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            Abstract
Resistance to cancer treatment remains a major clinical hurdle. Here, we demonstrate that the CoREST complex is a key determinant of endocrine resistance and ER+ breast cancer plasticity. In endocrine-sensitive cells, CoREST is recruited to regulatory regions co-bound to ERα and FOXA1 to regulate the estrogen pathway. In contrast, during temporal reprogramming towards a resistant state, CoREST is recruited to AP-1 sites. In reprogrammed cells, CoREST favors chromatin opening, cJUN binding to chromatin, and gene activation by controlling SWI/SNF recruitment independently of the demethylase activity of the CoREST subunit LSD1. Genetic and pharmacological CoREST inhibition reduces tumorigenesis and metastasis of endocrine-sensitive and endocrine-resistant xenograft models. Consistently, CoREST controls a gene signature involved in invasiveness in clinical breast tumors resistant to endocrine therapies. Our studies reveal CoREST functions that are co-opted to drive cellular plasticity and resistance to endocrine therapies and tumorigenesis, thus establishing CoREST as a potential therapeutic target for the treatment of advanced breast cancer.
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                    Fig. 1: Endocrine-resistant breast cancer cells are sensitive to CoREST inhibition.[image: ]


Fig. 2: The CoREST complex is essential for endocrine-sensitive and endocrine-resistant breast cancer cell proliferation and survival.[image: ]


Fig. 3: CoREST chromatin dynamics during resistance evolution and functional switch from FOXA1/ERα to cJUN expression in reprogrammed cells.[image: ]


Fig. 4: The CoREST oncogenic program is independent of LSD1 enzymatic activity.[image: ]


Fig. 5: The CoREST–cJUN axis in the reprogrammed cells.[image: ]


Fig. 6: Chromatin accessibility is regulated by CoREST.[image: ]


Fig. 7: CoREST promotes breast cancer tumorigenesis.[image: ]
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Extended data

Extended Data Fig. 1 Further characterization of LSD1/CoREST in breast cancer and long-term estrogen deprivation (LTED) model.
a, Kaplan–Meier survival curves segregated by ERα expression and TP53 mutation status (METABRIC dataset of 1,423 samples). Overall survival of patients with ER−/TP53 mutations is significantly diminished. P value was calculated using a log-rank (Mantel–Cox) test. b, CD24 and CD44 expression after 12 months (M) in LTED. c, FACS of T47D-LTED biological replicate (FM, full media). d, e, CD24 and CD44 expression in FM, TamR, FulR, and LTED T47D (d) and MCF7 (e). f, Growth curves of 2 × 105 FM and LTED T47D (3–9 M) cultured with DMSO (vehicle) or 1 µM tamoxifen or fulvestrant for 5 days, n = 3 biological independent replicates, data are presented as mean values + SEM, p-value < 0.001 (two-way ANOVA). g, Heatmap of 3,206 significantly downregulated genes (FC > 2, q-value < 0.05) during acquisition of resistance in T47D. Major transcriptomic changes occurred after 6 M in LTED. h, GSEA of 4 M and 6 M T47D-LTED cells. Basal breast cancer, EMT transition, and ductal invasive signatures were upregulated while response to estrogen and luminal breast cancer signatures were downregulated after 6 months in LTED conditions. NES, normalized enrichment score. i, Single-cell SNV (single nucleotide variant) analysis from 6 × 103 FM and 6 M T47D-LTED. No FM cells harboured BRAF or KRAS mutations while ~60% of 6M cells acquired mutations in both genes. j, RNA-seq signal at ESR1 and PGR in FM and 9M T47D-LTED.


Extended Data Fig. 2 ESR1 loss is not mediated by epigenetic repressive mechanisms, and corin treatments in parental and endocrine resistant MCF7 cells.
a, b, WB of PRC2 subunits (EZH2 and SUZ12) and ERα from whole cell extracts of FM and reprogrammed (Repro.) cells cultured for 3 and 5 days in the presence of 1 µM or 5 µM of PRC2 inhibitors EPZ6438 (a) and GSK343 (b). Total H3K27me3, the primary substrate of EZH2, decreased after PRC2 inhibition. c, ERα WB from whole cell extracts of FM and reprogrammed cells cultured for 3 and 6 days in the presence of vehicle (DMSO), 1 µM, 5 µM, or 10 µM of the G9A inhibitor, UNC0638. d, ERα WB from whole cell extracts of FM and reprogrammed cells cultured for 6 days in vehicle (DMSO), 5 µM, or 10 µM of the DNMT inhibitor, decitabine (Deci.), 0.5 µM of the HDAC inhibitor, SAHA, or in combination. e, Proliferation of reprogrammed cells treated with 5 µM DMSO (vehicle) or two LSD1 enzymatic inhibitors (MCC2580, DPP38003) for 6 days, n = 3 biological independent replicates, data are presented as mean values + SEM, p-value < 0.05 for treatment with MCC2580 on day 6 (two-way ANOVA). f, Growth curves of 2 × 105 FM, LTED, TamR, and FulR MCF7 cultured with DMSO (vehicle) or 500 nM corin for 7 days, n = 3 independent experiments (except FulR cells, n = 2 independent experiments), Data are presented as mean values + SEM, p-value < 0.001 (two-way ANOVA). Uncropped images are available as source data.
Source data


Extended Data Fig. 3 Genetic abrogation of LSD1 impaired proliferation and survival of endocrine sensitive and resistant cells, and the LSD1 interactome.
a, Proliferation of siLSD1 parental T47D 72 h after siRNA transfection, n = 3 biological independent replicates. Data are presented as mean values + SEM. p-value < 0.005 (one-way ANOVA). b-e, WB of proteins indicated, with VINCULIN as the loading control, in siCTR and siLSD1 T47D 6 days after transfection (b), primed siLSD1 T47D 3- and 6-days post siRNA transfection (c) and in WT and KO reprogrammed T47D (d), and reprogrammed shCTR and shLSD1 T47D (e). f, Clonogenic assay of reprogrammed shLSD1 T47D, n = 3 biological independent replicates. g, Proliferation of shCTR and shRCOR1 parental and reprogrammed T47D for 7 days, n = 2 biological independent replicates. h, DEG overlap between parental and reprogrammed LSD1 KO T47D. i, Endogenous LSD1 immunoprecipitation (IP) with CoREST subunits in whole cell lysates using two antibodies in parental or primed T47D. IgG and MBD3 were used as negative controls. j, Interaction network of LSD1 interactome in parental and reprogrammed T47D. k, Relative peptide abundance of selected SWI/SNF subunits identified by LC-MS/MS in parental and reprogrammed T47D. IP = LSD1 IP, IgG = IgG IP. n = 3 biological independent replicates. Number of peptides are represented as shades of blue and orange. Uncropped images are available as source data.
Source data


Extended Data Fig. 4 LSD1-BAF interaction in endocrine sensitive and resistant cells.
a, Superose 6 gel filtration in parental cells showing co-elution of LSD1, RCOR1, and members of the SWI/SNF complex (SMARCC1 and ARID2). b, LSD1 IP with SWI/SNF subunits in reprogrammed T47D. Note that the DPF2-LSD1 interaction was also not detected by LC-MS/MS (Fig. 2e). c, SMARCC1 IP with LSD1 in reprogrammed T47D. d, The LSD1-SMARCC1 interaction is DNA-independent. EtBr, ethidium bromide1. e, f, Proliferation of T47D treated with 1 µM corin for 5 days (e), and TSA or SAHA for 7 days (f), n = 3 biological independent replicates. Data are presented as mean values + SEM, p-value < 0.001 (two-way ANOVA). g, Proliferation of WT and LSD1 KO reprogrammed T47D treated with TSA or SAHA for 7 days, n = 2 independent experiments. h, ERα WB in parental and endocrine resistant T47D lines with VINCULIN as a loading control. i, Synergy maps of parental and TamR T47D treated with tamoxifen and corin, or fulvestrant and corin. The 3D synergy matrix was generated with SynergyFinder 2.0, n = 3 biological independent replicates. Uncropped images are available as source data.
Source data


Extended Data Fig. 5 Mechanisms of action following CoREST chemical inhibition.
a, b, Cell cycle analysis (a) and representative γH2AX staining (b) 4 days after treatment with 500 nM DMSO or corin. PI, propidium iodide (inset zoom = 4X, scale bar = 5 μm). c, Quantification of γH2AX staining intensity from three biologically independent experiments; 200 cells per sample/experiment were analyzed. d, Quantification of the cell cycle distribution of γH2AX defined as the sum of the intensities of γH2AX foci per nucleus post-exposure to DMSO or 500 nM corin and stained with DAPI. Data from 3 biologically independent experiments; 200 cells per sample/experiment were analyzed. e, f, Representative images (left) and quantification (right) of ß-galactosidase (e) or PI/Annexin V (f) staining following exposure to DMSO or 500 nM corin for 4 days, n = 3 biological independent replicates (two-way ANOVA, scalebar = 10 μm), or LSD1 depletion, n = 2 biological independent replicates. g, CDKN2A (encoding p16) log2 TPM values in parental and reprogrammed T47D. (p-value = 0.0007, Two-tailed unpaired t-test), n = 2 biological independent replicates. h, The LSD1-RCOR1 interaction in reprogrammed whole cell lysate is destabilized in the presence of 1 µM corin. i, Cellular fractionation of reprogrammed cells treated with 500 nM corin for 24 h. Two different exposures are shown for LSD1 and RCOR1. j, WB of proteins indicated on the left from parental and reprogrammed cells treated with 1 µM of corin for 5 days. Uncropped images are available as source data.
Source data


Extended Data Fig. 6 LSD1/CoREST genomic occupancy during reprogramming.
LSD1 ChIP-qPCR. Validation of LSD1 ChIP-seq with two different LSD1 antibodies and concentrations in parental T47D, n = 2 biological independent replicates. NANOG was used as a negative control. Validation of LSD1 ChIP-seq in reprogrammed cells. NANOG was used as a negative control. b, LSD1 ChIP-seq signal at selected genomic regions. c, LSD1 ChIP-seq peak distribution. e-f, ChIP-seq signal of biological replicates in parental and reprogrammed cells.


Extended Data Fig. 7 Analysis of T47D-ERαY537S and role of the LSD1 paralog, LSD2.
a, Growth curves of 2 × 105 T47D-ERαY537S cells cultured with 1 µM of tamoxifen, fulvestrant, or palbociclib for 5 days, n = 3 biological independent replicates. Data are presented as mean values + SEM, **p-value < 0.01, *p-value < 0.05 (two-way ANOVA). b, Parental and T47D-ERαY537S expressing luciferase were transplanted into the mammary fat pad of NSG mice (n = 8 biological replicates). Data are presented as mean values + SEM. Metastasis was analyzed by IVIS 45 days after orthotopic injection. ***p-value < 0.001, **p-value < 0.01 (two-way ANOVA). c, Endogenous LSD1 immunoprecipitation (IP) in whole cell lysates with CoREST subunits using two antibodies in parental or primed T47D. IgG and MBD3 were used as negative controls. d, Growth curves of 2 × 105 T47D-ERαY537S cells cultured with 1 µM of GSK-LSD1 or corin for 7 days, n = 3 biological independent replicates. Data are presented as mean values + SEM, p-value < 0.001 (two-way ANOVA). e, Synergy maps for T47D-ERαY537S cells treated with tamoxifen and corin, or fulvestrant and corin. The 3D synergy matrix was generated with SynergyFinder 2.0. n = 3. f, LSD1, ERα, FOXA1, and RNA Pol II ChIP-seq signal at selected genomic regions in parental and T47D-ERαY537S cells. g-h, RNA-seq heat maps (g) and TPM values (h) of differentially expressed LSD1 target genes in parental and reprogrammed T47D treated with corin (500 nM, 72 h), n = 2 biologically independent samples. The box plots span from the 25th to 75th percentiles, the center line shows the median and whiskers show maximum and minimum values. i, H3K4me2 ChIP-seq signal at LSD1 target genes in parental and reprogrammed cells treated with corin (500 nM, 72 h). j, H3K4me2 WB of acid-extracted histones from parental and reprogrammed siCTR and siLSD2 cells. k, WB of proteins indicated from parental and reprogrammed WT and LSD1 KO T47D transfected with siCTR or siLSD2. Uncropped images are available as source data.
Source data


Extended Data Fig. 8 CoREST genomic occupancy and role in cJUN and SMARCC1 chromatin recruitment during reprogramming.
a, cJUN and SMARCC1 WB in reprogrammed control and LSD1 KO T47D. b, c, ChIP-seq signal of factors indicated in reprogrammed WT, LSD1 KO, shCTR and shcJUN T47D at selected regions. d, Second biological replicate of cJUN ChIP-seq in reprogrammed T47D treated with 500 nM corin for 72 h. e, LSD1 WB in reprogrammed shCTR and shcJUN T47D. f, cJUN ChIP-seq in shCTR and shcJUN reprogrammed cells. g, TPM values of genes identified in each co-occupancy profile (significance determined by the Mann-Whitney test, two-sided), n = 2 biologically independent samples. The box plots span from the 25th to 75th percentiles, the center line shows the median and whiskers show maximum and minimum values and statistical significance determined by the Mann-Whitney test). h, Second biological replicate of SMARRC1 ChIP-seq signal in reprogrammed WT and LSD1 T47D. i, j, Proliferation (i) and survival (j) of shCTR and shcJUN reprogrammed T47D. n = 3 independent transductions. Data are presented as mean values + SEM, p-value < 0.001 (two-way ANOVA). k, Proliferation of shCTR and shSMARCC1 parental and reprogrammed T47D, n = 2 biologically independent experiments. l, SMARCC1, LSD1, RCOR1, and cJUN WB in shCTR and shSMARCC1 parental and reprogrammed T47D. Uncropped images are available as source data.
Source data


Extended Data Fig. 9 Extended characterization of the CoREST role in chromatin accessibility.
a, Percentage of common and specific ATAC-seq peaks in parental and reprogrammed WT and LSD1 KO T47D. b, ATAC-seq signal in WT and LSD1-KO reprogrammed T47D (top) and cells treated with 500 nM corin for 72 h (bottom). c, Second biological replicate of SMARCC1 ChIP-seq signal in WT and LSD1 KO from analysis in Fig. 6d. d, ATAC-seq signal in reprogrammed T47D treated with 500 nM corin for 72 h at accessible sites in LSD1 KO cells that are inaccessible in WT cells. e, log2 TPM values of FOXA1 expression in WT and KO LSD1 parental and reprogrammed cells, n = 2 from biological independent experiments. Data are presented as mean values + SD, unpaired t-test, two-sided, p values (parental vs reprogrammed = 0.0008, reprogrammed WT vs KO = 0.0299). f, log2 TPM values of ESR1 in parental and reprogrammed WT and LSD1 KO T47D, n = 2 biologically independent samples Data are presented as mean values + SD, unpaired t-test, two-sided, p values (parental vs reprogrammed <0.0001, parental WT vs KO < 0.0001, reprogrammed WT vs KO = 0.0041. g, h, WB of LSD1, RCOR1, and ERα from whole cell extracts of reprogrammed WT and LSD1 KO T47D cultured for 7 days in the presence of 1 µM PRC2i EPZ6438, GSK343, and DNMTi 5-azacitidine (g) or anisomycin (h). i, Proliferation of WT and LSD1 KO reprogrammed T47D cells treated with 1 µM of tamoxifen or fulvestrant for 5 days. j, Second biological replicate of SMARCC1 ChIP-seq signal in WT and LSD1 KO from analysis in Fig. 6j. Uncropped images are available as source data.
Source data


Extended Data Fig. 10 Characterization of primed, CD24+, and CD44+ primed cells in vivo and proliferation defects of LSD1 depletion in TNBC.
a, Schematic (left) and representative IVIS images of mice (right) injected with serial dilutions of primed T47D and 1 × 105 MDA-MB-231 (positive control, n = 3/group, data presented as mean values + SEM). b, c, FACS (b) and representative IVIS images at day 32 post-intracardial injection (c) of sorted CD24+ and CD44+ primed T47D two weeks after sorting without estrogen supplementation (n = 5/group). d-e, Tumor size quantification (d) (****p-value < 0.0001, data presented as mean values + SEM) and survival of mice (e) (**** p-value < 0.0001, Log-rank [Mantel-Cox test]). f, Metastasis quantification from WT and LSD1 KO reprogrammed T47D. *** (p-value < 0.0001, Two-way RM ANOVA). 50,000 cells were injected in the tail vain (n = 10/group,). g, WB of H3K27ac from liver extracts of mice treated with increasing concentrations of corin. SC, subcutaneous. IP, intraperitoneal. Histone H3 was used as a loading control. h, Representative hematoxylin and eosin (H&E) and Ki67 staining in WT LSD1 or KO (top) and corin treated tumors (bottom). i, LSD1 WB from total extracts of shCTR and shLSD1 MDA-MB-231. j, Effect of LSD1 knockdown on MDA-MB-231 proliferation (p-value =0.0255, unpaired t-test), n = 3 independent infections and experiments, data presented as mean values + SEM. k, Clonogenic assay of shCTR and shLSD1 MDA-MB-231 performed in three biological and three technical replicates. l, Proliferation of MDA-MB-231 treated with 1 µM corin for 7 days, n = 3 biological independent experiments. Data presented as mean values + SEM, p-value < 0.001 (two-way ANOVA). Uncropped images are available as source data.
Source data
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