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Abstract

:

Protein trafficking is altered when normal cells acquire a tumor phenotype. A key subcellular compartment in regulating protein trafficking is the Golgi apparatus, but its role in carcinogenesis is still not well defined. Golgi phosphoprotein 3 (GOLPH3), a peripheral membrane protein mostly localized at the trans-Golgi network, is overexpressed in several tumor types including glioblastoma multiforme (GBM), the most lethal primary brain tumor. Moreover, GOLPH3 is currently considered an oncoprotein, however its precise function in GBM is not fully understood. Here, we analyzed in T98G cells of GBM, which express high levels of epidermal growth factor receptor (EGFR), the effect of stable RNAi-mediated knockdown of GOLPH3. We found that silencing GOLPH3 caused a significant reduction in the proliferation of T98G cells and an unexpected increase in total EGFR levels, even at the cell surface, which was however less prone to ligand-induced autophosphorylation. Furthermore, silencing GOLPH3 decreased EGFR sialylation and fucosylation, which correlated with delayed ligand-induced EGFR downregulation and its accumulation at endo-lysosomal compartments. Finally, we found that EGF failed at promoting EGFR ubiquitylation when the levels of GOLPH3 were reduced. Altogether, our results show that GOLPH3 in T98G cells regulates the endocytic trafficking and activation of EGFR likely by affecting its extent of glycosylation and ubiquitylation.






Keywords:


EGFR; glioblastoma multiforme; glycosylation; Golgi apparatus; GOLPH3; protein trafficking; T98G; ubiquitylation












1. Introduction


The Golgi apparatus is a key subcellular compartment of the secretory pathway involved in multiple functions, such as posttranslational modifications and distribution of glycolipids and glycoproteins [1]. Increasing evidence indicates that the Golgi apparatus is also involved in pathogenic processes, such as in carcinogenesis, although its precise role is unclear [2]. Intriguingly, overexpression of Golgi proteins, such as GOLPH3, have been found in different types of tumors, but the molecular mechanisms by which the levels of these proteins are connected to tumorigenesis are not well understood [2,3]. Remarkably, in different types of cancer, increasing levels of GOLPH3 are correlated with poor survival, being proposed as a biomarker of malignant progression [4,5]. We are interested in the possible distinct molecular outcomes that GOLPH3 overexpression could exert on the tumorigenic phenotype of cells of different origins. We have shown that the breast cancer cell lines MCF7 and MDA-MB-231, which have different tumorigenic phenotypes, have distinct overexpressed biochemical pools of GOLPH3 that correlate with differences in some of the properties of this protein in these cells [6].



GOLPH3 is a cytosolic phosphoprotein of approximately 34 kDa, highly conserved in eukaryotes and peripherally associated with Golgi membranes through its interaction with phosphatidylinositol 4-phosphate [7,8,9,10]. GOLPH3 is a highly dynamic protein that associates with vesicular and tubular structures emerging from the trans-Golgi network (TGN), and to other cell compartments that include endosomes and the cell surface, suggesting that it is involved in several protein trafficking events [11]. In fact, GOLPH3 is necessary for the trafficking from the Golgi apparatus to the plasma membrane of the reporter protein tsO45-VSVG-EGFP [9,12] and the secretion of the hepatitis C virus from infected cells [13]. In addition, GOLPH3 has been also associated with retrograde trafficking because it interacts with the retromer complex, which has a function in the recycling of transmembrane receptors from endosomes to the TGN [14,15]. A different line of evidence indicates that GOLPH3 is necessary to maintain the localization at the Golgi apparatus of glycosyltransferases by a mechanism that involves their incorporation into COPI-coated vesicles [16,17]. For instance, in HeLa cells, knockdown GOLPH3 by RNAi affects the localization at the Golgi apparatus of α2,6-sialyltransferase-I (ST6GAL1), resulting in impaired N-glycan sialylation and function of integrins α5 and β1 [18]. Similarly, GOLPH3 knockdown affects the localization at the Golgi of Core 2 N-acetylglucosaminyltransferase 1 (C2GnT1) and Protein O-linked mannose N-acetylglucosaminyltransferase 1 (POMGnT1), glycosyltransferases involved in O-glycosylation, causing impaired P-selectin glycoprotein ligand-1 function and reducing functional glycosylation of α-dystroglycan, respectively [19,20]. Together, these findings indicate that GOLPH3 plays a role in N- and O-linked protein glycosylation affecting the fate of different proteins.



Overexpression of GOLPH3 in cancer cell lines of different tissues causes an increase in the activation of the PI3K/AKT/mTOR oncogenic signaling pathway [14,21,22,23,24]. Because this pathway can be stimulated by the epidermal growth factor receptor (EGFR) [25], it suggests a functional connection between GOLPH3 and this receptor. Ligand binding to EGFR promotes its dimerization and subsequent autophosphorylation activating several downstream signaling pathways including proliferation [26]. Ligand binding also promotes EGFR ubiquitylation by the E3 ubiquitin ligase Cbl resulting in receptor delivery onto intraluminal vesicles (ILVs) of multivesicular bodies (MVBs) that precedes its sorting to lysosomes for degradation [27]. The gene encoding EGFR is among the most frequently amplified and mutated in several types of cancer including glioblastoma multiforme (GBM) [25,28], which is the most lethal and one of the most common primary brain tumors [29]. Because the extent of EGFR expression in GBM is highly associated with poor prognosis [30], the characterization of the functional heterogeneity found for this receptor in this type of cancer is highly wanted [31]. Importantly, the knockdown of GOLPH3 expression in the human glioma cell lines A172, U87, U118, and U251 promotes the endocytosis and downregulation of EGFR [32], emphasizing the putative role that GOLPH3 might have in regulating the function of this receptor. Notably, the human cell line T98G of GBM regulates EGFR levels by a distinct mechanism [33], revealing the importance of characterizing the role of GOLPH3 on EGFR in this model. Thus, we decided to evaluate in T98G cells whether the levels of GOLPH3 affect proliferation by impacting the trafficking and downregulation of EGFR in a unique fashion. In our present report, we show that the knockdown of GOLPH3 reduced the proliferation of T98G cells, which unexpectedly correlated with an increase in the levels of EGFR that nevertheless was less activated by ligand-induced autophosphorylation. Interestingly, we also found that knockdown of GOLPH3 resulted in altered N-glycan sialylation and fucosylation of EGFR. This correlated with reduced ligand-induced EGFR downregulation by a mechanism that comprises its less efficient ubiquitylation and trafficking through the endo-lysosomal system for its degradation. Our results confirm the need of characterizing the contribution of tumorigenic proteins to cellular processes considering heterogeneity in GBM and avoiding generalizations of their effects.




2. Results


2.1. The Knockdown of GOLPH3 in T98G Cells Decreases Cell Proliferation, but Increases the Levels of EGFR


Increasing evidence shows that GOLPH3 is overexpressed in different types of human tumors, including glioblastoma multiforme (GBM) [32,34,35,36]. Likewise, human glioma cell lines such as A172, U87, U118, U251, and T98G cells overexpress GOLPH3 [32,35,37]. Moreover, overexpression of GOLPH3 in these cell lines results in increased cell migration and cell invasion [32,35,37], which are hallmarks of oncogenic transformation [38]. Another tumorigenic hallmark is sustained proliferative signaling [38]. Accordingly, overexpression of GOLPH3 results in a higher proliferation rate of A172, U87, U118, and U251 cells [32,35]. However, it is unknown whether the levels of GOLPH3 affect the proliferation of T98G cells. Therefore, because these cells exhibit unique transformation features [33], we wondered if the overexpression of GOLPH3 might correlate with a distinct proliferation phenotype. Thus, we decided to study the functional effect of reducing the expression of GOLPH3 in T98G cells. To do this, we took advantage of cell lines that we have generated and characterized before: T98G cells stably expressing either an shRNA to luciferase (shLuc cells; used as negative control) or one of the two shRNA against GOLPH3 (shGOLPH3#1 and shGOLPH3#2) [37]. The levels of expression of GOLPH3 in T98G cells expressing either shGOLPH3#1 or shGOLPH3#2 is reduced to a similar level of that found in human astrocytes in primary culture [37], hence this experimental strategy is suitable to assess the functional effects of reducing the expression of GOLPH3 in T98G cells. Consistent with the effect of knockdown GOLPH3 expression in other glioma cell lines, and with the effect on many other different types of tumor cell lines [5], we found a significant reduction in the proliferation of cells expressing shGOLPH3#1 to 57.2 ± 8.7% compared to control shLuc cells (Figure 1A), as well as to 54.2 ± 5.2% compared to WT T98G cells (Figure S1A). Likewise, we found a significant reduction in the proliferation of cells expressing shGOLPH3#2 to 47.9 ± 7.5% compared to shLuc cells (Figure S1B), as well as to 51.4 ± 8.4% compared to WT T98G cells (Figure S1C). This result suggested that the knockdown of GOLPH3 in T98G cells could have affected the levels of cell surface receptors involved in signaling pathways that control cell proliferation. Increased levels of EGFR expression are frequently involved in deregulated cell proliferation in different types of tumors, including glioblastoma [25], therefore we evaluated the levels of this protein by immunoblot analysis upon GOLPH3 knockdown. Because using cells expressing either of the shRNAs to GOLPH3 (shGOLPH3#1 or shGOLPH3#2) produced the same outcomes, for the sake of simplicity, the results shown below are only from experiments using cells expressing shGOLPH3#1, which will be regarded from now on as shGOLPH3 cells. On the other hand, because GOLPH3 is already overexpressed in T98G cells, we used only knockdown as experimental approach to reveal possible gain of functions in these cells.



Compared to control cells, we found a significant ~2.0 ± 0.1-fold increase in the immunoblot detection of EGFR from shGOLPH3 cells (see Total in Figure 1B,C), indicating higher levels of EGFR in T98G cells upon GOLPH3 knockdown. This result was unexpected compared to the glioma cell line U87, which, in contrast, the knockdown of GOLPH3 results in a decrease in EGFR levels [32]. Despite increased levels of total EGFR in shGOLPH3 cells, reduced cell proliferation could be due to decreased levels of EGFR at the cell surface. To evaluate this possibility, we performed cell surface biotinylation followed by immunoblot analysis. We found a significant ~1.8 ± 0.4-fold increase in the levels of immunoblot detection of biotinylated EGFR from shGOLPH3 cells (see Biotinylated in Figure 1B,C), indicating higher levels of EGFR in the cell surface of T98G cells upon GOLPH3 knockdown. This result rules out the possibility that the decreased cell proliferation of shGOLPH3 cells was a consequence of reduced levels of EGFR at the cell surface.




2.2. The Knockdown of GOLPH3 in T98G Cells Perturbs EGFR Glycosylation


In addition to increased levels of EGFR in shGOLPH3 cells, total and at the cell surface, we also noticed that the band corresponding to EGFR in these cells had higher electrophoretic mobility (Figure 1B). This observation suggested a distinct posttranslational modification in shGOLPH3 cells. Thus, to better understand the effect that the knockdown of GOLPH3 had on EGFR, we decided to characterize this biochemical difference. Because it has been shown that the knockdown of GOLPH3 affects N- and O-glycosylation of some proteins [18,19,20], and because EGFR is highly glycosylated [39], we decided to evaluate if the glycosylation of EGFR in shGOLPH3 cells was affected. First, to determine whether the overall shift in EGFR electrophoretic mobility was due to differences in N-glycans, we treated cell lysates with Peptide-N-Glycosidase F (PNGase F), which cleaves between the innermost GlcNAc and asparagine residues of high mannose, hybrid, and complex oligosaccharides from N-linked glycoproteins [40]. This treatment resulted in an apparent same increase in electrophoretic mobility of EGFR from control or shGOLPH3 cells (Figure 2A, lanes 1 and 2 compared to lanes 5 and 6), indicating that the knockdown of GOLPH3 in T98G cells affected the N-glycosylation of EGFR by reducing either the number of N-glycans or the extent of glycosylation processing. Because N-glycans of EGFR can be highly sialylated [41] and because the knockdown of GOLPH3 in HeLa cells affects the sialylation of integrins α5 and β1 [18], we evaluated if the shift in the electrophoretic mobility of EGFR was due to reduced sialylation. To test this possibility, we treated cell lysates with α2-3,6,8-neuroaminidase (Sialidase), which catalyzes the hydrolysis of α2-3–, α2-6–, and α2-8–linked sialic acid residues from glycoproteins [42]. This treatment also resulted in an apparent same increase in electrophoretic mobility of EGFR (Figure 2A, lanes 1 and 2 compared to lanes 3 and 4), indicating that sialylation of N-glycans was reduced in EGFR of shGOLPH3 cells. To corroborate the effect that the knockdown of GOLPH3 had on EGFR sialylation, we performed lectin blot assays on immunoprecipitated EGFR. To have a better estimate of possible differences in the amount of lectin binding, we equalized the amount of immunoprecipitated EGFR to be blotted (Figure 2B, upper panel). First, we used the lectin SNA-I that binds to α-2,6 sialic acid [43]. We found a significant reduction in the binding of SNA-I to EGFR immunoprecipitated from shGOLPH3 cells (Figure 2B), to 64.2 ± 7.9% compared to control cells (Figure 2C), confirming that EGFR sialylation was reduced. Because in tumor cells protein fucosylation could be increased [44], and because N-glycans of EGFR are also fucosylated [45], we analyzed whether this modification was also affected in EGFR of shGOLPH3 cells. For this, we used the lectin AAL, which detects various fucose linkages (α-1,2; α-1,3; α-1,4; α-1,6) [46]. We observed a significant reduction in the binding of AAL to EGFR immunoprecipitated from shGOLPH3 cells (Figure 2B), to 54.3 ± 8.9% compared to control cells (Figure 2C), indicating that fucosylation of EGFR from shGOLPH3 cells was also affected. If GOLPH3 knockdown affected sialylation, it was expected that N-glycans on EGFR exposed more terminal galactosides. To test this prediction, we used the lectin PNA that binds to Gal-β(1-3)-GalNAc [47]. We found a significant increase in the binding of PNA to EGFR immunoprecipitated from shGOLPH3 cells (Figure 2B), to 150.4 ± 6.4% compared to control cells (Figure 2C), which is consistent with the SNA-I blotting. Together, these data indicate that the knockdown of GOLPH3 in T98G cells decreased sialylation and fucosylation of EGFR.




2.3. The Knockdown of GOLPH3 in T98G Cells Does Not Affect the Kinetics of EGFR Trafficking from the Endoplasmic Reticulum to the Cell Surface


Changes in EGFR levels at the plasma membrane can alter cellular responses through signaling pathways, including cell proliferation [48]. The presence of EGFR at the plasma membrane is determined by the rates of at least three membrane trafficking processes that could be regulated by EGFR glycosylation: delivery of newly-synthesized receptors to the cell surface by the secretory pathway; internalization of both ligand-free and ligand-bound receptors; and receptor endocytic recycling [49,50,51]. Because we observed that in shGOLPH3 cells the expression levels and extent of glycosylation of EGFR were affected, we analyzed if these effects were correlated with changes in one or more trafficking events of this receptor. First, we evaluated the steady-state EGFR distribution by fluorescence microscopy analysis of fixed cells. As we have reported [37], the knockdown of GOLPH3 results in a striking change in the morphology of T98G cells, from an amoeboid shape observed in control cells (Figure 3A) to a shape resembling a mesenchymal phenotype with multiple lamellae (Figure 3B). Immunofluorescence performed with antibodies to EGFR showed that in control cells the localization of the receptor was mainly at the cell surface, with some levels of enrichment at the periphery of the cells (Figure 3A). In shGOLPH3 cells, the detection of EGFR was also largely at the cell surface, but we also noticed a disproportionate enrichment of the fluorescence signal at cell protrusions (Figure 3B). Quantitative analysis showed that the level of fluorescence signal at cell protrusions of shGOLPH3 cells was very asymmetrically distributed compared to that of control cells at their periphery (Figure 3C). In addition, the intensity of the fluorescence signal in the protrusions of shGOLPH3 cells was significantly higher compared to the regions with enriched fluorescence signal in the periphery of control cells (Figure 3D). These results suggest that the knockdown of GOLPH3 in T98G cells could have impacted the intracellular trafficking of EGFR.



To evaluate the intracellular itineraries of EGFR, we first analyzed its delivery from the endoplasmic reticulum (ER) to the cell surface by fluorescence microscopy of live cells. To do this, we transiently transfected cells with a RUSH-EGFR construct. This construct allows expression of EGFR tagged with a streptavidin-binding peptide and the green fluorescent protein (SBP-EGFP-EGFR) and the simultaneous expression of streptavidin tagged with the tetrapeptide KDEL (Str-KDEL), which is an ER retention signal [52]. As soon as SBP-EGFP-EGFR is expressed, it is expected to be molecularly hooked to Str-KDEL and to be retained at the ER [53]. After the addition of biotin that binds with a higher affinity to Str-KDEL, SBP-EGFP-EGFR is released synchronously out of the ER for its transport to the Golgi apparatus and final delivery to the cell surface [52]. First, we compared the distribution of SBP-EGFP-EGFR in fixed control and shGOLPH3 cells and found a similar asymmetry of localization in cell protrusions to that found for endogenous EGFR in non-transfected shGOLPH3 cells (Figure 4A,B and Figure S2). Likewise, immunoblot analysis showed a similar significant increase in the levels of SBP-EGFP-EGFR in shGOLPH3 cells compared to control cells (Figure 4C and Figure S3). In addition, we found an increase in the electrophoretic mobility of SBP-EGFP-EGFR in shGOLPH3 cells, similar to that of endogenous EGFR (Figure 4C), suggesting a similar impairment of N-glycan sialylation and fucosylation. We next analyzed by time-lapse fluorescence microscopy the kinetics of the synchronized transport of SBP-EGFP-EGFR accounting for either its delivery from the ER to the Golgi, its exit from the Golgi, or its delivery from the Golgi to the cell surface. We found similar kinetics of these three trafficking steps in control and shGOLPH3 cells (Figure 4D and Video S1). Quantification of the average time of each transport step showed that the differences between shGOLPH3 cells and control cells were not significant (Figure 4E–G), suggesting an apparent negligible effect of knocking down GOLPH3 over the trafficking of newly-synthesized EGFR from the ER to the cell surface in T98G cells. Nevertheless, we observed that the delivery of SBP-EGFP-EGFR at the cell surface in shGOLPH3 cells was becoming early enriched at cell protrusion regions (Figure 4D, 18 min; Video S1), suggesting a distinct sorting mechanism in this transport step that was dependent on GOLPH3 levels.




2.4. The Knockdown of GOLPH3 Increases the Recycling of EGFR at the Cell Surface in T98G Cells


In normal cell culture conditions (i.e., at 10% FBS), EGFR cycles between the cell surface and intracellular compartments, such as endosomes [50]. In contrast, at low serum concentrations, the internalization of EGFR is reduced, resulting in increased receptor levels at the plasma membrane [54]. Thus, to determine whether the knockdown of GOLPH3 affected the recycling of EGFR to the plasma membrane in different growing conditions, we analyzed EGFR recycling at high (10%) or low (0.3%) serum concentration. To do this, we performed a recycling assay using a disulfide-reducible biotinylation reagent (sulfo-NHS-SS-biotin). In this assay, cells are first incubated at 4 °C to block endocytosis. Proteins at the cell surface are subsequently biotinylated at 4·°C followed by incubation of cells at 37 °C for different periods of time and transferred back at 4·°C to block endocytosis again. Cells are finally incubated in a reducing solution containing glutathione (glutathione-chase) and biotinylated proteins are analyzed by immunoblot. Detection of proteins reveals the presence of an intracellular pool of biotinylated proteins whose sulfo-NHS-SS-biotin moiety is inaccessible to glutathione. Conversely, lack of detection is indicative of glutathione sensitivity of the sulfo-NHS-SS-biotin moiety when proteins are at the cell surface. Thus, changes in the detected levels of a protein over time indicate changes in the levels of recycling to the plasma membrane. An expected outcome is little or no detection at the beginning of the glutathione-chase (i.e., time = 0), which indicates that most of a biotinylated protein is retained on the cell surface. This is followed by the detection of a burst of biotinylated protein at early time points of the glutathione-chase (the first few minutes), which indicates endocytosis of eventually most of the cell surface pool of the protein. It is also expected a reduction in the levels of biotinylated proteins at immediately later time points (the next few minutes), which indicates recycling to the cell surface. Subsequent time points should eventually show varying levels of biotinylated proteins as a result of partitioning between intracellular and cell surface pools over time due to successive rounds of endocytosis and recycling. As expected, during the entire period of glutathione-chase (up to 7.5 min) the levels of total EGFR were not significantly changed at both serum concentration conditions in both control and shGOLPH3 cells (Figure 5A,C, bottom panels). Without glutathione-chase treatment, we detected higher levels of biotinylated EGFR in shGOLPH3 cells at both concentration conditions (Figure 5A,C, lanes 1 compared to lanes 6), consistent with the result shown in Figure 1. At the same time, we found a significant difference in the levels of biotinylated EGFR at the beginning of the glutathione-chase (i.e., time = 0), being significantly higher in shGOLPH3 cells in both serum concentration conditions (Figure 5A, lane 2 compared to lane 7, and Figure 5B; Figure 5C, lane 2 compared to lane 7, and Figure 5D). However, this result was unexpected because this assay is performed in conditions that should prevent the detection of biotinylated (internalized) proteins at the beginning of the glutathione-chase. A possible explanation to this observation is that the experimental condition was not sufficiently efficient to avoid the internalization of EGFR at the beginning of the glutathione-chase. If this was the case, the difference in the levels of detected biotinylated EGFR at time = 0 could correspond to differences in internalization kinetics. Thus, this result suggests that EGFR is internalized faster in shGOLPH3 cells. Interestingly, at 2.5 min of glutathione-chase, the levels of biotinylated EGFR in shGOLPH3 cells were significantly lower, compared to control cells, at both high serum (Figure 5A, lane 3 compared to lane 8, and Figure 5B) and low serum concentration (Figure 5C, lane 3 compared to lane 8, and Figure 5D). Considering that at time = 0 of glutathione-chase we detected a significant amount of biotinylated EGFR in shGOLPH3 cells under both serum concentration conditions, this result indicates that EGFR recycling was intrinsically faster in shGOLPH3 cells than in control cells. The time course of glutathione-chase after 2.5 min showed varied levels of biotinylated EGFR detected depending on the serum concentration used. Under high serum, we observed in control cells a significant decrease in the levels of biotinylated EGFR from 2.5 to 5 min of glutathione-chase that was followed by a significant increase at 7.5 min (Figure 5A, lanes 3–5 and Figure 5B). This fluctuating detection is indicative of a ~5 min time of recycling to the cell surface. In contrast, under the same high serum condition, we observed at 5 min in shGOLPH3 cells slightly, but significant higher levels of biotinylated EGFR that was followed by a significant decrease at 7.5 min (Figure 5A, lanes 8–10 and Figure 5B). In this case, the fluctuating detection suggests a recycling time largely below 5 min, more likely closer to 2.5 min. On the other hand, under low serum, we observed in control cells a steady increase in the levels of biotinylated EGFR from 2.5 to 7.5 min of glutathione-chase (Figure 5C, lanes 3–5 and Figure 5D). Because we did not detect a fluctuating decrease in the levels of biotinylated EGFR during the entire period of glutathione-chase, this result suggests that the recycling time in control cells under low serum is >5 min. Likewise, the levels of biotinylated EGFR detected in shGOLPH3 cells from 2.5 to 7.5 min (Figure 5C, lanes 8–10 and Figure 5D) indicate a slowdown in the recycling time compared to high serum treatment that nevertheless is faster than in control cells. Thus, altogether, these results indicate that the knockdown of GOLPH3 increased the endocytic recycling of EGFR in T98G cells.




2.5. The Knockdown of GOLPH3 in T98G Cells Affects the Internalization and Degradation of EGFR


The binding of EGF to EGFR highly promotes its internalization by clathrin-mediated endocytosis [55]. Thus, to further address the effect that the knockdown of GOLPH3 had on EGFR internalization, we incubated cells with EGF for different periods of time followed by biotinylation of the cell surface. Then, we analyzed by immunoblot the levels of biotinylated EGFR, which is indicative of EGFR levels at the cell surface. After incubation of control cells with EGF for 30 min, we found a dramatic reduction in the levels of biotinylated EGFR (Figure 6A, lane 2), indicative of its expected robust endocytosis. In contrast, in shGOLPH3 cells, the levels of EGFR after 30 min of incubation with EGF were significantly less reduced (Figure 6A, lane 5) to 91.2 ± 13.8% compared to 12.0 ± 7.1% in control cells (Figure 6B). After 60 min of incubation with EGF the reduction of EGFR levels in shGOLPH3 cells remained significantly less, to 69.6 ± 6.0% compared to 5.9 ± 3.0% in control cells (Figure 6A, lanes 3 and 6, and Figure 6B). These results indicate that the knockdown of GOLPH3 greatly impaired ligand-promoted endocytosis of EGFR in T98G cells.



Ligand-promoted EGFR endocytosis eventually results in EGFR transfer to early endosomes and subsequent delivery to lysosomes for its downregulation by proteolytic degradation [56]. Thus, we also analyzed by immunoblot the total levels of EGFR in cells incubated with EGF for different periods of time. As expected, we found that in control cells the total levels of EGFR began to decrease soon after 5 min incubation with EGF (Figure S4) and continued decreasing steadily for up to 60 min (Figure S4 and Figure 6C). In contrast, in shGOLPH3 cells, the total levels of EGFR remained high even after 60 min of incubation with EGF (Figure S4 and Figure 6C). Quantification of the immunoblot signal showed that the total levels of EGFR after 30 min of incubation with EGF were reduced significantly less in shGOLPH3 cells, to 85.2 ± 6.4% compared to 58.0 ± 7.7% in control cells (Figure 6D). A similar significantly lesser extent of reduction in the levels of EGFR was found in shGOLPH3 cells after 60 min of incubation with EGF, to 74.7 ± 11.2% compared to 31.3 ± 4.1% in control cells (Figure 6D). Moreover, the comparison of the total levels of EGFR showed that after 60 min of incubation with EGF, EGFR in shGOLPH3 cells remained ~3 times higher than in control cells (Figure 6C, lanes 3 and 6, and Figure S5). These results indicate that the knockdown of GOLPH3 in T98G cells greatly delayed the ligand-promoted degradation of EGFR.



We noticed that after incubation of shGOLPH3 cells with EGF for 60 min the remaining proportion of total levels of EGFR was higher compared to that of the remaining proportion of biotinylated EGFR, i.e., 74.7 ± 11.2% compared to 69.6 ± 6.0%. This suggested that in addition to impaired receptor internalization, the apparent less efficient EGFR degradation could be due to the accumulation of endocytosed receptors in endo-lysosomal compartments as well. To distinguish between these possibilities, we analyzed by fluorescence microscopy the ligand-promoted internalization of EGFR incubating cells with EGF conjugated with tetramethylrhodamine (TRITC-EGF). To allow quantitative binding and synchronized internalization, cells were incubated with TRITC-EGF at 4 °C for 30 min. After washing unbound ligand, cells were either immediately processed to detect EGFR at the cell surface by immunofluorescence, or incubated at 37 °C for different periods of time followed by immunofluorescence to detect the intracellular localization of EGFR. Our first observation was that at the beginning of the incubation at 37 °C (time = 0) the fluorescence signals of EGFR and TRITC-EGF at the cell surface were higher in shGOLPH3 cells than in control cells (Figure S6A,C), which is consistent with the analysis of the levels of biotinylated EGFR (Figure 1C). As expected, after incubation for 5 min (Figure S6B,C) or for 15 min (Figure 6E), EGFR in control cells was mostly internalized and co-localizing with TRITC-EGF in cytoplasmic puncta. After 15 min, in shGOLPH3 cells, both EGFR and TRITC-EGF were also internalized and co-localizing in cytoplasmic puncta, but in contrast to control cells a large fraction was still detected at the cell surface (Figure 6G). Quantification of fluorescence signals showed that after 15 min of incubation with TRITC-EGF the levels of internalized EGFR (Figure 6I), as well as of TRITC-EGF (Figure S6D), were significantly higher in shGOLPH3 cells. After 60 min, the fluorescence signals of EGFR and TRITC-EGF in control cells were highly reduced (Figure 6F), which is indicative of proteolytic degradation in lysosomes and is consistent with the immunoblot data (Figure 6C, lane 3). In contrast, in shGOLPH3 cells, a large fraction of the fluorescence signal of both EGFR and TRITC-EGF remained detected and co-localizing in cytoplasmic puncta (Figure 6H) and was also significantly higher than in control cells (Figure 6I and Figure S6D). This result also correlates well with the immunoblot data (Figure 6C, lane 6) and suggests that the knockdown of GOLPH3 in T98G cells impaired the degradation of ligand-induced internalized EGFR as a result of its accumulation in endo-lysosomal compartments.




2.6. The Knockdown of GOLPH3 in T98G Cells Does Not Affect EGFR Dimerization but Affects EGFR Ubiquitylation


EGFR internalization is preceded by its dimerization, which is promoted by binding to EGF [26]. Therefore, one explanation for the higher levels of EGFR at the cell surface of shGOLPH3 cells is that EGFR dimerization was affected. To test this hypothesis, we treated cells with the non-permeable crosslinker BS3 that allows the detection of EGFR dimers at the cell surface [57], which are otherwise usually not detected. Immunoblot analysis showed that incubation with BS3 resulted in the detection of EGFR dimers in samples from both control cells and shGOLPH3 cells, even in the absence of exogenously added EGF (Figure 7A, lanes 1, 2, 4, and 5), indicating that GOLPH3 is mostly dispensable for the formation of EGFR dimers. Interestingly, we observed higher levels of EGFR dimers in shGOLPH3 cells (Figure 7A, lanes 2 and 5), which is consistent with the higher levels of biotinylated EGFR found in these cells. Treatment of control cells with BS3 after incubation with EGF for 5 min resulted in no detection of EGFR dimers (Figure 7A, lane 3), which were instead detected treating cells with the permeable cross-linker DSS (Figure 7B, lane 3), indicating fast internalization of EGFR dimers. In contrast, incubation of shGOLPH3 cells with EGF for 5 min followed by treatment with BS3 resulted in persistent detection of EGFR dimers (Figure 7A, lane 6), although to a lesser extent compared to the treatment with BS3 in the absence of EGF (Figure 7A, lane 6 compared to lane 5). These observations confirm that the knockdown of GOLPH3 in T98G cells impaired the internalization of EGFR, including its dimerized form.



Because ubiquitylation of EGFR is required for its further degradation in lysosomes [58], we hypothesized that in shGOLPH3 cells the apparent accumulation of EGFR upon EGF-promoted internalization was the result of affected ubiquitylation. To test this possibility, we analyzed by immunoblot the ubiquitylation levels of immunoprecipitated EGFR in cells incubated for 5 min in the absence or presence of EGF. We found that upon incubation with EGF in control cells, the level of detected immunoprecipitated EGFR decreased (Figure 7C, upper panel, lanes 1 and 2), while the associated level of detected ubiquitin increased (Figure 7C, lower panel, lanes 1 and 2). This result was expected because EGF promotes both the ubiquitylation and degradation of EGFR [58]. In contrast, in shGOLPH3 cells, although the level of ubiquitin signal associated with immunoprecipitated EGFR in the absence of EGF was higher compared to control cells (Figure 7C, lower panel, lanes 1 and 3), which was consistent with the higher levels of EGFR in shGOLPH3 cells, the incubation with EGF did not increase the associated relative level of ubiquitin signal (Figure 7C, bottom panel, lanes 3 and 4). Quantification of the immunoblot signals showed that in control cells the ratio of ubiquitin signal versus EGFR signal was significantly higher upon incubation with EGF (Figure 7D), indicating an effective increase in covalent attachment of ubiquitin moieties to EGFR. On the other hand, in shGOLPH3 cells, the ratio of signals was not significantly different upon incubation with EGF (Figure 7D), strongly suggesting a more limited incorporation of ubiquitin into EGFR. Together, these results indicate that EGF failed to promote the ubiquitylation of EGFR in shGOLPH3 cells, suggesting an explanation for its impaired degradation. To get additional evidence that the knockdown of GOLPH3 in T98G cells affected the degradation of EGFR, we evaluated its turnover by performing a cycloheximide (CHX)-chase assay followed by immunoblot analysis. We found that with increasing time of CHX incubation, the levels of EGFR decreased significantly slower in shGOLPH3 cells, to 77.0 ± 7.5% after 48 h compared to 23.5 ± 15.4% in control cells (Figure 7E,F). This result is indicative of slower EGFR turnover in shGOLPH3 cells, corroborating that the knockdown of GOLPH3 impaired the degradation of EGFR.




2.7. The Knockdown of GOLPH3 Promotes the Accumulation in Endo-lysosomal Compartments of EGF-Stimulated Internalized EGFR


Our fluorescence microscopy analysis of cells treated with TRITC-EGF shown in Figure 6 suggested that EGFR degradation in shGOLPH3 cells was greatly impaired even after 60 min of incubation, presumably because in addition to increased recycling to the cell surface some endocytosed EGFR fraction accumulated in endo-lysosomal compartments. To explore this possibility in more detail, we carried out an analysis similar to that shown in Figure 6, but performing immunofluorescence with antibodies to detect EGFR localization along with antibodies to detect endo-lysosomal compartments. We used antibodies to EEA1, a peripheral membrane protein localized in early endosomes [59], or antibodies to LAMP1, an integral membrane protein localized in late endosomes and lysosomes [60]. As expected, at time = 0 of TRITC-EGF incubation, we found most EGFR at the cell surface and no overlapping with EEA1 or LAMP1 in both control and shGOLPH3 cells (data not shown). As expected, 15 min of TRITC-EGF incubation in control cells showed little EGFR at the cell surface and extensive overlapping with EEA1, as well as little overlapping with LAMP1 (data not shown). In contrast, in shGOLPH3 cells, 15 min of TRITC-EGF incubation showed persistent detection of EGFR at the cell surface, as shown in Figure 6, and of the fraction of endocytosed EGFR, little overlapped with EEA1, but instead most overlapped with LAMP1 (data not shown). This result suggests that at 15 min of TRITC-EGF incubation, of the fraction of endocytosed EGFR, little persists at early endosomes because some of this pool recycled to the plasma membrane and other pool trafficked to late endosomes and lysosomes. We also compared in more detail the localization of EGFR at 60 min of TRITC-EGF incubation, which resulted in degradation of a large fraction of EGFR in control cells, but the opposite in shGOLPH3 cells, as shown in Figure 6. Quantitative analysis showed that in both control and shGOLPH3 cells, TRITC-EGF overlapped similarly well with the remaining intracellular pools of EGFR, with a 94.8 ± 2.7% and 91.0 ± 5.7% of overlapping, respectively (Figure 8C), as it is expected for their simultaneous transport to lysosomes [56]. However, the correlation coefficient of the fluorescence signals of TRITC-EGF and EGFR resulted significantly higher in shGOLPH3 cells, 0.855 ± 0.043 compared to 0.768 ± 0.024 in control cells (Figure 8D). This suggests that of the total pool of remaining EGFR, a higher proportion was still bound to TRITC-EGF in shGOLPH3 cells. When the same remaining pools of EGFR were compared on their overlapping with EEA1 they showed to be different. While in control cells the fraction of EGFR co-localizing with EEA1 was 64.1 ± 11.0%, in shGOLPH3 cells it was 11.7 ± 3.4%, which was significantly lower (Figure 8C). In contrast, the overlapping between the remaining pool of EGFR and LAMP1 resulted significantly higher in shGOLPH3 cells reaching 64.2 ± 7.7%, compared to 43.8 ± 9.0% in control cells (Figure 8C). Importantly, these last differences in the fractions of fluorescence signal overlapping correlated well with the corresponding correlation coefficients (Figure 8D). Together, these results are consistent with the notion that in control cells after 60 min of TRITC-EGF incubation the majority of the remaining pool of EGFR was detected in early endosomes because the fraction that must have reached lysosomes should have been subjected to degradation, and hence not detected. Conversely, in shGOLPH3 cells, the majority of the remaining pool of EGFR detected in LAMP1-containing compartments could be explained if after reaching late endosomes or lysosomes its degradation was impaired. Interestingly, we also found that in shGOLPH3 cells EEA1- and LAMP1-containing compartments showed some level of enlargement (Figure 8A,B). Moreover, a closer inspection of EGFR localization in shGOLPH3 cells revealed that it was very often found in the limiting membrane of enlarged LAMP1-containing compartments (Figure 8B, bottom panels, insets). Thus, alternatively, the reduced degradation of EGFR in shGOLPH3 cells could be a consequence of impaired maturation to MVBs and late endosomes. These last observations suggest the intriguing possibility that the knockdown of GOLPH3 also affected the endo-lysosomal system of T98G cells.




2.8. The Knockdown of GOLPH3 Negatively Affects the Activation of EGFR


Upon binding to EGF, EGFR undergoes autophosphorylation that triggers signaling pathways including cell proliferation [26]. Autophosphorylation at Tyr1068 and Tyr1086 are early events necessaries for recruiting GRB2, an adaptor protein upstream of EGFR signaling pathways [61]. Thus, to evaluate whether the knockdown of GOLPH3 affects the activation of EGFR, we analyzed by immunoblot the levels of EGFR phosphorylated either at Tyr1068 or at Tyr1086 in cells treated with EGF for different periods of time. After incubation of control cells with EGF for 30 min, we found an expected burst of phosphorylated EGFR at both Tyr1068 and Tyr1086 (Figure 9A, lanes 1 and 2). After 60 min of incubation with EGF, the levels of autophosphorylated EGFR in control cells decreased, consistent with EGFR degradation (Figure 9A, lane 3). In shGOLPH3 cells, we observed a similar burst in the levels of autophosphorylated EGFR after 30 min of incubation with EGF and a corresponding decrease in their levels after 60 min (Figure 9A, lanes 4–6). However, considering that in shGOLPH3 cells the levels of EGFR in the presence of EGF do not decrease as in control cells, the levels of phosphorylated EGFR seemed lower than in control cells. A quantitative analysis of the ratio of the levels of autophosphorylated EGFR versus the total levels of EGFR confirmed this assumption. We found that in shGOLPH3 cells there were significantly lower levels of autophosphorylated EGFR at Tyr1068 (Figure 9B) and at Tyr1086 (Figure 9C) over the entire time course of incubation with EGF. These results indicate that the knockdown of GOLPH3 affects negatively the capacity of EGFR to undergo EGF-induced autophosphorylation impairing its activation, explaining the effect that the knockdown of GOLPH3 has in reducing the proliferation of T98G cells.





3. Discussion


GOLPH3 has been considered an oncoprotein because its overexpression promotes increased cell proliferation, cell migration, and cell invasion in a variety of cancer cell lines [5]. Here, we showed that in T98G cells of GBM the knockdown of GOLPH3 resulted in decreased cell proliferation. This is in agreement with the effect that the reduction in the levels of GOLPH3 exerts on the proliferation of other glioma cell lines [35,62]. Likewise, we have previously shown that the knockdown of GOLPH3 in T98G cells also results in disrupted cell migration and invasion [37], which is also in agreement with what has been found in other glioma cell lines [21,63]. The expression levels of GOLPH3 affects several proliferative oncogenic signaling pathways [14,64,65,66], such as that regulated by EGFR, which is frequently found overexpressed in GBM [67]. Surprisingly, the knockdown of GOLPH3 resulted in increased levels of EGFR, including the cell surface levels, which is an opposite effect to what has been reported for the cell line U87 of GBM [32]. These differing results could be related to the unique regulation observed for EGFR between T98G and U87 cells. In contrast to T98G cells, U87 cells overexpress tissue transglutaminase (tTG), a GTP-binding protein/acyltransferase that is upregulated in many gliomas enhancing the signaling activity and lifespan of EGFR [33]. Importantly, overexpression of tTG in T98G cells increases the levels and transforming activity of EGFR [33]. Thus, it will be important to determine whether the levels of GOLPH3 in T98G cells affect the levels of tTG. Despite this possibility, we showed that upon GOLPH3 knockdown autophosphorylation at Tyr1068 and Tyr1086 of EGFR, in response to its ligand EGF, was greatly reduced. Therefore, because autophosphorylation at these residues are among the early events in EGFR signaling [61], our data indicate that regardless of the levels of EGFR the knockdown of GOLPH3 impairs EGFR activation impacting negatively the proliferation of T98G cells.



The knockdown of GOLPH3 in T98G cells also resulted in impaired N-glycan sialylation and fucosylation of EGFR. Distinct glycosylation of proteins and lipids is a hallmark of tumor cells [68], but how this is connected to tumorigenesis in different kinds of tumors is not well understood. A possible explanation is that glycosylation could affect the function and downregulation of receptors that are important for triggering the tumor phenotype. The extracellular region of EGFR contains ten canonical and one atypical N-glycosylation sites [39,69], and the extent of its N-glycan sialylation and fucosylation modulates its activity, although in some cells in opposite fashions. For instance, in human CL1-5 cells of lung adenocarcinoma, fucosylation, and sialylation of EGFR attenuates its activity [70]. Likewise, in human SW480 cells of colorectal carcinoma, the sialylation of EGFR decreases EGF-mediated cell proliferation [71]. In contrast, in mouse embryonic fibroblasts, human embryonic kidney cells, and human A549 cells of non-small cell lung carcinoma, the fucosylation of EGFR is required for the binding of EGF and its subsequent signaling activity [45,72]. Thus, it is plausible that in T98G cells the decreased levels of EGFR fucosylation and/or sialylation upon GOLPH3 knockdown decreases EGFR proliferative signaling activity regardless of the effect on its levels. One possibility is that in these cells the decreased levels of EGFR fucosylation and/or sialylation negatively affected its binding affinity for EGF. The glycosylation of EGFR in HeLa cells is not affected by the levels of GOLPH3 [18], and the consequence in other cancer cell lines is unknown. In any case, in different types of cancer cells, the levels of GOLPH3 could affect the glycosylation of EGFR in different ways, and this could result also in different outcomes. This is important in light of the attempts to assess the feasibility of using both the levels of GOLPH3 and the inhibition of EGFR glycosylation as tools to downregulate EGFR signaling and sensitize cancer cells to anticancer therapies [73,74,75]. How did the levels of GOLPH3 affect the glycosylation of EGFR? One of the first functions ascribed to GOLPH3 is its role in the retention at the Golgi apparatus of some glycosyltransferases, including ST6GAL1 [18]. Thus, the reduced sialylation and fucosylation of EGFR are consistent with the possibility that in T98G cells, the levels of GOLPH3 affect the sorting of some sialyltransferases and fucosyltransferase. Based on the roles that they play in EGFR glycosylation, plausible candidates are ST6GAL1 and α1,6-fucosyltransferase (FUT8; [41,71,72,76]).



In addition to glycosyltransferase sorting, GOLPH3, as well as its orthologs in Saccharomyces cerevisiae and Drosophila melanogaster, has been implicated in several post-Golgi trafficking routes, including towards the cell surface and endosomes [9,11,14,77,78]. We, therefore, decided to evaluate if the reduction in the levels of GOLPH3 also impacted the trafficking of EGFR. First, we observed that the change in morphology of T98G cells that are produced by the knockdown of GOLPH3 [37] correlated with an asymmetrical distribution of EGFR in cell protrusions. Interestingly, both glycosylation [79,80] and EGFR signaling [81] participate in the regulation of cell protrusions. Similarly, it has been proposed that EGFR signaling is regulated by its localization in cell protrusions [82]. We also found that the reporter SBP-EGFP-EGFR, which behaves similarly as endogenous EGFR [52], trafficked from the ER to the Golgi apparatus with kinetics that were independent of the levels of GOLPH3. This result is consistent with a previous report indicating that in HeLa cells reduced levels of GOLPH3 do not affect the transport of the reporter tsO45-VSVG-EGFP between those compartments [9]. However, the kinetics of transport of SBP-EGFP-EGFR from the Golgi apparatus to the cell surface was not dependent on the levels of GOLPH3, which is in contrast to the transport reported for tsO45-VSVG-EGFP between these compartments that is greatly impaired by reduced levels of GOLPH3 [9]. Yet, we observed an uneven concentration of SBP-EGFP-EGFR in cell protrusions upon GOLPH3 knockdown. These observations suggest that the role of GOLPH3 in post-Golgi trafficking is different in different types of cells, or that its role is different with different cargos. It also suggests an intriguing new role of GOLPH3 in the sorting of cargo to different domains at the cell surface.



Upon reaching the plasma membrane, cell surface receptors, such as EGFR, irrespective if they are unoccupied or ligand-bound, eventually engage in endocytic trafficking events that also modulate receptor functions [83,84]. The endocytosis of EGFR in the absence of ligand occurs at a rate that is one order of magnitude slower than its rate of recycling back to the plasma membrane resulting in its localization primarily at this last site [50]. Under low ligand availability, non-ubiquitylated EGFR is internalized almost exclusively by clathrin-mediated endocytosis (CME), but at saturating ligand concentrations EGFR is ubiquitylated and it can be internalized by non-clathrin endocytosis (NCE) [85,86]. Regardless of the endocytic mechanism, internalized EGFR is transported to early endosomes, but from there it is mostly recycled back to the plasma membrane if it is non-ubiquitylated, or mostly incorporated onto ILVs of MVBs for final degradation in lysosomes if it is ubiquitylated [56,85,87,88]. Intriguingly, we found that in T98G cells the knockdown of GOLPH3 increased EGFR recycling. Thus, this result explains in part the increase in EGFR levels both total and at the cell surface, even in the presence of ligand. Up to date, it is unknown whether the extent of EGFR glycosylation branching directly affects EGFR recycling. Of note, GOLM1, another protein of the Golgi apparatus that is overexpressed in some types of tumor cells, regulates EGFR recycling without affecting its glycosylation [89], suggesting that GOLPH3 could also directly affect EGFR recycling.



Another unexpected observation was that in the absence of EGF, the increased EGFR recycling did not correlate with a decrease in ubiquitylated EGFR, indicating that the level of ubiquitylation was already minimal, and hence favoring recycling. Nevertheless, the knockdown of GOLPH3 abolished the increase in EGFR ubiquitylation that was expected in the presence of EGF, largely explaining the reduced degradation of the receptor and its persistent localization at the cell surface. Here, in the absence of ligand, EGFR is found primarily as an inactive monomer that is in equilibrium with small amounts of an inactive dimer form [90]. Ligand binding, however, stabilizes a conformation of EGFR that allows the formation of active dimers [26]. Our data showing a larger proportion of EGFR dimers in the plasma membrane of cells with reduced levels of GOLPH3 in the absence of EGF, as well as in its presence, strongly suggest that impaired sialylation and/or fucosylation promoted at least in a fraction of EGFR the formation of inactive dimers that also are less capable of being endocytosed. Alternatively, in T98G cells, impaired N-glycan branching of EGFR might have a negative effect on binding to EGF resulting in less dimer formation and endocytosis. This possibility is in agreement with early findings indicating that both N-glycosylation and N-glycan branching is necessary for EGFR binding to EGF [91]. Yet, the role of glycosylation on EGFR is far from being fully understood, as later reports have shown that non-glycosylated EGFR undergoes spontaneous dimer formation resulting in constitutive activation [92,93].



Altered EGFR glycosylation could also have impacted its downregulation induced by EGF, as suggests a report showing that the knockdown of N-acetylglucosaminyl transferase V in MDA-MB-231 cells of breast carcinoma and HT1080 cells of fibrosarcoma results in impaired receptor internalization and delayed ligand-induced downregulation [94]. Whether the lesser extent of sialylation and fucosylation that we found played any role in EGFR degradation will need further investigation. In fact, contrary to our observations, the knockdown of Fucosyltransferase 1 in OC2 cells of oral squamous cell carcinoma, which decreases EGFR fucosylation, correlates with an increase in EGFR degradation [95]. However, treatment of SW1990 cells of pancreatic cancer with 1,3,4-O-Bu3ManNAc, which increases the sialylation of one N-glycan site on EGFR, increases the rate of EGFR internalization and degradation [96]. Thus, the role of the type of N-glycan branching on EGFR, as well as of GOLPH3 in this process, could be different in different cancer cell lines. A more intriguing possibility is that the knockdown of GOLPH3 also affected endocytosis mechanisms in T98G cells in such a manner that even at saturating concentrations of EGF CME is preferred to NCE.



Finally, we found that at least part of the EGFR fraction that was internalized in the presence of EGF in cells with reduced levels of GOLPH3 accumulated in endocytic compartments, which presumably delayed its degradation. Endocytosed EGFR is degraded in lysosomes by a mechanism that involves the endosomal sorting complexes required for transport (ESCRT-0–ESCRT-III). Ubiquitylated EGFR localized at the limiting membrane of endosomes is recognized by ESCRT-0 that segregates EGFR in this membrane preventing its incorporation onto recycling carriers [97]. This is followed by the sequential recruitment of ESCRT-I, ESCRT-II, and ESCRT-III, which promote the generation of ILVs, the incorporation of EGFR onto them, and ultimately the formation of MVBs [98]. Moreover, a non-ubiquitylated EGFR mutant that is not recognized by ESCRT-0 is targeted less efficiently onto ILVs resulting in its greatly impaired degradation [58]. This highlights the fundamental role that ubiquitylation has in ensuring that EGFR enters this pathway. In fact, the ubiquitylation of EGFR is finely regulated by the coordinated activities of E3 ubiquitin ligases and deubiquitylating enzymes [99]. For instance, the E3 ligase Cbl is recruited at the plasma membrane and remains associated with EGFR ensuring its ubiquitylation all along its endocytic trafficking for its recognition by ESCRT-0 [100]. Accordingly, our observation that after 60 min of incubation with EGF part of the endocytosed EGFR was still localized in the limiting membrane of LAMP1-containing compartments, in cells with reduced levels of GOLPH3, supports the notion that the levels of GOLPH3 in T98G cells are important for both the ubiquitylation of EGFR and its subsequent incorporation onto ILVs. An intriguing additional possibility is that the levels of GOLPH3 could also be important for the targeting of Cbl at the plasma membrane and/or its function on EGFR. Another, not mutually exclusive possibility is that the levels of GOLPH3 could be important for the formation of ILVs. Furthermore, the levels of GOLPH3 could be important for the hydrolytic capacity of lysosomes or endosome and lysosome maturation. Our observation of enlarged compartments decorated with antibodies to EEA1 or LAMP1 supports these possibilities. Together, our data suggest that the levels of GOLPH3 in T98G cells regulate the glycosylation of EGFR impacting its endocytic trafficking and activation, adding new possibilities that need further studies for a complete understanding of GOLPH3 tumorigenic ability.




4. Materials and Methods


4.1. Cell Culture and Generation of Cell Lines


T98G cells were obtained from the American Type Culture Collection (Manassas, VA, USA) and were maintained in Dulbecco’s Modified Eagle’s medium (DMEM) supplemented with 100 U/mL penicillin, 100 µg/mL streptomycin (Thermo Fisher Scientific; Waltham, MA, USA), 5 µg/mL plasmocin (InvivoGen; San Diega, CA, USA), and 0.3% or 10% heat-inactivated fetal bovine serum (FBS; Thermo Fisher Scientific; Waltham, MA, USA), in a humidified incubator with 5% CO2 at 37 °C. The generation of T98G cell lines stably expressing either one of the two shRNA to target GOLPH3 (shGOLPH3#1 and shGOLPH3#2) or an shRNA targeting firefly luciferase (used as control) was described elsewhere [37].




4.2. Antibodies and Cell and Lectin Blotting Reagents


We used the following monoclonal antibodies: clone AC-74 to β-Actin (mouse; Sigma-Aldrich, St. Louis, MO, USA), clone H4A3 to LAMP1 (mouse; Developmental Studies Hidridoma Bank, Iowa City, IA, USA), clone HB850 to EGFR (mouse; kindly provided by A. González, Universidad San Sebastián, Santiago, Chile), clone P4D1 to ubiquitin (mouse; Covance, Princeton, NJ, USA) and clone D7A5 to phospho-EGFR (Tyr1068) (rabbit; Cell Signaling, Danvers, MA, USA). We used the following polyclonal antibodies: rabbit antiserum to EEA1 (Abcam, Cambridge, UK; cat # ab2900), rabbit antiserum to phospho-EGFR (Tyr1086) (Cell Signaling, Danvers, MA, USA; cat # 2220), rabbit antiserum to a green fluorescent protein (GFP; kindly provided by R. Hegde, MRC Laboratory of Molecular Biology, Cambridge, UK), rabbit antiserum to GOLPH3 (Abcam, Cambridge, UK; cat # ab98023) and sheep antiserum to EGFR (Fitzgerald, Acton, MA, USA; cat # 20-ES04). We used a homemade, mouse polyclonal antibody to human GOLPH3 that we generated as described elsewhere [37]. Horseradish peroxidase (HRP)–conjugated secondary antibodies and HRP–conjugated streptavidin were from Jackson ImmunoResearch (West Grove, PA, USA). The following fluorochrome-conjugated antibodies were from Thermo Fisher Scientific (Waltham, MA, USA): Alexa Fluor-647–conjugated donkey anti-mouse IgG, Alexa Fluor-488– or -647–conjugated donkey anti-rabbit IgG, and Alexa Fluor-488– or -594–conjugated donkey anti-sheep IgG. Primary antibodies were used at a dilution of 1:200 to 1:2000. HRP– or Alexa Fluor–conjugated secondary antibodies were used at dilutions 1:1000 to 1:20000, depending on their reactivity. Recombinant epidermal growth factor (EGF) was from R&D Systems (Minneapolis, MN, USA), and the fluorescent nuclear stain 4′,6-diamidino-2-phenylindole (DAPI), and EGF conjugated to tetramethylrhodamine B isothiocyanate (TRITC-EGF) were from Thermo Fisher Scientific (Waltham, MA, USA). The biotin-conjugated Aleuria aurantia lectin (AAL; cat # B-1395) was from Vector Labs (Burlingame, CA, USA), and biotin-conjugated Sambucus nigra lectin (SNA-I; cat # BA-6802-1) and Arachis hypogaea lectin (PNA; cat # BA-2301-1) were from EY Laboratories (San Mateo, CA, USA). Puromycin dihydrochloride and a cocktail of protease inhibitors were from Sigma-Aldrich (St. Louis, MO, USA).




4.3. Cell Proliferation Assay, Immunoblotting and Densitometry Quantification


Cell proliferation was assessed by [3H]-thymidine incorporation using a method that we have described before [101]. Preparation of protein extracts from cultured cells, and SDS-PAGE and immunoblotting were carried out using methods that we have also described previously [6,102]. The amount of immunoblot signal from images with non-saturated pixels was estimated using ImageJ software (version 1.47h, Bethesda, MD, USA; [103]). For each condition, protein bands were quantified from at least three independent experiments.




4.4. Cell Surface Biotinylation


Cell surface biotinylation was carried out using a method that we have described elsewhere [104], but with some modifications. Briefly, cultured cells grown in 6-well plates were washed twice with ice-cold PBS supplemented with 0.1 mM CaCl2 and 1 mM MgCl2 (PBS-Ca/Mg), followed by incubation with 1 mM sulfo-NHS-LC-biotin Thermo Fisher Scientific (Waltham, MA, USA) in PBS-Ca/Mg for 30 min at 4 °C. Biotinylation was terminated by incubation with Tris-buffered saline solution (50 mM Tris-HCl, 150 mM NaCl, pH 7.4) for 10 min at 4 °C. After subsequent washing with PBS-Ca/Mg, cells were subjected to lysis in buffer TX (50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, pH 7.4) supplemented with a cocktail of protease inhibitors (416 µM 4-(2-Aminoethyl)benzenesulfonyl fluoride, 0.32 µM Aprotinin, 16 µM Bestatin, 5.6 µM E-64, 8 µM Leupeptin and 6 µM Pepstatin A; Sigma-Aldrich, St. Louis, MO, USA) and a cocktail of phosphatase inhibitors (1 mM NaF, 1 mM Na3VO4 and 0.3 mM Na2P2O7) (buffer TX-PP). To remove insoluble material, cell extracts were clarified by centrifugation at 13,000× g for 10 min at 4 °C and soluble biotinylated proteins were pulled down with Neutravidin-Agarose (Thermo Fisher Scientific, Waltham, MA, USA) and analyzed by immunoblot.




4.5. Enzymatic Deglycosylation, Immunoprecipitation and Lectin Blotting


For enzymatic deglycosylation, cells were lysed in ice-cold TX-PP buffer and after clarification of cell extracts by centrifugation at 13,000× g for 10 min at 4 °C, samples containing soluble proteins (30 µg) were denatured for 5 min at 95 °C in Glycoprotein Denaturing Buffer (New England Biolabs, Ipswich, MA, USA). Samples of denatured proteins were treated for 1 h at 37 °C with peptide:N-glycosidase F (PNGase F) in GlycoBuffer 2 (New England Biolabs, Ipswich, MA, USA) in the presence of 1% Nonident P-40 or treated for 1 h at 37 °C with α2-3,6,8 neuraminidase (Sialidase) in GlycoBuffer 1 (New England Biolabs, Ipswich, MA, USA), followed by immunoblot analysis. For immunoprecipitation, 40 µL of Protein G Sepharose® beads (GE Healthcare, Chicago, IL, USA) were incubated in TX-PP buffer with monoclonal antibody HB850 to EGFR under rotary agitation for 1 h at room temperature. Beads were washed three times with ice-cold TX-PP buffer, followed by incubation with samples containing soluble proteins (from cell extracts prepared as mentioned before) under rotary agitation for 2 h at 4 °C. After washing beads three times with ice-cold TX-PP buffer, samples were processed by SDS-PAGE followed by electrophoretic transfer to nitrocellulose membranes for further immunoblotting or lectin blotting. For quantitative lectin blotting, we equalized the amount of immunoprecipitated EGFR from soluble protein extracts of different cells. To do this, we first performed EGFR immunoblotting loading the gels with a fixed amount of soluble protein extracts from control cells and decreasing the amount of proteins from experimental cells. With the result of these blots performed in triplicate, we chose an amount of protein from experimental cells that gave a non-saturated EGFR immunoblot signal similar to control cells. From these chosen amounts of proteins, we determined the quantity of monoclonal antibody HB850 needed to quantitatively immunoprecipitate EGFR from each cell line. To verify the quantitative immunoprecipitation, both immunoprecipitated EGFR and the flow-through were analyzed by immunoblotting using sheep antiserum to EGFR. For lectin blotting, nitrocellulose membranes with bound proteins were incubated in blocking buffer (PBS supplemented with 0.5% Tween-20) for 1 h at room temperature, followed by incubation with the respective biotin-conjugated lectin (diluted 1:500 in blocking buffer) for 16 h at 4 °C. Nitrocellulose membranes were subsequently washed six times in blocking buffer for 3 min each at room temperature, followed by incubation with HRP–conjugated streptavidin (diluted 1:1000 in blocking buffer) for 1 h at room temperature, and six final washes in blocking buffer for 3 min each at room temperature. The detection of immunoblotting or lectin blotting was performed by chemiluminescence using Pierce Western Blotting Substrate (Thermo Fisher Scientific, Waltham, MA, USA).




4.6. DNA Constructs, Cell Transfection, Fluorescence Microscopy, and Image Analysis


The construct Str-KDEL_SBP-EGFP-EGFR (RUSH-EGFR) was generated as described elsewhere [52]. Cells grown on 24-mm round glass coverslips or in 35-mm glass-bottom culture dishes (MatTek, Ashland, MA, USA) were transfected using Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. For immunofluorescence, cells on glass coverslips were processed as we have described elsewhere [105], followed by their fixation in 100% methanol or 4% paraformaldehyde, depending on primary antibody reactivity. Fluorescence microscopy images of fixed, non-transfected, or transfected cells were acquired with an AxioObserver.D1 microscope equipped with a PlanApo 63× oil immersion objective (NA 1.4), and an AxioCam MRm digital camera using AxioVision software (Carl Zeiss; version SE64 Rel. 4.9.1; White Plains, NY, USA). For fluorescence signal analysis, 12-bit images were acquired using always the same settings, avoiding signal saturation and corrected for background, crosstalk, and noise signals on each set of images. Quantification of the total integrated pixel intensity of the fluorescence signal at the cell surface at the periphery of the cell or cell protrusions were performed as follows: First, an area of 5 µm2 was selected at the border of the cell in a region of apparent high signal intensity, and subsequently using the plugin “Measure” implemented in the software ImageJ (version 1.51s; Bethesda, MD, USA; [103]). Four consecutives 5 µm2 regions adjacent from each side of the first measurement were further selected for the same type of quantification. Quantification of fluorescence signal co-localization and Pearson’s correlation coefficients were performed after images were processed as indicated above, and then transformed to binary images, and further analyzed using methods described previously [106]. For time-lapse fluorescence microscopy, transfected cells grown in 35-mm glass-bottom culture dishes were transferred to a microscopy heating stage equipped with temperature, humidity, and CO2 controllers (Live Cell Instrument, Namyangju, Korea). After adding phenol red-free culture medium containing 40 µM biotin (Sigma-Aldrich, St. Louis, MO, USA), time-lapse images were acquired every 60-sec with a spinning-disk microscope (Leica, Wetzlar, Germany) equipped with a PlanApo 63x oil immersion objective (NA 1.4; Leica, Wetzlar, Germany) and an iXon Ultra 888 EMCCD camera (Andor, Belfast, UK), illuminating with a 25 mW 488-nm laser diode (Andor, Belfast, UK) and using MetaMorph microscopy automation software (version NX; Molecular Devices, San José, CA, USA). Alternatively, time-lapse images were acquired every 60-sec either with an Eclipse 80I microscope (Nikon, Champigny-sur-Marne, France) equipped with a spinning disk confocal head (Perkin-Elmer, Waltham, MA, USA) and an iXon Ultra 897 EMCCD camera (Andor, Belfast, UK), illuminating with a 75 mW 488-nm laser, using a 60× CFI Plan Apo VC objective (NA 1.4; Nikon, Champigny-sur-Marne, France) and MetaMorph software for image acquisition (version NX; Molecular Devices, San José, CA, USA); or with a TCS SP8 confocal laser scanning microscope (Leica, Wetzlar, Germany) equipped with a PlanApo 63× oil immersion objective (NA 1.4; Leica, Wetzlar, Germany), a 50 mW Argon laser at 488-nm (Leica, Wetzlar, Germany), a HyD hybrid detector system (Leica, Wetzlar, Germany) and using LASX microscopy software (Leica, Wetzlar, Germany). Quantification of the kinetics of transport from the endoplasmic reticulum to the Golgi apparatus or from the Golgi apparatus to the cell surface was performed as follows: the fluorescence intensity at each time point in a region of interest (ROI) was obtained from non-saturated 8-, 12- or 16-bit images using ImageJ software (version 1.47h, Bethesda, MD, USA; [103]). The position of the Golgi apparatus or the cell surface was obtained using a later time point to define the ROIs and was used for the entire time-lapse quantification. The time of fluorescence appearance or fluorescence maximum decrease in each ROI was considered as the time of cargo transport between compartments or cargo exit, respectively. To prepare figures, images of fixed cells or of time points of live cells were processed with ImageJ software (version 1.47h, Bethesda, MD, USA; [103]) and Adobe Photoshop CS3 software (Adobe Systems).




4.7. Crosslinking, Internalization, Degradation and Turnover Assays


Cells grown in 6-well plates were incubated with culture medium containing 0.3% FBS for 60 min at 37 °C, followed by further incubation with 50 ng/mL EGF in the same medium for different periods of time at 37 °C. Cells were either left untreated (degradation assay), or subjected to biotinylation as described above (internalization assay), or incubated either with 2.5 mM bis (sulfosuccinimidyl) suberate (BS3; membrane-impermeable crosslinker; Thermo Fisher Scientific, Waltham, MA, USA) or with 1 mM disuccinimidyl suberate (DSS; membrane-permeable crosslinker; Thermo Fisher Scientific, Waltham, MA, USA) for 2 h at 4 °C followed by incubation with 100 mM Tris HCl (pH 7.4) for 30 min at 4 °C to quench unreacted crosslinkers (crosslinking assays). For the turnover assay, cells grown in 6-well plates were treated with 50 µg/mL cycloheximide (CHX; Sigma-Aldrich, St. Louis, MO, USA) and 40 µg/mL chloramphenicol (Sigma-Aldrich, St. Louis, MO, USA) in a culture medium containing 10% FBS (CHX-chase medium) for 24–48 h at 37 °C. Fresh CHX-chase medium was added after the first 24-h of treatment. For these four EGFR assays, cells were lysed in ice-cold TX-PP buffer, and cell extracts were clarified by centrifugation at 13,000× g for 10 min at 4 °C. Samples containing soluble, non-biotinylated proteins were processed by SDS-PAGE and immunoblotting. Samples containing soluble, biotinylated proteins were subjected to pull-down with Neutravidin Agarose before processing by SDS-PAGE and immunoblotting. We also performed a fluorescence microscopy EGFR internalization-degradation assay. For this, cells grown on 24-mm round glass coverslips were incubated with a culture medium containing 0.3% FBS for 60 min at 37 °C, followed by further incubation with 100 ng/mL TRITC-EGF in the same medium and for different periods of time at 37 °C. After fixation, cells were processed for immunofluorescence, followed by fluorescence microscopy analysis.




4.8. Recycling Assay


For EGFR recycling, we used a cell surface biotinylation assay described elsewhere [107], with some modifications. Briefly, cells grown in 6-well plates were incubated with fresh culture medium containing 0.3% or 10% FBS for 60 min at 37 °C, washed twice with ice-cold PBS-Ca/Mg, and incubated with 0.9 mM sulfo-NHS-SS-biotin (a biotinylation reagent cleavable by chemical reduction; Thermo Fisher Scientific, Waltham, MA, USA) in PBS-Ca/Mg for 30 min at 4 °C. To allow biotinylated EGFR uptake from the cell surface and monitoring its recycling back over time, cells were re-incubated with fresh DMEM containing 0.3% or 10% FBS for different periods of time at 37 °C followed by incubation at 4 °C in reducing solution (50 mM reduced glutathione, 90 mM NaCl, 10% FBS, 1 mM MgCl2, 0.1 mM CaCl2, 0.1 N NaOH; glutathione-chase). Cells were lysed in ice-cold TX-PP buffer, and cell extracts were clarified by centrifugation at 13,000× g for 10 min at 4 °C. Samples containing soluble, biotinylated proteins were subjected to pull-down with Neutravidin Agarose before processing by SDS-PAGE and immunoblotting.




4.9. Statistical Analysis


Statistical analysis was performed using Microsoft Excel for Mac 2011 (Microsoft Corporation, Redmond, WA, USA). When appropriate, results were represented in graphs depicting the mean ± standard deviation. Statistical significance was determined by a two-tailed, paired t-test. p-values > 0.05 or ≤ 0.05 were regarded as not statistically significant or statistically significant, respectively. In the figures, p-values between 0.01 and 0.05 are indicated with one asterisk, p-values between 0.001 and 0.01 are indicated with two asterisks, and p-values less than 0.001 are indicated with three asterisks.





5. Conclusions


In the present work, we report a distinct mechanism by which the overexpression of the oncoprotein GOLPH3 regulates EGFR in T98G cells of glioblastoma multiforme (Figure 10). First, we observed that the silencing of GOLPH3 reduces the proliferation of T98G cells, but unexpectedly that it also increases the total and cell surface levels of EGFR. A detailed analysis of the changes that EGFR underwent showed that silencing GOLPH3 altered EGFR glycosylation, specifically decreased its sialylation and fucosylation. Changes in the glycosylation pattern of EGFR may lead to changes in its localization and trafficking. Our results were consistent with this possibility because we found that silencing GOLPH3 greatly delayed ligand-induced EGFR downregulation and also resulted in EGFR accumulation at endo-lysosomal compartments. Additionally, we found that EGF failed to promote the ubiquitylation of EGFR when the levels of GOLPH3 were silenced, explaining the increase of EGFR at the plasma membrane. Altogether, our findings indicate that in T98G cells GOLPH3 has a role in the glycosylation of EGFR having an impact on the regulation of ubiquitylation, endocytic trafficking, and activation of this receptor. Our findings also highlight the need of considering possible functional heterogeneity in the effects of overexpressed GOLPH3 in different cancer cell lines.
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Figure 1. The knockdown of the Golgi phosphoprotein 3 (GOLPH3) affects proliferation and epidermal growth factor receptor (EGFR) levels in T98G cells. (A) The indicated cells were serum-starved for 24 h and cultured for a further 24 h in the presence of [3H]-thymidine. Cells were harvested and [3H]-thymidine incorporation was quantified with a scintillation counter. Bars represent the mean ± standard deviation (n = 5; ** p < 0.01). (B) Detergent-soluble extracts were prepared from the indicated cells (left panel; Total). Alternatively, the indicated cells were subjected to cell surface biotinylation and after preparation of detergent-soluble extracts, biotinylated proteins were pulled down with Neutravidin-Agarose (right panel; Biotinylated). Samples from total extracts or biotinylated proteins were analyzed by SDS-PAGE followed by immunoblotting using antibodies to detect the proteins indicated on the right. The immunoblot signal of anti-β-actin was used as a loading control. The position of molecular mass markers is indicated on the left. (C) Densitometry quantification of the immunoblot signal of the total or biotinylated levels of EGFR as shown in B. Bars represent the mean ± standard deviation (n = 5; *** p < 0.001). 
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Figure 2. The knockdown of GOLPH3 perturbs the glycosylation processing of EGFR in T98G cells. (A) Detergent-soluble extracts were prepared from the indicated cells grown in 6-well plates, and samples were either left untreated (lanes 1 and 2), treated with Neuraminidase (lanes 3 and 4), or treated with PNGase F (lanes 5 and 6), followed by SDS-PAGE and immunoblot analysis using antibodies to detect the proteins indicated on the right. The immunoblot signal of anti-β-actin was used as the loading control. The position of molecular mass markers is indicated on the left. (B) Detergent-soluble extracts were prepared from the indicated cells, followed by immunoprecipitation (IP) of EGFR. Immunoprecipitated EGFR was analyzed by SDS-PAGE followed by either immunoblot (IB) to EGFR or lectin blot (LB) using the lectins indicated in the right: Sambucus nigra lectin (SNA-I), Aleuria aurantia lectin (AAL), and Peanut agglutinin (PNA). The position of a molecular mass marker is indicated on the left. (C) Densitometry quantification of the immunoblot or lectin blot signal as shown in B. Bars represent the mean ± standard deviation (n = 3; * p < 0.05; ** p < 0.01). 
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Figure 3. The knockdown of GOLPH3 promotes the concentration of EGFR at cell protrusions in T98G cells. (A,B) The indicated cells grown in glass coverslips were fixed, permeabilized and double-labeled with sheep polyclonal antibody to EGFR and rabbit polyclonal antibody to GOLPH3. Secondary antibodies were Alexa-594-conjugated donkey anti-sheep IgG (red channel) and Alexa-488-conjugated donkey anti-rabbit IgG (green channel), and nuclei were stained with DAPI (blue channel). Stained cells were examined by fluorescence microscopy. Merging red, green, and blue channels generated the third image on each row. Arrows indicate regions of increased concentration of EGFR at the cell surface. Bar, 10 µm. (C,D) Histograms of the distribution of fluorescence intensity signal in cell surface areas (5 µm2) at the periphery of the indicated cells, and adjacent to an area of apparent high fluorescence intensity. The fluorescence intensity signal was normalized to that of the area with a lower level in control cells. Bars represent the mean ± standard deviation (n = 20; * p < 0.05; ** p < 0.01; *** p < 0.001). 
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Figure 4. The knockdown of GOLPH3 does not affect the transport of EGFR to the cell surface in T98G cells. (A,B) The indicated cells grown in glass coverslips for 48 h were transiently transfected with a RUSH-EGFR construct that allows the expression of SBP-EGFP-EGFR and Str-KDEL. After 24 h, cells were incubated 1 h with 40 µM biotin for the release of SBP-EGFP-EGFR molecularly hooked to Str-KDEL at the endoplasmic reticulum. Cells were fixed and examined by fluorescence microscopy. Arrows depict cell protrusions. Bar, 10 µm. (C) The indicated cells grown in 6-well plates for 48 h were either mocked transfected (lanes 1 and 2) or transfected with the same RUSH-EGFR construct (lanes 3 and 4). After 24 h, cells were incubated for 1 h either with fresh culture medium alone (lanes 1 and 2) or in the presence of 40 µM biotin. Detergent-soluble extracts were prepared from cells and samples of proteins were analyzed by SDS-PAGE followed by immunoblotting using antibodies to detect the proteins indicated on the right. The upper panel depicts a representative immunoblot performed with an antibody to EGFR, which detects endogenous EGFR and transiently expressed SBP-EGFP-EGFR. The second panel from the top depicts an immunoblot performed with an antibody to GFP, which detects only SBP-EGFP-EGFR. The immunoblot signal of anti-β-actin was used as the loading control. The position of molecular mass markers is indicated on the left. (D) The indicated cells grown in 35-mm glass-bottom culture dishes were transiently transfected as described above. After 24 h, the dishes were transferred to a microscopy heating stage equipped with temperature, humidity, and CO2 controllers. Time-lapse fluorescent images were acquired every 1-min from 4 min before the addition of biotin to a final concentration of 40 µM and for up to 60 min of incubation. The panels show representative images acquired from the respective indicated cells at the indicated times. Arrows depict cell protrusions. Bar, 10 µm. (E–G) Quantification of the time of Golgi delivery (E), Golgi exit (F), and cell surface delivery (G) of SBP-EGFP-EGFR from time-lapse images as shown in D. Bars represent the mean ± standard deviation (n = 10; ns, not statistically significant). 
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Figure 5. The knockdown of GOLPH3 increases the recycling of EGFR at the cell surface in T98G cells. (A,C) The indicated cells grown in 6-well plates were incubated for 1 h with a fresh culture medium containing either high (10%, A) or low (0.3%, C) concentration of fetal bovine serum (FBS). Cells were subjected to cell surface biotinylation at 4 °C using the reducible reagent sulfo-NHS-SS-biotin. Cells were left with no further treatment (-) or incubated at 37 °C for the indicated periods of time followed by the addition of glutathione (+). After the preparation of detergent-soluble extracts, biotinylated proteins were pulled down with Neutravidin-Agarose. Samples from biotinylated proteins (upper panels; Biotinylated) or the total detergent-soluble extracts (bottom panels; Total) were analyzed by SDS-PAGE followed by immunoblotting using an antibody to EGFR. The position of a molecular mass marker is indicated on the left. (B,D) Densitometry quantification of the immunoblot signal of the level of biotinylated EGFR normalized to that of total EGFR from images as shown in A and C. Graphs depict the mean ± standard deviation (n = 3; * p < 0.05; ** p < 0.01; ns, not statistically significant). 
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Figure 6. The knockdown of GOLPH3 impairs ligand-induced internalization and degradation of EGFR in T98G cells. (A,C) The indicated cells grown in 6-well plates were incubated with EGF for the indicated periods of time. Cells were subjected to cell surface biotinylation, and after the preparation of detergent-soluble extracts, biotinylated proteins were pulled down with Neutravidin-Agarose. Samples from biotinylated proteins (A; Biotinylated) or from the total detergent-soluble extracts (C; Total) were analyzed by SDS-PAGE followed by immunoblotting using antibodies to detect the proteins indicated on the right. The immunoblot signal of anti-β-actin was used as the loading control. The position of molecular mass markers is indicated on the left. (B,D) Densitometry quantification of the immunoblot signal of the biotinylated or total levels of EGFR as shown in A and C. Graphs depict the mean ± standard deviation (n = 3; * p < 0.05; ** p < 0.01). (E–H) The indicated cells grown in glass coverslips were incubated for the indicated periods of time with EGF conjugated to tetramethylrhodamine B isothiocyanate (TRITC-EGF; red channel). Cells were fixed, permeabilized, and labeled with sheep polyclonal antibody to EGFR followed by incubation with Alexa-488-conjugated donkey anti-sheep IgG (green channel), and nuclei were stained with DAPI (blue channel). Stained cells were examined by fluorescence microscopy. Images represent the merging of red, green, and blue channels. Yellow indicates the overlapping localization of the red and green channels. Arrows indicate the localization of EGFR at the cell surface. Bar, 10 µm. (I) Quantification of the fluorescence intensity signal of the detection of EGFR as shown in E–H. Bars represent the mean ± standard deviation (n = 20; *** p < 0.001). 
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Figure 7. Effects of the knockdown of GOLPH3 on the dimerization, ubiquitylation, and turnover of EGFR in T98G cells. (A,B) The indicated cells grown in 6-well plates were left untreated (−/−), incubated with the non-permeable crosslinker BS3 (−/+; A), incubated with the permeable crosslinker DSS (−/+; B) or incubated with EGF for 5 min followed by incubation with either BS3 (+/+; A) or DSS (+/+; B). Detergent-soluble extracts were prepared from cells and samples of proteins were analyzed by SDS-PAGE followed by immunoblotting using antibodies to the proteins indicated on the right. The immunoblot signal of anti-β-actin was used as the loading control. The position of molecular mass markers is indicated on the left. (C) The indicated cells grown in 6-well plates were left untreated (−) or treated with EGF for 5 min (+). Detergent-soluble extracts were prepared followed by immunoprecipitation (IP) of EGFR. Immunoprecipitated EGFR was analyzed by SDS-PAGE followed by immunoblot (IB) to detect the indicated proteins on the right. The position of a molecular mass marker is indicated on the left. (D) Densitometry quantification of the ratio between the immunoblot signals for ubiquitin (ubiquitylated EGFR; Ub-EGFR) and EGFR from images as those shown in C. Bars represent the mean ± standard deviation (n = 5; *** p < 0.001; ns, not statistically significant). (E) The indicated cells grown in 6-well plates were subjected to cycloheximide (CHX)-chase for the indicated periods of time. Detergent-soluble extracts were prepared from cells and samples of proteins were analyzed by SDS-PAGE followed by immunoblotting using antibodies to detect the proteins indicated on the right. The immunoblot signal of anti-β-actin was used as the loading control. The position of molecular mass markers is indicated on the left. (F) Densitometry quantification of the immunoblot signal of the levels of EGFR from images as shown in E. The graph depicts the mean ± standard deviation (n = 3; * p < 0.05). 
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Figure 8. The knockdown of GOLPH3 in T98G cells promotes the accumulation of ligand-stimulated internalized EGFR in endo-lysosomal compartments. (A,B) The indicated cells grown in glass coverslips were incubated for 60 min with EGF conjugated to tetramethylrhodamine B isothiocyanate (TRITC-EGF; red channel). Cells were fixed, permeabilized, and double-labeled with sheep polyclonal antibody to EGFR and with either rabbit polyclonal antibody to EEA1 (A) or mouse monoclonal antibody to LAMP1 (B). Secondary antibodies were Alexa-488-conjugated donkey anti-sheep IgG (green channel) and either Alexa-647-conjugated donkey anti-rabbit IgG (blue channel; A) or Alexa-647-conjugated donkey anti-mouse IgG (blue channel; B) and nuclei were stained with DAPI (gray channel). Stained cells were examined by fluorescence microscopy. Merging red, green, blue, and grey channels generated the fourth image on each row; yellow indicates overlapping localization of the red and green channels, cyan indicates overlapping localization of the green and blue channels, magenta indicates overlapping localization of the red and blue channels, and white indicates overlapping localization of all three channels. Insets show 3× magnifications. Yellow and white arrows depict overlapping puncta; red arrows depict enlarged compartments. Bar, 10 µm. (C) Quantification of the fraction of fluorescent signal of TRITC-EGF overlapped to that of EGFR, of EGFR overlapped to that of EEA1, or of EGFR overlapped to that of LAMP1, from images of control (shLuc) and shGOLPH3 cells as those shown in A and B. Bars represent the mean ± standard deviation (n = 10; ** p < 0.01; *** p < 0.001; ns, not statistically significant). (D) Scatter-plot graphs with Pearson’s correlation coefficients obtained from co-localization analyses as described in C. (n = 10; ** p < 0.01; *** p < 0.001). 
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Figure 9. The knockdown of GOLPH3 in T98G cells impairs ligand-induced activation of EGFR. (A) The indicated cells grown in 6-well plates were incubated with EGF for the indicated periods of time. Detergent-soluble extracts were prepared from cells and samples of proteins were analyzed by SDS-PAGE followed by immunoblotting using antibodies to detect the proteins indicated on the right, including antibodies specific to EGFR phosphorylated either at Tyr1068 (p-EGFR-Y1068) or Tyr1086 (p-EGFR-Y1086). The immunoblot signal of anti-β-actin was used as a loading control. The position of molecular mass markers is indicated on the left. (B,C) Densitometry quantification of the ratio between the immunoblot signals for p-EGFR-Y1068 and total EGFR (B) or p-EGFR-Y1086 and total EGFR (C) from images as those shown in A. Bars represent the mean ± standard deviation (n = 3; * p < 0.05; ** p < 0.01). 
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Figure 10. Schematic model of GOLPH3 levels affects glycosylation, ubiquitylation, and trafficking of EGFR in T98G cells. (Left side) Newly synthesized EGFR in T98G cells, which expresses high GOLPH3 levels (1), undergoes N-glycosylation in the Golgi apparatus, including terminal sialylation and fucosylation (2). Monomeric EGFR reaches the cell surface (3). Upon binding to EGF, EGFR dimerization takes place (4) followed by ubiquitylation of its cytosolic domain (5). EGFR internalizes into early endosomes (6) en route to lysosomes for degradation (7). (Right side) Lowering of GOLPH3 levels in T98G cells (8) causes a decrease in terminal sialylation and fucosylation of newly synthesized EGFR (9) without affecting its net trafficking to the cell surface (10). At the cell surface, EGF binds to EGFR causing its apparent normal dimerization (11); however, ubiquitylation of its cytosolic domain is greatly reduced (12). In addition, internalized EGFR into early endosomes shows an increase in its recycling to the cell surface (13), reducing its trafficking to lysosomes for degradation (14) and leading to an increase in EGFR dimers at the cell surface (15). 






Figure 10. Schematic model of GOLPH3 levels affects glycosylation, ubiquitylation, and trafficking of EGFR in T98G cells. (Left side) Newly synthesized EGFR in T98G cells, which expresses high GOLPH3 levels (1), undergoes N-glycosylation in the Golgi apparatus, including terminal sialylation and fucosylation (2). Monomeric EGFR reaches the cell surface (3). Upon binding to EGF, EGFR dimerization takes place (4) followed by ubiquitylation of its cytosolic domain (5). EGFR internalizes into early endosomes (6) en route to lysosomes for degradation (7). (Right side) Lowering of GOLPH3 levels in T98G cells (8) causes a decrease in terminal sialylation and fucosylation of newly synthesized EGFR (9) without affecting its net trafficking to the cell surface (10). At the cell surface, EGF binds to EGFR causing its apparent normal dimerization (11); however, ubiquitylation of its cytosolic domain is greatly reduced (12). In addition, internalized EGFR into early endosomes shows an increase in its recycling to the cell surface (13), reducing its trafficking to lysosomes for degradation (14) and leading to an increase in EGFR dimers at the cell surface (15).



[image: Ijms 21 08880 g010]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
A 10% FBS.

e R
ol .
e Ceaaa
o
o N
- @ - oD
-
- .- TOl
ol

12345 678090

EGFR lovels

H
H
]

H

o5 8

- o shiuc
© ShGOLPH3

© 25 5 78

Time (min)

o shluc
© ShGOLPH3.

25 5 78

Timo (min)






media/file13.png
A shLuc  shGOLPH3 B shLuc  shGOLPH3

- + = = 4+ EGF (50 ng/ml) - + = = + EGF(50ng/ml)
+ + - 4+ + Dss

kba - + - + + BS3 kDa - +

EGFR dimer EGFR dimer

EGFR monomer

C IP:EGFR D 600 - .
hL hGOLPH3 0
snLuc s E‘g 500 - dedke
kba - + - + EGF (50 ng/ml) g: 400 -
| IB: EGFR > £ 300-
: O ® - ns
w E 200 —
5 2 100-
IB: Ubiquitin -~ 0-
- 4+ = + EGF (50 ng/ml)
shLuc shGOLPH3
E shLuc  shGOLPH3 F 450 o shLuc
kDa 0 24 0 24 48 CHX (h) 2 405. o shGOLPH3
2 E .
EGFR [} 100 1 *
2% 75-
e 2 50 -
| G E
--m" 2 =
4 5 6 s 0 _ ‘
0 24 48

Time (h)





media/file12.jpg
A shiue B shiuc__ ShGOLPH3
- -
s

Ub£GFR I EGFR
(Normatizad Units)
-28g888

+ EGF (50 ngimi)
Shiuc shGOLPH3

F o im, o shiue
© shGOLPH3

EGFRlovels
(Normaized Units





media/file18.jpg
T98G cells of glioblastoma multiforme
High GOLPH levels EGF Low GOLPH3 levels

2w
1 Ubiquitylation J,Uhlqunyllllon
Fucg)n
(o T203
-@ TGlycooylmlonl \@.‘

Early GF 4 TGOLPNSJ s Early
endosome endosome
OR o)

o

, 3 S
o d
5

Lysosome

Golgi apparatus





media/file9.png
A 10% FBS

Biotinylation

shLuc shGOLPH3
0 0 25 5 75 0 0 25 5 7.5 minat37°C
kDa - + - + Glutathione
Lt b - - . _Biotinylated
. EGFR
120 -
e s " we an es em e _Total
EGFR
120 -
1 2 3 4 5 6 7 8 9 10
C 0.3% FBS
Biotinylation
shLuc shGOLPH3
0 0 25 5 75 0 0 25 5 7.5 minat37°C
kDa - + - + Glutathione
[ I - omid _ Biotinylated
- — EGER
120 -
mEmEmEam oeme.mw- o0

1 2 3 4 5 6 7 8 9 10

EGFR levels
(Normalized Units)

EGFR levels

(Normalized Units)

100
75 -
50 -
25 -

0 -

*k @ shlLuc
o shGOLPH3

100 -
75 -
50 -
25 -

0 -

0 2.5 5 7.5
Time (min)

@ shlLuc
o0 shGOLPH3

ns ns

0 2.5 5 7.5
Time (min)





media/file14.jpg





media/file5.png
shGOLPH3
Adjacent cell surface area

Qo o o
o wnw o wm
w < <
(s)un pazijew.ion)
Aisuajul ssuadsalony Y493

-

)
I
o
-
O
O

Adjacent cell surface area

»

!a
shGOLPH3

(siun pazijewson)
Aisuajul asusasatony) ¥493






media/file15.png
EGFR

TRITC-EGF EGFR

: % N
= = = =
JUBI21809 UOIE|alI0

EGFR

EGFR

TRITC-EGF

= = = o o O
= == L = = ™
—

(o) Buiddepaao jo uonoesy

LA

uilw 09 493-01141 Ul 09 493-011ul

ShGOLPH3 -
shGOLPH3






media/file19.png
T98G cells of glioblastoma multiforme
High GOLPHS levels EGF Low GOLPHS levels

Ub Ub,Ub
T Ubiquitylation Ve up l, Ublqmtylatlon
Fucose @ @
T Glycosylation | @ @
]

Sialic
Early acid T GOLPH3 l Early
endosome o e

R M é
7 Még 514
O v

O o
Golgi apparatus

Lysosome Lysosome





media/file2.jpg
A f B miecrr C L, S AL P
& ST S o
5707
it
} g2 ®

-
B
=

I A






nav.xhtml


  ijms-21-08880


  
    		
      ijms-21-08880
    


  




  





media/file11.png
A B @ shLuc

— 1501
Biotinylated 2 405 0 shGOLPH3
shLuc shGOLPH3 i: 5 100 T
=2 ek
kDa 0 30 60 0 30 60 minEGF (50 ng/ml) i’ 75+
= 504
- - N == _CCER G £
120 = w = 25 1
=
1 2 3 4 5 6 = 0
0 30 60
Time (min)
C Total D 150 - @ shLuc
shLuc  shGOLPH3 2 42s- ® shGOLPH3
kDa 0 30 60 0 30 60 minEGF (50 ng/ml) T; 3 100 - * -
2 o 754
. Fs e ws W W -EGFR e S ]
120- tu5 i
_ T E 25 -
50— - — — — — — [-2CtiN z"—" 0 -
1 2 3 4 5 6 0 30 60
Time (min)
I
15 min 60 min
500

4004 ——

wol | L
Yoo

200 4

il
0-

M

(Normalized Units)

GIIRITC-EGE |

i
shGOLPH3 15 min | shGOLPH3

EGFR fluorescence intensity

N






media/file6.jpg





media/file1.png
[ %
L #
o = D

Biotinylated

Total
*k%*
| —I-
&)
\3%
O

] ) | |

o O O O O o
n O U o

AN N ™ <«
(siiun pazijew.ion)

I
(=
o
™

S|9A9| Y493
O
T
&
Ay O]
CU
s O, =
> 2
° .
@ ™
x & £
&, 5 O &
O\V 1] O iy
00 I 1 |
o oove 5 B -
L % )
1 [
(1°] o o
Q N ™ w0
(1] = h
[y
H_ \vov
(o)
00 D)
D, %
9 $
] | ) | ] | | ] | | 1 6
o N O 1N O U o
LS~

(syun pazijew.onN)
auipiwAyl-[H,]
<





media/file10.jpg
Biotinylated
Shiuc__ shGOLPHI
s 0 30 60 0 30 60 minEGF (50 ngimi)
- - - —ccrr

123 46 6

Toul
Shiuc _ shGOLPH3
Ka 0 30 60 0 30 60 minEGF (50 ngimi)

- - —eGER
120~

50~ e e e e —factin

125
100

EGFR lovels

(Norm;

150
125
100

EGFR lovels

500

400

300

200

(Normalized Units)

100

EGFR fluorescenco intensity

o shiuc
o shGOLPH

Time (min)

o shiuc
© shGOLPH3

]
Time (min)

5min 60 min






media/file7.png
A SBP-EGFP-EGFR C RUSH-EGFR

& &
o _ov & av
N
a9 v 2
o & & &

180 - »~ ma -SBP-EGFP-EGFR
s [ e . . -EGFR IB: EGFR
0
= 120 -

w 180- == =8 -SBP-EGFP-EGFR
- IB: GFP
E 120-
I
S 357 e = == —— -GOLPH3
:
s 50-
= S — — — -actin
1 2 3 4
D RUSH-EGFR E 10-
shlLuc shGOLPH3 o6 ns
o 7 'ﬁ
S E 20-
5 T 15- _}
= T 5 -
.n_
O
)
vl -.._?Q'
& GDI
b
L)
F
70 -
804 ns
5 = 50- |
O E 40+ _I_
c ———
e T 307
E @ 20-
-
10 -
o LEELL
& &
@ oY
G
B
G
. 09 o
& — 604
T c
5 'E 50 -
m — =
s 29
g & 30_
- 2
e © 20 -
E” 10-
= 0 -
&
~c~“"'¢ ¢
® o
<






media/file16.jpg
A e oo € >

W0 53 6 mincor angm) 38w
- -corr HE
giw
120 L
-pearm: £iw
120- 8%
— N 5

ol EXE

0






media/file3.png
HH &
ANH - sm‘O‘V
- r_.loo K
V.ve
<
|
o I s =
0, 2
2
%
- _.m <
M * \m\o‘v
@ ﬁloo K
I I 1 I I L) I | L) VQQ
o 1N O 1N ©O 1N O I O
SEegegrex
(syun pazijewioN)
jeubis Buipuiq ui3oaT]
o
X I 4
o = < 2
. m o < 2
%, 4 9 4
@ ° .._
: A
o |
1] (=) (=] M (=
o N N N N
B X - - - -
Q
n
1]
o
s .
me
58 a £
%, 3z © o &
L Zao W 0O <
o,
o S| 1+ ©
% 2
oy Yo |1+ ©
.
o % |+ 1 <
% 2
>y %+ 1 ™
=)
%
O .y 11 N
2
%ol 1 -
1]
a
4






media/file17.png
30 60 min

; b
x m “0
({e]
o
™
© b © VW © v o
e & 20 v N
(s19A3] Y493 0} pazijew.oN)
S|9A9] 980LA-¥493-d
O
£
£
(]e
({=]
x T E
ho
(L]
o
™
o v o o v o
w MM 0 n N
(s19A9] Y493 0} pazijew.oN)
S|9A9] 890LA-¥493-d
(1]
E
o)
c b7 o
o o o
= > >
) 4 4
w [0 (18 (1
T O O
= O W iy
E w o o
| | |
™
T e - — _
—
w a - ~ -
Slo B
2l 1 .
Slo
STER T | !
wn
o |
| |
(1] o o
o N o
X - -

A

120 -

50~ qum e au» e @ @ - (-actin





media/file4.jpg
GOLPH3

&

ShGOLPH3

(Normalized Units)
EGFR fluorescence intensity
(Normalized Units)

EGFR fluorescence intensity

Adjacent cell surface area Adjacent cell surface area





media/file0.jpg
B _To Biotinylated c Total _ Biotinylated

. )
P f’f o o I
o &S $s
woa & S il
) HE
= = corn o £3
120- L gi
38-= = _coLems in
e P
so- S .8;,5" S
U





