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Aims and Hypothesis: This study aims to investigate the mechanism involved in intracellular regulation of EGFR degradation induced by EGF.

Methods: Phosphorylation of proteins related to EGFR signaling was examined by western blot analysis. Activation, connection between Rab35 and folliculin (FLCN) were assessed by pulldown, coimmunoprecipitation assays separately. The relationship between FLCN and cell growth was detected using gene overexpression and knock-down techniques.

Results: Here, we demonstrate that interfering with FLCN, a tumor suppressor, reduces the rate of EGF-induced EGFR degradation, resulting in prolonged activation of downstream signaling. Rab35 is also involved in these processes. Moreover, C-terminal of FLCN binds to and activates Rab35. Of special interest is the observation that erlotinib, a selective EGFR inhibitor, not only obstructs the EGFR-mediated cellular signaling, but also abolishes EGF-stimulated EGFR degradation. Further results reveal that EGF facilitates the activation of Rab35, and FLCN modulates EGF-dependent Rab35 activation and cell growth.

Conclusions: Taken together, our study proposes a negative-feedback regulation model in which FLCN mediates EGF-induced Rab35 activation, thereby increasing EGFR degradation and attenuating EGFR signaling.
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INTRODUCTION

Epidermal growth factor receptor (EGFR), the first receptor tyrosine kinase (RTK) discovered more than three decades ago, has emerged as a central regulator of critical cellular processes including proliferation, differentiation and motility. EGFR achieves these functions mainly by activating RAF-MEK-ERK1/2 and PI3K-AKT signaling cascades (Ullrich et al., 1984; Hunter, 2000; Schlessinger, 2000). Excessive activation of EGFR and of the downstream signal transducers are found in many diverse cancers. Therefore, drugs that target the EGFR signaling pathway have been approved for the treatment of cancer (Tebbutt et al., 2013; Tomas et al., 2014). Unfortunately, an increasing number of studies revealed that a complex network of feedback regulation triggers the resistance to these target therapies and limits their overall clinical benefits (Avraham and Yarden, 2011; Lee et al., 2014; Li and Mansmann, 2014).

Receptor endocytosis is a major negative feedback loop that plays a key role in spatiotemporal regulation of signaling (Avraham and Yarden, 2011; Er et al., 2013; Jones and Rappoport, 2014). Binding of ligands to EGFR induces EGFR autophosphorylation at the plasma membrane and its internalization to the early endosome, where EGFR is sorted for recycling to the cell surface or degradation in the lysosome. The fate of the EGFR is influenced by cellular context, ligand type, concentration and duration of stimulation, and has significant consequences for cellular signaling outputs (Tomas et al., 2014). Although some reports showed that the inability of EGFR internalization and degradation is implicated in carcinogenesis, the mechanisms related to carcinogenesis remain incomplete (Deribe et al., 2009; Goueli et al., 2012).

Rab GTPases constitute the largest family of small GTPases. Together with their regulators, they control many aspects of intracellular trafficking. Rab GTPases cycle between active GTP-bound and inactive GDP-bound states by GEF, GAP, and other GTPase-activating proteins (Stenmark, 2009). Rab35, a highly conserved Rab during evolution, predominantly functions in endosomal trafficking by controlling the location of cargo such as transferrin, β1-integrin, cadherin (Patino-Lopez et al., 2008; Allaire et al., 2013; Charrasse et al., 2013; Argenzio et al., 2014; Tang et al., 2015). Aberrant Rab35 expression and gene mutation are associated with malignance, however, the oncogenic as well as tumor suppressive function of Rab35 have been reported previously (Sheach et al., 2009; Allaire et al., 2013; Zhu et al., 2013; Tang et al., 2015; Wheeler et al., 2015). In particular, Rab35 knockdown significantly enhances EGFR signaling and cell migratory capacity (Allaire et al., 2013; Wheeler et al., 2015). However, whether and how Rab35 contributes to EGFR trafficking remains largely unknown.

Folliculin (FLCN), a tumor suppressor, was originally identified from patients with Birt–Hogg–Dubé syndrome (Nickerson et al., 2002; Schmidt and Linehan, 2015). Subsequent studies demonstrated that it is mutated in various types of cancers including endometrial carcinoma, gastric cancer and colorectal cancer (Fujii et al., 2006; Jiang et al., 2007; Guda et al., 2015). Mechanically, FLCN deficiency in mice facilitates the activation of RAF, MEK, ERK1/2 and AKT (Baba et al., 2008; Hasumi et al., 2009), which are the key transducers of EGFR signaling. Interestingly, crystallographic and biochemical analysis revealed that DENN domain of FLCN has GEF activity toward Rab35 (Nookala et al., 2012). In this study, we hypothesize that FLCN may function as an activator of Rab35 and regulate EGFR intracellular trafficking and its downstream signaling transduction. Here, we show the C-terminal of FLCN binds to Rab35. We moreover establish a negative-feedback regulation model in which FLCN mediates EGF-induced Rab35 activation, thereby increasing EGFR degradation and attenuating EGFR signaling.

MATERIALS AND METHODS

Cell Lines and Cell Culture

Human ovarian cancer cell line HeLa and human embryonic kidney cell line HEK293T were obtained from the Cell Biology Institute of Chinese Academy of Sciences (Shanghai, China). All cells were cultured in Dulbecco's modified Eagle's medium (DMEM, high glucose; Gibco, Thermo Scientific, Grand Island, NY, USA) supplemented with 10% (v/v) fetal bovine serum (FBS; Gibco) and antibiotics (100 U/mL streptomycin and 100 μg/mL penicillin; Invitrogen, USA) in a humidified incubator at 37°C with 5% CO2.

Plasmids and siRNAs

The full-length FLCN plasmid was kindly provided by Dr. Laura S. Schmidt (Department of Urologic Oncology, NCI, USA). Full-length FLCN cDNA was amplified from this plasmid using the following primer set, sense: 5′-CCCAAGCTTATGAATGCCATCGTGGCTC-3′ and antisence: 5′-GCTCTAGATCAGTTCCGAGACTCCGAG-3′. The polymerase chain reaction (PCR) product was cloned into the pCMV-N-Flag (Beyotime, Nantong, China). FLCN cDNA fragments corresponding to the N-terminal (FLCN-NT), C-terminal (FLCN-CT) of FLCN were amplified using the following primer set, sense: 5′-CCCAAGCTTCGGAAGCTGCCAGTCTTC-3′ and antisence: 5′-GCTCTAGATCAGGGCTGCCAGCTCCCACA-3′ and sense: 5′-CCGGAATTCC GGAAGCTGCCAGTCTTC-3′ and antisence: 5′-CCGCTCGAGTCAGTTCCGAGACTCCGAG−3′ by PCR and ligated into pCMV-N-Flag. pEGFP-Rab35 (WT, S22N, and Q67L) plasmids were kindly provided by Dr. Matthew P. Scott (Department of Medicine, Stanford University, Stanford, California, USA). Full-length Rab35 cDNA was amplified from the Rab35 WT plasmid using the following primer set, sense: 5′-CGGAATTCATGGCCCGGGACTACGAC-3′ and antisence: 5′-CCGCTCGAGTTAGCAGCAGCGTTTCTT-3′. The PCR product was cloned into the pGEX-4T-1. The cells were seeded in six-well plate, cultured to 80% confluence, and then transfected with those plasmids by ExFect™ Transfection Reagent (Vazyme Biotech, Piscataway, NJ, China).

The small interfering RNA (siRNA) were chemically synthesized and purified by China GenePharma Co. FLCN: 5′-GAUAAAGAGACCUCCAUUAdTdT-3′; and Rab35: #1, 5′-GCAGCAACAACAGAACGAUdTdT-3′, #2, 5′-GCUCACGAAGAACAGUAAAdTdT-3′ and #3, 5′-GAUGAUGUGUGCCGAAUAUdTdT-3′. Cells were transfected with siRNA by Lipofectamine 2000 (Invitrogen).

Reagents and Antibodies

EGF was purchased from R&D systems (Minneapolis, MN, USA). Cyclohexamide (CHX) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from Sigma (USA). Erlotinib was purchased from ApexBio Technology (USA). Phospho-ERK1/2, Phospho-AKT (473), AKT, GFP, FLCN rabbit antibodies, and ERK1/2 mouse antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA). Normal mouse IgG, normal rabbit IgG, GAPDH and EGFR rabbit antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). GFP mouse antibody was purchased from EarthOx (USA). Rab35 rabbit antibody was purchased from Biogot technology (Nanjing, Jiangsu, China). Flag mouse antibody was purchased from Sigma. HRP-conjugated secondary antibody was purchased from Santa Cruz Biotechnology.

Western Blot

Sample protein extraction and concentration determination of whole cells were performed as previously described (Deng et al., 2016). Briefly, equal amounts of protein were run on SDS polyacrylamide gels and transferred to nitrocellulose membrane. The resulting blots were blocked with 5% non-fat dry milk and incubated with primary antibodies overnight at 4°C. Protein bands were then detected by incubating with HRP-conjugated secondary antibodies for 2 h at room-temperature and visualized with ECL reagent (Millipore, Billerica, MA, USA) by Chemi Doc XRS and gel imaging system (Bio-Rad, USA). Densitometry analysis was performed using Quantity One software and band intensities were normalized to those of GAPDH.

In Vitro Pull Down Assays and Immunoprecipitation

All cells were lysed with lysis buffer (20 mM Tris PH7.5, 150 mM NaCl, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM EDTA, 1% Na3VO4, 0.5 μg/ml leupeptin, 1 mM PMSF). For in vitro binding assays, GST fusion proteins were first purified on MagneGST glutathione particles (Promega, Madison, WI). Five hundred micrograms of cell lysates transfected with target proteins were then incubated with GST fusion proteins. For immunoprecipitation assays, 500 μg of cellular proteins were precipitated and ralated protein were detected by western blot, as described previously (Duan et al., 2016). Antibodies against FLCN, Rab35 and GFP were used at dilutions of 1:100, 1:50, and 1:100 for immunoprecipitation, respectively.

Measurement of Rab35 Activity

The Rab35-binding domain (RBD35) of mRUSC2 (aa 739–862) was amplified by PCR and ligated into pGEX-2T using EcoRI and SalI sites. It was generated as previously reported. GST-RBD35 was expressed in bacteria and purified by MagneGST glutathione particles at 4°C with constant rotation for 30 min. HeLa cells were serum-starved for 12 h and treated with 10 ng/mL EGF (5–60 min), then proteins were extracted and activation of Rab35 was measured as previously described (Deng et al., 2016).

MTT Assay

Cells transfected with plasmids or siRNA were seeded at a density of 1 × 105 cells per well into 96-well plate and treated with EGF for the indicated times and doses. After culture, cells were washed, MTT was added and the plate was incubated in the dark for 4 h, followed by measurement of absorbance value at 490 nm using a microplate absorbance reader (Bio-Tek, Elx800, USA). The fold growth was calculated as the absorbance of drug treated sample/control sample absorbance × 100%.

EdU Staining

Cell proliferation was measured using EdU staining kit according to the manufacturer's instruction (RiboBio, Guangzhou, China). In brief, cells were cultured in 96-well plate until reaching 70% confluence, then EdU was added to the culture media for 2 h. After fixing by paraformaldehyde, the cells were washed with PBS. Then, the cells were incubated with glycine and washed with PBS containing 0.5% Triton X-100. After the cells were counterstained with hochest33342, cells were mounted and imaged by fluorescence microscopy.

Statistical Analysis

Data were presented as mean ± standard error of the mean (SD). Statistical analyses were performed using Prism 5.0 software (GraphPad Software, USA). Student's t-test was used for comparison between groups. Values of P < 0.05 were considered statistically significant. All experiments were repeated at least three times.

RESULTS

Active Rab35 Promotes EGFR Degradation and Attenuates EGFR Signaling

A previous study showed that knock down of Rab35 significantly enhanced the serum-induced EGFR recycling and signaling in both COS-7 and U251 cells (Allaire et al., 2013). In order to address whether Rab35 regulates EGFR abundance and signaling with EGF stimulation, we assessed EGFR degradation in HeLa cells, a model cell line with moderate EGFR abundance and complete endomembrane system (Sigismund et al., 2005; Spangler et al., 2010). Serum-starved HeLa cells were stimulated with EGF (10 ng/mL) for indicated times in the presence of the protein synthesis inhibitor cycloheximide (CHX). We observed EGF-induced degradation of EGFR, and this model was used in the following experiments. Compared with control cells, cells depleted of Rab35 by siRNA suppressed EGF-induced EGFR degradation and enhanced EGFR signaling (Figure 1A). To confirm these results, we repeated EGFR degradation assays by overexpression of three different constructs of Rab35 in HeLa cells. Dominant negative GDP-locked Rab35-S22N (Rab35 DN) consistently delayed EGFR degradation and enhanced the activation of ERK1/2 and AKT compared with wild-type Rab35 (Rab35 WT), while constitutively active GTP-locked Rab35-Q67L (Rab35 CA) facilitated EGFR degradation and attenuated EGFR signaling (Figure 1B). Together, these data suggest that active Rab35 is necessary to promote EGF-induced EGFR degradation and reduce EGFR signaling activation.
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FIGURE 1. Rab35 activation promotes EGFR degradation and attenuates EGFR signaling. (A) HeLa cells were starved overnight and then treated with cycloheximide for 30 min, then stimulated with 10 ng/mL EGF for the indicated time. EGFR, p-Akt and p-ERK1/2 levels were detected by western blot. Data were presented as mean ± SD of 3 independent determinations. (B) Overexpression of different plasmids of Rab35 (Rab35 DN, Rab35 WT, and Rab35 CA) to detect EGF-induced EGFR degradation and its downstream signaling. *P < 0.05 and **P < 0.01 show the comparison between groups at the different time points of EGF stimulation. #P < 0.05 and ##P < 0.01 show the comparison between different groups at a same time point.



FLCN Regulates EGFR Degradation and Its Downstream Signaling

Considering FLCN has GEF activity toward Rab35 (Nookala et al., 2012), we hypothesized that FLCN might also affect the degradation of EGF-induced EGFR and its downstream signaling pathways. To test this, we used EGF to stimulate HeLa cells after transfected with FLCN siRNA pool. The results showed that EGF-stimulated EGFR degradation was significantly slowed down in FLCN-silencing HeLa cells, and knockdown of FLCN resulted in persisting activation of p-AKT and p-ERK (Figure 2A). Moreover, when FLCN is overexpressed, the EGF-induced EGFR degradation was accelerated and the expressions of p-AKT, p-ERK were significantly weakened (Figure 2B).
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FIGURE 2. FLCN promotes EGFR degradation and attenuates EGFR signaling. (A) HeLa cells were transfected with negative control siRNA or siRNA pool for FLCN, (B) pCMV-Flag empty vector or Flag-FLCN, (C) Flag-FLCN, or FLCN-NT. Cells were lysed and subjected to western blot analysis for EGFR expression and phosphorylation levels of its downstream signaling. *P < 0.05 and **P < 0.01 show the comparison between groups with EGF stimulation and without EGF stimulation. #P < 0.05 and ##P < 0.01 show the comparison between different groups at a same time point.



It has been reported that FLCN deficit was mostly due to BHD gene mutation in exon 11, resulting in a C-terminal deletion mutant of FLCN (Schmidt et al., 2005; Hasumi et al., 2009). To prove whether this mutant could affect EGFR degradation and its downstream signaling, we transiently transfected HeLa cells with FLCN full length (FLCN) and N-terminal (FLCN-NT), which is a truncated FLCN analogous to the BHD gene mutation to validate the function of FLCN (Nookala et al., 2012). The result showed that compared with the Flag-FLCN-NT, overexpression of full-length FLCN accelerates EGFR degradation and decreased p-AKT and p-ERK levels (Figure 2C). These results indicated that C-terminal deletion mutant of FLCN could not facilitate EGFR degradation and attenuate its downstream signaling.

FLCN Binds to Rab35

In order to further study the relationship between FLCN and Rab35, we overexpressed FLCN, FLCN-NT, FLCN-CT in HEK293T cells and performed GST-pulldown assays to detect the combination between Rab35 WT and different fragments of FLCN. Results showed that GST-Rab35 bound preferentially to full-length of FLCN, followed by FLCN-CT but not FLCN-NT (Figure 3A). To further validate the relationship of FLCN to Rab35, Rab35DN, and Rab35 WT plasmids were overexpressed in HEK293T cells, respectively. We found that FLCN-CT bound preferentially to Rab35 DN, rather than Rab35 WT or Rab35 CA (Figure 3B), which supports the idea that FLCN is a Rab35 GEF in cells. By immune coprecipitation, we demonstrated that endogenous FLCN binds to Rab35 DN, but not Rab35 WT or Rab35 CA (Figure 3C). Moreover, silencing of FLCN decreased Rab35 activity significantly (Figure 3D). We also found that overexpression of FLCN and FLCN-CT, but not FLCN-NT, significantly enhanced Rab35 activation (Figure 3E). Together, these results indicate that FLCN might act as GEF of Rab35 and its C-terminal domain might be required for its GEF activity.
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FIGURE 3. FLCN functions as an activator toward Rab35 in vitro. (A) HEK293T cells were transiently transfected with Flag-FLCN, Flag-FLCN-NT, or Flag-FLCN-CT plasmid. At 36 h after transfection, lysates of HEK-293T cells was incubated in vitro with GST-tagged Rab35 or GST alone, and coprecipitation of FLCN with GST fusion Rab35 proteins, bound to glutathione-beads, was analyzed by western blot using an anti-Flag antibody. GST, GST alone used as a control. (B) HEK293T cells were transiently transfected with Rab35 CA, Rab35 WT, or Rab35 DN plasmid. At 36 h after transfection, lysates of HEK-293T cells was incubated in vitro with GST-tagged FLCN-CT or GST alone, and coprecipitation of Rab35 with GST fusion FLCN-CT proteins, bound to glutathione-beads, was analyzed by western blot using an anti-GFP antibody. GST, GST alone used as a control. (C) Equal amounts of lysates from the indicated HeLa cells transiently transfected with Rab35 CA, Rab35 WT, or Rab35 DN plasmid were immunoprecipitated with an anti-GFP antibody or IgG, and then both unprocessed lysates (Input) and immunoprecipitates were resolved by western blot using the indicated antibodies. (D) HEK293T cells were transiently transfected with negative control siRNA or FLCN siRNA pool. At 36 h after transfection, cells were lysed and subjected to GST-pulldown analysis for the activity of Rab35. (E) HEK293T cells were transiently transfected with pCMV-Flag empty vector, Flag-FLCN, Flag-FLCN-NT, or Flag-FLCN-CT plasmid. At 36 h after transfection, cells were lysed and subjected to GST-pulldown analysis for the activity of Rab35.



EGF Activates Rab35

To study whether EGF activates Rab35, we stimulated HeLa cells with EGF for 0, 5, 15, 30, and 60 min and then detected Rab35 activity by GST-pulldown assays. As shown in Figure 4A, Rab35 activity reached a peak when EGF stimulated cells for 15 min. To further confirm the role of EGF-EGFR to Rab35, erlotinib was used to inhibit EGFR activity. The results showed that erlotinib inhibited EGFR degradation upon EGF stimulation (Figure 4B). This indicates that EGFR degradation depends on the activation of EGFR. Further experimental results show that erlotinib pretreatment also prevented EGF-induced Rab35 activity in HeLa cells (Figure 4C) as well as in the gastric cancer cell line SGC-7901 (data not shown).
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FIGURE 4. EGF activates Rab35 via EGFR. (A) HeLa cells were serum-starved for 12 h and stimulated with 10 ng/ml EGF for the indicated time. The GTP-bound form of endogenous Rab35 was precipitated by GST-RBD35 through GST-pulldown analysis. (B) HeLa cells were serum-starved and treated with DMSO or 1 μM erlotinib overnight, and then stimulated with 10 ng/ml EGF for the indicated time. Cells were lysed and subjected to western blot analysis for EGFR expression. *P < 0.05 and **P < 0.01 show the comparison between groups with EGF stimulation and without EGF stimulation. (C) HeLa cells were serum-starved and treated with DMSO or 1 μM erlotinib overnight, and then stimulated with 10 ng/ml EGF for 15 min or not. Cells were lysed and subjected to GST-pulldown analysis for the activity of Rab35. **P < 0.01 show the comparison between groups with EGF stimulation and without EGF stimulation, ns (not significant).



FLCN Mediates EGF-Induced Rab35 Activation

In the above studies, we found that FLCN binds to Rab35, but whether FLCN can regulate Rab35 activity in the process of EGF-induced Rab35 activation is unknown. The results here showed that the increased Rab35 activity by EGF stimulation was attenuated when FLCN was silenced in HeLa cells (Figure 5A), suggesting that FLCN mediates EGF-stimulated activation of Rab35. To investigate the role of EGF in regulating the interaction between FLCN and Rab35, we detected the interaction status of FLCN and Rab35 by EGF stimulation. We found that the amount of endogenous Rab35 coprecipitated with FLCN were increased upon EGF stimulation for 15 min (Figure 5B).
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FIGURE 5. FLCN mediates EGF-induced Rab35 activation. (A) HeLa cells were transiently transfected with negative control siRNA or FLCN siRNA pool. At 36 h after transfection, cells were serum-starved overnight and stimulated with 10 ng/ml EGF for 15 min. Cells were lysed and subjected to GST-pulldown analysis for the activity of Rab35. **P < 0.01 show the comparison between groups with EGF stimulation and without EGF stimulation, ns (not significant). (B) HeLa cells were serum-free overnight and then treated with 10 ng/ml EGF for 15 min. Cells were lysed and anti-Rab35 or IgG immunoprecipitates were analyzed for coprecipitation of FLCN by western blot. Unprocessed lysates of HeLa cells was used as input.



Rab35 Acts as a Downstream Effector to Control EGFR Degradation

To investigate whether FLCN regulates EGFR degradation through Rab35, Rab35 CA or Rab35 DN were transfected in FLCN-silencing or FLCN-overexpression cells to detect EGF-induced EGFR degradation separately. The results show that after transfection with Rab35 DN, the degradation of EGFR in HeLa cells was slowed down, whether Flag-FLCN existed in cells or not (Figure 6A). Interestingly, overexpression of Rab35 CA accelerates EGFR degradation when FLCN was interfered with siRNA (Figure 6B). Together, these results indicate that Rab35 may promote EGF-induced EGFR degradation via FLCN-independent manner.
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FIGURE 6. EGFR degradation requires Rab35 activation. (A) HeLa cells were transiently transfected with Rab35 WT or Rab35 DN plasmid and pCMV-Flag empty vector or Flag-FLCN at the same time. Cells were lysed and subjected to western blot analysis for EGFR expression. (B) FLCN-silenced HeLa cells were transiently transfected with Rab35 CA or Rab35 DN plasmid. Cells were lysed and subjected to western blot analysis for EGFR expression.



FLCN Decreases EGF-Induced Cell Growth

EGFR signaling is a central regulator of cellular processes such as viability and proliferation, According to the results of Peter S. McPherson's lab, knockdown of Rab35 significantly increases proliferation rates of COS-7 cells (Allaire et al., 2013). Then, we investigated the effect of FLCN on cell growth using MTT assay and EdU staining. The results showed that the cell growth rate increased after knockdown of FLCN (Figures 7A,D). However, when FLCN-silencing cells were pretreated with erlotinib, cell growth velocity was decreased (Figure 7B). On the contrary, overexpression of FLCN significantly repressed EGF-induced upregulation of cell growth (Figures 7C,E). Data from Gyorffy et al. also showed that expression of FLCN is positive correlation with patient survival in lung cancer and gastric cancer (Gyorffy et al., 2010). Overall, these results showed that FLCN may affect cell growth in an EGFR dependent manner.
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FIGURE 7. FLCN involves in EGF-induced cell growth. (A) HeLa cells were transiently transfected with negative control siRNA or FLCN siRNA pool. At the indicated time points after transfection, cells were analyzed by MTT assay. *P < 0.05 and **P < 0.01 show the comparison between the different time points and the 0 h point in the same group. #P < 0.05 and ##P < 0.01 show the comparison between different groups at a same time point. (B) HeLa cells were transiently transfected with negative control siRNA or FLCN siRNA pool and treated with DMSO or 1 μM erlotinib for 72 h, then cells were analyzed by MTT assay. *P < 0.05 and **P < 0.01 show the comparison with the group transfected with negative control siRNA and treated with DMSO. ##P < 0.01 show the comparison between groups treated with DMSO and 1 μM erlotinib. (C) HeLa cells were transiently transfected with pCMV-Flag empty vector or Flag-FLCN plasmid and stimulated with 10 ng/ml EGF for 72 h, then the cells were analyzed by MTT assay. **P < 0.01 show the comparison between groups transfected with pCMV-Flag empty vector and Flag-FLCN plasmid. ##P < 0.01 show the comparison between groups with EGF stimulation and without EGF stimulation. (D) HeLa cells were transiently transfected with negative control siRNA or FLCN siRNA pool for 72 h, then cells were analyzed by EdU staining. *P < 0.05 show the comparison with the group transfected with negative control siRNA and FLCN siRNA. Scale bar, 100 μm. (E) HeLa cells were transiently transfected with pCMV-Flag empty vector or Flag-FLCN plasmid and stimulated with 10 ng/ml EGF for 72 h, then the cells were analyzed by EdU staining. *P < 0.05, **P < 0.01 show the comparison with group transfected with pCMV-Flag empty vector with other groups. ##P < 0.01 show the comparison between EGF-incubation groups transfected with pCMV-Flag empty vector and Flag-FLCN plasmid. Scale bar, 100 μm.



DISCUSSION

EGFR is shown mutated in a number of tumor types (Lynch et al., 2004; Walker et al., 2009), such mutation leads to its constant activation, which produces uncontrolled cell proliferation. This clinical observation led to the development of anticancer therapeutics directed against EGFR. However, until now, the precise mechanisms about intracellular regulation of EGFR content remain elusive. Similar to EGF (Levi-Montalcini and Cohen, 1960), mice with inactive FLCN in the epidermis have striking delays in eyelid opening (Medvetz et al., 2012), suggesting that FLCN may participate in EGF-EGFR signaling. FLCN has been used to modulate expression and localization of membrane proteins (Medvetz et al., 2012; Nahorski et al., 2012; Goncharova et al., 2014). Here, we propose a model in which negative feedback of FLCN regulates EGFR signaling. FLCN mediates EGF-induced Rab35 activation, leading to EGFR degradation and decreased activity of its downstream signaling. Our findings enrich the complicated network of EGFR signaling and uncover a molecular mechanism of FLCN in tumor suppression.

Increasing evidence has indicated that deletion of FLCN could lead to hyperactivation of various kinases, including ERK1/2 and AKT (Baba et al., 2008; Hasumi et al., 2009). Consistently, we demonstrate here that FLCN-deficiency reduces the rate of EGF-induced EGFR degradation, resulting in the continuous activation of ERK1/2 and AKT in an EGFR-dependent manner. Although biochemical analysis showed that the DENN domain, which is located in the C-terminal of FLCN, possesses GEF activity toward Rab35 (Nookala et al., 2012), activation of RAB35 by FLCN has never been validated in cells. Our results show that in HeLa cells, FLCN binds to Rab35 by its C-terminal, which plays a key role in mediating EGF-induced Rab35 activation and EGFR degradation.

Rab35 has been shown to regulate cargo recycling at endosomes, with an essential role in the regulation of actin cytoskeleton organization (Zhang et al., 2009; Chaineau et al., 2013). It is reported that Rab35 suppresses cell migration by controlling intracellular trafficking and cell surface levels of cadherins and β1-integrin in mammalian cells (Allaire et al., 2013; Charrasse et al., 2013; Argenzio et al., 2014; Tang et al., 2015). Consistent with these studies, our results show that Rab35 increases the rate of EGF-induced EGFR degradation and attenuates its downstream signaling. Furthermore, FLCN functions as an activator toward Rab35 in the process of EGF-stimulation. However, a recent report revealed that depletion of Rab35 inhibits AKT activation in response to growth factors through an underlying PI3K-dependent manner (Wheeler et al., 2015). The conflicting effect of Rab35 activation on AKT activity might depend on the cell context or experimental conditions. We previously demonstrated that Rab35 mediates Wnt5a-induced cell migration and EGF induces epithelial-mesenchymal transition via decreasing Wnt5a transcription (Zhu et al., 2013; Zhang et al., 2015). FLCN is also associated with Wnt signaling (Luijten et al., 2013). Our current observations, together with these previous studies, suggest that FLCN-Rab35 may play an essential role in the cross-talk between EGFR and Wnt signaling, which is necessary for further studies to elucidate the bilateral function of FLCN and Rab35 during oncogenic transformation.

When EGF-induced activation of EGFR signaling is completely blocked, EGFR trafficking is also obstructed in the cells pretreated with erlotinib. This suggests that the regulators of EGFR trafficking may sense EGFR signaling. Determining the upstream regulation mechanism of proteins associated with EGFR trafficking in detail will contribute to the comprehensive understanding of EGFR signal network. In summary, the finding that FLCN/Rab35 pathway contributes to the degradation of EGFR and attenuation of its downstream signaling advances our understanding of EGFR trafficking. However, it remains unclear whether FLCN and Rab35 act by binding to EGFR directly or via an indirect mechanism, further studies are required to investigate how the FLCN/Rab35 pathway promotes EGFR degradation and the association between EGFR and FLCN in clinical samples.
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