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RFWD2, an E3 ubiquitin ligase, is overexpressed in numerous human cancers, including leukemia, lung cancer, breast cancer, renal cell carcinoma, and colorectal cancer. The roles of RFWD2 in cancer are related to the targeting of its substrates for ubiquitination and degradation. This study aimed to investigate the role of TRIB2 in relation to the regulation of protein degradation through RFWD2. inBio Discover™ results demonstrated that TRIB2 can perform its functions by interacting with RFWD2 or other factors. TRIB2 can interact with and regulate RFWD2, which further attends the proteasome-mediated degradation of the RFWD2 substrate p-IκB-α. TRIB2 colocalizes with RFWD2-related IκB-α to form a ternary complex and further affects the IκB-α degradation by regulating its phosphorylation. Specific domain analysis showed that TRIB2 may bind to RFWD2 via its C-terminus, whereas it binds to IκB via its pseudokinase domain. TRIB2 acts as an oncogene and promotes cancer cell proliferation and migration, whereas RFWD2 knockdown reversed the role of TRIB2 in promoting cancer cell growth and colony formation in vitro and in vivo. In summary, this study reveals that TRIB2 promotes the progression of cancer by affecting the proteasome-mediated degradation of proteins through the interaction with RFWD2.
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Introduction

The ubiquitin (Ub) proteasome system plays important roles in regulating the cell cycle, cell proliferation, cell migration, and apoptosis by affecting the levels and activities of biological function-related proteins (1, 2). Substrate proteins are attached with a small and highly conserved Ub protein consisting of 76 amino acids (3). This attachment reaction is catalyzed by E1 Ub-activating enzyme, E2 Ub-conjugating enzyme, and E3 Ub-ligases (4). Then, the polyubiquitinated proteins are degraded timely by the Ub proteasome system (5), which is essential for maintaining cellular activity and homeostasis. Notably, about 80% of intracellular protein proteolysis depends on Ub, and the dysregulation of Ub proteasome system has been involved in various diseases, including cancer (6). The components of Ub proteasome system are also mutated or abnormally expressed in multiple cancers. E3 Ub ligases can recognize and interact with ubiquity late protein substrates (7), which in several cases lead to the upregulation of oncogenic activities and downregulation of tumor-suppressor activities (8).

To date, about 600 putative E3 ligases have been found in the human genome (9). RFWD2 [also called constitutive photomorphogenic 1 (COP1)] is a RING finger containing protein and operates as an E3 Ub ligase for ubiquitination-mediated degradation by targeting its substrate proteins, thus playing an important role in regulating cell proliferation and apoptosis (10, 11). Based on datasets from Oncomine and Gene Expression Omnibus, RFWD2 is found to be overexpressed in various human cancers, including leukemia, lung cancer, breast cancer, renal cell carcinoma, colorectal cancer, ovarian cancer, and hepatocellular carcinoma (12). RFWD2 knockdown significantly suppresses cell proliferation and induces the apoptosis of human hepatocellular carcinoma cells (13). RFWD2-siRNA treatment can also suppress liver cancer growth and reduce tumor mass in nude mice (13). The overexpression of RFWD2 significantly promotes cell proliferation of human chronic lymphocytic leukemia cells (14). These studies demonstrated that RFWD2 is critically involved in tumorigenesis and may be a novel therapeutic target for cancer therapy.

The tribble (TRIB) pseudokinase protein family consists of three members: TRIB1, TRIB2, and TRIB3 (15). These proteins are predicted to contain three domains: an N-terminal PEST region, pseudokinase domain (containing an unusual N-lobe and canonical C-lobe), and C-terminal RFWD2-binding peptide region, which interacts in cis with a pocket formed adjacent to the unusual C-helix in the TRIB pseudokinase domain (15). Through structure–function analyses, Trib1 and Trib2 may act as adapters to recruit RFWD2-E3 Ub ligase by interacting with C-terminal RFWD2-binding motif (16, 17). In addition, RFWD2 accelerates the development of Trib1- and Trib2-induced acute myeloid leukemia in mouse models, which is abrogated when Rfwd2 or Trib1/2 is deleted or mutated (18, 19). These results suggest that RFWD2 forms a complex with Trib1 or Trib2 to exert its oncogenic roles in AML by promoting the ubiquitination and degradation of its related proteins.

We previously reported that TRIB2 promotes lung cancer development and may play an oncogenic role in lung cancers associated with poor outcomes (20). In this study, inBio Discover™ analysis showed that TRIB2 can perform its functions by interacting with RFWD2. To further study the mechanism of oncogenic TRIB2 and its interaction with RFWD2 in lung cancer, performed immunoprecipitation and immunofluorescence experiments showed that TRIB2 colocalizes with RFWD2-related IκB-α to form a ternary complex and further affected IκB-α degradation by regulating its phosphorylation. TRIB2, as an oncogene, promotes cancer cell proliferation and migration, which can be blocked by knocking down RFWD2.



Materials and Methods


Lung Carcinoma Tissues

The experiments were approved by the Medical Ethics Committee of Binzhou Medical University. Severn paired samples of lung adenocarcinoma and adjacent noncancerous lung were obtained from patients who had undergone surgery between October 1, 2018 and July 31, 2019 at Yantaishan Hospital, the Affiliated Hospital of Binzhou Medical University (Yantai, China). Informed consent was obtained from all patients. The tissues were fixed in 10% neutral formalin for immunohistochemistry analysis or extracted with total protein for Western blotting.



Immunohistochemistry

Immunohistochemistry analysis of paraffin-embedded tissue was performed as follows. The sections were dewaxed with xylene, treated with gradient ethanol for hydration, and repaired with EDTA solution (pH 8.0), followed by blocking with goat serum and incubation with normal IgG. The sections were incubated overnight at 4°C with anti-TRIB2 antibody (1:200 Bioss, Beijing, China), and then incubated in biotin-conjugated second antibody. Proteins were visualized using a pv-9000 two-step detection kit (Zhongshan Jinqiao Biotechnology Co., Ltd., Beijing, China).



Cell Culture and siRNA Transfection

A549, H1975, and HeLa cells (Shanghai Institute of Cell Biology, Shanghai, China) were cultured in RPMI-1640 medium (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (Hyclone, Logan, UT, USA), 100 U/ml penicillin, and 100 μg/ml streptomycin at 37°C in a 5% CO2 atmosphere.

Transfection of expression plasmids or short interfering RNAs (siRNAs) into HeLa, A549, and 293T cells was carried out using Lipofectamine™ 3000 (Thermo Fisher Scientific, Waltham, MA, USA; L3000015) according to the manufacturer’s recommendations. All siRNAs were transfected into cells at a final concentration of 50 nM. The sequences of the siRNAs used in this study are shown (Supplementary Table S1).



Western Blotting

Total cell lysates were prepared using RIPA buffer (Beyotime, Shanghai, China). All proteins were separated via SDS-PAGE and transferred onto polyvinylidene fluoride membranes (Invitrogen, Carlsbad, CA, USA). The membranes were incubated overnight at 4°C with the following primary antibodies: p-IKB-α, IKB-α, RFWD2, ubiquitin (1:500, Bioworld Technology, Inc., Minneapolis, MN, USA), TRIB2 (1:1,000, Cell Signaling Technology, Danvers, MA, USA), and p-RFWD2 (1:500, Bioss Biotechnology). Next, the membranes were incubated with horseradish peroxidase-labeled secondary antibodies (1:6,000, Beijing Zhong Shan-Golden Bridge Technology Co., Ltd., Beijing, China), and the signals were detected with an Automatic Image Analysis System (Tanon 5200 Multi, Shanghai, China) following electrochemiluminescence immune reactions.



Plasmids

The DNA sequences of TRIB2-full and its truncated mutants were amplified using pcDNA-TRIB2 as a template. The primer sequences used are as shown in Supplementary Table S2. These DNA fragments were inserted into the p3×flag-CMV-9-10 vector plasmid. To construct the GFP-TRIB2-expressing plasmid, the cDNA for TRIB2 was amplified from pcDNA-TRIB2 using the same primers with Flag-TRIB2-full via PCR and ligated into the pEGFP-C3 plasmid containing an N-terminal GFP tag.



Immunoprecipitation

Cells were seeded into 10-cm plates and transfected with Flag-tagged expression plasmid vectors using Lipofectamine 2000 (Invitrogen) for 48 h. The total lysate was extracted with NP-40 buffer (50 mM Tris-Cl at pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.5% SDS, protease inhibitor mixture) and incubated with 50 µl of Anti-Flag M2 Affinity Gel (Sigma-Aldrich, St. Louis, MO, USA) at 4°C for 2 h. Following centrifugation, the samples were washed with PBS and heated with 40 µl 1× loading buffer, and the supernatant was subjected to SDS-PAGE followed by immunoblotting.

To analyze the interactions among endogenous proteins, 500 µg of cell extracts were incubated with primary antibodies or control IgG overnight at 4°C, and then with protein G/A beads (Invitrogen) for 2 h at 4°C. The beads were washed with lysis buffer, mixed with protein loading buffer, and detected by SDS-PAGE.



Immunofluorescence Detection

Cells growing on glass coverslips were fixed with 4% paraformaldehyde, permeabilized with 0.1% NP-40, and incubated with rabbit antihuman IKB-α/RFWD2 (1:100; Bioworld Technology) overnight at 4°C. The cells were then incubated with Alexa Fluor 488 donkey antirabbit IgG (H+L) or Alexa Fluor 594 donkey antimouse IgG (H+L) (Molecular Probes, Eugene, OR, USA) at 37°C for 1 h. Immunofluorescence was observed using a microscope (DM6000B, Leica, Wetzlar, Germany).



3-(4,5-Dimethythiazol-2-yl)-2,5-Diphenyl tetrazolium Bromide Assay

Cells transfected with siRNAs (GenePharma, Shanghai, China; siRNA sequences were shown in Supplementary Table S1) or pcDNA-TRIB2 plasmids were cultured in 96-well plates for 48 h as described previously (20). Next, 10 µl 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; 5 mg/ml, Sigma-Aldrich) was added to the medium in each well. The medium was removed 4 h later, and 100 µl dimethyl sulfoxide (Sigma-Aldrich) was added, and the OD value (570 nm) was detected with a microplate reader (Multiskan FC, Thermo Fisher Scientific). Each experiment was performed in triplicate and repeated at least three times.



Analysis of Apoptotic Cells

Harvested cells were treated with Annexin V-FITC/PI (KeyGEN Biotech. Co., Ltd., Nanjing, China) according to the manufacturer’s instructions and counted by flow cytometry (Beckman Coulter, Brea, CA, USA). Each experiment was performed in triplicate and repeated at last three times.



Colony-Formation Assay

Cells transfected with indicated siRNAs or plasmids were maintained in culture media for 14 days, followed by staining with crystal violet. Colonies containing more than 20 cells were counted. Each experiment was performed in triplicate and repeated at last three times.



Migration Assays

Cells (104 cells per well in 100 µl fetal bovine serum-free 1640 medium) were seeded into the upper chamber of a Corning Costar Transwell chamber (Sigma-Aldrich), and 600 µl of RPMI-1640 medium containing 20% calf serum was added to the lower chamber. After 16 h, cells in the upper chamber were removed using cotton swabs, and migrated cells in the lower chamber were fixed with 4% paraformaldehyde and incubated with 1% crystal violet (Sigma) for 15 min. After washing with ddH2O, five fields per Transwell were examined under a microscope (DM6000B, Leica). The assay was repeated three times for each group.

Migration assays were also performed using an xCELLigence DP instrument following the manufacturer’s instructions (ACEA Biosciences Inc., San Diego, CA, USA); 1.5 × 105 cells in 100 µl of medium were seeded into the upper compartment of a CIM plate in triplicate per group, after which 160 µl medium containing 20% fetal bovine serum was added to the lower compartment. The cell index, representing the number of migrated cells, was calculated via RECA (real-time cell analysis) software 1.2.1 (ACEA Biosciences).



A549 Lung Adenocarcinoma Cell Xenografts

Animals were grouped by simple randomization of using random number table. A549 cells stably expressing TRIB2 or treated with TRIB2-siRNA or RFWD2-siRNA were harvested, and 2 × 106 cells were injected subcutaneously into the backs of female BALB/C-nude mice aged 6–8 weeks (HFK Bio-Technology, Beijing, China) as previously described (20). The second siRNA was injected into the xenografts on day 14 after the initial treatment. Tumor volumes were measured daily using calipers. The animals were sacrificed by intraperitoneal injection of a barbiturate at 30 days after injection. All animal experiments were approved by the Committee on the Ethics of Animal Experiments of Binzhou Medical University.



Statistical Analysis

SPSS 22.0 software (IBM Corp., Armonk, NY, USA) was used to analyze statistical significance. Data were tested for normal distribution using a normality test. Data are expressed as mean ± SD. The Student’s t-test was used to compare two averages. ANOVA was used for mean comparison of multiple groups; depending on whether the assumption of homogeneity of variance was satisfied or not, the LSD test or the Games-Howell test was used to compare means of different samples. Abnormally distributed data were expressed as median (interquartile range); the Mann-Whitney U test and Kruskal-Wallis H test were used to compare two groups or multiple groups, respectively. Statistical significance was set at P < 0.05.




Results


TRIB2 Promotes Cancer Cell Proliferation and Migration

TRIB2 acts as an oncogene in various tumors. Our previous study demonstrated that the overexpression of TRIB2 is related to the poor survival of patients with lung cancer, and miR-206 and miR-140 induce lung cancer cell death and suppress cell proliferation by regulating oncogenic TRIB2 promoter activity through p-Smad3 (20). To further determine the mechanism of TRIB2 in the progression and development of lung adenocarcinoma (LUAD), we detected the expression of TRIB2 in lung cancer and adjacent normal lung tissues by immunohistochemistry analysis. TRIB2 was overexpressed in lung cancer tissue compared with the adjacent normal lung tissue (Figure 1A). Next, we collected seven lung cancer and adjacent normal lung-tissue samples for Western blotting to detect the expression of TRIB2. We observed that TRIB2 was overexpressed in LUAD (Figures 1B, C). In a previous study, we transfected A549 cells with three pairs of siRNA-targeting TRIB2 and confirmed their effectiveness for knocking down TRIB2 (20). Next, we transiently transfected pcDNA-3.1-TRIB2 or siRNA into A549 cells to determine the role of TRIB2 in cancer after its overexpression or downregualtion (Figures 1D, E). The results of an MTT assay, which was performed to clarify the role of TRIB2 in cancer progression, showed that TRIB2 knockdown inhibited the proliferation of A549 cells (Figure 1F), whereas TRIB2 overexpression promoted the proliferation of A549 cells (Figure 1G). Plate colony formation indicated that cell clones, which were smaller and less abundant following TRIB2 knockdown in A549 cells (p < 0.01; Figures 1H, I), became larger and more abundant after TRIB2 overexpression (p < 0.01; Figures 1J, K).




Figure 1 | Effects of TRIB2 on cancer cell proliferation. (A) Immunohistochemistry analysis of TRIB2 expression in one paired sample of lung anticarcinoma versus adjacent normal lung tissue; bar = 100 μm. (B) Total proteins from seven paired samples of lung adenocarcinoma (T) versus adjacent normal tissues (N) were extracted for Western blotting analysis with antibodies against TRIB2. (C) The levels of TRIB2 in seven lung adenocarcinoma and paired normal lung tissues of (B) was quantified with Image J (NIH, Bethesda, MD, USA) software and normalized to GAPDH, data were expressed as median (interquartile range). (D, E) TRIB2 expression in A549 cells treated with pcDNA-TRIB2 or TRIB2-siRNA and controls was assessed by Western blotting. GAPDH was used as the loading control. (F) TRIB2-siRNA inhibits A549 cell viability by MTT assay following siRNA transfection for 48 h Data represent the mean ± SD; for triplicate experiments. **p < 0.01; LSD test. (G) Overexpression of TRIB2 increases viability of A549 cells by MTT assay. Data represent the mean ± SD; for triplicate experiments. **p < 0.01; LSD test. (H, I) Knocking down TRIB2 inhibits colony formation of A549 cells. Data represent the mean ± SD; for triplicate experiments. *p < 0.05; LSD test. (J, K) Overexpression of TRIB2 increased colony formation of A549 cells. Data represent the mean ± SD; for triplicate experiments. *p < 0.05; LSD test.



Flow cytometry detection was conducted to investigate whether TRIB2-regulated cell proliferation is related to apoptosis. The results obtained demonstrated that the apoptotic rate of A549 cells significantly increased following TRIB2 knockdown but decreased following TRIB2 overexpression (Supplementary Figures S1A, B). Tumor cells often exhibit strong migration capabilities. Cell migration experiments indicated that TRIB2 knockdown significantly inhibited cell migration compared with that in the control group (Supplementary Figures S1C, D; p < 0.05). Following TRIB2 overexpression, the number of migrated cells increased significantly (Supplementary Figures S1E, F; p < 0.05), suggesting that TRIB2 promoted the migration of lung cancer cells. This finding was also supported by cell migration experiments using HeLa cells (Supplementary Figure S2).



TRIB2 Interacts With RFWD2

To investigate the mechanism of TRIB2 in promoting cancer cell proliferation, the interactions between TRIB2 and other proteins were analyzed with inBio Discover™ online (https://inbio-discover.com/#login). With inBio Discover™, we can explore the interactions between proteins, and gain valuable biological functions. The inBio Discover™ results demonstrated that TRIB2 can perform its functions by interacting with RFWD2, C/EBPα, WEE2, etc. (Figure 2A). TRIB2 is also specifically regulated by Wnt signaling in liver cancer cells, which is associated-Ub E3 ligase-TrCP, RFWD2, and Smurf1 reducing TCF4/β-catenin expression (21). To further verify whether the roles of TRIB2 are related to RFWD2 or other Ub E3 ligases, we extracted the total protein from 293T cells transiently expressing Flag-TRIB2 and performed coimmunoprecipitation experiments using an M2 affinity chromatography column binding anti-Flag antibodies. Our results confirmed the interaction between TRIB2 and RFWD2 but did not support the interaction between TRIB2 and polyubiquitin-C (Figure 2B). Coprecipitation experiments with the total lysates of 293T cells showed that anti-RFWD2 antibodies precipitated RFWD2, together with TRIB2 (Figure 2C). These results indicate that TRIB2 can interact with RFWD2, which may be related to TRIB2-regulating cancer cell proliferation.




Figure 2 | TRIB2 interacts with RFWD2. (A) The results of inBio Discover™ showed that TRIB2 may interact with RFWD2, CEBPA, WEE2, etc. (B) 293T cells were transiently transfected with Flag-TRIB2 or Flag vector for 48 h, and then the total lysate was coimmunoprecipitated using M2 affinity gel. (C) Whole-cell lysate of 293T cells was immunoprecipited with RFWD2 antibody followed by immunoblotting with antibodies against indicated proteins. (D) TRIB2 positively regulates the expression of RFWD2 and si-TRIB2 inhibits p-RFWD2 and RFWD2 levels, as shown by Western blotting analysis. Expression levels of RFWD2 and TRIB2 quantified via ImageJ software and normalized to GAPDH. (E, F) Expression levels of IκB-α, p-IκB-α, and p53 in A549 cells treated with pcDNA-TRIB2 or TRIB2-siRNA and controls assessed by Western blotting. GAPDH was used as the loading control.





TRIB2 With RFWD2 Attends Proteasome-Mediated Degradation of Proteins

RFWD2 is an E3 Ub ligase that plays a vital role in the regulation of cell proliferation and apoptosis (12). The abovementioned results showed that TRIB2 can interact with RFWD2, which indicates that the function of TRIB2 may affect the proteasome-mediated degradation of proteins through the interaction between TRIB2 and RFWD2. To investigate this hypothesis, we first detected the effect of TRIB2 on RFWD2 levels after the overexpression or knockdown of TRIB2 by Western blot. The levels of RFWD2 were significantly reduced following TRIB2 knockdown for 48 h in A549 cells but increased following TRIB2 overexpression (Figure 2D). These results indicate that the role of TRIB2 is related to its interaction with and effects on RFWD2. The roles of RFWD2 in cancer is related to targeting its substrates for ubiquitination and degradation, such as p-IκB-α (22), p53, Jun, STAT3, β-catenin, p27, and C/EBPα (12). Next, we detected the levels of RFWD2-related ubiquitination substrate p-IκB-α and p53 after the overexpression or knockdown of TRIB2 by Western blot. Our results showed that TRIB2 overexpression inhibited the p-IκB-α and p53 levels, whereas TRIB2 knockdown resulted in their increase (Figures 2E, F). The abovementioned results indicate that TRIB2 can affect p-IκB-α and p53 levels by regulating RFWD2.

To further investigate the above hypothesis, we selected IκB-α as a research object for coprecipitation experiments with the total lysates of 293T cells. The results showed that anti-RFWD2 antibodies precipitated RFWD2, also together with IκB-α. Further coimmunoprecipitation experiments indicated that IκB-α also interacted with RFWD2 (Figures 2C, 3A). To determine whether TRIB2 interacts directly with IκB-α, we conducted coimmunoprecipitation with cells overexpressing Flag-tagged TRIB2. The results demonstrated that anti-Flag M2 affinity gel precipitated TRIB2 with p-IκB-α (Figure 3B). We next confirmed the endogenous interaction between TRIB2 and p-IκB-α in 293T cells (Figure 3C). We further used eukaryotic expressed and purified TRIB2 and IκB-α proteins in coimmunoprecipitation experiments and observed that IκB-α antibodies may precipitate IκB-α and TRIB2 (Figure 3D). These results indicate that TRIB2, IκB-α, and RFWD2 form a ternary complex with RFWD2 though direct physical interactions, which may be related to the effect of TRIB2 on the proteasome-mediated degradation of proteins with RFWD2.




Figure 3 | TRIB2 with RFWD2 attend proteasome-mediated p-IκB-α degradation. (A) Coimmunoprecipitation with IKB-α antibodies showing interaction between RFWD2 and IκB-α in 293T cells. (B) Coimmunoprecipitation experiments were carried out using total lysates of 293T cells overexpressing Flag and Flag-TRIB2. M2 affinity gel precipitated TRIB2 together with p-IκB-α. (C) Coimmunoprecipitation using 293T lysate and anti-IκB-α antibodies. TRIB2 and IκB-α precipitated together. (D) Expressed and purified eukaryotic TRIB2 and IκB-α proteins used for coimmunoprecipitation experiments to further study the interaction between IκB-α and TRIB2. (E) p-IκB-α and IκB-α expression detected by Western blotting in A549 cells following treatment with various concentrations of MG132. (F) A549 cells were treated with 20 μM MG132 for 6 h following TRIB2 knockdown with siRNA and the total lysate was subjected to Western blotting to detect p-IκB-α and IκB-α expression levels.



Prior studies also supported that TRIB2 regulates the degradation of certain proteins via the Ub-proteasome pathway (23, 24). To further test whether TRIB2 can regulate the degradation of IκB via the Ub–proteasome pathway, we treated A549 cells with various concentrations of MG132, an inhibitor of the proteasome degradation pathway. Western blotting indicated that p-IκB-α expression increased in an MG132 concentration-dependent manner (Figure 3E). The findings confirmed that IκB-α was phosphorylated and entered the ubiquitination degradation pathway. However, IκB-α degradation was blocked when A549 cells were treated with 20 μM MG132 following TRIB2 knockdown with siRNA, suggesting that TRIB2 affected IκB-α degradation by regulating its phosphorylation (Figure 3F).



TRIB2 Colocalizes With RFWD2-Related IκB-α

To test whether TRIB2 affects the proteasome-mediated degradation of protein IκB-α through a ternary complex TRIB2-RFWD2-IκB-α, we performed immunofluorescence staining to evaluate the interactions and colocalization among TRIB2, RFWD2, and IκB-α. Laser confocal microscopy revealed partial colocalization of exogenously expressed GFP-TRIB2 with FRWD2 in A549 cells (Figure 4A) and colocalization of endogenously expressed IκB-α with RFWD2 (Figure 4B). Following the transfection of A549 cells with Flag-TRIB2, immunofluorescence analysis revealed the colocalization of Flag-TRIB2 with IκB-α (Figure 4C). Altogether, these results support that TRIB2, IκB-α, and RFWD2 form a ternary complex. We also used a network tool (PRODIGY, https://nestor.science.uu.nl/prodigy/) to model the three-dimensional structures of TRIB2 and IκB-α and analyzed their potential for interaction with RFWD2. The PRODIGY results indicated that these three proteins directly interact (Figure 4D; Supplementary Table S3).




Figure 4 | Colocation analysis between TRIB2, RFWD2, and IκB-α. (A) Colocalization of RFWD2 (red) and GFP-TRIB2 (green) in A549 cells, observed via confocal microscopy. Immunostaining was performed with primary RFWD2 antibody after A549 cells were treated with GFP-TRIB2. Scale bar = 10 µm. (B) Immunostaining of A549 cells with antibodies against RFWD2 (red) and IκB-α (green). Scale bar = 10 µm. (C) A549 cells transfected with Flag-TRIB2 and subjected to immunostaining with antibodies against IκB-α (green) and TRIB2 (red). Scale bar = 10 µm. (D) Interactions between TRIB2, IκB-α, and RFWD2 analyzed via the PRODIGY Tool.





Mapping the Interaction of TRIB2, RFWD2, and IκB-α

TRIB2 contains an N-terminal PEST region, pseudokinase domain, and C-terminal region (25). To identify the specific domain associated with the interaction of TRIB2 with RFWD2 and IκB-α, we constructed Flag-tagged TRIB2-domain deletion mutants (Figure 5A) and transiently transfected them into 293T cells. After 48 h, coimmunoprecipitation analysis of the total protein extract showed that RFWD2 precipitated together with Flag-TRIB2-Full, Flag-TRIB2-C, and Flag-TRIB2-E, indicating that TRIB2 interacted with RFWD2 mainly via its carboxyl terminus (Figures 5B, C). Flag-TRIB2-Full, Flag-TRIB2-B, and Flag-TRIB2-D coprecipitated with IκB-α, indicating that the pseudokinase domain is mainly required for the interaction between TRIB2 and IκB-α. Because of the affection of the binding of RFWD2 and the structure of mutant Flag-TRIB2-E, a relatively weak band was found in Flag-TRIB2-E. The abovementioned results indicate that TRIB2 may bind to RFWD2 via its C-terminus, whereas it binds to IκB via its pseudokinase domain. Therefore, the combination of TRIB2 with RFWD2 causes no effect on its interaction with IκB-α.




Figure 5 | Mapping interaction of TRIB2 with IκB-α or RFWD2. (A) Diagram showing constructs of Flag-TRIB2 and its deletion mutants. (B, C) Coimmunoprecipitation analysis of the domains of TRIB2 involved in the interaction with RFWD2 and IκB-α in 293T cells treated with Flag-TRIB2 deletion mutants. (D) Expression levels of RFWD2 were decreased in RFWD2-siRNA-treated A549 according to Western blotting. RFWD2 expression was normalized to GAPDH. (E) RFWD2 knockdown attenuated the role of TRIB2 in regulating the expression of p-IκB-α, as shown by Western blotting. Relative intensities of p-IκB-α were normalized to that of GAPDH.



These above results indicate that TRIB2 can regulate the proteasome-mediated degradation of RFWD2. To further understand the biological role of RFWD2 in TRIB2 affecting the proteasome-mediated degradation of RFWD2-related protein, we screened siRNAs that effectively knock down RFWD2 (Figure 5D). siRNAs specific for RFWD2 were cotransfected with the control vector or TRIB2 expression plasmids into A549 cells, and the expression of related proteins was detected. The results showed that the levels of RFWD2-related protein p-IκB-α increased following the RFWD2 knockdown compared with the control treatment (Figure 5E). Our results indicate that the function of TRIB2 in regulating proteasome-mediated degradation requires the participation of RFWD2.



TRIB2 Promotes Cell Proliferation and Migration in a RFWD2-Dependent Manner

The abovementioned results showed that TRIB2 promoted cell proliferation and migration, and that the function of TRIB2 in regulating gene expression requires the participation of RFWD2. We next evaluated whether blocking the RFWD2 activity suppresses the oncogenic role of TRIB2. Using siRNA to knockdown RFWD2, we investigated the effect of RFWD2 on the proliferation and migration of A549 cells. MTT assay showed that proliferation was significantly inhibited in siRNA-treated cells compared with that in the control oligo treatment group (p < 0.01; Figure 6A). Fluorescence-activated cell sorting assay indicated that the apoptosis rate was elevated in siRNA-treated cells (Figure 6B). Real-time cell analysis of migration further showed that RFWD2 knockdown inhibited cell migration (Figures 6C, D; p < 0.01). The results in H1975 cells also supported that siRNA-RFWD2 inhibited cell proliferation and migration, and increased lung cancer cell apoptosis (Supplementary Figure S3). These results indicate that RFWD2 knockdown suppresses A549 cell proliferation.




Figure 6 | TRIB2 promotion of cell growth and migration depends on RFWD2. (A) MTT assay showing that RFWD2 downregulation inhibited A549 cell proliferation. Data were expressed as the mean ± SD from triplicate experiments. **p < 0.01; Student’s t-test. (B) Apoptotic rate of A549 cells transfected with RFWD2-siRNA for 48 h measured via flow cytometry from triplicate experiments. (C, D) RFWD2 knockdown inhibited cell migration. A549 cells treated with siRNAs were analyzed via a real-time migration assay on an xCELLigence RTCS. Data are expressed as the mean ± SD of triplicate experiments. **p < 0.01; Student’s t-test. (E) Viability of A549 cells transfected with the indicated siRNAs analyzed via MTT assay. Data are expressed as the mean ± SD of triplicate experiments. **p < 0.01; ANOVA. (F) Cell viability of A549 cells following treatment with the indicated plasmids or siRNAs, as analyzed by MTT assay. Data are expressed as the mean ± SD of triplicate experiments. **p < 0.01; ANOVA. (G) TRIB2 and RFWD2 downregulation promotes apoptosis, as shown by flow cytometry assay performed in triplicate. (H) Cell apoptosis induced by RFWD2 knockdown is rescued by TRIB2 overexpression as evaluated in triplicate. (I, J) Real-time migration assay on an xCELLigence RTCS showed that simultaneous knockdown of RFWD2 and TRIB2 inhibited migration more strongly than TRIB2 knockdown alone. Cell index represents the mean ± SD of triplicate experiments. **p < 0.01; Student’s t-test. (K, L) Real-time migration assay on an xCELLigence RTCS showed that TRIB2 overexpression recused migration inhibition caused by RFWD2 knockdown. Cell index represents the mean ± SD of triplicate experiments. **p < 0.01; Student’s t-test.



Next, we analyzed the effect of RFWD2 on TRIB2-induced cell proliferation and migration. The MTT assay suggested that either TRIB2-siRNA or RFWD2-siRNA suppressed the proliferation of A549 cells; this suppressive effect was evident when both proteins were downregulated simultaneously (Figure 6E). Although TRIB2 overexpression promoted cell proliferation, knockdown of RFWD2 partially weakened the oncogenic role of TRIB2 in A549 cells (Figure 6F). The apoptosis assay demonstrated that although the knockdown of either RFWD2 or TRIB2 individually increased the apoptosis rate, knocking them both down significantly increased the apoptotic rate of A549 cells (Figure 6G). Moreover, RFWD2 downregulation partially attenuated the role of TRIB2 (Figure 6H). The RTCA migration assay demonstrated that the simultaneous knockdown of TRIB2 and RFWD2 suppressed cell migration more substantially than the knockdown of TRIB2 alone (Figures 6I, J), and that knockdown of RFWD2 reduced the role of TRIB2 in cell migration (Figure 6K, L). The results in H1975 cells further supported that siRNA-RFWD2 can reverse the role of TRIB2 in cell proliferation, migration, and apoptosis (Supplementary Figure S3).

A plate colony-formation assay showed that RFWD2 knockdown inhibited the colony-forming ability of A549 cells (Supplementary Figures S4A, B); TRIB2 had the same effect. However, when both TRIB2 and RFWD2 were knocked down simultaneously, the suppressive effect on colony formation became much more remarkable (Supplementary Figures S4C, D). Moreover, RFWD2 knockdown reversed the role of TRIB2 in promoting colony formation (Supplementary Figures S4E, F). These results indicate that the oncogenic role of TRIB2 is inseparable from RFWD2.



RFWD2 Level Is High in Cancer and RFWD2-siRNA Blocks TRIB2 Functions In Vivo

The abovementioned results demonstrated that RFWD2 knockdown suppressed cancer cell proliferation. To further analyze its roles in tumorigenesis, we investigated the RFWD2 expression in cancer based on datasets from The Cancer Genome Atlas online (http://ualcan.path.uab.edu/). The analyzed results demonstrated that RFWD2 is remarkably upregulated in the tissues of numerous kinds of tumors, including bladder urothelial carcinoma (BLCA), breast invasive carcinoma (BRCA), cervical squamous cell carcinoma (CESC), cholangiocarcinoma (CHOL), esophageal carcinoma (ESCA), glioblastoma multiforme (GBM), stomach adenocarcinoma (STAD), etc., compared with control tissues (Figure 7A). RFWD2 is also overexpressed in LUAD and lung squamous cell carcinoma (LUSC) tissues compared with normal tissues (Figure 7B). Kaplan-Meier plot analysis further (http://kmplot.com/analysis/) demonstrated that high RFWD2 levels from patients with lung cancer were related to extremely poor clinical outcomes (Figure 7C). These results indicate that RFWD2 may play an important role in promoting lung cancer cell proliferation.




Figure 7 | High levels of RFWD2 in cancer and RFWD2 inhibition blocking functions of TRIB2 in vivo. (A) RFWD2 is obviously higher in the tissues of various kinds of tumors. (B) RFWD2 is overexpressed in lung adenocarcinoma and lung squamous cell carcinoma tissues. (C) Kaplan-Meier plot analysis of the relationship between RFWD2 levels and clinical outcome. (D) Suppressive role of TRIB2-siRNA and RFWD2-siRNA on A549 cell xenografts in BALB/C-nude mice. (E) The xenografts of each group (n = 4) were weighed, and data were expressed as median (interquartile range). *p < 0.05, **p < 0.01. (F) Volumes of xenografts from each group measured over time. (G) Effect of RFWD2 downregulation in xenografts of A549 cells stably overexpressing TRIB2. (H) Xenografts from each group (n = 4) were weighed, and data were expressed as median (interquartile range). **p < 0.05. (I) Volumes of xenografts from each group measured over time.



Furthermore, siRNA- and control-treated cells were injected subcutaneously into the backs of BALB/C-nude mice to produce xenografts to investigate the effects of TRIB2 and RFWD2 on the tumorigenesis of lung cancer cells in vivo. On day 14, similar doses of siRNA and control were injected into the xenografts. After 4 weeks, the volume of transplanted tumors in the siRNA-TRIB2 and siRNA-RFWD2 groups was considerably smaller than that in the control group (Figures 7D, E). The tumor growth curve further demonstrated that the downregulation of TRIB2 and RFWD2 inhibited tumor formation (Figure 7F).

To further verify whether the oncogenic role of TRIB2 is inseparable from RFWD2 in vivo, we knocked down RFWD2 in A549 cell xenografts stably overexpressing TRIB2. The weight and growth curve of the xenografts showed that TRIB2 overexpression promoted tumor formation, whereas RFWD2 knockdown inhibited tumor formation and reduced tumorigenesis in xenografts stably expressing TRIB2 (Figures 7G–I). These results suggest that RFWD2 is important for the oncogenic roles of TRIB2 in vitro and in vivo.




Discussion

TIRB2 is an oncogene involved in the development of several tumors, such as melanoma, colorectal cancer, acute myeloid leukemia, and liver cancer (25–28). In addition, the overexpression of TRIB2 in tumor tissues induces drug resistance by promoting phospho-AKT (at Ser473) via its COP1 domain. The highest TRIB2 protein expression from patients with cancer is related with an extremely poor clinical outcomes (29). Previously, we observed that TRIB2 promoted the proliferation and migration of lung cancer cells in vitro and in vivo (30, 31). The current study further verified whether the oncogenic role of TRIB2 depends on RFWD2 in regulating lung cancer cell proliferation. Our results showed that TRIB2 can promote cancer cell proliferation and migration, interact with RFWD2, and regulate RFWD2-related gene expression in lung cancer cells. Furthermore, our results indicated that TRIB2, RFWD2, and IκB-α form a ternary complex, which may be related to the effect of TRIB2 on the proteasome-mediated degradation of proteins with RFWD2. Therefore, we propose that TRIB2 may promote lung cancer cell proliferation via the following mechanisms (Figure 8): At first, TRIB2 binds RFWD2-E3 Ub ligase based on C-terminal RFWD2-binding motif to form a dipolymer, which increases phosphorylated RFWD2 levels. Next, RFWD2-E3 ubiquitin ligase further recruits and confers its substrate (p-IκB-α or others) specificity for Ub ligation. Then, TRIB2, RFWD2, and substrate p-IκB-α form a ternary complex, following which TRIB2 may regulate and drive the RFWD2-mediated degradation of the substrate via the ubiquitination pathway.




Figure 8 | Proposed model of the mechanism by which oncogenic roles of TRIB2 with RFWD2 in regulating proteasome-mediated degradation of proteins.



RFWD2, a ring-finger-type ubiquitin E3 ligase, was originally identified as a central regulator of photomorphogenesis in Arabidopsis thaliana (32). RFWD2 is highly conserved among different vertebrates and has been identified in mice and humans (33). The human RFWD2 gene is located on chromosome 1q24.1 (34). RFWD2 protein structure possesses three highly conserved domains, namely, a RING-finger region (N-terminal), a coiled-coil domain, and C-terminal domain with seven WD40 repeats, which are related to the modulation of protein–protein interactions (34, 35). Human RFWD2 shuttles between the cytoplasm and nucleus, which depends on distinct signals (36). Evidence shows that mammalian RFWD2 is expressed in the heart, lung, bladder, brain, pancreas, liver, spleen, kidney, aorta, skeletal muscle, ovary, prostate, and other tissues of humans and mice (34, 37). RFWD2 is also overexpressed in various kinds of human cancers (12), such as leukemia, lung cancer, breast cancer, lymphoma, glioma, melanoma, colorectal cancer, etc. We observed that RFWD2 levels were higher in lung cancer tissues compared with those in normal controls, and high levels of RFWD2 from patients with lung cancer showed a poor survival outcome. SiRNA-RFWD2 inhibited the proliferation of A549 and Hela cells and promoted the apoptosis and migration of cells. Our results showed that RFWD2 may play an important role in promoting lung cancer cell proliferation.

RFWD2, directly or indirectly, promotes protein degradation (38), and the substrates for human RFWD2 include the following: p-IκB-α (22); p53 (11, 39); C/EBPα (18); 14-3-3σ (40); β-catenin (12); activator protein-1 and c-Jun (10, 41); forkhead box protein O1 (42); p27Kip1 (12); transducer of regulated CREB activity 2 (43); and metastasis-associated protein (44). The roles of RFWD2 in cancer may be related to its promotion of the degradation of these proteins. We observed that siRNA-RFWD2 inhibited the proliferation of A549 and Hela cells and promoted the apoptosis and migration of cells, indicating that RFWD2 play important roles in tumorigenesis. We also revealed that RFWD2 interacts with p-IκB-α, and TRIB2 can affect p-IκB-α levels through regulating RFWD2. TRIB2, RFWD2, and IκB-α form a ternary complex with RFWD2 through direct physical interactions. Our results also demonstrated that the function of TRIB2 in regulating proteasome-mediated degradation of p-IκB-α requires the participation of RFWD2.

TRIB2 participates in the regulation of Wnt/β-catenin signaling (21), AP4/p21 signaling, and E2F1-C/EBPα feedback loop (26, 45). In most cases, the function of TRIB2 is related to the regulation of protein degradation. TRIB2 interacts with E3 Ub ligases (Smurf1, RFWD2, or β-TrCP), which further regulates the ubiquitination and degradation of specific protein signals (23). Moreover, the relationship between TRIB2 and the Ub proteasome system is complex, and may involve competition or cooperation with E3 ubiquitin ligase in binding TRIB2. Phosphorylated TRIB2 is also a target protein of Smurf1 and β-TrCP (46, 47), and it participates in the ubiquitination of TRIB2 and subsequently cause the degradation of TRIB2 to proteasome. In this study, inBio Discover™ results demonstrated that TRIB2 can perform its functions by interacting with RFWD2 or other factors. Next, we discovered that TRIB2 can regulate RFWD2 by interaction. The role of RFWD2 in cancer is related to the targeting of its substrates, such as p-IκB-α, for ubiquitination and degradation (22). Although IκBα is a substrate of E3 Ub ligases and TRIB1 knockdown inhibits the phosphorylation and degradation of IκBα (48), the relationship and regulation between TRIB2 and IκBα are unclear. All these results inspired us to study the effect of TRIB2 on IκB-α. We observed that TRIB2 overexpression increased the RFWD2 levels in cancer cells, indicating that the regulating action of TRIB2 may be related to its interaction with and effect on RFWD2. To further explore its role in TRIB2-promoted tumorigenesis in cancer, we used siRNA to knock down RFWD2. Our results demonstrated that RFWD2 knockdown inhibited the proliferation of A549 and Hela cells and promoted the apoptosis and migration of cells. We recorded that RFWD2 knockdown attenuated TRIB2-promoted colony formation. These data further suggest that RFWD2 assists TRIB2 in promoting cancer progression, and cooperates with TRIB2 to participate in the proteasome-mediated degradation of the RFWD2 substrate p-IκB-α.

Although the present study elucidated a potential mechanism through which TRIB2 interacts with E3 Ub ligases (RFWD2) and further regulates the ubiquitination and degradation of p-IκB-α via the TRIB2-IκB-α-RFWD2 ternary complex, several issues associated with this process remain unclear. Prior studies have reported that TrCP and RFWD2 may bind the C-terminus of TRIB2. TRIB2, RFWD2, and TrCP are involved in the degradation of β-catenin. Therefore, the involvement of TrCP in TRIB2 promoted IκB-α ubiquitination and degradation, and the competitive or synergistic nature of the role played by RFWD2 and TrCP in regulating IκBα degradation may require further study. Moreover, IκB-α is an important factor in NF-kB signaling pathway and the RFWD2-TRIB2 complex can regulate IκBα degradation, the effect of RFWD2 or TRIB2 on NF-kB signaling pathway also needs further study.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Ethics Statement

The studies involving human participants were reviewed and approved by the Medical Ethics of committee of Binzhou Medical University. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by the Ethics of Animal Experiments of Binzhou Medical University.



Author Contributions

SX and Y-JL conceived the study and participated in the study design. SX, PW, RH, JH, YL, DL, Y-ML, RW, and SZ designed and performed most assays, analyzed data, and wrote the manuscript. SX, PW, RH, and Y-JL analyzed RNA expression. Y-JL, Y-ML, and SZ provided technical support. All authors contributed to the article and approved the submitted version.



Funding

The present study was supported by the National Natural Science Foundation of China (No. 81772281, 31371321, 81502536), Shandong Science and Technology Committee (No. ZR2019MH022, ZR2020KH015), Education Department of Shandong Province (2019KJK014), Yantai Science and Technology Committee (2018XSCC051), and Shandong Province Taishan Scholar Project (ts201712067).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.733175/full#supplementary-material.



References

1. Narayanan, S, Cai, CY, Assaraf, YG, Guo, HQ, Cui, Q, Wei, L, et al. Targeting the Ubiquitin-Proteasome Pathway to Overcome Anti-Cancer Drug Resistance. Drug Resist Update (2020) 48:100663. doi: 10.1016/j.drup.2019.100663

2. Hershko, A, Ciechanover, A, and Varshavsky, A. Basic Medical Research Award. The Ubiquitin System. Nat Med (2000) 6:1073–81. doi: 10.1038/80384

3. Li, W, and Ye, Y. Polyubiquitin Chains: Functions, Structures, and Mechanisms. Cell Mol Life Sci (2008) 65:2397–406. doi: 10.1007/s00018-008-8090-6

4. Hershko, A, Heller, H, Elias, S, and Ciechanover, A. Components of Ubiquitin-Protein Ligase System. Resolution, Affinity Purification, and Role in Protein Breakdown. J Biol Chem (1983) 258:8206–14. doi: 10.1016/S0021-9258(20)82050-X

5. Christianson, JC, and Ye, Y. Cleaning Up in the Endoplasmic Reticulum: Ubiquitin in Charge. Nat Struct Mol Biol (2014) 21:325–35. doi: 10.1038/nsmb.2793

6. Park, J, Cho, J, and Song, EJ. Ubiquitin-Proteasome System (UPS) as a Target for Anticancer Treatment. Arch Pharm Res (2020) 43:1144–61. doi: 10.1007/s12272-020-01281-8

7. Gatti, V, Bernassola, F, Talora, C, Melino, G, and Peschiaroli, A. The Impact of the Ubiquitin System in the Pathogenesis of Squamous Cell Carcinomas. Cancers (Basel) (2020) 12:1595. doi: 10.3390/cancers12061595

8. Senft, D, Qi, J, and Ronai, ZA. Ubiquitin Ligases in Oncogenic Transformation and Cancer Therapy. Nat Rev Cancer (2018) 18:69–88. doi: 10.1038/nrc.2017.105

9. Li, W, Bengtson, MH, Ulbrich, A, Matsuda, A, Reddy, VA, Orth, A, et al. Genome-Wide and Functional Annotation of Human E3 Ubiquitin Ligases Identifies MULAN, a Mitochondrial E3 That Regulates the Organelle’s Dynamics and Signaling. PloS One (2008) 3:e1487. doi: 10.1371/journal.pone.0001487

10. Bianchi, E, Denti, S, Catena, R, Rossetti, G, Polo, S, Gasparian, S, et al. Characterization of Human Constitutive Photomorphogenesis Protein 1, A RING Finger Ubiquitin Ligase That Interacts With Jun Transcription Factors and Modulates Their Transcriptional Activity. J Biol Chem (2003) 278:19682–90. doi: 10.1074/jbc.M212681200

11. Dornan, D, Wertz, I, Shimizu, H, Arnott, D, Frantz, GD, Dowd, P, et al. The Ubiquitin Ligase COP1 Is a Critical Negative Regulator of P53. Nature (2004) 429:86–92. doi: 10.1038/nature02514

12. Song, Y, Liu, Y, Pan, S, Xie, S, Wang, ZW, and Zhu, X. Role of the COP1 Protein in Cancer Development and Therapy. Semin Cancer Biol (2020) 67:43–52. doi: 10.1016/j.semcancer.2020.02.001

13. Lee, YH, Andersen, JB, Song, HT, Judge, AD, Seo, D, Ishikawa, T, et al. Definition of Ubiquitination Modulator COP1 as a Novel Therapeutic Target in Human Hepatocellular Carcinoma. Cancer Res (2010) 70:8264–9. doi: 10.1158/0008-5472.CAN-10-0749

14. Fu, C, Gong, Y, Shi, X, Shi, H, Wan, Y, Wu, Q, et al. Expression and Regulation of COP1 in Chronic Lymphocytic Leukemia Cells for Promotion of Cell Proliferation and Tumorigenicity. Oncol Rep (2016) 35:1493–500. doi: 10.3892/or.2015.4526

15. Eyers, PA, Keeshan, K, and Kannan, N. Tribbles in the 21st Century: The Evolving Roles of Tribbles Pseudokinases in Biology and Disease. Trends Cell Biol (2017) 27:284–98. doi: 10.1016/j.tcb.2016.11.002

16. Dedhia, PH, Keeshan, K, Uljon, S, Xu, L, Vega, ME, Shestova, O, et al. Differential Ability of Tribbles Family Members to Promote Degradation of C/EBPalpha and Induce Acute Myelogenous Leukemia. Blood (2010) 116:1321–8. doi: 10.1182/blood-2009-07-229450

17. Uljon, S, Xu, X, Durzynska, I, Stein, S, Adelmant, G, Marto, JA, et al. Structural Basis for Substrate Selectivity of the E3 Ligase Cop1. Structure (2016) 24:687–96. doi: 10.1016/j.str.2016.03.002

18. Yoshida, A, Kato, JY, Nakamae, I, and Yoneda-Kato, N. COP1 Targets C/EBPalpha for Degradation and Induces Acute Myeloid Leukemia via Trib1. Blood (2013) 122:1750–60. doi: 10.1182/blood-2012-12-476101

19. Keeshan, K, Bailis, W, Dedhia, PH, Vega, ME, Shestova, O, Xu, L, et al. Transformation by Tribbles Homolog 2 (Trib2) Requires Both the Trib2 Kinase Domain and COP1 Binding. Blood (2010) 116:4948–57. doi: 10.1182/blood-2009-10-247361

20. Zhang, YX, Yan, YF, Liu, YM, Li, YJ, Zhang, HH, Pang, M, et al. Smad3-Related miRNAs Regulated Oncogenic TRIB2 Promoter Activity to Effectively Suppress Lung Adenocarcinoma Growth. Cell Death Dis (2016) 7:e2528. doi: 10.1038/cddis.2016.432

21. Xu, S, Tong, M, Huang, J, Zhang, Y, Qiao, Y, Weng, W, et al. TRIB2 Inhibits Wnt/beta-Catenin/TCF4 Signaling Through Its Associated Ubiquitin E3 Ligases, Beta-TrCP, COP1 and Smurf1, in Liver Cancer Cells. FEBS Lett (2014) 588:4334–41. doi: 10.1016/j.febslet.2014.09.042

22. Ma, L, Pan, Q, Sun, F, Yu, Y, and Wang, J. Cluster of Differentiation 166 (CD166) Regulates Cluster of Differentiation (CD44) via NF-KappaB in Liver Cancer Cell Line Bel-7402. Biochem Biophys Res Commun (2014) 451:334–8. doi: 10.1016/j.bbrc.2014.07.128

23. Liang, KL, Paredes, R, Carmody, R, Eyers, PA, Meyer, S, Mccarthy, TV, et al. Human TRIB2 Oscillates During the Cell Cycle and Promotes Ubiquitination and Degradation of CDC25C. Int J Mol Sci (2016) 17(9):1378. doi: 10.3390/ijms17091378

24. Link, W. Tribbles Breaking Bad: TRIB2 Suppresses FOXO and Acts as an Oncogenic Protein in Melanoma. Biochem Soc Trans (2015) 43:1085–8. doi: 10.1042/BST20150102

25. Wang, J, Zhang, Y, Weng, W, Qiao, Y, Ma, L, Xiao, W, et al. Impaired Phosphorylation and Ubiquitination by P70 S6 Kinase (P70s6k) and Smad Ubiquitination Regulatory Factor 1 (Smurf1) Promote Tribbles Homolog 2 (TRIB2) Stability and Carcinogenic Property in Liver Cancer. J Biol Chem (2013) 288:33667–81. doi: 10.1074/jbc.M113.503292

26. Hou, Z, Guo, K, Sun, X, Hu, F, Chen, Q, Luo, X, et al. TRIB2 Functions as Novel Oncogene in Colorectal Cancer by Blocking Cellular Senescence Through AP4/p21 Signaling. Mol Cancer (2018) 17:172. doi: 10.1186/s12943-018-0922-x

27. Ma, X, Zhou, X, Qu, H, Ma, Y, Yue, Z, Shang, W, et al. TRIB2 Knockdown as a Regulator of Chemotherapy Resistance and Proliferation via the ERK/STAT3 Signaling Pathway in Human Chronic Myelogenous Leukemia K562/ADM Cells. Oncol Rep (2018) 39:1910–8. doi: 10.3892/or.2018.6249

28. Wang, J, Park, JS, Wei, Y, Rajurkar, M, Cotton, JL, Fan, Q, et al. TRIB2 Acts Downstream of Wnt/TCF in Liver Cancer Cells to Regulate YAP and C/EBPalpha Function. Mol Cell (2013) 51:211–25. doi: 10.1016/j.molcel.2013.05.013

29. Hill, R, Madureira, PA, Ferreira, B, Baptista, I, Machado, S, Colaco, L, et al. TRIB2 Confers Resistance to Anti-Cancer Therapy by Activating the Serine/Threonine Protein Kinase AKT. Nat Commun (2017) 8:14687. doi: 10.1038/ncomms14687

30. Wang, PY, Sun, YX, Zhang, S, Pang, M, Zhang, HH, Gao, SY, et al. Let-7c Inhibits A549 Cell Proliferation Through Oncogenic TRIB2 Related Factors. FEBS Lett (2013) 587:2675–81. doi: 10.1016/j.febslet.2013.07.004

31. Zhang, C, Chi, YL, Wang, PY, Wang, YQ, Zhang, YX, Deng, J, et al. miR-511 and miR-1297 Inhibit Human Lung Adenocarcinoma Cell Proliferation by Targeting Oncogene TRIB2. PloS One (2012) 7:e46090. doi: 10.1371/journal.pone.0046090

32. Deng, XW, Caspar, T, and Quail, PH. Cop1: A Regulatory Locus Involved in Light-Controlled Development and Gene Expression in Arabidopsis. Genes Dev (1991) 5:1172–82. doi: 10.1101/gad.5.7.1172

33. Wang, H, Kang, D, Deng, XW, and Wei, N. Evidence for Functional Conservation of a Mammalian Homologue of the Light-Responsive Plant Protein COP1. Curr Biol (1999) 9:711–4. doi: 10.1016/s0960-9822(99)80314-5

34. Yi, C, Wang, H, Wei, N, and Deng, XW. An Initial Biochemical and Cell Biological Characterization of the Mammalian Homologue of a Central Plant Developmental Switch, COP1. BMC Cell Biol (2002) 3:30. doi: 10.1186/1471-2121-3-30

35. Wertz, IE, O’rourke, KM, Zhang, Z, Dornan, D, Arnott, D, Deshaies, RJ, et al. Human De-Etiolated-1 Regulates C-Jun by Assembling a CUL4A Ubiquitin Ligase. Science (2004) 303:1371–4. doi: 10.1126/science.1093549

36. Yi, C, and Deng, XW. COP1 - From Plant Photomorphogenesis to Mammalian Tumorigenesis. Trends Cell Biol (2005) 15:618–25. doi: 10.1016/j.tcb.2005.09.007

37. Holm, M, and Deng, XW. Structural Organization and Interactions of COP1, A Light-Regulated Developmental Switch. Plant Mol Biol (1999) 41:151–8. doi: 10.1023/a:1006324115086

38. Marine, JC. Spotlight on the Role of COP1 in Tumorigenesis. Nat Rev Cancer (2012) 12:455–64. doi: 10.1038/nrc3271

39. Yoneda-Kato, N, Tomoda, K, Umehara, M, Arata, Y, and Kato, JY. Myeloid Leukemia Factor 1 Regulates P53 by Suppressing COP1 via COP9 Signalosome Subunit 3. EMBO J (2005) 24:1739–49. doi: 10.1038/sj.emboj.7600656

40. Su, CH, Zhao, R, Zhang, F, Qu, C, Chen, B, Feng, YH, et al. 14-3-3sigma Exerts Tumor-Suppressor Activity Mediated by Regulation of COP1 Stability. Cancer Res (2011) 71:884–94. doi: 10.1158/0008-5472.CAN-10-2518

41. Migliorini, D, Bogaerts, S, Defever, D, Vyas, R, Denecker, G, Radaelli, E, et al. Cop1 Constitutively Regulates C-Jun Protein Stability and Functions as a Tumor Suppressor in Mice. J Clin Invest (2011) 121:1329–43. doi: 10.1172/JCI45784

42. Kato, S, Ding, J, Pisck, E, and Jhala US and Du, K. COP1 Functions as a FoxO1 Ubiquitin E3 Ligase to Regulate FoxO1-Mediated Gene Expression. J Biol Chem (2008) 283:35464–73. doi: 10.1074/jbc.M801011200

43. Dentin, R, Liu, Y, Koo, SH, Hedrick, S, Vargas, T, Heredia, J, et al. Insulin Modulates Gluconeogenesis by Inhibition of the Coactivator TORC2. Nature (2007) 449:366–9. doi: 10.1038/nature06128

44. Ouyang, M, Wang, H, Ma, J, Lu, W, Li, J, Yao, C, et al. COP1, the Negative Regulator of ETV1, Influences Prognosis in Triple-Negative Breast Cancer. BMC Cancer (2015) 15:132. doi: 10.1186/s12885-015-1151-y

45. Rishi, L, Hannon, M, Salome, M, Hasemann, M, Frank, AK, Campos, J, et al. Regulation of Trib2 by an E2F1-C/EBPalpha Feedback Loop in AML Cell Proliferation. Blood (2014) 123:2389–400. doi: 10.1182/blood-2013-07-511683

46. Qiao, Y, Zhang, Y, and Wang, J. Ubiquitin E3 Ligase SCF(beta-TRCP) Regulates TRIB2 Stability in Liver Cancer Cells. Biochem Biophys Res Commun (2013) 441:555–9. doi: 10.1016/j.bbrc.2013.10.123

47. Salome, M, Campos, J, and Keeshan, K. TRIB2 and the Ubiquitin Proteasome System in Cancer. Biochem Soc Trans (2015) 43:1089–94. doi: 10.1042/BST20150103

48. Gendelman, R, Xing, H, Mirzoeva, OK, Sarde, P, Curtis, C, Feiler, HS, et al. Bayesian Network Inference Modeling Identifies TRIB1 as a Novel Regulator of Cell-Cycle Progression and Survival in Cancer Cells. Cancer Res (2017) 77:1575–85. doi: 10.1158/0008-5472.CAN-16-0512




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Hao, Hu, Liu, Liang, Li, Wang, Zhang, Wang, Li and Xie. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-11-733175-g008.jpg
TRIB2 | § TRIB2

! .
_p:

ERFWDZ p-RFWD2
Gene (p-IkBaq,
p53, c-Jun,etc.)

‘TRIB2 RFWD?2
: b

wsiueyosaw

26S

o.‘.o
LA
: [ X )

Cell proliferation : :
andmigration : Degradation of p-lkBa,etc. Proteasome





OEBPS/Images/fonc-11-733175-g001.jpg
A B N1 T1 N2 T2 N3 T3 N4 T4 N5 T5 N6 T6 N7 T7 (o]

TRIB MR o
Para carcinoma Carcinoma e T T Tor e 2.0
» NS W LT T
. B 7 ";, /,-;'y,f f;?‘ ' GAPDH i P == an S ~— == | [o® aup &= == @B @B |300a O
N DR heys /i <15
A XER (2 SV - ‘ o
1y ac L =
& e 8 K S
AR | % pCDNA- E £
,‘5 & /:. PCONA  TRIB2 si-con__siR-1 S
w; A , '.'}’ ; TRIB2 | o e |37kD2  TRIB2 [f— 37kDa 505
fiar, ., NN Y 1.00 1.68 100 026 3
0.0
GAPDH S S (39kDa GAPDHE- 39kDa Para Carcinoma
carcinoma
F G H |
0.8 o i 200
ok J— %
— i 5 150
o © 2
3 3 1.0 g
S 04 g ‘ £ 100
a a | z
o o | S
0.2 s N 8 s0
//
00 i-TRIB2 00 - 0 TRIB2
si-con Ssi- I si-con si-
pcDNA  pcDNA- i
TRIB2 si-TRIB2
J K
400
*
g 300
[
2
P 200
e
=3
°
O 100
0
PCDNA-TRIB2 PcDNA  pcDNA-

TRIB?





OEBPS/Images/fonc-11-733175-g006.jpg
0.8 *%

0.6

0.4

OD value

0.2

0.0
si-con si-RFWD2

0.6

OD value

0.2

0.0
si-con . -
si-TRIB2 - ¥
si-RFWD2 . - +

PCDNA 9.7%

0 102 10° 104

pcDNA+si-RFWD2

10°

0 107

171%

10°

(o] D
25
20 *%
2.0
515 15
g £
=10 £ 10
3 =
o 5
05
05
0.0
0.0
0.0 5.0 10.0 14.0 si-con _ Si*
hours 4 RFWD2

si-con 3.9%

102 10° 10 1
-con+si-RFWD2 16.9%

si-TRIB2 23.5%

0° 0 102 10° 10* 10°
si-RFWD2+si-TRIB2 36.3%

10.0
Time (in hour)

si-con7.3% . SFRFWD2 21.7%
10° a1 0%
Q2:54%
104 Q4:15.9%
a
109
102
ol
0 102 10°  10¢ 10° 0 102 10° 10 105
FITC
F
1.0
*k
w5
0.8
So6
o
>
a
o
0.4
0.2
0.0
PCcDNA  + * - -
PCDNA-TRIB2 - E ] #*
si-RFWD2 . + - +
|
PcDNA-TRIB2 7.7%
15 T
1053
104 X 44
3 °
£
10 3 o7
2
19 0.3
0
‘, - 0.1
0 102 10° 10¢ 10° 0.0
PCDNA-TRIB2+si-RFWD2 12.9% K
A4
x
3
°
£
z 07
o
0.3
0 102 10 10* 10°% 01

i

108
100
10°
102
0 .
o 102 10 10* 10
FITC
J
; 15
si-TRIB2+ -
si-con
8oz
£
3
si-TRIB2+ O
Si-RFWD2 05
- 00 TRIB2
§ si-TRIB2 SI¥ i
12.0 20.0 +sicon  SI-RFWD2
L 1.0 *k
PCDNA-TRIB2 08
#si-con %
°
£ 06
3
PCDNA-TRIB2 S
+si-RFWD2 04
0.2
0.0
PcDNA-  PCDNA-

0.0

5.0

10.0
Time (in hour)

i
15.0

TRIB2 TRIB2+

200 +si-con Si-RFWD2






OEBPS/Images/fonc-11-733175-g003.jpg
1B:
RFWD2

IkB-a

IB:
TRIB2

IkB-a

Input

IP:
19G  |kB-a

l — i 80kDa

IP: Input
19G  kB-a 19G  IkB-a

r\

B

IP:

Flag- Input Input
IB: Flag TRIB2 Flag FIag-TRIBz
ey~ = N 0-

Flag-TRIB2 s @ 11xDa

TRIB2 amp = S 39/Da
3 __—ﬁ

MG132 0 1 5 10 20 MM

p-kB-a - — ‘ S = (36kDa
IKB-a Li ﬁ . N

GAPDH| = s s e e {37/Da

B: 9¢

IP: Input
kB-a 19G  IkB-a

rie2[ N (A >0
KB-a[_ amm T-—hskoa

p-kB-a

IkB-a

GAPDH

6h+MG132
si-con siR-1

S ‘e | 36kDa
100 067

oo W | 36KDa
- e | 37kDa






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        RFWD2 Knockdown as a Blocker to Reverse the Oncogenic Role of TRIB2 in Lung Adenocarcinoma

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Lung Carcinoma Tissues

          



          		

            Immunohistochemistry

          



          		

            Cell Culture and siRNA Transfection

          



          		

            Western Blotting

          



          		

            Plasmids

          



          		

            Immunoprecipitation

          



          		

            Immunofluorescence Detection

          



          		

            3-(4,5-Dimethythiazol-2-yl)-2,5-Diphenyl tetrazolium Bromide Assay

          



          		

            Analysis of Apoptotic Cells

          



          		

            Colony-Formation Assay

          



          		

            Migration Assays

          



          		

            A549 Lung Adenocarcinoma Cell Xenografts

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            TRIB2 Promotes Cancer Cell Proliferation and Migration

          



          		

            TRIB2 Interacts With RFWD2

          



          		

            TRIB2 With RFWD2 Attends Proteasome-Mediated Degradation of Proteins

          



          		

            TRIB2 Colocalizes With RFWD2-Related IκB-α

          



          		

            Mapping the Interaction of TRIB2, RFWD2, and IκB-α

          



          		

            TRIB2 Promotes Cell Proliferation and Migration in a RFWD2-Dependent Manner

          



          		

            RFWD2 Level Is High in Cancer and RFWD2-siRNA Blocks TRIB2 Functions In Vivo

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-11-733175-g002.jpg
CARD16

@)

CEBPA

WEE2

RFWD2

RPS6KB1

\

cuL1

BTRC

B

IP:
Flag- Input Input
1B: Flag TRIS2 Flag Flag.TRIB2
Polyubiquitin-C . 60kDa
Feg-iRees & - o
- -
sicon + :zzm
si-TRIB24 - + PO .
p-RFWD2 — S m— | 80kDa
1.00 0.47 1.00 2.81
s
RFWD2 | oo e — 30kDa
1.00 035 1.00 2.05
TRIB2 | s—— - -— - o0
100 025 1.00 2.00
GAPDH| s e | | s e | 30kDa

(o]
IP: Input IR,'::_'
. 196 RFWD2 196 RFwD2
TRIB2 o ammam (39kDa
IKB-a ! ww s |36kDa
RFWD2 [ = e S e | 80kDa
E F
>
N
Q"o Q"‘@'\% si-con siR-1
P-IKB-0r | v | P-IKB- [ 4 |39KDa
1.00 047 700, 248
IKB-o [ ~ ~|39kDa
P53 [F===== 53kD2
100 1.96
GAPDH | D €., 39kDa






OEBPS/Images/fonc-11-733175-g007.jpg
A Expression of RFWD2 across TCGA cancers (with tumor and normal samples) B . - 100
8 == Tumor | N g
. mm Normal ?sn‘ =
B .f B |
=el‘,_1‘T Tt ol . % . Ee
T 1 1 S k]
5 l ! * i + I i ! Ble T - i1 240 2
UHORCRERAIRURSTES REUEATI I Sy [N
24 . 1 * 1 : Em' = g |
1 | < | 20 |
3 i B2 g r
o 1
2 10 0 =
FF S v w G
& E 00'9@5(’ o"“‘@“' PO Q\’P&P\p@(’q Qq??zg?c’@gjs’eygs;&‘i&:@“é@o&“ Normal LUAD Nomal _ Lusc
TCGAsamples (n=59) (n=515) (n=52) (n=503)
D F 3007 g~ si-con
04 x
= - S-RFWD2
03 g 4 Si-TRIB2
@ 2
‘ ‘ \ si-con g g
5 o2 3
e ® ® @ | = 3
01 5 100
. ° o (4 si-TRIB2
L0 LA A L 0.0
0 1 2 3 4 5 6 T7cm sicon _si- si- 0
RFWD2  TRIB2 0 4 7 10 14 16 20 24 27 30
Days
1 1o sirwa treatment T 2 iRwa treatment v
H 2000:
~@— PcDNA#si-con
~f- PcDNA-TRIB2+si-con
& 1500  —A— PCDNA+SI-RFWD2
g
H - PCDNA-TRIB2+sI-RFWD2
3 g
H] 3
5 2 1000:
-} 5
= 13
5
2

si-RFWD2 - - + +
PCcDNA  + - + -
PCDNA-TRIB2 - + - +

1 20 24 27 30

0 4 7 10 14
1 2% sirNA treatment Days

f1" SiRNA treatment

Probability

RFWD2(1552617_a_at)

1.0 HR = 1.63(0.38-1.92)
logrankP = 4.5e-09
08
0.6 4
0.4+
0.2 Expression
— low(n=1163)
004 — high(n=717)
0 50 100 150 200
Time (months)
> % 8 @
si-con
‘ ‘ PCDNA-TRIB2+
si-con
’ PCDNA+
‘ ‘ si-RFWD2
I
TRIB2+
si-RFWD2

012345 67 8 9 10cm





OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-11-733175-g004.jpg
GFP-TRIB2

RFWD2

4 ’

B
C Flag-TRIB2






OEBPS/Images/fonc-11-733175-g005.jpg
Flag-TRIB2-Full 67 Pseudokinase domain

Flag-TRIB2-A (1-67) _7
BRFTREZE #8500 88| Pseudokinasedoman 308
i oo IS

Flag-TRIB2-D (1-308)

Pseudokinase domain 308
Flag-TRIB2-E (68-343) Pseudokinase domain
B C
Input IP: FLAG
Flag L - - - - - Flag L] - - - - - =
Flag-TRIB2-Full - o+ - = o - - Flag-TRIB2-Full - + - - - - -
Flag-TRIB2-A (1-67) - - + - - - - Flag-TRIB2-A (1-67) - - + - - - -
Flag-TRIB2-B (68-308) . - -+ - - - Flag-TRIB2-B (68-308) . - - + - -
Flag-TRIB2-C (309-343)- - 2 & b & < Flag-TRIB2-C (309-343) - - - - + - -
Flag-TRIB2-D (1-308) - - - - - + - Flag-TRIB2-D (1-308) - - - - - + -
Flag-TRIB2-E (68-343) - - - Flag-TRIB2-E (68-343) - - - -

- - - + - -
BRFWD2| s S S S = S = (50KDa IB:RFWDZ| _ -~ -

Flag-TRIB2

+
— |80kDa

36kDa

IB: IkB-a r— - . .

G o B 41kDa Flag-TRIB2

- A
T e = — =,

pcDNA + - + .
E  pcONATRIB2-  + - +
Si-RFWD2 - - + +
si-con  + - - PIKB-| W - S— o

si-RFWD2-1 - + =

si-RFWD22 - - +

100 048 105 086

TRIB2 S ﬁ
RFWDZI — L - - W

GAPDH| W sm— —

GAPDH | -nees enntid Guud SN






OEBPS/Images/fonc.2021.733175_cover.jpg
, frontiers
in Oncology

RFWD2 Knockdown as a Blocker to
Reverse the Oncogenic Role of
TRIB2 in Lung Adenocarcinoma





