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            Abstract
Tissue fibrosis and extracellular matrix (ECM) stiffening promote tumour progression. The mechanisms by which ECM regulates its contacting cells have been extensively studied. However, how stiffness influences intercellular communications in the microenvironment for tumour progression remains unknown. Here we report that stiff ECM stimulates the release of exosomes from cancer cells. We delineate a molecular pathway that links stiff ECM to activation of Akt, which in turn promotes GTP loading to Rab8 that drives exosome secretion. We further show that exosomes generated from cells grown on stiff ECM effectively promote tumour growth. Proteomic analysis revealed that the Notch signalling pathway is activated in cells treated with exosomes derived from tumour cells grown on stiff ECM, consistent with our gene expression analysis of liver tissues from patients. Our study reveals a molecular mechanism that regulates exosome secretion and provides insight into how mechanical properties of the ECM control the tumour microenvironment for tumour growth.
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                    Fig. 1: Stiff ECM promotes exosome secretion.[image: ]


Fig. 2: Akt promotes exosome secretion from cells grown on stiff matrix.[image: ]


Fig. 3: Rab8 regulates stiff ECM-mediated exosome secretion.[image: ]


Fig. 4: Rabin8 is phosphorylated and activated by Akt in cells grown on stiff ECM.[image: ]


Fig. 5: Exosomes induced by stiff matrix promote tumour growth.[image: ]


Fig. 6: Notch signalling is activated in cells grown on stiffness ECM or treated with Exostiff.[image: ]


Fig. 7: Jagged1 is enriched in Exostiff.[image: ]
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Extended data

Extended Data Fig. 1 Characterization of exosomes derived from different cells.
a, Representative TEM image of exosomes purified from the conditioned media of Huh7 cells. Scale bar: 100â€‰nm. b, Purified exosome proteins were quantitated by Bradford assay and the mean was normalized to 1 for exosomal proteins from soft (0.5 kPa) matrix. Exosomes were collected from equal numbers of cells. Values are presented as Mean Â± S.D. nâ€‰=â€‰3. c, The mean diameters of exosomes purified from the conditioned media of Huh7 cells on soft or stiff matrix. Values are presented as mean Â± S.D. 3 independent experiments were performed. At least 106 of purified exosomes were measured by NTA for each experiment. d, Exosomes (10â€‰Âµg) derived from Huh7 cells on soft or stiff matrix were diluted with 1â€‰ml PBS. The particle concentration was determined by NTA. Values are presented as Mean Â± S.D. nâ€‰=â€‰3. e, Exosomes released from the same number of primary hepatocytes grown on matrix with different stiffness were quantified, and the concentration of exosomes released from cells were normalized to the 0.5 kPa group. Values are presented as Mean Â± S.D. nâ€‰=â€‰3. F, Exosomes released from the same number of MCF10A, MCF10AT, and MCF10CA cells grown on matrix with different stiffness were quantified. The amounts of exosomes released from the cells were normalized to the 0.5 kPa for each cell line. Mean Â± S.D. nâ€‰=â€‰3. Source numerical data and unprocessed blots are available in source data. n represents the number of independent experiments.
Source data


Extended Data Fig. 2 Exosome secretion from Huh7 cells treated with Akt and FAK inhibitors.
a, Volcano plot of RPPA data displaying the pattern of protein expression for Huh7 cells cultured on stiff (10 kPa) matrix relative to soft (0.5 kPa) matrix. Significantly up- and down-regulated proteins are indicated by red and blue dots, respectively (cut-off pâ€‰<â€‰0.05). All the data points were normalized for protein loading and transformed to Log2 values (labeled â€œNormLog2â€� on X-axis). b, Western blots showing the up-regulation of p-Akt but not p-ERK in Huh7 cells grown on stiff ECM. Molecular weights (in kDa) are shown to the right. c, Huh7 cells on soft or stiff matrix were treated with DMSO or Akt inhibitor GDC-0068. The conditioned media were collected and proceeded for NTA. Exosome concentration from the cells treated with DMSO on soft matrix was normalized to 1. Values are presented as Mean Â± S.D., nâ€‰=â€‰3. d-f, Huh7 cells were treated with DMSO or various concentrations of Akt inhibitors MK-2206, GDC-0068 or FAK inhibitor PND-1168. Cell viability was examined by CCK-8 assay and normalized to the value of DMSO treated group. Values are presented as Mean Â± S.D. nâ€‰=â€‰3. Source numerical data and unprocessed blots are available in source data. n represents the number of independent experiments.
Source data


Extended Data Fig. 3 Characterization of Rab8 and Rabin8 in cells grown on different matrix.
a, Huh7 cells were transfected with GFP or GFP-Rab8 and grown on soft matrix. Exosomes in the conditioned media were purified by ultracentrifugation, and exosomes from the same number of cells were loaded for western blotting with antibodies against exosome markers HRS and CD63. b, Conditioned media from cells expressing GFP or GFP-Rab8 and treated with DMSO or MK-2206 were collected and proceeded for NTA. Exosome concentration was normalized to those from GFP expressing cells treated with DMSO. Values are presented as Mean Â± S.D. nâ€‰=â€‰3. c, Conditioned media from cells with control or Rab8 shRNA treated with DMSO or MK-2206 were collected and proceeded for NTA. Exosome concentration was normalized to those from cells with control shRNA and DMSO. Values are presented as Mean Â± S.D. nâ€‰=â€‰3. d, Sequence alignment of Rabin8 from different species. The phosphorylation site Serine 149 was shown in red. e, Schematic diagram showing the use of BRET in analyzing Rabin8 conformation. NanoLuc (BRET donor) and HaloTag (BRET acceptor) were fused to the N and C terminus of Rabin8, respectively. When Rabin8 is adopted in a â€œclosedâ€� conformation and autoinhibited, BRET will occur owing to the close proximity between the donor and acceptor. If Rabin8 switches to an â€œopenâ€� conformation induced by Akt phosphorylation on S149, the BRET signal will decrease. f, Huh7 cells were transfected with different Rabin8 variants (WT, S149A, and S149D). Conditioned media were collected and proceeded for NTA. Exosome concentration was normalized to those from cells expressing wild type Rabin8 on soft matrix (nâ€‰=â€‰3). Values are presented as Mean Â± S.D. Source numerical data and unprocessed blots are available in source data. n represents the number of independent experiments.
Source data


Extended Data Fig. 4 Hepa1-6 cells secreted more exosomes when grown on stiff Matrix.
a, Hepa1-6 cells were cultured on soft (0.5 kPa) or stiff (10 kPa) matrix. Exosomes in the conditioned media were purified. Quantification of the exosomal proteins by Bradford assay. The amounts of exosomal proteins were normalized to those from soft matrix. Values are presented as Mean Â± S.D. nâ€‰=â€‰3. b, Exosomes from the same number of cells were analyzed by immunoblotting using antibodies against indicated exosome markers. c, Quantification of the levels of HRS, Syntenin-1, CD63, Alix and Tsg101 is presented. Mean Â± S.D. nâ€‰=â€‰3. d, Exosomes released from the same number of Hepa1-6 cells grown on matrix with different stiffness were quantified, and the concentration of exosomes released from cells grown on 0.5 kPa matrix were normalized as 1. Values are presented as Mean Â± S.D. nâ€‰=â€‰3. n represents the number of independent experiments. e, Growth curves of Hepa1-6 tumors in C57L/J mice injected with PBS or the same amounts of exosomes derived from Hepa1-6 cells treated with DMSO or MK-2206 (nâ€‰=â€‰5 mice). Values are presented as Mean Â± S.D. Source numerical data and unprocessed blots are available in source data.
Source data


Extended Data Fig. 5 Expression of the Notch pathway proteins in Huh7 cells grown on soft or stiff matrix.
Heatmap of RPPA data showing the levels of the Notch pathway proteins in Huh7 cells grown on soft (0.5 kPa) or stiff (10 kPa) matrix. Source numerical data is available in source data.
Source data


Extended Data Fig. 6 Gene expression analysis of liver tissues from patients.
Box and whisker plot (bars represent 10-90 percentile, dots represent outliers) of albumin levels in the serum of 226 HCC patients with high (nâ€‰=â€‰113 patients) or low (nâ€‰=â€‰113 patients) Notch gene expression (p value is from Mann-Whitney test (two-tailed). b, Box and whisker plot (bars represent 10-90 percentile, dots represent outliers) of alanine transaminase (ALT) levels in the serum of 226 HCC patients with high (nâ€‰=â€‰113 patients) or low (nâ€‰=â€‰113 patients) Notch gene expression (p value is from Mann-Whitney test (two-tailed). c, Analysis of Notch-high and Notch-low patients with HSC or without (nHSC) the HSC gene signature (Fishers Exact test). d, Notch-high (nâ€‰=â€‰113 patients) and Notch-low (nâ€‰=â€‰113 patients) patients with or without cirrhosis (Fishers Exact test). The proportion of patients with high Notch genes expression in each group were analyzed (Fishers Exact test). e, Survival risk prediction analysis based on the expression data of four Notch associated genes, HEY1, HEY2, HES1, and SOX9 in non-tumor tissues derived from 226 HCC patients (Kaplan-Meier Cox Log Rank test between two groups and leave one out permutation analyses (1000X)). f, Top enriched signaling pathways associated with Notch activation. Ingenuity Pathway Analysis was performed on 1,872 differentially expressed genes (pâ€‰<â€‰0.001) between high-Notch) and low-Notch patient non-tumor samples (see Methods for detail). -log(p-value) were calculated using Fisherâ€™s Exact test with Bonferroni correction. g, Box and whisker plot (bars represent 10-90 percentile, dots represent outliers) analysis of Jagged1 expression in 226 HCC patients with Notch-high (nâ€‰=â€‰113 patients) and Notch-low (nâ€‰=â€‰113 patients) expression.
Source data


Extended Data Fig. 7 RPPA of the exosomal proteins collected from Huh7 cells grown on soft or stiff matrix.
Volcano plot of RPPA data displaying the pattern of protein expression in exosomes derived from Huh7 cells cultured on stiff relative to soft matrix. Significantly up- and down-regulated proteins are indicated by red and blue dots, respectively (cut-off pâ€‰<â€‰0.05). All the data points were normalized for protein loading and transformed to Log2 values on X axis. Source numerical data is available in source data.
Source data
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