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            Abstract
The epidermal growth factor receptor (EGFR) is frequently mutated in human cancer1,2, and is an important therapeutic target. EGFR inhibitors have been successful in lung cancer, where mutations in theÂ intracellular tyrosine kinase domain activate the receptor1, but not in glioblastoma multiforme (GBM)3, where mutations occur exclusively in the extracellular region. Here we show that common extracellular GBM mutations prevent EGFR from discriminating between its activating ligands4. Different growth factor ligands stabilize distinct EGFR dimer structures5 that signal with different kinetics to specify or bias outcome5,6. EGF itself induces strong symmetric dimers that signal transiently to promote proliferation. Epiregulin (EREG) induces much weaker asymmetric dimers that drive sustained signalling and differentiation5. GBM mutations reduce the ability of EGFR to distinguish EREG from EGF in cellular assays, and allow EGFR to form strong (EGF-like) dimers in response to EREG and other low-affinity ligands. Using X-ray crystallography, we further show that the R84K GBM mutation symmetrizes EREG-driven extracellular dimers so that they resemble dimers normally seen with EGF. By contrast, a second GBM mutation, A265V, remodels key dimerization contacts to strengthen asymmetric EREG-driven dimers. Our results argue for an important role of altered ligand discrimination by EGFR in GBM, with potential implications for therapeutic targeting.
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                    Fig. 1: Extracellular EGFR mutations in glioblastoma and effects on signalling.[image: ]


Fig. 2: GBM mutations selectively enhance EREG-induced EGFR dimerization.[image: ]


Fig. 3: R84K GBM mutation symmetrizes EREG-induced EGFR dimers.[image: ]


Fig. 4: A265V mutation optimizes docking of the dimer arm in EREG-induced dimers.[image: ]
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                Data availability

              
              Atomic coordinates and structure factors for the refined structural models described in this paper have been deposited in the Protein Data Bank (PDB) under accession codes 7LEN (EREG:sEGFRR84K, crystallized with trehalose), 7LFR (EREG:sEGFRR84K, crystallized with spermine) and 7LFS (EREG:sEGFRA265V). Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 Ligand-dependence of GBM-mutated EGFR.
a, Full-length human EGFR â€“ WT or harbouring an R84K, T239P or A265V mutation â€“ was stably expressed in the engineered haploid eHAP cell line43, which has negligible endogenous EGFR (undetectable by western blotting). Stably transfected cells were serum-starved overnight and either left unstimulated or stimulated with EGF (100â€‰ngÂ ml-1) for the indicated times. Levels of phosphorylated EGFR (pY845: CST #2231, used at 1:1000) and ERK1/2 (pT202/pY204: CST #9106, used at 1:1000), were then detected by immunoblotting of whole cell lysates, also blotting for total EGFR and ERK (seeÂ Methods) and Grb2 as loading control5,45. EGFR phosphorylation and ERK phosphorylation are both ligand-dependent in all cases, with no evidence for constitutive activation of the mutated receptors. Representative blots are shown for three biologically independent experiments. See Supplementary Fig. 1 for gel source data. b, IL-3-dependent Ba/F3 cells were stably transfected with WT EGFR or with variants harbouring an R84K or A265V mutation. Cells were either left untreated or were treated with IL-3 (2â€‰ngÂ ml-1) for 72â€‰h, after which a CyQuant Direct proliferation assay was used to detect the number of viable cells in each condition. Resulting fluorescence signals were normalized to that seen with untreated WT and shown as mean Â± s.d. (nâ€‰=â€‰3 experiments for â€˜testâ€™ samples). IL-3 treatment promotes robust proliferation in all cases (as positive control: nâ€‰=â€‰3 for WT, nâ€‰=â€‰2 for R84K and A265V). As previously reported12,13,48, the mutated EGFRs promoted statistically significant increases in viable cell numbers compared with WT EGFR in the absence of ligand (or IL-3), but effects were very small at these expression levels â€“ with the number of viable cells increased (compared with WT) by just 1.31-fold (Pâ€‰=â€‰0.0002) for R84K and 1.35-fold for A265V (Pâ€‰=â€‰0.0003). P values are for unpaired two-tailed Studentâ€™s t-tests. c, Chemiluminescence signals for phosphorylated EGFR in ligand dose-response experiments (see Fig. 1b, c) were quantitated and normalized for Grb2 signals either on different gels as sample processing controls (for gel source data, see Supplementary Fig. 1) or for Grb2 loaded on the same gel using the Multistrip western blotting approach45, with both giving identical results. The resulting pEGFR/Grb2 ratios were plotted (mean Â± s.d., nâ€‰=â€‰3 biologically independent experiments) here and in Fig. 1d as dose-response curves. Responses were normalized to 100% (maximum value) and 0% (without ligand) and the resulting curves were individually fit to a simple model: pEGFRÂ =Â (100Â xÂ [ligand])/(EC50Â +Â [ligand]) for each experiment. Mean EC50 values (Â± s.d.) are listed in Fig. 1d. d, Ba/F3 cells stably transfected with WT EGFR or variants harbouring R84K or A265V mutations were sorted by flow cytometry (seeÂ Methods) to yield cell populations with similar levels of cell surface EGFR. Cells were either left untreated or were treated with noted doses of EGF or EREG for 72â€‰h. A CyQuant Direct proliferation assay was used to measure the number of viable cells in each condition. Results were divided by the signal from untreated cells to give â€˜fold increaseâ€™ in cell number, and are plotted across all experiments (mean Â±Â s.d., nâ€‰=â€‰3 biologically independent experiments). EC50 values for each ligand were calculated individually for each experiment using the equation: cell#Â =Â (max x [ligand])/(EC50Â +Â [ligand]), and mean values (nâ€‰=â€‰3) are listed (Â±Â s.d.) on the graphs. EC50 values for EGF and EREG are not significantly different for R84K (Pâ€‰=â€‰0.2072) or A265V (Pâ€‰=â€‰0.7915), reflecting loss of ligand discrimination. P values are for unpaired two-tailed Studentâ€™s t-tests.


Extended Data Fig. 2 Cross-linking studies of ligand-induced sEGFR dimerization.
a, Quantitation and summary of SAXS I(0)/c measurements reported in Fig. 2 across multiple repeats. For sEGFRWT, only EGF (black) doubles the I(0) value, representing selective EGF-induced dimerization. By contrast, both EREG (magenta) and EGF (black) induce dimerization of sEGFR harbouring L38R (red), R84K (green), A265V (blue) or A265T (gold) mutations â€“ with EREG-induced dimerization of A265 variants appearing slightly less robust. Data represent mean I(0)/c Â± s.d. for 10 repeats (WTÂ +Â EGF), 6 repeats (WTÂ +Â EREG), 4 repeats (A265VÂ +Â EGF and A265VÂ +Â EREG), 3 repeats (L38RÂ +Â EREG, R84KÂ +Â EGF, R84KÂ +Â EREG, A265TÂ +Â EGF, A265TÂ +Â EREG), and 2 repeats (L38RÂ +Â EGF) â€“ where a repeat corresponds to a biologically independent sample. An additional single experiment was undertaken for T239PÂ +Â EREG, which showed an elevation of I(0)/c by 1.44 fold. The degree of sEGFR dimerization for EGF and EREG is significantly different only for WT (Pâ€‰<â€‰0.0001) and A265T (Pâ€‰<â€‰0.0001). P values are from unpaired two-tailed Studentâ€™s t-tests. We estimate based on the SAXS data in Fig. 2aâ€“e that the GBM mutations studied here strengthen dimerization of EREG-bound sEGFR by several hundred fold, based on the following considerations. Since sEGFRWT at 70â€‰Î¼M shows no dimerization when saturated with EREG, the dissociation constant (Kd) for dimers of the EREG:sEGFR complex must be >450â€‰ÂµM (assuming that we could detect a minimum of 10% dimer by SAXS). By contrast, the complete dimerization seen for the EREG:sEGFR complex with mutated variants (when corrected for differences in ligand-binding affinities) places a lower limit of ~0.7â€‰Î¼M on Kd for these dimers. Thus, GBM mutations must enhance dimerization of the EREG:sEGFR complex by at least ~650-fold. b, Representative crosslinking analysis of sEGFR dimerization (nâ€‰=â€‰3 biologically independent samples for each mutated variant). Different sEGFR variants at 5â€‰Î¼M were incubated alone or with the noted ligand (EGF or EREG) at 6â€‰Î¼M, and subjected to 100â€‰Î¼M DSS for 30â€‰min (seeÂ Methods). Samples were then subjected to SDS-PAGE and stained with Coomassie blue. Dimer and monomer bands are marked (note the shift in monomer band position following ligand cross-linking). EGF promotes dimerization of all variants. EREG fails to increase sEGFRWT dimerization above that seen without ligand, but detectably enhances dimerization of all variants with GBM mutations, consistent with the SAXS data shown in Fig. 2. See Supplementary Fig. 1 for gel source data, and (c) for quantitation and reproducibility information. c, Quantitation of data in (b), including additional repeats for each variant. For sEGFRWT, EGF induces substantially more dimerization than EREG (Pâ€‰<â€‰0.0001), whereas the difference between EGF and EREG is not significant for L38R (Pâ€‰=â€‰0.0522) or A265T (Pâ€‰=â€‰0.0577), and only just reaches statistical significance for R84K (Pâ€‰=â€‰0.0410) and A265V (Pâ€‰=â€‰0.0377). P values are for unpaired two-tailed Studentâ€™s t-tests. Data in the graph represent mean Â± s.d. for 6 repeats (WTÂ +Â EGF and WTÂ +Â EREG), or 3 repeats (A265VÂ +Â EGF, A265VÂ +Â EREG, R84KÂ +Â EGF, R84KÂ +Â EREG, A265TÂ +Â EGF, A265TÂ +Â EREG, L38RÂ +Â EGF, and L38RÂ +Â EREG), where repeats refer to biologically independent samples. d, Top panel: sEGFRWT and sEGFRR84K (5â€‰Î¼M) were crosslinked alone or with the noted ligands (EGF, AREG, EREG, or EPGN) at 6â€‰Î¼M. Middle panel: as in Top panel, but with 60â€‰Î¼M ligand. Bottom panel: Crosslinking studies were performed with 60â€‰Î¼M ligand added to sEGFRWT and 6â€‰Î¼M added to sEGFRR84K, to account for affinity differences. Data are representative of three biologically independent samples. See Supplementary Fig. 1 for gel source data. e, As for (d), but using sEGFRA265V with 6â€‰Î¼M or 60â€‰Î¼M ligand as marked, for 5 biologically independent samples of sEGFRA265V with EGF and EREG, but nâ€‰=â€‰2 for AREG and EPGN. See Supplementary Fig. 1 for gel source data.


Extended Data Fig. 3 Kinetics of EGFR and ERK activation by AREG (98aa) and EGF in MCF7 cells.
a, b, Representative time courses (of 3 biologically independent repeats with similar results in each case) of EGFR phosphorylation at Y1173 and Y1068, as well as ERK phosphorylation, in parental MCF-7 cells induced by saturating levels of (a) AREG (1â€‰Î¼M) or (b)Â EGF (16â€‰nM), exactly as described5. Cells were starved overnight, and were then left unstimulated or stimulated with ligand for the noted times at 37â€‰Â°C, using growth factor ligands added to starvation medium. Analysis by immunoblotting was then performed exactly as described5,44. Note that the commercially available 98aa form of AREG used here appears to elicit sustained signalling and weak dimerization of sEGFR in these studies â€“ consistent with other work6. We previously reported that a shorter in-house-produced 90aa form of AREG induces more transient (EGF-like) signalling and stronger sEGFR dimerization5. Different signalling properties of AREG forms with different carboxy termini have been reported by others49,50,51, and will be the subject of separate detailed studies. See Supplementary Fig. 1 for gel source data.


Extended Data Fig. 4 SE-AUC studies of TGFÎ±-induced sEGFR dimerization.
a, The noted sEGFR variants were subjected to sedimentation equilibrium analytical ultracentrifugation (SE-AUC) as described in Methods, with or without adding a 1.2-fold excess of TGFÎ±. The low UV absorbance of TGFÎ± allows precise quantitation of TGFÎ±-induced sEGFR dimerization using SE-AUC as described41. Representative data are shown (nâ€‰=â€‰3 biologically independent samples) for 10Â Î¼M sEGFR at 6,000â€‰r.p.m., with the natural logarithm of the absorbance, ln(A280), at radial distance r plotted against (r2Â âˆ’Â r02)/2. This transformation of the data gives a straight line for a single species, with slope proportional to molecular weight. Expected data for pure monomer and pure sEGFRâ€“TGFÎ± dimer are shown as dotted and solid grey lines (marked). Data points are colour coded for the different variants as described in the key, with filled circles representing data with added ligand and unfilled circles without. No dimerization was seen in the absence of ligand for any variant under these conditions, consistent with the SAXS studies shown in Fig. 2 and our previous work52. Kd values for each sEGFRâ€“TGFÎ± complex are listed below the graph, determined by global fit of SE-AUC data as described previously41 and in Methods. Mean values Â± s.d. from 3 biologically independent samples are reported for all cases except L38R (where nâ€‰=â€‰1). Whereas sEGFRR84K dimerizes with essentially the same Kd as sEGFRWT following TGFÎ± binding, sEGFRA265V and sEGFRA265T dimerize slightly more weakly (Pâ€‰=â€‰0.006 and 0.005 respectively, for unpaired two-tailed Studentâ€™s t-tests). b, Effects on ligand-dependent dimerization also appear specific for GBM extracellular mutations. A rare extracellular EGFR lung cancer mutation (M253E)53, not seen in GBM, instead enhances both ligand-independent (confirmed by crosslinking) and ligand-induced sEGFR dimerization. SE-AUC analysis of sEGFR harbouring the M253E mutation is shown. Unlike GBM variants, M253E-mutated sEGFR dimerizes constitutively, being substantially dimeric in the absence of ligand. TGFÎ±-bound M253E sEGFR also appears to form species larger than dimers, with an estimated Kd in the range of 0.33â€‰Î¼M. M253E-mutated sEGFR was used at 10â€‰Î¼M, and the sample was spun at 6,000â€‰r.p.m. This experiment was only done with one biologically independent sample of sEGFRM253E (in triplicate with- and without TGFÎ±), as the protein is difficult to produce in sufficient quantities.


Extended Data Fig. 5 Symmetry of the EREG-induced sEGFRR84K dimer and implications for negative cooperativity in EGFR.
a, Overlay of the EREG-induced sEGFRR84K dimer (dark green ribbons) with the symmetric dimers of sEGFRWT induced by TGFÎ± (1MOX15, gold ribbons) or EGF (3NJP14,17, grey ribbons). EREG, TGFÎ± and EGF are coloured magenta, orange, and black respectively. b, Schematic of half-of-the-sites negative cooperativity in ligand binding to WT EGFR20,54,55 for any ligand (blue). As we previously described in detail for the Drosophila EGFR20, and as also seems to apply to human EGFR54, binding of a single ligand can promote formation of asymmetric sEGFR dimers (left-hand side of cartoon) with autoinhibitory domain Iâ€“domainÂ II interactions broken (unfilled red star) only in one protomer. This asymmetric dimerization is driven by contacts involving N-terminal regions of domain II as well as altered dimer arm docking5,20 â€“ together restraining domain II in the unliganded protomer. When a second ligand binds to this dimer, it must â€˜wedgeâ€™ apart the two ligand-binding domains (I and III) in the right-hand protomer to drive formation of the symmetric dimer (top right in cartoon). This requires disruption of autoinhibitory domain Iâ€“domainÂ II interactions in both molecules (both red stars are unfilled). It also requires disruption of domain II dimer interface contacts â€“ with a resulting bend in domain II (Extended Data Fig. 6d) â€“ giving rise to the symmetric 2:2 dimer. This is readily achieved by high-affinity ligands such as EGF and TGFÎ±, but low-affinity EGFR ligands like EREG56 cannot disrupt the autoinhibitory domain Iâ€“domainÂ II interactions or bend the restrained domain II to optimize dimer arm contacts. As a consequence, low-affinity ligands fail to wedge apart domains I and III in the right-hand protomer â€“ instead binding to an unaltered asymmetric dimer (lower right in cartoon) through a compromised set of ligandâ€“receptor interactions (i.e. a remodeled binding site5: see Extended Data Fig. 8d). The R84K mutation lowers this barrier to dimer â€˜symmetrizationâ€™ by weakening autoinhibitory domain Iâ€“domainÂ II interactions so that the second ligand-binding event more readily bends domain II and symmetrizes dimers. This appears to be the origin of the R84K mutationâ€™s ability to selectively stabilize dimers induced by low-affinity EGFR ligands. Weakening of autoinhibitory domain Iâ€“domainÂ II interactions may also explain the enhanced ligand-binding affinity seen for R84K EGFR (Extended Data Fig. 7b). The ability of the R84K mutation to equalize the two EREG-binding sites in a dimer, and to increase EREG affinity also argues that this mutation removes a barrier to ligand binding, and may diminish the half-of-the-sites negative cooperativity seen in wild-type EGFR20,54,57,58.


Extended Data Fig. 6 Autoinhibitory domain Iâ€“domainÂ II interactions in different sEGFR structures.
a, As expected for autoinhibitory interactions, R84â€“A265 and L38â€“F263 interactions are broken in â€˜activeâ€™ symmetric dimers of sEGFR induced upon activation with TGFÎ± (1MOX15) or EGF (3NJP14,17). This configuration is represented by unfilled red stars, as in Fig. 3. b, Disposition of key GBM-mutated residues (L38, R84 and A265, coloured red) for comparison in â€˜inactiveâ€™ configurations of the EGFR extracellular region. The positions of these side-chains are shown in monomeric tethered forms of sEGFR59,60,61,62,63. In each case, the R84 side-chain directly contacts that of A265, and the L38 side-chain is in van der Waalâ€™s contact with that of F263 (grey spheres: not mutated in GBM). These represent autoinhibitory interactions between domains I and II as described in the text and pointed out in our previous studies64. This configuration is represented as a filled red star. c, Importantly, the autoinhibitory R84â€“A265 and L38â€“F263 interactions are also retained in the ligand-bound monomer observed when EPGN binds to sEGFRWT (5WB85). Moreover, as shown in the lower two panels, these autoinhibitory interactions are retained in the right-hand molecule of the asymmetric EREG-induced dimer of sEGFRWT (5WB7: Fig. 3a) â€“ see filled red star â€“ but are lost in the left-hand molecule (unfilled red star). d, Comparison of the â€˜bendâ€™ in domain II in inactive monomeric forms of sEGFR (light green) and active dimeric forms (grey) â€“ colours corresponding to those used for sEGFR chains in Fig. 3a. The structures of unliganded monomeric sEGFR (PDBID: 1NQL59) and an EGF-induced WT sEGFR dimer (PDBID: 3NJP14) were used. Only residues 187â€“310 of domain II are shown. In the left-hand panel, the two structures are overlaid using residues 187â€“238 as reference. In the right-hand panel, residues 238â€“310 are used as reference. This analysis reveals that the two structures differ by a bend at residue D238 (marked as â€˜Curvature defining pointâ€™). The approximate direction of curvature is shown by green and grey brush strokes on each structure. The dimer arm is labelled, as are disulphide-bonded modules 2â€“8 of domain II59. This figure is based on one by Ferguson16.


Extended Data Fig. 7 Similarity of the two ligand-binding sites in EREG-induced sEGFRR84K dimers.
a, Comparison of the two EREG-binding sites in the symmetric dimer of R84K-mutated sEGFR, overlaid by superposition of the ligand chains. Chain A of sEGFRR84K (left in Fig. 3b) is shown in grey ribbons, and chain B (right in Fig. 3b) is shown in dark green ribbons â€“ with the respective bound ligands coloured pink and magenta. Side-chains involved in direct EREGâ€“sEGFR contacts are shown and labelled. Those in the ligands superimpose very well (see Y13, H16, M25, Y29, for example), with a few exceptions (e.g. R31 and F45). Similarly, sEGFR side-chains in the binding sites overlay well, including D22, R29, Y45, E90 and S99 in domain I and D355, L348, F357, and H409 in domain III. Accordingly, the root-mean-square deviation for all atoms in the 56 residues involved in ligandâ€“receptor contacts (35 from sEGFR, 21 from EREG) is 1.4Â Ã…. b, Comparison of EREG binding to different sEGFR variants as assessed using surface plasmon resonance (seeÂ Methods). Representative binding curves for one of theÂ biological replicates are plotted on the left (nâ€‰=â€‰3 for WT, L38R, R84K, and nâ€‰=â€‰2 for A265V and A265T). The WT sEGFR construct used in these studies bound to immobilized EREG in surface plasmon resonance studies with a Kd value of 6.6â€‰Â±â€‰0.6â€‰Î¼M (nâ€‰=â€‰3 biologically independent samples; mean Â±Â s.d.). GBM mutations in domain I increased ligand-binding affinity by ~6 fold for L38R (Pâ€‰<â€‰0.0001: nâ€‰=â€‰3) and almost 10-fold for R84K (Pâ€‰<â€‰0.0001: nâ€‰=â€‰3), with Kd values respectively of 1.1â€‰Â±â€‰0.4â€‰Î¼M and 0.7â€‰Â±â€‰0.2â€‰Î¼M. Domain II GBM mutations increased ligand-binding affinity by 4.2-fold for A265V (nâ€‰=â€‰2) and just ~2-fold for A265T (nâ€‰=â€‰2), with Kd values respectively of 1.6 and 3.1â€‰Î¼M (no s.d. is quoted for nâ€‰=â€‰2). These smaller differences are consistent with the asymmetry retained in the A265V ligand binding sites. P values where quoted are for unpaired two-tailed Studentâ€™s t-tests.


Extended Data Fig. 8 Structural features of the asymmetric dimer of sEGFRA265V induced by EREG.
a, The asymmetric A265V-mutated (left) and WT (right) sEGFR dimers induced by EREG are compared, with disposition of the autoinhibitory domain Iâ€“domainÂ II residues shown in the lower panels. Colours parallel those used in Figs. 3 and 4, with the right-hand molecule coloured slate blue for A265V and light green for WT sEGFR. Side-chain contacts between residues at positions 38 and 263 and between residues 84 and 265 are retained in the right-hand molecule (filled red star) but not the left-hand (unfilled red star) in each case. V265, corresponding to the GBM substitution (A265V), is coloured red. b, Local structural consequences of the A265V mutation in the domain Iâ€“domainÂ II interface region of EREG-induced sEGFR dimers. The right-hand side of the EREG-bound WT and A265V-mutated sEGFR structures shown in (a) are superimposed using domain I as reference, with WT sEGFR shown in light green and A265V sEGFR in slate blue. Replacing A265 with a valine displaces the CÎ± position for residue 265 by ~1.2Â Ã… (red arrow), and this is propagated to a shift in position of F263 by ~2.5Â Ã… (red arrow). As a result of consequent small displacements in domain II constituents beyond this position, the locations of Y275 and R285 â€“ which provide the docking side for the dimer arm Y251 residue in Fig. 4b â€“ are altered, allowing remodeling of this binding site to enhance dimerization strength as described in the text. c, d, Comparison of the binding sites on the two sides of the EREG-induced dimer for A265V-mutated sEGFR (c) and WT sEGFR (d), illustrating that the differences seen between the two sites in the asymmetric WT dimer5 are retained in the A265V variant despite stronger dimerization and slightly stronger ligand binding. The regions corresponding to the two ligand-binding sites are superimposed with EREG as the reference. The left-hand molecule is coloured grey in each case, and the right-hand molecule slate blue in (c) for A265V and light green in (d) for WT. The pink ligand is bound to the left-hand (grey) sEGFR molecule, and the magenta ligand is bound to the right-hand sEGFR molecule. For clarity, ligand side-chains that are not substantially different in orientation are omitted â€“ the exceptions being L15, Y29, and V39, which are consistently reoriented between the two sites. Contact side-chains in the receptor are shown, illustrating their substantial displacement with respect to the ligand in the two sites, with a contact residueÂ root-mean-square deviation between the two sites of 3.0Â Ã… in both A265V and WT (compared with 1.4Â Ã… for the two sites in EREG-bound R84K). Examples include the ~10Â Ã… displacement of D22 and R29, and ~7Â Ã… displacements of L17 and F20 that are marked by red arrows in domain I. These changes are essentially the same in A265V and WT. Shifts in domain III are generally smaller, but are essentially the same in A265V and WT sEGFR. Thus, the compromised binding to the right-hand molecule previously reported5 is fully retained in the A265V variant despite stronger dimerization.


Extended Data Fig. 9 Kaplan-Meier estimates of overall survival in glioblastoma patients with different EGFR status from the TCGA database.
Two-sided log-rank tests were performed to assess the overall survival differences between different patient groups, with no corrections made for multiple pairwise comparisons. Patients with no EGFR alteration (nâ€‰=â€‰322 patients; red line) had median overall survival times of 14.4 months (95%â€‰CI, 12.7â€“15.8), which was not statistically significantly different from: a, Patients with any EGFR alteration (nâ€‰=â€‰270 patients; blue dashed line), who had median overall survival times of 14.3 months (95%â€‰CI, 13.3â€“15.6), Pâ€‰=â€‰0.06. b, Patients with an EGFR mutation (nâ€‰=â€‰22 patients; blue dashed line), who had median overall survival times of 15.9 months (95%â€‰CI, 11.3-23.2), Pâ€‰=â€‰0.6. c, Patients with an EGFR mutation and EGFR amplification (nâ€‰=â€‰58 patients; blue dashed line), who had median overall survival times of 13.9 months (95%â€‰CI, 11.2â€“17.5), Pâ€‰=â€‰0.66. d, Patients with EGFR amplification (nâ€‰=â€‰85 patients; blue dashed line), who had median overall survival times of 14.3 months (95%â€‰CI, 11.8â€“16.8), Pâ€‰=â€‰0.28.


Extended Data Table 1 Data collection and refinement statisticsFull size table





Supplementary information
Supplementary Figure 1
This file contains the raw (uncropped) gel images for Figs. 1 and 2 andÂ for Extended Data Figs. 1â€“3.


Reporting Summary




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Hu, C., Leche, C.A., Kiyatkin, A. et al. Glioblastoma mutations alter EGFR dimer structure to prevent ligand bias.
                    Nature 602, 518â€“522 (2022). https://doi.org/10.1038/s41586-021-04393-3
Download citation
	Received: 25 January 2021

	Accepted: 22 December 2021

	Published: 09 February 2022

	Issue Date: 17 February 2022

	DOI: https://doi.org/10.1038/s41586-021-04393-3


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Tumor suppressor role of the complement inhibitor CSMD1 and its role in TNF-induced neuroinflammation in gliomas
                                    
                                

                            
                                
                                    	Emre Can Tuysuz
	Eleni Mourati
	Anna M. Blom


                                
                                Journal of Experimental & Clinical Cancer Research (2024)

                            
	
                            
                                
                                    
                                        Development of Cas13a-based therapy for cancer treatment
                                    
                                

                            
                                
                                    	Ying Dong
	Bingyang Zhang
	Tiancai Liu


                                
                                Molecular Biology Reports (2024)

                            
	
                            
                                
                                    
                                        Extrachromosomal circular DNA: biogenesis, structure, functions and diseases
                                    
                                

                            
                                
                                    	Ludi Yang
	Ruobing Jia
	Xianqun Fan


                                
                                Signal Transduction and Targeted Therapy (2022)

                            
	
                            
                                
                                    
                                        EGFR ligands dictate tumour suppression
                                    
                                

                            
                                
                                    	Mary Clare Beytagh
	William A. Weiss


                                
                                Nature Cell Biology (2022)

                            
	
                            
                                
                                    
                                        EGFR ligand shifts the role of EGFR from oncogene to tumour suppressor in EGFR-amplified glioblastoma by suppressing invasion through BIN3 upregulation
                                    
                                

                            
                                
                                    	Gao Guo
	Ke Gong
	Amyn A. Habib


                                
                                Nature Cell Biology (2022)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing: Cancer]
                    Sign up for the Nature Briefing: Cancer newsletter â€” what matters in cancer research, free to your inbox weekly.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get what matters in cancer research, free to your inbox weekly.
            Sign up for Nature Briefing: Cancer
            
        


    









    [image: ]







[image: ]
