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Abstract

:

Mammalian retromer complex contributes to multiple early endosome-associated trafficking pathways whose origins are dependent on which sorting nexin (SNX) they are complexed with. In an attempt to dissect out the contribution of individual retromer–SNX complexes, we examined the trafficking of EGFR in detail within a series of KO cell line models. We demonstrated that the depletion of retromer subunit Vps35 leads to decreased EGFR protein levels in resting cells with enhanced association of EGFR with lysosomal compartments. Compared to control cells, the addition of EGF to Vps35 KO cells resulted in a reduced rate of EGFR degradation; AKT activation and cell prolferation rates were elevated, while ERK activation remained relatively unchanged. These observations are consistent with a prolonged temporal association of EGFR within early endosomes due to the inefficiency of early endosome-associated protein trafficking pathways or organelle maturation due to retromer absence. We did not fully delineate the discrete contributions from retromer-associated SNXs to the phenotypes observed from retromer Vps35 depletion. While each of the knock-outs of SNX1/2, SNX3, or SNX27 promotes the enhanced association of EGFR with early endosomal compartments, only the decreased EGF-mediated EGFR degradation was observed in SNX1/2 dKO cells, while the enhanced AKT activation was only increased in SNX3 KO or SNX27 KO cells. Despite this, each of the knock-outs showed increased EGF-stimulated cell proliferation rates.
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1. Introduction


The epidermal growth factor receptor (EGFR) belongs to receptor tyrosine kinase, which is important for cell proliferation, cell survival, development, and tissue regeneration upon the activation of its downstream signaling cascades [1]. EGFR mutations and overactivated EGFR signaling pathways are frequently associated with several types of cancers, including lung, head and neck, and colon cancer [1]. Hence, anticancer therapeutics targeting EGFR function are currently being developed. EGFR trafficking and EGFR signaling activation are highly coordinated but complex processes. EGF promotes the internalization of EGFR in both clathrin-mediated and nonclathrin-mediated endocytosis [2]. Internalized EGFR reaches to the early endosomal compartments, where it can either be sorted into recycling endosomes or ubiquitinated provided the sorting signal traffics it into the multivesicular body (MVB)/lysosomal compartments for the degradative route. In addition, EGFR can also traffic to the nucleus or the trans-Golgi network (TGN) [2,3]. The activation of downstream signaling cascades can trigger from multiple cellular compartments. For example, APPL1 positive early endosome compartments are important for controlling AKT activation at the endosome and dictating its substrate specificities [3], whereas ERK activation can be elicited through the late endosomal compartment [4]. Importantly, the endocytosed EGFR at the endosomes is sufficient to control the activation of these downstream signaling pathways in a spatial and temporal manner [5,6,7].



The evolutionally conserved retromer protein complex contains a core trimer subcomplex composed of Vps26, Vps29, and Vps35 subunits [8]. When associated with different PX domain containing sorting nexin (SNXs) modules, a key protein family for endosomal trafficking, retromer can mediate protein sorting to different endocytic pathways [8,9,10]. Its association with SNX3, containing PX domain only, is required for the recruitment of the retromer core subcomplex to the endosomal membrane but also mediates cargo trafficking [11,12,13]. Moreover, retromer with SNX3 specifically regulates CI-M6PR retrograde trafficking from the early endosomes, which is tethered by GRIP and the coiled-coil domain containing 88 kDa (GCC88) at the TGN [14]. The BAR domain containing SNXs in addition to the PX domain, including SNX1, SNX2, SNX5, and SNX6, can homo- or heterodimerize to promote the endosomal tubule formation, leading to protein retrograde trafficking from the early endosome to the TGN [9]. Furthermore, these SNX-BAR proteins can also directly interact with cargo protein for its sorting [15,16,17]. In contrast to SNX3 or SNX-BAR proteins, when in the complex with SNX27, which also contains a PDZ domain and a FERM domain, both of which are involved in cargo binding, retromer can mediate the cargo trafficking from the early endosomes to the cell surface [18,19,20,21]. Numerous cargo proteins, including several receptor tyrosine kinases, such as c-Met, for retromer have been discovered [21,22]. Some experimental evidence indicates the links between SNXs and EGFR. For example, the interactions of SNX1, SNX3, or SNX5 with EGFR have been observed by various experimental approaches, such as yeast two hybrid study, coimmunoprecipitation and proximity biotinylation labeling [23,24,25]. Furthermore, these studies have utilized either overexpression or siRNA-based knock-down approaches to determine their roles in EGFR. For example, the knock-down of SNX1 increased EGF-induced EGFR degradation in human gefitinib-resistant lung cancer cell line [26], yet no effect on EGF-mediated EGFR degradation was reported upon the knock-down of SNX1 and SNX2 [27]. On the other hand, both SNX5 overexpression and knock-down have been reported to inhibit EGF-induced EGFR degradation [25,28]. Therefore, despite some evidence showing the regulatory roles of SNXs with EGFR, the exact functions that retromer and its associated SNXs have in EGFR trafficking and signaling cascades remain inconclusive. In this study, we identified the multifunctional roles for retromer in EGFR trafficking and EGFR signaling activation. Retromer Vps35 knock-out (KO), SNX1/2 double knock-out (dKO), SNX3 KO, and SNX27 KO cell lines displayed the increased EGFR association with early endosomes, yet only Vps35 KO and SNX1/2 dKO increased the association of EGFR with lysosomes but decreased EGF-mediated EGFR degradation. Moreover, retromer Vps35 KO, SNX1/2 dKO, SNX3 KO, and SNX27 KO cell lines caused either sustained or transient increases on EGF-induced EGFR signaling activation, which correlated with the increased EGF-stimulated cell proliferation rates.




2. Materials and Methods


2.1. Chemicals and Antibodies


All chemicals were purchased from Sigma-Aldrich (North Ryde, NSW, Australia), except for recombinant human EGF (Catalog: PHG0311) obtained from Thermo Fisher Scientific (Mulgrave, VIC, Australia). Mouse monoclonal antibody against human SNX27 (Catalog: 77799) was purchased from Abcam (Melbourne, VIC, Australia). Mouse monoclonal antibody against β-tubulin (Catalog: T9026) was purchased from Sigma-Aldrich. Mouse monoclonal antibodies to EEA1 (Catalog: 610457), LAMP1 (Catalog: 555798), SNX1 (Catalog: 611483), and SNX2 (Catalog: 611309) were purchased from BD (Franklin Lakes, NJ, USA); Rabbit polyclonal antibody to SNX3 (Catalog: ab56078) was purchased from Abcam. Goat polyclonal antibody to Vps35 (Catalog: NB100-1397) was obtained from Novus Biologicals. Rabbit monoclonal antibodies against EGFR (D38B1) (Catalog: 4267), ASCT2 (D7C12) (Catalog: 8057), phosphor-Ser473 AKT (D9E) (Catalog: 4060), phosphor-Thr202/Tyr204 p44/42 MAPK (D13.14.4E) (Catalog: 4370), mouse monoclonal antibodies against AKT (40D4) (Catalog: 2920), and p44/42 MAPK (3A7) (Catalog: 9107) were purchased from Cell Signaling Technology (CST) (Danvers, MA, USA). Mouse monoclonal antibody against EGFR (Catalog: sc-120) was obtained from Santa Cruz Biotechnology (Dallas, TX, USA). HRP conjugated goat antimouse and goat antirabbit secondary antibodies were purchased from Thermo Fisher Scientific. IRdye 680 and IRdye 800 conjugated fluorescence secondary antibodies were purchased from LI-COR Biosciences (Lincoln, NE, USA). All other Alexa Fluor conjugated fluorescence secondary antibodies were purchased from Thermo Fisher Scientific.




2.2. Cell Culture and Treatments


HeLa control, HeLa Vps35 knock-out (Vps35 KO), HeLa SNX1/SNX2 double knock-out (SNX1/2 dKO), HeLa SNX3 knock-out (SNX3 KO), and HeLa SNX27 knock-out cell line (SNX27 KO) were generated previously as described [14]. All cell lines were cultured in high glucose Dulbecco’s Modified Eagles Medium (DMEM) (Thermo Fisher Scientific), supplemented with 10% Fetal Bovine Serum (FBS), 5 mg/mL penicillin and streptomycin, 2 mM L-glutamine, and maintained in 5% CO2 at 37 °C.



For EGF stimulation, HeLa cells were serum starved in high glucose DMEM medium containing 0.2% BSA for 16–18 h before subjected to the stimulation with 100 ng/mL of EGF as indicated. Chloroquine treatment was performed as described previously [29]. In brief, cells were incubated with 50 µM chloroquine in normal DMEM medium for 16 h before subjected to cell harvesting for immunoblotting.




2.3. Cell Lysis, SDS-PAGE, and Immunoblotting


Whole cells were lysed in TK lysis buffer containing 50 mM HEPES (pH 7.4), 150 mM NaCl, 1% Triton x-100, and protease inhibitor cocktails as described previously [30].



SDS-PAGE and immunoblotting were performed according to procedures described in previous studies [30]. Protein concentrations in each cell lysate were quantified by bicinchoninic acid (BCA) assay (Thermo Fisher Scientific). Equivalent amounts of protein per sample were resolved on SDS-PAGE gel, and proteins were transferred onto Immobilon-PDVF membranes (Merck Millipore, Burlington, MA, USA) using Trans-Blot SD semidry transfer cell system (Bio-Rad, South Granville, NSW, Australia). After completion of transfer, the membranes were incubated with diluted primary antibodies overnight at 4 degrees, before processing to detect signals either by HRP-conjugated secondary antibodies using Clarity Western ECL Substrate kit (Bio-Rad) on ChemiDoc MP System (Bio-Rad) or by IRdye-conjugated fluorescence secondary antibodies using Li-COR Odyssey Infrared Imaging System (Millennium Science, Mulgrave, VIC, Australia). Membrane analysis and quantification were conducted using Image J version 1.53s (NIH, Bethesda, MD, USA) or Odyssey Imaging software version 3.1 (Li-COR, Lincoln, NE, USA).




2.4. Cell Proliferation Assay


Cell proliferation was measured using the MTT assay as described previously [29]. HeLa cells were seeded at 7500 cells in 100 μL of complete DMEM containing L-glutamine and 10% FBS per well in a 96-well plate format. Cells were grown for 48 h before incubation with 20 μL of 5 mg/mL of MTT in PBS for 3.5 h in a 37 °C incubator. Then, the medium was removed, and cells were dissolved in 150 μL of MTT solvent containing 4 mm HCl and 0.1% NP-40 in isopropanol. After 15 min incubation, optical absorbance was measured under 590 nm wavelength using a microplate reader (BioTek Instruments, Winooski, VT, USA).




2.5. Determination of Cell Surface EGFR Levels Using Flow Cytometry


Cell surface EGFR levels were determined by flow cytometry. After treating with serum-starved cells with 100 ug/mL of EGF for various times, cells were washed with ice-cold PBS and dissociated with 1 mM EDTA in PBS. An amount of 1 × 106 cells were pelleted and fixed with 2% paraformaldehyde (PFA) in PBS for 30 min. Cells were then directly incubated with 1 ug of mouse monoclonal anti-EGFR antibody for 30 min, followed by Alexa Fluor 488 conjugated goat antimouse IgG (1:500) for additional 30 min. After extensive washing, cells were resuspended with 1% PFA in PBS for flow cytometry. Flow cytometry data were acquired using BD Fortessa Flow Analyser (BD Biosciences, San Jose, CA, USA) and analyzed on FlowJoTM v10 software (FlowJo LCC, Ashland, OR, USA).




2.6. Immunofluorescence Microscopy and Image Analysis


HeLa cells grown on coverslips were fixed and permeabilized in ice-cold methanol for 5 min, indirect fluorescence microscope procedures were processed as described previously [29]. After blocking with 2% BSA in PBS for 30 min, cells were costained with anti-EGFR (1:200) and anti-EEA1 (1:200) or anti-LAMP1 (1:200) primary antibodies for 1 h at room temperature followed by 1 h incubation with Alexa Fluor 488 conjugated donkey antirabbit and Alexa Fluor 555 conjugated donkey antimouse secondary antibodies (Thermo Fisher Scientific). Coverslips were mounted on glass microscope slides using Dako fluorescence mounting medium (Agilent, Santa Clara, CA, USA), and the images were taken under a Leica SP8 DMi8 inverted confocal laser scanning microscope equipped with 63× glycerol (Numerical Aperture, NA = 1.3) objective. Images were processed and colocalization analysis was performed using Fiji Image J (version 1.53s, National Institute of Health, Bethesda, MD, USA) as described previously. Multichannel images were threshold in each channel; the colocalization was quantified using Fiji Image J JACoPplugin and was represented as colocalization Pearson’s correlation coefficient (r).




2.7. EGFR Transcript Analysis by RNA-Seq


Triplicated total RNA samples of HeLa control and Vps35 KO cells were extracted using Qiagen RNeasy Mini Kit (Doncaster, VIC, Australia). RNA-Seq library preparation and sequencing were conducted in the Sequencing Facility at the Institute for Molecular Bioscience (IMB). Illumina Strander mRNA Prep Kit (Illumina, Melbourne, VIC, Australia) was used for library preparation, and Illumina NextSeq 500/550 High Output Kit v2.5 (75 Cycles, Illumina) was used for sequencing on Illumina NextSeq 500 system. RNA-Seq data analysis was performed using Galaxy Platform (version 22.01) provided by Galaxy Australia. In brief, quality controls of the reads were performed using FastQC and Cutadapt, then mapped to a reference genome (Hg38, human genome build 38) using STAR [31]. Following, the number of reads for EGFR transcripts (ENSG00000146648) from HeLa control and Vps35 KO cells were counted using FeatureCounts [31].




2.8. Statistical Analysis


Statistical analysis and graph generations were performed using GraphPad Prism9 (version 9.3.1, Graphpad Software Inc., San Diego, CA, USA) or RStudio (version 1.4.17, RStudio Team, Boston, MA, USA) with ggplot2 package. Error bars on the graphs were represented as the standard error of mean (±SEM). All p values were calculated using a two-tailed student t-test. p < 0.05 was considered as significant.





3. Results


3.1. Retromer Depletion Reduces EGFR Levels but Decreases EGF-Induced EGFR Degradation


To directly examine the functions of the retromer complex in EGFR trafficking, firstly, we compared the total EGFR protein levels in the HeLa control cell line with the retromer Vps35 knock-out (Vps35 KO) cell line by immunoblotting. We observed that the EGFR protein levels within Vps35 KO cells was significantly decreased, when compared to HeLa control (Figure 1A,B). Similarly, ASCT2, a protein established to be recycled via SNX27-retromer, was also decreased in Vps35 KO cells, consistent with previous reports [32]. To block lysosomal degradative pathways, cells were pretreated with chloroquine which, as expected, resulted in increased EGFR and ASCT2 protein levels in Vps35 KO cells (Figure 1A,B). Furthermore, EGFR mRNA transcript levels between HeLa control and Vps35 KO cell were similar (Figure 1C). Overall, this data indicates that within retromer Vps35 knock-out cells EGFR has an altered protein trafficking itinerary resulting in reduced protein levels due to its miss-sorting and degradation.



To further determine the contributions of each retromer-associated SNXs in EGFR sorting, we compared HeLa control cells with several other HeLa cell lines, in which retromer-associated SNX proteins were depleted, including SNX1/SNX2 double knock-out (SNX1/2 dKO), SNX3 KO, and SNX27 KO. Using indirect fluorescence microscopy, cells exhibited typical cell surface staining when labelled with EGFR antibody in all cell lines under steady-state conditions (Figure 2A). However, when cell lysates were extracted for SDS-PAGE and immunoblotting, immunoblotting demonstrated that the total EGFR levels in Vps35 KO, SNX1/2 dKO, SNX3 KO, and SNX27 KO cells were all significantly reduced when compared to control cells (Figure 2B,C).



High-dose EGF stimulation promotes the sorting and the delivery of EGFR to the lysosomal compartments for its degradation and termination of the associated cell signaling pathways [2]. To investigate if the rates of EGF-stimulated EGFR degradation are differentially regulated between control and retromer KO cell lines, serum-starved HeLa cells were stimulated with 100 ng/mL of EGF for prolonged time points, and cell lysates were extracted for immunoblotting with EGFR antibody (Figure 3). We observed a decrease in the EGFR level after 10 min post-EGF stimulation in the HeLa control cells, similar to other reported studies [33]. We further observed about 50% reductions in the EGFR level after 120 min of EGF stimulation when compared to untreated HeLa control cells, consistent with EGF-induced EGFR degradation. In contrast, the relative EGFR protein levels remained at a higher level in HeLa Vps35 KO cells after both 120 and 240 min of EGF stimulation. In addition, we also observed that the relative EGFR levels in HeLa SNX1/2 dKO cells were higher than control cells after 240 min of EGF stimulation. However, both HeLa SNX3 KO and SNX27 KO cells showed similar EGF-induced degradation kinetics as control. Together, the data suggests that the depletion of retromer core complex as well as SNX1/2-SNX-BAR proteins can restrict EGF-stimulated EGFR delivery to the lysosomal compartments for the degradation.




3.2. Retromer Depletion Alters the Kinetics of EGFR Endosomal Trafficking


We showed that the depletion of retromer Vps35 core subunit and SNX1/2 dimer caused a decrease in EGF-promoted EGFR degradation. Next, we investigated if it could be due to the changes in EGFR endosomal trafficking in these cell lines. Firstly, serum-starved HeLa cell monolayers on coverslips were stimulated with 100 ng/mL of EGF for various time points before being fixed for costaining of EGFR antibody with EEA1 antibody—an early endosome marker, and the degrees of the colocalization between EGFR and EEA1 were analyzed by Pearson’s correlation coefficient (Figure 4). During EGF stimulation, control cells showed a biphasic pattern of the colocalization between EGFR and EEA1, where the highest degrees of colocalization at 10 min and 60 min post-EGF stimulation. The first peak at 10 min could represent newly internalized EGFR entering early endosomal compartments, whereas the second peak at 60 min could represent the recycled EGFR re-entering into the endocytic pathway. Contrary to control cells, the colocalization between EGFR and EEA1 at 10 min, 15 min, and 30 min of EGF stimulation was significantly increased in Vps35 KO cells. Moreover, the second peak for the highest colocalization between EGFR and EEA1 at 60 min of EGF stimulation as in control cells was not observed in Vps35 KO cells. This indicates that retromer Vps35 depletion could promote EGFR retention into early endosomal compartments by prevention of EGFR recycling. Similarly, we found that the SNX1/2 dKO cells displayed similar trends as the Vps35 KO cells for EGFR trafficking through early endosomal compartments. SNX1/2 dKO cells showed the increased colocalization between EGFR and EEA1 after 10 min, 15 min, and 30 min of EGF stimulation (Figure 4). As observed from Vps35 KO cells, the second peak for the colocalization between EGFR and EEA1 at 60 min was also not observed in SNX1/2 dKO cells (Figure 4). Although the association between EGFR and EEA1 at 10 min poststimulation in SNX3 KO and SNX27 KO cells was significantly increased compared with control, the kinetics for EGF-stimulated EGFR colocalization with EEA1 in these cell lines were largely consistent with that observed from Vps35 KO and SNX1/2 dKO cells, where it increased colocalization at 15 min and 30 min but decreased association at 60 min poststimulation (Figure 4). Taken together, our data suggests retromer depletion sustains EGFR sorting to the early endosomal compartments.



Next, we examined the kinetics of EGF-stimulated EGFR delivery into lysosomal compartments in these cell lines. EGF-stimulated HeLa cell monolayers were fixed at various time points for costaining of EGFR antibody with LAMP1 antibody, a lysosomal marker, and Pearson’s correlation coefficient was used to measure the degrees of the colocalization between EGFR and LAMP1. HeLa control cells showed a steady increase in colocalization between EGFR and LAMP1 during the EGF stimulation time course (Figure 5), consistent with the sorting of activated EGFR to the lysosomal compartments for the degradation. Serum-starved but untreated Vps35 KO cells had an increased colocalization between EGFR and LAMP1. This is consistent with the reduced total levels of EGFR observed in these cells indicating a higher level of EGFR being constitutively delivered to lysosomes for degradation. Like in the control cells, the colocalization of EGFR to LAMP1 was further significantly enhanced at 60 min, 120 min, and 240 min of EGF stimulation in Vps35 KO cells (Figure 5). This indicates that retromer Vps35 depletion could actively promote EGFR sorting into late endosomal and lysosomal compartments but has an impaired capacity for lysosomal degradation or EGFR recycling. SNX1/2 dKO cells displayed a similar trend as the Vps35 KO cells for the sorting of EGFR to the lysosomal compartments. As measured from the fluorescence microscopy, the SNX1/2 dKO cells showed the significantly increased colocalization between EGFR and LAMP1 during EGF stimulation (Figure 5). On the other hand, unlike the Vps35 KO or SNX1/2 dKO cells, the kinetics of EGF-regulated EGFR sorting into lysosomal compartments in SNX3 KO and SNX27 KO cells were largely similar to control cells (Figure 5), indicating that SNX3 or SNX27 only have minor roles in the sorting of EGFR to the lysosomal compartments.




3.3. Retromer Depletion Increases EGF-Stimulated EGFR Signaling and Its Associated Cell Proliferation


It is well-established that signaling activation can be derived from the plasma membrane, early endosomal compartments, or late/lysosomal compartments [2,4,34]. Next, we examined if the changed kinetics of EGFR sorting to early endosomal and lysosomal compartments would have consequences on the EGF-mediated downstream of EGFR signaling. To determine this, serum-starved cells were stimulated with 100 μg/mL of EGF for the time points as indicated, and equal amounts of protein samples were used for SDS-PAGE and immunoblotting with phosphor-Ser473 AKT, phosphor-Thr202/Tyr204 ERK, total AKT, and total ERK antibody, whereas beta-tubulin antibody was used as a loading control. AKT activation in the HeLa control as measured by phosphor-Ser473 AKT antibody reached its maximal at 10 min post-EGF stimulation, consistent with previous findings that EGF-mediated AKT activation occurs within early endosomal compartments. The sustained AKT activation was maintained through a 60 min period before being deactivated. AKT activation in Vps35 KO cells followed a similar pattern as control cells but the AKT Ser473 phosphorylation levels were enhanced (Figure 6A,B). In contrast to Vps35 KO cells, EGF-stimulated AKT activation in SNX1/2 dKO, SNX3 KO, and SNX27 KO cells was only transiently enhanced at 10 min or 30 min of EGF treatment (Figure 6A,B). The kinetics and amplitudes of EGF-mediated late endosome-associated ERK activation, as measured by ERK Thr202/Tyr204 phosphorylation, were largely comparable among these cell lines. Since we observed the sustained or transiently increased EGF-stimulated AKT activation in retromer Vps35 KO cells as well as in SNX1/2 dKO, SNX3 KO, and SNX27 KO, we determined the outcomes of the altered downstream of EGFR signaling cascades by measuring EGF-stimulated cell proliferation rates. Cells were incubated with serum-free medium only or serum-free medium containing 100 ng/mL of EGF for 24 h before being subjected to MTT assay (Figure 6C). The data shows that Vps35 KO displayed a 1.35× fold increase in cell proliferation rates while SNX3 KO (1.26× fold) and SNX27 KO (1.29× fold) were also elevated; the SNX1/2 dKO (1.08× fold) proliferation rate was closer to the control cells (Figure 6C).



In summary, our study showed the retromer complex and its association with SNX proteins having functions on EGFR-sorting and EGFR-signaling activations. We provided the evidence that retromer Vps35 and SNX1/2 depletion leads to a reduced ability for EGF-mediated EGFR degradation, despite the increased colocalization of EGFR with the lysosomal compartment. Furthermore, we observed either sustained or transiently increased EGF-stimulated AKT activation in knock-out cells, which could drive the enhanced cell proliferation rates as observed.





4. Discussion


In this study, we provided some evidence on the multifaced roles of the retromer complex and its associated SNXs in EGFR trafficking and EGFR signaling. Firstly, we showed that the depletion of retromer Vps35 or SNXs alters the kinetics of EGFR trafficking: (1) the depletion of retromer Vps35, SNX1/2, SNX3, or SNX27 increased EGF-mediated EGFR accumulation within earlier endosomal compartment, yet the increased EGFR accumulation within the lysosomal compartment was only observed upon retromer Vps35 or SNX1/2 dKO depletion; (2) the depletion of Vps35 or SNX1/2 partially decreased EGF-induced EGFR degradation; (3) finally, the depletion of Vps35, SNX1/2, SNX3, or SNX27 sustainably or transiently increased EGF-activated EGFR signaling, leading to increased cell proliferation rates.



Dissecting molecular actions of different endosomal components in EGFR trafficking and EGFR signaling have been widely studied, including retromer and SNXs. However, due to different experimental approaches, such as cell types, overexpression, transient knock-down, or endogenous knock-out, results are often inconsistent. Despite proteomics studies uncovering many cargo proteins, including receptor tyrosine kinases, such as IGFR1, c-MET, whose trafficking can be mediated directly by retromer or SNXs, only limited evidence shows that retromer or SNXs can directly bind with EGFR. A previous yeast two-hybrid study showed that SNX1 could bind to EGFR in the region containing amino acid (aa) from 943 to 957 [24]. A peptide array screen also suggests SNX27′s FERM domain could interact with phosphorylated NPXY motif within EGFR and other receptor tyrosine kinases [35]. Recently, SNX3 was also shown to bind with EGFR using biotin proximal labelling approach, and SNX5 immunoprecipitated with EGFR in Huh7—a hepatocyte-derived carcinoma cell line [23,25]. Despite all these, solid evidence for direct interactions between EGFR and retromer/SNXs is still largely lacking.



The steady-state protein levels of EGFR were reduced in Vps35 KO cells. Despite the reduced lysosomal hydrolase activities observed in Vps35 KO cells [14], these changes were not due to impaired lysosomal function. We did not see any accumulation of EGFR in the lysosomes in Vps35 KO cells, and the inhibition of lysosomal degradative pathways in Vps35 KO cells, via chloroquine treatment, reverted the EGFR protein levels to that observed in HeLa control cells. We, therefore, proposed that in the absence of efficient protein trafficking from early endosomes, more internalized EGFR in Vps35 KO cells is retained within these organelles resulting in its increased exposure to protein degradation pathways as maturation occurs. This may or may not involve the post-translational modification of EGFR by ubiquitin which is well-established to regulate its targeted degradation [36,37]. Alternatively, while EGFR protein levels can be altered by transcriptional regulation [38,39], we observed no changes in the EGFR transcription levels in Vps35 KO cells when compared to control cells. However, we could not formally discount the possibility that protein translation rates may be impaired due to the reduced mTORC1 signaling in the absence of Vps35 [40,41].



Upon EGF treatment, we observed increased EGFR within early endosomal compartments in retromer Vps35-, SNX1/2-, SNX3-, or SNX27-depleted cells. It could be due to the increased EGFR internalization rates in depleted cells; however, we only observed more rapid removal of EGFR in Vps35 and SNX3 KO cells after 5 min of EGF stimulation by flow cytometry analysis. Accumulation in the SNX1/2- and SNX27-depleted cells may be due to inefficient recycling to the plasma membrane directly or indirectly via the retrograde pathway. It was still unclear if retromer depletion alters the kinetics of endosomal maturation or phosphoinositide metabolism, thereby affecting EGFR trafficking at the level of the early endosome. For example, the increased PI(3)P levels could cause the accumulation of early endosomes to disrupt EGFR trafficking [42]. Retromer requires Rab7 GTPase for its endosomal recruitment [12,43]. In contrast, retromer Vps35 depletion can either cause a decrease in TBC1D5—a Rab GAP for Rab7 or alter Rab7 distribution, overall affecting Rab7 activity and the late endosome maturation process [44]. Nevertheless, the increased EGFR association with the lysosomal compartment and decreased EGF-stimulated EGFR degradation in Vps35 KO was consistent with previous observations that these cells have reduced proteolytic activities and altered morphologies consistent with a defect with the cyclic lysosome maturation process [14]. The decreased EGFR degradation observed from SNX1/2 dKO cells could be explained by their role in lysosomal maturation [45]. Hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs)—a key component for the endosomal sorting complex required for transport (ESCRT)-0—is critical to mediate the sorting of ubiquitinated EGFR into multivesicular bodies (MVBs) for the lysosomal degradation. However, Hrs overexpression has been shown to prevent EGF-mediated EGFR degradation, which could be due to the competition between Hrs and SNX1 for EGFR binding, despite SNX1 being able to directly interact with Hrs [46]. Our data was consistent with the model that SNX1 can function in ligand-activated EGFR sorting to lysosomal compartment for the degradation. In addition to SNX1 and SNX2 interactions, SNX1 also directly interacts with SNX5 to form the heterodimer of SNX-BAR for endosomal tubule formation and mediates cargo retrograde trafficking [15,16,17]. Within the SNX1/2 dKO cells, the protein levels of both SNX5 and SNX6 were significantly reduced mostly due to instability when unable to form heterodimers [14]. Consistent with our observation on the positive roles for SNX1/2 in the sorting of EGFR into degradative pathway, a previous study also displayed a similar role for SNX5. The interaction of SNX5 with type I gamma phosphatidylinositol phosphate 5-kinase i5 (PIPKIγi5), an enzyme for PtdIns4,5P2 synthesizing, modulates the delivery of EGFR into MVB for the degradative pathway [28]. Either SNX5 or PIPKIγi5 inhibition by siRNA knock-down decreased EGFR binding to Hrs, thereby preventing it from EGFR degradation [28]. However, a negative role of SNX5 in EGFR degradation has also been suggested, as SNX5 overexpression decreased EGF-stimulated EGFR degradation [25]. Hence, the threshold levels of endosomal sorting machineries, including SNXs, are required for balancing EGFR trafficking, and further experiments are required to confirm this model.



Once the ligand binds to EGFR, phosphorylated EGFR becomes activated to induce the activation of EGFR downstream signaling from various subcellular compartments, including cell surface, early endosomal compartments, late endosomal/lysosomal compartments, and nucleus [2]. In the case of AKT activation, it can be activated on the plasma membrane. Moreover, it was also shown that AKT activation can occur in the early endosomes, particularly arising from the subpopulation of early endosomes that is APPL1-positive, which dictates AKT substrate specificities [34]. Furthermore, the internalized EGFR in the endosomes is sufficient to transduce downstream signaling activation [5,7]. Consistent with the increased EGFR localization to EEA1-positive early endosomes in Vps35-depleted cells, we observed a sustainably increased AKT activation compared to control cells. Similar findings were also observed in other models. For example, Vps35 loss of functions promotes osteoclastogenesis through receptor activator of NF-kB (RANK) ligand (RANKL)-induced RANKL signaling, including AKT activation [47]. In addition to the increased EGFR localization to early endosomes in Vps35-depleted cells, other possibilities could also explain the observed enhanced AKT activation. Retromer depletion causes the increased RAB7 GTPase activity due to the decreased TBC1D5 level, which has GAP activity towards RAB7 [41]. This imbalanced RAB7 activity disrupts amino-acid-stimulated mTORC1 (mTOR/Raptor) signaling, it is possible that the increased mTORC2 (mTOR/Rictor) activity by unknown mechanisms acts as the upstream kinase for AKT activation [41]. For example, the distribution of lysosomes within the cells can mediate mTORC2 and AKT signaling [48]. Indeed, we also observed the transiently increased AKT activation in SNX27-depleted cells. A previous proteome study reported that SNX27 can interact with mTOR and Rictor directly [21]. Hence, it is conceivable that SNX27 may act as a negative regulator for mTORC2 which prevents the recruitment of mTORC2 to the plasma membrane for AKT activation. Moreover, PH domain and Leucine rich repeat Protein Phosphatase 1 (PHLPP1) and PHLPP2 are protein phosphatases for protein dephosphorylation, including AKT phosphorylation. Both PHLPP1 and PHLPP2 contain the PDZ domain binding motif (PDZbm) at their C-terminal, which can directly interact with the PDZ domain of SNX27. SNX27 depletion, therefore, may reduce the local recruitment of PHLPP1 and PHLPP2 relative to activated AKT preventing its dephosphorylation [21]. Changes in these molecular interactions spatially or temporally may also explain the prolonged AKT activation observed in Vps35 KO, but not in SNX1/2 dKO cells, despite both cells showing the increased association with early endosomes and the decreased EGF-stimulated EGFR degradation. Nevertheless, further studies are required to determine the functions of retromer and SNX27 in EGF-induced mTORC2 and AKT activation. In contrast to AKT activation at the plasma membrane or early endosome, the late endosomal adaptor molecule p14 (LAMTOR2) forms the complex with MAPK/ERK kinase 1 partner (MP1) and ERK at late endosome to activate ligand-induced ERK activation [4]. In addition, manipulations of late endosome localization can delay EGF-induced EGFR degradation, while prolonging ERK activation [5,7]. However, we only observed a modest transient increase in ERK activation in retromer-depleted cells. Furthermore, recent studies also suggest that a small population of cell surface EGFR, rather than endosomal EGFR, is responsible for ERK activation [49]. Therefore, the contributions of endosomal EGFRs in retromer- and SNXs-depleted cells to EGFR signaling need to be fully characterized. Despite retromer Vps35 KO cells leading to prolonged AKT activation, whereas other SNXs KO cells only have transient or modest effects on AKT or ERK activation, the depletion of retromer Vps35 or retromer-associated SNXs all leads to the increase in EGF-mediated cell proliferation. It was shown that EGF mediates cell proliferation through two distinct phases of signaling activation [50]. In this study, we only assessed EGF-stimulated AKT and ERK activation at the relatively early time points, whereas we did not determine AKT and ERK activation during chronic EGF-stimulation conditions. Furthermore, it is known that EGFR activation can also lead to the activation of Janus kinase (JAK) and signal transducer and activator of transcription (STAT) pathways, which in turn binds with several transcription factors resulting in transcriptional changes [51]. It was reported that retromer Vps35 depletion leads to the prolonged association of interferon receptor with the early endosome and the increased STAT1-dependent gene transcription [52]. Hence, it is possible that retromer Vps35 or retromer-associated SNXs depletion may increase EGF-mediated phenotypes via the activation of the JAK-STAT pathway to contribute to the observed increased cell proliferation rates within the KO cells.




5. Conclusions


Overall, in this study, we reported the multifaced roles of retromer with SNXs in EGFR trafficking and EGFR signaling, but not the distinct mechanisms/models involved. Firstly, retromer Vps35 depletion results in altered endosome maturation and disrupted lysosomal functions, leading to decreased EGFR degradation with its increased association with endosomes, which results in increased EGF-induced EGFR signaling, including AKT activation. Secondly, depletion of individual retromer-associated SNX proteins generally did not dissect out specific phenotypes associated with individual retromer subcomplexes. Global retromer function, therefore, is impacted indirectly when changes are made throughout its network of associated proteins. Alternatively, SNXs can act independently of retromer to influence EGFR trafficking. Finally, normal functionality of retromer and its SNXs is essential to ensure EGFR trafficking and signaling activation or termination occurs in a proper spatiotemporal manner.







Author Contributions


Conceptualization, Z.Y. and R.D.T.; methodology, Z.Y.; investigation, Z.Y., Z.F. and Z.L.; formal analysis, Z.Y.; writing—original draft preparation, Z.Y.; writing—review and editing, Z.Y. and R.D.T.; project administration, R.D.T.; funding acquisition, R.D.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Australian Research Council, grant number DP160101573 and DP210103017.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The HeLa cells (93021013; CCL-2) were originally obtained from Sigma-Aldrich, Castle Hill, NSW, Australia. Details of our generation of the various derived HeLa cell line models utilized in this study were described previously [14].




Acknowledgments


Fluorescence microscopy was performed at the School of Biomedical Sciences Microscopy and Analytics Facility.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Caldieri, G.; Malabarba, M.G.; Di Fiore, P.P.; Sigismund, S. EGFR Trafficking in Physiology and Cancer. Endocytosis Signal. 2018, 57, 235–272. [Google Scholar] [CrossRef]

	



Bakker, J.; Spits, M.; Neefjes, J.; Berlin, I. The EGFR odyssey—From activation to destruction in space and time. J. Cell Sci. 2017, 130, 4087–4096. [Google Scholar] [CrossRef] [PubMed]

	



Al-Akhrass, H.; Naves, T.; Vincent, F.; Magnaudeix, A.; Durand, K.; Bertin, F.; Melloni, B.; Jauberteau, M.O.; Lalloue, F. Sortilin limits EGFR signaling by promoting its internalization in lung cancer. Nat. Commun. 2017, 8, 1182. [Google Scholar] [CrossRef] [PubMed]

	



Teis, D.; Taub, N.; Kurzbauer, R.; Hilber, D.; de Araujo, M.E.; Erlacher, M.; Offterdinger, M.; Villunger, A.; Geley, S.; Bohn, G.; et al. p14-MP1-MEK1 signaling regulates endosomal traffic and cellular proliferation during tissue homeostasis. J. Cell Biol. 2006, 175, 861–868. [Google Scholar] [CrossRef]

	



Wang, Y.; Pennock, S.; Chen, X.; Wang, Z. Endosomal signaling of epidermal growth factor receptor stimulates signal transduction pathways leading to cell survival. Mol. Cell. Biol. 2002, 22, 7279–7290. [Google Scholar] [CrossRef]

	



Taub, N.; Teis, D.; Ebner, H.L.; Hess, M.W.; Huber, L.A. Late endosomal traffic of the epidermal growth factor receptor ensures spatial and temporal fidelity of mitogen-activated protein kinase signaling. Mol. Biol. Cell 2007, 18, 4698–4710. [Google Scholar] [CrossRef]

	



Murphy, J.E.; Padilla, B.E.; Hasdemir, B.; Cottrell, G.S.; Bunnett, N.W. Endosomes: A legitimate platform for the signaling train. Proc. Natl. Acad. Sci. USA 2009, 106, 17615–17622. [Google Scholar] [CrossRef]

	



Chen, K.E.; Healy, M.D.; Collins, B.M. Towards a molecular understanding of endosomal trafficking by Retromer and Retriever. Traffic 2019, 20, 465–478. [Google Scholar] [CrossRef]

	



Gallon, M.; Cullen, P.J. Retromer and sorting nexins in endosomal sorting. Biochem. Soc. Trans. 2015, 43, 33–47. [Google Scholar] [CrossRef]

	



Liu, J.J. Retromer-Mediated Protein Sorting and Vesicular Trafficking. J. Genet. Genom. 2016, 43, 165–177. [Google Scholar] [CrossRef]

	



Lucas, M.; Gershlick, D.C.; Vidaurrazaga, A.; Rojas, A.L.; Bonifacino, J.S.; Hierro, A. Structural Mechanism for Cargo Recognition by the Retromer Complex. Cell 2016, 167, 1623–1635. [Google Scholar] [CrossRef] [PubMed]

	



Harrison, M.S.; Hung, C.S.; Liu, T.T.; Christiano, R.; Walther, T.C.; Burd, C.G. A mechanism for retromer endosomal coat complex assembly with cargo. Proc. Natl. Acad. Sci. USA 2014, 111, 267–272. [Google Scholar] [CrossRef] [PubMed]

	



Chen, C.; Garcia-Santos, D.; Ishikawa, Y.; Seguin, A.; Li, L.; Fegan, K.H.; Hildick-Smith, G.J.; Shah, D.I.; Cooney, J.D.; Chen, W.; et al. Snx3 regulates recycling of the transferrin receptor and iron assimilation. Cell Metab. 2013, 17, 343–352. [Google Scholar] [CrossRef]

	



Cui, Y.; Carosi, J.M.; Yang, Z.; Ariotti, N.; Kerr, M.C.; Parton, R.G.; Sargeant, T.J.; Teasdale, R.D. Retromer has a selective function in cargo sorting via endosome transport carriers. J. Cell Biol. 2019, 218, 615–631. [Google Scholar] [CrossRef] [PubMed]

	



Yong, X.; Zhao, L.; Deng, W.; Sun, H.; Zhou, X.; Mao, L.; Hu, W.; Shen, X.; Sun, Q.; Billadeau, D.D.; et al. Mechanism of cargo recognition by retromer-linked SNX-BAR proteins. PLoS Biol. 2020, 18, e3000631. [Google Scholar] [CrossRef] [PubMed]

	



Kvainickas, A.; Jimenez-Orgaz, A.; Nagele, H.; Hu, Z.; Dengjel, J.; Steinberg, F. Cargo-selective SNX-BAR proteins mediate retromer trimer independent retrograde transport. J. Cell Biol. 2017, 216, 3677–3693. [Google Scholar] [CrossRef] [PubMed]

	



Simonetti, B.; Danson, C.M.; Heesom, K.J.; Cullen, P.J. Sequence-dependent cargo recognition by SNX-BARs mediates retromer-independent transport of CI-MPR. J. Cell Biol. 2017, 216, 3695–3712. [Google Scholar] [CrossRef] [PubMed]

	



Simonetti, B.; Guo, Q.; Gimenez-Andres, M.; Chen, K.E.; Moody, E.R.R.; Evans, A.J.; Chandra, M.; Danson, C.M.; Williams, T.A.; Collins, B.M.; et al. SNX27-Retromer directly binds ESCPE-1 to transfer cargo proteins during endosomal recycling. PLoS Biol. 2022, 20, e3001601. [Google Scholar] [CrossRef]

	



Yong, X.; Zhao, L.; Hu, W.; Sun, Q.; Ham, H.; Liu, Z.; Ren, J.; Zhang, Z.; Zhou, Y.; Yang, Q.; et al. SNX27-FERM-SNX1 complex structure rationalizes divergent trafficking pathways by SNX17 and SNX27. Proc. Natl. Acad. Sci. USA 2021, 118, e2105510118. [Google Scholar] [CrossRef]

	



Clairfeuille, T.; Mas, C.; Chan, A.S.; Yang, Z.; Tello-Lafoz, M.; Chandra, M.; Widagdo, J.; Kerr, M.C.; Paul, B.; Merida, I.; et al. A molecular code for endosomal recycling of phosphorylated cargos by the SNX27-retromer complex. Nat. Struct. Mol. Biol. 2016, 23, 921–932. [Google Scholar] [CrossRef]

	



Steinberg, F.; Gallon, M.; Winfield, M.; Thomas, E.C.; Bell, A.J.; Heesom, K.J.; Tavare, J.M.; Cullen, P.J. A global analysis of SNX27-retromer assembly and cargo specificity reveals a function in glucose and metal ion transport. Nat. Cell Biol. 2013, 15, 461–471. [Google Scholar] [CrossRef] [PubMed]

	



Ogi, S.; Fujita, H.; Kashihara, M.; Yamamoto, C.; Sonoda, K.; Okamoto, I.; Nakagawa, K.; Ohdo, S.; Tanaka, Y.; Kuwano, M.; et al. Sorting nexin 2-mediated membrane trafficking of c-Met contributes to sensitivity of molecular-targeted drugs. Cancer Sci. 2013, 104, 573–583. [Google Scholar] [CrossRef] [PubMed]

	



Cicek, E.; Circir, A.; Oyken, M.; Akbulut Caliskan, O.; Dioken, D.N.; Guntekin Ergun, S.; Cetin-Atalay, R.; Sapmaz, A.; Ovaa, H.; Sahin, O.; et al. EGF-SNX3-EGFR axis drives tumor progression and metastasis in triple-negative breast cancers. Oncogene 2022, 41, 220–232. [Google Scholar] [CrossRef] [PubMed]

	



Kurten, R.C.; Cadena, D.L.; Gill, G.N. Enhanced degradation of EGF receptors by a sorting nexin, SNX1. Science 1996, 272, 1008–1010. [Google Scholar] [CrossRef]

	



Zhou, Q.; Huang, T.; Jiang, Z.; Ge, C.; Chen, X.; Zhang, L.; Zhao, F.; Zhu, M.; Chen, T.; Cui, Y.; et al. Upregulation of SNX5 predicts poor prognosis and promotes hepatocellular carcinoma progression by modulating the EGFR-ERK1/2 signaling pathway. Oncogene 2020, 39, 2140–2155. [Google Scholar] [CrossRef]

	



Nishimura, Y.; Takiguchi, S.; Yoshioka, K.; Nakabeppu, Y.; Itoh, K. Silencing of SNX1 by siRNA stimulates the ligand-induced endocytosis of EGFR and increases EGFR phosphorylation in gefitinib-resistant human lung cancer cell lines. Int. J. Oncol. 2012, 41, 1520–1530. [Google Scholar] [CrossRef]

	



Gullapalli, A.; Garrett, T.A.; Paing, M.M.; Griffin, C.T.; Yang, Y.; Trejo, J. A role for sorting nexin 2 in epidermal growth factor receptor down-regulation: Evidence for distinct functions of sorting nexin 1 and 2 in protein trafficking. Mol. Biol. Cell 2004, 15, 2143–2155. [Google Scholar] [CrossRef]

	



Sun, Y.; Hedman, A.C.; Tan, X.; Schill, N.J.; Anderson, R.A. Endosomal type Igamma PIP 5-kinase controls EGF receptor lysosomal sorting. Dev. Cell 2013, 25, 144–155. [Google Scholar] [CrossRef]

	



Yang, Z.; Follett, J.; Kerr, M.C.; Clairfeuille, T.; Chandra, M.; Collins, B.M.; Teasdale, R.D. Sorting nexin 27 (SNX27) regulates the trafficking and activity of the glutamine transporter ASCT2. J. Biol. Chem. 2018, 293, 6802–6811. [Google Scholar] [CrossRef]

	



Yang, Z.; Hong, L.K.; Follett, J.; Wabitsch, M.; Hamilton, N.A.; Collins, B.M.; Bugarcic, A.; Teasdale, R.D. Functional characterization of retromer in GLUT4 storage vesicle formation and adipocyte differentiation. FASEB J. 2016, 30, 1037–1050. [Google Scholar] [CrossRef]

	



Batut, B.; van den Beek, M.; Doyle, M.A.; Soranzo, N. RNA-Seq Data Analysis in Galaxy. Methods Mol. Biol. 2021, 2284, 367–392. [Google Scholar] [CrossRef] [PubMed]

	



Curnock, R.; Calcagni, A.; Ballabio, A.; Cullen, P.J. TFEB controls retromer expression in response to nutrient availability. J. Cell Biol. 2019, 218, 3954–3966. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, J.; Duan, B.; Sun, S.; Cui, J.; Du, J.; Zhang, Y. Folliculin Interacts with Rab35 to Regulate EGF-Induced EGFR Degradation. Front. Pharmacol. 2017, 8, 688. [Google Scholar] [CrossRef] [PubMed]

	



Schenck, A.; Goto-Silva, L.; Collinet, C.; Rhinn, M.; Giner, A.; Habermann, B.; Brand, M.; Zerial, M. The endosomal protein Appl1 mediates Akt substrate specificity and cell survival in vertebrate development. Cell 2008, 133, 486–497. [Google Scholar] [CrossRef] [PubMed]

	



Ghai, R.; Bugarcic, A.; Liu, H.; Norwood, S.J.; Skeldal, S.; Coulson, E.J.; Li, S.S.; Teasdale, R.D.; Collins, B.M. Structural basis for endosomal trafficking of diverse transmembrane cargos by PX-FERM proteins. Proc. Natl. Acad. Sci. USA 2013, 110, E643–E652. [Google Scholar] [CrossRef] [PubMed]

	



Alwan, H.A.; van Leeuwen, J.E. UBPY-mediated epidermal growth factor receptor (EGFR) de-ubiquitination promotes EGFR degradation. J. Biol. Chem. 2007, 282, 1658–1669. [Google Scholar] [CrossRef]

	



Mizuno, E.; Iura, T.; Mukai, A.; Yoshimori, T.; Kitamura, N.; Komada, M. Regulation of epidermal growth factor receptor down-regulation by UBPY-mediated deubiquitination at endosomes. Mol. Biol. Cell 2005, 16, 5163–5174. [Google Scholar] [CrossRef]

	



Lee, J.Y.; Kim, J.M.; Jeong, D.S.; Kim, M.H. Transcriptional activation of EGFR by HOXB5 and its role in breast cancer cell invasion. Biochem. Biophys. Res. Commun. 2018, 503, 2924–2930. [Google Scholar] [CrossRef]

	



Li, W.; Li, Y.; Li, P.; Ma, F.; Liu, M.; Kong, S.; Xue, H. miR-200a-3p- and miR-181-5p-Mediated HOXB5 Upregulation Promotes HCC Progression by Transcriptional Activation of EGFR. Front. Oncol. 2022, 12, 822760. [Google Scholar] [CrossRef]

	



Franovic, A.; Gunaratnam, L.; Smith, K.; Robert, I.; Patten, D.; Lee, S. Translational up-regulation of the EGFR by tumor hypoxia provides a nonmutational explanation for its overexpression in human cancer. Proc. Natl. Acad. Sci. USA 2007, 104, 13092–13097. [Google Scholar] [CrossRef]

	



Kvainickas, A.; Nagele, H.; Qi, W.; Dokladal, L.; Jimenez-Orgaz, A.; Stehl, L.; Gangurde, D.; Zhao, Q.; Hu, Z.; Dengjel, J.; et al. Retromer and TBC1D5 maintain late endosomal RAB7 domains to enable amino acid-induced mTORC1 signaling. J. Cell Biol. 2019, 218, 3019–3038. [Google Scholar] [CrossRef] [PubMed]

	



Fraser, J.; Simpson, J.; Fontana, R.; Kishi-Itakura, C.; Ktistakis, N.T.; Gammoh, N. Targeting of early endosomes by autophagy facilitates EGFR recycling and signalling. EMBO Rep. 2019, 20, e47734. [Google Scholar] [CrossRef] [PubMed]

	



Priya, A.; Kalaidzidis, I.V.; Kalaidzidis, Y.; Lambright, D.; Datta, S. Molecular insights into Rab7-mediated endosomal recruitment of core retromer: Deciphering the role of Vps26 and Vps35. Traffic 2015, 16, 68–84. [Google Scholar] [CrossRef] [PubMed]

	



Jimenez-Orgaz, A.; Kvainickas, A.; Nagele, H.; Denner, J.; Eimer, S.; Dengjel, J.; Steinberg, F. Control of RAB7 activity and localization through the retromer-TBC1D5 complex enables RAB7-dependent mitophagy. EMBO J. 2018, 37, 235–254. [Google Scholar] [CrossRef] [PubMed]

	



Gullapalli, A.; Wolfe, B.L.; Griffin, C.T.; Magnuson, T.; Trejo, J. An essential role for SNX1 in lysosomal sorting of protease-activated receptor-1: Evidence for retromer-, Hrs-, and Tsg101-independent functions of sorting nexins. Mol. Biol. Cell 2006, 17, 1228–1238. [Google Scholar] [CrossRef] [PubMed]

	



Chin, L.S.; Raynor, M.C.; Wei, X.; Chen, H.Q.; Li, L. Hrs interacts with sorting nexin 1 and regulates degradation of epidermal growth factor receptor. J. Biol. Chem. 2001, 276, 7069–7078. [Google Scholar] [CrossRef] [PubMed]

	



Xia, W.F.; Tang, F.L.; Xiong, L.; Xiong, S.; Jung, J.U.; Lee, D.H.; Li, X.S.; Feng, X.; Mei, L.; Xiong, W.C. Vps35 loss promotes hyperresorptive osteoclastogenesis and osteoporosis via sustained RANKL signaling. J. Cell Biol. 2013, 200, 821–837. [Google Scholar] [CrossRef]

	



Jia, R.; Bonifacino, J.S. Lysosome Positioning Influences mTORC2 and AKT Signaling. Mol. Cell 2019, 75, 26–38. [Google Scholar] [CrossRef]

	



Surve, S.; Watkins, S.C.; Sorkin, A. EGFR-RAS-MAPK signaling is confined to the plasma membrane and associated endorecycling protrusions. J. Cell Biol. 2021, 220, e202107103. [Google Scholar] [CrossRef]

	



Pennock, S.; Wang, Z. Stimulation of cell proliferation by endosomal epidermal growth factor receptor as revealed through two distinct phases of signaling. Mol. Cell. Biol. 2003, 23, 5803–5815. [Google Scholar] [CrossRef]

	



Andl, C.D.; Mizushima, T.; Oyama, K.; Bowser, M.; Nakagawa, H.; Rustgi, A.K. EGFR-induced cell migration is mediated predominantly by the JAK-STAT pathway in primary esophageal keratinocytes. Am. J. Physiol.-Gastrointest. Liver Physiol. 2004, 287, G1227–G1237. [Google Scholar] [CrossRef] [PubMed]

	



Chmiest, D.; Sharma, N.; Zanin, N.; Viaris de Lesegno, C.; Shafaq-Zadah, M.; Sibut, V.; Dingli, F.; Hupe, P.; Wilmes, S.; Piehler, J.; et al. Spatiotemporal control of interferon-induced JAK/STAT signalling and gene transcription by the retromer complex. Nat. Commun. 2016, 7, 13476. [Google Scholar] [CrossRef] [PubMed]








[image: Cells 11 03358 g001 550] 





Figure 1. Retromer depletion decreases EGFR levels in HeLa cells. (A) Steady-state HeLa control and Vps35 KO cells were treated with 50 µM chloroquine in complete-DMEM media for 16 h. Cells were then harvested and equal amounts of protein samples were subjected for SDS-PAGE and immunoblotting with the antibodies against EGFR and ASCT2, whereas tubulin served as a loading control. Representative blots from three independent experiments are shown. (B) The fold differences for EGFR levels are presented (means ± SEM). Two-tailed student’s t-test indicated the difference between HeLa control and Vps35 KO cells, *** p < 0.001, HeLa control vs. Vps35 KO (untreated); ** p < 0.01, Vps35 KO (untreated) vs. Vps35 KO (chloroquine). (C) EGFR transcript levels between HeLa control and Vps35 KO cells were measured by RNA-Seq analysis from three replicate samples as represented by Transcripts Per Million (TPM). 
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Figure 2. Depletion of retromer or retromer-associated SNXs decreases EGFR protein levels. (A) Steady-state HeLa control, Vps35 KO, SNX1/2 dKO, SNX3 KO, and SNX27 KO cell monolayers grown in complete-DMEM media on coverslips were fixed in ice-cold methanol, stained with EGFR antibody, and count-stained with DAPI. Images were captured on a Leica SP8 DMi8 confocal microscope using a 60× glycerol objective (Scale Bar, 10 µm). (B) Equal amounts of protein samples from HeLa control, Vps35 KO, SNX1/2 dKO, SNX3 KO, and SNX27 KO cells were subjected to SDS-PAGE and immunoblotting with the antibodies against EGFR, SNX1, SNX2, SNX3, SNX27, and Vps35, whereas tubulin served as a loading control. Representative blots from at least three independent experiments are shown. (C) The fold differences for EGFR protein levels are presented (means ± SEM). Two-tailed student’s t-test indicated the difference between HeLa control and HeLa KO cells, ** p < 0.01, HeLa control vs. Vps35 KO; *** p < 0.001, HeLa control vs. SNX1/2 dKO; *** p < 0.001, HeLa control vs. SNX3 KO; *** p < 0.001, HeLa control vs. SNX27 KO. 
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Figure 3. Retromer Vps35 or SNX1/2 depletion altered EGF-stimulated EGFR degradation. (A) Serum-starved cells were treated with 100 ug/mL of EGF for different time points. At indicated time points, cells were harvested, and equal amounts of protein samples were used for immunoblotting with EGFR antibody. Representative blots from at least three independent experiments are shown. (B) EGFR levels at each time point were normalized to the EGFR level at 0 min for each cell line. Graph represents the difference of EGFR levels during EGF stimulation (means ± SEM). Two-tailed student’s t-test indicated the difference, * p < 0.05, HeLa control vs. Vps35 KO (120 min); * p < 0.05, HeLa control vs. Vps35 KO (240 min); ** p < 0.01, HeLa control vs. SNX1/2 dKO (240 min). 
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Figure 4. Retromer Vps35 and SNXs depletion altered the kinetics of EGF-stimulated EGFR sorting to early endosomes. (A) Serum-starved HeLa control, Vps35 KO, SNX1/2 dKO, SNX3 KO, and SNX27 KO cells were treated with 100 ug/mL of EGF for the time points as indicated before fixation and immunolabeling with EGFR and EEA1 antibodies. Images were captured on a Leica SP8 DMi8 confocal microscope using a 60× glycerol objective (Scale Bar, 10 µm). (B). Analysis of colocalization between EGFR and EEA1 is presented by Pearson’s correlation coefficient. The value shows the difference between HeLa control cells and KO cells (means ± SEM). Two-tailed student’s t-test indicated the difference between HeLa control and KO cells at the time points as indicated, ns, not significant, * p < 0.05; ** p < 0.01; *** p< 0.001; **** p < 0.0001. 
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Figure 5. Retromer Vps35 and SNX1/2 depletion altered the kinetics of EGF-stimulated EGFR sorting to lysosomes. (A) Serum-starved HeLa control, Vps35 KO, SNX1/2 dKO, SNX3 KO, and SNX27 KO cells were treated with 100 ug/mL of EGF for the time points as indicated before fixation and immunolabeling with EGFR and LAMP1 antibodies. Images were captured on a Leica SP8 DMi8 confocal microscope using a 60× glycerol objective (Scale Bar, 10 µm). (B). Analysis of colocalization between EGFR and LAMP1 is presented by Pearson’s correlation coefficient. The value shows the difference between HeLa control cells and KO cells (means ± SEM). Two-tailed student’s t-test indicated the difference between HeLa control and KO cells at the time points as indicated, * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001, ns, not significant. 
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Figure 6. Retromer Vps35 and SNXs depletion altered the kinetics of EGF-stimulated EGFR signaling activation. (A) EGF-treated cells were lysed at various time points as indicated. Equal amounts of protein samples were subjected to immunoblotting and labelled with the antibodies against phosphor-Ser473 AKT, AKT, phosphor-Thr202/Tyr204 ERK, ERK, or tubulin. Representative images are from at least three independent experiments. (B) Normalizations of phosphor-Ser473 AKT to AKT or phosphor-Thr202/Tyr204 ERK to ERK are represented as the fold difference for AKT and ERK activation levels between HeLa and KO cells (means ± SEM). Two-tailed student’s t-test indicated the difference between HeLa and KO cells at the time points indicated, * p < 0.05; ** p < 0.01; *** p < 0.001. (C) HeLa control and KO cells were either cultured in serum-free DMEM medium or serum-free DMEM medium containing 100 ng/mL of EGF for 24 h before being subjected to MTT assay. Optical absorbance was measured under 590 nm wavelength using a microplate reader, and the values were calculated from the absorbances under EGF-treated conditions normalized to serum-free conditions, representing the fold difference in cellular proliferation rates (means ± SEM). Two-tailed student’s t-test indicated the difference between HeLa and KO cells, * p < 0.05, control vs. SNX1/2 dKO; *** p < 0.001, control vs. SNX27 KO; **** p < 0.0001, control vs. Vps35KO or control vs. SNX3KO. 






Figure 6. Retromer Vps35 and SNXs depletion altered the kinetics of EGF-stimulated EGFR signaling activation. (A) EGF-treated cells were lysed at various time points as indicated. Equal amounts of protein samples were subjected to immunoblotting and labelled with the antibodies against phosphor-Ser473 AKT, AKT, phosphor-Thr202/Tyr204 ERK, ERK, or tubulin. Representative images are from at least three independent experiments. (B) Normalizations of phosphor-Ser473 AKT to AKT or phosphor-Thr202/Tyr204 ERK to ERK are represented as the fold difference for AKT and ERK activation levels between HeLa and KO cells (means ± SEM). Two-tailed student’s t-test indicated the difference between HeLa and KO cells at the time points indicated, * p < 0.05; ** p < 0.01; *** p < 0.001. (C) HeLa control and KO cells were either cultured in serum-free DMEM medium or serum-free DMEM medium containing 100 ng/mL of EGF for 24 h before being subjected to MTT assay. Optical absorbance was measured under 590 nm wavelength using a microplate reader, and the values were calculated from the absorbances under EGF-treated conditions normalized to serum-free conditions, representing the fold difference in cellular proliferation rates (means ± SEM). Two-tailed student’s t-test indicated the difference between HeLa and KO cells, * p < 0.05, control vs. SNX1/2 dKO; *** p < 0.001, control vs. SNX27 KO; **** p < 0.0001, control vs. Vps35KO or control vs. SNX3KO.
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