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Alterations in glycosylation regulate fundamental molecular and cellular processes of cancer, serving as important biomarkers and therapeutic targets. However, the potential association and regulatory mechanisms of E6 oncoprotein on glycosylation of cervical cancer cells are still unclear. Here, we evaluated the glycomic changes via using Lectin microarray and determined the corresponding enzymes associated with endogenous high-risk HPV16 E6 expression in cervical cancer cells. α-2,6 sialic acids and the corresponding glycosyltransferase ST6GAL1 were significantly increased in E6 stable-expressing HPV− cervical cancer C33A cells. Clinical validation further showed that the expression of ST6GAL1 was significantly increased in patients infected with high-risk HPV subtypes and showed a positive association with E6 in cervical scraping samples. Interfering ST6GAL1 expression markedly blocked the oncogenic effects of E6 on colony formulation, proliferation, and metastasis. Importantly, ST6GAL1 overexpression enhanced tumorigenic activities of both E6-positive and E6-negative cells. Mechanistical investigations revealed that E6 depended on activating YAP1 to stimulate ST6GAL1 expression, as verteporfin (inhibitor of YAP1) significantly suppressed the E6-induced ST6GAL1 upregulation. E6/ST6GAL1 triggered the activation of downstream cGMP/PKG signaling pathway and ODQ (inhibitor of GMP production) simultaneously suppressed the oncogenic activities of both E6 and ST6GAL1 in cervical cancer cells. Taken together, these findings indicate that ST6GAL1 is an important mediator for oncogenic E6 protein to activate the downstream cGMP/PKG signaling pathway, which represents a novel molecular mechanism and potential therapeutic targets for cervical cancer.
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Introduction

Cervical cancer remains the fourth most frequently diagnosed cancer and the fourth leading cause of cancer-related deaths among women worldwide (1). The major causative factor that leads to the development of cervical cancer has been identified as human papillomavirus (HPV) persistent infection (2). High-risk HPV16 is the most common carcinogenic HPV subtype and is responsible for more than half of cervical cancers (3–5). Due to the wide coverage of cancer screening and HPV vaccination programs, incidence and mortality rates of cervical cancer have progressively declined in well-developed countries (6), but an increasing incidence and mortality trend is observed in China, especially in young women (7). Furthermore, the vaccine ISA101, one of the most promising therapeutic vaccines that directly targeted the HPV16 E6 and E7 oncoproteins, has been shown to be ineffective for invasive cancer by itself alone (8).

In infected malignant cells, HPV16 genome frequently (>76%) integrated into the host cell DNA (9). The E6 oncoprotein is one major driver of oncogenesis in the normal cervical epithelium and plays important roles for controlling epithelial differentiation, cellular growth, and immune function (10, 11). Mechanistically, E6 forms a complex with host E3 ubiquitin ligases and mediates proteasomal degradation of a number of host targets, such as tumor suppression protein p53 (12), and also increases telomerase activity to prevent apoptosis and promote the immortalization of infected cells (13). Specifically, E6 protein of high-risk HPV16 and HPV18 can further bind and regulate a selection of PSD95/DLG/ZO-1 (PDZ) domain-containing proteins, like DLG1 and SCRIB, to increase oncogenic potential (14). However, HPV16 E6 preferentially binds SCRIB over DLG1 and vice versa for HPV18 E6. Furthermore, HPV16 E6 also promotes NHERF1 degradation to enhance the metastasis of cervical cancer cells, whereas NHERF1 is not targeted by HPV18 E6 (15). Recently, disruption of the direct interaction between E6 and host proteins or chimeric antigen receptor T cells (CAR-T cells) targeted to E6 have been shown to be effective for HPV16+ cervical cancers (16, 17). Thus, a further detailed clarification of the oncogenic molecular mechanisms of high-risk HPV16 E6 would be beneficial for the development of therapeutic interventions directed against HPV16+ malignancies.

Glycosylation alterations frequently occurred in tumor cells and participate in numerous fundamental biological processes, including cellular signaling, proliferation, adhesion, extracellular matrix interactions, proximal and distal communication, inflammation, and immune surveillance (18). For example, with the ability to enhance the biosynthesis of poly-N-acetyllactosamine chains and generation of the backbone components of dimeric sialyl Lewis A, B3GNT3/B3GNT2-mediated glycosylation of both PD-L1 and PD-1 enhances their interaction, and downregulation of these enzymes represents a potential strategy to enhance immune checkpoint therapy (19–21). Sialylation is another important abnormal glycan modification found in the vast majority of cancers, which leads to the hyperactivation of the receptor tyrosine kinases (RTKs), like epidermal growth factor receptor (EGFR), MET, and RON (22, 23). Increased expression of β-galactoside α2,6-sialyltransferase I (ST6GAL1), an enzyme generated α2,6-sialylated lactosamine, is often associated with invasive phenotype and poor prognosis in several cancers, including colon, stomach, and ovarian cancers (24). Moreover, ST6GAL1 endows resistance of cancer cells to gefitinib (EGFR inhibitor) and trastuzumab (anti-ErbB2 antibody) and also predicts the sensitivity of lenvatinib treatment to patients with hepatocellular carcinoma (25). Thus, targeting glycosylation alterations holds potent promise to augment the available strategies in both therapy and biomarker field of cancers.

Recently, increased sialylation, GlcNAcylation, and reduced fucosylation have been found to be upregulated in carcinomas of the cervix (26–28) and patients with metastatic cervical cancer (29). However, the glycosylation alterations of cervical cancer in response to high-risk HPV16 E6 stimulation, and the potential regulatory mechanisms remain largely unknown. In the present study, we confirmed that E6 increases level of α2-6 sialic acids in cervical cancer HPV− C33A cells via using Lectin microarray, and ST6GAL1 is an important mediator for E6 to perform oncogenic activities. In details, E6 depends on activating YAP1 to stimulate ST6GAL1 expression and subsequently results in the activation of downstream cGMP/PKG pathway. Importantly, knockdown ST6GAL1 or blocking cGMP/PKG pathway with specific inhibitor ODQ suppressed the oncogenic activities of both E6-positive and E6-negative cervical cancer cells. Therefore, our findings provide novel insights into the molecular mechanisms involved in HPV16 E6-induced oncogenesis and suggest that targeting ST6GAL1 or cGMP–PKG signaling might be potential therapeutic strategies for cervical cancer.



Materials and Methods


Cell Culture

The human embryonic kidney (HEK293T) cells, C33A (HPV−) cells, were purchased from the cell bank of the Chinese Academy of Sciences (Shanghai, China) as we previously described (30). HEK293T cells and C33A and C33A-E6 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)–low glucose (Gibco, USA) containing 10% fetal bovine serum (FBS) (Gibco, USA), 100 U/ml penicillin, and 100 µg/ml streptomycin (Beyotime, Shanghai, China) under a humidified atmosphere containing with 5% CO2 at 37°C.



Collection of Cervical Specimens

Samples of all patients were collected with a clinically approved disposable cervical abscission cell sampler (158-0001, Kang Jian Medical, Jiangsu, China). The instructions for use of these cervical sampling brush were as follows: expose the cervix, wipe off the secretions with a cotton swab, carefully insert the brush head into the endocervical canal until the outer bristles touch the outer cervical neck, rotate clockwise five to eight times, and finally insert the brush head into the preservation solution bottle. Genomic DNA was first extracted from the collected samples using a DNA extraction kit (Chaozhou Hybribio Biochemical Co., Ltd., Chaozhou, China) according to the manufacturer’s instructions. According to the clinical detection results of HPV typing as we presented in our previous study (31), 10 samples of five groups were collected respectively and stored at −80°C, and then, ST6GAL1 and E6 gene tests were performed. The five groups including (1) single HPV16-positive specimens, (2) mixed HPV16-positive specimens, (3) other high-risk HPV-positive specimens, (4) low-risk HPV-positive specimens, and (5) HPV-negative specimens. The overview of the clinical characteristics of patients are shown in Supplementary Table S1. The study was approved by the Institutional Review Board of the Wuhan Children’s Hospital (Wuhan Maternal and Child Healthcare Hospital) (2020R079-E01).



Lentivirus Production and Transduction

HPV16 E6 stable-expressing C33A cells were constructed according to our previous study (32). In brief, HPV16 E6 (GenBank accession no. FJ415228.1) was cloned into the lentiviral backbone pLVX-mCMV-ZsGreen-IRES-Puro. Then, the plasmids, pCAG-HIVgp (RDB04394, Riken, Japan) and pCMV-VSV-G-RSV-Rev (RDB04393, Riken, Japan), were simultaneously transfected into HEK293T using Lipofectamine 2000 (Invitrogen, Shanghai, China). Lentiviral particles in the supernatant were harvested at 72 h after transfection. C33A cells were then infected with pLVX-E6 or control pLVX lentivirus [multiplicity of infection (MOI) = 50] in the presence of 8 μg/ml polybrene. The cells were treated with puromycin (5 μg/ml) for 2 weeks to select the stably transfected cells.



Lectin Microarray

A lectin microarray was produced using 95 lectins (Raybiotech Lectin Array 95 kit, Cat. No. GA-Lectin-95, RayBiotech, Inc.) with different binding preferences covering N- and O-linked glycans and analyzed as previously described (33, 34). Whole-cell lysates labeled with fluorescent dye Cy3 (GE Healthcare, UK) were applied to the lectin microarrays, which were then scanned with a Genepix 4000B confocal scanner (Axon Instruments, CA, USA). The acquired images were analyzed at 532 nm for Cy3 detection by Genepix 3.0 software (Axon Instruments, Inc.). Raw values of fluorescent intensities less than the average background were removed. The median of the valid data for each lectin was globally normalized to the sum of the medians of all valid data for 95 lectins. The relative change in protein glycosylation in response to HPV16 E6 stimulation was evaluated by comparison of the data from E6 stable-expressing versus control C33A cell lysates.



Transient Transfection

Short-hairpin RNA targeting human ST6GAL1 (pSilencer 1.0-U6-shST6GAL1) and negative control shRNA (pSilencer 1.0-U6-shNC) were designed and chemically synthesized by the TSINGKE Biological Technology (Wuhan, China). According to the targeting sequences, oligonucleotides coding for each short-hairpin RNA (shRNA) were designed and listed as follows: shRNA ST6GAL1, forward 5′-GGGAGTTACTATGATTCCTTTTTCAA GCTTAAAGGAATCATAGTAACTCCCTTTTT-3′; reverse, 5′-AATTAAAAAGGG AGTTACTATGATTCCTTTAAGCTTGAAAAAGGAATCATAGTAACTCCCGGCC -3′); shRNA-negative control (NC) (forward, 5′-TTCTCCGAACGTGTCACGTTCAA GCTTCGTGACACGTTCGGAGAATTTTT-3′; reverse, 5′-AATTAAAAATTCTCC GAACGTGTCACGAAGCTTGAACGTGACACGTTCGGAGAAGGCC-3′). Messenger RNA (mRNA) of ST6GAL1 (GenBank accession no. NM_173216.2) was synthesized and inserted into the pcDNA3.1 vector (Invitrogen, Carlsbad, CA, USA); empty vector transfection was transfected as the control. C33A or C33A-E6 cells were grown to a density about 70–80% in 6-cm dishes and then transfected with indicated plasmids by Lipofectamine 2000 Transfection Kit (Invitrogen, Shanghai, China) following the manufacturers’ instruction. Forty-eight hours posttransfection, the selective overexpression or silencing of ST6GAL1 was detected by Western blot.



mRNA Sequencing

Total RNA was extracted from C33A and C33A-E6 cells with Trizol reagent (Invitrogen, CA, USA). Then, the RNA was quantified using a NanoDrop ND-2000 (Thermo Scientific), and its integrity was assessed using the Agilent Bioanalyzer 2100 (Agilent Technologies, USA). Next, the mRNA molecules were purified from the total RNA using oligo (dT) magnetic beads and fragmented into small pieces and then subjected to transcriptome analysis (OEbiotech, Shanghai, China). The E6-dysregulated mRNAs were identified by the combination of the absolute value of the |log2 [fold change of reads per kilo base per million mapped reads (RPKM)]| ≥ 1 and p < 0.05. ST6GAL1-associated mRNAs were analyzed using R2: Genomics Analysis and Visualization Platform (http://r2.amc.nl) as we previously described (32); the cutoff correlation p-value was <0.01. Cluster Profiler R package was used for Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis. MEV software was used for hierarchical cluster analysis of mRNA expression according to the protocol provided by OEbiotech.



Quantitative Real-Time PCR

Total RNA extracted from indicated cervical cancer cells with Trizol reagent (Invitrogen, CA, USA). Subsequently, complementary DNA was generated from 1 μg total RNA using Prime Script RT Master Mix (Takara Bio Inc., Kusatsu, Japan). Real-Time PCR (qRT-PCR) was conducted using 2× SYBR green PCR master mix (TaKaRa, Dalian, China) according to the manufacturer’s protocol to detect mRNA levels of indicated genes. The ABI 7500 (Applied Biosystems, CA, USA) was used to perform the amplification reaction. Each experiment was performed in triplicate. Gene expression values were normalized relative to expression of the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) by the 2−ΔΔCt method. The gene-specific primer sequences are listed in Table 1.


Table 1 | Primer sequences for genes.





Western Blot

Cells were lysed on ice with radioimmunoprecipitation assay (RIPA) buffer (Beyotime, China) containing a protease inhibitor cocktail. The concentration of protein was detected by a BCA Protein Assay Kit (Beyotime). Protein samples (30 µg) were separated by 8–12% (v/v) sodium dodecyl sulfate polyacrylamide (SDS-PAGE) gel electrophoresis and transferred onto a polyvinylidene fluoride (PVDF) membrane (Millipore, MA, USA) for subsequent experiments. The membranes were blocked by 5% defatted milk for 2 h at room temperature and then incubated with primary antibodies against HPV16E6 (sc-460; 1:1,000; 16 kDa; Santa Cruz), ST6GAL1 (14355-1-AP; 1:1,000; 47 kDa; Proteintech), B3GNT2 (sc-134231; 1:1,000; 46 kDa; Santa Cruz), FUT2 (sc-100742, 1:1,000; 39 kDa; Santa Cruz), B4GALT1 (sc-515551, 1:1,000; 50 kDa; Santa Cruz), Bcl-2 (ab196495; 1:1,000; 26 kDa; Abcam), Bax (50599-2-lg; 1:10,000; 21 kDa; Proteintech), p53 (ab26; 1:1,000; 53 kDa; Abcam), YAP1 (ab56701; 1:1,000; 49 kDa; Abcam), p-YAP1S397 (#13619; 1:1,500; 75 kDa; CST), VASP (13472-1-AP; 1:1,000; 46 kDa; Proteintech), p-VASPSer239 (ab194747; 1:1,000; 40 kDa; Abcam), Smad2 (ab119907; 1:1,000; 52 kDa; Abcam), p-Smad2S467 (ab53100; 1:1,000; 58 kDa; Abcam), E-cadherin (13-1700; 1:1,000; 110 kDa; Invitrogen), sGC (ab189176, 1:1,000; 71 kDa; Abcam), PKG1 (#3248, 1:1,000; 48 kDa; CST), PKG2 (55138-1-AP; 1:1,000; 87 kDa; Proteintech), PDE5A (ab28761, 1:1,000; 95 kDa; Abcam), and GAPDH (sc-47724; 1:1,000; 37 kDa; Santa Cruz) at 4°C overnight. Next, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies and visualized by chemiluminescence (Pierce ECL Western Blotting Substrate).



Cell Counting Kit-8 Assay

Cells (1.5 × 103) were seeded into 96-well plates and incubated with 5% CO2 at 37°C, after incubation for 24, 48, 72, and 96 h, 10 μl Cell Counting Kit-8 (CCK-8) reagent (Yeasen, Shanghai, China) was added into each well and incubated for another 4 h. Cell viability was assessed by detecting the absorbance of the dye solution at 450 nm in a microplate reader (Bio-Rad, CA, USA). All samples were prepared in triplicate and normalized to a blank control.



Colony Formation Assay

Cells (1 × 103) were plated in six-well plates for 24 h and then received indicated transfection or drug treatment. Cells were then cultured in fresh medium for another week. Colonies were fixed with methanol and stained with crystal violet (0.05%, w/v) for 30 min. Photographs were acquired, and colonies containing more than 50 cells were counted. All the experiments were performed in triplicate.



Cell Apoptosis Assay

For cell apoptosis analysis, cells were incubated with Annexin V-FITC and propidium iodide using an Annexin V-FITC Apoptosis Detection Kit (Biolegend) according to the manufacturer’s protocol at 4°C in the dark for 30 min. The fluorescence of the stained cells was examined by flow cytometry (FACSCanto II, Becton-Dickinson, USA) and analyzed by FlowJo 10.5.4 software.



Wound-Healing Assay

A wound-healing assay was used to evaluate the migration of C33A and C33A-E6 cells. Briefly, cells (1 × 105) were seeded in 24-well plates for growth to 80–90% confluence. Then, the monolayers were wounded by scratching the surface as uniformly as possible with a pipette tip. The remaining cells were washed thrice in phosphate-buffered saline (PBS) to remove cellular debris and incubated at 37°C with serum-free medium. Migrating cells at the wound front were photographed under an Olympus IX73 microscope after 24 h. The area of the wound was measured with ImageJ software (NIH, USA).



Transwell Assay

Transwell assay was used to investigate cells invasion in C33A and C33A-E6 cells as we described previously (30, 32). Briefly, 24-well Transwell plates (pore size, 8 µm; Corning, Inc.) with 100 µl Matrigel (BD Biosciences) in upper chamber were used for cell invasion assays. Cells (5 × 104) were resuspended in serum-free medium and placed into the upper chamber. Complete medium in the lower chamber was considered as a chemical attractant. After incubating for 24 h, the invaded cells attached to the lower surface were fixed with 4% formaldehyde for 15 min and then stained with 0.05% crystal violet for 30 min. The invasion cells were photographed under an Olympus IX73 microscope. Experiments were performed in three independent times and six random fields were scanned in each time.



Statistical Analysis

The data were presented as mean ± standard deviation of at least three independent experiments and analyzed by GraphPad Prism 8.0 Software (GraphPad Software Inc., La Jolla, CA, USA). Unpaired t-test or one-way ANOVA followed by Newman–Keuls post-hoc test was performed for data analysis. A p < 0.05 was considered as statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001).




Results


The High-Risk HPV16 E6 Protein Results in Altered Glycosylation in Cervical Cancer Cells

To examine the relationship between HPV16 E6 and altered glycosylation in cervical cancer, we constructed HPV16 E6-stable expressing HPV− C33A cervical cancer cells (C33A-E6) and detected the glycan repertoire of cellular glycoproteins via using 95-lectins microarray. In general, C33A-E6 cells showed higher levels of α-2,6 sialic acids (bound by lectin SNA-I), N-acetylgalactosamine (WFA, SHA), α-1,3- and α-1,6-linked mannose (HHA, NPL), β-galactosidase (GAL9), and lower levels of lactose/galactose (RCA120, RCA60, PHA-E), and α-1,2 fucose structures (UEA-I) than the corresponding control C33A cells (Figures 1A, B; Table 2). To gain insight into the biosynthetic underpinnings of these changes, we then focused on glycogenes (glycosyltransferases) known to be involved in the synthesis of glycan epitopes bound by these lectins. Consistent with our observed glycan changes, C33A-E6 cells displayed higher expression levels of N-acetylgalactosamine branching enzymes (B3GALNT1 and B4GALNT1), sialyltransferases (ST6GAL1 and ST6GAL2), and α-1,3- and α-1,6-linked mannose extension enzymes (MAN2A1) than control C33A cells, and lower levels of lactose/galactose branching enzyme B4GALT1 and α-1,2 mannosidases (FUT1 and FUT2) (Figures 1C, D). In addition, poly-N-acetyllactosamine (DSA, WGA) and its corresponding enzymes (B3GNT2 and B3GNT3) showed no changes (Figures 1A–D). These results indicate that E6 results in altered glycosylation in cervical cancer cells. Given the strong evidence for a relationship between the glycosylation and cancer progression (18), we hypothesized that altered expression of these glycogenes and their corresponding changes in glycan epitopes may be involved in the oncogenic activities of HPV16 E6.




Figure 1 | The high-risk HPV16 E6 protein results in altered glycosylation in cervical cancer cells. (A) C33A cells were infected with pLVX-E6 or empty control pLVX lentivirus (MOI = 50) to select the stably transfected cells with the presence of puromycin (5 μg/ml). Then, glycosylation changes in whole-cell lysates of C33A and C33A-E6 cells (E6 stable expressing) were detected by lectin microarray (included 95 lectins). The slide with two replicates of the lectin array is shown. The lectin microarrays with high fluorescence intensities in C33A-E6 cells are marked with red frames, and low fluorescence intensities in C33A-E6 cells are marked with white frames. (B) Fluorescence intensities of samples from C33A and C33A-E6 cells were scanned and analyzed. Heat map and hierarchical clustering analysis of the 95 lectins with two biological replicates were presented. The significant different lectins were marked with red frames. (C) qRT-PCR was performed to detect the mRNA expression of lectin-corresponding glycotransferases of C33A and C33A-E6 cells. Data were presented as mean ± SD from the three independent replicates. (D) Protein expression of several glycotransferases were confirmed by Western blot. **p < 0.01, ***p < 0.001.




Table 2 | Differences in glycan patterns between C33A and C33A-E6 cells by lectin microarray analysis.





ST6GAL1 Is a Pivotal Oncogenic Mediator of the High-Risk HPV16 E6

Knockdown of ST6GAL1 suppresses subcutaneous tumor growth and increases cisplatin sensitivity of cervical cancer cells (35); we therefore presumed that ST6GAL1 may be a candidate oncogenic mediator of HPV16 E6 protein. To validate this speculation, we first detected ST6GAL1 expression in cervical scraping samples of patients with different subtypes of HPV infection. The expression of ST6GAL1 was significantly higher in patients infected with high-risk HPV subtypes, including HPV16+, HPV18+, or others (Figure 2A). Moreover, Ct value of ST6GAL1 showed a positive association with E6 in E6-detected cervical scraping samples (Figure 2B). Then, ST6GAL1 was silenced in both C33A and C33A-E6 cells via transient transfecting with short-hairpin RNA targeting ST6GAL1 (shST6GAL1) or a non-targeting control (shNTC) (Figure 2C). CCK-8 and clonogenic assays revealed that ST6GAL1 knockdown markedly attenuated the oncogenic effects of E6 on cellular proliferation (Figure 2D) and colony formulation (Figures 2E, F). Comparing to shNTC-transfected C33A-E6 cells, the apoptotic rate (Figures 2G, H) and expression of proapoptotic proteins, Bax and p53, were also significantly increased in cells transfected with shST6GAL1, and antiapoptotic factor Bcl-2 was significantly decreased (Figure 2I). Furthermore, ST6GAL1 knockdown significantly attenuated the metastatic potential of C33A-E6, including migration (Figures 2J, K) and invasion (Figures 2L, M) in wound-scratching and Transwell assays. Therefore, these data demonstrate that ST6GAL1 is a pivotal mediator for E6 to perform oncogenic activities in cervical cancer cells.




Figure 2 | ST6GAL1 is a pivotal oncogenic mediator of the high-risk HPV 16 E6. (A) Analysis of ST6GAL1 expression in cervical scraping samples of five patient groups (n = 10 in each group). HPV-negative samples were used as control group, and ST6GAL1 expression values were normalized relative to expression of the housekeeping gene GAPDH by the 2−ΔΔCt method. (B) The association of ST6GAL1 to E6 in E6-detected samples was analyzed by Spearman analysis (n = 30). (C) C33A and C33A-E6 (E6 stable expressing) cells were transiently transfected with short hairpin RNA targeting ST6GAL1 (shST6GAL1) or a non-targeting control (shNTC). Then, protein expression of E6 and ST6GAL1 were detected by Western blot. (D) Proliferation of indicated cells were detected by CCK-8 assay. (E) The clones of indicated cells were visualized by crystal violet staining. (F) Statistical analysis of colony numbers in C33A and C33A-E6 cells. (G, H) Apoptosis of indicated cells were detected by flow cytometry, and then, apoptotic rates were statistically analyzed. (I) Western blot was used to detect the expression of apoptosis-related proteins. (J, K) Migrative abilities of indicated cells were detected by wound-healing assay and statistically analyzed. (L, M) Invasive abilities of indicated cells were detected by Transwell assay and statistically analyzed. Data were presented as mean ± SD from the three independent replicates. *p < 0.05; **p < 0.01; ***p < 0.001.





ST6GAL1 Promotes Oncogenic Activities in Both E6-Positive and E6-Negative Cervical Cancer Cells

Knockdown of ST6GAL1 suppresses the oncogenic activities of HPV18+ Hela cells (35) and also HPV− C33A cells (Figure 2). To further confirm the oncogenic potential of ST6GAL1 with or without the status of HPV infection, we then transiently overexpressed ST6GAL1 in both C33A and C33A-E6 cells (Figure 3A). Cellular proliferation (Figure 3B) and colony formulation (Figures 3C, D) of both C33A and C33A-E6 cells were significantly increased in response to ST6GAL1 overexpression. In addition, overexpression of ST6GAL1 also significantly decreased the apoptotic rates (Figures 3E, F) and the expression of proapoptotic proteins, Bax and p53 (Figure 3G) in both C33A and C33A-E6 cells. Antiapoptotic protein Bcl-2 was significantly increased in response to ST6GAL1 overexpression (Figure 3G). With regard to the metastatic potential, ST6GAL1 overexpression significantly increased migrating (Figures 3H, I) and invading (Figures 3J, K) abilities of both C33A and C33A-E6 cells as revealed in wound-scratching and Transwell assays. Taken together, these data demonstrate a crucial oncogenic role of ST6GAL1 in both E6-positive and E6-negative cervical cancer cells.




Figure 3 | ST6GAL1 promotes oncogenic activities in both E6-positive and E6-negative cervical cancer cells. (A) C33A and C33A-E6 (E6 stable expressing) cells were transiently transfected with pcDNA3.1-ST6GAL1 overexpressing plasmid (ST6GAL1) or empty vector (EV). Then, protein expression of E6 and ST6GAL1 were detected by Western blot. (B) Proliferation of indicated cells were detected by CCK-8 assay. (C) The clones of indicated cells were visualized by crystal violet staining. (D) Statistical analysis of colony numbers in C33A and C33A-E6 cells. (E, F) Apoptosis of indicated cells were detected by flow cytometry, and then, apoptotic rates were statistically analyzed. (G) Western blot was used to detect the expression of apoptosis-related proteins. (H, I) Migrative abilities of indicated cells were detected by wound-healing assay and statistically analyzed. (J, K) Invasive abilities of indicated cells were detected by Transwell assay and statistically analyzed. Data were presented as mean ± SD from the three independent replicates. **p < 0.01; ***p < 0.001.





HPV16 E6 Promotes ST6GAL1 Expression by Activating YAP1

To identify the potent regulatory mechanism of HPV16 E6 on ST6GAL1, mRNA sequencing was performed on both C33A and C33A-E6 cells, and the results showed that E6-stable expression resulted in dysregulation of 658 mRNAs, including 439 upregulated and 219 downregulated mRNAs (Figures 4A, B). Importantly, 466 of 658 mRNAs were significantly associated with ST6GAL1 expression in TCGA cervical cancer dataset (Figure 4C). KEGG enrichment analysis revealed that these 466 mRNAs were mainly involved in glycan biosynthesis, pathways in cancer, and TGF-β, cGMP/PKG, and Hippo signaling pathways (Figure 4D). Next, selective enzyme inhibitors were used to examine which signaling pathway mediated the upregulation of ST6GAL1 in C33A-E6 cells. The mRNA expression of ST6GAL1 was significantly suppressed with the presence of verteporfin, an inhibitor of YAP1 in the Hippo signaling, whereas cGMP/PKG inhibitor ODQ and TGF-β inhibitor LY-364947 showed no obvious effects (Figure 4E). E6 stable expression in C33A cells significantly suppressed Ser397-phosphorylated YAP (degradation status) and enhanced total YAP expression (Figure 4F). Consistent with mRNA results, only the addition of verteporfin significantly downregulated ST6GAL1 protein expression in both C33A and C33A-E6 cells (Figure 4F) but not ODQ (Figure 4G) and LY-364947 (Figure 4H). Thus, these findings provide compelling evidence that activation of YAP1 is critical to ST6GAL1 expression and is a major mediator of E6-induced ST6GAL1 upregulation.




Figure 4 | HPV16 E6 promotes ST6GAL1 expression by activating Hippo signaling pathway. (A) Dysregulated mRNAs between C33A and C33A-E6 (E6 stable expressing) cells were detected by mRNA sequencing. (B) Heat map and hierarchical clustering analysis of 658 dysregulated mRNAs with three independent biological replicates were presented. (C) Venn diagram of 658 E6-dysregulated mRNAs and 6,913 ST6GAL1-asscociated mRNAs in TCGA dataset (N = 305). ST6GAL1-associated mRNAs were identified using R2: Genomics Analysis and Visualization Platform (http://r2.amc.nl). (D) KEGG enrichment analysis of 466 mRNAs that simultaneously associated with E6 and ST6GAL1. (E) C33A and C33A-E6 cells were treated with verteporfin (5 μM, Hippo signaling inhibitor), ODQ (10 μM, cGMP/PKG inhibitor), and LY-364947 (5 μM, TGF-β inhibitor) for 24 h, and then, qRT-PCR was used to detect ST6GAL1 mRNA expression. DMSO was used as solvent control. ST6GAL1 protein expression of C33A and C33A-E6 cells in response to (F) verteporfin, (G) ODQ, and (H) LY-364947 treatment was detected by Western blot. Data were presented as mean ± SD from the three independent replicates. ***p < 0.001.





ST6GAL1 Activates cGMP/PKG Signal Axis to Play Oncogenic Activities

We next examined the effects of ST6GAL1 on TGF-β, cGMP/PKG, and Hippo signaling pathways. The phosphorylation of VASP (a major effector indicates cGMP/PKG signaling activation) and Smad was significantly increased by ST6GAL1 overexpression and vice versa for ST6GAL1 knockdown (Figure 5A). The expression of E-cadherin was significantly reduced, and YAP1 expression showed no response to ST6GAL1 overexpression (Figure 5A). These results indicated that ST6GAL1 activates both cGMP/PKG and TGF-β signaling. Activation of cGMP/PKG promotes chemoresistance and maintenance of cancer stem cells in cervical, breast, ovarian, and gastric cancers (32, 36). Thus, we further investigated the therapeutic potential of cGMP/PKG inhibitor ODQ on ST6GAL1 overexpression. The ST6GAL1-enhanced cellular proliferation (Figure 5B) and colony formulation (Figures 5C, D) of C33A cells were significantly suppressed by ODQ treatment. In addition, ODQ also significantly promoted apoptosis (Figures 5E, F) and blocked the migration (Figures 5G, H) and invasion (Figures 5I, J) of ST6GAL1-overexpressing cells. Taken together, these results demonstrate that ST6GAL1 depends on activating cGMP/PKG signaling axis to play oncogenic activities in C33A cervical cancer cells.




Figure 5 | ST6GAL1 activates cGMP/PKG signal axis to play oncogenic activities. (A) C33A cells were transiently transfected with pcDNA3.1-ST6GAL1 overexpressing plasmid (ST6GAL1), empty vector (EV), short hairpin RNA targeting ST6GAL1 (shST6GAL1), or a non-targeting control (shNTC). Forty-eight hours later, expression of classic proteins involved in TGF-β, cGMP/PKG, and Hippo signaling pathways were detected by Western blot. (B) Proliferation of indicated cells were detected by CCK-8 assay. (C) The clones of indicated cells were visualized by crystal violet staining. (D) Statistical analysis of colony numbers in C33A cells received indicated treatment. (E, F) Apoptosis of indicated cells were detected by flow cytometry, and then, apoptotic rates were statistically analyzed. (G, H) Migrative abilities of indicated cells were detected by wound-healing assay and statistically analyzed. (I, J) Invasive abilities of indicated cells were detected by Transwell assay and statistically analyzed. Data were presented as mean ± SD from the three independent replicates. **p < 0.01; ***p < 0.001.





HPV16 E6 Activates cGMP/PKG Signaling Pathway Through ST6GAL1

The activation of cGMP/PKG signaling plays oncogenic roles in both HPV16+ Siha and HPV18+ Hela cells (37). Thus, we further evaluated whether HPV16 E6 activates cGMP/PKG signaling and the role of ST6GAL1 in this process. As expected, the molecules indicate that cGMP/PKG signaling activation, including sGC, PKG1, PKG2, PDE5A, and p-VASP, was significantly upregulated by E6-stable expression in HPV− C33A cells (Figure 6A). ST6GAL1 knockdown markedly attenuated E6-induced activation of cGMP/PKG signaling, and its overexpression further elevated p-VASP levels in C33A-E6 cells (Figure 6B). These results indicate that HPV16 E6 activates cGMP/PKG signaling in cervical cancer cells, and ST6GAL1 is critical for this process. The effects of ODQ on E6-mediated oncogenic activities were next evaluated, and the results revealed that ODQ significantly suppressed cellular proliferation (Figure 6C) and colony formulation (Figures 6D, E) in both C33A and C33A-E6 cells. The apoptotic rates were also increased in response to ODQ treatment (Figures 6F, G). Furthermore, the migration (Figures 6H, I) and invasion (Figures 6J, K) of both C33A and C33A-E6 cells were significantly decreased with the presence of ODQ. Taken together, these data demonstrate a requirement for ST6GAL1-cGMP/PKG signaling axis in oncogenic properties of E6 and supports its inhibition as a viable therapeutic strategy against cervical cancer.




Figure 6 | HPV16 E6 activates cGMP/PKG signaling pathway through ST6GAL1. (A) C33A and C33A-E6 (E6 stable expressing) cells were transiently transfected with short hairpin RNA targeting ST6GAL1 (shST6GAL1) or a non-targeting control (shNTC). Forty-eight hours later, the expression of cGMP/PKG signaling pathway-related proteins were detected by Western blot. (B) C33A and C33A-E6 cells were transiently transfected with pcDNA3.1-ST6GAL1 overexpressing plasmid (ST6GAL1) or empty vector (EV). Forty-eight hours later, phosphorylated VASP expression in indicated cells were detected by Western blot. (C) Proliferation of indicated cells were detected by CCK-8 assay. (D) The clones of indicated cells were visualized by crystal violet staining. (E) Statistical analysis of colony numbers in indicated cells. (F, G) Apoptosis of indicated cells were detected by flow cytometry, and then, apoptotic rates were statistically analyzed. (H, I) Migrative abilities of indicated cells were detected by wound-healing assay and statistically analyzed. (J, K) Invasive abilities of indicated cells were detected by Transwell assay and statistically analyzed. Data were presented as mean ± SD from the three independent replicates. **p < 0.01; ***p < 0.001.






Discussion

HPV16 E6 oncoprotein plays multifunctional roles on post-translational modifications (PTMs), including ubiquitination, acetylation, and phosphorylation, and thereby contributes to the viral life cycle and to the induction of malignancy (38–40). Serving as an important kind of PTMs, glycosylation can act as a key regulatory mechanism to control cancer progression and highlight its application in the clinical setting as appealing targets for personalized medicine (41). However, the glycosylation alterations that associated with HPV infection and their role in controlling the progression of cervical cancer remain largely unknown. In the present study, our results confirmed that HPV16 E6 oncoprotein induces significant glycosylation alterations in HPV− C33A cells via using 95-lectins microarray, including increased expression of α-2,6 sialic acids (corresponding glycotransferases, ST6GAL1, ST6GAL2), α-1,3- and α-1,6-linked mannose (MAN2A1), and N-acetylgalactosamine (B3GALNT1, B4GALNT1), and decreased levels of lactose/galactose (B4GALT1) and α-1,2 fucose structures (FUT1, FUT2).

Remarkably, numerous studies have confirmed that these glycosylation alterations induced by E6 stable expression play important roles in modulating cancer signaling, tumor progression, metastasis, antitumor immunity, and responses of current cancer-targeted therapies (18). For example, FUT1 and FUT2 promote growth, adhesion, migration, and cancer stem cell (CSC) properties of breast cancer (42). Increased expression of B4GALNT1 promotes metastasis of lung adenocarcinoma and melanoma (43, 44). B4GALT1 upregulates glycosylation of CDK11p110 and therefore confers chemoresistance of pancreatic ductal adenocarcinomas (45). Although poly-N-acetyllactosamine and its corresponding glycotransferases (B3GNT2 and B3GNT3) that facilitate PD-L1/PD-1 stabilization and interaction (19–21) showed no changes in response to exogenous E6 expression, the enhanced MAN2A1 expression has been reported to result in the dysfunction of T cells in tumor microenvironment, and its inhibition enhances the immune response to anti-PD-L1 in human tumors (46). More importantly, HPV16 or HPV18 E6 enhances c-MYC stability via promoting its O-GlcNAcylation on Thr58 (28). Knockdown of O-GlcNAc transferase (OGT) or ST6GAL1 suppresses tumorigenesis and metastasis of HPV18+ cervical cancer Hela cells (28, 35). Hence, alteration of glycosylation is apparently a crucial step for the E6 to initiate and promote cervical cancer progression and urgently needs to be clarified in future.

ST6GAL1, responsible for the terminal α2,6-sialylation of N-glycans, can be upregulated by HPV16 E5 oncoprotein, and its inhibition increases cisplatin sensitivity of HPV18+ cervical cancer cells (35, 47). In the present study, we found that ST6GAL1 expression in cervical scraping samples is significantly increased in patients infected with high-risk HPV subtypes (HPV16, HPV18, HPV52, etc.) compared to low-risk subtypes or HPV-negative samples. Because all the samples with various groups of patients (HPV positive and/or negative) were collected from Asian origin, this could represent a limitation. For further studies, possibly multicenter (e.g., American Indian or Alaska Native, Indian, Black or African American, and White ethnicity) and with a larger number of patients (especially in developing countries where cervical cancer is still widespread) will be enrolled. Furthermore, ST6GAL1 positively associates with E6 expression in cervical samples and serves as an important oncogenic mediator in both HPV16 E6-positive and E6-negative C33A cervical cancer cells. Due to having a type I PDZ binding motif (PBM) at the C-terminus, high-risk HPV E6 proteins interacts with many PDZ proteins, like PTPN3, LRCC1, and DLG1, and thus promotes the nuclear localization of transcriptional coactivator YAP1, the major effector of the Hippo pathway (48). Through mRNA sequencing and associated molecular analysis, we found that YAP1 is a pivotal mediator for E6 to induce ST6GAL1 expression. Taken together, we thus speculated that ST6GAL1 may have an important role in cervical cancer, especially in high-risk HPV-induced carcinogenesis.

Hippo/YAP signaling pathway plays a critical role in the progression of cervical cancer and can further interact with the ErbB2 and EGFR RTKs to form a positive feedback autocrine/paracrine loop (49). ST6GAL1 endows resistance of cancer cells to gefitinib (EGFR inhibitor) and trastuzumab (anti-ErbB2 antibody) (25) and also confers tumor cell resistance against hypoxia via enhancing hypoxia-inducible factor-1α (HIF-1α) expression (50). Recently, molecular analysis has confirmed that ST6GAL1 decreases the sensitization of cancer cells to trastuzumab-induced cytotoxicity through directly enhancing α2,6-sialylation of ErbB2, which results in the increased activation of both ErbB2 and EGFR RTKs (51). Thus, ST6GAL1 may serve as a linker that bridges Hippo/YAP signaling and RTKs activation. With the fact that hyperactivation of genes involved in Hippo/YAP signaling–RTKs-positive feedback loop occurring in most advanced/recurrent cervical cancer patients (>70%) (9, 49, 52) and directly targeting the HPV-16 E6 has been shown to be ineffective for invasive cancer by itself alone (8), target inhibition of ST6GAL1 may be a promising combinational therapeutic strategy for RTK inhibitors or E6-directed therapies in cervical cancer.

In the present study, since we did not perform in-depth mass spectrometry-based glycomic and glycoproteomic analysis, the exact target proteins of ST6GAL1 cannot be confirmed. However, we found that ST6GAL1 activates cGMP/PKG and TGF-β signaling according to the data obtained in mRNA sequencing and association analysis. Aberrant activation of cGMP/PKG signaling promotes chemoresistance, maintenance of cancer stem cells, and cell survival in various human cancers, including lung, cervical, breast, ovarian, and gastric cancers (32, 37). Moreover, we found that blocking cGMP/PKG signaling with ODQ eliminates the oncogenic activities of both E6 and ST6GAL1 in cervical cancer cells. The puzzled question is that activation of cGMP/PKG signaling induces MST/LATS kinases, resulting in the phosphorylation and cytosolic degradation of YAP1 in prostate cancer cells (53), while HPV16 E6 has been showed to have little or no effect on the LATS1/2 (49). Thus, E6 may play a sophisticated role in the progression of cervical cancer, and the detailed molecular targets of ST6GAL1 need to be further identified for unveiling its contribution in E6-induced carcinogenesis.



Conclusion

In this paper, we demonstrated that high-risk HPV16 E6 oncoprotein induced significant glycosylation alterations in cervical cancer cells. In-depth analyses further revealed that α2,6-sialyltransferase, ST6GAL1, was a novel E6-induced oncogenic protein and performed oncogenic activities in both E6-positive and E6-negative cervical cancer cells. E6 depended on YAP1 to stimulate ST6GAL1 expression and subsequently resulted in the activation of downstream cGMP/PKG pathway. Most importantly, knockdown ST6GAL1 or target inhibition of cGMP/PKG pathway suppressed colony formulation and metastasis of cervical cancer cells. Therefore, ST6GAL1 or cGMP/PKG signaling might be novel targets for the development of drugs against cervical cancer.
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Lectin Abbreviation Carbohydrate specificity Glycosyltransferase Fold change (C33A-E6 vs. C33A) P
Sambucus nigra | SNA-I -2,6 sialic acid STBGALT, STBGAL2 3.13 0.0099
Wisteria floribunda WFA GalNAc B3GALNT1, BAGALNT1 2.62 0.022
Salivia horminum lectin SHA GalNAc B3GALNT1, BAGALNT1 1.1 0.0106
Hippeastrum hybrid HHA o-1,3-Linked mannose MAN2A1 1.95 0.0299
Narcissus pseudonarcissus NPA a-1,6-Linked mannose MAN2A1 219 0.0179
Ulex europaeus | UEA-l a-1,2-Fucose structures FUT1, FUT2 0.58 0.0364
Ricinus communis agglutinin | RCA 120 Galactose, lactose B4GALT1 0.17 0.005
Ricinus communis agglutinin 11 RCA 60 Galactose, lactose B4GALT1 0.46 0.0191
Phaseolus vulgaris erythroagglutinin PHA-E galactose B4GALT1 0.64 0.0238
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Forward primer (5'-3')

ATGCACCAAAAAGGAACTGCAATGT
CTCCTGAGTTTCTTTGTGATGTGG
GGAACCTGGCCGTGTCTCAAGTAAC
CTACCATTCGCCTGATGAACTCT
CTGAATGGGAGGGTTATCTGCC
TTAAGCCGCCAGTTCACCG
TGAGTTTAACATGCCTGTGGACCTG
ATTAGGTGACAAGCGGGCAGAGGC
GTCACCGATGCTGGAAGGGTTT
TATGTGTCTGGAGCTTGAGG
CTGCTCCCGGACAAGATATGA
GGGAGCCAAAAGGGTCAT

Reversed primer (5'-3')

TTACAGCTGGGTTTCTCTACGTGTT
CATTACGTACTTGGCATTGGGG
CCAGGAAGAAGTTAACCACGCCGTC
TCTGGGGCTTGAGGATGTAAAAG
ACCTCAGGACTGCGTCATGATC
ACATTGAGAGCTGGCCCTGAG
AATGAGGTCCACGTCACTAAACAC
TTCCGGTGCCAGGGCTTAGAG
GTCCCAGTGCCTTTGATGTTGAG
AAGGATGTGTAGGAGTTCGC
GTACTGCCGGTTCAGCTTCT
GAGTCCTTCCACGATACCAA





