
Sorting of EGFR signaling complexes to intraluminal vesicles of multivesicular endosomes monitored by live-cell microscopy

Rapid sorting of EGFR signaling complexes into intraluminal vesicles of multivesicular endosomes monitored by live-cell microscopy

Rapid sorting of EGFR:Grb2 signaling complexes into intraluminal vesicles of multivesicular endosomes monitored by live-cell microscopy

Rapid sorting of EGFR:Grb2 signaling complexes into intraluminal vesicles of multivesicular endosomes 

EGFR:Grb2 signaling complexes are rapidly sorted into intraluminal vesicles of multivesicular endosomes


Itziar Pinilla-Macua1, Sachin Surve1,3, Colin Monks2, Simon C. Watkins1, Alexander Sorkin1,*


1Department of Cell Biology, University of Pittsburgh School of Medicine, Pittsburgh, Pennsylvania, USA

2Intelligent-Imaging Innovations, Inc., Denver, CO, USA

3Current address: Loxo-Oncology, 600 Tech Court, Louisville, CO, 80027


*Correspondence: Alexander Sorkin, E-mail: sorkin@pitt.edu


Abstract

Sorting of internalized receptor tyrosine kinases, such as EGFR, to intralumenal vesicles (ILVs) of multivesicular endosomes (MVEs) terminates receptor signaling and targets receptors for lysosomal degradation. The dynamics of this process is not quantitatively characterized, and it is thought that receptors are dephosphorylated before sorting to ILVs, thus releasing associated signaling effectors. Hence, we developed a live-cell microscopy assay to monitor the sequestration of EGFR-effector complexes in endosomes by measuring the cytosolic accessibility of endogenous fluorescently labeled Grb2. Surprisingly, a substantial fraction of endosomal Grb2 became inaccessible to the cytosol within 6-7 minutes of EGFR internalization, and EGFR–Grb2 complexes at the endosomal limiting membrane became nearly undetectable after 20–30 minutes of ligand-induced endocytosis. Cryo-electron microscopy immunogold labeling confirmed Grb2 accumulation in ILVs. The sequestration of Grb2 in MVEs was minimized by inhibiting EGFR ubiquitination or VPS34 kinase but was unaffected by PIKfyve inhibition. Grb2 and its binding partners, CBL and CBLB, subsequently underwent lysosomal degradation. These findings establish ILV sorting of signaling effectors as a component of negative feedback regulation of signal transduction and demonstrate that there is only a brief time window during which receptor-Grb2 complexes can sustain downstream signaling from endosomes.



Introduction

Endocytosis and post-endocytic sorting in endosomes provide spatial and temporal regulation of the activities and the turnover of various receptors, channels, transporters and other transmembrane proteins. In particular, the duration and intensity of intracellular signaling by receptor tyrosine kinases (RTKs) is controlled by their endocytic trafficking. This regulation has two aspects: (i) it involves down-regulation of signaling through the removal from the cell surface and targeting of active RTKs for lysosomal degradation; and (ii) endosomes are proposed to serve as a platform for sustained signaling and specific signaling processes [reviewed in (1)]. Studies of epidermal growth factor (EGF) receptor (EGFR) generated most of the original evidence for both these regulatory functions of endocytic trafficking. Binding of a ligand to EGFR results in its rapid internalization followed by efficient sorting of receptors to the lysosomal degradation pathway [reviewed in (2)]. Both key sorting steps –internalization and lysosomal targeting – are mediated, at least in part, by EGFR ubiquitination catalyzed by CBL E3 ubiquitin ligases (3, 4). Substantial ubiquitination-independent internalization of EGFR has been documented (4-6)]; however, the second sorting step, sorting in endosomes to the lysosome degradation pathway, was shown to be highly dependent on EGFR ubiquitination by Lys63-linked ubiquitin chains (7). In this sorting step, the key mechanistic step is the recognition of ubiquitinated EGFR by ESCRT-0 leading to incorporation of receptors into intralumenal vesicles (ILVs). Formation of ILVs from the limiting membrane of multivesicular endosomes (MVEs) is mediated by consecutive actions of ESCRT I-IIIs [reviewed in (8, 9)]. Sequestration of active EGFR and other RTKs in ILVs have two major consequences: (i) it prevents their recycling from the limiting membrane of MVE back to the plasma membrane; and (ii) it makes EGFR/RTK inaccessible to their cytosolic signaling effectors.

Accumulation of EGFR in ILVs was first demonstrated by electron microscopy using ferritin conjugated EGF (10). It has been generally assumed that sorting of EGFR to ILVs occurs during late stages of its endocytic trafficking, approximately 30 min of continuous endocytosis at 37oC (10-13). However, recent live-cell imaging of endogenous labeled components of ESCRTs showed their recruitment to endosomes containing EGFR may occur within few minutes after receptor internalization (14). Furthermore, there is surprisingly little information about the fate of EGFR-associated signaling effectors, including various adaptors and enzymes containing phosphotyrosine binding domains, during endosomal sorting. It was proposed that dephosphorylation of EGFR by PTP1B at endosome-ER (endoplasmic reticulum) contact sites facilitates receptor sorting to ILVs [(15, 16); reviewed in (17).] This model would imply that upon dephosphorylation, phosphotyrosine-bound effectors are released to the cytosol before receptor inclusion into a forming ILV. Also, studies of endosomal sorting in yeast and mammalian cells demonstrated that cargo must be deubiquitinated before incorporation into ILVs (18, 19), which if translated to the EGFR system, would necessitate the release of CBL proteins from the receptor before receptor inclusion into an ILV. 

In summary, the fundamental questions of whether, when and by what mechanism receptor-associated signaling effectors are removed from RTKs at the step of receptor inclusion into ILVs remain to be addressed, and this knowledge gap seeks a new approach for the direct, real-time imaging of cytosolic effector release from EGFR, specifically, at the moment of ILV incorporation. To fill this gap and examine the kinetics of MVE sorting, we utilized cells expressing fluorescently labeled endogenous Grb2, an SH2 domain containing adaptor binding to EGFR phosphotyrosines and mediating activation of Ras and other EGFR/RTK downstream signaling and trafficking activities. Using quantitative live-cell microscopy together with two complementary approaches, we found that Grb2 is sorted to ILVs within few minutes after EGF-induced EGFR endocytosis, and that the majority of internalized EGFR:Grb2 complexes are inaccessible to the cytosol after 20-30 minutes of ligand-induced endocytosis. We propose that sorting of EGFR signaling effectors to ILVs leading to their lysosomal degradation together with the receptor serves as part of the negative-feedback regulation of receptor signaling. 



Results

Grb2 is sorted to ILVs in EGF-stimulated cells

To study the dynamics of endocytosis and endosomal sorting of EGFR signaling complexes, we generated human oral squamous carcinoma HSC3 cells expressing endogenous Grb2 tagged with mNeonGreen fluorescent protein (mNG). HSC3 cells were used as the main experimental model because these cells are growth-dependent on EGFR activity (20, 21). HSC3/Grb2-mNG cells were generated using the same CRISPR/Cas9 gene-editing protocol as was used to generate HeLa cells expressing endogenous Grb2-mNG, which were characterized in our previous studies (22). Because HSC3 cells do not survive single-cell cloning, a pool of cells (hereafter termed HSC3/Grb2-mNG cells) was generated in which both untagged (∼25 kDa) and mNG-tagged Grb2 (~50 kDa) were detected (Fig. 1A). Because HSC3 cells have three chromosomes 17, it is likely that there are 3 copies of GRB2 gene (23).  Based on the relative intensity of Grb2 and Grb2-mNG bands in Fig. 1A, most cells in the HSC3/Grb2-mNG pool carry one edited GRB2 gene allele. Numerous studies demonstrated full functionality of Grb2 fused to a fluorescent protein in its C-terminal end, including a functional rescue of endogenous Grb2 (22, 24). 

Live-cell microscopy imaging of HSC3/Grb2-mNG cells showed that Grb2-mNG is diffusively distributed throughout the cytoplasm and nucleus (Fig. 1B), a pattern of Grb2 localization that was observed previously in other cells (22, 24). When cells were stimulated with EGF-Rhodamine conjugate (EGF-Rh; 10 ng/ml) at 4oC, a fraction of Grb2-mNG translocated to the plasma membrane where Grb2-mNG was highly co-localized with EGF-Rh in small homogenous puncta (Fig. 1C), representing clusters of EGFR:Grb2-mNG complexes in clathrin coated pits and uncoated plasma membrane (25). EGFR activated at 4oC was strongly phosphorylated at Tyr1068, one of Grb2-binding sites (Fig. 1D). Tyrosine phosphorylation of EGFR, and therefore, interaction with Grb2, depends on the equilibrium between the receptor kinase activity mediating its autophosphorylation and the activity of phosphotyrosine phosphatases (PTPs) (as schematically depicted in Fig. 1E). Blocking the kinase activity of ligand-bound EGFR with small-molecule tyrosine kinase inhibitor (TKI) Erlotinib leads to rapid dephosphorylation of EGFR, both at 4oC or room temperature (RT) (Fig. 1D; see “4oC” and “RT” treatment protocols in “Methods”). Consistently, Erlotinib treatment of cells stimulated with EGF-Rh at 4oC resulted in the dramatic redistribution of Grb2-mNG from the membrane to cytosol (Fig. 1C). Therefore, we took advantage of the cooperative effectiveness of TKI and PTPs in dephosphorylating EGFR under conditions minimizing EGFR trafficking (low temperature) to utilize the “TKI-based” live-cell microscopy approach (Fig. 1E) for a quantitative analysis of the localization dynamics and the topology of EGFR:Grb2-mNG complexes within endosomes.

Stimulation of EGFR endocytosis by EGF-Rh (10 ng/ml) at 37oC resulted in accumulation of highly colocalized EGF-Rh and Grb2-mNG in intracellular puncta (Fig. 2A-B). Previous studies in HSC3 cells demonstrated that during at least 1 hour after EGF stimulation, EGFR-containing vesicular-shaped puncta represent early/sorting endosomes with only a small fraction of puncta colocalized with markers of late endosomes and lysosomes (22, 26, 27). In cells stimulated with EGF-Rh for 7 min, post-treatment with Erlotinib led to the release of Grb2-mNG from the plasma membrane and partially from endosomes (Fig. 2A). However, Grb2-mNG containing endosomes co-localized with EGF-Rh were clearly detectable in Erlotinib-treated cells, although their mNG fluorescence was apparently weaker compared to that in vehicle-post-treated cells (Fig. 2A). This indicated that a fraction of endosomal EGF-Rh:EGFR:Grb2-mNG complexes were inaccessible to cytosolic PTPs, potentially representing complexes sorted to ILVs in MVE. 

To estimate the fraction of cytosol-inaccessible Grb2-mNG, a ratio of apparent fluorescence intensities of mNG and Rhodamine (mNG/Rh) in EGF-Rh containing endosomes was quantified. To this end, an AI-based deep-learning segmentation approach was developed to generate image masks selecting endosome-shape structures containing EGF-Rh (see Supplemental Fig. S1 and “Methods”). Quantification of the mNG/Rh ratio of “7-min” endosomes in these masks revealed a significant decrease in the mean mNG/Rh value in Erlotinib- relative to vehicle-treated cells (Fig. 2C). Plotting the values of mNG/Rh ratio of individual endosomes against their rhodamine fluorescence in cells treated with EGF-Rh for 7 min further demonstrates that Grb2-mNG dissociates from the bulk of endosomes in Erlotinib-treated cells although a fraction of endosomes maintained a relatively high Grb2-mNG:EGF-Rh stoichiometry (Fig. 2D). Surprisingly, Erlotinib treatment did not visibly affect the localization pattern and the intensity of Grb2-mNG fluorescence in endosomes of cells stimulated with EGF-Rh for 30 min (Fig. 2B). Quantification of the Grb2-mNG/EGF-Rh ratio in endosomes in these cells revealed no significant changes in the mean value of this ratio in vehicle- versus Erlotinib-treated cells (Fig. 2C) and in the distribution pattern of the ratio in individual endosomes (Fig. 2D), indicating that Grb2-mNG is not released to cytosol from endosomes upon receptor inactivation. These findings imply that the majority, if not all, of EGFR:Grb2-mNG complexes are not accessible to cytosolic PTPs, presumably, because these complexes are sequestered in ILVs of MVEs. Measurements of the mNG/Rh ratio in time-course experiments revealed that on average 70% of endosomal EGFR:Grb2 complexes become inaccessible to cytosol as early as after 15 min of EGF-stimulated endocytosis (Fig. 2C and Fig. S2). Altogether, the data in Figures 2A-D and Figure S2 suggest that EGFR:Grb2-mNG complexes becomes virtually undetectable in the limiting membrane of endosomes by fluorescence microscopy after 20-30 min of ligand-stimulated endocytosis. 

In most experiments in this study, EGF-Rh was used in a supra-physiological concentration, 10 ng/ml, conditions in which about half of EGFR internalization is internalized in HSC3 cells via the clathrin-mediated endocytosis pathway, a predominant EGFR internalization pathway in vivo [(21). To confirm that Grb2 is sorted to ILVs under physiological conditions favoring clathrin-mediated endocytosis, the cells were stimulated with 1 ng/ml EGF-Rh. Although signal-to-noise ratio in the resulting 3D images was relatively low (Fig. S1), the dissociation of Grb2-mNG from the plasma membrane and endosomes was clearly observed early after internalization but was not significant at later times of EGF-Rh stimulation (Figs. S1 and 2E). This observation reveals early and efficient sequestration of EGFR:Grb2-mNG in ILVs in cells stimulated with physiological concentrations of EGFR ligands, much like what was observed in experiments with 10 ng/ml EGF. Because 10 ng/ml EGF-Rh yields a substantially better signal-to-noise ratio, this EGF-Rh/EGF concentration was used throughout this study. 

To strengthen the conclusions of TKI-based live-cell microscopy imaging experiments, we performed immunogold cryo-electron microscopy (cryoEM) labeling of Grb2. Because we have not been able to identify an mNG antibody that detects Grb2-mNG in the immunogold labeling procedure on ultrathin cryosections, we used the Grb2 antibody instead. Although the efficiency of immunogold labeling was low, Grb2 was consistently detected in ILVs rather than at the limiting membrane of MVEs in HSC3 cells stimulated with EGF for 30 min (Fig. 2F). To further reinforce the notion that Grb2-mNG is removed from the limiting membrane of MVE during ligand-stimulated EGFR endocytosis, we examined the ability of endosomal Grb2-mNG to exchange with the cytosolic pool of Grb2-mNG using a fluorescence recovery after photobleaching (FRAP) microscopy. To this end, FRAP analysis was performed on individual endosomes in cells stimulated with EGF-Rh for 7 and 30 min. Whereas the fluorescence recovery half-time was similar in endosomes at both stimulation times, a significant fraction of Grb2-mNG was recovered in “7-min” endosomes whereas a minimal fraction of Grb2-mNG, if any, was mobile in “30-min” endosomes (Fig. 3). Thus, FRAP analysis demonstrated that the bulk of endosomal Grb2-mNG is not accessible for the exchange with the cytosolic pool of Grb2-mNG after 30 min of continuous endocytosis, which further supports the notion of ILV accumulation of EGFR:Grb2-mNG complexes in MVEs.

In summary, the data in Figures 2 and 3 demonstrate that the “TKI-based live-cell imaging assay, schematically depicted in Fig. 1E, faithfully documents rapid sorting of internalized EGF:EGFR:Grb2 complexes to ILVs in MVEs of EGF-stimulated cells. 

Inhibition of EGFR sorting in endosomes sustains cytosolic accessibility of Grb2

To test whether inhibition of EGFR sorting in MVE results in an increased accessibility of Grb2-mNG to cytosol and its release from the receptor upon Erlotinib treatment, the cells were stimulated with EGF-Rh in the presence of NX-1607, a small molecule inhibitor of CBLB E3 ubiquitin ligase activity. We have recently shown that another compound of NX-1607 series, NX-1013, abolishes EGF-induced EGFR ubiquitination in HSC3 cells (6). NX-1607 has a similar structure; we found that it is highly effective against CBLs’ activity and EGFR ubiquitination (Fig. 4A). As expected, EGF-Rh endocytosis was significantly inhibited by NX-1607, which is evident by the large amount of EGF-Rh and Grb2-mNG remaining in the plasma membrane after 30 min of EGF-Rh stimulation (Fig. 4B). Interestingly, a fraction of endosomes in NX-1607-treated cells did not apparently contain Grb2-mNG in contrast to control cells where EGF-Rh and Grb2-mNG are highly co-localized in endosomes (Fig. 4B). Erlotinib treatment of cells stimulated with EGF-Rh in the presence of NX-1607 resulted in a dramatic release of Grb2-mNG to the cytosol with no visible plasma membrane localization and with only few endosomes containing low levels of Grb2-mNG (Fig. 4B). The mean value of the mNG/Rh ratio in endosomes was reduced 5 times by post-treatment with Erlotinib as compared to vehicle treatment (Fig. 4D). This dramatic release of Grb2-mNG from endosomes indicates that under conditions of inhibited receptor ubiquitination, most EGFR:Grb2-mNG complexes are located in the limiting membrane of MVEs, and therefore, EGFRs are accessible to cytosolic PTPs.

To test whether acute inhibition of ILV formation process also affects intraendosomal distribution of Grb2-mNG, the cells were stimulated with EGF-Rh in the presence of VPS34-N1, a small molecule inhibitor of VPS34 lipid kinase activity. VPS34 kinase was previously shown to be necessary for ILV formation in MVE (28). VPS34 generates PI3P in endosomal membranes, a lipid necessary for the endosomal recruitment of the ubiquitin adaptor HRS, the main cargo-recognition component of ESCRT-0. VPS34 inhibition did not slow down EGFR internalization but led to a substantial enlargement of endosomes containing EGF-Rh and Grb2-mNG (Fig. 4E). Super-resolution 3D imaging using SoRa revealed that EGFR:Grb2-mNG complexes are clustered at the periphery of endosomes, presumably in their limiting membrane (Fig. 4F). Erlotinib post-treatment of cells pre-incubated with VPS34-N1 and incubated with EGF-Rh for 30 min caused substantial release of Grb2-mNG from endosomes to the cytosol (Fig. 4E and D). These experiments, similarly to experiments with NX-1607, indicate that under conditions of inhibited ILV incorporation of EGFR:Grb2 complexes, Grb2 is accessible to the cytosol and readily dissociates from inactivated EGFR in endosomes.

Enlargement of late endosomes and lysosomes is also observed when the activity of PIKfyve, an endosomal resident kinase generating PI3,5P and regulating endosomal sorting, is inhibited (29). It was suggested that endolysosomal swelling caused by a small-molecule inhibitor of PIKfyve, Amilipod, increases endosome membrane tension (30) which would inhibit membrane remodeling processes and formation of ILVs. Therefore, we used the TKI-based ILV-sorting assay to study the effect of PIKfyve inhibition on the topology of EGFR:Grb2-mNG complexes within MVE. An increased size of a fraction of EGF-Rh-containing endosomes was observed in HSC3 cells stimulated with EGF-Rh in the presence of Apilimod (Fig. 5A). Surprisingly, unlike cells treated with the VPS34 inhibitor, the release of Grb2-mNG from endosomes upon Erlotinib treatment was not observed (Fig. 5A-B). Super-resolution SoRa imaging revealed clusters of vesicles which were apparently situated within the interior of endosomes (compare Fig. 5C with Fig. 4F). CryoEM immunogold labeling of Grb2 demonstrated strong accumulation of Grb2 in ILVs of endosomes, which were enlarged approximately 2-fold (compare Fig. 5D with Fig. 2G), after 30 min of EGF-stimulated endocytosis in HSC3 cells. These data indicate that the inclusion of EGFR complexes in ILVs occurs before the endosome reaches the stage of the maturation process controlled by PI3,5P. 

Grb2 is degraded via the lysosomal pathway

Demonstration of the ILV accumulation of Grb2 suggests that Grb2 may be routed to the lysosomal degradation pathway and degraded by lysosomal enzymes together with EGFR. Ligand-induced down-regulation of EGFR is very slow in HSC3 cells (6, 21), and therefore, testing this hypothesis can be preferential in cells with low levels of EGFR, such as HeLa cells. First, we used TKI-based approach to test whether Grb2 is sequestered from cytosol in endosomes upon EGF stimulation of EGFR endocytosis in HeLa cells. To this end, HeLa cells, in which endogenous Grb2 was tagged with mNG (HeLa/Grb-2mNG cells) were used. Figure 6 demonstrates that a fraction of Grb2-mNG becomes inaccessible to cytosol after 7 min from the initiation of endocytosis by EGF-Rh and that most Grb2-mNG is sequestered in endosomes by 30 min of continuous endocytosis, similarly to what was found in HSC3 cells.

In agreement with Grb2 sorting to ILVs, western blot analysis shows that EGF induces a gradual decrease in the level of Grb2 protein in parental HeLa cells with the kinetics similar to that of EGFR (Fig. 7A-B). This apparent degradation of Grb2 was blocked by chloroquine, confirming the endolysosomal mechanism of this degradation (Fig. 7C-D). Grb2 was degraded in EGF-dependent manner in HSC3 cells in chloroquine-dependent manner as well, although the kinetics of the degradation was much slower than in HeLa cells (Fig. 7E-F). CBL and CBLB are capable of direct binding to phosphorylated EGFR and indirect binding through Grb2, with which they constitutively interact (31, 32). Immunoblotting detection of CBL in HeLa and HSC3 cells showed that it is degraded in EGF-dependent manner, and that this degradation is partially inhibited by chloroquine (Fig. 7C-F). CBLB, expressed at a significantly higher level in HSC3 cells than in HeLa and other cells tested, was also down-regulated in EGF-stimulated cells, much like CBL in these cells (Fig. 7E-F). However, the relative contribution of chloroquine-dependent degradation of CBLB was rather small (Fig. 7E-F). In fact, EGF-dependent proteosome-mediated degradation of CBLB was previously demonstrated (33). These data demonstrate that prolong sorting of the entire EGFR signaling complex to ILVs may ultimately result in a decrease of protein levels of signaling effectors and can be a part of the negative-feedback regulation of signaling processes by endocytic trafficking.

DISCUSSION

In this study we address two fundamental questions in EGFR biology which are likely also applicable to several other RTK subfamilies: how fast receptor signaling and recycling back to plasma membrane are terminated by receptor sequestering inside endosomes; and what is the fate of receptor-associated signaling proteins during EGFR sorting to ILVs in endosomes. Utilizing an experimental model of cells expressing endogenous fluorescent Grb2, we employed live-cell 3D quantitative imaging analysis (“TKI-based” assay; Fig. 1E) to demonstrate the loss of Grb2 accessibility to the cytosol during EGF-induced EGFR endocytosis. Conclusions from the TKI-based assay that EGF:Grb2 complexes are sorted to ILVs were confirmed by a complementary approach (FRAP), and by detection of Grb2 accumulation in ILVs using cryoEM immunogold labeling. The TKI-based assay allowed a quantification of the extent of inclusion of EGFR:Grb2 complexes into ILVs in the entire cell. This led to two unexpected observations: 1) Grb2 sequestration inside MVEs occurs surprisingly early after ligand stimulation of EGFR endocytosis; and 2) most internalized EGFR:Grb2 complexes are removed from the limiting membrane of endosomes 20-30 min after cells stimulation with EGF. Previous imaging studies of EGFR endocytosis in HSC3 showed that internalized EGFR was highly colocalized with the transferrin receptor and EEA1 during the first hour of ligand-induced endocytosis (22, 26, 27), indicating that the ILV sorting process takes place in early/sorting endosomes. This notion is supported by our recent finding that the components of ESCRT-0, such as HRS and STAM2, were maximally enriched in the proximity proteome of EGFR at a 10-min time point after EGF stimulation of HCT116 cells (26). 

It should be emphasized that the loss of Grb2 accessibility to cytosol was observed in cells stimulated with low EGF concentration (1 ng/ml) which is within the range of concentrations of EGFR ligands detected in human plasma, most tissues and in tumors. This finding indicates that EGFR signaling complexes are effectively sorted to the lysosomal degradation pathway in the presence of physiological (low) ligand concentrations. This notion is in agreement with the efficient degradation of labeled EGF used in low concentrations to stimulate mouse fibroblasts  (34), although it does not support the hypothesis of the preferential recycling of EGFRs in the presence of these EGF concentrations in HeLa cells (35).

The TKI-based live-cell imaging approach is feasible because of an efficient dephosphorylation of EGFR with TKIs like Erlotinib even at 4oC, conditions when additional trafficking does not interfere with the experimental outcome. Although it was originally proposed that EGFR is dephosphorylated by PTP1B located in the endoplasmic reticulum (ER) (36), EGFR dephosphorylation upon kinase inactivation or ligand removal was shown to be rapid and virtually complete at the plasma membrane (Fig. 1D and (37)). Even though plasma membrane-ER contacts may in theory participate in such EGFR dephosphorylation, they cover a very small area of the plasma membrane. Further, ligand-bound EGFR accumulates in clathrin-coated structures at 4oC (38, 39), membrane domains which are not involved in ER contacts. Therefore, it is highly likely that besides PTP1B, other PTPs can dephosphorylate EGFR. In fact, various PTPs, such as for example DEP-1, were implicated in EGFR dephosphorylation (40, 41). On the other hand, it was proposed that EGFR is dephosphorylated at the ER-endosome contacts through the activity of PTP1B and that this dephosphorylation is required for the ILV sorting of EGFR (15).  However, this model was supported by experiments using a substrate-trapping mutant of PTP1B, that could have inhibited the interactions of EGFR with multiple phosphotyrosine binding proteins regulating receptor activities, and by using extremely high EGF concentrations (100-200 ng/ml). At the same time, RNAi depletion of PTP1B did not affect ligand-induced EGFR degradation (15), which agrees with the ability of multiple PTPs to control EGFR phosphorylation, possibly, in a redundant fashion.

Analysis of the effects of the CBL/CBLB inhibitor on sub-endosomal distribution of Grb2 clearly confirmed the key role of EGFR ubiquitination in receptor sorting to ILVs, as previously demonstrated using EGFR mutagenesis (12). Interestingly that blocking VPS34 activity resulted in similarly maximum extent of Erlotinib-induced Grb2-mNG release from endosomes as in NX-1607 treated cells (Figs. 4C and E). However, in control cells (not exposed to Erlotinib), Grb2-mNG:EGF-Rh stoichiometry was significantly decreased by NX-1607, but not by VPS34 inhibition. This implies that reduced Grb2-mNG accumulation in endosomes of CBL-inhibited cells is not due to increased dephosphorylation of EGFR at the limiting membrane of MVEs, but more likely, due to the preferential endosomal accumulation of EGFRs which are internalized via Grb2-CBL-independent mechanism in the presence of NX-1607. By contrast, acute inhibition of another endosome-localized lipid kinase, PIKfyve, did not prevent sorting of Grb2 to ILVs (Fig. 5).  PYKfyve was implicated in EGFR degradation (42). Our data indicate that PIKfyve may regulate routing of EGFR to the lysosomal degradation pathway at a later step than the step of receptor sorting to ILVs. 

What are the implications of our finding of the rapid sequestration of EGFR:Grb2 complexes in MVE? First, in the EGFR:Grb2 signaling pathway, the residence time of signaling-capable complexes located in the limiting membrane of endosomes is rather short, and these complexes have only a short time to engage with the downstream components of their signaling pathways. The demonstration of a substantial and rapid Grb2 sorting to ILVs supports our previous demonstration that the Grb2-Ras-ERK1/2 signaling axes operates mainly at the plasma membrane but not in endosomes (22). On the other hand, the residence time of EGFR complexes in endosomes in cells like HSC3 with high levels of EGFR and slow trafficking to lysosomes, is extremely long, which infer that even a small pool of receptor complexes remaining at the limiting membrane of MVEs is capable of sustaining the downstream signaling through cytosolic effectors. Second, the practical implication of our findings is that the detection of the colocalization of an RTK and a signaling effector in endosomes by diffraction-limited microscopy imaging should not be interpreted as a formal evidence of an endosomal signaling. The TKI-based ILV sorting assay can be used to examine the cytosolic accessibility of a signaling effector in order to interpret such colocalizations. 

Finally, an important consequence of the ILV sorting of receptor:Grb2 is that EGF stimulation leads to a substantial down-regulation of Grb2 protein levels, demonstrated in both HSC3 and HeLa cells (Fig. 7). Strong inhibitory effect of chloroquine in Grb2 degradation indicates that Grb2 is degraded through the lysosomal pathway. EGF-induced degradation of CBL and CBLB, (although CBLs are degraded in part via non-lysosomal pathway) (Fig. 7) predicts that CBLs may be incorporated into ILVs as well, which would imply that EGFR remains ubiquitinated after sorting to ILVs. Thus, ligand-induced down-regulation of cellular protein levels of Grb2 and other effectors may serve as part of the long-term feedback-negative regulation of Grb2-mediated signaling and other signal transduction processes. The extent of effector down-regulation would depend on the expression levels of EGFR or other RTKs and their effectors, and the stoichiometry of the interaction of active RTK with effector proteins. Grb2 is an example of a high expressor and an adaptor capable of receptor binding with high stoichiometry, which may explain its significant ligand-induced degradation (43). Future studies may exploit the TKI-based ILV-sorting assay to quantitatively study endosomal sorting of other RTKs and their associated proteins if an effective, RTK-specific TKIs are available to predict whether RTK-triggered signaling processes are rapidly terminated during MVE sorting or sustained in endosomes. 


METHODS

Reagents - Recombinant human EGF was from BD Biosciences (San Jose, CA). EGF-Rh was purchased from Invitrogen (Pittsburgh, PA). Actual concentration was determined in 125I-EGF competition experiments in comparison with unlabeled human EGF as described (6). VPS34-N1 (Cat. No. S7980), NX-1607 (Cat. No. [E1957], and apilimod Cat.No.S6414 were from Selleckchem, Houston, TX). Antibodies to EGFR (mRb #4267), pY1068 (Mo #2236), α-actinin (Rb #6487), and CBL (Rb 2179) were from Cell Signaling Technology (Danvers, MA). Grb2 rabbit antibodies were from Invitrogen (PA5-27151; used for western blotting and cryoEM) and Santa Cruz Biotechology (sc-255; used for western blotting in Fig. 1). Mouse monoclonal antibodies to ubiquitin (P4D1, sc-8017), b-actin (sc-8432), CBLB (sc-8006) were from Santa Cruz Biotechnology (Dallas, TX). EGFR monoclonal antibody 528 (Mab528) was from ATCC (Manassas, VA). Secondary anti-mouse (cat # 926-32350) and anti-rabbit (cat #926-68071) IRDye antibodies were from Li-COR. Lipofectamine transfection reagents were from Thermo Fisher (Pittsburgh, PA), whereas jetOptimus transfection reagent was purchased from Polyplus (France). PCR and cloning reagents were purchased from NEB. Other chemicals were from Fisher Scientific or Sigma if not indicated otherwise.

Cell culture - Gene-edited HeLa cells expressing endogenous Grb2-mNG were previously described (22). HSC3 cells were gene-edited using CRISPR/cas9 to express endogenous Grb2-mNG precisely as it was performed to generate HeLa/Grb2-mNG cells . HSC3 cells were maintained in DMEM supplemented with 5% fetal bovine serum (FBS) (Invitrogen). HeLa cells were maintained in DMEM supplemented with 10% FBS. Parental HSC3 and HeLa cells were authenticated by STR profiling. All cells were mycoplasma-free.

Spinning disk confocal microscopy - To obtain high resolution three-dimensional (3D) images of the cells, z-stacks of confocal images were acquired with 63x Plan Apo PH NA 1.4 objective using a Mariannas spinning disk confocal imaging system based on a Zeiss Axio Observer Z1 inverted fluorescence microscope equipped with a computer-controlled Yokogawa CSU-W1, Spherical Aberration Correction unit, Vector photomanipulation module, Andor EMCCD camera and Fusion BT Hamamatsu camera (used in Fig. 4B and Fig. 5), super-resolution module SoRa, environmental chamber, piezo stage controller and lasers (405, 445, 488, 515, 561, and 640 nm), all controlled by SlideBook software (Intelligent Imaging Innovation, Inc., Denver, CO).  Typically, a z-stack of 21-25 x-y confocal images were acquired at 0.2-0.3 mm steps. Slidebook was used for image analysis.

Measurement of the ratio of apparent fluorescence intensities of Grb2-mNG and EGF-Rh in endosomes - HSC3/Grb2-mNG and HeLa/Grb2-mNG cells grown in 35-mm Mat-Tek dishes were serum-starved overnight in phenol-red-free DMEM and incubated with EGF-Rh at 37oC for 6-30 min in the same medium supplemented with 0.1%BSA. The cells were then rinsed with ice-cold phenol-red-free DMEM and incubated in the same media for 4 min with DMSO or Erlotinib (10 mM) at 4oC followed up an acquisition of 3D images in cold media through 488 nm or 515 nm channels (to detect mNG) and 561 nm channel to detect EGF-Rh (“4oC” protocol). In some experiments, image acquisition was performed at RT immediately after phenol-red-free DMEM rinse and during incubation of cells with DMSO or Erlotinib at RT (1 mM) (“RT” protocol). Both protocols yielded similar results. It should be noted that while Erlotinib treatment at 4oC and RT resulted in a similar extent of EGFR dephosphorylation (Fig. 1C), the 4oC-treatment, conditions of negligible membrane trafficking, was the preferential method in experiments where EGFR stimulation was less than 10 min as it minimized the contribution of additional EGF-Rh endocytosis in endosomal fluorescence signals during live-cell imaging. The image acquisition parameters were kept the same for all variants in the same experiment.

To quantify the ratio of Grb2-mNG and EGF-Rh fluorescence intensities in endosomes, a “Rhodamine” mask was created to select vesicles which are positive for 561 fluorescence as described below. 

Deep Learning Segmentation of Endosomes. Images were acquired at a voxel size of 0.202 × 0.202 × 0.200 µm (XY × Z) using 561 nm excitation (channel: c561a). Each dataset consisted of a 25 × 944 × 944 voxel stack. Endosomal structures were identified in 3D fluorescence image volumes using a fully convolutional 3D U-Net trained with the CellNet 2.0 pipeline (Intelligent Imaging Innovations, 2025).
	Ground truth segmentation. Endosomal structures were initially identified by rhodamine (561 nm channel) minimum-intensity thresholding of multiple image volumes collected from cells treated with DMSO or Erlotinib for 7 or 30 min at 37oC during several imaging sessions in SlideBook 2025 (mask “Rhodamine”). The threshold intensity was chosen to select rhodamine signal in vesicular-shape structures and avoid selection of any voxels corresponding to cell edges (plasma membrane).  The resulting binary masks were processed with a connected-component filter that removed objects smaller than 20 voxels. These filtered masks were used as the training labels. In addition, images of cells treated with EGF-Rh at 4oC (Fig. 1D) where EGF-Rh was not present in endosomes but located exclusively at the cell surface, were used for “negative” model training.
	Training data preparation. From each volume, up to 2,000 sub-volumes measuring 25 × 25 × 25 voxels were sampled at native resolution using a stride of 16 voxels. Patches containing no foreground signal were retained to represent background. Across the four conditions, 8,000 image–mask pairs were generated; 20% were reserved for validation.
	Network architecture and training. A 3D U-Net was trained for 120 epochs using the Adam optimizer (learning rate 8 × 10⁻⁴, batch size 16) on an NVIDIA RTXA4500 GPU (random seed 42). At each epoch, 400 patches were randomly sampled from the training set. Training used a combined binary cross-entropy and Tversky loss (α = 0.05, β = 0.95). Validation performance was evaluated on 80 patches per epoch, and the model checkpoint with the lowest validation loss was retained (epoch 90; Dice = 0.553, IoU = 0.386).
	Data augmentation. During training, patches were augmented with random flips and 90° rotations, intensity scaling (±25%), gamma correction (γ = 0.8–1.2), Gaussian noise (σ = 0.08), Gaussian blur (σ = 0.3–1.0), scale jitter (0.85–1.15), Poisson noise (scale = 15), and mild elastic deformation (α = 2.0, σ = 0.5).
	Inference. Prediction volumes were processed at native resolution in overlapping 25 × 25 × 25 voxel tiles. Probability maps were thresholded at [value] to generate binary segmentation masks, which were written as 16-bit integer channels in SlideBook

The mean values of the mNG/Rh ratio were calculated in cells stimulated with EGF-Rh as follows. Mask#2 was generated by dilation of individual objects in Mask #Rhodamine” by two voxels in three dimensions. Next, “Rhodamine” mask was subtracted from Mask #2 to generate the background mask (Back-561endo) consisting of a background object for each endosome. Finally, mean intensities of Back-561endo mask in each channel were subtracted from mean intensities of the same channels in the 561endo mask to calculate mean background-subtracted intensities (I488 or I515 and I561) in each channel per FOV (each 944x944 voxel FOV depicts multiple cells). Mean intensities of Back-561endo mask in each channel were subtracted from mean intensities of the same channels in “Rhodamine” mask to calculate mean background-subtracted intensities in each channel (I488 or I515, I561) per FOV. The ratio mNG to Rhodamine in endosomes (mNG/Rh) was calculated as the ratio of mean intensities of mNG (I488 or I515) and Rhodamine (I561) per FOV.
FRAP - To perform FRAP microscopy imaging analysis, time-lapse images were collected at 3-second intervals from a single confocal plane through the 488 nm channel. Photobleaching was performed on user-selected regions of interest (ROIs; 2X2 m squares) using a Vector photomanipulation module of Mariannas system. ROIs were chosen to analyze individual endosomes in the areas with the minimal background of diffuse cytosolic fluorescence. ROIs from time-lapse images with stable focus and minimal lateral movement of the endosomal puncta were analyzed using the “FRAP” module of SlideBook to obtain values of tD (recovery half-time) and mobile fraction (Mf, or fraction recovered). Image-wide photobleaching was negligible during the duration of the experiment under image acquisition conditions used, as confirmed by measuring the fluorescence intensity of an ROIs that were not photobleached.

Post Embedment Immuno-Electron Microscopy - Confluent monolayers were fixed in 2% paraformaldehyde containing 0.01% glutaraldehyde in PBS for 60 min.  The monolayers were scraped from the culture dish with a razor blade, pelleted in a 1.5 ml Eppendorf tube and resuspended in 2% 100 bloom gelatin in PBS.  Following a further 30-min fixation step (as above) the resuspended pellet was cryoprotected in 2.3M sucrose in PBS overnight and then diced into small 1 mm cubes. Fixed cubes were mounted on 1 mm machine screws and shock frozen in liquid nitrogen. Ultrathin (70 nm) sections were cut, labelled with rabbit Grb2 antibodies followed by secondary antibody conjugated to 5-nm gold particles and mounted as described previously (44). Images were collected using a JEOL FLASH TEM.

Western blot analyses – For detection of proteins by Western blotting, the cells grown in full media and starved overnight were washed with cold CMF-PBS and lysed in TGH buffer (1 % Triton X-100, 10% Glycerol, 50 mM HEPES, 2 mM EGTA, phosphatase and protease inhibitors) for 10 min at 4°C. The lysates were precleared by centrifugation at 10,000xg at 4°C for 5 min and denatured by heating in a sample buffer for 5 min at 95oC. The lysates were separated by SDS-PAGE and transferred to nitrocellulose paper. Western blotting was performed as described (6) and blots were imaged using Odyssey Li-COR scanner.  

Statistics. All statistical analyses were performed using GraphPad Prism software (GraphPad). For comparisons of two groups, unpaired Student’s t-test was used. For multiple comparison analyses, a one-way ANOVA followed by Tukey’s or Fisher’s LSD multiple comparison test was used. Differences were considered significant when the p value was <0.05, with the specific p values shown in the figure and detailed within each figure legend. 
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Figure 1. Inhibition of EGFR kinase by Erlotinib leads to the release of Grb2-mNG to cytosol.
(A) Lysates from parental (Par) HSC3 cells and gene-edited HSC3/Grb2-mNG cells were probed with mNG, Grb2 and α-actinin(loading control) antibodies.  
(B) Representative image of serum-starved HSC3/Grb2-mNG cells. Maximum intensity projection (MIP) of 25 confocal sections is presented. Scale bar, 10 μm.
(C) Cells were incubated with 10 ng/ml EGF-Rh for 45 min at 4oC, and then for 10 min at 4oC with vehicle (DMSO) or Erlotinib followed by immediate 3D imaging through 515-nm (green, Grb2-mNG) and 561-nm (magenta, EGF-Rh) channels. To better visualize plasma membrane, MIPs of 3 consecutive confocal sections close to the dorsal cell membrane are shown. Intensity ranges are indicated on the right in arbitrary units of linear fluorescence intensity (a.u.l.f.i). Scale bars, 10 μm. 
(D) Cells were incubated with 10 ng/ml EGF for 45 min at 4oC and then incubated with vehicle (DMSO, “-“), 10 mM Erlotinib (“+”) at 4oC, or 1 mM Erlotinib (“+”) at room temperature (RT). Western blotting of cell lysates with antibodies to pY1068, EGFR and b-actin (loading control) is shown.
(E) Schematic depiction of the TKI-based ILV sorting assay. PTPs, phosphotyrosine phosphatases. Arrows indicate relatively high or low mNG/Rh ratio in endosomes with large or small fraction of EGFR:Grb2-mNG complexes at the limiting membrane of MVEs, correspondingly.
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Figure 2. Grb2-mNG is incorporated into ILVs of MVEs after ligand-induced internalization of EGFR in HSC3 cells. 
(A-D) HSC3/Grb2-mNG cells were serum starved and stimulated with 10 ng/ml EGF-Rh at 37°C for 7-30 min and then treated with vehicle (DMSO) or Erlotinib (10 mM) at 4oC. 3D live-cell imaging was performed through 488-nm (green; Grb2-mNG) and 561-nm (magenta; EGF-Rh) channels. MIPs of z-stack of x-y confocal planes are presented. Images in A (7 min) and B (30 min) are presented at the same fluorescence intensity range. Scale bars, 10 μm. Insets are single confocal planes illustrating the release of Grb2-mNG from the plasma membrane. 
(C) Quantification of the mNG/Rh ratio from experiments exemplified in (A-B). Bars represent mean values of the ratio (±SEM; n=6-12 FOVs). P values are calculated by one-way ANOVA. ****p<0.0001; ns, not significant.
(D) Values of the mNG/Rh ratio in individual endosomes in the images “7 min” in A and images “30 min” in B are plotted against their rhodamine fluorescence intensity (in a.u.l.f.i).
(E) Cells were treated and imaged as in A and B with the exception that EGF-Rh concentration was 1 ng/ml. Quantifications are as in C. Bars represent mean values of the ratio (± SEM; n=5 FOVs). P values are calculated by one-way ANOVA. ****p<0.0001; ns, not significant. Representative images are presented in Figure S1.
(F) Examples of Grb2 localization in MVEs. HSC3 cells were incubated with EGF (10 ng/ml) for 30 min at 37°C, fixed, and processed for thin-cryosectioning followed by immunogold labeling with Grb2 antibodies and electron microscopy (EM) imaging. Scale bars, 200 nm.
	On the right, quantification of the total number of gold particles detected at the limiting membrane and in ILVs of 15 endosomes/MVEs in multiple images.
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Figure 3. FRAP microscopy demonstrates sequestration of endosomal Grb2-mNG from cytosol.
HSC3/Grb2-mNG cells were serum-starved and treated with 10 ng/ml EGF at 37°C for 7 and 30 min. FRAP microscopy experiments were carried out at room temperature. ROIs for photobleaching and time-lapse imaging were chosen to analyze individual puncta.  (A) Examples of images of individual endosomes before and after photobleaching. Bar graphs represent mean values of (B) the half-time of fluorescence recovery (t1/2) (±SEM; n=8-13)  and (C) the mobile fraction (fraction recovered) (±SEM; n=8-13). P values are calculated by unpaired t-Student test. ****p<0.0001; ns, not significant.
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Figure 4. Inhibition of EGFR ubiquitination and VPS34 kinase activity result in the release of endosomal Grb2 to cytosol after receptor kinase inactivation
(A) Cells were pre-incubated with 100 nM NX-1607 for 1 hr and then stimulated with 10 ng/ml EGF for 15 min at 37oC. EGFR was immunoprecipitated from cell lysates. Western blot of immunoprecipitates probed with ubiquitin and EGFR antibodies is shown.
(B) Cells were pre-incubated with vehicle (DMSO) or 100 nM NX-1607 for 1 hr and then stimulated with 10 ng/ml EGF-Rh for 30 min at 37oC followed by incubation with vehicle (DMSO) or Erlotinib. 3D live-cell imaging was performed through 488-nm (green; Grb2-mNG) and 561-nm (magenta; EGF-Rh) channels. Images are presented in the same fluorescence intensity ranges.
(C) Quantification of the ratio mNG/Rh from images exemplified in (B). Bars represent mean values of the ratio (±SEM; n=0 FOVs).  P values are calculated by one-way ANOVA. ****p<0.0001; ns, not significant.
(D-F). Cells were incubated with 10 ng/ml EGF-Rh for 30 min at 37oC and VPS34-N1 (1 mM; added 2 min after EGF-Rh administration) followed by incubation with vehicle (DMSO) or Erlotinib. 3D live-cell imaging was performed through 488-nm (green; Grb2-mNG) and 561-nm (magenta; EGF-Rh) channels. (D) Maximum intensity projections of z-stack of confocal images are presented. Images are presented in the same fluorescence intensity ranges. Scale bars, 10 mm. and 1 mm in insets.
(E) Quantification of the ratio mNG/Rh from images exemplified in (D). Bars represent mean values of the ratio (±SEM; n=8). P values are calculated by unpaired t-Student test. ****p<0.0001.
(F) Examples of super-resolution images of individual endosomes acquired using SoRa and Fusion BT camera from cells treated with VPS34-N1 and simulated with EGF-Rh for 60 min and post-incubated with vehicle (DMSO) as in D. MIPs of z-stack of 2-3 consecutive x-y confocal images are presented. Scale bars, 1 mm.
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Figure 5. Swelling of endosomes resulted from inhibition of PIKfyve does not prevent Grb2 sorting to ILVs.
(A) Cells were incubated with 10 ng/ml EGF-Rh and Apilimod (1 mM) for 30 min at 37oC followed by incubation with vehicle (DMSO) or Erlotinib. 3D live-cell imaging was performed using SoRa (x2.8) and Fusion BT camera through 488-nm (green; Grb2-mNG) and 561-nm (magenta; EGF-Rh) channels. MIP images are presented in the same fluorescence intensity scales. Insets below show examples of individual endosomes indicated by while arrows. Scale bars in full images are 10 mm and 1 mm in insets.
(B) Quantification of the mNG/Rh ratio from images exemplified in (A). Bars represent mean values of the ratio (±SEM; n=4 FOVs). P values are calculated by unpaired t-Student . ns, not significant.
(C) Examples of Grb2 localization in MVEs. HSC3 cells were incubated with EGF (10 ng/ml) and Apilimod for 30 min at 37°C, fixed, and processed and processed for thin-cryosectioning followed by immunogold labeling with Grb2 antibodies and EM imaging. Scale bars, 200 nm.
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Figure 6. Grb2-mNG is sequestered in endosomes after ligand-induced internalization in HeLa cells.
(A-B) HeLa/Grb2-mNG cells were serum starved and treated with 10 ng/ml of EGF-Rh at 37°C for 7 min (A) and 30 min (B) and then treated with vehicle (DMSO) or Erlotinib. 3D live-cell imaging was performed through 488-nm (green; Grb2-mNG) and 561-nm (magenta; EGF-Rh) channels. (A-B) MIPs of z-stack of confocal images are presented. Images are presented in the same fluorescence intensity ranges. Scale bars, 10 μm. 
(C) Quantification of the mNG/Rh ratio from images exemplified in A-B. Bars represent ratio mean values (± SEM; n=5 FOVs).  P values are calculated by one-way ANOVA ****p<0.0001; ns, not significant.
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Figure 7. EGF-induced degradation of Grb2 and CBL proteins.
(A) HeLa cells were preincubated 30 min with cycloheximide and incubated with 10 ng/ml EGF for indicated times (0-6 h). Cells were solubilized in the lysis buffer in which orthovanadate and NEM were omitted. Lysates were electrophoresed and probed by western blotting with antibodies to EGFR, Grb2 and β-actin (loading control). Representative images are shown.
(B) Quantification of the levels of EGFR and Grb2 proteins in experiments exemplified (A) was performed by correcting the immunoreactivities by the loading control and then normalizing the corrected values to the corrected value at time =0 for each individual experiment. Bars represent mean values (± SEMs; n = 3 independent experiments).
(C) HeLa cells were preincubated with cycloheximide (30 min) and then incubated with 10 ng/ml EGF in the presence or absence of chloroquine (Clq; 200 µM) for 6 hr. Cells were lysed in the buffer in which orthovanadate and NEM were omitted. Lysates were electrophoresed and probed by western blotting with antibodies to EGFR, Grb2, Cbl, and β-actin (loading control). Representative images are shown.
	(D) Quantification of protein amounts in experiments exemplified in (C) was performed by correcting the immunoreactivities by the loading control and then normalizing the corrected values to the corrected value in cells not stimulated with EGF (“-“) in presence or absence of chloroquine for each individual experiment. Bars represent mean values (± SEMs; n = 3-4 independent experiments). P values were calculated using unpaired two-tailed Student’s T-test comparing “-“ versus “+” chloroquine. *p<0.05; ns, non-significant.
	(E) HSC3 cells were preincubated with cycloheximide (30 min) and then incubated with 100 ng/ml EGF in the presence or absence of chloroquine (200 µM) for 18 hr. Cells were lysed in the buffer in which orthovanadate and NEM were omitted. Lysates were electrophoresed and probed by western blotting with antibodies to EGFR, Grb2, Cblb, Cbl, and β-actin (loading control). Representative images are shown.
	(F) Quantification of protein levels in experiments exemplified in (E) was performed by correcting the immunoreactivities by the loading control and then normalizing the corrected values to the corrected value in cells not stimulated with EGF (“-“) in presence or absence of chloroquine for each individual experiment. Bars represent mean values (± SEMs; n = 3-4 independent experiments). P values were calculated using unpaired two-tailed Student’s T-test comparing “-“ versus “+” chloroquine. *p<0.05; **p<0.01; ns, not significant.
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Figure S1. Example of a “Rhodamine” mask generated using deep-learning algorithm. 
	Image of HSC3/Grb2-mNG cells were stimulated with 10 ng/ml EGF-Rh at 37°C for 7 min then treated with vehicle (DMSO) presented in Figure 2A. 561-nm (red; EGF-Rh) channel. Individual plane from a z-stack of x-y confocal planes is presented without and with the mask generated to maximize the selection of vesicular-shape puncta (corresponding to endosomes) while minimizing the selection of linear-shape objects, such as cell edges, corresponding to the plasma membrane. Scale bar, 10 μm.

[image: ]
Figure S2. Time-dependent sequestration of Grb2-mNG in endosomes in HSC3 cells stimulated with EGF (summary of time-course experiments). 
HSC3/Grb2-mNG cells were serum starved and stimulated with 10 ng/ml EGF-Rh at 37°C for 7-30 min and then treated with vehicle (DMSO) or Erlotinib (10 mM) at 4oC or RT as described in Figure 2A-B. 3D live-cell imaging was performed through 488-nm or 515-nm  (Grb2-mNG) and 561-nm (EGF-Rh) channels.  The mNG/Rh ratio was quantified for each time point as in Figure 2C. Each data point represents mean value (±SEM) of the percent fraction of Grb2-mNG remaining in endosomes after Erlotinib treatment relative to the amount of Grb2-mNG in endosomes of cells treated with DMSO. The values of this fraction were calculated by dividing the mean value the mNG/Rh ratio in Erlotinib-treated cells to this ratio in DMSO-treated cells calculated from 6-12 FOVs in three independent experiments.
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Figure S3. Grb2-mNG is incorporated into ILVs of MVEs after stimulation of HSC3/Grb2-mNG cells with 1 ng/ml EGF-Rh.
HSC3/Grb2-mNG cells were serum starved and treated with 1 ng/ml EGF-Rh at 37°C for 6 (A) and 30 min (B) and then treated with vehicle (DMSO) or Erlotinib (1 mM). 3D live-cell imaging was performed through 488-nm (green; Grb2-mNG) and 561-nm (magenta; EGF-Rh) channels. MIPs of z-stack of x-y confocal planes are presented. Images are presented in the same fluorescence intensity ranges. Scale bars, 10 μm.
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