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Abstract
BACKGROUND
Colorectal cancer (CRC) is one very usual tumor together with higher death rate. USP21 has been confirmed to take part into the regulation of CRC progression through serving as a facilitator. Interestingly, the promotive function of USP21 has also discovered in the progression of CRC. ZEB1 has illustrated to be modulated by USP7, USP22 and USP51 in cancers. However, the regulatory functions of USP21 on ZEB1 in CRC progression need more investigations.

AIM
To investigate the relationship between USP21 and ZEB1 in CRC progression.

METHODS
The mRNA and protein expressions were assessed through RT-qPCR, western blot and IHC assay. The interaction between USP21 and ZEB1 was evaluated through Co-IP and GST pull down assays. The cell proliferation was detected through colony formation assay. The cell migration and invasion abilities were determined through Transwell assay. The stemness was tested through sphere formation assay. The tumor growth was evaluated through in vivo mice assay. 

RESULTS
In this work, USP21 and ZEB1 exhibited higher expression in CRC, and resulted into poor prognosis. Moreover, the interaction between USP21 and ZEB1 was further investigated. It was demonstrated that USP21 contributed to the stability of ZEB1 through modulating ubiquitination level. In addition, USP21 strengthened cell proliferation, migration and stemness through regulating ZEB1. At last, through in vivo assays, it was illustrated that USP21/ZEB1 axis aggravated tumor growth. 

CONCLUSION
For the first time, these above findings manifested that USP21 promoted tumorigenicity and stemness of CRC by deubiquitinating and stabilizing ZEB1. This discovery suggested that USP21/ZEB1 axis may provide novel sights for the treatment of CRC.

Key Words: Ubiquitin-specific protease 21; ZEB1; Stemness; Colorectal cancer

Lin JJ, Lu YC. Ubiquitin-specific protease 21 promotes tumorigenicity and stemness of colorectal cancer by deubiquitinating and stabilizing ZEB1. World J Gastrointest Oncol 2024; In press

Core Tip: Ubiquitin-specific protease 21 (USP21) and ZEB1 had been discovered to exhibit higher expressions in colorectal cancer (CRC) tissues and cells, and result into poor prognosis. USP21 contributed to the stability of ZEB1 through modulating ubiquitination level. Our findings proved that USP21 promoted tumorigenicity and stemness of CRC by deubiquitinating and stabilizing ZEB1. Moreover, it was uncovered that USP21/ZEB1 axis aggravated tumor growth in vivo. 

INTRODUCTION
Colorectal cancer (CRC) is a kind of prevalent reason for causing cancer-related mortality globally[1]. Some great improvements in CRC treatment (such as radiotherapy, immunotherapy and chemotherapy) have done, but high rate of tumor recurrence and metastasis of postoperative CRC patients still result into poor outcome[2]. Hence, it is urgently needed to look for the effective bio-targets and associated molecular pathways in improving CRC.
Ubiquitination is a sort of pivotal signal transduction mechanism, which modulates immune response and numerous biological processes[3]. It can be regulated by ubiquitinases and de-ubiquitinases to form a kind of pivotal post-translational modification, and this is a reversible process[4]. Ubiquitination affects the stability and activity of protein, and takes part into homeostatic cellular functions[5]. Many ubiquitin-specific proteases have been clarified to join into the progression of CRC. For example, Ubiquitin-specific protease (USP) 38 affects HDAC3 in CRC to modulate the stemness and chemoresistance[6]. Moreover, USP5 stabilizes Tu translation elongation factor to affect tumor growth in CRC[7]. USP22 reduces the mTOR activity to retard the progression of CRC[8]. Besides, USP25 aggravates tumorigenesis in CRC[9].
USP21 is one de-ubiquitinase that participates into the malignant progression of diversified cancers. For instance, USP21 deubiquitinase strengthens macropinocytosis in pancreatic cancer to trigger oncogenic KRAS bypass[10]. Furthermore, USP21 modulates the STAT3/FOXO1 pathway to accelerate cell proliferation and glycolysis in esophageal cancer[11]. Additionally, USP21 contributes to cell proliferation and migration in cholangiocarcinoma[12]. USP21 has also verified in affecting CRC progression. For instance, USP21 regulates the ubiquitination of Fra-1 to accelerate metastasis in CRC[13]. Besides, LINC00174 enhances USP21 expression to facilitate cell proliferation and invasion in CRC[14]. However, the regulatory functions of USP21 in CRC progression need more investigations.
In this work, it was demonstrated that USP21 accelerated tumorigenicity and stemness of colorectal cancer by deubiquitinating and stabilizing ZEB1. Our findings manifested that this discovery may be helpful for CRC treatment.

MATERIALS AND METHODS
Sample tissues
Twenty paired CRC tissues and adjacent normal tissues from Chaohu Hospital of Anhui Medical University were utilized for this work. These CRC patients have not received treatment, and have signed the informed consents. This study was approved by the Ethics Committee of Chaohu Hospital of Anhui Medical University (No. KYXM-2022-10-011). These gained tissues were kept in liquid nitrogen for next work.

Cell lines and culture
The normal colonic epithelial cell line (NCM460) and CRC cell lines (HCT-116, SW480, SW620, LoVo) were brought from American Tissue Culture Collection (ATCC, United States). The culturing of these cells was made with RPMI-1640 medium (Gibco, United States) including 10% fetal bovine serum (FBS, Gibico, United States) in an atmosphere with 5% CO2 at 37 °C.

Cell transfection
The shRNAs targeting USP21 (sh-USP21) with negative control (sh-NC) and pcDNA3.1 targeting ZEB1 (pcDNA3.1/ZEB1) with negative control (pcDNA3.1), were purchased from GenePharma (Shanghai, China). The transfection of these plasmids into HCT-116 and SW480 cells was made through Lipofectamine 2000 (Invitrogen, United States).

RT-qPCR
The extraction of RNAs from CRC tissues and cells was made through the TRIzol reagent (Invitrogen, USA). Then, the SuperScript™ II Reverse Transcriptase Kit (Invitrogen, USA) was utilized for doing the transcription from RNA to cDNA. The SYBR Premix Ex Taq™ (Takara, Dalian, China) was adopted to conduct qRT-PCR. The mRNA expression was assessed through the 2−∆∆Ct method. The primer sequences: USP21: forward, 5′-GCAGGATGCCCAAGAGTT-3′, and reverse, 5′-GCAGGGACAGGTCACAAAA-3′; ZEB1: forward, 5′-AGAAGCCAGTGGTCATGATG-3′, and reverse, 5′-CCTCAACAACCTCGTGGAAGCATAC-3′; GAPDH (the internal reference): forward, 5′-GAAGGTGAAGGTCGGAGTC-3′, and reverse, 5′-GAAGATGGTGATGGGATTTC-3′.

Western blot
The extracted proteins from CRC cells were performed through RIPA buffer. Next, the separation of proteins was done under 10% SDS-PAGE, then the transferring of proteins to PVDF membranes (Beyotime, Shanghai, China) was conducted. Post sealing by non-fat milk, the primary antibodies against USP21 (1 µg/mL; ab112014; Abcam, Shanghai, China), ZEB1 (1:1,000; ab32503) and GAPDH (the internal reference, 1:2,000; ab9485) were mixed into the membranes for 12 h at 4 °C. Next, the appropriate secondary antibodies (1:1,000; ab7090) were also mixed into the membranes for 2 h. Lastly, the chemiluminescence detection kit (Thermo Fisher Scientific, Inc., United States) was adopted for assessing the blots.

Colony formation assay
HCT-116 and SW480 cells (1,000 cells/well) were put into the 6-well plate, and cultivated for 2 wk. Next, the fixing (4% paraformaldehyde) and staining (0.1% crystal violet) for colonies were made. The images were gained under a microscope.

Transwell assay
The cell invasion or migration abilities were evaluated with using Transwell chambers (Corning Life Sciences, Corning, NY, United States) covered with (or not) the Matrigel (Becton Dickinson, United States). The upper chambers were added with HCT-116 and SW480 cells (1 × 105) and RPMI-1640 medium (200 μL), and the lower chambers were added with the DMEM medium (600 μL) with 20% FBS. Post 24 h, the invaded and migrated cells were made for the fixing (90% ethanol) and dyeing (0.1% crystal violet). Eventually, the invaded and migrated cells were counted through a microscope (Olympus Corporation, Tokyo, Japan).

Sphere formation assay
The DMEM/F12 (Gibco, United States) including 1% FBS, 20 ng/mL epithelial growth factor, and 20 ng/mL fibroblast growth factor added into the ultra-low-attachment culture dishes (Corning, United States) was utilized for culturing the HCT-116 and SW480 cells. After 15 days, the spheroids (diameter > 50 µm) were figured up under one microscope (Olympus, Japan).

Co-immunoprecipitation assay
The lysis of cells was performed under the lysis buffer (P0013, Beyotime) with protease inhibitor cocktail (HY-K0010, MedChemExpress). The cell lysates were added with the indicated antibodies, immunoprecipitation at 4 °C overnight, and then mixed with protein A/G (P2055, Beyotime) at 4 °C for 3 h. After washing, the immunoprecipitates were determined by western blot.

GST pull-down assay
The glutathione-S-transferase (GST, 100 μg) (ab89494, Abcam, Shanghai, China) and the GST-USP21 fusion protein were mixed in 50 μL glutathione agarose for 1 h. His-ZEB1 fusion protein was mixed into immobilized GST-USP21 and GST. Then, the fusion protein (100 μg) was added. With gentle shaking at 4°C for 12 h, the bound proteins were eluted through elution buffer (10 mmol/L glutathione in PBS, pH 8.0), and examined by immunoblotting.

Analysis of ubiquitination level
The cell lysates were immunoprecipitated with anti-ZEB1 or anti-ubiquitin antibodies for 24 h at 4 °C. Then, the Protein A-Sepharose beads were appended for 2 h incubation at 4 °C. After being washed with lysis buffer, targeted proteins were collected, and analyzed by western blot.

In vivo assay
The Animal Care and Use Committee of Beijing Viewsolid Biotechnology Co. LTD (VS2126A00153) approved this work. Male BALB/c nude mice (5-week-old, n = 15) were bought from the Vital River company (Beijing, China). Mice were randomly separated into three groups (n = 5 for each group). The mice were subcutaneously injected at the right flanks with the transfected CRC cells. Post 28 d, mice were sacrificed, the size, volume and weight of tumors were recorded. 

IHC assay
The paraffin-embedded sections (4 μm) of tumor tissues were performed for dewaxing and re-hydration. After blocking, the sections were added with primary antibody Ki67 (ab16667, 1/200, Abcam, Shanghai, China), USP21 (ab246948, 1/500), ZEB1 (ab203829, 1/100) at 4°C for 12 h, and then added with secondary antibody (1:1000, ab7090). Furthermore, the sections were subjected to the staining by diaminobenzidine (DAB) and re-staining by hematoxylin. At last, images were obtained under a microscope (Nikon, Tokyo, Japan).

Statistical analysis
SPSS 22.0 statistical software (IBM Corp., Armonk, NY, United States) was employed to make the statistical analysis. The data were presented as the mean ± SD. Each experiment was repeated for three times. Pearson correlation analysis was adopted to analyze the correlation between the expressions of USP21 and ZEB1. The survival rate was analyzed through the Kaplan-Meier method. The Student’s t-test or one-way analysis of variance (ANOVA) was utilized for comparisons in two or more groups. P < 0.05 was deemed as statistically significant.

RESULTS
USP21 and ZEB1 exhibited higher expression, and resulted into poor prognosis
At first, the mRNA expressions of USP21 and ZEB1 were found to be both up-regulated in CRC tissues compared with adjacent normal tissues (Figure 1A). Additionally, there was a positive correlation between USP21 expression and ZEB1 expression in CRC tissues (Figure 1B). The CRC patients with higher USP21 (or ZEB1) expression had poor prognosis (Figure 1C). The mRNA and protein expressions of USP21 and ZEB1 were both higher in CRC cells (HCT-116, SW480, SW620, LoVo) than that in normal colonic epithelial cells (NCM460) (Figure 1D and E). These data uncovered that USP21 and ZEB1 exhibited higher expression, and resulted into poor prognosis.

USP21 remained the stability of ZEB1
Through Co-IP and GST pull down assays, it was proved that USP21 interacted with ZEB1 (Figure 2A and B). The knockdown efficiency of USP21 was notarized in Figure 2C. Next, it was discovered that ZEB1 mRNA and protein expressions were both decreased after silencing USP21 (Figure 2D and E). After CHX treatment, the stability of ZEB1 was attenuated after USP21 knockdown (Figure 2F). Moreover, ZEB1 protein expression was reduced after USP21 knockdown, but this change was reversed after MG132 treatment (Figure 2G). The ubiquitination level of ZEB1 was strengthened after USP21 inhibition (Figure 2H). Taken together, USP21 contributed to the stability of ZEB1.

USP21 strengthened cell proliferation, migration and stemness through regulating ZEB1
Functional experiments were conducted to verify the regulatory effects of USP21/ZEB1 axis in CRC progression. The cell proliferation was decreased after USP21 knockdown, but this effect was offset after ZEB1 overexpression (Figure 3A). In addition, the cell migration and invasion abilities were attenuated after suppressing USP21, but these changes were reversed after overexpressing ZEB1 (Figure 3B and C). The stemness was reduced after silencing USP21, but this effect was rescued after augmenting ZEB1 (Figure 3D). In a word, USP21 strengthened cell proliferation, migration and stemness through regulating ZEB1.

USP21 aggravated tumor growth in vivo
Last, in vivo assays were made. The tumor size, volume and weight were all decreased after USP21 suppression, but these changes were reversed after ZEB1 amplification (Figure 4A and B). Furthermore, the protein expressions of Ki67, USP21 and ZEB1 were down-regulated after silencing USP21, and the down-regulated Ki67 and ZEB1 expressions were rescued after overexpressing ZEB1 (Figure 4C). These findings certified that USP21/ZEB1 axis aggravated tumor growth in vivo.

DISCUSSION
Abundant reports have confirmed that USP21 takes part into the regulation of cancers, also in CRC[13,14]. USP21 has been proved to regulate the ubiquitination and stability of proteins in multiple cancers. For example, USP21 regulates the deubiquitinating and stabilizing of AURKA, thereby facilitating the progression of laryngeal cancer[15]. USP21 deubiquitinates and stabilizes FOXD1 to accelerate self-renewal and tumorigenicity in glioblastoma[16]. In addition, USP21 deubiquitinates FOXM1 to strengthen radioresistance in cervical cancer through the Hippo signaling pathway[17]. Moreover, USP21 decreases the EZH2 ubiquitination to accelerate cell proliferation and metastasis in bladder carcinoma[18]. However, the regulatory functions of USP21 in CRC progression need more investigations. 
Zinc finger E-box-binding homeobox 1 (ZEB1, a transcription factor) has been uncovered to participate in various malignant tumors. For example, the EMT-activator Zeb1 affects cell plasticity and contributes to metastasis in pancreatic cancer[19]. Additionally, CHFR destabilizes ZEB1 to modulate chemoresistance in triple-negative breast cancer[20]. ZEB1 transcriptionally activates PFKM and heightens Warburg effect, thereby aggravating tumorigenesis and metastasis in hepatocellular carcinoma[21]. Furthermore, ZEB1 reduces SLC3A2 to strengthen chemoresistance to cisplatin in ovarian cancer[22]. Interestingly, USP22 exhibits deubiquitinase activity to affect the maintenance of ZEB1 stability[23]. Therefore, we suspected that USP21 can also regulate ZEB1 ubiquitination and stability. However, the regulatory effects of USP21 on ZEB1 in CRC progression keep unclear. In this study, USP21 and ZEB1 exhibited higher expression in CRC, and resulted into poor prognosis. Moreover, the interaction between USP21 and ZEB1 was further verified, and USP21 contributed to the stability of ZEB1 through modulating ubiquitination level. 
Stemness is a key process, and USP21 has been testified to affect stemness in cancers. For example, USP21 combines with GATA3 to affect MAPK1 expression in gastric cancer, thereby modulating tumor growth and stemness[24]. USP21 affects stem cell pluripotency through deubiquitylating Nanog[25]. Besides, USP21 affects the activation of the Wnt pathway to facilitate stemness in pancreas cancer[26]. However, the regulatory effects of USP21/ZEB1 axis on stemness in CRC keep indistinct, and need more investigations. In this work, it was verified that USP21 strengthened cell proliferation, migration and stemness through regulating ZEB1. At last, through in vivo assays, it was illustrated that USP21/ZEB1 axis aggravated tumor growth. 

CONCLUSION
For the first time, our findings proved that USP21 promoted tumorigenicity and stemness of CRC by deubiquitinating and stabilizing ZEB1. Nevertheless, there are still some limitations in this study. In the future, more experiments were conducted to notarize the other regulatory effects of USP21/ZEB1 axis on CRC progression.

ARTICLE HIGHLIGHTS
Research background
Previous studies have illustrated that ubiquitin-specific protease 21 (USP21) and ZEB1 has been confirmed to take part into the regulation of cancers’ progression through serving as a facilitator. However, the regulatory functions of USP21, and the relationship between USP21 and ZEB1 in colorectal cancer (CRC) progression need more investigations.

Research motivation
To search useful bio-targets for CRC prognosis and treatment.

Research objectives
In order to probe the regulatory functions and the relationship between USP21 and ZEB1 in CRC progression. 

Research methods
The expressions of USP21 and ZEB1 in CRC were evaluated through real time-quantitative polymerase chain reaction (RT-qPCR) and western blot. The prognosis of GC patients with high or low USP21 (or ZEB1) expression was evaluated. The relationship between USP21 and ZEB1 in CRC progression was validated. The regulatory of USP21/ZEB1 axis in CRC progression was assessed via in vitro and in vivo experiments. 

Research results
USP21 and ZEB1 exhibited higher expression in CRC, and resulted into poor prognosis. USP21 contributed to the stability of ZEB1 through modulating ubiquitination level. Furthermore, results revealed that USP21 strengthened cell proliferation, migration and stemness through regulating ZEB1.

Research conclusions
USP21 promoted tumorigenicity and stemness of CRC by deubiquitinating and stabilizing ZEB1.

Research perspectives
Other regulatory functions and related molecular mechanisms of USP21/ZEB1 axis in CRC progression may be investigated in the future, and its application in CRC treatment will be extended.
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[bookmark: OLE_LINK255][bookmark: OLE_LINK256][bookmark: OLE_LINK253][bookmark: OLE_LINK254][bookmark: OLE_LINK47][bookmark: OLE_LINK48][bookmark: OLE_LINK821][bookmark: OLE_LINK822]Figure 1 Ubiquitin-specific protease 21 and ZEB1 exhibited higher expression, and resulted into poor prognosis. A: The mRNA expressions of ubiquitin-specific protease 21 (USP21) and ZEB1 were confirmed in normal tissues and colorectal cancer (CRC) tissues through real time-quantitative polymerase chain reaction (RT-qPCR). ); B: The correlation between USP21 and ZEB1 was verified. ; C: The prognosis of CRC patients with low or high USP21 (or ZEB1) was determined. ; D: The mRNA expressions of USP21 and ZEB1 were assessed in normal colonic epithelial cells (NCM460) and CRC cells (HCT-116, SW480, SW620, LoVo) through RT-qPCR. ; E: The protein expressions of USP21 and ZEB1 were assessed in normal colonic epithelial cells (NCM460) and CRC cells (HCT-116, SW480, SW620, LoVo) through western blot. bP < 0.01, cP < 0.001. USP21: Ubiquitin-specific protease 21.
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[bookmark: OLE_LINK263][bookmark: OLE_LINK264]Figure 2 Ubiquitin-specific protease 21 remained the stability of ZEB1. A: The interaction between USP21 and ZEB1 was evaluated through Co-IP assay. ; B: The interaction between USP21 and ZEB1 was detected through GST pull down assay. ; C: The mRNA and protein expressions of USP21 were examined after USP21 knockdown through real time-quantitative polymerase chain reaction (RT-qPCR) and western blot. ; D: The mRNA expression of ZEB1 was tested after suppressing USP21 through RT-qPCR. ; E: The protein expression of ZEB1 was examined after silencing USP21 through western blot. ; F: The protein expression of ZEB1 was assessed after cyclohexane treatment through western blot. ; G: The protein expression of ZEB1 was measured after MG132 treatment through western blot. ; H: The ubiquitination level of ZEB1 was evaluated through western blot. bP < 0.01, cP < 0.001. NC: Negative control; CHX: Cyclohexane; USP21: Ubiquitin-specific protease 21.


[image: ]
[image: ]
Figure 3 Ubiquitin-specific protease 21 strengthened cell proliferation, migration and stemness. Groups were separated into the sh-NC, sh-USP21 and sh-USP21+pcDNA3.1/ZEB1 group. A: The cell proliferation was detected through colony formation assay. ; B and C: The cell migration and invasion abilities were determined through Transwell assay. ; D: The stemness was tested through sphere formation assay. cP < 0.001. NC: Negative control; USP21: Ubiquitin-specific protease 21.

[image: ]
Figure 4 Ubiquitin-specific protease 21 aggravated tumor growth in vivo. Groups were separated into the sh-NC, sh-USP21 and sh-USP21+pcDNA3.1/ZEB1 group. A and B: The tumor size, volume and weight were assessed through in vivo assays. ; C: The protein expressions of ki67, USP21 and ZEB1 in tumors were measured through immunohistonchemistry assay. cP < 0.001. NC: Negative control; USP21: Ubiquitin-specific protease 21.
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