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Abstract

:

Simple Summary


Epithelial-to-mesenchymal transition (EMT) plays a critical role in cancer progression, contributing to the invasive and migratory abilities of tumor cells. In this study, we show that FBXO11 promotes the degradation of ZEB1, a key EMT regulator, via ubiquitination. Loss of FBXO11 increases ZEB1 levels, enhancing the invasiveness of lung cancer cells, while its overexpression reduces ZEB1 and suppresses invasion. Importantly, higher FBXO11 expression is associated with better prognosis in non-small cell lung cancer (NSCLC), highlighting its potential role as a therapeutic target for controlling EMT and cancer metastasis.




Abstract


Epithelial-to-mesenchymal transition (EMT) affects the invasion and migration of cancer cells. Here, we show that FBXO11 recognizes and promotes ubiquitin-mediated degradation of ZEB1. There is a strong association between FBXO11 and ZEB1 in non-small cell lung cancer (NSLC) in a clinical database. FBXO11 interacts with ZEB1, a core inducer of EMT. FBXO11 leads to increased ubiquitination and proteasomal degradation of ZEB1. Depletion of endogenous FBXO11 causes ZEB1 protein accumulation and EMT in A549 and H1299 cells, while overexpression of FBXO11 reduces ZEB1 protein abundance and cellular invasiveness. Importantly, the depletion of ZEB1 suppresses the increased migration and invasion of A549 and H1299 cells promoted by the depletion of FBXO11. The same results are shown in xenograft tumors. High FBXO11 expression is associated with a favorable prognosis in NSLC. Collectively, our study demonstrates that FBXO11 modulates EMT by mediating the stability of ZEB1 in lung cancer cells.
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1. Introduction


According to GLOBOCAN’s Global Cancer Statistics 2023, lung cancer is the number-one cause of death [1,2]. There are two main histological types of lung cancer, namely small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC). Of these, NSCLC accounts for about 85% [3,4,5,6]. Metastasis is the primary cause of death in patients with lung cancer [7]. Tumor cell invasion and metastasis are closely linked to epithelial-to-mesenchymal transition (EMT). EMT transforms polarized epithelial cells, typically anchored to the basement membrane, into mesenchymal cells with increased migration, invasiveness, and resistance to apoptosis [8]. ZEB1, also known as TCF8 or δEF1, is a key transcriptional regulator of EMT [9,10]. ZEB1 transcriptionally represses the expression of E-cadherin by binding to its promoter region [11]. Research shows that ZEB1 can induce EMT in breast cancer [10], osteosarcoma [12], lung cancer [13], melanoma [14], and other epithelioma, leading to tumor metastasis and promoting drug resistance. High expression of ZEB1 is related to the poor prognosis of cancer patients. Studies by Manshouri R et al. have shown that ZEB1 can become a therapeutic target for metastatic NSCLC. Various F-box proteins, including TrCP1/Fbxw1, Fbxw7, Ppa/Fbxl14, Fbxl5, Fbxo11, and Fbxo45, have been implicated in EMT by facilitating the degradation of EMT-related transcription factors (EMT-TFs) [15,16,17,18,19,20]. FBXO11, as a member of the SCF (Skp1-Cul1-F-box) ubiquitin ligase complex, exhibits E3 ubiquitin ligase activity and methyltransferase activity [21]. FBXO11 was first mentioned as a ubiquitin ligase in diffuse large B-cell lymphomas (DLBCLs), targeting BCL6 for its degradation and stabilization and, thus, inhibiting cell proliferation and inducing cell death [22]. FBXO11 can promote CDT2 polyubiquitylation, and degradation controls the timing of cell-cycle exit [23,24]. FBXO11 can regulate the invasive metastasis of tumor cells by associating with the EMT-related factor Snail, as well as the classical PI3k/Akt signaling pathway [25,26]. Recently, FBXO11 has been reported to be a major negative regulator of MHC class II through ubiquitin-dependent proteasomal degradation of CIITA in breast cancer [27]. In hepatocellular carcinoma, FBXO11 mediates heterogeneous ribonucleoprotein A2/B1 ubiquitination to regulate lipid metabolic reprogramming and promote tumorigenesis [28]. The modulation of cisplatin resistance by the miR-324-5pFBXO11 axis is observed in lung cancer [29]. In this study, we found that FBXO11 interacts with the ZEB1 CZF domain and promotes it ubiquitination and degradation. FBXO11 activity affects the stability and function of the ZEB1 protein, resulting in marked biological effects in vivo. This molecular interplay shapes the proliferative and metastatic competencies of lung cancer cells, thereby transforming their dissemination behavior within the biological milieu.




2. Materials and Methods


2.1. Cell Culture and Transfection


Human embryonic kidney cell HEK293T and human lung adenocarcinoma cell line A549 cells were cultured in DMEM (Gibco, Waltham, MA, USA, C11995500B) with 10% FBS (Kangyuan Biotechnology, Shanghai, China, KY-01000). Human lung adenocarcinoma cell line H1299 cells were grown in RPMI-1640 (Gibco) with 10% FBS. Transfections were performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) per the manufacturer’s instructions.




2.2. Plasmids and Mutagenesis


ZEB1 and FBXO11 cDNA were synthesized and cloned into lentiviral vector pLVX-IRES-neo and pET28a by Miaoling Biology (Wuhan, China). FBXO11 was cloned into a pLVX-IRES-neo vector with Myc tagged. ZEB1 was cloned into a pLVX-IRES-neo vector with Flag tagged. FBXO11 and ZEB1 full-length and truncated mutants of ZEB1 were cloned into a pET28a vector.




2.3. Western Blotting and Immunoprecipitation


Western blotting was conducted as previously described [30]. Cell extracts were prepared with cold RIPA buffer (150 mM NaCl, 50 mM Tris pH 7.5, 1% NP-40, and 10% glycerol). Proteins were separated on 6–12% gels and transferred to PVDF membranes. Membranes (Millipore, Shanghai, China, IPVH00010) were probed with primary antibodies, including FBXO11 (Proteintech, Wuhan, China, #67365-1-Ig), ZEB1 (Santa Cruz Biotechnology, Oregon, USA, #515797), E-cadherin (Proteintech, #20874-1-AP), N-cadherin (BD Transduction Laboratories, #610920), GFP (Proteintech, #66002-1-Ig), and GAPDH (GAPDH; Bioss, Woburn, MA, USA, #0978M).



For immunoprecipitation assays, indicated plasmids were co-transfected with HEK293T cells in six-well plates. After 18 h, transfected cells were treated with 10 μM proteasome inhibitor MG132 (Sigma-Aldrich, St. Louis, MO, USA, C2211) for 6 h and lysed with cold RIPA lysate buffer to collect the supernatant and retain the input. The supernatants were combined with RIPA binding buffer (150 mM NaCl, 50 mM Tris PH 7.5, and 10% glycerol) and 20 μL protein A/G agarose beads (Invitrogen, 20421) and incubated at 4 °C for 6 h. The mixture was subjected to immunoprecipitation with either Flag (Proteintech, #66008-4-Ig) or Myc (Proteintech, #60003-2-Ig) antibodies and slowly overturned overnight at 4 °C. The agarose beads–antigen–antibody mixture was washed thoroughly with RIPA buffer, and Western blot analysis was conducted with indicated antibodies.




2.4. His-Tagged Protein Interaction Pull-Down Assay


FBXO11 wild-type or ZEB1 truncated cDNA was amplified by PCR and cloned into bacterial expression vector pET28a with an N-terminal His tag. The plasmids were transformed into BL21(DE3) (TransGen, Beijing, China, CD601-02). His-tagged FBXO11 protein or ZEB1 truncated proteins were induced by 0.4 mM IPTG at 21 °C for 16 h and purified by Ni-NTA beads (Qiagen, Hilden, Germany, 1018244). The His-tagged FBXO11 proteins or ZEB1-truncated proteins that bound to Ni-NTA beads were washed with PBS and collected at 4 °C. HEK293T cells transfected with ZEB1-Flag or FBXO11-Myc expression constructs were harvested in lysis buffer (50 mM NaH2PO4.H2O pH 8, 300 mM NaCl, 10 mM imidazole, protease inhibitor cocktail) and sonicated (power, 300 W; time, 10 s; interval, 50 s). The sonicated cell lysates were incubated with purified sFBXO11 or ZEB1-truncated proteins and Ni-NTA beads. Proteins that bound to Ni-NTA beads were eluted (50 mM NaH2PO4.H2O, pH 8, 300 mM NaCl, 20 mM imidazole, protease inhibitor cocktail) and subjected to Western blot analysis with indicated antibodies.




2.5. Immunofluorescence


An immunofluorescence assay was performed as previously described [31]. Fluorescence photography was captured with a laser scanning confocal microscope (Leica Microsystems, Wetzlar, Germany, LSM 710). Primary antibodies included FBXO11 (Novussbio, Centennial, CO, USA 100-59826), ZEB1 (Santa Cruz, Dallas, TX, USA, #515797), and E-cadherin (Proteintech, 20874-1-AP). Secondary antibodies included CoraLite488-conjugated (Proteintech, SA00013-2), CoraLite594-conjugated (Proteintech, SA00013-3), and DAPI (Beyotime, Haimen, China) antibodies.




2.6. Lentiviral shRNA Depletion and qRT-PCR


To overexpress or deplete FBXO11 and ZEB1, cells were infected with lentiviral vectors or shRNAs. After puromycin selection, RNA was extracted using Trizol (Thermo Fisher Scientific, Waltham, MA, USA, 15596026). cDNA was synthesized using Takara RR047A-3. cDNA (Takara RR047A-3) was synthesized, and gene expression levels were measured by real-time PCR and normalized to β-actin. Primer and shRNA sequences are reported in Supplementary Tables S1 and S2.




2.7. In Vitro Ubiquitination Assay


Wild-type Ub, Ub-K48, and Ub-K63 plasmids with HA tags were co-transfected with the relevant plasmids. After 18 h, transfected cells were combined with 10 μM proteasome inhibitor MG132 for 6 h. The experimental manipulations were continued according to immunoprecipitation and Western blot analysis with indicated with Flag and HA (Proteintech, #81290-1-RR) antibodies.




2.8. Protein Degradation Assays


HEK293T cells were seeded in 6-well plates for 24 h and transfected with 0.5 μg of indicated expression plasmids. When indicated, 0.2 μg GFP was used as an internal transfection control. After 16 h, transfected cells were treated with 10 μM MG132 or 20 μM Chloroquine (MedChemExpress, Monmouth Junction, NJ, USA, HY-17589) for 8 h and collected with ice-cold whole-cell extraction buffer (25mM β-Glycerophospholipids PH 7.3, 2 mM EGTA, 10 mM EDTA, 10 mM β-mercaptoethanol, 0.1 M NaCl, 1% Triton X-100, protease inhibitor cocktail) for Western blot analysis.




2.9. ZEB1 Half-Life Assay


HEK293T cells were seeded in 6-well plates for 24 h and transfected with 0.5 μg of indicated expression plasmids and 0.2 μg GFP as an internal transfection control. After 24 h, transfected cells were treated with 50 μg/mL cycloheximide (Aladdin, Shanghai, China, C112766) for 0, 2, 4, 6, 8, or 10 h and collected with ice-cold whole-cell extraction buffer for Western blot analysis.




2.10. Transwell Invasion Assay


Transwell chamber membranes (24-well; 8 μM, Costar, Costar, Corning, NY, USA, #3422) were coated with fibronectin (Sigma-Aldrich). Cells (5 × 104) were plated in the top chamber and incubated at 37 °C overnight. Invaded cells were fixed and stained with 1% crystal violet (Solarbio, Beijing, China). Cell numbers were then counted under a microscope.




2.11. Wound-Healing Migration Assay


Cells were seeded in 6-well plates and grown to confluence. A wound was created by scraping with a 200 μL tip. Cells were washed with PBS and cultured in serum-free medium. Wound areas were photographed at 0 and 48 h, and the healing sizes were measured.




2.12. Mouse Subcutaneous Tumor Formation Assay


This study followed the Guide for the Care and Use of Laboratory Animals (Eighth Edition) and was approved by the Animal Ethics Committee of Changchun Wish Technology Company. After stable expression and screening of the corresponding plasmid cDNA in A549 cells infected with lentivirus, the cells were diluted to 5 × 106. Cells were injected subcutaneously into the hindlimbs of 4–6-week-old nude mice (Balb/c-nu/nu). Tumor growth was observed and recorded. After growth to three weeks, the mice were sacrificed and dissected. Tumors were fixed with 4% PFA and paraffin-embedded, and 5 μM thick tumor sections were made. H&E staining was performed, and the sections were observed and photographed under a microscope.




2.13. Molecular Docking


We uploaded the FBXO11 protein sequence and the ZEB1 CZF domain (725-1125 amino acids) truncated protein sequence to LiHDOCK SERVER software (http://huanglab.phys.hust.edu.cn/, accessed on 13 October 2023) for protein–protein docking. Then, the docking combination with the best docking effect (model No. 1) was selected based on the docking score and confidence score and analyzed using PyMOL.




2.14. Kaplan–Meier Plot


We selected patient cohorts from the KM-PLOTTER website (http://kmplot.com/). We selected histological data from 1161 patients with lung adenocarcinoma.




2.15. Statistical Analysis


Patient sample data were downloaded from the TCGA database and grouped according to high and low FBXO11 expression. To investigate FBXO11 expression in the LUAD, we applied independent-sample t-tests to unpaired samples and paired t-tests to paired samples. Categorical data, including sex and tumor differentiation, were analyzed using chi-square tests. All analyses were two-sided and conducted with R 3.2.0 and SPSS 16.0.2. Statistical significance was set at p < 0.05.





3. Results


3.1. ZEB1 as the Major Transcription Factor Induces EMT in Lung Cancer Cells


To clarify the major types of transcription factors that induce EMT in lung cancer cells, we used nickel chloride (NiCl2) to induce EMT in human non-small cell lung cancer cell lines A549 and H1299. NiCl2 induces epithelial–mesenchymal transition (EMT) and enhances cellular invasiveness by generating reactive oxygen species (ROS) and altering DNA methylation, inhibiting the expression of E-cadherin and promoting the upregulation of N-cadherin and vimentin [32]. This mechanism has been validated in a variety of cell models, including lung cancer and renal tubular epithelial cells [33,34]. The expression of E-cadherin gradually decreased with increasing NiCl2 concentration, while ZEB1 expression was upregulated. It is noteworthy that the protein expression of Snail and Slug did not change (Figure 1A). The cell morphology shifted towards mesenchymal cell morphology with 2 mM NiCl2, while the knockdown of ZEB1 was able to resist the induction effect of NiCl2 (Figure 1B). Our previous study demonstrated that FBXO11 ubiquitinates and degrades Snail through the proteasome, thereby blocking Snail-induced EMT and inhibiting tumor metastasis in breast cancer [25,26]. Here, we speculated that FBXO11 might have a similar regulatory effect on ZEB1 in lung cancer cells. Using GEPIA, we performed gene correlation analysis using Transcripts Per Million (TPM) for lung cancer data in the TCGA/GTEx database and found that the ZEB1 gene was positively correlated with the FBXO11 gene (Figure 1C). To explore the role of FBXO11 in the development, progression, and prognosis of cancer, we investigated its expression in normal tissues and tumors in the TCGA and GETx databases (http://gepia.cancer-pku.cn) and found that FBXO11 was highly expressed in a variety of normal tissue compared to tumors, including BRCA, COAD, LUAD, and READ (Figure 1D).



We screened lung adenocarcinoma samples against FBXO11 expression in the TCGA clinical database. FBXO11 expression was not significantly correlated with the ages of the patients, sex, radiation therapy, or smoking history. It is noteworthy that the impact of FBXO11 expression on tumor grade is more likely to be seen in the early stages (I–II) of the tumor, when cancer cells are about to develop and have spread to a small extent (Table 1).




3.2. FBXO11 Associates with ZEB1


To investigate the interaction between FBXO11 and ZEB1, we first transfected the Myc-tagged FBXO11 and Flag-tagged ZEB1 expression constructs into HEK293T cells. Immunoprecipitation of Myc-tagged FBXO11 pulled down Flag-tagged ZEB1. In a reciprocal assay, immunoprecipitation of Flag-tagged ZEB1 also pulled down Myc-tagged FBXO11 (Figure 2A). An immunofluorescence assay further confirmed colocalization of FBXO11 and ZEB1 in HEK293T cells within the nucleus (Figure 2B). Next, we validated the protein interactions and mapped interacting domains by in vitro His pulldown assay. FBXO11 protein consists of an N-terminal F-box motif, a C-terminal zinc-finger-like UBR domain, and several repetitive cysteine-enriched domains located in the center [15]. The His pulldown assays showed the interaction between FBXO11 and ZEB1 (Figure 2C). ZEB1 consists of a central homeodomain (HD) and zinc-finger clusters at the N terminal (NZF) and C terminal (CZF) [10]. ZEB1 and its truncated mutants were expressed as His fusion protein. The ZEB1 C zinc-finger domain is indispensable for binding to FBXO11 by in vitro his pulldown assay (Figure 2D). After determining the binding domain, we simulated the interaction pattern of FBXO11 and ZEB1 C zinc finger using Z dock. The docking results show that the Z-dock docking fraction of FBXO11 and ZEB1 is 1742.563. Residues near the protein–protein interaction interface can form hydrogen bonds, which help stabilize the complex. PyMOL 2.3.0 was used to analyze the docking interaction patterns (Figure 2E). Overall, these results indicate that FBXO11 interacts with ZEB1 in vitro.




3.3. FBXO11 Stabilizes ZEB1 though Ubiquitination Acticity


Given that FBXO11 is an E3 ubiquitin ligase, we investigated its role in ZEB1 ubiquitination and degradation. Co-transfection with FBXO11 led to ZEB1 degradation, which was blocked by proteasome inhibitor MG132 but not by chloroquine, demonstrating that overexpression of FBXO11 caused the proteasomal degradation of ZEB1 (Figure 3A). FBXO11 overexpression significantly increased ZEB1 ubiquitination, particularly K48-linked ubiquitination (Figure 3B). As FBXO11 levels increased, ZEB1 protein levels decreased, indicating concentration-dependent degradation by FBXO11 (Figure 3C). FBXO11 also accelerated ZEB1 turnover but not that of GFP (Figure 3D). Taken together, the results suggest that FBXO11 promotes polyubiquitination and the degradation of ZEB1 protein.




3.4. FBXO11 Regulates the Expression of EMT-Related Factors


To explore the role of FBXO11 in the modulation of the migration and invasion of lung cancer cells, we examined the expression of genes that regulate EMT in A549 and H1299 cells. The depletion of FBXO11 caused marked upregulation of ZEB1 protein levels and downregulation of epithelial marker E-cadherin. Mesenchymal marker N-cadherin was increased (Figure 4A). The conversion of E-cadherin and N-cadherin expression is one of the hallmarks of EMT. Similar results were observed in H1299 lung cancer cells (Figure 4A). Immunostaining also showed that FBXO11 depletion increased the expression of ZEB1 and decreased E-cadherin (Figure 4B). When A549 and H1299 cells were transduced with lentivirus-expressing FBXO11, endogenous ZEB1 and N-cadherin protein and mRNA levels decreased, while E-cadherin protein and mRNA expression increased (Figure 4D). The upregulation of E-cadherin is indicative of EMT and is expected to decrease cell motility and invasion. As expected, the overexpression of FBXO11 in A549 and H1299 cells strengthened intercellular adhesion, resulting in a more clustered morphology (Figure 4C). Concomitantly, in a wound-healing migration assay (Figure 4E) and transwell invasion assay (Figure 4F), the migratory and invasive abilities of the cells were weakened. These results suggest that FBXO11 can regulate the expression of EMT-related factors and affect the migration and invasion in lung cancer cells.




3.5. The FBXO11–ZEB1 Axis Regulates the EMT Pathway in LUAD


Since ZEB1 is a core regulator of EMT, we investigated whether FBXO11 depletion enhanced EMT through the increased expression of ZEB1. Compared with FBXO11 knockdown alone, FBXO11 and ZEB1 double knockdown increased E-cadherin and decreased N-cadherin protein expression, which is similar to the result of ZEB1 knockdown alone (Figure 5A). The depletion of FBXO11 in A549 and H1299 cells gave rise to a predominance of dispersed and elongated single cells (Figure 5B). Similar to ZEB1 knockdown alone, FBXO11 and ZEB1 double knockdown cells showed tight connections and regular arrangement (Figure 5B). Consistent with protein expression and cell morphology, FBXO11 and ZEB1 double knockdown caused decreased cell mobility (Figure 5C) and aggressiveness (Figure 5D). Moreover, ZEB1 knockdown alone showed the lowest cellular mobility and aggressiveness. Together, these results demonstrate that FBXO11 regulated the migration and invasion of A549 cells through ZEB1.




3.6. FBXO11 Inhibits LUAD Progression by Stabilizing ZEB1


To explore the physiological role of FBXO11 and ZEB1 in vivo, we transplanted A549 cells into nude mice (Balb/c-nu/nu) with an immunodeficient system suitable for tumor transplantation and immunology research [35] (Figure 6A). Tumors with FBXO11 deletion showed significant local invasion, while the results for tumors with FBXO11 and ZEB1 double knockdown were similar to those of tumors with ZEB1 single knockdown, with clear tumor boundaries (Figure 6B). Xenograft tumors derived from control A549 cells and FBXO11 overexpression cells both formed well-defined envelope tumors (Figure 6C). These results show that FBXO11 can affect the invasion and metastasis of lung cancer cells by regulating ZEB1 expression both in vivo and in vitro. In the lung cancer database organized by Kaplan–Meier plot, analysis demonstrated that ZEB1 expression levels were negatively correlated with patient survival, and patients with high levels of FBXO11 expression in their tumors had higher overall survival rates and survived longer than patients with low levels of FBXO11 expression (Figure 6D). This is in line with the trend of our findings. Taken together, we confirm that EMT transcription factor ZEB1 plays a major role in the invasion and metastasis of lung cancer and that FBXO11 can ubiquitinate ZEB1 and be recognized by the proteasome for degradation, thereby inhibiting the invasion and metastasis of lung cancer cells (Figure 7).





4. Discussion


Lung cancer is the leading cause of cancer death and has one of the lowest 5-year survival rates among all cancer types [36,37]. It is often accompanied by metastases in late stages [38,39]. During tumorigenesis, progression, and metastasis, cancer cells invade the stroma, enter the bloodstream, and colonize distant organs. It is well-established that epithelial–mesenchymal transition (EMT) and mesenchymal–epithelial transition (MET) are critical for cancer cell dissemination [40]. Classical EMT transcription factors like Snail, Slug, Twist, and ZEB1/2 are upregulated in cancer cells, which enhances their invasive and metastatic potential [41]. ZEB1, in particular, is highly expressed in various cancers and plays a crucial role in tumor progression and metastasis. ZEB1 interacts with the tumor microenvironment, including immune cells, and exhibits varying degrees of radioresistance and drug resistance [42,43]. The SCF (Skp1-Cul1-F-box) ubiquitin ligase complex is the largest family of E3 ubiquitin ligases that mediate the ubiquitination of post-translationally modified target proteins or substrates and their degradation by the proteasome [23,44,45]. F-box proteins are a large family of proteins, of which FBXO11 is a member, and act as an E3 ligase that can play a role in carcinogenesis by regulating oncogenes or tumor suppressors [46,47,48].



This study systematically investigated the molecular mechanisms through which E3 ubiquitin ligase FBXO11 mediates the ubiquitination and degradation of ZEB1, thereby regulating the invasive metastasis of lung cancer cells. We demonstrated that the expression of the FBXO11–ZEB1 axis is strongly associated with the incidence and prognosis of non-small cell lung cancer (NSCLC), the most common type of lung cancer, and has potential as a therapeutic target. Specifically, EMT was induced in human NSCLC A549 cells by NiCl2, leading to the upregulation of ZEB1, while other EMT drivers remained unchanged, underscoring ZEB1’s primary role in the EMT pathway in lung adenocarcinoma cells. Our findings reveal that ZEB1 interacts with FBXO11, which enhances the polyubiquitination and proteasomal degradation of ZEB1 and reduces the intracellular half-life of ZEB1. Low FBXO11 expression in lung adenocarcinoma cells increases ZEB1 protein levels, decreases epithelial marker E-cadherin, and increases mesenchymal markers N-cadherin and vimentin, promoting EMT and enhancing cell migration and invasion. The overexpression of FBXO11 reduces ZEBs1 protein levels and maintains epithelial cell status, suggesting a better clinical prognosis. FBXO11 was also found to inhibit lung cancer cell migration and invasion in vivo in xenograft mice.




5. Conclusions


Our findings elucidate the roles played by FBXO11 and ZEB1 in lung adenocarcinoma from a fundamental molecular perspective. Future research should focus on elucidating the role of the FBXO11–ZEB1 axis in vivo, particularly in human lung cancer. This includes the use of animal models to study resistance and evaluate the therapeutic potential and off-target effects. Such a comprehensive could further validate our findings and explore the clinical implications of the interaction between FBXO11 and ZEB1. In addition, identifying small-molecule inhibitors of FBXO11 and studying their efficacy in preclinical models could pave the way for novel targeted therapies. Our ultimate goal is to develop effective therapies that improve survival and reduce mortality in lung cancer patients.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/cancers16193269/s1: Figure S1: Morphological changes in A549 cells were induced by NiCl2; Figure S2: FBXO11 and UBR5 are not colocalized in the nucleus. Immunofluorescence assay probing the colocalization of FBXO11 (Green) and UBR5 (Red). Scale bar: 50 µm. Table S1: q-PCR primers; Table S2: Lentiviral packaging sequence; Original blot data file.





Author Contributions


X.Z.: investigation, methodology, data curation, and writing—original draft; Z.H.: formal analysis and software; R.L.: data curation and visualization; Z.L.: resources; L.M.: validation; Y.J.: conceptualization, project administration, funding acquisition, management, and writing—review and editing. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by grants from the Jilin Provincial Scientific and Technological Development Program (20220101276JC and 20210402018GH).




Institutional Review Board Statement


The animal study protocol was approved by the Ethics Committee of the Changchun Wish Technology Company (approval number: 20231129-01; approved on 24 November 2023).




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets used and analyzed in this paper are available from the corresponding author upon reasonable request.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Wang, C.D.; Wu, Y.X.; Shao, J.; Zhang, L.; Li, H.; Wang, Q.; Liu, X.; Huang, Z.; Zhou, Y.; Xie, Y.; et al. Clinicopathological variables influencing overall survival, recurrence and post-recurrence survival in resected stage I non-small-cell lung cancer. BMC Cancer 2020, 20, 150. [Google Scholar] [CrossRef] [PubMed]

	



Siegel, R.L.; Miller, K.D.; Wagle, N.S.; Jemal, A.; Stiehler, M.F.; Ou, Y.; Ma, J.; Islami, F.; Xu, J.; Cheng, C.; et al. Cancer statistics, 2023. CA Cancer J. Clin. 2023, 73, 17–48. [Google Scholar] [CrossRef] [PubMed]

	



Ruiz-Cordero, R.; Devine, W.P. Targeted Therapy and Checkpoint Immunotherapy in Lung Cancer. Surg. Pathol. Clin. 2020, 13, 17–33. [Google Scholar] [CrossRef]

	



Rami-Porta, R.; Bolejack, V.; Giroux, D.J.; Chansky, K.; Crowley, J.; Asamura, H.; Detterbeck, F.C.; Rusch, V.W.; Tsuboi, M.; Goldstraw, P.; et al. The IASLC lung cancer staging project: The new database to inform the eighth edition of the TNM classification of lung cancer. J. Thorac. Oncol. 2014, 9, 1618–1624. [Google Scholar] [CrossRef] [PubMed]

	



Chansky, K.; Detterbeck, F.C.; Nicholson, A.G.; Rusch, V.W.; Vallieres, E.; Groome, P.; Kennedy, C.; Krasnik, M.; Peake, M.; Shemanski, L.; et al. The IASLC Lung Cancer Staging Project: External Validation of the Revision of the TNM Stage Groupings in the Eighth Edition of the TNM Classification of Lung Cancer. J. Thorac. Oncol. 2017, 12, 1109–1121. [Google Scholar] [CrossRef] [PubMed]

	



Wahbah, M.; Boroumand, N.; Castro, C.; El-Zeky, F.; Dean, S.; de la Cruz, M.; Goel, A.; Chung, J.; Pusztai, L.; Albo, D.; et al. Changing trends in the distribution of the histologic types of lung cancer: A review of 4439 cases. Ann. Diagn. Pathol. 2007, 11, 89–96. [Google Scholar] [CrossRef]

	



Van’t Veer, L.J. Road map to metastasis. Nat. Med. 2003, 9, 999–1000. [Google Scholar] [CrossRef]

	



Kalluri, R.; Neilson, E.G.; Zeisberg, M.; Kanagawa, M.; von Levetzow, C.; Li, Y.; Campbell, H.; Xiao, Y.; Schnaper, H.W.; Ash, S.R.; et al. Epithelial-mesenchymal transition and its implications for fibrosis. J. Clin. Investig. 2003, 112, 1776–1784. [Google Scholar] [CrossRef]

	



Liskova, P.; Tuft, S.J.; Gwilliam, R.; Ebenezer, N.D.; Jirsova, K.; Prescott, Q.; Bhattacharya, S.S.; Delp, M.; Stankovska, M.; Hegedus, L.; et al. Novel Mutations in the ZEB1 Gene Identified in Czech and British Patients With Posterior Polymorphous Corneal Dystrophy. Hum. Mutat. 2007, 28, 638. [Google Scholar] [CrossRef]

	



Wu, H.T.; Zhong, H.T.; Li, G.W.; Zhang, Y.; Liu, M.; Zhu, L.; Li, Z.; Wang, X.; Chen, P.; Zhuang, L.; et al. Oncogenic functions of the EMT-related transcription factor ZEB1 in breast cancer. J. Transl. Med. 2020, 18, 51. [Google Scholar] [CrossRef]

	



Eger, A.; Aigner, K.; Sonderegger, S.; Dampier, B.; Oehler, S.; Schreiber, M.; Mikula, M.; Schwarz, H.; Grillari, J.; Nagy, Z.; et al. DeltaEF1 is a transcriptional repressor of E-cadherin and regulates epithelial plasticity in breast cancer cells. Oncogene 2005, 24, 2375–2385. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, M.; Jike, Y.; Liu, K.; Gan, F.; Zhang, K.; Xie, M.; Zhang, J.; Chen, C.; Zou, X.; Jiang, X.; et al. Exosome-mediated miR-144-3p promotes ferroptosis to inhibit osteosarcoma proliferation, migration, and invasion through regulating ZEB1. Mol. Cancer 2023, 22, 113. [Google Scholar] [CrossRef] [PubMed]

	



Banerjee, P.; Xiao, G.Y.; Tan, X.; Zheng, V.J.; Shi, L.; Rabassedas, M.N.B.; Guo, H.F.; Liu, X.; Yu, J.; Diao, L.; et al. The EMT activator ZEB1 accelerates endosomal trafficking to establish a polarity axis in lung adenocarcinoma cells. Nat. Commun. 2021, 12, 6354. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Lu, X.; Montoya-Durango, D.E.; Liu, Y.H.; Dean, K.C.; Darling, D.S.; Kaplan, H.J.; Dean, D.C.; Gao, L.; Liu, Y. ZEB1 Regulates Multiple Oncogenic Components Involved in Uveal Melanoma Progression. Sci. Rep. 2017, 7, 45. [Google Scholar] [CrossRef]

	



Díaz, V.M.; García de Herreros, A. F-box proteins: Keeping the epithelial-to-mesenchymal transition (EMT) in check. Semin. Cancer Biol. 2016, 36, 71–79. [Google Scholar] [CrossRef]

	



Mao, J.H.; Kim, I.J.; Wu, D.; Climent, J.; Kang, H.C.; DelRosario, R.; Balmain, A.; Reilly, R.; Lu, Y.; Qiu, Z.; et al. FBXW7 targets mTOR for degradation and cooperates with PTEN in tumor suppression. Science 2008, 321, 1499–1502. [Google Scholar] [CrossRef]

	



Lander, R.; Nordin, K.; LaBonne, C. The F-box protein Ppa is a common regulator of core EMT factors Twist, Snail, Slug, and Sip1. J. Cell Biol. 2011, 194, 17–25. [Google Scholar] [CrossRef]

	



Vernon, A.E.; LaBonne, C. Slug stability is dynamically regulated during neural crest development by the F-box protein Ppa. Development 2006, 133, 3359–3370. [Google Scholar] [CrossRef]

	



Vinas-Castells, R.; Frias, A.; Robles-Lanuza, E.; Zhang, K.; Longmore, G.D.; García de Herreros, A.; Batlle, E.; Postigo, A.; Nieto, M.A.; Cano, A.; et al. Nuclear ubiquitination by FBXL5 modulates Snail1 DNA binding and stability. Nucleic Acids Res. 2014, 42, 1079–1094. [Google Scholar] [CrossRef]

	



Xu, M.; Zhu, C.; Zhao, X.; Chen, C.; Zhang, H.; Yuan, H.; Qian, Y.; Liu, J.; Wang, Z.; Li, M.; et al. Atypical ubiquitin E3 ligase complex Skp1-Pam-Fbxo45 controls the core epithelial-to-mesenchymal transition-inducing transcription factors. Oncotarget 2015, 6, 979–994. [Google Scholar] [CrossRef]

	



Chandra, D.S.; Nathubhai, K.N.; Kumar, A. Molecular dynamics simulations elucidate the mode of protein recognition by Skp1 and the F-box domain in the SCF complex. Proteins 2016, 84, 159–171. [Google Scholar] [CrossRef] [PubMed]

	



Duan, S.S.; Cermak, L.; Vangala, D.; Rahman, S.; Nawaz, Z.; Jung, K.H.; Qiu, X.; Lou, H.J.; Cheng, M.; Perna, F.; et al. FBXO11 targets BCL6 for degradation and is inactivated in diffuse large B-cell lymphomas. Nature 2012, 481, 90–94. [Google Scholar] [CrossRef] [PubMed]

	



Rossi, M.; Duan, S.; Jeong, Y.T.; Dai, Q.; Zhang, J.; Chung, S.Y.; Xing, L.; Lu, M.; Feng, Z.; Hu, H.; et al. Regulation of the CRL4Cdt2 ubiquitin ligase and cell cycle exit by the SCF Fbxo11 ubiquitin ligase. Mol. Cell 2013, 49, 1159–1166. [Google Scholar] [CrossRef] [PubMed]

	



Abbas, T.; Keaton, M.; Dutta, A.; Liu, S.; Wang, Z.; Wang, H.; Ranjan, A.; Wei, G.; Zhang, S.; Lin, C.; et al. Regulation of TGF-β signaling, exit from the cell cycle, and cellular migration through cullin cross-regulation SCF-FBXO11 turns off CRL4-Cdt2. Cell Cycle 2013, 12, 2175–2182. [Google Scholar] [CrossRef]

	



Jin, Y.; Anitha, K.; Zhang, Q.; Swensen, J.; Long, D.T.; Reese, J.C.; Wang, L.; Hu, W.; Zhou, J.; Zhang, Y.; et al. FBXO11 promotes ubiquitination of the Snail family of transcription factors in cancer progression and epidermal development. Cancer Lett. 2015, 362, 70–82. [Google Scholar] [CrossRef]

	



Zheng, H.Q.; Shen, M.H.; Zhao, C.; Li, S.; Cheng, J.Q.; Du, Y.; Li, X.; Wang, Y.; Wei, Y.; Li, H.; et al. PKD1 phosphorylation-dependent degradation of SNAIL by SCF FBXO11 regulates epithelial-mesenchymal transition and metastasis. Cancer Cell 2014, 26, 358–373. [Google Scholar] [CrossRef]

	



Kasuga, Y.; Ouda, R.; Watanabe, M.; Goto, A.; Kikuchi, R.; Takahashi, N.; Ito, S.; Yamada, T.; Sugiyama, Y.; Saito, K.; et al. FBXO11 constitutes a major negative regulator of MHC class II through ubiquitin-dependent proteasomal degradation of CIITA. Proc. Natl. Acad. Sci. USA 2023, 120, e2218955120. [Google Scholar] [CrossRef]

	



Zhang, H.; Xia, P.; Yang, Z.S.; Liu, X.; Wang, W.; Chen, L.; Zhang, M.; Sun, Y.; Zhou, H.; Guo, X.; et al. Cullin-associated and neddylation-dissociated 1 regulate reprogramming of lipid metabolism through SKP1-Cullin-1-F-boxFBXO1-mediated heterogeneous nuclear ribonucleoprotein A2/B1 ubiquitination and promote hepatocellular carcinoma. Clin. Transl. Med. 2023, 13, e1443. [Google Scholar] [CrossRef]

	



Ba, Z.C.; Zhou, Y.F.; Sun, M.; Zhang, S.; Zhao, Y.; Li, W.; Zhang, Q.; Zhou, X.; Liu, Y.; Wang, H.; et al. miR-324-5p upregulation potentiates resistance to cisplatin by targeting FBXO11 signalling in non-small cell lung cancer cells. J. Biochem. 2019, 166, 517–527. [Google Scholar] [CrossRef]

	



Sonego, M.; Pellarin, I.; Costa, A.; Vinciguerra, G.L.R.; Coan, M.; Kraut, A.; D’Andrea, S.; Dall’Acqua, A.; Castillo-Tong, D.C.; Califano, D.; et al. USP1 links platinum resistance to cancer cell dissemination by regulating Snail stability. Sci. Adv. 2019, 5, eaav3235. [Google Scholar] [CrossRef]

	



Xu, X.; Zhuang, X.; Yu, H.; Li, P.; Li, X.; Lin, H.; Teoh, J.P.; Chen, Y.; Yang, Y.; Chen, W.; et al. FSH induces EMT in ovarian cancer via ALKBH5-regulated Snail m6A demethylation. Theranostics 2023, 13, 1092–1104. [Google Scholar] [CrossRef] [PubMed]

	



Wu, C.H.; Tang, S.C.; Wang, P.H.; Lee, H.; Ko, J.L. Nickel-induced epithelial-mesenchymal transition by reactive oxygen species generation and E-cadherin promoter hypermethylation. J. Biol. Chem. 2012, 287, 25292–25302. [Google Scholar] [CrossRef]

	



Chen, H.; Ke, Q.; Costa, M.; Zhang, P.; Yan, Y.; Bai, W.; Zhang, Z.; Liu, L.; Huang, C.; Shi, X.; et al. Nickel ions increase the invasiveness of human lung cancer cells via TGF-β signaling pathway. Toxicol. Appl. Pharmacol. 2006, 210, 148–155. [Google Scholar]

	



Zhang, Q.; Bhattacharya, S.; Andersen, M.E.; Conolly, R.B.; Clewell, H.J.; John, B.T.; Zang, Y.; Teng, C.; Wang, L.; Chen, H.; et al. Nickel-induced epithelial-mesenchymal transition via downregulation of E-cadherin in human bronchial epithelial cells. Toxicology 2013, 305, 146–153. [Google Scholar]

	



Ito, M.; Hiramatsu, H.; Kobayashi, K.; Suzue, K.; Kawahata, M.; Hioki, K.; Ueyama, Y.; Sugawara, M.; Nakamura, T.; Tsujimura, K.; et al. NOD/SCID/γc null mouse: An excellent recipient mouse model for engraftment of human cells. Blood 2002, 100, 3175–3182. [Google Scholar] [CrossRef]

	



Maiuthed, A.; Chantarawong, W.; Promjantuek, W.; Rattanaburi, P.; Wattanapan, P.; Worawichawong, S.; Suwankulanan, S.; Jitariu, A.A.; Berindan-Neagoe, I.; Crea, F.; et al. Lung Cancer Stem Cells and Cancer Stem Cell-targeting Natural Compounds. Anticancer Res. 2018, 38, 3797–3809. [Google Scholar] [CrossRef]

	



Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F.; Giovannucci, E.; Misghinna, M.; Lortet-Tieulent, J.; et al. Global Cancer Statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209–249. [Google Scholar] [CrossRef]

	



Thai, A.A.; Solomon, B.J.; Sequist, L.V.; Gainor, J.F.; Heist, R.S.; Shaw, A.T.; Lim, J.K.; McGranahan, N.; Swanton, C.; Landau, D.A.; et al. Lung cancer. Lancet 2021, 398, 535–554. [Google Scholar] [CrossRef]

	



Toyokawa, G.; Yamada, Y.; Tagawa, T.; Takahashi, F.; Yamasaki, Y.; Hirai, F.; Taira, T.; Miyazawa, Y.; Kodama, Y.; Shoji, F.; et al. Significance of spread through air spaces in early-stage lung adenocarcinomas undergoing limited resection. Thorac. Cancer 2018, 9, 1255–1261. [Google Scholar] [CrossRef]

	



Bakir, B.; Chiarella, A.M.; Pitarresi, J.R.; Rustgi, A.K. EMT, MET, Plasticity, and Tumor Metastasis. Trends Cell Biol. 2020, 30, 764–776. [Google Scholar] [CrossRef]

	



Beerling, E.; Seinstra, D.; de Wit, E.; Kester, L.; van der Velden, D.; Maynard, C.; Schafer, R.; van Diest, P.; Voest, E.; van Oudenaarden, A.; et al. Plasticity between epithelial and mesenchymal states unlinks EMT from metastasis-enhancing stem cell capacity. Cell Rep. 2016, 14, 2281–2288. [Google Scholar] [CrossRef] [PubMed]

	



Chen, L.O.; Gibbons, D.L.; Goswami, S.; Cortez, M.A.; Ahn, Y.H.; Byers, L.A.; Zhang, X.; Yi, X.; Dwyer, D.; Lin, W.; et al. Metastasis is regulated via microRNA-200/Z EB1 axis control of tumour cell PD-L1 expression and intratumoral immunosuppression. Nat. Commun. 2014, 5, 5241. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, P.J.; Wei, Y.K.; Wang, L.; Debeb, B.G.; Yuan, Y.; Zhang, J.; Zhou, X.; Li, H.; Xu, W.; Liu, Y.; et al. ATM-mediated stabilization of ZEB1 promotes DNA damage response and radioresistance through CHK. Nat. Cell Biol. 2014, 16, 864–875. [Google Scholar] [CrossRef] [PubMed]

	



Peng, D.H.; Kundu, S.T.; Fradette, J.J.; Diao, L.; Tong, P.; Byers, L.A.; Wang, J.; Zhang, H.; Liu, H.; Wu, Y.; et al. ZEB1 suppression sensitizes KRAS mutant cancers to MEK inhibition by an IL17RD-dependent mechanism. Sci. Transl. Med. 2019, 11, eaaq1238. [Google Scholar] [CrossRef]

	



Zheng, N.; Schulman, B.A.; Song, L.; Miller, J.J.; Jeffrey, P.D.; Wang, P.; Chu, C.; Koepp, D.M.; Elledge, S.J.; Pagano, M.; et al. Structure of the Cul1-Rbx1-Skp1-F boxSkp2 SCF ubiquitin ligase complex. Nature 2002, 416, 703–709. [Google Scholar] [CrossRef]

	



Cardozo, T.; Pagano, M. The SCF ubiquitin ligase: Insights into a molecular machine. Nat. Rev. Mol. Cell Biol. 2004, 5, 739–751. [Google Scholar] [CrossRef]

	



Skaar, J.R.; Pagan, J.K.; Pagano, M. SnapShot: F box proteins I. Cell 2009, 137, 1160–1160.e1. [Google Scholar] [CrossRef]

	



Nelson, D.E.; Randle, S.J.; Laman, H. Beyond ubiquitination: The atypical functions of Fbxo7 and other F-box proteins. Open Biol. 2013, 3, 130131. [Google Scholar] [CrossRef]








[image: Cancers 16 03269 g001] 





Figure 1. EMT is mainly induced in lung cancer cells by transcription factor ZEB1. (A) ZEB1 expression is increased in NiCl2-induced EMT. A549 and H1299 cells were treated with different concentrations of NiCl2 for 2 d. Immunoblotting assays were performed to detect the expression of each EMT marker. (B) Knockdown of ZEB1 in cells resistant to the induction effect of NiCl2. A549 and H1299 shNC or shZEB1 cells were treated with 2 mM NiCl2, and changes in cell morphology were observed under a microscope. Scale bar: 100 μm. (C) FBXO11 is positively correlated with ZEB1. Correlation analysis of LUAD data for TCGA and GTEx on the GEPIA website showed a correlation coefficient of R = 0.69 (p = 0; p < 0.01). TPM: transcripts per million. (D) FBXO11 exhibited higher expression in the normal tissue samples. The GEPIA database was used for FBXO11 expression in normal tissues and tumors (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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Figure 2. FBXO11 associates with ZEB1. (A) FBXO11 interacted with ZEB1 in a co-immunoprecipitation (co-IP) assay. HEK293T cells were transfected with Myc-tagged FBXO11 and Flag-tagged ZEB1 as indicated. Cell lysates were immunoprecipitated with either anti-Myc or anti-Flag antibodies and immunoblotted with anti-ZEB1 and anti-FBXO11 antibodies. (B) FBXO11 and ZEB1 co-location in the nucleus. Immunofluorescence assay probe colocalization of FBXO11 (green) and ZEB1 (red). Scale bar: 50 µm. (C) His pulldown assays showing FBXO11 bound to ZEB1 protein. A Coomassie blue staining image of PAGE gel is shown below to confirm the expression of pET28a and FBXO11. (D) His pulldown assays showing the CZF domain of ZEB1 bound to FBXO11 protein. A Coomassie blue staining image of PAGE gel is shown below to confirm the expression of various forms of ZEB1 proteins. (E) Molecular docking of FBXO11 protein and the ZEB1 CZF domain (725-1125 amino acids) truncated protein. 
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Figure 3. FBXO11 stabilizes ZEB1 though ubiquitination activity. (A) FBXO11 promotes ZEB1 proteasomal degradation. ZEB1-Flag was cotransfected with FBXO11-Myc in HEK293T cells, together with GFP, as well as an empty vector, and treated with DMSO, MG132, or chloroquine as indicated. The expressions of ZEB1 and GFP were assessed by Western blot. (B) FBXO11 promotes K48 polyubiquitinated chain generation of ZEB1 protein. In cellular ubiquitination assays, FBXO11-Myc was co-transfected with ZEB1-Flag plasmids or with HA-Ub-K63 and HA-Ub-K48 plasmids. Western blot was performed, and cell lysates were immunoprecipitated with anti-Flag antibody, then detected by anti-Ub antibody to poly-Ub levels. (C) FBXO11 degrades ZEB1 protein in a concentration-dependent manner. HEK293T cells were transfected with ZEB1-Flag, GFP, or FBXO11-Myc for 48 h, and cell lysates were immunoblotted and screened with anti-Flag antibody. Quantities were calculated as fold changes of 0 μg FBXO11. Error bars represent the SD from 3 independent experiments. * indicates p < 0.05, and *** indicates p < 0.001. Each experiment was repeated at least three times. (D) Exogenous FBXO11 accelerates ZEB1 protein turnover. HEK293T cells were transfected with ZEB1-Flag and GFP, in combination with FBXO11-Myc, and treated with cycloheximide (CHX) as indicated. Cell lysates were subjected to western blot analysis with anti-ZEB1 and anti-GFP antibodies. The graph shows the quantification of ZEB1 protein levels (based on the band intensity from the gels) normalized to GFP over the time course. The ZEB1 protein level at the 0 h time point of CHX treatment was set as 100%. The experiment was repeated three times, and a representative experiment is presented. 






Figure 3. FBXO11 stabilizes ZEB1 though ubiquitination activity. (A) FBXO11 promotes ZEB1 proteasomal degradation. ZEB1-Flag was cotransfected with FBXO11-Myc in HEK293T cells, together with GFP, as well as an empty vector, and treated with DMSO, MG132, or chloroquine as indicated. The expressions of ZEB1 and GFP were assessed by Western blot. (B) FBXO11 promotes K48 polyubiquitinated chain generation of ZEB1 protein. In cellular ubiquitination assays, FBXO11-Myc was co-transfected with ZEB1-Flag plasmids or with HA-Ub-K63 and HA-Ub-K48 plasmids. Western blot was performed, and cell lysates were immunoprecipitated with anti-Flag antibody, then detected by anti-Ub antibody to poly-Ub levels. (C) FBXO11 degrades ZEB1 protein in a concentration-dependent manner. HEK293T cells were transfected with ZEB1-Flag, GFP, or FBXO11-Myc for 48 h, and cell lysates were immunoblotted and screened with anti-Flag antibody. Quantities were calculated as fold changes of 0 μg FBXO11. Error bars represent the SD from 3 independent experiments. * indicates p < 0.05, and *** indicates p < 0.001. Each experiment was repeated at least three times. (D) Exogenous FBXO11 accelerates ZEB1 protein turnover. HEK293T cells were transfected with ZEB1-Flag and GFP, in combination with FBXO11-Myc, and treated with cycloheximide (CHX) as indicated. Cell lysates were subjected to western blot analysis with anti-ZEB1 and anti-GFP antibodies. The graph shows the quantification of ZEB1 protein levels (based on the band intensity from the gels) normalized to GFP over the time course. The ZEB1 protein level at the 0 h time point of CHX treatment was set as 100%. The experiment was repeated three times, and a representative experiment is presented.



[image: Cancers 16 03269 g003]







[image: Cancers 16 03269 g004] 





Figure 4. FBXO11 affects the expression of EMT-related factors. (A) Endogenous FBXO11 knockdown changes the expression of ZEB1 and EMT marker genes in lung adenocarcinoma cells. Immunoblotting analysis and quantitative RT-PCR analysis of ZEB1 and EMT markers in A549 and H1299 cells was transduced with lentiviral shRNAs targeting control or FBXO11. Error bars represent the SD from 3 independent experiments. * indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001. (B) Immunofluorescence analysis of ZEB1 and E-cadherin protein expression in control and shFBXO11 of A549 and H1299 cells (ZEB1, red; E-cadherin, green; DAPI, blue). Scale bar: 50 μm. (C) FBXO11 overexpression affects changes cells into the mesenchymal phenotype. Cell morphology in A549 and H1299 cells with overexpressed Mock or FBXO11. Scale bars: 100 μm. (D) The overexpression of FBXO11 alters the expression of ZEB1 and EMT marker genes in lung adenocarcinoma cells. Immunoblotting and quantitative RT-PCR analysis of ZEB1 and EMT markers in A549 and H1299 cells transduced with Mock or FBXO11. Error bars represent the SD from 3 independent experiments. ** indicates p < 0.01, and *** indicates p < 0.001. (E) Wound-healing assay showing the migration of A549 and H1299 cells after transfection with Mock or FBXO11-Myc. Representative images are shown 0 and 48 h post scratch (n = 3). Scale bars: 100 μm. (F) Transwell assay showing the invasion of A549 and H1299 cells transfected with Mock or FBXO11-Myc (n = 3). Scale bars: 100 μm. 
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Figure 5. The FBXO11–ZEB1 axis regulates the EMT pathway in LUAD. (A) Detection of FBXO11 or ZEB1 in A549 and H1299 cells expressing the indicated shRNAs. (B) The FBXO11–ZEB1 axis regulates epithelial–mesenchymal cell morphology in lung cancer cells. Morphological changes in A549 and H1299 control, shFBXO11, and shZEB1 and co-knockdown of ZEB1 and FBXO11 cells. Scale bars: 100 μm. (C) FBXO11 affects the migratory ability of A549 and H1299 cells via ZEB1. Scratching experiments were performed to analyze changes in the migratory capacity of A549 and H1299 control, shFBXO11, and shZEB1 and co-knockdown of ZEB1 and FBXO11 cells. Scale bar: 100 μm. The area of cell invasion was counted (n = 6). ** indicates p < 0.01, *** indicates p < 0.001. (D) Cell invasiveness is moderated in vitro via the FBXO11–ZEB1 axis. A transwell assay to was conducted to analyze changes in the invasive capacity of A549 and H1299 control, shFBXO11, and shZEB1 and co-knockdown of ZEB1 and FBXO11 cells. Scale bar: 100 μm. The count of cells crossing the basement membrane was n = 6. ** indicates p < 0.01, and *** indicates p < 0.001. 
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Figure 6. FBXO11 inhibits LUAD progression by stabilizing ZEB1. (A) Diagram of mouse hindlimb injection with A549 cells. (B) The FBXO11–ZEB1 axis controls tumor cell infiltration. Xenograft experiments were performed to analyze changes in the invasive ability of control, shFBXO11, shZEB1, co-knockdown, ZEB1, and FBXO11 cells in mice. Scale bars: 50 μm. (C) Xenograft experiments were performed to analyze changes in the invasive ability of A549, Mock, and FBXO11 cells in mice. Scale bars: 50 μm. (D) High ZEB1 and low FBXO11 expression predict poor prognosis. Kaplan–Meier plot of overall survival of lung cancer patients stratified by the expression of ZEB1 and FBXO11 genes. Data were obtained from KMplot.com. 
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Figure 7. FBXO11 regulates EMT and metastasis through ZEB1 in LUAD. FBXO11-dependent ubiquitination and ZEB1 protein stability regulate the invasion and metastasis of lung cancer cells. 
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Table 1. Correlation of FBXO11 expression with clinicopathological covariates in lung cancer patients.
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	Characteristic
	FBXO11—High (n = 286)
	FBXO11—Low (n = 286)
	p Value *





	Age (years), mean (SD)
	66 (60.73)
	66 (57.72)
	0.407 †



	Sex (n(%))
	
	
	0.737



	Women
	153 (53.5)
	157 (54.9)
	



	Men
	133 (46.5)
	129 (45.1)
	



	Radiation therapy
	
	
	0.385



	No
	224 (78.4)
	195 (68.2)
	



	YES
	33 (11.5)
	36 (12.6)
	



	Missing
	29 (10.1)
	55 (19.2)
	



	Smoking history
	
	
	0.718



	≤2
	100 (35)
	108 (37.8)
	



	>2
	177 (61.9)
	167 (58.4)
	



	Missing
	9 (3.1)
	11 (3.8)
	



	Tumor stage
	
	
	0.146 ‡



	i
	169 (59.1)
	141 (49.4)
	



	ii
	56 (19.6)
	77 (26.9)
	



	iii
	47 (16.4)
	46 (16.1)
	



	iv
	12 (4.2)
	15 (5.2)
	



	Missing
	2 (0.7)
	7 (2.4)
	







* χ2 test or Fisher’s exact test. † Student’s t test. ‡ Mann–Whitney U test (non-parametric). Missing values are excluded for all statistical tests.
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