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Background: This study tried to explore the mechanism of long non-coding RNA (lncRNA) KCNQ1OT1 in tumor immune escape.

Methods: Gene Expression Omnibus (GEO) and microarray analysis were used to screen the differentially expressed lncRNA and microRNA (miRNA) in normal tissues and tumor tissues. Quantitative reverse transcription PCR (RT-qPCR) was used to quantify KCNQ1OT1, miR-30a-5p, ubiquitin-specific peptidase 22 (USP22), and programmed death-ligand 1 (PD-L1). The interactive relationship between KCNQ1OT1 and miR-30a-5p was verified using dual-luciferase reporter gene assay and ribonucleoprotein immunoprecipitation (RIP) assay. Cell Counting Kit (CCK)-8, clone formation, wound healing, and apoptosis are used to detect the occurrence of tumor cells after different treatments. Protein half-life and ubiquitination detection are used to study the influence of USP22 on PD-L1 ubiquitination. BALB/c mice and BALB/c nude mice are used to detect the effects of different treatments on tumor growth and immune escape in vivo.

Results: The expression of lncRNA KCNQ1OT1 in tumor tissues and tumor cell-derived exosomes was significantly increased. The tumor-promoting effect of lncRNA KCNQ1OT1 was through the autocrine effect of tumor cell-derived exosomes, which mediates the miR-30a-5p/USP22 pathway to regulate the ubiquitination of PD-L1 and inhibits CD8+ T-cell response, thereby promoting colorectal cancer development.

Conclusion: Tumor cell-derived exosomes’ KCNQ1OT1 could regulate PD-L1 ubiquitination through miR-30a-5p/USP22 to promote colorectal cancer immune escape.
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INTRODUCTION

Colorectal cancer (CRC) is one of the most common malignant tumors in the world. In 2012, the number of global incidences exceeded 1.3 million with nearly 700,000 deaths (Chen X. et al., 2020). Some studies predict that by 2030, the burden of CRC is expected to increase by 60%, including 2.2 million new cases and 1.1 million CRC-related deaths (Arnold et al., 2017). In recent years, the number of patients with CRC in China has also increased year by year. Tumor metastasis is one of the main problems affecting the clinical treatment of CRC. According to statistics, more than half of CRC patients will develop distant metastasis, and 80% of them have unresectable liver metastases at the time of diagnosis (Bruni et al., 2020; Xu et al., 2020). At present, studies have shown that immunotherapy may provide an ideal treatment for patients with metastatic colon cancer (Ciorba, 2013; Singh et al., 2015; Chen and Mellman, 2017; Kalyan et al., 2018). In addition, recent studies have shown that the intrinsic functional expression of programmed death receptor 1 (PD-1) contributes to tumor immune resistance. In melanoma cells, PD-1 can be activated by the ligand programmed death-ligand 1 (PD-L1) expressed by tumor cells, regulate downstream mammalian rapamycin signaling targets, and promote tumor growth, regardless of adaptive immunity. According to reports, this PD-1 signal transduction has been found to promote cancer in liver cancer cells, bladder cancer, and non-small-cell lung cancer cells (Kleffel et al., 2015; Li et al., 2017; Yao et al., 2018). Although there have been some applications of immunotherapy, the regulatory mechanism of PD-L1 in CRC itself and its role still need to be explored in depth.

Long non-coding RNA (lncRNA) is a type of RNA molecule longer than 200 nt, which does not encode protein itself (Lin and Yang, 2018). More and more pieces of evidence show that lncRNAs are important regulators of gene expression and participate in various physiological and pathological processes, including tumor occurrence and development (Xu et al., 2019). Previously, there have been studies including our research group on the function of lncRNA in CRC (Quinn and Chang, 2016; Xian and Zhao, 2019). But its role in CRC is still worthy of attention.

Exosome is a kind of extracellular vesicle with a diameter of about 40–160 nm (about 100 nm on average) that acts on communication between cells. Its biological research has been significantly developed in the past decade (Kalluri and LeBleu, 2020). Existing analytical techniques have made it possible to isolate exosomes and detect their contents, which can carry a large number of molecules that produce biological effects, including growth factors, metabolic enzymes, lncRNA, and transcription factors (Shang et al., 2020). Since the separation of exosomes from different biological samples is relatively simple, these particles can regulate key biological functions and may serve as participants in disease pathogenesis or as disease biomarkers and drug carriers (Nabariya et al., 2020). Because exosomes have the potential as a unique biological effect molecule release system, from a therapeutic point of view, exosomes are gaining in-depth research interest.

Deubiquitinating enzymes (DUBs) are members of the protease superfamily that mediate the removal of ubiquitin (Ub) from Ub-binding substrate proteins. At present, there are approximately 90 DUBs known to include USPs, OTUs, UCHs, and other families (Komander et al., 2009; Liu et al., 2020). Ubiquitin-specific peptidase 22 (USP22) belongs to the subfamily, the ubiquitin-specific processing proteases (USPs). USP22 is considered to be an oncogene because it is overexpressed in malignant tumors in several tissues. Therefore, it can be used as a biomarker to predict the recurrence and metastasis of malignant tumors (Huang et al., 2019). USP22 stabilizes these substrate proteins and inhibits their proteasomal degradation (Schrecengost et al., 2014). It is worth noting that a recent study showed that USP22 can regulate the ubiquitination of PD-L1 in hepatocellular carcinoma (HCC) cells (Huang et al., 2020). Therefore, its role in CRC has attracted the attention of this research.

We previously reported the research status of lncRNA KCNQ1OT1 in the resistance mechanism of CRC. This time we screened and explored the role of KCNQ1OT1 in inducing immune escape in CRC through bioinformatic methods and molecular biology methods. By exploring its source and way of action, it provides a preliminary basis for the future application of immunotherapy or targeted therapy in CRC.



MATERIALS AND METHODS


Clinic Samples and Cell Culture

Twenty CRC patients receiving surgery during the period between 2014 and 2017 in Sichuan Provincial People’s Hospital, University of Electronic Science and Technology of China, enrolled in this study and offered the CRC tissue as well as adjacent normal tissues. All cases were confirmed by a pathologist, and none of them had received chemotherapy or radiotherapy before surgery. Informed consents had been written by all the patients, and the whole procedure were supervised and approved by the ethics committee of Sichuan Provincial People’s Hospital, University of Electronic Science and Technology of China. The patient information was shown in Supplementary Table 1.

Human normal colonic mucosa cell line FHC, human embryo kidney cell line HEK-293T, and human rectal adenocarcinoma cell lines SW480, SW1463, and HT-29 cells were obtained from American Type Culture Collection (ATCC). In addition, the mouse CRC cell line CT26 was also obtained from ATCC. Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, United States) that includes 10% fetal bovine serum (FBS, Gibco) was purchased for HEK-293T cell cultivation; RPMI-1640 medium (Gibco) with 10% FBS was used for other cell lines. All the cells were incubated at the condition of 37°C, 5% CO2.



Microarray Analysis

RNA sequencing (RNA-Seq) data come from eight patients in this study. All sequencing data come from the Gene Expression Omnibus (GEO) database (Platforms: GPL21290 Illumina HiSeq 3000, GSE104836) (Li M. et al., 2018). The microarray analysis of miRNA differential expression comes from the animal model. All sequencing and analysis technologies come from AKSomics Biological (China). We analyzed the expression profiles of 2,219 lncRNAs using eight pairs of CRC tissues and matched adjacent tissues. The differential analysis was conducted with R 3.4.11. p < 0.05 and log2(fold change) > 2 were set as the screening conditions. Among all the differentially expressed lncRNAs, we selected the 20 most significantly expressed and plotted heat maps for display. The patient information was shown in Supplementary Table 2.



Animal and Tumor Models

Fifty BALB/c mice and BALB/c nude mice aged 3–5 weeks were purchased from Charles River Laboratories (China). All animals are kept in a constant temperature, constant humidity, and no specific pathogen level animal center. They had unlimited water and diet access. All animal studies were approved by the Animal Ethical and Welfare Committee of Sichuan Provincial People’s Hospital, University of Electronic Science and Technology of China. The BALB/c mice were randomly divided into four groups (NC group, OE-KCNQ1OT1 group, OE-KCNQ1OT1+miR-30a-5p mimics group, and OE-KCNQ1OT1+sh-USP22 group, n = 6) and subcutaneously inoculated in the right flank with 4 × 105 CT26 cells (Lou et al., 2019). And the BALB/c nude mice were randomly divide into three groups (NC group, exosome (Exo) group, and Exo+sh-KCNQ1OT1 group, n = 6) and subcutaneously inoculated in the right flank with 1 × 106 SW1463 cells. Tumor volume was calculated using the following formula: π/6 × length × width2.



Cell Transfection

CRC cells for in vitro assays were transfected with NC, Exo, Exo+si-NC, Exo+si-KCNQ1OT1, OE-KCNQ1OT1, OE-KCNQ1OT1+miR-30a-5p mimics, and OE-KCNQ1OT1+si-USP22. All interference vectors in this experiment were purchased from GeneChem (Shanghai, China). All transfections were performed using Lipofectamine 2000 (purchased from Sigma). At 48 h after transfection, cells were harvested for transfection efficiency test. In the in vivo assays, CRC cells were injected into animals after being treated in the same way. All detailed procedures followed the manufacturers’ instructions.



Isolation and Identification of Exosomes

When the FHC and SW1463 reached 80% confluence, the medium was replaced with exosome-free medium, and the supernatant was collected 48 h later. Subsequently, differential centrifugation and filtration were performed to separate exosomes from the supernatant of cells. The cell supernatant was centrifuged at 2,000 g for 20 min, then at 10,000 g for 40 min, and then filtered through a 0.22-μm sterile filter. The supernatant was then ultracentrifuged at 100,000 g for 70 min, resuspended in phosphate buffered saline (PBS), centrifuged at 100,000 g for 70 min to remove any remaining RNA, and diluted with a mixture containing PBS and RNase I.

The morphology of exosomes was observed under transmission electron microscope (TEM). Images were obtained with HT7700 TEM (Hitachi, Japan) at 120 kV. The particle size and concentration of exosomes were determined by nanoparticle tracking analysis (NTA). Western blotting was used to detect exosomal specific markers.



Cell Proliferation Ability Test

For Cell Counting Kit (CCK)-8 assay, we employed Cell Counting Kit (Yeasen, China) to determine the viability of cells. The optical absorbance was measured at 450 nm. All operation steps are carried out in accordance with the instructions in the kit manual.



Transwell Assay and Flow Cytometry Analysis

To examine cell invasion, Matrigel (BD Biosciences, United States) diluted with serum-free medium was added to the upper chamber of the Transwell plate, which was then incubated at 37°C overnight. For cell migration tests, Matrigel was not added. The cell suspension (1 × 105) was transferred into the upper chamber, and the lower chamber was filled with 500 μl DMEM containing 10% FBS. Following incubation for 24 h, culture medium containing migratory or invasive cells in the lower chamber was removed, and cells were detected under an inverted optical microscope (Nikon, Japan).

In terms of flow cytometry analysis, the number of apoptotic cells was counted using an Alexa Fluor® 488 Annexin V/PI Apoptosis Kit (Invitrogen, CA, United States) according to the manufacturer’s protocol. The results are shown as the percentage of apoptotic cells relative to the total number of cells. All the experiments were repeated three times.



Colony Formation Assay

Here, 1,000 cells were plated into each well of a six-well plate and were maintained in media containing 10% FBS to allow colony formation for 2 weeks, with the medium being replaced every 4 days. Later, colonies were fixed with methanol and stained with 0.1% crystal violet (Bio Basic Inc., Markham, Canada) for 15 min. The stained colonies were counted.



Dual-Luciferase Reporter Assay

To identify the target of miR-30a-5p, putative target genes were searched using Starbase database2 (Li et al., 2014). Wild-type or mutated USP22 and KCNQ1OT1 3′ UTR including the predicted miR-30a-5p binding site were PCR-amplified and inserted into the pMIR-reporter plasmid. The luciferase reporter plasmids of wild-type or mutated USP22 and KCNQ1OT1 were transfected into cells, respectively, and miR-30a-5p mimics were also transfected. Luminescence was measured 48 h after transfection using a dual-luciferase detection kit (Promega, Madison, WI), according to the manufacturer’s instructions. Measurements of luminescence were performed on a GloMax 20/20 Luminometer (Promega Corporation).



Ribonucleoprotein Immunoprecipitation Assay

Anti-AGO2 ribonucleoprotein immunoprecipitation (RIP) was performed in HEK-293T cells transfected with miR-30a-5p mimics or miR-NC. Briefly, HEK-293T cell lysates were pre-blocked with Protein G beads (Invitrogen) and then incubated with anti-AGO G beads (Pierce Biotechnology, Waltham, MA) at 4°C for 90 min. Beads were collected by centrifugation at 600 × g for 1 min, washed five times with radioimmunoprecipitation assay (RIPA) buffer and resuspended in Tris-HCl 50 mmol/L (pH 7.0). The beads were then incubated for 45 min at 70°C to reverse the crosslinks, and the RNAs that co-immunoprecipitation (IP) with anti-AGO antibodies were extracted using TRIzol (Invitrogen) following the manufacturer’s instructions and then quantified by RT-PCR.



Flow Cytometry and Immunofluorescence

Processing the tumor tissue into a single-cell suspension referred to a previous method (Hartley et al., 2017). Cells were counted before staining with CD8APC/Cy7 and CD4-PE/Cy5 antibodies. All antibodies were purchased from BioLegend (San Diego, United States). The stained samples were analyzed on a FACS Canto II cytometer (BD Biosciences, San Jose, United States).

For immunofluorescence, a 5-μm-thick colon tumor section was blocked with 10% goat serum at room temperature for 30 min and then incubated with USP22 (Abcam) and PD-L1 (Abcam) primary antibodies at 4°C overnight. Donkey anti-goat Alexa 488 and donkey anti-rat Alexa 594 were used as secondary antibodies at room temperature for 1 h. The nucleus was stained with 4′,6-diamidino-2-phenylindole (DAPI). The image was observed through a fluorescence microscope.



T Cell-Mediated SW1463 Cell Killing Assay

CCK-8 test, clone formation test, and apoptosis test referred to previous methods (Lim et al., 2016). In short, T cells are preactivated with CD3 antibody (100 ng/ml) and IL-2 (10 ng/ml). Then, SW1463 cells and T cells were cocultured for 24 h and then used for related treatment. CCK-8 solution (10 μl) was added to each well and incubated for 1 h. The cell viability was analyzed by a microplate reader at 450 nm. To perform the clonogenic assay, SW1463 tumor cells and activated T cells were cocultured in six-well plates. On the second day, the cells were treated and grown at 37°C for 7 days, and the surviving SW1463 tumor cells were stained with crystal violet. Colonies (50 or more cells) were counted using an inverted microscope.



Programmed Death-Ligand 1 Deubiquitination Assay

For in vitro deubiquitination, HA-PD-L1 was ubiquitinated in vitro and separated from free ATP by centrifugation. Ubiquitinated PD-L1 (Ub-PD-L1) was then incubated with recombinant FlagUSP22 in 30 μl deubiquitination buffer containing Tris-HCl (50 mM, pH 7.4), NaCl (150 mM), dithiothreitol (DTT; 10 mM), and MgCl2 (5 mM). The reaction was carried out at 37°C for 2 h and then stopped by adding 25 μl of 2 × sodium dodecyl sulfate (SDS; final concentration 1%) sample buffer and boiled for 5 min. After immunoprecipitation with anti-HA antibody, PD-L1 was analyzed by Western blot with anti-ubiquitin antibody.



Quantitative Reverse Transcription PCR

Total RNA was extracted by TRIzol (Ambion, United States). All quantitative reverse transcription PCR (RT-qPCR) processes were accomplished using the SYBR Green qPCR Master Mix (MedChem Express, NJ, United States). Amplification reactions were carried out in 7900HT Fast Real-Time PCR (Thermo Fisher Scientific, MA, United States), and results were calculated by the 2–ΔΔCt method. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and U6 were used for normalization as a control. Primers were shown in Supplementary Table 3.



H&E Staining and Immunohistochemistry

The 5-μm tissue sections were deparaffinized in xylenol for 20 min, rehydrated with reduced ethanol concentrations (100, 90, and 70%) for 5 min, and then washed with water. For H&E staining, the slides were stained with Mayer’s hematoxylin solution for 5 min and then counterstained with eosin for 5–10 min. For immunohistochemistry (IHC), the slices were boiled in 10 mM citrate buffer for 15 min and then incubated with 5% H2O2 in PBS. After blocking with 10% FBS in PBS, the sections were incubated with primary antibodies diluted in 5% FBS in 5% PBS at 4°C overnight. Biotinylated secondary antibodies (1:200; abcam) and ExtrAvidin-peroxidase (1:1,000; abcam) diluted in PBS were added for 1 h each. Here, 3,3′-diaminobenzidine-tetrahydrochloride was used for dyeing, and hematoxylin was used for counterstaining. The slides were dehydrated, incubated in xylene, and fixed. The maximum intensity of 4–6 stained images per mouse was divided by the minimum intensity.



Western Blot

First, proteins were isolated from extraction reagent (Thermo Fisher Scientific), then some proteins were separated and transferred to ImmobilonTM-P membranes (Merck Millipore, Billerica, United States). Second, PD-L1, USP22, CD63, CD9, Aliex, calnexin, E-cadherin, N-cadherin, vimentin, and tubulin (Abcam) primary antibodies against mouse in the membrane were incubated at 4°C overnight. Immediately washed with TBST after incubation, membranes were hybridized with horseradish peroxidase (HRP)-linked antibody goat anti-rabbit IgG (1:2,000, Abcam) for 1 h. Lastly, antibody binding was checked by an enhanced chemiluminescence kit.



Statistical Analysis

GraphPad Prism 6.0 software (GraphPad Software, United States) was used for statistical analysis, and data were expressed as mean ± standard deviation. Data were compared by unpaired t-test (differences between two groups) or one-way ANOVA (differences among groups). ∗p < 0.05 was regarded statistically significant.




RESULTS


LncRNA KCNQ1OT1 Was Upregulated in Colorectal Cancer

We screened eight pairs of patients with different lncRNAs in tumor tissues and adjacent tissues by GEO analysis and found that KCNQ1OT1 was significantly higher in tumor tissues than that in adjacent tissues (Supplementary Figure 1A). Our previous studies also found that it functions in drug-resistant CRC cell lines (Xian and Zhao, 2019). Therefore, we chose KCNQ1OT1 for further research. In addition, we verified that KCNQ1OT1 was significantly increased in tumor tissues compared with that in adjacent tissues (p < 0.05) (Figure 1A). The analysis results showed that KCNQ1OT1 expression level was positively associated with advanced stage, lymph node metastasis, distant metastasis, or vascular invasion (p < 0.05) (Figures 1B–D). Especially, we verified the expression of KCNQIOT1 in the CRC data in The Cancer Genome Atlas (TCGA) through Starbase data (see text footnote 2). The results showed that KCNQ1OT1 was upregulated in the cancer tissues, and its high expression is associated with poor prognostic outcome (Figures 1E,F). Furthermore, we tried to analyze its application value in diagnosis through receiver operating characteristic (ROC) curve [area under the ROC curve (AUC) = 0.649, p < 0.05] (Figure 1G). Finally, we used four CRC cell lines to verify the expression of KCNQ1OT1 and found that it was elevated in all CRC cell lines. But the performance is most obvious in SW1463, so we chose SW1463 as the cell line for further study (p < 0.05) (Figure 1H).
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FIGURE 1. Long non-coding RNA (LncRNA) KCNQ1OT1 was upregulated in colorectal cancer (CRC). (A) The expression of lncRNA KCNQ1OT1 in 20 pairs of patient samples. (B–D) The expression level of KCNQ1OT1 was positively correlated with tumor stage, lymph node metastasis, and vascular invasion. (E) The expression level of KCNQ1OT1 in The Cancer Genome Atlas (TCGA) database. (F) The 150-month prognosis analysis of KCNQ1OT1 in TCGA database. (G) The receiver operating characteristic (ROC) curve was used to analyze and verify the value of KCNQ1OT1 as a clinical diagnostic index. (H) The differential expression of KCNQ1OT1 in colon cells and colon cancer cells. ∗p < 0.05 compared with the relative control group.




Colorectal Cancer Cells Can Release a Large Amount of Exosomes Containing KCNQ1OT1

Through the above research, we can see that the expression of KCNQ1OT1 in CRC tissues is significantly increased and combined with our previous research results. Therefore, the source of the increase has attracted the attention of this research group. Exosomes are carriers that can carry and release small molecules well. Therefore, referring to the aforementioned method (Li S. et al., 2018), we tried to analyze whether CRC tissue exosomes carry KCNQ1OT1 through the exoRbase database3. The predicted results are exciting. It showed that the expression of KCNQ1OT1 in CRC-derived exosomes was significantly increased, which provided us with ideas for further research (Figures 2A,B). Our further analysis of SW1463 secreting exosomes showed that the number of exosomes secreted by tumor cells increased compared with that in normal cells (p < 0.05) (Figures 2C,D,F). However, the size and shape of exosomes from different sources did not change (Figure 2E). It was found that KCNQ1OT1 was significantly increased in the exosomes secreted by SW1463 by detecting the contents of exosomes (p < 0.05) (Figure 2G). These results show that CRC cells can increase the expression of KCNQ1OT1 through the number and content of exosomes secreted. Therefore, we will verify its action form and status in the next step.
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FIGURE 2. Colorectal cancer (CRC) cells can release a large amount of exosomes containing KCNQ1OT1. (A,B) Analysis of the expression difference of KCNQ1OT1 in different tumor cell exosomes in exoRbase database. (C) Total exosome protein expression. (D) The concentration of exosomes secreted in different cells by nanoparticle tracking analysis (NTA). (E) Morphology of exosomes in each group under electron microscope. (F) Expression of exosome markers in different tumor cells. (G) The expression of KCNQ1OT1 in exosomes derived from different cells. ∗p < 0.05 compared with the FHC-exo group.




Exosomes Promote the Proliferation and Invasion of Colorectal Cancer

In order to verify the effect of exosomes on tumor cells, we constructed a coculture system of these. According to the process of PKH26 labeling exosomes into cells, the exosomes successfully entered SW1463 cells and increased with time (Supplementary Figure 1B). In addition, we used CCK-8 assay, wound healing assay, and Transwell assay to test the effect of exosomes on tumor cells and verify whether they play a role through KCNQ1OT1. The results showed that coculture of exosomes can significantly increase the expression of KCNQ1OT1 (p < 0.05) (Figure 3A). The tumor cell proliferation, migration, and invasion ability was significantly enhanced compared with the NC group. Only when KCNQ1OT1 was inhibited, this cancer-promoting effect was reversed (p < 0.05) (Figures 3B–D). When we tested the apoptosis of tumor cells, we found that although the coculture of exosomes and SW1463 can reduce tumor cell apoptosis to a certain extent, the difference is not statistically significant (Figure 3E). In addition, we found the same phenomenon after testing the markers in the epithelial–mesenchymal transition (EMT) process (Figures 3F,G).
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FIGURE 3. Colorectal cancer (CRC)-derived exosomes promote the proliferation and invasion of CRC in the in vitro assay. (A) KCNQ1OT1 expression in different treatment groups. (B) Cell Counting Kit (CCK)-8 is used to analyze the proliferation ability of CRC cells after different treatments. (C,D) Wound healing and Transwell assay were used to detect the migration and invasion ability of CRC cells after different treatments. (E) Detection of CRC cell apoptosis in different treatment groups. (F,G) Expression of epithelial–mesenchymal transition (EMT)-related genes and proteins. ∗p < 0.05 compared with the NC group, #p < 0.05 compared with the Exo+si-NC group.


In the in vivo assays, we found that the size, weight, EMT, and proliferation of tumors have been significantly improved after exosome treatment. This phenomenon disappears only when KCNQ1OT1 is suppressed (p < 0.05) (Figure 4).
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FIGURE 4. Colorectal cancer (CRC)-derived exosomes promote the proliferation and invasion of CRC in the in vivo assay. (A,B) Tumor size and weight after different treatments in BALB/c nude mice. (C) H&E and Ki67 immunohistochemical staining were used to detect tumor proliferation in different groups. (D) The expression of KCNQ1OT1 in tumor tissues from different treatment groups. (E,F) Expression of epithelial–mesenchymal transition (EMT)-related genes and proteins. ∗p < 0.05 compared with the NC group, #p < 0.05 compared with the Exo group, N = 6.




LncRNA KCNQ1OT1 Can Promote Immune Escape of Colorectal Cancer Cells

Although through these results we have verified that KCNQ1OT1 can promote tumor development through the autocrine effect of exosomes, its action form and pathway still bother us. According to other studies, changes in the tumor microenvironment (TME) play an important role in the development of tumors, and the changes in the immune microenvironment have gradually attracted people’s attention (Badawi et al., 2015). We tried to use the TIMER 2.0 database4 to try to analyze its possible connection with the immune microenvironment and found that KCNQ1OT1 is negatively correlated with CD8+ T cells in CRC (Figure 5A). Therefore, we constructed a tumor model of KCNQ1OT1 in wild mice, and the results showed that tumor weight and volume were significantly increased when KCNQOT1 expression was elevated (p < 0.05) (Figures 5B–D). After staining CD8 and NCR1, it was found that overexpression of KCNQ1OT1 can affect cytotoxic T cells to cause immune escape. This phenomenon has nothing to do with natural killer cells and CD4+ T cells (p < 0.05) (Figures 5E,F). Finally, we also detected the expression of EMT-related genes and found that KCNQ1OT1 may lead to the enhancement of metastasis and invasion ability through such immune escape phenomenon (Figure 5G).
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FIGURE 5. Long non-coding RNA (lncRNA) KCNQ1OT1 can promote immune escape of colorectal cancer (CRC) cells. (A) The TIMER 2.0 database is used to detect the correlation between KCNQ1OT1 and CD8+ T cells. (B) The expression of KCNQ1OT1 in tumor tissues from different treatment groups in BALB/c mice. (C,D) Tumor size and weight after different treatments in BALB/c mice. (E) Immunohistochemistry was used to detect the expression of CD8 and NCR1 in tumor tissues. NCR1 was used as a marker of natural killer cells. (F) Flow cytometry is used to detect the content of CD8+ and CD4+ T cells in tumor tissues. (G) The expression of epithelial–mesenchymal transition (EMT)-related proteins. ∗p < 0.05 compared with the NC group, N = 6.


To confirm the role of KCNQ1OT1 in the immune escape of CRC cells, SW1463 cells were cocultured with activated T cells. We verified the expression of KCNQ1OT1 in each treatment group (Supplementary Figure 2A). Overexpression of KCNQ1OT1 significantly inhibited T cell-mediated cell killing (p < 0.05) (Figures 6A–D).
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FIGURE 6. Long non-coding RNA (lncRNA) KCNQ1OT1 regulates tumor immune escape through programmed death-ligand 1 (PD-L1). (A) Activated T cell and SW1463 cells were cocultured in six-well plates for 7 days, and then surviving SW1463 cells were visualized by colony formation assay. (B) T cell-mediated SW1463 cell killing analysis measured by Cell Counting Kit (CCK)-8 assay. (C) Cell-mediated SW1463 cell killing analysis measured by apoptosis detection. (D) Cell-mediated SW1463 cell killing analysis measured by apoptosis detection. (E,F) PD-L1 mRNA and protein expression of SW1463 cells in different treatment groups. (G) T cell-mediated SW1463 cell killing analysis measured by CCK-8 assay. (H,I) Cell-mediated SW1463 cell killing analysis measured by apoptosis detection. ∗p < 0.05 compared with the NC/PBS group, #p < 0.05 compared with the Oe-KCNQ1OT1 group.




LncRNA KCNQ1OT1 Regulates Tumor Immune Escape Through Programmed Death-Ligand 1

The combination of PD-L1 on tumor cells and PD-1 on T cells causes T cells to be suppressed, thereby bypassing immune surveillance (Calderaro et al., 2016). Therefore, we want to explore whether the dysregulation of PD-L1 in cancer cells is involved in KCNQ1OT1-mediated tumor growth. We tested the expression of PD-L1 in each treatment group cocultured with T cells, and the results showed that the protein expression of PD-L1 in the treatment group with high KCNQ1OT1 expression increased significantly (p < 0.05) (Figure 6F), but the mRNA did not change significantly (p > 0.05) (Figure 6E). In our second T-cell killing experiment, we interfered with the expression of PD-L1, trying to clarify the regulatory relationship between KCNQ1OT1 and PD-L1. The results showed that when PD-L1 expression was inhibited, the immune escape phenomenon caused by KCNQ1OT1 was reversed. These results confirm that PD-L1 participates in the phenomenon of KCNQ1OT1-mediated tumor immune escape (p < 0.05) (Figures 6G–I).



Ubiquitination Is Involved in the Immune Escape Phenomenon Regulated by Programmed Death-Ligand 1

In response to the above results, we further verified the increase in protein in patient samples and TCGA data. The results also showed that the expression of PD-L1 mRNA in tumor patients remained unchanged, but the protein increased significantly (Supplementary Figures 2B–E). These phenomena indicate that KCNQ1OT1 may affect the posttranslational modification of PD-L1. Ubiquitination is the most studied posttranslational modification. In the process of ubiquitination, Ub binds to the target protein to regulate its degradation (Sun et al., 2015). By consulting the literature, we screened several genes from different deubiquitination families for verification. RT-PCR results showed that the difference in the increase of USP22 was the most significant after overexpression of KCNQ1OT1 (p < 0.05) (Figure 7A). In addition, we found that USP22 has stronger evidence in the protein that interacts with PD-L1 in the BioGRID data verification (Figure 7B). Similar results were also verified at the protein expression level (p < 0.05) (Figure 7C). This result was confirmed by immunofluorescence staining, which showed that USP22 and PD-L1 were co-localized in SW1463 cells (Figure 7D). In addition, through half-life determination, we found that PD-L1 is rapidly degraded in cells lacking USP22 (p < 0.05) (Figure 7E). Next, we used the proteasome inhibitor MG-132 to evaluate the deubiquitin effect of USP22 on PD-L1. Although MG-132 significantly enhanced the accumulation of Ub-PD-L1, USP22 overexpression or KCNQ1OT1 overexpression treatment significantly reduced its accumulation (Figure 7F).
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FIGURE 7. Ubiquitination is involved in the immune escape phenomenon regulated by programmed death-ligand 1 (PD-L1). (A) Quantitative reverse transcription PCR (RT-qPCR) analysis of the deubiquitinating enzymes in SW1463 cells; glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is used as an internal reference gene. (B) Interaction network of PD-L1 analyzed in BioGRID database. (C) Differential expression of ubiquitin-specific peptidase 22 (USP22) protein in different treatment groups of tumor tissues. (D) Immunofluorescence staining of USP22 (red) and PD-L1 (green) in SW1463 cells. Scale bar, 30 μm. (E) PD-L1 protein half-life determination in SW1463 cells lacking USP2. Before Western blot analysis, cells were co-incubated with cycloheximide (CHX, 50 μg/ml) at the specified time points. (F) After treatment with 10 μM MG-132 for 3 h or 8 h, the ubiquitination of PD-L1 in HEK293 cells was determined. Cells were transfected with ubiquitin after different treatments. The ubiquitinated PD-L1 was subjected to immunoprecipitation (IP) before Western blot analysis with ubiquitin antibody. ∗p < 0.05 compared with the NC group.




MiR-30a-5p Is Involved in the Regulation of LncRNA KCNQ1OT1 on USP22

Through the results of Figure 7A, we found that lncRNA KCNQ1OT1 and USP22 have the same trend of action, so we tried to find the intermediate link of its regulation. First, we screened the difference of miRNA between the tumor tissue treated with exosomes and the NC group through microarray analysis (Supplementary Figure 1C). In addition, we used the data of Starbase, miRDB, and lncBase to screen the target genes and combined with the microarray results. We selected three miRNAs (miR-330-3p, miR-30a-5p, and miR-515-5p) for expression verification (Supplementary Figure 1D). As a result, only miR-30a-5p had the most significant difference, and after verification by TCGA database, it was found that miR-30a-5p and KCNQ1OT1 had a negative correlation in tumor patients (Supplementary Figures 1E,F). In addition, we also verified the low expression of miR-30a-5p in tumor tissues and adjacent tissues (p < 0.05) (Figures 8A,B). This phenomenon has also been confirmed in cell experiments (p < 0.05) (Figure 8C). Then, we used the Starbase database to predict their possible binding sites, and through the dual-luciferase reporter assay and RIP assay, we proved that the three are mutually binding (p < 0.05) (Figures 8D–F). Furthermore, after verifying the downstream target genes by overexpression of KCNQ1OT1 and miR-30a-5p (Supplementary Figures 3A,B), we found that lncRNA can competitively bind miR-30a-5p to affect the expression of USP22.
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FIGURE 8. Long non-coding RNA (lncRNA) KCNQ1OT1 regulates tumor cell immune escape via miR-30a-5p/ubiquitin-specific peptidase 22 (USP22) in the in vitro assay. (A) The expression of miR-30a-5p in patient samples. (B) The correlation between miR-30a-5p and lncRNA KCNQ1OT1 in tumor tissues. (C) Expression of miR-30a-5p in different types of colorectal cancer (CRC) cells. (D,E). Dual-luciferase report and ribonucleoprotein immunoprecipitation (RIP) assay verify the targeting of lncRNA KCNQ1OT1 and miR-30a-5p. The binding site prediction comes from the Starbase database. (F) Dual-luciferase report verifies the targeting of USP22 and miR-30a-5p. The binding site prediction comes from the Starbase database. (G) Activated T cell and SW1463 cells were cocultured in six-well plates for 7 days, and then surviving SW1463 cells were visualized by colony formation assay. (H,I) T cell-mediated SW1463 cell killing analysis measured by Cell Counting Kit (CCK)-8 assay and detection of apoptotic protein. (J,K) Programmed death-ligand 1 (PD-L1) protein expression of SW1463 cells in different treatment groups. ∗p < 0.05 compared with the relative control group.




LncRNA KCNQ1OT1 Regulates Tumor Cell Immune Escape via MiR-30a-5p/USP22

Finally, we observe the relationship between the three through T-cell killing experiments. The results show that overexpression of miR-30a-5p or inhibition of USP22 can reverse the inhibition of T-cell function caused by the high expression of KCNQ1OT1 (p < 0.05) (Figures 8G–I). The expression of PD-L1 was also reversed (p < 0.05) (Figures 8J,K). Similarly, we further verified this phenomenon through animal models. The results showed that the group that overexpressed miR-30a-5p and suppressed USP22 showed a decrease in tumor size and weight (p < 0.05) (Figures 9A,B). The results of immunohistochemistry and CD8 analysis further confirmed that this immune escape phenomenon in tumors has been reversed to a certain extent (p < 0.05) (Figures 9C,D). This reversal is achieved by regulating the expression of PD-L1 and miR-30a-5p (p < 0.05) (Figures 9E,F).
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FIGURE 9. Long non-coding RNA (lncRNA) KCNQ1OT1 regulates tumor cell immune escape via miR-30a-5p/ubiquitin-specific peptidase 22 (USP22) in the in vivo assay. (A,B) Tumor size and weight after different treatments in BALB/c mice. (C) Hematoxylin–eosin staining and CD8 immunohistochemical staining were used to detect tumor proliferation and immune escape in different groups. (D) Flow cytometry is used to detect the content of CD8+ T cells in tumor tissues. (E) The expression of miR-30a-5p in tumor tissues. (F) Programmed death-ligand 1 (PD-L1) protein expression of tumor tissues in different treatment groups. ∗p < 0.05 compared with the NC group, #p < 0.05 compared with the Oe-KCNQ1OT1 group, N = 6.





DISCUSSION

Our findings reveal a novel immune escape mechanism involving exosomes, non-coding RNA, CRC cells, and CD8+ T cells. Among them, the tumor-promoting effect of lncRNA KCNQ1OT1 is through the autocrine effect of tumor cell-derived exosomes, which mediates the miR-30a-5p/USP22 pathway to regulate the ubiquitination of PD-L1 and inhibits CD8+ T-cell response, thereby promoting CRC development (Figure 10). Through these findings, we will provide a reference basis for future tumor immunotherapy and targeted therapy.
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FIGURE 10. Colorectal cancer (CRC) cell-derived exosome KCNQ1OT1 regulates the mechanism of tumor cell formation through the miR-30a-5p/ubiquitin-specific peptidase 22 (USP22)/programmed death-ligand 1 (PD-L1) axis.


LncRNA was originally thought to be a by-product of RNA polymerase II transcription, a kind of “noise” and no biological function. However, recent studies have shown that lncRNA can regulate gene expression on multiple levels (epigenetic regulation, transcription regulation, posttranscriptional regulation, etc.) and participate in the pathological process of many diseases, especially in malignant tumors (Lin and Yang, 2018). In addition, lncRNAs also act as competing endogenous RNA (ceRNA), interacting with miRNAs, and by affecting the expression of messenger RNA (mRNA) (Li S. et al., 2020). Zhu et al. (2020) found a new type of oncogenic lncRNA RP11-757G1.5 through microarray analysis, which is overexpressed in CRC tissues, especially in aggressive cases. In addition, the upregulation of RP11-757G1.5 is closely related to the adverse clinical outcome of CRC patients. Further functional analysis showed that RP11-757G1.5 can promote cell proliferation in vitro and in vivo. The mechanism for this phenomenon is that RP11-757G1.5 regulates the expression of YAP1 and promotes the development of CRC by competitively binding miR-139-5p to inhibit its activity (Zhu et al., 2020). In this study, we combined the previous research results to screen and verify the high expression of lncRNA KCNQ1OT1. Through the ROC curve, we found that it has a certain diagnostic value. In further research, we tried to explore the source of KCNQ1OT1. Therefore, the consideration of exosomes appeared in this study, and our conjecture was confirmed to a certain extent by means of bioinformatics.

Our results show that CRC cells can autocrinely regulate their own processes by increasing the secretion of exosomes. In recent years, due to its ability to carry target molecules/proteins and target related cells, its research has gradually attracted people’s attention. Due to its own characteristics, the gradual deepening of its mechanism can provide a good carrier and interference possibility for future targeted therapy (Han et al., 2020). Similar studies have been reported on CRC, which are similar to the ideas and conclusions of this study (Liang et al., 2019). However, a large number of them are relatively superficially studied, and the feasibility of combining with clinical treatment is poor. Therefore, we need to continuously explore the downstream mechanisms.

TME is composed of a variety of cells, extracellular matrix, growth factors, and proteolytic enzymes and their inhibitors, signal molecules (Junttila and de Sauvage, 2013). TME mainly alters tumor growth, metastasis, and prognosis by affecting malignant cells. The origin, development, invasion, and metastasis of the TME are all regulated by the extracellular matrix, cytokines, and immune cells in the microenvironment. In turn, TME can change the proliferation, metastasis and prognosis of tumors by affecting the cellular immune microenvironment (Shen et al., 2020). Tumor cells can escape immune surveillance and induce immune tolerance in a variety of ways, including the release of exosomes (Whiteside, 2016). A number of studies have focused on the complex crosstalk between TME and CD8+ T cells (Cai et al., 2019). Interestingly, we found that KCNQ1OT1 can affect CD8+ T cells through the bioinformatics database. Through our research, we found that there is no statistical difference in the effects of KCNQ1OT1 on natural killer cells and CD4+ T cells. This part of the results is similar to a previous study (Lou et al., 2019). However, the apoptosis detection of SW1463 cocultured with T cells found that although overexpression of KCNQ1OT1 reduced tumor cell apoptosis to a certain extent, there was no statistical difference in this apoptosis. This may be caused by the low basic apoptosis rate of tumor cells. The main manifestations of cancer promotion may be proliferation and invasion.

Numerous studies have shown that PD-1 is the main and key inhibitory receptor in tumor immunity. Immunotherapy aimed at blocking PD-1 and its ligand (PD-L1) has become an important means of treating tumors (Chen Z. et al., 2020). It is precisely because we did not find significant differences in the detection of PD-L1 mRNA expression. Therefore, the role of ubiquitination here has attracted our attention.

Our results prove the role of deubiquitinating enzyme USP22 in this respect. In addition, through the screening of miRNAs, we found that miR-30a-5p may serve as an intermediate counterattack in the regulation of KCNQ1OT1 and USP22. At present, a large number of studies have discovered and verified the role of miR-30a-5p in CRC (Sun et al., 2019; Li J. et al., 2020). However, its role as an intermediate pathway between KCNQ1OT1 and USP22 to regulate tumor immune escape is the first report and verification in this study.



CONCLUSION

We found that the role of exosomes in PD-L1 regulation through the KCNQ1OT1/miR-30a-5p/USP22 axis provides a way to explore the phenomenon of CRC immune escape. At the same time, the adjuvant therapy and targeted therapy for the clinical application of PD-L1 inhibitors provide new ideas. However, despite the extensive verification of this approach in vivo and in vitro, this study still lacks corresponding clinical data as support. Therefore, in the future, we still need to further carry out clinical sample detection and intervention to further strengthen the treatment of CRC and improve the survival rate of patients.



DATA AVAILABILITY STATEMENT

The original data presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author. And the microarray data can also be found here https://www.frontiersin.org/articles/10.3389/fcell.2021.653808/full#supplementary-material.



ETHICS STATEMENT

The animal study was reviewed and approved by the Ethical Committee of Sichuan Provincial People’s Hospital, University of Electronic Science and Technology of China.



AUTHOR CONTRIBUTIONS

DX, LN, and JZ gave substantial contributions to the conception and the design of the manuscript. DX and LW contributed to the acquisition, analysis, and interpretation of the data. LN and JZ revised the manuscript critically. All authors have participated to drafting the manuscript, read and approved the final version of the manuscript.



ACKNOWLEDGMENTS

We express our sincere gratitude to the reviewers for their valuable suggestions.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.653808/full#supplementary-material


ABBREVIATIONS

CRC, colorectal cancer; LncRNA, long non-coding RNA; Exo, exosomes; DUBs, ubiquitinating enzymes; Ub, ubiquitin; USP22, ubiquitin-specific peptidase 22; ATCC, American Type Culture Collection; RNA-Seq, RNA sequencing; NTA, nanoparticle tracking analysis; RIP, ribonucleoprotein immunoprecipitation; RT-qPCR, quantitative reverse transcription PCR; IHC, immunohistochemistry; WB, Western blot; ceRNA, competing endogenous RNA; mRNA, messenger RNA; TME, tumor microenvironment; PD-1, programmed death receptor 1.

FOOTNOTES

1https://www.r-project.org/

2http://starbase.sysu.edu.cn/

3http://www.exorbase.org/

4http://timer.comp-genomics.org/


REFERENCES

Arnold, M., Sierra, M. S., Laversanne, M., Soerjomataram, I., Jemal, A., and Bray, F. (2017). Global patterns and trends in colorectal cancer incidence and mortality. Gut 66, 683–691. doi: 10.1136/gutjnl-2015-310912

Badawi, M. A., Abouelfadl, D. M., El-Sharkawy, S. L., El-Aal, W. E., and Abbas, N. F. (2015). Tumor-Associated Macrophage (TAM) and angiogenesis in human colon carcinoma. Open Access. Maced. J. Med. Sci. 3, 209–214. doi: 10.3889/oamjms.2015.044

Bruni, D., Angell, H. K., and Galon, J. (2020). The immune contexture and Immunoscore in cancer prognosis and therapeutic efficacy. Nat. Rev. Cancer 20, 662–680. doi: 10.1038/s41568-020-0285-7

Cai, J., Qi, Q., Qian, X., Han, J., Zhu, X., Zhang, Q., et al. (2019). The role of PD-1/PD-L1 axis and macrophage in the progression and treatment of cancer. J. Cancer Res. Clin. Oncol. 145, 1377–1385. doi: 10.1007/s00432-019-02879-2

Calderaro, J., Rousseau, B., Amaddeo, G., Mercey, M., Charpy, C., Costentin, C., et al. (2016). Programmed death ligand 1 expression in hepatocellular carcinoma: relationship with clinical and pathological features. Hepatology 64, 2038–2046. doi: 10.1002/hep.28710

Chen, D. S., and Mellman, I. (2017). Elements of cancer immunity and the cancer-immune set point. Nature 541, 321–330. doi: 10.1038/nature21349

Chen, X., Liu, J., Zhang, Q., Liu, B., Cheng, Y., Zhang, Y., et al. (2020). Exosome-mediated transfer of miR-93-5p from cancer-associated fibroblasts confer radioresistance in colorectal cancer cells by downregulating FOXA1 and upregulating TGFB3. J. Exp. Clin. Cancer Res. 39, 65.

Chen, Z., Cheng, X., Zhang, L., Tang, L., Fang, Y., Chen, H., et al. (2020). 2,5-dimethylcelecoxib improves immune microenvironment of hepatocellular carcinoma by promoting ubiquitination of HBx-induced PD-L1. J. Immunother. Cancer 8:e001377. doi: 10.1136/jitc-2020-001377

Ciorba, M. A. (2013). Indoleamine 2,3 dioxygenase in intestinal disease. Curr. Opin. Gastroenterol. 29, 146–152. doi: 10.1097/mog.0b013e32835c9cb3

Han, K., Wang, F. W., Cao, C. H., Ling, H., Chen, J. W., Chen, R. X., et al. (2020). CircLONP2 enhances colorectal carcinoma invasion and metastasis through modulating the maturation and exosomal dissemination of microRNA-17. Mol. Cancer 19:60.

Hartley, G., Regan, D., Guth, A., and Dow, S. (2017). Regulation of PD-L1 expression on murine tumor-associated monocytes and macrophages by locally produced TNF-alpha. Cancer Immunol. Immunother. 66, 523–535. doi: 10.1007/s00262-017-1955-5

Huang, X., Zhang, Q., Lou, Y., Wang, J., Zhao, X., Wang, L., et al. (2019). USP22 deubiquitinates CD274 to Suppress anticancer immunity. Cancer Immunol. Res. 7, 1580–1590. doi: 10.1158/2326-6066.cir-18-0910

Huang, X., Zhang, X., Bai, X., and Liang, T. (2020). Blocking PD-L1 for anti-liver cancer immunity: USP22 represents a critical cotarget. Cell Mol. Immunol. 17, 677–679. doi: 10.1038/s41423-019-0348-4

Junttila, M. R., and de Sauvage, F. J. (2013). Influence of tumour micro-environment heterogeneity on therapeutic response. Nature 501, 346–354. doi: 10.1038/nature12626

Kalluri, R., and LeBleu, V. S. (2020). The biology, function, and biomedical applications of exosomes. Science 367:eaau6977. doi: 10.1126/science.aau6977

Kalyan, A., Kircher, S., Shah, H., Mulcahy, M., and Benson, A. (2018). Updates on immunotherapy for colorectal cancer. J. Gastrointest. Oncol. 9, 160–169. doi: 10.21037/jgo.2018.01.17

Kleffel, S., Posch, C., Barthel, S. R., Mueller, H., Schlapbach, C., Guenova, E., et al. (2015). Melanoma cell-Intrinsic PD-1 receptor functions promote tumor growth. Cell 162, 1242–1256. doi: 10.1016/j.cell.2015.08.052

Komander, D., Clague, M. J., and Urbe, S. (2009). Breaking the chains: structure and function of the deubiquitinases. Nat. Rev. Mol. Cell Biol. 10, 550–563. doi: 10.1038/nrm2731

Li, H., Li, X., Liu, S., Guo, L., Zhang, B., Zhang, J., et al. (2017). Programmed cell death-1 (PD-1) checkpoint blockade in combination with a mammalian target of rapamycin inhibitor restrains hepatocellular carcinoma growth induced by hepatoma cell-intrinsic PD-1. Hepatology 66, 1920–1933. doi: 10.1002/hep.29360

Li, J., Zhao, L. M., Zhang, C., Li, M., Gao, B., Hu, X. H., et al. (2020). The lncRNA FEZF1-AS1 promotes the progression of colorectal cancer through regulating OTX1 and targeting miR-30a-5p. Oncol. Res. 28, 51–63. doi: 10.3727/096504019x15619783964700

Li, J. H., Liu, S., Zhou, H., Qu, L. H., and Yang, J. H. (2014). starBase v2.0: decoding miRNA-ceRNA, miRNA-ncRNA and protein-RNA interaction networks from large-scale CLIP-Seq data. Nucleic Acids Res. 42, D92–D97.

Li, M., Zhao, L. M., Li, S. L., Li, J., Gao, B., Wang, F. F., et al. (2018). Differentially expressed lncRNAs and mRNAs identified by NGS analysis in colorectal cancer patients. Cancer Med. 7, 4650–4664. doi: 10.1002/cam4.1696

Li, S., Li, Y., Chen, B., Zhao, J., Yu, S., Tang, Y., et al. (2018). exoRBase: a database of circRNA, lncRNA and mRNA in human blood exosomes. Nucleic Acids Res. 46, D106–D112.

Li, S., Zhu, K., Liu, L., Gu, J., Niu, H., and Guo, J. (2020). lncARSR sponges miR-34a-5p to promote colorectal cancer invasion and metastasis via hexokinase-1-mediated glycolysis. Cancer Sci. 111, 3938–3952. doi: 10.1111/cas.14617

Liang, Z. X., Liu, H. S., Wang, F. W., Xiong, L., Zhou, C., Hu, T., et al. (2019). LncRNA RPPH1 promotes colorectal cancer metastasis by interacting with TUBB3 and by promoting exosomes-mediated macrophage M2 polarization. Cell Death Dis. 10:829.

Lim, S. O., Li, C. W., Xia, W., Cha, J. H., Chan, L. C., Wu, Y., et al. (2016). Deubiquitination and Stabilization of PD-L1 by CSN5. Cancer Cell 30, 925–939. doi: 10.1016/j.ccell.2016.10.010

Lin, C., and Yang, L. (2018). Long noncoding RNA in cancer: wiring signaling circuitry. Trends Cell Biol. 28, 287–301. doi: 10.1016/j.tcb.2017.11.008

Liu, C., Yao, Z., Wang, J., Zhang, W., Yang, Y., Zhang, Y., et al. (2020). Macrophage-derived CCL5 facilitates immune escape of colorectal cancer cells via the p65/STAT3-CSN5-PD-L1 pathway. Cell Death Differ. 27, 1765–1781. doi: 10.1038/s41418-019-0460-0

Lou, Q., Liu, R., Yang, X., Li, W., Huang, L., Wei, L., et al. (2019). miR-448 targets IDO1 and regulates CD8(+) T cell response in human colon cancer. J. Immunother. Cancer 7:210.

Nabariya, D. K., Pallu, R., and Yenuganti, V. R. (2020). Exosomes: The protagonists in the tale of colorectal cancer? Biochim. Biophys. Acta Rev. Cancer 1874:188426. doi: 10.1016/j.bbcan.2020.188426

Quinn, J. J., and Chang, H. Y. (2016). Unique features of long non-coding RNA biogenesis and function. Nat. Rev. Genet. 17, 47–62. doi: 10.1038/nrg.2015.10

Schrecengost, R. S., Dean, J. L., Goodwin, J. F., Schiewer, M. J., Urban, M. W., Stanek, T. J., et al. (2014). USP22 regulates oncogenic signaling pathways to drive lethal cancer progression. Cancer Res. 74, 272–286. doi: 10.1158/0008-5472.can-13-1954

Shang, A., Gu, C., Wang, W., Wang, X., Sun, J., Zeng, B., et al. (2020). Exosomal circPACRGL promotes progression of colorectal cancer via the miR-142-3p/miR-506-3p- TGF-beta1 axis. Mol. Cancer 19:117.

Shen, F., Feng, L., Zhu, Y., Tao, D., Xu, J., Peng, R., et al. (2020). Oxaliplatin-/NLG919 prodrugs-constructed liposomes for effective chemo-immunotherapy of colorectal cancer. Biomaterials 255:120190. doi: 10.1016/j.biomaterials.2020.120190

Singh, P. P., Sharma, P. K., Krishnan, G., and Lockhart, A. C. (2015). Immune checkpoints and immunotherapy for colorectal cancer. Gastroenterol. Rep. (Oxf) 3, 289–297.

Sun, X. X., He, X., Yin, L., Komada, M., Sears, R. C., and Dai, M. S. (2015). The nucleolar ubiquitin-specific protease USP36 deubiquitinates and stabilizes c-Myc. Proc. Natl. Acad. Sci. U.S.A. 112, 3734–3739. doi: 10.1073/pnas.1411713112

Sun, Y., Yang, B., Lin, M., Yu, H., Chen, H., and Zhang, Z. (2019). Identification of serum miR-30a-5p as a diagnostic and prognostic biomarker in colorectal cancer. Cancer Biomark. 24, 299–305. doi: 10.3233/cbm-182129

Whiteside, T. L. (2016). Exosomes and tumor-mediated immune suppression. J. Clin. Invest. 126, 1216–1223. doi: 10.1172/jci81136

Xian, D., and Zhao, Y. (2019). LncRNA KCNQ1OT1 enhanced the methotrexate resistance of colorectal cancer cells by regulating miR-760/PPP1R1B via the cAMP signalling pathway. J. Cell Mol. Med. 23, 3808–3823. doi: 10.1111/jcmm.14071

Xu, L., Huan, L., Guo, T., Wu, Y., Liu, Y., Wang, Q., et al. (2020). LncRNA SNHG11 facilitates tumor metastasis by interacting with and stabilizing HIF-1alpha. Oncogene 39, 7005–7018. doi: 10.1038/s41388-020-01512-8

Xu, M., Xu, X., Pan, B., Chen, X., Lin, A. K., Zeng, K., et al. (2019). LncRNA SATB2-AS1 inhibits tumor metastasis and affects the tumor immune cell microenvironment in colorectal cancer by regulating SATB2. Mol. Cancer 18:135.

Yao, H., Wang, H., Li, C., Fang, J. Y., and Xu, J. (2018). Cancer cell-intrinsic PD-1 and implications in combinatorial immunotherapy. Front. Immunol. 9:1774.

Zhu, X., Bu, F., Tan, T., Luo, Q., Zhu, J., Lin, K., et al. (2020). Long noncoding RNA RP11-757G1.5 sponges miR-139-5p and upregulates YAP1 thereby promoting the proliferation and liver, spleen metastasis of colorectal cancer. J. Exp. Clin. Cancer Res. 39:207.


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 Xian, Niu, Zeng and Wang. 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.


OPS/images/fcell-09-653808-g010.jpg
CRC cell

2220000

LncRNA
KCNQIOTI

_— °§<—Exosomes

OOO
%

mmmmnm
ceRM . 4220

miR-30a-5p

— @D
\‘~\\\\T/ CRC cell

Ub

mmmﬂ

KCNQIOTI






OPS/images/fcell-09-653808-g001.jpg
Sensitivity

Relative IncRNA KCNQI1OT1 expression

Relative IncRNA KCNQI1OTI1 expression

Expression level: log2 (FPKM+0.01}]

80

60

40

20

o) ]

240+

0.5+

0.0

% 2f: |

I
Adjacent tissues CRC tissues

L

Cancer log2(FPKM) Normal log2(FPKM)

Box plot © Gene expressions

IIIIIIIIIIIIIIIIIII'

AUC = 0.649
P << 000%

0

40 80
100-Speclficity

o
iy

£~
?

£
o
1

N
T

i

Relative IncRNA KCNQI1OTT1 expression o

0.0 I
I-11 II-1V
D
= Distant metastasis Vascular invasion
7
% 2.0 ~
o,
5 *
-{:4 40 ]
®) *
o 3.0 - |
Z.
v
< 2.0 4 % T
:
2 |
Q
= 1.0 =
o
R
=
i'S) 00 T T T T
o MO M1 (-) (+)
F group
1.00- Overall Survival for KCNQ10T1 in COAD Cancer |
Log-Rank p=0.02 p—
Low Num=224 | i
High Num=223 | — high
Hazard Ratio=1.59 |
0.75- | + (low,1)
.+ (high1)
.TZU \
c
-
1 p.50-
c
o
)
o
0.25~
\
0.00-
6 5'0 160 1|50
Time(months)
H

Tumor cells

Relative IncRNA KCNQI1OT]1 expression

FHC SW480 HT-29 SW1463





OPS/images/fcell-09-653808-g002.jpg
A 250 B TPM (log2+1)

[ 1 ‘ 0
200 ‘
; .
[
150 ‘ “
: N KCNQ10T1 4
100
- KCNQ1OT1 I 6
| |
‘ 8
[ I 1
?-

S
N eeé\;’%i’% N %\m&%"gé@

Samples

NP: Normal person; CHD: Coronary heart disease; CRC: Colorectal cancer; HCC: Hepatocellular carcinoma;
PAAD:Pancreatic adenocarcinoma; WhB: Whole blood.

Expression (TPM)

C 5 D 8-
- — &
g % —— 73 6- °®
§ = § ~ ®
=E 3 3 a= o
E 2 . £k
2 =2 * O é
S o 2§
) 2_
S 14 % S
5 x
= S8
0 , , 0 T T
SW1463 FHC SW1463 FHC

m
T

25kD
96kD

SW1463

FHC SW1463
G

w FHC-exo
= mm FHC-exo - SW1463
Z = SW1463-ex0 3.0- TR0
) ) -
a =
5 * 7
— S 2.0+
S 2.0~ x
o .g
Z IS
B T.8- &5 1.0+
M ]
vlc—é po—
E 0.0- ¢ 0.0-

2





OPS/images/fcell-09-653808-g003.jpg
Relative IncRNA KCNQ1OT]1 expression

Relative mRNA expression

Number of invasion cells

1

%

O—

15+ -4 NC 24 h
& Exo
¥ Exo+si-NC
g - Exo+si-KCNQ10T1 48 h
(e
@ Exo Exo+si-NC Exo+
= si-KCNQI1OT]1
) # s
f P
= £ 2.0 . «
< B
—_ -]
3 & L5+ #
=
Eh
= 1.04
) : >
NC Exo Exo+si-NC Exo+si-KCNQI1OT1 € 05-
&
0.0 -
E NC Exo Exo+si-NC Exo+
si-KCNQI10OT]1
A 11:P1 e 12:P1 " 15: P1 . 21:P1
—‘01-UL[1.W1H QI-UR(6.41%) P_Q‘HJL;[D.B?%) Q1-UR(6.81%) - Q1-UL(0.76%) Q1-UR(7.31%) -~ Q1-UL{0.24%) Q1-UR(S5.43%)
o L ey ® oy
£ s
24 o
%1 ;3 g
i o] ; QILR{5 19%) o] 17 ararigsm)
EXO""Si"NC EXO-)-Si_KCNQ]OT[ T 10 iu:"c”;uﬂ 10 10 107 1% 1oﬂmﬂ:n° 0% 10 Tw? 100 10;“:4;05 1t 107 T 10° 111’:[11:_‘;|:|E w0 10
NC Exo Exo+si-NC Exo+si-KCNQ1OT1
| -
L Lgl
Annexin V
25 -
- 20 -
S
QL
<
=4
w
7
=
Q.
c
o
<
: +si- -+
NC Exo Exo+si-NC Exo+ NC Exo Exo+si-NC ]Eé?\] |OT1
si-KCNQIOT]1 si-KCNQ
mm NC mm Exo ®m Exot+si-NC ™ Exo+si-KCNQIOTI
G 3,077
%
%
= * *
¥ o =
w
&
—_
a,
<
LiP]
R=
i 2
# e
# o
[1P]
2
=
©
* ("4
%
E-cadherin N-cadherin Vimentin E-cadherin N-cadherin Vimentin





OPS/images/fcell-09-653808-g004.jpg
A 2.0 - s B 1500 - 5

—_ Qo
215 i z 4
'Eo = 1000 -
T 10 E
Z E
Q
g > 500 -
g
0.0 - - "
N e sh-KE;:I)(;lOTI NG Em EBxed
sh-KCNQ1OTI1
Exo+
C D .g 2.0 H %
o
HE E 1.5 1 4
=
= i
o
7.
&)
M 0.5 4
]
Ki67 =
ks
S 0.0
NC Exo Exo+
sh-KCNQ10T]1
E m NC mm Exo ™ Exotsh-KCNQIOTI1 F ma NC w=m Exo mm Exot
1.5 . 1.5- % sh-KCNQ10T]1
- T sk - _l_ # £
2 # T " 7 T o
6 _ T z N
= .04 T " T 7 T : 1.0
< =
Z T )
o °
qf) 0.5 * o 0.5-
g L g
& 2
0.0

E-cadherin N-cadherin Vimentin E-cadherin N-cadherin Vimentin





OPS/images/cross.jpg
3,

i





OPS/xhtml/nav.xhtml




Contents





		Cover



		LncRNA KCNQ1OT1 Secreted by Tumor Cell-Derived Exosomes Mediates Immune Escape in Colorectal Cancer by Regulating PD-L1 Ubiquitination via MiR-30a-5p/USP22



		INTRODUCTION



		MATERIALS AND METHODS



		Clinic Samples and Cell Culture



		Microarray Analysis



		Animal and Tumor Models



		Cell Transfection



		Isolation and Identification of Exosomes



		Cell Proliferation Ability Test



		Transwell Assay and Flow Cytometry Analysis



		Colony Formation Assay



		Dual-Luciferase Reporter Assay



		Ribonucleoprotein Immunoprecipitation Assay



		Flow Cytometry and Immunofluorescence



		T Cell-Mediated SW1463 Cell Killing Assay



		Programmed Death-Ligand 1 Deubiquitination Assay



		Quantitative Reverse Transcription PCR



		H&E Staining and Immunohistochemistry



		Western Blot



		Statistical Analysis







		RESULTS



		LncRNA KCNQ1OT1 Was Upregulated in Colorectal Cancer



		Colorectal Cancer Cells Can Release a Large Amount of Exosomes Containing KCNQ1OT1



		Exosomes Promote the Proliferation and Invasion of Colorectal Cancer



		LncRNA KCNQ1OT1 Can Promote Immune Escape of Colorectal Cancer Cells



		LncRNA KCNQ1OT1 Regulates Tumor Immune Escape Through Programmed Death-Ligand 1



		Ubiquitination Is Involved in the Immune Escape Phenomenon Regulated by Programmed Death-Ligand 1



		MiR-30a-5p Is Involved in the Regulation of LncRNA KCNQ1OT1 on USP22



		LncRNA KCNQ1OT1 Regulates Tumor Cell Immune Escape via MiR-30a-5p/USP22







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

LncRNA KCNQ10OT1 Secreted
by Tumor Cell-Derived
Exosomes Mediates Immune
Escape in Colorectal Cancer by
Regulating PD-L1 Ubiquitination
via MiR-30a-5p/USP22









OPS/images/fcell-09-653808-g005.jpg
>

KCNQ1OT1 Expression Level (log2 TPM

Tumor weight (g)

Purity T cell CD8+_TIMER
. Rho = 0.08 Rho = -0.124
p = 1.07e-01 p = 4.056-02
1.0' Ll .
g L ] e L ]
o)
054" ' g e
g,
0.0
025 050 0.75 1.000.00 0.25 050 0.75
Purity Infiltration Level
1.5+
*
143
0.5+
0.0-

“a
B!
by
b ‘.".('J
L4
0=
(w
.S
&
g8 2.0
b
[(P]
2
E 1.0
k=
=
(]
o
0.0—

."‘ '
n ¢ '<r "
¥ H
3 :'“' e 0«:“’
) &
=3
T

E-cadherin

Oe-KCNQIOTI

Oe- KCNQIOTI

ﬁ“" 2 ;”‘rf\"d‘ X

‘3}4' ’ ﬁ*!‘m""ﬁ 5"”;..

LN

m NC
" BT 0e-KCNQIOTI
-
sk
=

N-cadherin

Vimentin

Relative KCNQ1OTT1 expression

0e-KCNQI10T]

1500
o
=
%
)
g 1000
=
2
= 500 4
)
g
—
() =
Oe-KCNQIOT1
F . .
i 32.18% 10.64%
= 100 = E 100
104 ﬂ?!5 1oe 107 108 10‘ 1O5 10s Da
. CDS,
] 8.14% Al
E 100 = E 100 =
2 2
(& ] Q
10? 10° 10° 10 10° 10 10 10 10 10
CD4
» 07 mmNC
T 591 [ 0e-KCNQIOTI
_I_
&40
®
g ]
2 20-
[0} sk
Q
="l HE
5
o\o T )

CD8+ CD4+





OPS/images/fcell-09-653808-g006.jpg
2.5+

2.0 -
8. S
1.0 =
1S =
0.0 -

Exo Oe-KCNQIOTI1

Relative cell viability

Oe- KCNQIOTI

N . m NC mm FExo
i ; K == PBS == Oe-KCNQIOTI
; D 5-
PBS Exo Oe- KCNQlOTl 5
Annexin V-FITC §
25 - e LA
)
<
- Z
9 o
g : T X
: . : @ 0.57 1 T
= =
3 5
z o
Bcl-2
NC PBS Exo Oe-KCNQIOTI
E F ppaL — 33k
Tubulin — S0KD
= 1.50- PBS  Exo Oe-KCNQIOTI
7 3.5
5 1.25- E y
E g 2.0+
Z 1.00- =
= = 1.5-
]
2 0.50- E
A S 1.0-
a Z
2 - -
% 0.25 2 0.5_
o
& 0.00- 0.0 -
PBS Exo Oe-KCNQIOTI NC PBS Exo Oe-KCNQIOTI
G H | ™= NC == Oe-KCNQ1OT1 mmOe-KCNQIOTI
+sh-PD-L1
. L5 .
- T
30 [ - . 20 g
= o,
2 15 < 154 < 10 T g T fr_
Z E < i
bt .8 2
3 1.0 2 10- Dﬁ
) 3 £
& & - 0.5 *
3 05- 5 = T
ks
0.0 - 0 - é 0.0—
NC  0e-KCNQIOTI Oe-KCNQIOTI NC  0e-KCNQIOTI Oe-KCNQIOTI '

Bax Bcl-2

+sh-PD-L1 +sh-PD-L1





OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





OPS/images/fcell-09-653808-g007.jpg
A B C
USP22 [ D

Tubulin | anmmmms T 50kD

- NC
2.5+
0e-KCNQIOTI
g 3.0 *
% 2.0 ? 5 —
5 vy % 2.0
= I T L 11 b
g 1.0+ 2
v 2
= & 1.0-
= 0.57 2
& ks
L
0.0 - o
N e o Tl ) 0.0- T
S & & § \gaq' QCS\ 0e-KCNQIOT]
D
USP22 PD-L1 DAPI USP22/PD-L1 Merge
- - Mum

Oe-
KCNQIOTI
E F _

Ctrl Sh-USP22 Ubiqutin + + 4+ + + +
USP22 - - + + e =

CHX(th) 0 4 8 12 0 4 8 12
KCNQIOTI - - - - + +

oLl RN - o MO - b - -

’ . :

USP22 e i O i 60kD

Tubulin | AN S D S SR 0.0

- Ctrl
.54 ™ Sh-USP22 [P: PD-L1 Ubiqutin
PD-LI1
z P - D - D p & ;)
2 1.0+
L
E USP22 P P o 60kD
2 ke (HA)
E“)‘ 4 Bty
_ e 1L 1 T T JRNG
0.0 | | | Input

0 4 8 12 CHX (h)





OPS/images/fcell-09-653808-g008.jpg
O

Relative miR-30a-5p expression J»

1.5~
1.0
(e L
o=
Adjacent tissues CRC tissues
Target: 5' ccUCUUL GAA JUUACu 3°'

miRNA : 3' gaAGGUCAGCUC-CUACAAAUGu 5'

2157
v
=
]
—
=
9 1.0
[av}
-
=
3
= 0.5
]
=
=
=
L
& -

Bl NC
[ miR-30a-5p mimics
—T—
*
I 1
KCNQIOTI-WT KCNQI1OTI-MUT

0e-KCNQIOT1 0e-KCNQIOTI

Relative PD-L1 mRNA expression

+mimics +s1-USP22

¥

2.0

Relative KCN110OT1 enrichment

Relative cell viability

o 1.0+ " )
= R=0.605, P<0.001
a L

S 0.8-

8,

b

QL

S 0.6

<

=

o 0.4

=

2 024 ..
=

L

z 0.0 | I 1 1

0 1 3 4 5
Relative KCNQIOT1 expression
157 ml 1gG
[ Ago2
*

107 T

5—

|
miR-30a-5p mimics

Relative protein expression

Relative mRNA expression

Tumor cells
= 1.25+
i=
& 1.00
5
¥
2 0.75 4
5
e
= 0.50
z
£ 0.254
L
[
0.0 -
FHC SW480 HT-29 SW1463
Target: 5' « gggacgccccaGUUUACu 3'
I
miRNA : 3' gaagqucag CAAAUGu 5
.57 mENC
3 miR-30a-5p mimics
l 0_ —— T

.:
wn
|

Relative luciferase intensity

I

USP22-WT USP22-MUT

o
l

. NC mm QOet+tmimics
mm Oe-KCNQOT1 mm QOe+si-USP22

Bax Bcel-2





OPS/images/fcell-09-653808-g009.jpg
>
w

1.25- 1500
1.00 1250+

0.75- 1000+

0.50- 500+

Tumor weight (g)

0.25- 2504

Tumor volumn (mm?)

0.00-

10.
150 0 50 < |sa-]
]
g 100 100 00 4 1004
Q ]
o 50 50 501 s+
T T T T T T
o 0® 1©° o 0® 10 1 1 10 10° 10
e

BRI T TS » 50
—
T B 5 o Y i ™ Pl LT B AT L H
3 "‘.".\",f fi-? ..’t (;,_'. Mpleys L n..),p?“'“;::‘. ) : g "a\‘ .:'."t‘.l:.vl'd!, .‘. ‘!.‘t‘ O]
'q"l .;"‘ﬁ-vll ,.;.: AT ! N, "_ - I’“’- *,'.l:-' ihs, .,-:3 }& p '!'." e leg® e 59';,‘\ J Q
AL IYER AR e Tl B PN Sy L ROE T P RA
i’."“ ¥ e O - 'k‘",k.v. N oL Wl 2 0 MY e AN 0,.".., oy 34 -+-
PNROAT b .u—:i*‘?, e TRt i IV PR ARSN SAN a  eRl v
. b R AT T e i % Krs e 1 b
B ew L ainty WREREG SLAT5a) s <
CD8 WE b i3 Rt e 2
.i)‘:f -~ b s : .}.“‘{ {“)'I."“i‘.'.;'.,v:' .":‘ " { ‘..‘ . U
PLAR AR R AT I B =
i O iy c ,
A KO TR0 (3 S =
 URRE ORI By 7
(0]
Q
G
C
(=]
>~

PD-L1
Tubulin

1.2 2.5 -

2.0

—_—
)
T

0.75- e L

0.50- 1.0+

0.25- U~

Relative protein expression

Relative miR-30a-5p expression

0.00- (0=






