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            Abstract
Inflammation promotes regeneration of injured tissues through poorly understood mechanisms, some of which involve interleukin (IL)-6 family members, the expression of which is elevated in many diseases including inflammatory bowel diseases and colorectal cancer. Here we show in mice and human cells that gp130, a co-receptor for IL-6 cytokines, triggers activation of YAP and Notch, transcriptional regulators that control tissue growth and regeneration, independently of the gp130 effector STAT3. Through YAP and Notch, intestinal gp130 signalling stimulates epithelial cell proliferation, causes aberrant differentiation and confers resistance to mucosal erosion. gp130 associates with the related tyrosine kinases Src and Yes, which are activated on receptor engagement to phosphorylate YAP and induce its stabilization and nuclear translocation. This signalling module is strongly activated upon mucosal injury to promote healing and maintain barrier function.
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                    Figure 1: Persistent gp130 activation causes aberrant IEC proliferation and differentiation.


Figure 2: gp130 activates YAP and Notch signalling.


Figure 3: Notch or YAP inhibition partially restores tissue homeostasis.


Figure 4: SFKs activate YAP downstream to gp130Act and are active in human IBD.


Figure 5: gp130–SFK–YAP signalling is activated upon mucosal erosion to promote regeneration.
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Extended data figures and tables

Extended Data Figure 1 gp130Act expression and intestinal phenotype.
a, Schematic diagram of the villin-gp130Act transgenic (Tg) construct and the gp130Act and gp130SA variants. b, Expression of gp130Act in the villin-gp130Act jejunum was confirmed by RT–PCR with specific primers for human gp130. Cyclophilin (CPH) was used as an internal control. c, Representative images of wild-type (WT) and villin-gp130Act intestines. c-Myc and cyclin D1 (d) and TUNEL (red, TUNEL; blue, DAPI) (e) staining of paraffin-embedded sections of wild-type and villin-gp130Act small intestines from 3-month-old mice. Positive cells were enumerated in each villus or crypt (n = 6). Data represent averages ± s.d.; P < 0.05. f, MMP7-, AB- and ChrA-positive cells in wild-type and villin-gp130Act small intestines were enumerated in each villus or crypt (n = 6). Data represent averages ± s.d.; P < 0.05. g, Paraffin-embedded sections of wild-type and villin-gp130Act small intestines were analysed by PAS and lysozyme staining. Positive cells were enumerated in each villus or crypt (n = 6). Data represent averages ± s.d.; P < 0.05. h, Cryptdin mRNA in wild-type and villin-gp130Act jejunum was detected by in situ hybridization. i, Transmission electron microscopy (TEM) of the apical surface of wild-type and transgenic small intestines. Scale bars represent 100 μm (d, e, g, h) and 1 μm (i) and all data are representative of at least 2–3 independent experiments.


Extended Data Figure 2 Aberrant intestinal differentiation and activation of gp130 effectors in gp130Act mice.
a, Paraffin-embedded sections of wild-type and villin-gp130Act (Tg) small intestines were analysed by CD45 staining. b, Lysates of wild-type and villin-gp130Act jejuna were prepared, and expression of Il6 and Tnf mRNAs was analysed by qRT–PCR (n = 3). Results are averages ± s.e.m.; P < 0.05. c, H&E and PAS staining of paraffin-embedded sections of wild-type and villin-gp130Act large intestines. d, pSTAT1, pERK1/2, pS6 and CD44 C-terminal stainings of paraffin-embedded sections of wild-type and villin-gp130Act small intestines. Positive cells were enumerated in each villus or crypt (n = 4). Data represent averages ± s.d.; P < 0.05. e, YAP, Ki67 and pSTAT3 stainings of paraffin-embedded sections of wild-type and villin-gp130Act large intestines. Positive cells were enumerated in each crypt (n = 4). Data represent averages ± s.d.; P < 0.05. Scale bars represent 100 μm (a, c-e) and all data are representative of at least 2–3 independent experiments.


Extended Data Figure 3 IL-6 and gp130 induce Notch and YAP activation in intestinal organoids and cancer cells, and gene expression analysis of intestinal crypts.
a, b, Wild-type and villin-gp130Act organoids were cultured, their RNA extracted, and expression of the indicated mRNA species was measured by qRT–PCR (n = 3). Results are averages ± s.e.m.; P < 0.05. c, Appearance of wild-type and villin-gp130Act small intestinal organoids cultured in standard EGF/Noggin/R-spondin 1 medium. d, Nuclei of T84 colon cancer cells transfected with either empty vector (EV) or a vector encoding superactive gp130 (gp130SA) were lysed and subjected to immunoblot analysis with the indicated antibodies. Lamin A, a nuclear marker. Actin, a loading control. e, Lysates of serum-starved SW480 (upper) or DLD1 (lower) colon cancer cells treated for 0–480 min with IL-6 at 50 ng ml−1 were subjected to immunoblot analysis using the indicated antibodies. f, Nuclei of serum-starved HT29 colon cancer cells treated for 24 h with IL-6 at 0–50 ng ml−1 were lysed and subjected to immunoblot analysis with the indicated antibodies. HDAC, a nuclear marker and loading control. g, Lysates of primary mouse hepatocytes treated for 0–120 min with IL-6 at 50 ng ml−1 were subjected to immunoblot analysis using the indicated antibodies. h, Microarray analysis was performed using the Illumina MouseWG-6 v2 Expression BeadChip on RNA extracted from wild-type and villin-gp130Act small intestinal crypts (n = 3 per group). Data were normalized and analysed as described and expression of the indicated genes is shown as fold-induction compared to wild-type crypts. i, RNA was extracted from wild-type and villin-gp130Act small intestinal organoids, and Areg mRNA expression was measured by qRT–PCR (n = 3). Results are averages ± s.e.m.; P < 0.05. Scale bars represent 100 μm (c) and all data are representative of at least 2–3 independent experiments.


Extended Data Figure 4 Aberrant intestinal differentiation in gp130Act mice depends on Notch and YAP but not on STAT3.
a, MMP7 staining of paraffin-embedded sections of control and DBZ-treated (10 μmol kg−1) villin-gp130Act small intestines. Positive cells were enumerated in each crypt (n = 3). Data represent averages ± s.d.; P < 0.05. b, MMP7 and lysozyme staining of paraffin-embedded sections of villin-gp130Act and villin-gp130Act/YapΔIEC small intestines. Positive cells were enumerated in each crypt (n = 4). Data represent averages ± s.d.; P < 0.05. c, PAS, Ki67, YAP, pSTAT3, HES1 and MMP7 staining of paraffin-embedded sections of villin-gp130Act and villin-gp130Act/Stat3ΔIEC small intestines. Positive cells were enumerated in each villus or crypt (n = 4). Data represent averages ± s.d.; P < 0.05. Scale bars represent 100 μm (a-c) and all data are representative of at least 2–3 independent experiments.


Extended Data Figure 5 MEK and PI(3)K inhibitors have no effect on aberrant intestinal homeostasis in gp130Act mice.
a, PAS, Ki67, YAP and pERK1/2 staining of paraffin-embedded sections of control and PD0325901-treated (25 mg kg−1) villin-gp130Act small intestines. Positive cells were enumerated in each villus or crypt (n = 3). Data represent averages ± s.d.; P < 0.05. b, PAS, Ki67, YAP and pS6 staining of paraffin-embedded sections of control and LY294002-treated (100 mg kg−1) villin-gp130Act small intestines. Positive cells were enumerated in each villus or crypt (n = 3). Data represent averages ± s.d.; P < 0.05. Scale bars represent 100 μm (a, b).


Extended Data Figure 6 gp130 activates YAP via a Hippo-independent but tyrosine phosphorylation-dependent mechanism, and gp130 interacts with Src and Yes.
a, Lysates of wild-type and villin-gp130Act jejuna, which are the same as the ones in Fig. 2a, were analysed for expression and phosphorylation of the indicated proteins. b, Lysates of HT29 colon cancer cells transfected with either empty vector (EV), active gp130 (gp130Act), or superactive gp130 (gp130SA) were subjected to immunoblot analysis with pSrc (Y419), total Src and GAPDH antibodies. GAPDH, a loading control. c, Lysates of HCA7 colon cancer cells infected with EV, wild-type gp130, gp130Act, or gp130SA lentiviruses were immunoprecipitated with anti-YAP antibody and blotted with the indicated antibodies. d, Lysates of HT29 colon cancer cells infected with EV, wild-type gp130, gp130Act, or gp130SA lentiviruses were immunoblot analysed for expression and phosphorylation of the indicated proteins. e, Serum-starved HCT116 cells were stimulated with 10% FBS, IL-6 (100 ng ml−1), or IL-11 (100 ng ml−1) for 30 min. Total cell lysates were analysed for expression and phosphorylation of the indicated proteins. f, Left: pSrc and YAP staining of livers from untreated wild-type mice (control) and wild-type mice 48 h after partial hepatectomy (PH). Scale bars represent 100 µm. Middle: lysates of livers from control mice and mice 48 h after partial hepatectomy were subjected to immunoblot analysis with the indicated antibodies. Right: lysates of livers from vehicle (DMSO)-treated and PP2-treated mice 48 h after partial hepatectomy were subjected to immunoblot analysis with the indicated antibodies. g, Top: HEK293T cells were transfected with plasmids expressing Flag–YAP. Twenty-four hours after transfection, the cells were pre-treated for 1 h with 0.1% DMSO (vehicle control), PP2 (10 μM) or AZD1480 (1 μM) and then were treated with 50 μg ml−1 cycloheximide for different time points. Total cell lysates were subjected to immunoblot analysis with the indicated antibodies. Bottom: HEK293T cells were transfected with Flag–YAP as above. Twenty-four hours after transfection, the cells were pre-treated for 1 h with 0.1% DMSO (vehicle control), AZD0530 (10 μM) or SU6656 (10 μM) and then were treated with 50 μg ml−1 cycloheximide for different time points. Total cell lysates were analysed as above. h, HEK293T cells were transfected with either empty or constitutively active (CA) Src expression vectors. After 48 h, the cells were lysed and expression of the indicated proteins determined by immunoblot analysis. i, HT29 cells were collected with or without 10 ng ml−1 IL-6 stimulation for 2 h. Lysates were analysed by immunoblot with the indicated antibodies. These are the loading controls for the data shown in Fig. 4e. j, HEK293T cells were transfected with expression vectors encoding Src and Flag-tagged gp130Act, Flag-tagged gp130Act (Δ771–811), Flag-tagged gp130Act (Δ812–827) or empty vector. Cells were collected 48 h later. Cell lysates were immunoprecipitated with Flag antibody and analysed by immunoblot with the indicated antibodies. k, Nuclei of T84 colon cancer cells infected with EV, gp130Act, gp130Act (Δ771–811) or gp130Act (Δ812–827) lentiviruses were prepared and subjected to immunoblot analysis with the indicated antibodies. HDAC1, a nuclear marker and loading control. All data are representative of at least 2–3 independent experiments.


Extended Data Figure 7 SFK activity is required for YAP activation.
a, Transgenic (Tg) mice (n = 4 per group) were treated with PP2 (5 mg kg−1) or vehicle once a day for 5 days. Small intestines were isolated, sectioned and stained as indicated. Positive cells were enumerated in each villus or crypt. Data represent averages ± s.d.; P < 0.05. b, c, Wild-type and villin-gp130Act small intestinal organoids were treated with DMSO, AZD0530 (10 μM) (b), AZD1480 (1 μM) or DBZ (10 μM) (c) for 24 h, stained with YAP antibody and counter stained with DAPI and photographed under a fluorescent microscope. d, Wild-type and villin-gp130Act small intestinal organoids were treated with DMSO, PP2 (10 μM) and AZD1480 (1 μM) for 24 h. Total cell lysates were subjected to immunoblot analysis with the indicated antibodies. e, Serum-starved HT29 cells were pre-treated for 1 h with 0.1% DMSO (vehicle control), AZD1480 (10 μM) or PP2 (20 μM) before IL-6 (10 ng ml−1) stimulation for 24 h. Nuclear extracts of HT29 cells treated without or with IL-6 in the absence or presence of AZD1480 or PP2 were subjected to immunoblot analysis with the indicated antibodies. Lamin A, a nuclear marker; Actin, a loading control. f, Wild-type and villin-gp130Act small intestinal organoids were treated with DMSO and AZD0530 (10 μM) for 24 h. Total cell lysates were subjected to immunoblot analysis with the indicated antibodies. Scale bars represent 100 μm (a–c). All data are representative of at least 2–3 independent experiments.


Extended Data Figure 8 gp130Act confers DSS resistance, induces Notch receptors and ligands and improves barrier function.
a, Left: representative images of wild-type and villin-gp130Act large intestines taken 10 days after 3.0% DSS treatment. Right: colon length of wild-type and villin-gp130Act mice before and after DSS treatment (before: n = 5 per group, after: n = 4 per group). Results are averages ± s.e.m.; P < 0.05. b, Representative images of H&E stained paraffin-embedded colon sections prepared 10 days after DSS challenge of wild-type and transgenic mice as described in Fig. 5a. Scale bars: 100 µm. c, Ki67 (left) and cleaved-caspase 3 (right) stainings were performed on paraffin-embedded colon sections from wild-type and transgenic mice at day 0 and 3 (Ki67) or 5 (cleaved-caspase 3) after 3.0% DSS treatment. d, Lysates of wild-type, villin-gp130Act, villin-gp130Act/YapΔIEC and villin-gp130Act/Stat3ΔIEC colons were prepared, RNA was extracted and expression of the indicated mRNA species was analysed by qRT–PCR (n = 3 per group). Results are averages ± s.e.m.; P < 0.05. e, f, Gut barrier function in wild-type and villin-gp130Act mice was examined by measurements of fecal albumin (WT, n = 6; Tg, n = 7) (e) and FITC-Dextran translocation to blood 4 h after oral gavage (WT, n = 5; Tg, n = 4) (f). Results are averages ± s.e.m.; P < 0.05. g, TEM images of intestinal mucosa epithelial cell–cell junctions in wild-type and villin-gp130Act small intestines. h, C57BL/6 mice were given regular water or 2.5% DSS for 7 days. Colonic RNA was extracted on day 10, and expression of the indicated genes was analysed by qRT–PCR (n = 4). Results are averages ± s.e.m.; P < 0.05. i, Wild-type mice were given 2.5% DSS. Colonic lysates were prepared when indicated and immunoblot analysed for protein expression and phosphorylation. j, Colon length of control and PP2-injected C57BL/6 mice after DSS treatment (n = 6 per group). Results are averages ± s.e.m.; P < 0.05. Scale bars represent 100 μm (b, c) and 500 nm (g).


Extended Data Figure 9 Enhanced mucosal regeneration in gp130Act mice depends on YAP and STAT3 but the two effectors control different genes, and YAP is required for in vitro scratch closure.
a, Left: body weight curves of DSS-treated YapΔIEC (squares, n = 6) and villin-gp130Act/YapΔIEC (circles, n = 4) mice. Results are averages ± s.d.; P < 0.05. Colon mucosal histology of YapΔIEC (squares, n = 6) and villin-gp130Act/YapΔIEC (circles, n = 4) mice was examined by H&E staining and scored 9 days after 2.0% DSS challenge by an observer blinded to the mouse genotype. Results are averages ± s.e.m.; P < 0.05. Right: body weight curves of DSS-treated Stat3ΔIEC (squares) and villin-gp130Act/Stat3ΔIEC (circles) mice (n = 4 per group). Results are averages ± s.d.; P < 0.05. Mucosal histology of Stat3ΔIEC and villin-gp130Act/Stat3ΔIEC mice (n = 4 per group) was examined and scored 8 days after 2.0% DSS challenge as above. Results are averages ± s.e.m.; P < 0.05. b, RNA was extracted from YapΔIEC and villin-gp130Act/YapΔIEC (n = 3 per group) or Stat3ΔIEC and villin-gp130Act/Stat3ΔIEC (n = 4 per group) colons, and expression of the indicated mRNA species was measured by qRT–PCR. Results are averages ± s.e.m.; P < 0.05. c, IEC6 rat intestinal epithelial cells infected with EV or gp130Act lentiviruses were grown to confluence and starved overnight, and the monolayers were wounded by scratching and treated with DMSO, PP2 (10 μM), AZD1480 (1 μM), verteporfin (1 μg ml−1) or DBZ (10 μM). The per cent wounded area was calculated by measuring wound closure over time (0 and 24 h). Results are averages ± s.e.m.; P < 0.05 (n = 5). d, Total cell lysates of IEC6 cells infected with EV + shluc (control), gp130Act + shluc or gp130Act + shYAP lentiviruses were prepared and subjected to immunoblot analysis with the indicated antibodies. e, IEC6 cells infected with EV + shluc (control), gp130Act + shluc or gp130Act + shYAP lentiviruses were grown to confluence and starved overnight, and the monolayers were wounded by scratching. The per cent wounded area was calculated by measuring wound closure over time (0 and 24 h) (n = 5). Results are averages ± s.e.m.; P < 0.05. f, Schematic representation of the gp130–SFK–YAP–Notch pathway and its function in the injured intestinal epithelium. Scale bars represent 100 μm (a).


Extended Data Table 1 Elevated P-Src and YAP expression in colonic biopsies from CD patientsFull size table
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