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            Abstract
The YAP and TAZ mediators of the Hippo pathway (hereafter called YAP/TAZ) promote tissue proliferation and organ growth. However, how their biological properties intersect with cellular metabolism remains unexplained. Here, we show that YAP/TAZ activity is controlled by the SREBP/mevalonate pathway. Inhibition of the rate-limiting enzyme of this pathway (HMG-CoA reductase) by statins opposes YAP/TAZ nuclear localization and transcriptional responses. Mechanistically, the geranylgeranyl pyrophosphate produced by the mevalonate cascade is required for activation of RhoÂ GTPases that, in turn, activate YAP/TAZ by inhibiting their phosphorylation and promoting their nuclear accumulation. The mevalonateâ€“YAP/TAZ axis is required for proliferation and self-renewal of breast cancer cells. In Drosophila melanogaster, inhibition of mevalonate biosynthesis and geranylgeranylation blunts the eye overgrowth induced by Yorkie, the YAP/TAZ orthologue. In tumour cells, YAP/TAZ activation is promoted by increased levels of mevalonic acid produced by SREBP transcriptional activity, which is induced by its oncogenic cofactor mutant p53. These findings reveal an additional layer of YAP/TAZ regulation by metabolic cues.
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                    Figure 1: The mevalonate pathway promotes YAP/TAZ nuclear localization and activity.[image: ]


Figure 2: GGPP mediates mevalonate-dependent YAP/TAZ nuclear localization and activity.[image: ]


Figure 3: Activation of YAP/TAZ by GGPP is mediated by RhoÂ GTPases.[image: ]


Figure 4: The mevalonate pathway regulates YAP/TAZ phosphorylation and activity independently of LATS1/2 kinases.[image: ]


Figure 5: The mevalonate pathway is required for YAP/TAZ biological activities.[image: ]


Figure 6: The mevalonate pathway master regulators SREBPs and mutant p53 regulate YAP/TAZ activity in cancer cells.[image: ]


Figure 7: Model of mevalonate-dependent control of YAP/TAZ.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Statins inhibit YAP/TAZ nuclear localization.
(a) Schematic representation of the high-content screening. MDA-MB-231 cells were seeded in 384-well plates and 24 h later the FDA-approved compounds were added to cells at 1 or 10 Î¼M. 24 h after treatment, cells were fixed and processed for immunofluorescence for YAP/TAZ and stained with Hoechst. Automated image acquisition and analysis was then performed to analyse the subcellular localization of YAP/TAZ. The screening was performed in duplicate; ca. 4,500 cells were analysed per experimental condition and replicate. (b) Correlation between the two screening replicates at 10 Î¼M. Dashed lines represent the levels of cells treated with DMSO. n = 2 biological replicates. (c) Representative images from the screening. MDA-MB-231 stained for Hoechst and YAP/TAZ after treatment with DMSO or the five statins present in the library are shown. Representative images are shown. Experiment repeated two times. Scale bars, 100 Î¼m. (d) Cells were treated with DMSO (NT) or Simvastatin (SIM) 1 Î¼M alone or with mevalonic acid 0.5 mM for 24 h before fixation. Left: representative images of immunofluorescence in MDA-MB-231. Scale bars, 15 Î¼m. Right: quantification of cells with nuclear YAP/TAZ. Representative images are shown. Experiment repeated four times. Data are derived from n = 4 independent experiments where at least 300 cells were scored. Error bars represent meanÂ Â±Â s.d. (e) Western blot showing nuclear-cytoplasmic fractionation of MDA-MB-231 cells after treatment with Cerivastatin 1 Î¼M alone or with mevalonic acid 0.5 mM for 24 h. Experiment repeated three times. Scale bars, 15 Î¼m. *P < 0.05, **P < 0.01; Students t-test is used throughout.


Supplementary Figure 2 Bisphosphonates and geranylgeranyl transferase inhibitors block YAP/TAZ nuclear localization.
(a) qPCR and luciferase reporter assay (8XGTII-lux) to measure YAP/TAZ transcriptional activity. MDA-MB-231 cells were transfected with control siRNA (siCTL) or siRNA against HMG-CoA Reductase (siHMGCR). 72 h after transfection cells were collected and analysed for mRNA expression (left) or luciferase activity (right). Data were normalized to siCTL. Error bars represent meanÂ Â±Â s.d., from n = 3 biological replicates. (b) Representative images of YAP/TAZ in MDA-MB-231 cells after treatment with inhibitors: Zoledronic Acid (ZA) (50 Î¼M), FTI-277 (1 Î¼M), YM-53601 (1 Î¼M), GGTI-298 (1 Î¼M) for 24 h. Experiment repeated four times. Data are derived from three independent experiments where at least 300 cells were scored. Scale bars, 15 Î¼m. (c) Luciferase reporter assay (8XGTII-lux) to measure YAP/TAZ transcriptional activity. MDA-MB-231 cells were treated with DMSO (NT) or Geranylgeranyl transferase inhibitor (GGTI-298) 1 Î¼M for 24 h. Data were normalized to NT. Error bars represent meanÂ Â±Â s.d., from n = 4 biological replicates. (d) Immunofluorescence images shown in Fig.Â 2d, here presented with their nuclear staining (Hoechst) and zoom. Scale bars, 15 Î¼m. (e) Cells were treated with DMSO (NT) or Cerivastatin (CER) 1 Î¼M alone or with farnesyl phyrophosphate (FPP) or Squalene (SQ) for 24 h before fixation. Experiment repeated four times. Data are derived from n = 4 independent experiments where at least 300 cells were scored. Error bars represent meanÂ Â±Â s.d.;. (f) MDA-MB-231 cells were transfected with luciferase 8XGTII-lux reporter. After 24 h cells were treated with DMSO (NT) or Zoledronic Acid (ZA) alone or with GGPP for 24 h. Data were normalized to NT. Error bars represent meanÂ Â±Â s.d., from n = 4 biological replicates. (g) Western blot of MDA-MB-231 cells after treatment with DMSO (NT) or Zoledronic Acid (ZA) for 24 h. Representative blots are shown. Experiment repeated three times. (h) qPCR analysis in MDA-MB-231 transfected with indicated siRNAs. Error bars represent meanÂ Â±Â s.d., from n = 3 biological replicates. (i) Parental (CTL), siRNA-resistant WT-YAP and 5SA-YAP-overexpressing MDA-MB-231 cells were transfected with a combination of YAP/TAZ siRNA (siYAP/TAZ). The day after, cells were treated with Cerivastatin for 24 h and analysed by immunofluorescence. Representative images are shown. Experiment repeated four times. Data are derived from three independent experiments where at least 300 cells were scored. Scale bars, 15 Î¼m. *P < 0.05, **P < 0.01; Students t-test is used throughout.


Supplementary Figure 3 Statins inhibit Rho-GTPases localization and activity by reducing the levels of GGPP.
(a) Quantification of H1299 cells with nuclear GFP-RhoA after treatment with DMSO (NT) or Cerivastatin (CER) 1 Î¼M alone or with geranylgeranyl pyrophosphate (GGPP) 20 Î¼M for 24 h. Data are derived from n = 3 independent experiments where at least 300 cells were scored. Error bars represent meanÂ Â±Â s.d. (b) Cytoplasmic fraction of H1299 cells after treatment with DMSO (NT) or Cerivastatin (CER) 1 Î¼M alone or with geranylgeranyl pyrophosphate (GGPP) 20 Î¼M for 24 h was analysed by western blot. Representative blots are shown. Experiment repeated three times. (c) G-actin/F-actin assay on MCF10A cells. Cells were treated over day with the indicated drugs, lysed and centrifuged in F-actin stabilization buffer to quantify the relative amount of filamentous actin (F-actin) content in the pellet (P) versus free globular actin (G-actin) content in the supernatant (S). LatrunculinA served as positive control for F-actin dissociation. Phalloidin for F-actin stabilization. Representative blots are shown. Experiment repeated three times. (d) Immunofluorescence images shown in Fig.Â 3a, here presented with their nuclear staining (Hoechst). Scale bars, 15 Î¼m. (e) Quantification of GTP-bound RhoA together with total cell lysates was assessed by western blot after Rhotekin pull-down assay. Cells were treated with DMSO (NT) or with Cerivatsatin (CER) 1 Î¼M alone or with geranylgeranyl pyrophosphate 20 Î¼M (GGPP+CER) or mevalonic acid (MVA+CER) 0.5 mM for 24 h. Ratio was calculated by densitometric analysis of western blot. Representative blots are shown. Experiment repeated three times. (f) Immunofluorescence images shown in Fig.Â 3c, here presented with their nuclear staining (Hoechst). Subcellular localization images of transiently transfected GFP-RhoA and GFP-RhoA-F in H1299 cells after treatment with FTI-277 1 Î¼M for 24 h were added. Scale bars, 15 Î¼m. *P < 0.05, **P < 0.01; Students t-test is used throughout.


Supplementary Figure 4 Statins and GGTI inhibit YAP/TAZ through Rho-GTPases and show tumor-suppressor activities.
(a) Quantification of cells with nuclear GFP-RhoA-F in MDA-MB-231 cells stably expressing the GFP-RhoA-F construct after treatment with DMSO (NT) or with Cerivastatin (CER) 1 Î¼M. Data are derived from n = 3 independent experiments where at least 300 cells were scored. Error bars represent meanÂ Â±Â s.d. (b) Quantification of cells with nuclear YAP/TAZ in MDA-MB-231 cells stably expressing the GFP-RhoA-F construct after treatment with DMSO (NT) or with Cerivastatin (CER) 1 Î¼M. Data are derived from n = 4 independent experiments where at least 300 cells were scored. Error bars represent meanÂ Â±Â s.d. (c) qPCR analysis in MDA-MB-231 stably expressing the GFP-RhoA-F construct. Cells were treated with DMSO (NT) or Cerivastatin (CER) 1 Î¼M alone or with mevalonic acid 0.5 mM for 48 h. Error bars represent meanÂ Â±Â s.d., from n = 3 biological replicates. (d) Percentage of H1299 cells with nuclear YAP/TAZ. Cells stably expressing the indicated constructs were treated with DMSO (NT) or GGTI-298 (1 Î¼M) for 24 h. Data are derived from n = 3 independent experiments where at least 300 cells were scored. Error bars represent meanÂ Â±Â s.d. (e) Luciferase reporter assay (8XGTII-lux). Cells were treated as in d. Data are normalized to NT. Error bars represent meanÂ Â±Â s.d., from n = 3 biological replicates. (f) Viability assay (ATPlite) of control and YAP-5SA stably expressing MDA-MB-231 cells after treatment with increasing amount of Cerivastatin (0, 0.1, 1, 10 Î¼M and 10 Î¼M with mevalonic acid 0.5 mM) for 48 h. Data are normalized to NT. Error bars represent meanÂ Â±Â s.d., from n = 3 biological replicates. (g) Viability assay (WST-1) of control and YAP-5SA stably expressing MCF10A MII cells after treatment with increasing amount of Cerivastatin (0, 0.1, 1, 10 Î¼M and 10M with mevalonic acid 0.5 mM) for 48 h. Data are normalized to NT. Error bars represent meanÂ Â±Â s.d., from n = 3 biological replicates. (h) Control and YAP-5SA stably expressing MCF10A MII cells were treated with increasing amount of Cerivastatin (0, 0.1, 1, 10 Î¼M) for 48 h. Cleaved PARP was detected by western blot. Representative blots are shown. Experiment repeated three times. (i) Clonogenic assay on MDA-MB-231 cells. Cells were transfected with the indicated siRNA. After 1 day cells were seeded in 10-cm petri dishes. Growing colonies were fixed after one week and stained with crystal violet. Experiment repeated two times. Scale bar, 2 cm. (j) To evaluate the intra-tumoral effect of zoledronic acid on the mevalonate pathway, total RNA was extracted from tumors from control (saline) or zoledronic acid (ZA) treated mice and the mRNA levels of the mevalonate pathway target gene LDLR were determined by qPCR. n = 5 mice. *P < 0.05, **P < 0.01; Students t-test is used throughout.


Supplementary Figure 5 GGTI inhibits cell migration by reducing YAP activity.
(a) MCF10A MII cells expressing vector (CTL), YAP wild type (WT), and YAP-5SA (5SA) were analysed for migration by a wound-healing assay after treatment with DMSO (NT) or GGTI-298 1 Î¼M for 12 h. Experiment repeated three times. Scale bar, 200 Î¼m. (b) Quantification of GTP-bound RhoA together with total cell lysates was assessed by western blot after Rhotekin pull-down assay. Cells were treated with DMSO (NT) or with GGTI-298 1 Î¼M for 12 h. Experiment repeated three times.


Supplementary Figure 6 Activation of the mevalonate pathway increases YAP/TAZ activity.
(a) qPCR analysis in MDA-MB-231 to measure SREBPs transcriptional activity. MDA-MB-231 cells were plated in medium with 10%FBS or 2%ULTROSER (US) for 48 h. SREBPs target genes (HMGCS1 and HMGCR) expression was analysed by qPCR. Error bars represent meanÂ Â±Â s.d., from n = 3 biological replicates. (b) Nuclear YAP/TAZ localization in MDA-MB-231 cells placed in medium with 10% FBS or 2% ULTROSER (US) for 24 h. Data are derived from n=3 independent experiments where at least 300 cells were scored. Error bars represent meanÂ Â±Â s.d. (c)Â qPCR in MDA-MB-231 cells placed in medium with 10% FBS or 2% ULTROSER (US) for 24 h. Error bars represent mean s.d., from n=4 biological replicates. (d) Nuclear YAP/TAZ localization in confluent MCF10A MII cells placed in medium with 5% Horse Serum (H.S.) or 2% ULTROSER (US) and treated with Cerivastatin (CER) 1Â Î¼M for 24 h. Data are derived from n = 4 independent experiments where at least 300 cells were scored. Error bars represent meanÂ Â±Â s.d. (e) Representative images relative to d. Scale bars, 15 Î¼m. (f) qPCR analysis in MDA-MB-231 to measure SREBPs transcriptional activity. MDA-MB-231 cells were placed in medium with 2% ULTROSER and treated with DMSO (NT) or SREBPs inhibitor Fatostatin 40 Î¼M for 48 h. SREBPs target genes (HMGCS1 and HMGCR) expression was analysed by qPCR. Error bars represent meanÂ Â±Â s.d., from n = 3 biological replicates. (g) Cleaved SREBP-2 (nSREBP-2) levels were detected after 48 h treatment with DMSO (NT) or SREBPs inhibitor Fatostatin (FT) 40 Î¼M in cells cultured with 10%FBS or 2%ULTROSER (US). Representative blots are shown. Experiment repeated three times. *P < 0.05, **P < 0.01; Students t-test is used throughout.


Supplementary Figure 7 Mutant-p53 activates YAP/TAZ through the mevalonate pathway.
(a) qPCR analysis in MDA-MB-231 to measure SREBPs transcriptional activity after mutant p53 silencing. SREBPs target genes (HMGCS1 and HMGCR) expression was analysed by qPCR. Error bars represent meanÂ Â±Â s.d., from n = 3 biological replicates. (b) p53 levels relative to Fig.Â 6e (upper panel) and 6i (bottom panel). Representative blots are shown. Experiment repeated three times. (c) Immunofluorescence images shown in Fig.Â 6f, here presented with their nuclear staining (Hoechst) and zoom. Scale bars, 15 Î¼m. (d) Contingency table frequencies of samples classified as having high or low levels of Mevalonate Pathway signature, of YAP/TAZ signature and of mutant p53 ten genes signature. The association among high/low levels of Mevalonate signature, YAP/TAZ, and ten genes resulted statistically significant (Pearsonâ€™s Chi-squared Test, p < 10âˆ’16). n = 657 tumor samples. All error bars are s.d. (*P < 0.05, **P < 0.01; Students t-test is used throughout).
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