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            Abstract
Cell fate perturbations underlie many human diseases, including breast cancer1,2. Unfortunately, the mechanisms by which breast cell fate are regulated are largely unknown. The mammary gland epithelium consists of differentiated luminal epithelial and basal myoepithelial cells, as well as undifferentiated stem cells and more restricted progenitors3,4. Breast cancer originates from this epithelium, but the molecular mechanisms that underlie breast epithelial hierarchy remain ill-defined. Here, we use a high-content confocal image-based short hairpin RNA screen to identify tumour suppressors that regulate breast cell fate in primary human breast epithelial cells. We show that ablation of the large tumour suppressor kinases (LATS) 1 and 2 (refs 5, 6), which are part of the Hippo pathway, promotes the luminal phenotype and increases the number of bipotent and luminal progenitors, the proposed cells-of-origin of most human breast cancers. Mechanistically, we have identified a direct interaction between Hippo and oestrogen receptor-α (ERα) signalling. In the presence of LATS, ERα was targeted for ubiquitination and Ddb1–cullin4-associated-factor 1 (DCAF1)-dependent proteasomal degradation. Absence of LATS stabilized ERα and the Hippo effectors YAP and TAZ (hereafter YAP/TAZ), which together control breast cell fate through intrinsic and paracrine mechanisms. Our findings reveal a non-canonical (that is, YAP/TAZ-independent) effect of LATS in the regulation of human breast cell fate.
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                    Figure 1: Ablation of LATS increases sphere formation and the fractions of progenitor and luminal cells.


Figure 2: LATS depletion changes cell fate through activation of ERα and YAP/TAZ.


Figure 3: Different effects of LATS in luminal and basal breast cells.


Figure 4: LATS target ERα for ubiquitin-mediated proteasomal degradation via DCAF1.
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Extended data figures and tables

Extended Data Figure 1 Inhibition of LATS increases sphere formation and the fractions of progenitor and luminal cells.
a, Outline of the screen to assess effects of the inhibition of tumour suppressor genes on PHBEC cell fate. b, Representative immunofluorescence images of shNT-, shLATS1- and shLATS2-treated PHBEC spheres stained for KRT14 (red) and KRT19 (green). Scale bar, 50 μm. c, Top, bar graphs showing fractions of KRT14+KRT19+ (left axis) and curve showing the ratio of KRT19+ to KRT14+ (right axis) cells upon inhibition of tumour suppressor genes; the top 40 individual shRNAs are shown. shRNAs targeting components of the Hippo pathway are indicated by red arrows. Bottom, bar graphs representing fractions of KRT14+, KRT19+ and KRT14+KRT19+ cells in spheres (n = 5 single shRNAs, 4 experimental replicates). d, Inhibition of Lats increases sphere formation in mouse primary mammary epithelial cells (MECs). Immunoblots and bar graph showing sphere formation of shNT and shLats cells (n = 25 pooled mice, 6 experimental replicates). e, Representative immunofluorescence images of shNT- and shLATS1 + 2-treated PHBEC colonies stained for KRT14 (red) and KRT19 (green). Scale bars, 150 μm. f, Knockdown of LATS enhances sphere formation in MCF10A cells. Immunoblots (left) and bar graph (right) showing sphere formation by shNT- and shLATS-treated cells cultured in M5 medium (n = 6 experimental replicates). g, The fraction of KRT14+ basal cells decreased, whereas the fractions of KRT18+ luminal and KRT14+KRT18+ progenitor cells increased upon removal of LATS. Representative immunofluorescence images of shNT- and shLATS-treated MCF10A colonies stained for KRT14 and KRT18 (left) and corresponding quantification (right) (n = 6 experimental replicates). Scale bars, 150 μm. h, LATS knockdown increases KRT19 and decreases KRT14 mRNA expression in PHBECs and MCF10A cells. qPCR analysis of shNT- and shLATS-treated cells (n = 3 biological replicates, and 2 and 6 experimental replicates each for PHBECs and MCF10A cells, respectively). i, Re-expression of wild-type LATS1 rescues the effects of the knockdown in MCF10A cells. Immunoblots (left), representative immunofluorescence pictures (middle) and corresponding quantification of cells treated with shNT or shLATS1C (targeting the 3′UTR) that were transfected with either control or LATS1 wild-type cDNA-expressing vectors (n = 6 experimental replicates). Scale bars, 200 μm. Data are mean ± s.d. (c, d, f–i); *P < 0.05; **P < 0.01.


Extended Data Figure 2 Inhibition of LATS promotes a luminal phenotype.
a, Heat map derived from hierarchical clustering of the 182 genes that were differentially expressed between shNT-treated PHBECs (n = 5) and shLATS-treated PHBECs (n = 6). Cut-off: adjusted P < 0.01, fold change > 2.0, expression values > 4. Arrows indicate canonical luminal genes as well as LATS1. b, Principal component analysis (PCA) of microarrays performed on shNT- and shLATS-treated PHBECs. shNT-treated samples cluster separately from both shLATS1B- and shLATS1 + 2-treated samples. c, Venn diagram analysis of differentially regulated genes at a low stringency cut-off of P < 0.05, 2.0-fold change, expression values > 4.0. Both LATS shRNAs show a high degree of overlap when compared to shNT-treated samples and no genes were significantly differentially regulated between cells treated with the two shRNAs. d, shLATS-treated PHBEC expression profiles were significantly enriched in genes that are downregulated in normal basal breast cells. GSEA with shLATS-specific genes and a gene set of normal basal/stem breast cells. shNT-treated PHBECs (n = 5), shLATS-treated PHBECs (n = 6). NES = 2.5; FDR < 0.0001; P < 0.0001. e, shLATS-treated PHBECs express low levels of basal genes. Heatmaps with average normalized expression values of a subset of genes associated with normal basal breast cells. f, Removal of LATS imposes a luminal breast cancer signature on PHBECs. Left, GSEA with shLATS-specific genes derived from PHBECs and gene sets of ERα-positive (left graph) and luminal breast cancer samples (right graph). shNT-treated PHBECs (n = 5), shLATS-treated PHBECs (n = 6). NES = 2.29 (left) and 1.98 (right); FDR <0.0001; P < 0.0001. Right, clustered heatmap showing correlation coefficients between human breast cancer profiles and shNT- or shLATS-treated PHBECs. g, Graphs of ISMARA transcription factor activity analysis of shLATS- (n = 6) versus shNT-treated (n = 5) PHBECs showing high activity upon removal of LATS for CEBPβ (Z = 1.92; P < 0.0001) and STAT5A,B (Z = 2.184, P < 0.01). h, qPCR analysis of shNT- and shLATS-treated PHBECs. mRNA levels of ERα and c-KIT as well as several canonical ERα-target genes are higher in shLATS-treated PHBECs (n = 6 experimental and 2 technical replicates), i, FACS analysis of PHBECs with LATS knockdown. Markers of luminal progenitors (c-KIT, ALDH activity) and luminal epithelial (EPCAM) cells increased and expression of the basal marker CD10 was reduced upon removal of LATS (n = 6 experimental replicates). Data are mean ± s.d. (h, i); *P < 0.05, **P < 0.01; NS, not significant.


Extended Data Figure 3 YAP/TAZ are stabilized in shLATS cells but do not impose their canonical signature.
a, YAP/TAZ signalling increases upon removal of LATS. Immunoblots (left) and qPCR analysis (right) of shNT- and shLATS-treated PHBECs. Data are mean ± s.d. (n = 6 experimental replicates), *P < 0.05. b, GSEA analysis of the shLATS profiles with datasets in which YAP was overexpressed (left and middle) or with a YAP/TAZ gene set derived from http://www.reactome.org/ (right). Left, NES = 0.84; FDR = 0.726; P = 0.726. Middle, NES = 0.91; FDR = 0.58; P = 0.58. Right, NES = 0.1.17; FDR = 0.251; P = 0.251. There was no enrichment of the shLATS-treated PHBEC profile with the published YAP- or YAP/TAZ-driven gene set.


Extended Data Figure 4 LATS-depleted MCF10A cells recapitulate the phenotype of LATS-depleted PHBECs.
a, MCF10A cells lacking LATS are enriched for luminal gene signatures but not for YAP/TAZ-driven gene signatures. GSEA with shLATS-treated MCF10A cell-specific genes and gene sets from PHBECs lacking LATS (left), luminal progenitor (middle) and mature luminal breast cells (right). Results from enrichment analyses with YAP/TAZ-driven gene sets are shown in the table. b, Markers of mature luminal and luminal progenitor cells increased upon removal of LATS, and canonical YAP/TAZ signalling was activated. Immunoblots of lysates (left) and bar graphs showing qPCR measurements (middle), and FACS analysis (right) of shNT- and shLATS-treated MCF10A cells cultured in standard growth medium (Std) or M5 medium for 4 days. c, Left, representative microscopic brightfield pictures of shNT- and shLATS-treated MCF10A cells cultured in M5 medium showing a switch to a cobblestone-like cell morphology in shLATS-treated cells. Scale bars, 150 μm. Right, qPCR analysis of shNT- and shLATS-treated MCF10A cells. Luminal markers are upregulated and mesenchymal markers are downregulated in shLATS-treated MCF10A cells. Data are mean ± s.d.; n = 6 experimental and 2 technical replicates; *P < 0.05; **P < 0.01; NS, not significant.


Extended Data Figure 5 YAP/TAZ and ERα signalling promote sphere formation and breast luminal phenotype in LATS-depleted cells via intrinsic and paracrine mechanisms.
a, Cells with enforced expression of both YAP/TAZ and ERα phenocopy shLATS-treated cells. Immunoblots (left) of shNT-treated, shNT-treated with enforced YAP/TAZ and/or ERα expression and shLATS-treated MCF10A cells. PCA plots (middle) and heatmap (right) derived from hierarchical clustering of genes that were differentially expressed between shNT-treated, shNT-treated YAP/TAZ expressing, shNT-treated ERα expressing, shNT-treated ERα and YAP/TAZ expressing, shLATS1B-treated and shLATS1 + 2-treated MCF10A cells (n = 3 experimental replicates). Cut-off: adjusted P < 0.01; fold change > 2.0; expression values > 4. b, GSEA showing that cells with exogenous YAP/TAZ expression are enriched for YAP/TAZ signatures. c, Immunoblots representing siRNA-mediated depletion of YAP/TAZ in shNT- and shLATS-treated MCF10A cells (left). Inhibition of YAP/TAZ only partially blocks the induction of luminal markers (qPCR, right), but reverses enhanced sphere formation upon LATS knockdown (middle) (n = 8 experimental replicates). d, Immunoblots representing siRNA-mediated depletion of ERα in MCF10A shNT- and shLATS-treated cells (left). Inhibition of ERα blocks the induction of luminal markers (qPCR, right), but only slightly reduces the enhanced sphere formation seen upon LATS knockdown (middle) (n = 8 experimental replicates). e, Inhibition of ERα by 1 μM 4-hydroxytamoxifen (4-OHT) in PHBECs blocks the induction of luminal markers (qPCR, left, n = 3 experimental and 2 technical replicates), but only slightly reduces the enhanced sphere formation seen upon LATS knockdown (right, n = 6 experimental replicates). f, Immunoblots of shNT- and shLATS-treated MCF10A cells in which YAP, TAZ and ERα were depleted by siRNA. g, YAP/TAZ and ERα interact in the upregulation of AREG in cells lacking LATS. Left, ELISA measurements in shNT- and shLATS-treated PHBECs and MCF10A cells (n = 8 experimental replicates). Right, qPCR results for shNT- and shLATS-treated MCF10A cells in which YAP/TAZ and/or ERα were depleted by siRNA (n = 6 experimental and 2 technical replicates). h, Left, sphere formation by shNT- and shLATS-treated MCF10A cells upon addition of increasing amounts of an AREG-blocking antibody (AB) or an IgG control. n = 6 experimental replicates; IC50 values are shNT = 8.2 μg; shLATS1 = 4.4 μg (P < 0.05); shLATS_2 = 2.6 μg (P < 0.05); shLATS_3 = 2.7 μg (P < 0.05). Right, sphere formation by MCF10A cells supplemented with conditioned medium derived from either shNT- or shLATS-treated MCF10A 3D cultures. Addition of anti-AREG blocking antibody (2.5 μg ml−1) reversed the increase in sphere-forming capacity conferred by conditioned medium from shLATS-treated cultures (n = 6 experimental replicates). i, Graphical summary. Data are mean (h (left)) or mean ± s.d. (c–e, g, h (right)); *P < 0.05; NS, not significant.


Extended Data Figure 6 Removal of LATS increases proliferation and favours survival of ERα+ cells.
a, Knockdown of LATS induces markers of proliferation (immunoblots) and increases cell numbers of PHBECs (cell counts) (n = 5 experimental and 2 technical replicates). b, Knockdown of LATS increases colony-forming capacity (colony counts) of PHBECs (n = 8 experimental replicates). c, Knockdown of LATS increases the expression of markers of proliferation. Immunoblots of MCF10A cells with or without LATS cultured in M5 medium. d, Knockdown of LATS increases cell number. Cell counts of shNT- and shLATS-treated MCF10A cells cultured in M5 medium (n = 8 experimental replicates). e, shLATS-treated cells in suspension retain high levels of YAP/TAZ and are partially anoikis-resistant. Immunoblots of shNT- and shLATS-treated MCF10A cells cultured in suspension for the indicated time points (left). FACS analysis of annexin V+ and propidium iodide+ MCF10A cells after 36 h of suspension culture (right) (n = 8 experimental replicates). f, Removal of LATS results in a survival advantage for ERα+ cells. Scheme of the setup of the competition experiment (left). Immunoblots of lysates from shNT- and shLATS-treated MCF10A cells after lentiviral infection with GFP and ERα or the empty vector control at the beginning of the experiment. MOIs for ERα were adjusted between shNT- and shLATS-treated cell lines to assure equal expression of ERα (middle). FACS analysis of GFP+ cells after 5 days of suspension culture (right) (n = 6 experimental replicates). g, Inhibition of YAP/TAZ partially reverses the competitive advantage of ERα+ shLATS-treated cells. The experimental setup was as in f, but in addition YAP/TAZ were inhibited by siRNA. Immunoblots of lysates of shNT- and shLATS-treated MCF10A cells at the beginning of the experiment, infected with GFP and ERα, and transfected with siRNAs against YAP/TAZ, and a non-targeting control (left). FACS analysis of GFP+ cells after 5 days of suspension culture (right) (n = 6 experimental replicates). Data are mean (a) or mean ± s.d. (b, e–g); *P < 0.05, **P < 0.01.


Extended Data Figure 7 Removal of LATS increases the luminal progenitor and mature luminal cell phenotype.
a, LATS is mostly nuclear in basal cells and cytoplasmic in luminal cells. Representative pictures of LATS1 staining (immunohistochemistry) in normal human breast (left; scale bar, 100 μm), of PHBECs stained (immunofluorescence) with KRT19, KRT14 and LATS1 (middle; scale bars, 150 μm), and of a human breast tumour TMA (right; scale bars, 50 μm). Quantification of LATS nuclear and cytoplasmic staining by immunofluorescence in PHBECs (middle, n = 8). Box plots representing ERα-index of tumours characterized by cytoplasmic or nuclear LATS immunohistochemistry staining (right; n = 471; P < 0.0001). b, qPCR analysis of sorted PHBEC subpopulations (fold change over stroma and mesenchymal cells (MSC)). Luminal markers are shown in blue, basal markers are shown in red (n = 2 biological replicates with 3 experimental replicates each). c, The fractions of mature luminal and luminal progenitor cells increase upon removal of LATS. Representative scatter plots and bar graphs of cell-surface/intracellular FACS analysis of shNT- and shLATS-treated PHBECs stained with antibodies against c-KIT and ERα (n = 2 biological replicates with 3 experimental replicates each). d, Representative immunofluorescence pictures of colonies formed by breast cell subpopulations. Scale bars, 150 μm. e, YAP/TAZ targets are highly expressed in basal cells. qPCR analysis of sorted basal and c-KIT+ luminal progenitor cells (n = 2 biological replicates with 3 experimental replicates each). f, Sorted basal primary mouse MECs acquire a luminal phenotype upon removal of Lats, and removal of Lats enhances the luminal phenotype in sorted luminal MECs. Representative immunofluorescence pictures and quantification of the colony phenotype of sorted basal (top) and luminal (bottom) MECs with and without Lats1 + 2 stained for KRT14 and KRT8/18. n = 20 pooled mice; basal shNT, n = 46 colonies; basal shLats, n = 23 colonies; luminal shNT, n = 30 colonies; luminal shLats, n = 20 colonies. Scale bars, 200 μm. g, Depletion of Lats in sorted primary MECs increases luminal mature and progenitor markers and decreases basal and mammary stem-cell-related markers (qPCR; n = 20 pooled mice; 6 experimental replicates). h, Cells lacking LATS exhibit a luminal progenitor-like phenotype when grown in 3D collagen gels. Left, representative pictures of TDLU- and sphere-like structures formed by PHBECs on floating collagen. Right, representative immunofluorescence confocal pictures of 3D structures stained for basal (KRT14) and luminal (KRT18, E-cadherin) markers. Scale bars, 200 μm. i, Depletion of Lats in primary mouse MECs increases luminal mature and progenitor markers and decreases basal and mammary stem-cell-related markers (qPCR, n = 25 pooled mice, 6 experimental replicates). j, Graphical summary. Depletion of LATS expands luminal and bipotent progenitors and enhances differentiation along the luminal lineage at the expense of basal progenitors and basal cells. This results in a population of cells with high sphere-forming capacity, low mammary repopulating activity, and a luminal phenotype. Data are mean ± s.d.(a–c, e, g, i); *P < 0.05; **P < 0.01.


Extended Data Figure 8 Removal of LATS stabilizes ERα protein.
a, Knockdown of LATS upregulates ERα in luminal breast cancer cells. Immunoblots of lysates of shNT- and shLATS-treated T47D cells treated for 6 h with 10 nM oestrogen (E2) or ethanol (EtOH). b, Knockdown of LATS upregulates ERα-target genes in luminal breast cancer cells. qPCR analysis of shNT- and shLATS-treated T47D cells treated as in a. c, Re-expression of the kinase-dead LATS1 mutant almost fully rescues ERα-mediated effects of the knockdown in MCF10A cells, but not YAP/TAZ-mediated effects. Immunoblots (top left), quantification of sphere formation (top right) and qPCR analysis (bottom) of MCF10A cells with or without LATS cDNAs expressing LATS1 wild-type (WT) or mutant (mut) sequences. d, ERα protein is stabilized in cells lacking LATS. Immunoblots of lysates from shNT- and shLATS-treated T47D cells that were treated with 10 μM of the protein-translation inhibitor cycloheximide (CHX) and 10 nM oestrogen for 6 h. Quantification of ERα levels, normalized to loading controls ERK2 and β-actin and expressed relative to 0 h. e, LATS1 triggers proteasome-dependent downregulation of ERα protein. Immunoblots of lysates from BT474 and MCF7 cells transfected with wild-type LATS1 cDNA and treated with 20 μM of the proteasome inhibitor MG132 for 6 h. f, g, Ubiquitination of ERα is reduced in shLATS-treated cells and is dependent on DCAF1. Immunoblots of MCF7 shNT and shLATS cell lysates (f) and MCF7 cells transfected with LATS1 wild-type cDNA and siDCAF1 (g) subjected to ERα immunoprecipitation and immunoblotting for ubiquitin and ERα. IP, immunoprecipitation; WCL, whole cell lysate. b–d, Data are mean ± s.d.; n = 6 experimental replicates; *P < 0.05; NS, not significant.


Extended Data Figure 9 LATS ablation reduces the efficacy of fulvestrant treatment.
a, LATS is downregulated in the majority of human breast cancer samples and cell lines. Immunoblots of PHBECs and primary human breast cancer samples (top), MCF10A cells and basal (bottom left) and luminal (bottom right) breast cancer cell lines. b, shLATS reduces sensitivity to fulvestrant by preventing ERα degradation. Colony areas of T47D (top) and of MCF7 (bottom) shNT- and shLATS-treated cell lines in response to fulvestrant and tamoxifen treatment. (n = 9 experimental replicates). c, shLATS-treated tumours are partially resistant to fulvestrant. Tumour growth curves of shNT- and shLATS-treated T47D cell-bearing animals treated with 2.5 mg fulvestrant per 25 g, as indicated n = 5 biological replicates. d, Low LATS expression is associated with poor outcome in patients treated with anti-oestrogens but not in the tamoxifen-only treated subgroup. Kaplan–Meier analysis of relapse-free survival of n = 643 (left), n = 346 (middle), n = 489 (right) patients with breast cancer. Data are mean ± s.d. (b, c); *P < 0.05.

                          Source data
                        


Extended Data Figure 10 Graphical summary.
Effects of LATS in luminal and basal cells. In luminal cells, LATS is highly expressed in the cytoplasm, where it triggers YAP/TAZ degradation. These cells express high levels of ERα and its target genes. In basal cells, LATS is highly expressed in the nucleus, allowing YAP/TAZ accumulation in the cytoplasm and translocation to the nucleus, where they activate their targets. Upon depletion of LATS, YAP/TAZ are upregulated in luminal cells with the net results that both ERα and YAP/TAZ target genes are being transcribed. In basal cells, removal of LATS results in stabilization of ERα and the transcription of ERα target genes in addition to the already highly expressed YAP/TAZ target genes. Overall, these changes result in a cell population characterized by increases in the levels of luminal genes, in the number of luminal and bipotent progenitors, in sphere formation, and proliferation.
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