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            Abstract
Integrins have a critical role in thrombosis and haemostasis1. Antagonists of the platelet integrin αIIbβ3 are potent anti-thrombotic drugs, but also have the life-threatening adverse effect of causing bleeding2,3. It is therefore desirable to develop new antagonists that do not cause bleeding. Integrins transmit signals bidirectionally4,5. Inside-out signalling activates integrins through a talin-dependent mechanism6,7. Integrin ligation mediates thrombus formation and outside-in signalling8,9, which requires Gα13 and greatly expands thrombi. Here we show that Gα13 and talin bind to mutually exclusive but distinct sites within the integrin β3 cytoplasmic domain in opposing waves. The first talin-binding wave mediates inside-out signalling and also ligand-induced integrin activation, but is not required for outside-in signalling. Integrin ligation induces transient talin dissociation and Gα13 binding to an EXE motif (in which X denotes any residue), which selectively mediates outside-in signalling and platelet spreading. The second talin-binding wave is associated with clot retraction. An EXE-motif-based inhibitor of Gα13–integrin interaction selectively abolishes outside-in signalling without affecting integrin ligation, and suppresses occlusive arterial thrombosis without affecting bleeding time. Thus, we have discovered a new mechanism for the directional switch of integrin signalling and, on the basis of this mechanism, designed a potent new anti-thrombotic drug that does not cause bleeding.
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                    Figure 1: Mutually exclusive binding of talin and Gα13 to β3.[image: ]


Figure 2: Dynamics of talin and Gα13 binding to β3 and the role of talin in integrin signalling.[image: ]


Figure 3: The selective role of Gα13 EXE binding in integrin outside-in signalling.[image: ]


Figure 4: A new anti-thrombotic that does not cause bleeding.[image: ]
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Extended data figures and tables

Extended Data Figure 1 A schematic showing how selective inhibitors of integrin outside-in signalling work as anti-thrombotics.
Blue arrows indicate steps that are inhibited.


Extended Data Figure 2 The importance of the conserved EXE motif in integrin–Gα13 interactions.
a, b, Lysates from CHO cells expressing similar levels of wild-type (WT) αIIbβ3, β3 C-terminal truncation mutants (Δ759, Δ741, Δ728 and Δ715) complexed with wild-type αIIb (a), and β3 EXE motif mutants (E731A, E732A, E733A and EEE to AAA) complexed with wild-type αIIb (b) were immunoprecipitated with anti-Gα13 antibody or equal amount of control rabbit IgG. Immunoprecipitates and lysates (equivalent of 10% used for immunoprecipitation) were immunoblotted with anti-Gα13 and anti-β3 antibodies. c, d, GST–β3CD (WT) or GST–β3(AAA)CD (AAA mutant) proteins immobilized in glutathione-coated microtitre wells were incubated with increasing concentrations of Gα13 (c), or increasing concentrations of THD (d). After washing, bound Gα13 and THD were respectively detected using anti-Gα13 or anti-talin (mouse IgG was used as a specificity control) followed by secondary horseradish peroxidase-labelled anti-IgG antibody. e, In addition to the AAA mutation, conserved mutations of EEE to DED and EEE to QSE (as found in β5) were introduced to the β3 cytoplasmic domain. These mutants were co-transfected with wild-type αIIb into CHO cells, which were sorted to achieve comparable expression levels with wild-type-αIIbβ3-expressing cells (as shown in Extended Data Fig. 4e). Lysates from these cells were immunoprecipitated with anti-β3 or equal amount of pre-immune rabbit serum. Lysates (10%) and immunoprecipitates were immunoblotted with anti-Gα13 or anti-β3. f, Lysates from human platelets (with or without stimulation with 0.025 U ml−1thrombin) were immunoprecipitated with anti-Gα13 antibody or equal amount of control rabbit IgG. Immunoprecipitates were immunoblotted with anti-Gα13 and anti-β1 antibodies. Gα13 is associated with β1, which is increased after thrombin stimulation.


Extended Data Figure 3 Ligand occupancy induces switch of integrin αIIbβ3 from the talin-bound to the Gα13-bound state.
a, To determine the effect of integrin activation and ligand occupancy on Gα13–β3 association, human platelets were incubated with or without 1 mM MnCl2 and 30 μg ml−1 fibrinogen for 5 min at 22 °C. Platelet lysates were then immunoprecipitated with anti-β3 or pre-immune rabbit serum. Lysates (10%) and immunoprecipitates were immunoblotted with anti-β3 or anti-Gα13. b, c, Washed human platelets were stimulated with 0.025 U ml−1 α-thrombin with or without adding 2 mM EDTA (an inhibitor of the ligand binding function of integrins), stirred (1,000 r.p.m.) at 37 °C, solubilized at various time points, and immunoprecipitated with anti-β3 or equal amounts of pre-immune rabbit serum. Lysates (10%) and immunoprecipitates were immunoblotted with anti-Gα13, anti-talin or anti-β3 antibodies. b, Western blot results. c, Turbidity changes in platelet suspension indicating integrin-dependent platelet aggregation. Note the inhibitory effect of EDTA on talin dissociation and Gα13 binding to β3. d, As additional controls for Fig. 2a to exclude the possibility of loss of talin and β3 in platelet lysates to insoluble fraction during integrin signalling, washed human platelets were stimulated with 0.025 U ml−1 α-thrombin in the absence or presence of 2 mM integrin inhibitor RGDS, stirred (1,000 r.p.m.) at 37 °C, and then solubilized at various time points as in Fig. 2a. Solubilized platelets were centrifuged at 14,000g for 10 min to separate lysates from insoluble pellets. Pellets were dissolved in SDS sample buffer to the same volume as the lysates after diluting them 1:1 with 2× SDS sample buffer, and both were immunoblotted with anti-β3 and anti-talin antibodies. Note that the levels of talin and β3 in platelet lysates kept essentially constant during the course of platelet aggregation and, with low concentrations of thrombin used to stimulate platelets, very little insoluble β3 and talin were present in the pellet, which were detectable only after prolonged exposure (5-min exposure compared to 10 s of normal exposure time) and with no obvious variation during the course of platelet aggregation.


Extended Data Figure 4 Effects of shRNA-induced talin knockdown and talin knockout on integrin signalling.
a, Western blot comparison of talin 1 expression levels in mouse platelets derived from control shRNA- or talin-shRNA-transfected bone marrow stem cells. Western blots of Gα13, and integrin β1 and β3 are also shown. b, Adhesion of unstimulated mouse platelets to immobilized fibrinogen for 1 h. Adherent platelets were quantified as percentage of total platelets loaded (mean ± s.d., n = 4). c, Turbidity changes in mouse platelet suspension stimulated with 5 μM ADP in the presence of 20 μg ml−1 fibrinogen, with or without 1 mM MnCl2, as detected using an aggregometer. d, Fluorescence microscopy images of phalloidin-stained mouse platelet spreading on fibrinogen for 1 h, with or without 1 mM MnCl2. e, Quantification of surface areas of individual adherent platelets as shown in Fig. 2g (mean ± s.e.m.).


Extended Data Figure 5 Effects of AAA mutation on integrin outside-in signalling in platelets.
a, Flow cytometric analysis of integrin αIIbβ3 expression levels in β3−/− mouse platelets transfected with wild-type or AAA mutant β3 using bone marrow stem cell transplantation technology in comparison with C57BL/6 mouse platelets. β3−/− platelets were used as a negative control. αIIbβ3 complex was detected using an anti-mouse αIIb antibody. b, Mouse platelets expressing recombinant wild-type or AAA mutant β3 as in a were lysed and immunoprecipitated with anti-β3 or equal amounts of pre-immune rabbit serum. Lysates (10%) and immunoprecipitates were immunoblotted with anti-SRC or anti-β3 antibodies. c, d, Spreading of phalloidin-stained wild-type platelets (EEE), AAA mutant platelets and AAA mutant platelets incubated with mP6Scr or mP6 on immobilized fibrinogen for 1 h. c, Typical fluorescence microscopy images. d, Quantification of surface areas of individual platelets (mean ± s.e.m.).


Extended Data Figure 6 Effects of mutational disruption of the EXE motif on integrin outside-in signalling.
a, Expression levels of wild-type or the EXE motif (QSE, DED or AAA) mutants of β3 in complex with wild-type αIIb in CHO cells, as determined by flow cytometry. Mouse IgG was used as a negative control. b, c, Spreading of CHO-1b9 cells expressing wild-type αIIbβ3, and QSE, DED or AAA mutant αIIbβ3 on fibrinogen for 1 h. b, Quantification of surface areas of individual cells (mean ± s.e.m.). c, Typical microscopy images. d, Flow cytometric analysis of wild-type αIIbβ3, AAA or Y747A mutant αIIbβ3 expression in CHO cells. Mouse IgG was used as a control. e, CHO cells expressing wild-type, AAA or Y747A β3 without (top panels) or with (bottom panels) co-expression of recombinant THD were solubilized and immunoprecipitated with anti-β3 or pre-immune serum. 10% lysates and immunoprecipitates were immunoblotted with anti-talin, anti-Gα13 or anti-β3 antibodies. f, Typical western blots for Fig. 3g. Wild-type or AAA-mutant-αIIbβ3-expressing CHO-1b9 cells were allowed to adhere to immobilized fibrinogen, solubilized at various time points, and analysed for RHOA activation and SRC Tyr 416 phosphorylation.


Extended Data Figure 7 mP6 selectively inhibits integrin outside-in signalling without affecting inside-out signalling.
a–d, Washed human platelets were stimulated with 0.025 U ml−1 α-thrombin in the absence or presence of 250 μM myristoylated peptides, mP13 (a, b) and mP6 (c, d) with stirring (1,000 r.p.m.) at 37 °C, and then solubilized at various time points. Lysates were immunoprecipitated with anti-β3 rabbit serum or equal amounts of pre-immune serum. Lysates (10%) and immunoprecipitates were immunoblotted with anti-Gα13, anti-talin or anti-β3 antibodies. a, c, Typical western blot results. b, d, Typical turbidity changes in platelet suspension indicating integrin-dependent platelet aggregation. e, Quantification of human platelet spreading on immobilized fibrinogen for 1 h, without or with treatment with DMSO, mP6Scr, or mP6 as shown in Fig. 4b (mean surface area ± s.e.m.). f, Flow cytometric analysis of PAR4-AP-induced Oregon Green-labelled soluble fibrinogen binding to human platelets pre-treated with 100 μM mP6Scr or 100 μM mP6 stimulated with increasing concentrations of PAR4-AP. Integrilin-treated platelets were used as a negative control. g, Flow cytometric analysis of 100 μM PAR4-AP-induced PAC1 binding to human platelets pre-treated with 100 μM mP6Scr or mP6. Integrilin-treated platelets were used as negative control. h, Flow cytometric analysis of PAR4-AP-induced Oregon Green-labelled soluble fibrinogen binding to human platelets pre-treated with solvent DMSO, mP13Scr or mP13. Resting platelets were used as a negative control.


Extended Data Figure 8 The in vivo effect of mP6: selective inhibition of thrombosis but not haemostasis.
a, Representative images of laser-induced mouse cremaster arteriolar thrombosis (red) in the context of the bright-field microvascular histology, visualized by infusion of nonblocking rat anti-mouse GPIbβ antibody conjugated to DyLight 649. The C57BL/6 mice were injected with 5 μmol kg−1micellar formulated mP6 or mP6Src (negative control), 12 μmol kg−1Integrillin or buffer, 3 min before laser-induced arteriolar wall injury. White arrows indicate the directions of the blood flow. b, The mean platelet fluorescence intensity for 30 thrombi (performed in three mice) for each treatment at selected time points (mean ± s.e.m., n = 30, t-test). Fluorescence in mP6- and Integrilin-treated mice is minimal. c, Comparison of mP6 (5 μmol kg−1) with the same dose of Integrilin and their respective controls in occlusion time of FeCl3-induced carotid artery thrombosis in mice. Typical arterial blood flow charts of FeCl3-induced occlusive thrombosis are shown. d, Comparison of mP6 (5 μmol kg−1) with the same dose of Integrilin and controls in mouse tail bleeding analysis. Released haemoglobin levels were used as a parameter to assess blood loss (mean ± s.d., n = 10).


Extended Data Figure 9 Platelet uptake of mP6 and mP6Scr, and no effect of mP6 on hemogram.
a, Estimation of intracellular levels of 1-pyrenyldiazomethane (PDAM)-conjugated mP6 and mP6Scr following incubation with platelets for 5 min. Platelets were pelleted by centrifugation, and the amounts of PDAM-conjugated peptides in platelet lysates were estimated (mean ± s.d., n = 3). b, Haemogram of mouse whole blood before or 1 h after injection of mP6 or mP6Scr (5 μmol kg−1), showing no significant differences.
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        Editorial Summary
A novel inhibitor of thrombosis
Integrins are cell adhesion molecules that transmit signals in a bidirectional manner to mediate both inside-out and outside-in signalling. The cytoplasmic domain interacts with intracellular molecules such as the cytoskeletal proteins talin and Gα13. In this study, Xiaoping Du and colleagues demonstrate that the direction of signalling can be switched and transmitted by the coordinated and opposing binding waves of talin and Gα13 to the same region of the integrin cytoplasmic domain with distinct recognition motifs. The authors also designed an inhibitor that selectively targets outside-in signalling, and this molecule inhibits thrombosis in vivo without causing bleeding as a side effect.
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