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Expression of the immunoglobulin superfamily member CD155 was increased in a variety of human malignancies, but the role of CD155 in tumorigenesis and tumor development in cervical cancer has not been elucidated. In this study, immunohistochemistry and enzyme-linked immunosorbent assay analyses showed that CD155 expression gradually increases with the degree of cervical lesions. In vitro and in vivo, reducing the expression of CD155 inhibited cell proliferation, cell viability and tumor formation and arrested the cell cycle in G0/G1 phase. Antibody array-based profiling of protein phosphorylation revealed that CD155 knockdown can inhibited the AKT/mTOR/NF-κB pathway and activated autophagy and apoptosis; the opposite effects were observed upon CD155 has overexpression. We proved that there is an interaction between CD155 and AKT by immunoprecipitation. We further confirmed the mechanism between CD155 and AKT/mTOR/NF-κB through rescue experiments. AKT knockdown reversed the anti-apoptotic effects and activation of the AKT/mTOR/NF-κB pathway induced by CD155 overexpression. Our research demonstrated that CD155 can interact with AKT to form a complex, activates the AKT/mTOR/NF-κB pathway and inhibit autophagy and apoptosis. Thus, CD155 is a potential screening and therapeutic biomarker for cervical cancer.
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Introduction

Cervical cancer is the fourth most common female malignancy in morbidity and mortality (1). Globally, there were more than 569,000 new cases of cervical cancer and 311,000 deaths in 2018 (1). The main cause of cervical cancer is human papillomavirus (HPV) infection (2). However, not all women infected with HPV develop cervical cancer, which may be due to differences in epigenetic modifications (3). The identification of new markers that can predict cervical cancer would aid diagnosis and potentially provide targets for treatment. One potential marker is CD155, also called NECL-5, a member of the immunoglobulin superfamily (4). CD155 has four splicing subtypes: α, β, δ, and γ. The α isoform contains an immunoreceptor tyrosine-based inhibitory motif (ITIM), which is essential for the effects of this subtype on tumor biology (5). CD155 regulates signal transduction (6), cell adhesion (7), motility (8), proliferation (9) and survival through the recruitment of tyrosine phosphatase 2 (SHP-2) via its ITIM. CD155 is overexpressed in many cancers, including lung adenocarcinoma (10), pancreatic cancer (11), ovarian cancer (12), myeloid leukemia (13), neuroblastoma (13, 14), colorectal cancer (14), and cholangiocarcinoma (15). However, potential role of CD155 in the development of cervical cancer is unknown.

In the present study, we detected CD155 expression in serum and tissue specimens from patients with cervical cancer or high-grade squamous intraepithelial lesions (HSIL) patients. We found that CD155 expression is associated with poorly differentiated cervical cancer. In addition, we knocked down and overexpressed CD155 in vivo and in vitro and assessed changes in cell function. Co-immunoprecipitation (Co-IP) assay and rescue assay confirmed that CD155 can interact with AKT to form CD155/AKT complex, and further promote the proliferation of cervical cancer cells and inhibit autophagy through AKT/mTOR and NF-κB pathways.



Materials and Methods


Human Tissue Samples

A total of 65 serum samples were collected, including 30 from cervical cancer patients, 20 HSIL patients, and 15 from subjects with normal cervix. In addition, we collected 100 paraffin-embedded tissue samples, including 66 cervical cancer samples, 16 HSIL samples, and 18 normal cervix samples. All samples were originally collected at Qilu Hospital of Shandong University. All patients were clinically staged according to FIGO guidelines. Clinical data were collected from the medical record management system of Qilu Hospital. The Ethics Committee of Qilu Hospital approved this study.



Immunohistochemistry

Immunohistochemistry (IHC) was performed using the SP-9001 immunohistochemistry detection kit (Zhongshan Golden Bridge, Beijing, China) according to the manufacturer’s instructions. Each 4-μm-thick paraffin slice was deparaffinized and incubated with a CD155 antibody at 4°C overnight, followed by incubation with a biotin-labeled goat anti-rabbit IgG secondary antibody for 10 minutes at 37 °C. For visualization, streptavidin tablets were incubated with peroxidase at room temperature for 15 minutes, and then the streptavidin peroxidase was incubated with the slices for 15 minutes at 37°C, followed by DAB staining. The slices were subsequently stained with Meyer’s hematoxylin for 5 minutes. After dehydration, the slices were sealed with neutral glue. A score ranging from 0 to 4 was given based on the percentage of positive cell density:0, 0-3%, 1, 3-25%, 2, 26-50%, 3, 51-75%, and 4,76-100%. The staining intensity was also scored according to four levels: 0, no staining; 1, weak brown; 2, medium brown; and 3, strong brown. The final immune response score (IRS) was obtained as the product of the two scores and classified as follows: 0-1, negative expression; 2-3, mild positive expression; 4-7, moderate positive expression and 8-12, strongly positive expression (16). Based on the IRS, we divided the cervical cancer patients into the low CD155 expression group (IRS < 7) and high CD155 expression group (IRS > 7). The following antibodies were used: anti-CD155 (1:100, Cell Signaling Technology Danvers, MA, USA), anti-Ki67(1:300, Abcam), anti-p-AKT (1:100, Cell Signaling Technology Danvers, MA, USA) and p-pNF-κB65 (1:1000, Abcam).



Immunofluorescence Staining

Cells were washed three times with phosphate-buffered saline (PBS), fixed with 4% paraformaldehyde for 15 minutes, and blocked with bovine serum albumin (BSA) at 37°C for 30 minutes. After washing three times with PBS, the cells were incubated with anti-LC3B (1:100, Cell Signaling Technology, Danvers, MA, USA), p-IKBα (1:200, GeneTex, USA) and p-NF-κBp65 (1:1000, Abcam), overnight at 4°C, followed by goat anti-rabbit antibody (1:200 Zhongshan Golden Bridge, Beijing, China) for 1 hour at 37°C in the dark. The cells were counterstained with DAPI (Yusen Biotech Inc, Shanghai, China) for 1 hour. Finally, the positive cells was analyzed by confocal fluorescence microscopy (Olympus Tokyo, Japan).



Cell Lines and Cell Culture

CaSki and HeLa cell lines were from the Laboratory of Gynecological Oncology Center at Shandong University (Jinan, Shandong, China). CaSki and HeLa were cultured in RPMI 1640 or DMEM supplemented with 10% fetal bovine serum (all from Gibco, Grand Island, NY, USA), respectively, cultured in a humidified incubator at 37°C with 5% CO2.



RNA Interference (RNAi)

SiRNAs were synthesized by Gene Pharma (Shanghai, China) with the following sequences: CD155 siRNA sequences 5-CCCGUAACGCCAUCAUCUUTT-3; antisense, 5-AAGAUGAUGGCGUUACGGGTT-3; AKT siRNA sequences 5-GCACUUUCGGCAAGGUGAUTT-3; antisense, 5-AUCACCUUGCCGAAAGUGC-TT-3; control NC-RNA sequences 5-UUCUCCGAACGUGUCACGUTT-3; antisense, 5-ACGUGACACGUUCGGAGAATT-3. Cells were transfected with siRNA CD155 or control siRNA when the cell confluence reached 50% using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, California, USA) and Opti-MEM (Gibco, Grand Island, NY, USA) according to the manufacturers’ instructions.



Construction and Transfection of the CD155 Overexpression Vector

The plasmid for overexpressing CD155 was purchased from OBIO Co., Ltd. (Shanghai, China). We used the lentiviral vector PGLVH1-Puro to improve the transfection efficiency. Forty-eight hours after lentiviral infection, puromycin (Amresco, Solon, OH, USA) was used to screen cell lines stably overexpressing CD155.



ELISA Assay

The serum samples used to analyze CD155 levels were frozen at -80°C prior to performing ELISA. The ELISA kit was purchased from Biorbyt Company (Cambridge, UK) and used according to the manufacturer’s instructions.



Western Blot

Cells were washed 3 times with PBS, and then lysed on ice in radioimmunoprecipitation analysis buffer (RIPA; Beyotime Institute of Biotechnology, China, 1% phenylmethylsulfonyl fluoride (PMSF); 1% NaF) for 30 minutes. The cell lysate was then centrifuged at 12,000 rpm for 10 minutes at 4°C. Next, the proteins were separated by SDS-PAGE and transferred to a PVDF membrane (Merck Millipore, Burlington, MA, USA). The membrane was incubated with primary antibody overnight, followed by incubation with the appropriate secondary antibody. Detection was realized using an enhanced chemiluminescence detection system.



Cell Proliferation Assay

Cell viability was assessed using Cell Counting Kit-8 (CCK-8, Zhongshan Golden Bridge, Beijing, China). Cells (3x103) were seeded in each well of a 96-well plate and cultured for r 0, 24, 48, 72, and 96 hours. After incubation with 10µl of CCK-8 for 2 hours, the absorbance at a 450nm was measured in a microplate reader (Infinite 2000; Tecan, Männedorf, Switzerland).



Flow Cytometry

Cervical cancer cells were transfected with CD155 siRNA, PCMV CD155 or control. Approximately 48 hours later, the cells washed twice with pre-cooled PBS, and fixed in 75% alcohol at 4°C overnight. For cell cycle analysis, the cells were collected and stained with propidium iodide (PI) for 30 minutes in the dark (17, 18). To detect apoptosis, anapoptosis kit (62700-80, Biogems) was used. Cells were stained with 5μl of Annexin-V and 7AAD for 30 minutes in the dark at room temperature. The apoptotic ratio and cell cycle were quantitatively analyzed in a FACS Calibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). All results were analyzed with FlowJo v10.



Transwell Migration and Invasion Assays

After digestion, the cells were suspended in 200 µl of serum-free 1640 or DMEM. The cells were then seeded into the upper chamber of a Transwell apparatus (pore size 8.0 µm; Costar, Cambridge, MA, USA) in the absence or presence of 100 µl of Matrigel Matrigel was diluted 1:8 in the serum-free medium (Corning, Corning, New York, USA). Medium with 20% FBS was added to the lower chamber as a chemoattractant. After 16 hours, the cells that passed through the filter were fixed with 4% paraformaldehyde (Beyotime, Beijing, China) for 5 minutes and stained with crystal violet (Beyotime, Beijing, China) (19). Images were captured with an Olympus IX51 inverted microscope (Olympus Tokyo, Japan). The number of migrated or invaded was counted cells in three random fields of view (magnification, 200x) of each chamber.



Antibody Array Profiling of Cancer Signaling Phosphoproteins

The cancer signaling phosphoantibody microarray CSP100 plus designed and manufactured by Full Moon Biosystems, Inc. (Sunnyvale, California) was used. This microarray contains 304 antibodies. Each antibody has six replicates and multiple positive and negative controls and is printed on coated glass microscope slides. The antibody array experiment was performed by Wayen Biotechnology according to their established protocol (Shanghai, China).



Immunoprecipitation

Collect the cells in the lysis buffer (Beyotime Biotechnology, China) and left on ice for 30min, sonicated, and centrifuged at 15000 rpm for 15 min at 4°C. Supernatants were collected. Each immunoprecipitation (IP) was performed with 10 μg antibody, 1000 μg protein, and incubated overnight at 4°C. The supernatant was incubated with protein A/G agarose beads (Santa Cruz, USA) for 6h. Wash the beads 3 times and boil, and immunoprecipitated proteins were detected using western blotting.



Tumor Formation Assay in Nude Mice

Twelve specific pathogen-free (SPF)-grade female nude mice (18-22 g, 4-6 weeks old) were used in this study. The use of animals was approved by the Institute of Zoology, Shandong University. The mice were randomly allocated to the PCMV-CD155 group and NC-CD155 group, with six mice in each group. CaSki cells transfected with PCMV-CD155 or NC-CD155 were trypsinized, washed three times with PBS, and resuspended in PBS, and 200μl (1×107 cells) of the suspension was injected subcutaneously into the right armpit of each mouse. Tumor weight and volume and body weight of nude mice were measured every 2-3 days. The tumor volume is was calculated as 0.52×length×width2.



Statistical Analysis

All experiments were independently repeated at least three times. GraphPad Prism 7.0 (GraphPad Software, La Jolla, CA, USA) was used for data processing and statistical analysis. The relationships between CD155 expression and clinicopathological parameters were analyzed using the χ2 test. For normally distributed data, the two-tailed Student’s t-test was used for statistical comparison between the two independent groups; a non-parametric test was used for, data that did not conform to a normal distribution. Results are reported as the mean ± standard deviation (SD). P< 0.05 was considered significant.




Result


CD155 Expression Is High in Cervical Cancer Tissues and Is Correlated With Differentiation and Ki67 Expression

The expression level of CD155 in sera from 15 healthy women, 20 HSIL patients, and 30 cervical cancer patients was determined by ELISA. CD155 expression was significantly higher in cervical cancer and HSIL patients (Figure 1A). We next evaluated the diagnostic significance of CD155 in cervical cancer and HSIL via receiver operating characteristic (ROC) analysis. CD155 had a high diagnostic value in cervical cancer patients, with an area under the curve (AUC) of 0.727, sensitivity of 0.63, and specificity of 0.76 (Figure 1B). In addition, for the diagnosis of HSIL + cancer AUC of CD155 was 0.769, with sensitivity of 0.6, and specificity of 0.88 (Figure 1C). The mRNA level of CD155 was analyzed using the “limma” software package and gene expression data for cervical cancer tissue and normal cervical tissue samples downloaded from the Gene Expression Omnibus (GEO). Consistent with the ELISA results, the transcription level of CD155 was higher in cervical cancer tissues than in normal cervix tissues (Figure 1D). To further examine the role of CD155 cervical cancer progression, the protein expression of CD155 in cervical cancer (n = 66), HSIL (n = 16), and normal cervix cervical (n = 18) was detected by IHC. The results showed that CD155 expression was localized in the cell membrane and cytoplasm. In addition, CD155 expression was significantly higher in cervical cancer tissues compared with HSIL and normal cervical tissues and in HSIL tissues compared with normal cervical tissues. Representative images are shown in (Figures 1E, F). The Analysis analysis of clinicopathological characteristics revealed a relationship between CD155 expression and low differentiation of cervical cancer (Table 1). Furthermore, Ki67 IHC staining of cervical cancer tissues (n=30), indicated that Ki67 expression in cervical cancer was positively correlated with CD155 expression (Figure 1G).




Figure 1 | CD155 expression is up-regulated in patients with cervical cancer and HSIL and is positively correlated with Ki67 expression. (A) Distribution of serum CD155 levels CD155 in healthy women (n=17), HSIL patients (n=20) and cervical cancer patients (n=30). (B, C) Receiver operating characteristic (ROC) curve analysis of normal versus cervical cancer tissues and normal versus cervica cancer + HSIL tissues. The area under the ROC curve (AUC) was calculated for the diagnosis of cervical cancer. (D) Validation of CD155 expression in three GEO datasets: GSE67522, GSE39001 and GSE29570. CD155 mRNA levels were compared using Student’s t-test in the “limma” software package. (E) Representative images of CD155 immunohistochemistry (IHC) staining in normal cervical tissue (n = 18), HSIL tissue (n=20), and cervical cancer tissue (n=66). (F) Representative images of Ki67 IHC staining in cancer tissue (left: 100x, right: 200x). (G) CD155 expression was significantly positively correlated with the expression of Ki67 (r = 0.6608, P = 0.0004) in cervical cancers (data from IHC scores). NS, no significant. *P < 0.05, **P < 0.01, and ***P < 0.001.




Table 1 | Association between CD155 expression and the clinicopathological features of patients with cervical cancer.





CD155 Regulates the Proliferation and Apoptosis of Cervical Cancer Cells

Silencing of CD155 expression or overexpression of CD155 was accomplished by transfection with siCD155 or CD155-PCMV in CaSki and HeLa cells. Compared with the control group, the efficiency of silencing or overexpression in CaSki and HeLa cells was greater than 60% at the protein level (Supplementary Figure 1A). The effect of CD155 expression on the proliferation of cervical cancer cells was detected by the CCK8 assay. Silencing CD155 significantly reduced the proliferation of HeLa and CaSki cells, whereas overexpression of CD155 significantly increased the proliferation of in both cell lines (Figure 2A). The association of CD155 associated with apoptosis. Forty-eight hours after transfection of CaSki or HeLa cells with siCD155, Annexin-V and 7AAD staining revealed obvious apoptosis compared with the NC group (Figure 2B), The apoptotic ratio in CaSki and HeLa cells was quantitatively analyzed with FlowJo v10 (Supplementary Figure 2A). Silencing CD155 increased the number of CaSki and HeLa cells in G0/G1 phase and reduced the number of cells in the S phase; the opposite effects were observed when CD155 was overexpressed in these cell lines. Compared with the control group, CaSki and HeLa cells transfected with siCD155 were blocked in G0/G1 phase (Figure 2C). Quantitative analysis of the cell cycle is shown in Supplementary Figure 2B. Finally, Transwell assays showed that cell migration and invasion were significantly reduced by silencing CD155 but significantly increased by overexpressing CD155 in CaSki and HeLa cells (Figure 2D). The results of the quantitative analysis are shown in Supplementary Figures 2C, D.




Figure 2 | CD155 affects the biological behavior of cervical cancer cells. CaSki and HeLa cells were transfected with NC-CD155, si-CD155, PCMV-NC, and PCMV-CD155. (A) The viability of Hela and CaSki cells was measured by using the CCK8 assay. (B) Apoptosis was detected by flow cytometry after staining with Annexin V-APC and 7AAD. (C) Cell cycle analysis by flow cytometry. (D) Transwell assays were used to assess the invasion and migration capacity of CaSki and HeLa cells in which CD155 was overexpressed or knocked down. The data are the mean ± SEM of at least three independent experiments. *P < 0.05.





The Effect of CD155 on the Expression of Proteins Related to the Cell Cycle and Apoptosis

Proteins related to proliferation, apoptosis, and cyclin were analyzed by Western blot. Compared with the control group, silencing CD155 reduced the expression of the cell cycle-related proteins CDK2, CyclinD1, and C-myc, but increased P27KIP1 expression in HeLa and CaSki cells. Silencing CD155 also reduced the expression of the proliferation-related proteins E2F1and Ki67 while increasing the expression of the apoptosis-related proteins CL-PARP, CL-Caspase-3, and CL-Caspase-9. The same proteins were affected in the opposite manner by overexpressing CD155 in CaSki and HeLa cells (Figure 3).




Figure 3 | CD155 affects the expression of cell cycle- and apoptosis-related proteins in CaSki and HeLa cells. (A) After transfecting CaSki and HeLa cells with NC-CD155, si-CD155, PCMV-NC, or PCMV-CD155, the protein expression levels of CD155, CDK2, CyclinD1, P27KIP1, C-myc, E2F1, Ki67, CL-caspase3, CL-caspase9 and CL-PARP were analyzed by western blot. β-actin as a control. (B) Quantitation of the bands shown in (A) using Image J The data are the mean ± SEM of at least three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.





CD155 Regulates the AKT/mTOR Pathway, Autophagy, and the NF-κB Pathway in Cervical Cancer

To explore the molecular mechanism of CD155 in cervical cancer progression, we used a phosphoprotein antibody array to screen more than 300 molecules in sixteen cancer-related pathways. Proteins related to the AKT/mTOR and NF-κB pathways showed the most obvious changes after CD155silencing (Figure 4A), and thus we focused on these pathways in our subsequent analyses Western blot analysis revealed that the LC3BII/LC3BI ratio and Beclin1 expression were increased in CD155- silenced CaSki and HeLa cells. By contrast, the LC3BII/LC3BI ratio and Beclin1 expression were significantly decreased in PCMV-CD155 CaSki and PCMV-CD155 HeLa cells (Figure 4C). Consistent with the Western blot results, immunofluorescence assay showed that the proportion of cells containing LC3B puncta (> 3) was increased in cells transfected with CD155 siRNA, but, decreased in cells transfected with PCMV-CD155 (Figure 4B). The above results indicate that CD155 knockdown significantly enhances autophagy in CaSki and HeLa cells, while overexpression of CD155 has the opposite effect. To determine whether CD155 regulates the AKT/mTOR pathway in cervical cancer cells, we examined the expression of AKT, p-AKT, mTOR, p-mTOR, p-4EBP1, and p-P70S6K expression, which are critical molecules in the AKT/mTOR pathway. Western blot results analysis showed that the total expression of AKT and mTOR was not significantly altered in CD155-silenced CaSki and HeLa cells, but p-AKT, p-mTOR, p-4EBP1, and p-P70S6K expression decreased significantly. By contrast, in PCMV-CD155 CaSki and PCMV-CD155 HeLa cells, the expression of p-AKT, p-mTOR, p-4EBP1, and p-P70S6K increased significantly. These results indicate that CD155 regulates the AKT/mTOR signaling pathway in cervical cancer cells and activates autophagy (Figure 4C).




Figure 4 | CD155 regulates the AKT/mTOR pathway, autophagy, and the NF-κB (NF-κB) pathway. (A) Phosphoproteome array analysis of phosphoprotein expression changes after CD155 knockdown in CaSki cells. Phosphoproteins whose levels increased or decreased by more than 12% are marked in red and blue, respectively. (B) Immunofluorescence staining of LC3B in CaSki and HeLa cells transfected with CD155 siRNA (si-CD155), negative control RNA (NC-CD155), or PCMV-CD155, Scale bar: 10 µm. (C) Western blot analysis of the protein levels of AKT, p-AKT, mTOR, p-mTOR, p-4EBP1, p-p70S6K, Beclin1, LC3I, LC3II, p-NF-κBp65, p-IKKα/β, and p-IKKγ in CaSki and HeLa cells transfected with NC-CD155, si-CD155, PCMV-NC, or PCMV-CD155. β-actin was used as a loading control. (D) The Co-IP results showed that CD155 interacted with AKT to form the CD155/AKT complex. The Co-IP and western blot results showed that in PCMV-CD155 CaSki and PCMV-CD155 HeLa cells, the abundance of the CD155/AKT complex was significantly increased. (E) Immunofluorescence for p-NF-κBp65, p-IKBα using CaSki and HeLa cells infected with CD155 siRNA (si-CD155), negative control RNA (NC-CD155), or PCMV-CD155, Scale bar: 10 µm. Data are the mean ± SEM of at least three independent experiments.



We analyzed the expression of NF-κB pathway-related proteins in the cervical cancer cell lines. As shown in Figure 4C, silencing CD155 decreased the expression of NF-κB related proteins such as p-NF-κBP65, p-IKKα/β, and p-IKKγ whereas overexpression of CD155 had the opposite effect. The quantitative analysis of the expression of NF-κB-related proteins was presented in Supplementary Figures S3. The expression of p-IKBa and p-NF-κBp65 in CaSki and Hela cells were analyzed by the immunofluorescence method. CD155 overexpression promotes phosphorylation of IKBα, p-NF-κBP65 was activated and transferred to the nucleus and ultimately promoted cell proliferation and transcription. Silencing CD155 in CaSki and HeLa cells has opposite results (Figure 4E).

To further study whether there is a direct interaction between CD155 and AKT. We performed immunoprecipitation analysis. Co-IP analysis results showed that in CaSki and HeLa cells, CD155 can interact with AKT to form a CD155/AKT complex. To further explore the regulatory role of the CD155/AKT complex in CaSki and HeLa cells. The Co-IP and western blot results showed that, compared with that in CaSki and HeLa cells, the abundance of the CD155/AKT complex in PCMV-CD155 CaSki and PCMV-CD155 HeLa cells was significantly increased (Figure 4D).



AKT Knockdown Reverses the Anti-Apoptotic and Inhibition of Autophagy and AKT/mTOR/NF-κB Pathway Activating Effects of CD155 Overexpression

To examine whether the anti- apoptotic effect of CD155 is mediated by AKT/mTOR and AKT/NF-κB signaling pathway activation, siRNA targeting AKT was used to transfect cells overexpressing CD155. Forty-eight hours after transfection of siAKT, autophagy, cell apoptosis and cell proliferation were analyzed. Because our observations above indicated that p-AKT plays a role in the mechanism by which CD155 promotes cervical cancer progression, we detected the expression of p-AKT instead of AKT. Western-blot analysis showed nearly 70%. Subsequent flow cytometry and westernblot analyses showed that knockdown of AKT in CaSki and HeLa cells overexpressing CD155 reduced the anti-apoptotic effect of CD155 expression (Figure 5A). Knockdown of AKT significantly reduced the increases in p-mTOR, p-IKKα/β, and p-IKKγ expression induced by CD155 overexpression. At the same time, expression of the autophagy protein Beclin-1 and the LC3BII/LC3BI ratio increased significantly. Finally, knockdown of AKT reversed the increases in CL-caspase9 and Ki67 induced by overexpression of CD155 (Figure 5B).




Figure 5 | AKT knockdown reverses the anti- apoptotic effects and activation of the AKT/mTOR/NF-κB pathway induced by CD155 overexpression. CaSki and HeLa cells overexpressing CD155 were transfected with AKT-siRNA (A) Flow cytometry was used to detect apoptosis after staining with APC Annexin-V and 7AAD. The apoptotic ratio in CaSki and HeLa cells was quantitatively analyzed with FlowJo v10. (B) The expression of CD155, p-AKT, p-mTOR, Beclin-1, LC3BI, LCBII, p-IKKγ, p-IKKα/β, CL-caspase9, and Ki67 was measured by western blot. β-actin was used as a control. Quantitation was performed using Image J, and the data are the mean ± SEM of at least three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.





CD155 Overexpression Promotes Cervical Cancer Growth In Vivo

To further verify the effect of CD155 overexpression on the proliferation of cervical cancer cells in vivo, we constructed tumor xenograft models by injecting nude mice with CaSki cells transfected with PCMV-NC or PCMV-CD155. Tumor weight and volume were significantly higher in the PCMV-CD155 group than in the PCMV-NC group (Figures 6A–C). The expression of Ki67, p-AKT, and p-NF-κBP65 in xenograft mouse tissue was evaluated by IHC. Ki67, p-AKT, and p-NF-κBP65 staining was significantly stronger in tumor tissue from the PCMV-CD155 group than in tumor tissue from the control PCMV-NC group (Figure 6E). Western blotting was used to detect protein expression in tumor forming tissues in vivo. The LC3BII/LC3BI ratio and protein expression of Beclin-1 were significantly decreased in the PCMV-CD155 group, while the protein expression of p-AKT, p-mTOR, p-IKKα/β and Ki67 was significantly increased (Figure 6D). The above results indicate that the CD155 overexpression significantly promotes tumor growth in vivo.




Figure 6 | CD155 overexpression promotes cervical cancer growth in vivo. (A) Images of xenograft tumors derived from cells transfected with PCMV-CD155 or PCMV-NC. (B) The volumes of xenograft tumors derived from cells transfected with PCMV-CD155 or PCMV-NC. (C) The weight of xenograft the formed tumors derived from cells transfected with PCMV-CD155 or PCMV-NC. (D) Western blotting was used to detect protein expression in tumor forming tissues in vivo. The LC3BII/LC3BI ratio and protein expression of Beclin-1 were significantly decreased in the PCMV-CD155 group, while the protein expression of p-AKT, p-mTOR, P-IKKα/β and Ki67 was significantly increased. All data represent three independent experiments. The data were the mean ± SEM of at least three independent experiments. (E) Images of HE staining of xenograft tumors (200x). The expression of p-AKT, Ki67, and p-NF-κBp65 in xenograft tumors was detected by IHC (200x). *P < 0.05, **P < 0.01.






Discussion

CD155 is highly expressed in many tumors, and CD155 protein levels are closely related to tumor progression and poor prognosis (10, 11). Serum levels of soluble CD155 are significantly higher in cancer patients than in healthy volunteers and correlate positively with tumor staging (20). These studies support the potential of CD155 as a biomarker to assess cancer progression and prognosis, but the mechanism of CD155 in cervical cancer has not been examined. In the present study, we found that serum CD155 levels were elevated in cervical cancer and HSIL patients and also differed significantly between HSIL patients and healthy women. However, testing of larger samples is necessary to confirm the sensitivity and specificity of serum CD155 in detecting HSIL and cervical cancer patients and the efficiency and feasibility of cervical cancer screening combined with conventional HPV DNA testing and cytology need to be further evaluated and verified.

Ki67 is a marker of cell proliferation, initially defined by its city of origin (Kiel) and the number of original clones (21). Ki-67 is highly expressed in cycling cells but strongly down-regulated in resting G0 cells. Consequently, Ki67 is a clinically significant proliferation marker used to grade many types of cancer (22). Ki67 detection is widely used in the auxiliary diagnosis of cervical precancers and cancers (23). In the present study, analyses of clinical specimens and GEO datasets indicated that CD155 protein expression is up-regulated in cervical cancer. Furthermore, IHC analysis showed that CD155 expression is positively correlated with Ki67 expression. These results support a close relationship of CD155 with neoplasia and the development of cervical carcer.

CD155 has been previously shown to promote tumor growth. CD155 enhances serum-induced activation of Ras/Raf/MEK/ERK signaling by up-regulating cyclin D2 and E, down-regulating P27KIP1, and shortening the G0/G1 phase of the cell cycle in NIH3T3 cells, ultimately slowing cell proliferation (9). In addition, knocking out CD155 reduces tumor size and weight in colon cancer models and attenuates tumor metastasis rates in several other mouse tumor models (24, 25). In the present study flow cytometry, CCK8 cell proliferation assays and tumor xenotransplantation experiments showed that CD155 accelerates the formation and progression of cervical cancer by promoting the proliferation of cervical cancer cells through a shift from G0/G1 phase to S phase.

In the various stages of cell proliferation, diverse cell cycle proteins exhibit changes in expression and degradation patterns to coordinate mitotic events (26). In the present study, functional experiments showed that silencing CD155 inhibited cell proliferation by inducing cell cycle arrest at the transition from G0/G1 phase to S phase. The protein E2F ((E2 factor) is differentially expressed during the cell cycle and controls cell proliferation (27). E2F-1 is a crucial transcriptional regulator of the cell cycle transition between G1 and S phase (28). P27KIP1 is a cyclin-dependent kinase inhibitor (CKI) of G1 cyclin/CDK complexes (29). However, the pattern of binding of the P27KIP1 protein to cyclin D/CDK4,6 complexes is more complicated (30). Our results showed that silencing CD155 induces significant changes in cell cycle-related molecules, including down-regulation of CDK2, CyclinD1, E2F1, and C-myc, and up-regulation of P27KIP1. Overexpressing CD155 in CaSki and HeLa cells had the opposite effects on these proteins.

The expression of CD155 is closely related to the invasion and migration ability of tumor cells. Stimulation of CD155 with its ligand promotes the Src kinase-mediated phosphorylation of the ITIM of CD155, focal adhesion kinase (FAK), and Paxillin, ultimately inhibiting cell adhesion and improving cell viability (6). CD155, the PDGF receptor, and integrin αvβ3 form a ternary complex at the leading edge of the cell (31, 32) that plays a vital role in frontier dynamics and ultimately improves cell movement (4). Consistent with this role of CD155, our results showed that silencing CD155 reduces the invasion and migration ability of cervical cancer cells.

CD155 knockdown significantly induced apoptosis in colon cancer cells and increased the expression of CL-caspase-3 and CL-PARP. The apoptosis induced by CD155 knockdown seems to be related to an imbalance of anti-apoptotic and pro-apoptotic gene products (25). In the present study, the results of both flow cytometry analysis of apoptosis and western blot detection of the expression of apoptotic molecules in CD155-silenced cervical cancer cells were are consistent with these previous results.

Autophagy plays an important role in the occurrence, development and treatment of cancer. Although controversy remains, it is generally believed that autophagy inhibits cancer progression in the early stage of cancer but promotes progression in the middle and late stages (33, 34). The AKT/mTOR signaling pathway is a crucial pathway that regulates apoptosis, proliferation, and autophagy (35, 36). Here, we demonstrated for the first time that silencing CD155 promotes the autophagic flux of cervical cancer cells via regulation of the mTOR pathway. This study demonstrated that CD155 can interact with AKT and form CD155/AKT complex in Caski and HeLa cells through CO-IP assay. We further found that the CD155/AKT complex expression was increased in PCMV-CD155 CaSki and PCMV-CD155 HeLa cells. Furthermore, we showed that CD155 regulates the mTOR pathway by promoting the phosphorylation of AKT. In this study, silencing CD155 in cervical cancer cells significantly reduced p-AKT, p-mTOR, p-P7S60, and p-4EBP1 expression levels and cell proliferation whereas autophagy and apoptosis were significantly increased compared with control cells. The opposite pattern was observed in cervical cancer cells overexpressing CD155.

The NF-κB pathway is related to tumor cell adhesion, angiogenesis, inflammation, and metastasis (37), and blocking NF-κB activity increases apoptosis (38). In addition, NF-κB is involved in the regulation of the cell surface expression of adhesion molecules such as E-selectin, vascular cell adhesion molecule-1, and intercellular adhesion molecule-1 (39). Consistent with these effects, the flavone morusin inhibits human cervical cancer growth and migration through NF-κB attenuation (40). Here, we found that CD155 regulates the proliferation and apoptosis of cervical cancer cells via the regulation of NF-κB. Western blot analysis revealed that silencing CD155 can down-regulates p-NF-κBp65, p-IKKα/β, and p-IKKγ, whereas overexpression of CD155 has the opposite effect.

We further verify the mechanism between CD155 and AKT through rescue experiments. AKT knockdown confirmed that the anti-apoptotic and inhibition of autophagy effects of CD155 overexpression are mediated by activation of the AKT/mTOR and NF-κB signaling pathways. Transfection of CaSki and HeLa cells stably overexpressing CD155 with si-AKT increased the rate of apoptosis and autophagy. In addition, it reduced the increases in the expression of AKT/mTOR and NF-κB related proteins induced by CD155 overexpression. These findings suggest that CD155 Promotes the Progression of Cervical Cancer Cells through AKT/mTOR and NF-kB Pathways (Figure 7).




Figure 7 | The proposed mechanism of CD155 in cervical cancer cells.



The effects of CD155 on cervical cancer progression involve mechanisms other than AKT/mTOR/NF-κB. Furthermore, CD155 also plays an immunosuppressive role in tumor progression, which was not examined here. Addressing these limitations will be the focus of our subsequent work.



Conclusion

Our research demonstrated that CD155 can interact with AKT to form a complex, activates the AKT/mTOR/NF-κB pathway and inhibit autophagy and apoptosis. In addition, CD155 promotes cell cycle progression by up-regulating cyclinD1 and down-regulating the expression of P27KIP1. These findings suggest that CD155 may be a valuable target for the treatment of cervical cancer.
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Supplementary Figure 1 | CaSki and HeLa cells were transfected with NC-CD155, si-CD155, PCMV-NC. or PCMV-CD155. (A, B) Protein levels of CD155 and β-actin in CaSki or HeLa cells were analyzed by western blot. (mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001).

Supplementary Figure 2 | CaSki and HeLa cells were transfected with NC-CD155, si-CD155, PMC-NC, or PMV-CD155. (A) After Annexin-V and 7AAD staining, cell apoptosis was detected by flow cytometry. The apoptotic ratio in CaSki and HeLa cells was quantitatively with FlowJo v10. (B) Cell cycle analysis by flow cytometry and quantitative analysis of the cell cycle a were shown (C, D) Quantitative analysis of the invasion and migration of CaSki and HeLa cells in which CD155 was knocked or overexpressed. (mean ± SEM, *p < 0.05, **p < 0.01).

Supplementary Figure 3 | CaSki and HeLa cells were transfected with NC-CD155, si-CD155, PMC-NC, or PMV-CD155. (A, B) The proportions of CaSki and HeLa cells containing LC3B puncta (> 5). (C–F) Quantification of relative protein expression levels in Figure 4C, D. (mean ± SEM; *p < 0.05, **p < 0.01).

Supplementary Figure 4 | (A) The levels of related proteins in in tumorforming tissues in vivo. β-actin was used as a control. Quantitation was performed of western-blot assay using Image J. The data were the mean ± SEM. (B) Comparison of p-AKT expression in xenograft tumors. (C) Comparison of Ki67 expression in xenograft tumors. (D) Comparison of p-NF-κBp65 expression in xenograft tumors. *P < 0.05, **P < 0.01, and ***P < 0.001.
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