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Purpose

Ubiquitin D (UBD) is a member of the ubiquitin-like modifier (UBL) family and is highly expressed in a variety of cancers including colorectal cancer (CRC). However, the mechanisms of its regulatory roles in CRC are largely elusive. In this study, we revealed the effect of UBD on the proliferation of CRC.



Methods

The expression of UBD in clinical tissue samples of CRC and seven CRC cell lines was detected using qRT-PCR, immunohistochemistry (IHC) and Western blotting. CCK-8, colony formation, EdU and flow cytometry assays were used to detect the functional changes of CRC cells transfected with UBD stable expression plasmids in vitro. A xenograft model was constructed to assess the effect of UBD on the growth of CRC cells in vivo. The connection between UBD and p53 was analyzed using Western blotting, immunoprecipitation, proteasome inhibition assay and Cycloheximide (CHX) chase assay.



Results

UBD was overexpressed in CRC tumor tissues compared with nontumor tissues, and its overexpression was positively associated with the tumor size and TNM stage of CRC patients. Functionally, UBD significantly accelerated CRC cell viability and proliferation in vitro and promoted tumorigenesis in vivo. Mechanistically, UBD interacted with p53 in CRC cells, downregulated the expression of p53 by regulating its degradation, shortened the p53 half-life, thereby further affecting the decrease in p21 and the increase in Cyclin D1, Cyclin E, CDK2, CDK4 and CDK6. Moreover, in vivo experiments showed that UBD-induced tumor growth in nude mice was dependent on a decrease in p53.



Conclusions

Our study proved that UBD mediates the degradation of p53, thereby facilitating the growth of CRC cells and ultimately promoting the progression of CRC. Therefore, UBD may be a potential therapeutic target and a promising prognostic biomarker for CRC.
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Introduction

Colorectal cancer (CRC) is one of the most common malignant tumors, with increasing morbidity and mortality. Its prevalence is increasing annually, and it seriously threatens human health, with approximately 1.9 million new cases and more than 930,000 new deaths in 2020 worldwide (1). The initiation and progression of CRC is a process of development from adenoma to carcinoma. The activation of oncogenes or the inactivation of tumor suppressor genes in epithelial tissues leads to the hyperplasia of mucosa, resulting in benign adenomas and ultimately cancer (2, 3). Various proteins and signaling pathways are involved in this process. Therefore, it is of great significance to deepen our understanding of the molecular mechanisms which are related to CRC occurrence and development, and provide new perspective for CRC diagnosis and treatment.

Ubiquitination is a kind of posttranslational modification (PTM), that is involved in the regulation of many biological processes, including the cell cycle, differentiation, transcription regulation, signal transmission and damage repair. Ubiquitinated proteins are eventually degraded by the 26S proteasome (4–6). Ubiquitin D (UBD, also called FAT10) is a ubiquitin-like protein, and the N- and C- terminus of UBD are 29% and 36% identical to ubiquitin, respectively. Studies have demonstrated that with the catalysis of an E1 activating enzyme, UBA6, and an E2 conjugating enzyme, UBA6-specific enzyme 1 (USE1), UBD directly binds to its substrate through two glycine residues (GG) in C-terminus to form a UBD-substrate complex, which enters the proteasome system for proteolysis (7–10). Whether this process requires participation of E3 ligase is still unclear (11, 12). UBD can be overexpressed under the stimulation of inflammatory factors (13). Furthermore, researches have shown that UBD is frequently overexpressed in multiple types of cancers (14, 15), and abnormal expression and dysfunction of UBD are closely associated with the occurrence and development of tumors (16). In triple-negative breast cancer (TNBC), UBD is highly upregulated and related to the epirubicin resistance of TNBC patients and may be a potential therapeutic and prognostic indicator in TNBC (17). UBD interacts with WNT1-inducible signaling pathway protein 1 (WISP1), thus inducing its degradation in hepatocellular carcinoma (HCC). On the other hand, UBD can increase the expression of WISP1 mRNA by stabilizing β-catenin, eventually leading to inconsistent expression between WISP1 protein and mRNA, and the degradation of WISP1 protein caused by UBD is dominant and promotes HCC progression (18). A previous study shows that UBD expression is highly upregulated in CRC tissues, and is closely associated with clinical staging and lymph node metastasis of patients with CRC, but not related to tumor size or tumor differentiation (19). In addition, colon cancer patients with high UBD expression have a higher recurrence rate and worse prognosis after 5-FU chemotherapy on the basis of surgery than those with low UBD expression (20, 21). However, the underlying mechanism by which UBD plays a role in the development and prognosis of CRC remains unclear.

Previous researches have confirmed that transcription factor p53 (encoded by the TP53 gene) is a tumor suppressor and play a major role in maintaining genome stability (22). The expression of p53 is upregulated when DNA is damaged, which ultimately inhibits cell cycle progression and induces cell apoptosis (23–25). Mutation, deletion or translocation of p53 usually induces tumorigenesis, which occurs in more than 50% of human tumors (26–28). p53 mutations exist in approximately 40%-50% of sporadic CRC (29). The expression of p53 and its target genes is dysregulated in CRC patients (30, 31). p53 is associated with lymph node positivity, TNM staging and the prognosis of CRC patients (32). Additionally, mass spectrometry analysis has shown that p53 is the interacting protein of UBD (33). However, it remains unclear whether UBD regulates the progression of CRC depending on p53. Here, we demonstrated that UBD downregulates the expression of p53 by regulating its degradation to facilitate the growth of CRC cells.



Materials and Methods


Reagents and Antibodies

The lentivectors pGreenPuro (SI505A-1) and pCDH-CMV-MCS-EF1α-GreenPuro (CD513B-1) were purchased from System Biosciences (SBI, Palo Alto, CA, USA). Lentivira packaging plasmid psPAX2 (#12260) and envelope plasmid pMD2.G (#12259) were gifts from Didier Trono (Addgene, Cambridge, MA, USA). Cycloheximide (CHX) and MG132 were obtained from Selleck Chemicals (Houston, TX, USA). Details of antibodies used in this study are shown in Supplementary Table 1.



Human Tissue Samples

In total, 40 pairs of CRC tissue samples and corresponding adjacent nontumor tissue samples were obtained from patients who underwent CRC resection at The First Affiliated Hospital of Chongqing Medical University (Chongqing, China). The case screening criteria were as follows: pathological examination confirmed that the excised sample was CRC, patients who received radiotherapy and/or chemotherapy before surgery and hereditary CRC, such as Lynch syndrome were excluded. All participants in this study provided written informed consent, and this study was approved by the Ethics Committee of The First Affiliated Hospital of Chongqing Medical University.



Cell Lines and Cell Culture Conditions

Seven human CRC cell lines including HCT116, SW480, SW620, Caco-2, HT-29, LoVo and RKO, and HEK293T (human embryonic kidney cell line 293T) were purchased from the Cell Bank of Chinese Academy of Science (Shanghai, China). All cell lines were cultivated in RPMI-1640 or DMEM (Gibco, Grand Island, NY, USA) containing 10% fetal bovine serum (FBS, NATOCOR, Cordoba, Argentina) and 1% penicillin-streptomycin solution (HyClone, Logan, UT, USA) in a humidified environment at 37°C with 5% CO2.



Immunohistochemical (IHC) Staining

Human colorectal cancer tissues and specimens taken from nude mice were fixed with 10% paraformaldehyde, embedded in paraffin, and cut into 4 μm slices. The paraffin sections were baked at 55°C for 4 hours, and then soaked in fresh xylene for 20 minutes to dewax. Sections were hydrated with alcohol at different concentrations and deionized water, and then boiled in citrate buffer solution (10 mmol/L pH 6.0) at 100°C for 20 minutes to repair the antigen. Subsequently, these sections were incubated with 0.05% Triton X-100 (Dingguo, Beijing, China) at room temperature for 30 minutes. A rabbit streptavidin-biotin detection kit (SP-9001, ZSGB, Beijing, China) was adopted for staining the sections. Briefly, sections were treated with endogenous peroxidase blocker for 10 minutes and blocked with goat serum for 30 minutes at room temperature, and then incubated overnight at 4°C with primary antibodies against UBD (1:100, DF7373), p53 (1:200, 21891-1-AP), or Ki67 (1:500, ab92742). Afterwards, sections were incubated with biotin-conjugated goat anti-rabbit IgG for 15 minutes and HRP-labeled streptavidin working solution for 15 minutes at room temperature. Finally, the signals were visualized by employing brown 3,3’-diaminobenzidine tetrahydrochloride (DAB) staining (ZLI-9018, ZSGB, Beijing, China) and then counterstaining with hematoxylin blue. Tissue samples incubated with PBS instead of primary antibody were used as a negative control. Whole histological sections were digitized using the Pannoramic DESK scanner (3DHISTECH, Budapest, Hungary), and images were acquired at 200× or 400× magnification using the CaseViewer 2.4 software module (3DHISTECH, Budapest, Hungary). The staining score was assessed as previous described (34).



RNA Extraction, cDNA Synthesis and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used for total RNA isolation from CRC cells and tissues. cDNA was generated with the Prime-Script™ RT reagent Kit (Takara, Tokyo, Japan) according to the manufacturer’s instructions. qPCR was performed with 2x SYBR Green qPCR Master Mix (Bimake, Houston, TX, USA). Each cDNA sample was subjected to PCR amplification reactions in triplicate. Relative RNA levels were calculated using the comparative CT (2-ΔΔCT) method. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was employed as a loading control. The primers for PCR are listed in Supplementary Table 2 and were provided by TsingKe Company (Chongqing, China).



Protein Extraction, Western Blotting and Immunoprecipitation

RIPA lysis buffer (Beyotime, Shanghai, China) supplemented with 1% phenylmethylsulfonyl fluoride (PMSF, Dingguo, Beijing, China) was used for protein extraction of cells and tissues. The protein concentration was measured with a BCA kit (Dingguo, Beijing, China) according to the manufacturer’s instructions. Protein samples (40 μg) were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to a polyvinylidene difluoride (PVDF) membrane. The membrane was blocked with TBST containing 5% skimmed milk at room temperature for 1.5 hours and incubated with specific primary antibody diluted with 5% BSA at 4°C overnight. After incubation with secondary antibody for 2 hours at room temperature, the protein signals were detected using a ECL chemiluminescence kit (Advansta, San Jose, CA, USA). Immunoprecipitation was performed as previously described (34). Grayscale value analysis of all protein bands was performed via ImageJ 1.46r software (NIH, Bethesda, MD, USA).



Plasmid Construction, Transfection and Establishment of Stable Cell Lines

Short hairpin RNA (shRNA) directed against human UBD, p53, UBA6, USE1 or the negative control was generated by annealing two complementary shRNA oligonucleotide strands synthesized by TsingKe Company and then inserting them into the pGreenPuro vector. The shRNA target sequences are listed in Supplementary Table 3. For overexpression of UBD, the cDNA sequence containing the UBD open reading frame (ORF) was synthesized by TsingKe Company and cloned into the EcoRI/BamHI sites of the vector pCDH-CMV-MCS-EF1α-GreenPuro. HEK293T cells were cotransfected with lentiviral vectors (or control lentivirus vectors), auxiliary packaging plasmid psPAX2 and pMD2.G using Lipofectamine 2000 transfection reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s protocol. The lentivirus supernatant was collected after 48 hours. CRC cells were infected with lentiviral supernatant supplemented 5 μg/mL polybrene (Beyotime, Shanghai, China), and stably transfected cell lines were screened using 1 μg/mL puromycin (Beyotime, Shanghai, China) for 2 to 3 weeks.



Cell Counting Kit-8 (CCK-8) Assays

A CCK-8 kit (MCE, Monmouth Junction, NJ, USA) was used to detect the viability of CRC cells. HCT116 and RKO cells at logarithmic growth phase (1 × 103) were seeded in 96-well plates in triplicate. Once the cells adhered, CCK-8 reagents (10 μL/well) were added at the indicated times and incubated for 2 hours. Then the optical density (OD) of each well was measured at 450 nm using a spectrophotometric plate reader. The measurements were performed once per day for 5 continuous days.



Plate Colony Formation Assay

Control and treated CRC cells were seeded at a density of 2 × 103 cells/well in 6-well plates. After culturing in complete medium for 12-14 days, cells were fixed with 4% paraformaldehyde for 30 minutes, and stained with 0.1% crystal violet for 15 minutes. Then the numbers of colonies containing > 50 cells were counted via ImageJ 1.46r software.



EdU Assays

Cell proliferation was measured using a 5-ethynyl-2’-deoxyuridine (EdU) Cell Proliferation Assay Kit (C0075S, Beyotime, Shanghai, China) as described in the manufacturer’s instructions. CRC cells were cultured at a density of 3 × 105 cells/well in a 12-well plate. After attachment, the cells were exposed to EdU labeling medium for approximately 2 hours at 37°C. Afterwards, the cells were fixed with 4% formaldehyde for 15 minutes and treated with enhanced immunostaining permeabilization buffer (P0097, Beyotime, Shanghai, China) for 15 minutes at room temperature for permeabilization, after which the click reaction mixture were added to the cells and incubated for 30 minutes. Next, the nuclei of the cells were stained with Hoechst 33342 in the dark at room temperature for 10 minutes and visualized under a confocal laser scanning microscope (ZEISS, Jena, Germany). Experiments were performed in triplicate.



Flow Cytometry

Cell cycle and apoptosis analyses were performed using flow cytometry by the Institute of Life Sciences, Chongqing Medical University (Chongqing, China). For cell cycle analysis, 1×106 cells were harvested by treatment with 0.25% trypsin and fixed with prechilled 75% ethanol at 4°C overnight.



Protein Half-Life Detection

HCT116 and RKO cells were separately transfected with shNC, shUBD#1, pCDH or pCDH-UBD plasmids and treated with 100 μg/mL cycloheximide (CHX). after culturing for 0, 2, 4 and 8 hours, the treated cells were collected for protein extraction and Western blotting. A total of 40 μg protein was loaded and anti-UBD or anti-p53 was used as the primary antibody. Relative expression of p53 (normalized to GAPDH protein expression) was evaluated using ImageJ software and the half-life of p53 was calculated.



Tumorigenicity Assay In Vivo

5-6 week-old male BALB/c nude mice were purchased from SPF Biotechnology Co., Ltd. (Beijing, China). All animals were housed under specific pathogen-free (SPF) conditions at the Animal Experimental Laboratory Center of Chongqing Medical University. For in-vivo tumorigenicity assays, 1 × 107 UBD stable knockdown or overexpression HCT116 cells (suspended in 100 μL of PBS) were injected subcutaneously into the right flanks of mice (5 mice/group). The survival of the mice and tumor growth status were monitored. Tumor volume was measured every 4 days and calculated as follows: volume (mm3)= 0.5 × (largest diameter) × (smallest diameter)2. Mice were euthanized 24 days after inoculation, and the tumors were harvested, photographed, and weighed. Animal care and handling procedures were approved by the Ethics Committee of Animal Experiments of Chongqing Medical University.



Statistical Analysis

GraphPad Prism 8 software (GraphPad Software, San Diego, CA, USA) was employed for statistical analysis. The data were expressed as the means ± standard deviation (SD) from three independent experiments. Pearson’s chi-square test was used to measure the relationship between UBD expression and other enumeration data of clinical characteristics in CRC patients. Student’s t test (unpaired, two-tailed) was used to analyse the differences between two groups. The correlation of UBD and p53 was investigated using the Spearman correlation test. The results were considered statistically significant at p-value < 0.05, and significance was indicated as follows: *p < 0.05, **p < 0.01 and ***p < 0.001.




Results


UBD Is Significantly Upregulated and Correlates With Clinical Parameters in CRC

To investigate the expression of UBD in CRC, the mRNA level was detected in 40 pairs of CRC tumor and nontumor tissues by qRT-PCR. The expression of UBD was clearly upregulated in tumor tissues compared with nontumor tissues (Figure 1A). In addition, the expression of UBD was significantly higher in 367 CRC tumor tissues than in 667 normal tissues from the TCGA/GTEX datasets with an online platform (http://gepia2.cancer-pku.cn) (35) (Figure 1B). Next, IHC staining was used to assess the protein expression and localization of UBD in 40 CRC samples. The results showed that UBD expression was clearly increased and was mainly located in the nucleus of cancer cells (Figures 1C, D). Western blotting also revealed that the protein expression level of UBD was higher in CRC tumors than in adjacent nontumor tissues (Figures 1E, F). Moreover, UBD expression in SW620, SW480, HCT116, HT-29, Caco-2, LoVo, and RKO cell lines was detected using qRT-PCR and Western blotting (Figures 1G, H). Western blotting results showed that HCT116, RKO, Caco-2 and SW480 have relatively high UBD expression, and HCT116 and RKO cells were used to perform further experiments.




Figure 1 | The expression of UBD in CRC. (A, B) The expression level of UBD was detected in 40 cases of CRC tissue samples (A) and the TCGA/GTEX datasets (B). (C) H&E staining was used to detect the benign and malignant tissues, IHC staining of UBD was used to determine the expression of UBD protein in CRC tumor tissues and adjacent nontumor tissues (magnifications, 200× and 400×; scale bar, 100 μm and 50 μm). (D) IHC score of UBD in CRC tumor tissues (T) and adjacent nontumor tissues (N) (n = 40, **p < 0.01). (E) Western blot analysis of UBD protein expression from CRC tissues, GAPDH was used as a loading control. (F) Relative expression of UBD protein was quantized by analyzing grayscale value of Western blotting bands in 32 pairs of CRC tissues. (n=32, **p < 0.01). (G, H) Relative mRNA level (G) and protein level (H) of UBD in seven CRC cell lines including SW620, SW480, HCT116, HT-29, Caco-2, LoVo and RKO. GAPDH was used as a loading control. CRC, colorectal cancer; COAD, Colon adenocarcinoma; READ, Rectal adenocarcinoma; H&E, hematoxylin and eosin; IHC, immunohistochemistry; UBD, Ubiquitin D; GAPDH, glyceraldehyde 3‐phosphate dehydrogenase.



Next, we investigated the associations between UBD expression levels and clinicopathological features in CRC patients, the patients were divided into two groups (UBD high and low expression) as previous described (34). We found that UBD expression was significantly associated with tumor size (p = 0.037) and TNM stage (p = 0.017) but not with patient sex, age or tumor location (Table 1). Taken together, we concluded that UBD is frequently upregulated in human CRC and that UBD has a potential role as a tumor promoter in CRC.


Table 1 | Correlation between UBD expression and clinicopathologic characteristics in CRC patients.





UBD Positively Promotes the Proliferation of CRC Cells and Cell Cycle Progression In Vitro

As high UBD protein expression was significantly associated with tumor size, we speculated that UBD may function in CRC proliferation. To explore the relationship between UBD and CRC cell growth, shRNAs shUBD#1 and shUBD#2 were designed to mediate UBD knockdown. HCT116 and RKO cells were transfected with shUBD#1, shUBD#2 or empty control vector shNC separately, and qRT-PCR and Western blotting were generated to evaluate the efficiency of shUBD#1 and 2. The results showed that shUBD#1 and 2 successfully knocked down UBD protein (Figure 2A) and mRNA expression (Figure 2B).




Figure 2 | Knockdown of UBD inhibits the CRC cell growth and cycle progression in vitro. (A, B) Knockdown efficiency of UBD in HCT116 and RKO cells detected using Western blotting (A) and qRT-PCR (B) (***p < 0.001). GAPDH was used as an endogenous control. (C) CCK-8 assay was used to analyze the cell viability of UBD stable knocked down HCT116 and RKO cells (*p < 0.05; **p < 0.01; ***p < 0.001). (D, E) The effect of UBD downregulating on the proliferation of HCT116 and RKO cells compared with negative control were analyzed by colony formation assays (D) and EdU assay (E), magnification, 400×; scale bar, 100 μm). Quantitative results of colony numbers and EdU positive cells are presented in data graphs (**p < 0.01; ***p < 0.001). (F) Flow cytometry assays were performed to analyze cell cycle in HCT116 and RKO UBD stable knockdown cell lines (*p < 0.05; **p < 0.01). shNC, short hairpin negative control; CCK-8, Cell Counting Kit-8; EdU, 5-ethynyl-2’-deoxyuridine.



Then, UBD function in CRC cells were analyzed. First, a CCK-8 assay was performed to detect the viability of the transfected cells. The data showed that the growth dynamics of HCT116 and RKO cells significantly decreased when transfected with shUBD (Figure 2C). Next, cell colony formation assays and EdU assays were conducted to further examine the effect of UBD on cell proliferation. We found that UBD knockdown suppressed the proliferation ability of CRC cells (Figures 2D, E). Additionally, flow cytometry showed that UBD knockdown markedly blocked the cell cycle at the G1 phase in HCT116 and RKO cells (Figure 2F). No significant changes in apoptosis were observed in HCT116 and RKO cells when UBD was knocked down compared to control cells (Supplementary Figure 1). Then, we constructed the UBD overexpression vector, pCDH-UBD. HCT116 and RKO cells were transfected with pCDH-UBD or the control vector pCDH. UBD expression level was detected in the transfected cells using Western blotting and qRT-PCR, and the results showed that UBD was successfully overexpressed (Figures 3A, B). After UBD was overexpressed, both the viability and proliferation ability of HCT116 and RKO cells were increased compared with those of the scramble group (Figures 3C–E). G0/G1 to S cell cycle progression was also promoted (Figure 3F). Taken together, these results demonstrated that UBD can promote CRC cell proliferation and cell cycle G0/G1 to S progression in vitro.




Figure 3 | Upregulated expression of UBD promotes the CRC cell proliferation and cycle progression in vitro. (A, B) Western blot (A) and qRT-PCR (B) analyses of UBD protein and mRNA levels in CRC cells after UBD overexpression (**p < 0.01). (C) CCK-8 assay was used to analyze the cell viability of UBD stable overexpressed HCT116 and RKO cells (*p < 0.05; **p < 0.01). (D, E) The effect of UBD overexpression on the growth of HCT116 and RKO cells compared with negative control were analyzed by colony formation assays (D) and EdU assay (E), magnification, 400×; scale bar, 100 μm). Quantitative results of colony numbers and EdU positive cells are presented in data graphs (**p < 0.01). (F) Flow cytometry assays were performed to analyze cell cycle in HCT116 and RKO UBD stable overexpression cell lines (*p < 0.05; **p < 0.01).





UBD Negatively Regulates p53 Expression in CRC

The above results demonstrated that UBD is associated with CRC cell growth in vitro. We next examined the molecular mechanisms underlying UBD-regulated cell growth. A previous mass spectrometry screen identified p53 as a UBD-interacting protein (33). Based on this, we speculated that there might be a functional association between UBD and p53.

To illuminate whether p53 is a target protein of UBD in CRC cells, the change of p53 protein expression level along with UBD in HCT116 and RKO cells were assessed using Western blot analyses. The results showed that UBD knockdown significantly increased p53 protein expression, whereas overexpression of UBD reduced the expression of p53 protein (Figure 4A) in HCT116 and RKO cells. To further study the relationship between UBD and p53, we detected the protein levels of UBD and p53 in seven CRC cell lines using immunoblotting. In the seven CRC cell lines, there was a negative correlation between the protein expression levels of p53 and UBD (Figures 4B, C). Additionally, immunoblot analysis in HCT116 cells revealed that the knockdown of UBD led to increases in p21 and decreases in Cyclin D1, Cyclin E, cyclin-dependent kinase 2 (CDK2), CDK4 and CDK6 expression (Figure 4D), which are proteins related to cell cycle regulation. In contrast, overexpression of UBD generated the opposite expression trend of these cell cycle-related proteins (Figure 4D). These results indicated that the p53 expression might be downregulated by UBD in CRC cells to promote cell cycle progression and cell growth.




Figure 4 | UBD negatively regulates the expression levels of p53 in CRC. (A) The protein expression level of p53 in HCT116 and RKO cells transfected with stable knockdown or overexpression plasmid. (B) Expression level of UBD and p53 protein were detected in seven CRC cell lines. (C) Pearson correlation analyzed the correlation between UBD and p53 protein expression level in CRC cells (R2 = 0.5797; p = 0.0468). (D) Western blotting was used to detected the protein expression of downstream genes of p53 pathway in HCT116 cells transfected with stable knockdown or overexpression plasmid. GAPDH was used as an endogenous control. p53: tumor suppressor p53.





p53 Is Required for UBD to Regulate the Growth of CRC Cells

As mentioned above, p53 has been identified as a target protein of UBD, and we hypothesized that UBD might elevate CRC cell proliferation by inhibiting p53 expression. Therefore, we constructed a short-hairpin RNA targeting p53 (shp53), cotransfection HCT116 cells with shUBD#1 plasmid, and verified the protein expression of p53 and UBD by Western blotting (Figure 5A). CCK-8 assays showed that knockdown of UBD significantly depleted CRC cell viability, which could be reversed by reduction of p53 (Figure 5B). Similarly, colony formation and EdU experiments indicated that knockdown of UBD markedly impaired CRC cell growth. Furthermore, a decrease in p53 promoted the proliferation of CRC cells which could block the inhibition of CRC cell proliferation when UBD was knocked down (Figures 5C–E). Taken together, these data suggested that p53 is indispensable for the proliferative function of UBD in CRC cells.




Figure 5 | p53 is required for UBD to regulate growth of CRC cells. (A) Western blot analysis of UBD and p53 protein expression in HCT116 cells after UBD knockdown with or without p53 knockdown. (B) Cell viability of shp53 and shUBD#1 co-transfection in HCT116 cells evaluated by CCK-8 assay (**p < 0.01). (C-E) Results of colony formation assay (C, D) and EdU assays (E) showing the proliferation of CRC cells stably transfected with shUBD#1 in the presence or absence of shp53 (E), magnification, 400×; scale bar, 100 μm). Quantitative results of colony numbers and EdU positive cells are presented in data graphs (**p < 0.01). sh1, shUBD#1.





UBD Inhibits p53 Stability by Enhancing the Proteolysis of p53

To verify the mechanism by which UBD regulates the expression of p53, immunoprecipitation was performed to detect whether UBD interacted with p53 directly. The results showed that UBD and p53 can bind to each other in HCT116 cells (Figure 6A). Previous studies confirmed that, under the catalysis of E1 (UBA6) and E2 (USE1), UBD is able to bind to substrates to form UBD-substrate complexes and lead to proteasome degradation of the substrate (8, 18, 36). To test the changes in UBD-p53 complex formation when the expression of E1 and E2 enzymes were reduced in HCT116 cells, UBA6 and USE1 were knocked down respectively. Results showed that downregulation of UBA6 or USE1 obviously inhibited the formation of the UBD-p53 complex (Figure 6B). Taken together, these results revealed that UBD interacts with p53 and p53 can be modified by UBD/FAT10ylation.




Figure 6 | UBD inhibits p53 stability by enhancing the protein degradation of p53. (A) Immunoprecipitaion of endogenous UBD and p53 in HCT116 cells. (B) UBD-p53 complexes were examined in HCT116 cells transfected with the indicated shRNAs (C) Western blot analysis of p53 expression in cells treated with MG132 (10 μM) for the indicated times. (D) After transfection with the shNC, shUBD#1, pCDH or pCDH-UBD plasmids, p53 expression in HCT116 and RKO cells was observed upon addition of MG132 (10μM) for 6 hours by using Western blotting. (E, F) HCT116 cells were transfected with shNC or shUBD#1 (E), RKO cells were transfected with pCDH or pCDH-UBD (F). Then treated with 100 μg/mL CHX for the indicated times. Western blotting was used to detect the UBD and p53 expressions. Quantitative analysis was conducted on p53 level in Western blotting, the half-life time of p53 was calculated (*p < 0.05; **p < 0.01). GAPDH was used as an endogenous control. CHX, cycloheximide.



In addition, we supposed that UBD might target p53 protein degradation through the proteasome system. To prove this hypothesis, we treated HCT116 and RKO CRC cells with MG132, a proteasome inhibitor, for the indicated concentrations and times, and the results showed that the protein expression of endogenous p53 significantly accumulated over time following MG132 treatment (Figure 6C). To further clarify the effect of UBD on the regulation of p53 protein degradation, we transfected shNC, shUBD#1, pCDH, and pCDH-UBD expression vectors into HCT116 and RKO cells. After incubation with or without MG132 at specific times, Western blot analysis was used to test the expression of UBD and p53. The results demonstrated that the protein level of p53 was upregulated when UBD was knocked down, and the increase in UBD expression by pCDH-UBD largely decreased endogenous p53 protein expression. In addition, the expression of p53 in the MG132 treatment group was higher than that in the group without MG132 treatment (Figure 6D), suggesting that UBD can negatively regulate p53 expression in the proteasome degradation pathway. Moreover, to analyze the dynamics of p53 degradation, UBD stably expressed HCT116 and RKO cells were treated with cycloheximide (CHX), an inhibitor of protein synthesis. The results showed that, compared to HCT116-shNC, the half-life of p53 in HCT116-shUBD#1 cells was increased from 4 hours to approximately 6 hours (Figure 6E). Conversely, overexpression of UBD in RKO cells significantly reduced the half-life of p53 compared with that in the control cells (Figure 6F). These results demonstrated that UBD inhibits p53 stability by facilitating the protein degradation of p53. E3 ubiquitin ligase murine double minute (MDM2) is recognized as one of the most critical negative regulator for p53 protein stability. MDM2 binds to the transactivation domain of p53 and blocks this area, thus inhibiting p53-mediated transcriptional activation and inducing the ubiquitination of p53, finally leading to its degradation (37, 38). We assumed that the effect of UBD on p53 related to MDM2 and tested the effect of UBD on the expression of MDM2, however, the expression of MDM2 did not change significantly (Supplementary Figure 2).



UBD Accelerates CRC Cell Growth by Downregulating the Expression of p53 In Vivo

The above data confirmed that UBD promotes the proliferation of CRC cells in vitro by regulating the expression of p53. To further verify whether UBD plays an oncogenic role in vivo, HCT116 cells that stably express shNC, shUBD#1, pCDH or pCDH-UBD were subcutaneously injected into the right armpits of nude mice (five mice per group). The volume of tumors was measured every 4 days, continually for 24 days. And then the mice were euthanized, and the tumors were harvested, photographed, and weighed (Figure 7A). We found that the tumors of mice in the HCT116-shUBD#1 group were smaller and lighter than those of the shNC mice. However, a marked increase in tumor size and weight could be seen in the UBD overexpression group compared with the control group (Figures 7B, C). These results indicated that UBD promotes CRC tumorigenesis in vivo. To further confirm the effect of p53 on UBD-mediated tumor growth in vivo, immunoblots for UBD and p53 were adopted in these tumor tissues. The results showed that knockdown of UBD promoted p53 expression, whereas UBD overexpression had opposite effects (Figure 7D). Consistent with the Western blot analysis, IHC assays of the isolated tumors also confirmed these results (Figure 7E, Supplementary Figure 3), and Ki-67 staining revealed increased cell proliferation in HCT116 xenografts overexpressing UBD. Conversely, cell proliferation was inhibited when UBD was silenced (Figure 7E). Taken together, these findings suggested that UBD promotes CRC proliferation by downregulating the expression of p53 in vivo.




Figure 7 | UBD accelerates CRC cell growth by downregulating the expression of p53 in vivo. (A–C) HCT116 cells that stablely express shNC, shUBD#1, pCDH or pCDH-UBD were subcutaneously injected into the right armpits of nude mice (five mice per group). After 24 days of growth, the mice were euthanized, and the tumors were harvested, photographed (A); tumor volumes were measured periodically after injection and tumor growth curves were drawn (B); tumor weights were measured (C) (**p < 0.01; ***p < 0.001). (D) Protein levels of UBD and p53 in tumors from HCT116 injected cells in which UBD was stably downregulated or overexpressed (n=4 per group). GAPDH was used as an loading control. (E) IHC staining of UBD, p53 and Ki67 in xenograft tumor tissues (scale bar, 100 μm).






Discussion

CRC has undergone a process of development from adenoma to carcinoma, which involves a variety of proteins and signaling pathways (3). Although the diagnosis and treatment of CRC have made great progress in recent years, the 5-year survival rate of CRC is still poor, especially for patients with advanced CRC (39). This is mainly due to the insufficient understanding of the molecular mechanism of its occurrence and development.

UBD is a ubiquitin-like protein. And its function of targeting protein degradation is similar to that of ubiquitin, and it is currently the only known ubiquitin-like protein that can directly mediate ubiquitin-independent proteasome degradation (40). Evidence has confirmed that UBD is overexpressed in a variety of tumors, including CRC, and is related to tumor proliferation, metastasis and prognosis (14, 41, 42). The results from the TCGA/GTEX datasets and our clinicopathological specimens also confirmed that the expression level of UBD in CRC tumor tissues was significantly higher than that in nontumor tissues. Clinical features demonstrated that overexpressed UBD was positively associated with tumor size and TNM stage (Table 1), which was consistent with previous studies (19–21). Furthermore, we investigated the biological function of UBD in CRC both in vitro and in vivo. We found that knocking down UBD significantly inhibited the viability and capacity of colorectal cancer cells to grow in vitro, arresting the cells in G1 phase. In vivo experiments also confirmed that the growth of colorectal tumors was suppressed when UBD was knocked down. In contrast, stable overexpression of UBD had the opposite effect. Taken together, these results suggested that UBD may serve as an oncogene in CRC.

The tumor suppressor p53 plays an essential role in promoting the development of CRC from adenoma to carcinoma. The amount of p53 protein keeps low in normal cells, and the expression level of p53 is mainly determined by ubiquitin-dependent proteasome degradation (43). When activated, p53 upregulates the transcription of MDM2, and MDM2 binds to and ubiquitinates it for proteasomal degradation (37). The interaction between p53 and MDM2 is a negative feedback loop, and MDM2 acts as a negative regulator of p53 level and activity (44, 45), which has become a promising therapeutic strategy in cancer treatment (26, 28). A previous study had proved that both p53 and MDM2 are interacting proteins of UBD (33). In this study, we confirmed that the expression level of p53 protein was opposite to these of UBD both in vitro and in vivo. Additionally, we found that UBD interacted with p53, leads to a decrease in p53 protein expression by UBD/FAT10ylation-mediated degradation and shorten the half-life of p53, suggesting that UBD might promote tumorigenesis of CRC by inhibiting the function of p53. However, the expression of MDM2 did not change significantly and we speculated that UBD regulates the expression of p53 may not due to the interaction of p53 and MDM2. When exposed to cellular stress, the p53 signaling pathway was activated to regulate the cell cycle. Cyclins and cyclin-dependent kinases (CDKs) are key regulators that control cell cycle procession. p21 is a member of the CDK inhibitor family and a downstream target gene of p53 that stimulates arrest of the cell cycle at G1 to S phase and G2 to M phase (29). Our results showed that UBD regulates p53 downstream molecules, including p21, CDKs and Cyclins. To further explore whether UBD-mediated CRC growth depends on p53, loss-of-function experiment was performed and showed that p53 could repair the functional inhibition caused by UBD knockdown.

According to previous studies, p53 is covalently modified by UBD overexpression in HEK293 cells, leading to an enhancement of p53 transcriptional activity with abnormal conformation (46). However, upon stimulation by inflammatory factors, UBD is overexpressed, and p53 transcriptional activity is decreased; conversely, silencing of UBD causes the opposite effect (47). In addition, p53 binds to an inhibitory site of the UBD promoter to negatively regulate the promoter activity and mRNA expression of UBD, and endogenous UBD gene expression is increased when endogenous p53 is silenced in HEK293 cells, indicating that UBD might be a downstream gene of the p53 pathway (48). There seems to be a negative feedback regulation underlying the mechanism of UBD and p53. A study also confirmed that the mRNA and protein expression of UBD are positively correlated with that of mutant p53 in gastric cancer tissues, both of which are overexpressed and closely associated with lymph node metastasis, advanced TNM stage and a terrible prognosis (49). There seems to be a complicated mechanism for the mutual regulation of UBD and p53, and further investigation is needed.

In conclusion, UBD is frequently overexpressed in CRC and closely associated with the clinicopathological features of CRC patients. Gain- and loss-of-function of UBD are important for the tumorigenesis and progression of CRC. UBD interacts with p53 and promotes p53 degradation through UBD/FAT10ylation of p53, ultimately, promoting CRC occurrence and development (Figure 8). There has been many researches confirming that the E1 enzyme UBA6 and E2 enzyme USE1 both are bispecific for UBD and ubiquitin (7, 9, 10). However, the hypothetical E3 enzymes of UBD-mediated proteasome degradation, which remain to be identified. Whether there are other E3 enzymes involved in the effects of UBD on p53 degradation need further investigation. Thus, we found a carcinogenic effect of UBD in CRC, which may act as a valuable prognostic indicator and a potential therapeutic target for CRC.




Figure 8 | A proposed model of UBD/p53 promoting CRC cell proliferation and tumorigenesis. UBD is upregulated in CRC, and may interact with p53 and facilitate p53 degradation through the proteasome pathway, which further promotes cell proliferation and cell cycle progression, ultimately, promotes CRC tumorigenesis.





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 author.



Ethics Statement

The studies involving human participants were reviewed and approved by the Ethics Committee of The First Affiliated Hospital of Chongqing 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 Committee of Animal Experiments of Chongqing Medical University.



Author Contributions

HS and ZX conducted the study design. BJ and XS collected clinical samples. HS and MQ carried out the experiments. HS and QL analyzed and inspected the data. HS drafted the manuscript. ZX reviewed and corrected the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by Natural Science Foundation of Chongqing, China (cstc2019jcyj-msxmX0054).



Acknowledgments

We thank American Journal Experts (AJE) for its linguistic assistance during the preparation of this manuscript.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.691347/full#supplementary-material



References

1. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2021) 71:209–49. doi: 10.3322/caac.21660

2. Pancione, M, Remo, A, and Colantuoni, V. Genetic and Epigenetic Events Generate Multiple Pathways in Colorectal Cancer Progression. Patholog Res Int (2012) 2012:509348. doi: 10.1155/2012/509348

3. Markowitz, SD, and Bertagnolli, MM. Molecular Origins of Cancer: Molecular Basis of Colorectal Cancer. N Engl J Med (2009) 361:2449–60. doi: 10.1056/NEJMra0804588

4. Wilkinson, KD. Protein Ubiquitination: A Regulatory Post-Translational Modification. Anticancer Drug Des (1987) 2:211–29.

5. Popovic, D, Vucic, D, and Dikic, I. Ubiquitination in Disease Pathogenesis and Treatment. Nat Med (2014) 20:1242–53. doi: 10.1038/nm.3739

6. Swatek, KN, and Komander, D. Ubiquitin Modifications. Cell Res (2016) 26:399–422. doi: 10.1038/cr.2016.39

7. Wang, F, and Zhao, B. UBA6 and Its Bispecific Pathways for Ubiquitin and FAT10. Int J Mol Sci (2019) 20:2250. doi: 10.3390/ijms20092250

8. Schmidtke, G, Aichem, A, and Groettrup, M. FAT10ylation as a Signal for Proteasomal Degradation. Biochim Biophys Acta (2014) 1843:97–102. doi: 10.1016/j.bbamcr.2013.01.009

9. Chiu, YH, Sun, Q, and Chen, ZJ. E1-L2 Activates Both Ubiquitin and FAT10. Mol Cell (2007) 27:1014–23. doi: 10.1016/j.molcel.2007.08.020

10. Aichem, A, Pelzer, C, Lukasiak, S, Kalveram, B, Sheppard, PW, Rani, N, et al. USE1 Is a Bispecific Conjugating Enzyme for Ubiquitin and FAT10, Which FAT10ylates Itself in Cis. Nat Commun (2010) 1:13. doi: 10.1038/ncomms1012

11. Rani, N, Aichem, A, Schmidtke, G, Kreft, SG, and Groettrup, M. FAT10 and NUB1L Bind to the VWA Domain of Rpn10 and Rpn1 to Enable Proteasome-Mediated Proteolysis. Nat Commun (2012) 3:749. doi: 10.1038/ncomms1752

12. Hipp, MS, Kalveram, B, Raasi, S, Groettrup, M, and Schmidtke, G. FAT10, a Ubiquitin-Independent Signal for Proteasomal Degradation. Mol Cell Biol (2005) 25:3483–91. doi: 10.1128/MCB.25.9.3483-3491.2005

13. Kandel-Kfir, M, Garcia-Milan, R, Gueta, I, Lubitz, I, Ben-Zvi, I, Shaish, A, et al. IFNgamma Potentiates TNFalpha/TNFR1 Signaling to Induce FAT10 Expression in Macrophages. Mol Immunol (2020) 117:101–9. doi: 10.1016/j.molimm.2019.11.004

14. Lee, CG, Ren, J, Cheong, IS, Ban, KH, Ooi, LL, Yong Tan, S, et al. Expression of the FAT10 Gene Is Highly Upregulated in Hepatocellular Carcinoma and Other Gastrointestinal and Gynecological Cancers. Oncogene (2003) 22:2592–603. doi: 10.1038/sj.onc.1206337

15. Yi, X, Deng, X, Zhao, Y, Deng, B, Deng, J, Fan, H, et al. Ubiquitin-Like Protein FAT10 Promotes Osteosarcoma Growth by Modifying the Ubiquitination and Degradation of YAP1. Exp Cell Res (2020) 387:111804. doi: 10.1016/j.yexcr.2019.111804

16. Xiang, S, Shao, X, Cao, J, Yang, B, He, Q, and Ying, M. FAT10: Function and Relationship With Cancer. Curr Mol Pharmacol (2020) 13:182–91. doi: 10.2174/1874467212666191113130312

17. Han, T, Liu, Z, Li, H, Xie, W, Zhang, R, Zhu, L, et al. High Expression of UBD Correlates With Epirubicin Resistance and Indicates Poor Prognosis in Triple-Negative Breast Cancer. Oncol Targets Ther (2015) 8:1643–9. doi: 10.2147/OTT.S81214

18. Yan, J, Lei, J, Chen, L, Deng, H, Dong, D, Jin, T, et al. Human Leukocyte Antigen F Locus Adjacent Transcript 10 Overexpression Disturbs WISP1 Protein and mRNA Expression to Promote Hepatocellular Carcinoma Progression. Hepatology (2018) 68:2268–84. doi: 10.1002/hep.30105

19. Zhang, CY, Sun, J, Wang, X, Wang, CF, and Zeng, XD. Clinicopathological Significance of Human Leukocyte Antigen F-Associated Transcript 10 Expression in Colorectal Cancer. World J Gastrointest Oncol (2019) 11:9–16. doi: 10.4251/wjgo.v11.i1.9

20. Yan, DW, Li, DW, Yang, YX, Xia, J, Wang, XL, Zhou, CZ, et al. Ubiquitin D Is Correlated With Colon Cancer Progression and Predicts Recurrence for Stage II-III Disease After Curative Surgery. Br J Cancer (2010) 103:961–9. doi: 10.1038/sj.bjc.6605870

21. Zhao, S, Jiang, T, Tang, H, Cui, F, Liu, C, Guo, F, et al. Ubiquitin D Is an Independent Prognostic Marker for Survival in Stage IIB-IIC Colon Cancer Patients Treated With 5-Fluoruracil-Based Adjuvant Chemotherapy. J Gastroenterol Hepatol (2015) 30:680–8. doi: 10.1111/jgh.12784

22. Efeyan, A, and Serrano, M. P53: Guardian of the Genome and Policeman of the Oncogenes. Cell Cycle (2007) 6:1006–10. doi: 10.4161/cc.6.9.4211

23. Horn, HF, and Vousden, KH. Coping With Stress: Multiple Ways to Activate P53. Oncogene (2007) 26:1306–16. doi: 10.1038/sj.onc.1210263

24. Levine, AJ. P53, the Cellular Gatekeeper for Growth and Division. Cell (1997) 88:323–31. doi: 10.1016/s0092-8674(00)81871-1

25. Levine, AJ. P53: 800 Million Years of Evolution and 40 Years of Discovery. Nat Rev Cancer (2020) 20:471–80. doi: 10.1038/s41568-020-0262-1

26. Duffy, MJ, Synnott, NC, O’Grady, S, and Crown, J. Targeting P53 for the Treatment of Cancer. Semin Cancer Biol (2020). doi: 10.1016/j.semcancer.2020.07.005

27. Hollstein, M, Sidransky, D, Vogelstein, B, and Harris, CC. P53 Mutations in Human Cancers. Science (1991) 253:49–53. doi: 10.1126/science.1905840

28. Huang, J. Current Developments of Targeting the P53 Signaling Pathway for Cancer Treatment. Pharmacol Ther (2021) 220:107720. doi: 10.1016/j.pharmthera.2020.107720

29. Li, H, Zhang, J, Tong, JHM, Chan, AWH, Yu, J, Kang, W, et al. Targeting the Oncogenic P53 Mutants in Colorectal Cancer and Other Solid Tumors. Int J Mol Sci (2019) 20:5999. doi: 10.3390/ijms20235999

30. Slattery, ML, Mullany, LE, Wolff, RK, Sakoda, LC, Samowitz, WS, and Herrick, JS. The P53-Signaling Pathway and Colorectal Cancer: Interactions Between Downstream P53 Target Genes and miRNAs. Genomics (2019) 111:762–71. doi: 10.1016/j.ygeno.2018.05.006

31. Yin, L, Lin, Y, Wang, X, Su, Y, Hu, H, Li, C, et al. The Family of Apoptosis-Stimulating Proteins of P53 Is Dysregulated in Colorectal Cancer Patients. Oncol Lett (2018) 15:6409–17. doi: 10.3892/ol.2018.8151

32. Wen, S, Gao, J, Zhang, L, Zhou, H, Fang, D, and Feng, S. P53 Increase Mitochondrial Copy Number via Up-Regulation of Mitochondrial Transcription Factor A in Colorectal Cancer. Oncotarget (2016) 7:75981–95. doi: 10.18632/oncotarget.12514

33. Aichem, A, Kalveram, B, Spinnenhirn, V, Kluge, K, Catone, N, Johansen, T, et al. The Proteomic Analysis of Endogenous FAT10 Substrates Identifies P62/SQSTM1 as a Substrate of FAT10ylation. J Cell Sci (2012) 125:4576–85. doi: 10.1242/jcs.107789

34. Xing, C, Lu, XX, Guo, PD, Shen, T, Zhang, S, He, XS, et al. Ubiquitin-Specific Protease 4-Mediated Deubiquitination and Stabilization of PRL-3 Is Required for Potentiating Colorectal Oncogenesis. Cancer Res (2016) 76:83–95. doi: 10.1158/0008-5472.CAN-14-3595

35. Tang, Z, Li, C, Kang, B, Gao, G, Li, C, and Zhang, Z. GEPIA: A Web Server for Cancer and Normal Gene Expression Profiling and Interactive Analyses. Nucleic Acids Res (2017) 45:W98–W102. doi: 10.1093/nar/gkx247

36. Aichem, A, Anders, S, Catone, N, Rossler, P, Stotz, S, Berg, A, et al. The Structure of the Ubiquitin-Like Modifier FAT10 Reveals an Alternative Targeting Mechanism for Proteasomal Degradation. Nat Commun (2018) 9:3321. doi: 10.1038/s41467-018-05776-3

37. Li, Q, and Lozano, G. Molecular Pathways: Targeting Mdm2 and Mdm4 in Cancer Therapy. Clin Cancer Res (2013) 19:34–41. doi: 10.1158/1078-0432.CCR-12-0053

38. Oliner, J, Pietenpol, J, Thiagalingam, S, Gyuris, J, Kinzler, K, and Vogelstein, B. Oncoprotein MDM2 Conceals the Activation Domain of Tumour Suppressor P53. Nature (1993) 362:857–60. doi: 10.1038/362857a0

39. Dekker, E, Tanis, PJ, Vleugels, JLA, Kasi, PM, and Wallace, MB. Colorectal Cancer. Lancet (2019) 394:1467–80. doi: 10.1016/S0140-6736(19)32319-0

40. Ebstein, F, Lehmann, A, and Kloetzel, PM. The FAT10- and Ubiquitin-Dependent Degradation Machineries Exhibit Common and Distinct Requirements for MHC Class I Antigen Presentation. Cell Mol Life Sci (2012) 69:2443–54. doi: 10.1007/s00018-012-0933-5

41. Dong, D, Jiang, W, Lei, J, Chen, L, Liu, X, Ge, J, et al. Ubiquitin-Like Protein FAT10 Promotes Bladder Cancer Progression by Stabilizing Survivin. Oncotarget (2016) 7:81463–73. doi: 10.18632/oncotarget.12976

42. Aichem, A, and Groettrup, M. The Ubiquitin-Like Modifier FAT10 in Cancer Development. Int J Biochem Cell Biol (2016) 79:451–61. doi: 10.1016/j.biocel.2016.07.001

43. Lee, JT, and Gu, W. The Multiple Levels of Regulation by P53 Ubiquitination. Cell Death Differ (2010) 17:86–92. doi: 10.1038/cdd.2009.77

44. Wade, M, Li, YC, and Wahl, GM. MDM2, MDMX and P53 in Oncogenesis and Cancer Therapy. Nat Rev Cancer (2013) 13:83–96. doi: 10.1038/nrc3430

45. Kruse, JP, and Gu, W. Modes of P53 Regulation. Cell (2009) 137:609–22. doi: 10.1016/j.cell.2009.04.050

46. Li, T, Santockyte, R, Yu, S, Shen, RF, Tekle, E, Lee, CG, et al. FAT10 Modifies P53 and Upregulates Its Transcriptional Activity. Arch Biochem Biophys (2011) 509:164–9. doi: 10.1016/j.abb.2011.02.017

47. Choi, Y, Kim, JK, and Yoo, JY. NFkappaB and STAT3 Synergistically Activate the Expression of FAT10, A Gene Counteracting the Tumor Suppressor P53. Mol Oncol (2014) 8:642–55. doi: 10.1016/j.molonc.2014.01.007

48. Zhang, DW, Jeang, KT, and Lee, CG. P53 Negatively Regulates the Expression of FAT10, A Gene Upregulated in Various Cancers. Oncogene (2006) 25:2318–27. doi: 10.1038/sj.onc.1209220

49. Ji, F, Jin, X, Jiao, CH, Xu, QW, Wang, ZW, and Chen, YL. FAT10 Level in Human Gastric Cancer and Its Relation With Mutant P53 Level, Lymph Node Metastasis and TNM Staging. World J Gastroenterol (2009) 15:2228–33. doi: 10.3748/wjg.15.2228



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.

Copyright © 2021 Su, Qin, Liu, Jin, Shi and Xiang. 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-11-691347-g005.jpg
A B Cc
NG et e e o,
shuBD#I -+ -+ & | o L T
I I . :
H T fw
53 E—— i
[ 1,5_/ i
e - B o

GAPDH [

Tnat” e on s

. shNC shUBD# shps3 shivanpss

c
o ShUBDHI  shps3 shivshps3 ———c =
3 o o” 08 ShUBDSH = nmeahess
5 2 os:
= os
S0z
&
oo






OEBPS/Images/fonc.2021.691347_cover.jpg
, frontiers
in Oncology

Ubiquitin-Like Protein UBD Promotes
Cell Proliferation in Colorectal Cancer
by Facilitating p53 Degradation





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Ubiquitin-Like Protein UBD Promotes Cell Proliferation in Colorectal Cancer by Facilitating p53 Degradation

      

        		

          Purpose

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Reagents and Antibodies

          



          		

            Human Tissue Samples

          



          		

            Cell Lines and Cell Culture Conditions

          



          		

            Immunohistochemical (IHC) Staining

          



          		

            RNA Extraction, cDNA Synthesis and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

          



          		

            Protein Extraction, Western Blotting and Immunoprecipitation

          



          		

            Plasmid Construction, Transfection and Establishment of Stable Cell Lines

          



          		

            Cell Counting Kit-8 (CCK-8) Assays

          



          		

            Plate Colony Formation Assay

          



          		

            EdU Assays

          



          		

            Flow Cytometry

          



          		

            Protein Half-Life Detection

          



          		

            Tumorigenicity Assay In Vivo

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            UBD Is Significantly Upregulated and Correlates With Clinical Parameters in CRC

          



          		

            UBD Positively Promotes the Proliferation of CRC Cells and Cell Cycle Progression In Vitro

          



          		

            UBD Negatively Regulates p53 Expression in CRC

          



          		

            p53 Is Required for UBD to Regulate the Growth of CRC Cells

          



          		

            UBD Inhibits p53 Stability by Enhancing the Proteolysis of p53

          



          		

            UBD Accelerates CRC Cell Growth by Downregulating the Expression of p53 In Vivo

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-11-691347-g003.jpg
3w Meme

o & z i) —
poiN : i
UBDe= B s Hl
HN
oOHE— = |

HeTHe

pcoH pCOHUBD

G
T3

-

O contontp) A contoni#)

Proporton ofcals (1)

A






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-11-691347-g007.jpg
uBD

Ki67

z
a

3
=B

pCDH-UBD

shUBD#1

e e e
T 906 T

5 e -

o S —

oo
S ——
S oo
TR
i e
o e e

GaPOH
OO 130 0s7 o om0 041 6 08

5
pCDH pCDH-UBD





OEBPS/Images/fonc-11-691347-g001.jpg
T ML e,
8 o

200%

400%

UBD e

GAPDH S e -

UBp e ————

GAPOH S ————

ugo!

GAPDH i e e

uep!

rpE———

PSS

GAPDH i

s

GAPDH S —————
ue;

CAPOH e ————

; SleSLrE

CAPOH S e —






OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-11-691347-g008.jpg
«©' o
-
R
|
®
Ve

Cell cycle Cell proliferation

S

CRC tumorigenesis





OEBPS/Images/fonc-11-691347-g002.jpg





OEBPS/Images/fonc-11-691347-g004.jpg
HeT116 RKO HCT116  RKO

wwe - -+ - - pooM 4 -«
w0 -+ - -+ -
ahuBDsz - . ecomumd . .

,,5,_ v —
ot ————J———— [ ————

.
s
= =

o e —
Pps——
coKz [ [
e —— [
—
p——
O — —






OEBPS/Images/table1.jpg
Parameters

Gender
Men
Women

Age(Years)
> 55
<55

Location
Colon
Rectal

Metastasis
Lymph nodes
Distant

Stages
-l
l-Iv

Tumor size
> 40mm
< 40mm

Total case

40

22
18

24
16

19
21

15
25

17
23

High (%)
23 (57.5)

12 (54.5)
11(61.1)

15 (62.5)
8 (50)

10 (52.6)
13(61.9)

9 (56.3)
2 (40

5(33.3)
18(72)

13 (76.5)
10 (43.6)

UBD

Low (%)
17 (42.5)

10 (45.5)
7(38.9)

9(37.5)
8 (50)

9 (47.4)
8(38.1)

7(43.7)
3(60)

10 (66.7)
7 (28)

4(235)
13 (56.5)

P-value

0.676

0.433

0.554

0.525

0.017*

0.087"

*n < 0.05.





OEBPS/Images/fonc-11-691347-g006.jpg
Peo =
L e e o,
o8 Egg womwmm
i o T
kg GAPDH
— =
veo B I ol e e s e m
-+ - . 2 HeT
- e C e + oo &
frecsiigld S EEEE scolie - L L
woriion - o
oo _ o E— 50—
veo [ S0 S UBD
GAPDH s s s GAPDH - - - -

o o M— —
o p— s T R

e 7 wE
= e
o |~ " 50—
use: [ UBD UBD —
Jremm—— GApDH ——— apoH

WNCe s e e e e e
UBDH - - - - e e e s
CHX(M) 0 2 4
pss_
UBDwe w= o e — -
GAPDH e o 5

PCDH + 4 4 4 - - - -
PCOHUBD - - - - + + +

cHXM 0 2 4

psa_
UBD = — - e
GAPDH iy o o o s e e

Time(h)





