e, GREAT (Genomic Regions Enrichment of Annotations) analysis of regions of significantly reduced ATAC-seq signal within 10 kb of the single nearest gene in cells treated with abemaciclib for 7 days (compared to DMSO). f, Number of regions with significantly increased ATAC-seq signal in cells treated with abemaciclib as indicated. g, Heatmap of regions with significantly increased ATAC-seq peak signal after abemaciclib treatment in MDA-MB-361. Up-peaks were determined by a threshold of adjusted P<0.05 calculated by DESeq2. h, Western blot for RB in MCF7 shLuc and shRB1 cells, representative images from two independent experiments. Western blots are cropped; uncropped blot images for the experiments in this figure are shown in Source Data Extended Data Fig. 1. i, Relative RNA-seq normalized reads of cell cycle-related genes in MCF7 shRB1 cells and MCF7 shLuc cells (n=2 independent cultures) treated with DMSO or abemaciclib. j,k, Composite profiles of H3K27ac (j) and H3K9me3 (k) ChIP-seq signals at regions of significantly increased ATAC-seq signal in MCF7 and MDA-MB-453 treated with DMSO or abemaciclib for 7 days. l, Heatmap of H3K27ac ChIP-seq profiles in MCF7 treated with DMSO, abemaciclib, or palbociclib at abemaciclib-induced H3K27ac up-peak regions. m, Sample-sample correlation between RNA-seq samples of MCF7 and MDA-MB-453 treated with DMSO or abemaciclib (parental: n=3; shRB1: n=2).

                          Source data
                        


Extended Data Fig. 2 Characterization of CDK4/6 inhibitor-activated super-enhancers in breast cancer cell lines.
a, Signal distribution at abemaciclib-activated H3K27ac-marked enhancers in MCF7 and MDA-MB-453 cells. Arrows indicate the positioning of super-enhancers (to the right of dashed line). b, Schema for analysis of biological processes regulated by abemaciclib-activated super-enhancers. c, GO analysis of non-TSS ends of H3K27ac-decorated genomic loops (HiChIP) identified exclusively in abemaciclib-treated MCF7 and MDA-MB-453 cells. Odds ratios and P-values were calculated by ChIP-Enrich. d, Gene Set Enrichment Analysis (GSEA) of RNA-seq data from MCF7 and MDA-MB-453 cells treated with abemaciclib compared to DMSO. e, RNA-seq log2 fold change of gene expression of all genes within indicated GSEA gene sets in MCF7 and MDA-MB-453 cells treated with DMSO or abemaciclib for 7 days, calculated by DESeq2. Each dot represents one gene: red, predicted to be regulated by abemaciclib-activated super-enhancers; blue, not predicted to be regulated by abemaciclib-activated super-enhancers. f, GSEA of RNA-seq data from MCF7 and MDA-MB-453 cells treated with palbociclib compared to DMSO. FDR q values in d and f were calculated by GSEAPreranked.


Extended Data Fig. 3 Enhanced expression of luminal differentiation-related genes is associated with increased H3K27 acetylation at nearby super-enhancers.
a, Representative H3K27ac ChIP-seq genome browser tracks with co-localized H3K27ac-decorated genomic loops (HiChIP) in MCF7 cells treated with DMSO or abemaciclib for 7 days. Gene promoters are highlighted in grey. b, Relative RNA-seq normalized reads of genes in MCF7 shRB1 cells treated with DMSO or abemaciclib for 7 days (n=2 independent cultures). c, Relative mRNA expression of genes shown in Fig. 3d in MMTV-rtTA/tetO-Her2 tumors treated for up to 59 days with vehicle or abemaciclib (n=3 independent tumors). Means Â± s.d. are shown. P-values were determined by two-tailed unpaired t-tests corrected for multiple comparisons by Holm-Sidak method.

                          Source data
                        


Extended Data Fig. 4 CDK4/6 inhibition promotes apoptotic evasion via BCL2L1.
a,b, ChIP-Enrich analysis of regions gaining H3K27ac after 7 days of abemaciclib treatment of PDX 14-07 tumors (21-28 days of treatment) (a), or of non-TSS ends of genomic loops (measured by HiChIP) detected only in abemaciclib-treated MCF7 and MDA-MB-453 cells (b). c, Dose-response curves showing percent mitochondrial depolarization in MDA-MB-361 and BT474 treated with DMSO or abemaciclib for 7 days and after exposure to Bim peptide (dynamic BH3 profiling; n=2 technical replicates, data are representative of two independent experiment). d-f, Relative RNA-seq normalized reads of MCL1 (d), BCL2 (e), and BCL2L2 (f) in human breast cancer cell lines treated with DMSO or abemaciclib, measured by RNA-seq (MDA-MB-361 and T47D: n=2; MCF7, MDA-MB-453, and BT474: n=3 independent cultures). Mean Â± s.d. are shown. DESeq2 was used to determine adjusted P-values. g,h, Relative RNA-seq normalized reads of BCL2L1 and MCL1 in MCF7 shRB1 cells (g; n=2 independent cultures) and MDA-MB-468 (h, RB1 null; n=3 independent cultures) treated with DMSO or abemaciclib. Data are presented as mean Â± s.d. DESeq2 was used to calculate adjusted P-values. i, Relative Bcl2l1 expression by transcriptomic profiling of MMTV-rtTA/tetO-Her2 tumors treated with vehicle (n=23) or abemaciclib (n=25) for 12 days. Mean Â± s.d. of normalized reads are shown. P-values were determined using a two-tailed unpaired t-test. j, H3K27ac ChIP-seq tracks and co-localized H3K27ac-decorated genomic loops (identified by HiChIP) adjacent to BCL2L1 in MDA-MB-453 cells treated with DMSO or abemaciclib for 7 days. Gene promoters are highlighted in grey. k, Western blot showing cleaved PARP in MCF7 cells treated with DMSO or abemaciclib (500 nM) for 3 days, followed by treatment with A-1155463 (1 Î¼M) for 24 hours and BYL719 (1 Î¼M) for 8 hours as indicated. Representative blots of two independent experiments in MCF7. Western blots are cropped; uncropped blot images for the experiments in this figure are shown in Source Data Extended Data Fig. 4.

                          Source data
                        


Extended Data Fig. 5 Effect of CDK4/6 inhibition on H3K27ac signal at transposable elements and on interferon-stimulated gene expression.
a, Fold change in H3K27ac signal at LTRs, LINEs, and SINEs (long and short interspersed nuclear elements) identified by RepEnrich in MCF7 and MDA-MB-453 treated with DMSO or abemaciclib for 7 days (red, FC>1.5). b, Cross-species conservation of a representative LTR enhancer activated by abemaciclib treatment in MCF7 cells. c, GSEA using RNA-sequencing data from MCF7 cells treated with abemaciclib compared to DMSO for 7 days, or genome-wide transcriptomic profiling of PDX 14-07 tumors treated with abemaciclib compared with vehicle for 21-28 days. d, GSEA using RNA-sequencing data from MCF7 cells treated with palbociclib compared to DMSO for 7 days. FDR q values in c, d were calculated by GSEAPreranked.


Extended Data Fig. 6 CDK4/6 inhibitor-activated LTR enhancers are predicted to regulate immune genes.
a, Gene Ontology analysis of interferon-related signatures using genes predicted to be regulated by all abemaciclib-activated enhancers, abemaciclib-activated SEs, or abemaciclib-activated LTR enhancers in MCF7 cells treated with DMSO or abemaciclib for 7 days. Odds ratios and P-values calculated by ChIP-Enrich. b, ATAC-seq and H3K27ac ChIP-seq tracks near representative immune genes in MCF7 and MDA-MB-453 treated with DMSO or abemaciclib for 7 days. LTRs annotated using Repeat Masker are shown as blue bars. Yellow highlights indicate H3K27ac up-peaks that align with an LTR. c, Relative RNA-seq normalized reads of immune genes in MCF7 parental and shRB1 cells treated with DMSO or abemaciclib for 7 days, measured by RNA-seq (parental: n=3; shRB1: n=2). Means Â± s.d. are shown. DESeq2 was used to calculated adjusted P-values.

                          Source data
                        


Extended Data Fig. 7 Effect of CDK4/6 inhibition on AP-1 gene expression.
a, Similarity (GIGGLE) scores between regions of increased H3K27ac signal genome-wide in MCF7 cells after palbociclib treatment and GEO-archived datasets of ChIP-seq for transcription factors (using â€œCistrome Toolkitâ€�). Top 20 factors identified are shown - AP-1 factors and steroid hormone receptors are labeled. b, c, Relative RNA-seq normalized reads of AP-1 members in MCF7 and MDA-MB-453 (b), and in MCF7 shRB1 and MDA-MB-468 (c) treated with DMSO or abemaciclib (MCF7, MDA- MB-453, MDA-MB-468, n=3; MCF7 shRB1, n=2). Means Â± s.d. are shown. DESeq2 was used to calculated adjusted P-values.

                          Source data
                        


Extended Data Fig. 8 AP-1 binding increases at CDK4/6 inhibitor-induced enhancers and drives transcriptional activity that can be reversed by an AP-1 inhibitor.
a, Composite profile of c-Jun, JunB, and Fra2 ChIP-seq signals in MCF7 cells treated with DMSO or abemaciclib over regions of abemaciclib-induced H3K27ac up-peaks. b, H3K27ac, c-Jun, JunB, and Fra2 ChIP-seq tracks at PRICKLE2 and CDH1 loci in MCF7 cells treated with DMSO or abemaciclib. DNA loops (called by FDR<0.01) from H3K27ac HiChIP are depicted for PRICKLE2. Grey highlights indicate gene promoters. Green highlights indicate regions with abemaciclib-induced increases in both H3K27ac signal and c-Jun binding. c, Composite profile of c-Jun ChIP-seq signal over abemaciclib-activated LTR enhancers in MCF7 cells treated with DMSO or abemaciclib. d, H3K27ac, c-Jun, JunB, and Fra2 ChIP-seq tracks at RIPK2, HLA-C, and HLA-G loci in MCF7 cells treated with DMSO or abemaciclib. Green highlights as in b. LTRs annotated with Repeat Masker are shown in blue. e, Heatmap of H3K27ac, c-Jun, JunB, Fra2, and estrogen receptor (ER) ChIP-seq profiles at regions showing increased binding for any of c-Jun, JunB, or Fra2 (combined) after 7 days of abemaciclib treatment in MCF7 cells. The cluster â€œERâ€� denotes regions with increased ER binding after abemaciclib treatment and contains 1,124 regions. The cluster â€œno ER or ER unchangedâ€� denotes regions with no change in ER binding or no ER at all and contains 14,504 regions. f, Analysis of GSEA signatures associated with luminal differentiation and interferon response using Principle Component 2 loadings from Fig. 7c. NES and FDR q values were calculated using GSEAPreranked.


Extended Data Fig. 9 Patterns of enhancer activation in breast cancers treated with combined CDK4/6 inhibition and endocrine therapy.
a, ChIP-Enrich analysis of regions gaining H3K27ac in MCF7 cells treated with abemaciclib plus fulvestrant (100 nM) versus DMSO for 7 days. b, Composite profiles of H3K27ac ChIP-seq signal from patient biopsies (baseline and tamoxifen + palbociclib, as in Fig. 8a), centered over ATAC peak-intersected, abemaciclib-induced H3K27ac up-peaks in MCF7 cells. c, H3K27ac ChIP-seq tracks at CDH1 and BCL2L1 from MCF7 cells and tumor biopsies from same patient as in b. d, H3K27ac ChIP-seq tracks at MKI67 and TOP2A from tumor biopsies from same patient as in b.
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