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Abstract

:

A glioblastoma (GBM) is a highly malignant primary brain tumor with a poor prognosis because of its invasiveness and high resistance to current therapies. In GBMs, abnormal glycosylation patterns are associated with malignancy, which allows for the use of lectins as tools for recognition and therapy. More specifically, lectins can interact with glycan structures found on the malignant cell surface. In this context, the present work aimed to investigate the antiglioma potential of ConGF, a lectin purified from Canavalia grandiflora seeds, against C6 cells. The treatment of C6 cells with ConGF impaired the mitochondrial transmembrane potential, reduced cell viability, and induced morphological changes. ConGF also induced massive autophagy, as evaluated by acridine orange (AO) staining and LC3AB-II expression, but without prominent propidium iodide (PI) labeling. The mechanism of action appears to involve the carbohydrate-binding capacity of ConGF, and in silico studies suggested that the lectin can interact with the glycan structures of matrix metalloproteinase 1 (MMP1), a prominent protein found in malignant cells, likely explaining the observed effects.
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1. Introduction


Primary central nervous system (CNS) tumors have been the subject of intense study, mainly by their lethality and poor treatment responses. In the last decade, the World Health Organization (WHO) has improved the classification of tumors of the CNS, publishing the latest guidelines in 2021. Diffusely infiltrating gliomas are the most common tumors to arise within the brain parenchyma of adults, accounting for more than 70% of all such neoplasms [1,2]. In this context, glioblastoma (GBM) emerges as a highly infiltrative tumor, displaying necrosis and/or microvascular proliferation that represents half of all gliomas diagnosed [1,2]. Therefore, a glioblastoma (GBM) is considered the most aggressive malignant brain tumor because patients have a high recurrence after undergoing current treatments with a median survival of 14.2 months [3,4].



These statistics call for the intensified search for new therapeutic agents to treat cancer, particularly gliomas, considering the rates of incidence and mortality on a global scale [5]. Owing to the demand for specific and effective alternatives against this set of diseases, biomolecules appear as a new possibility. In particular, aberrant glycan structures in the glycoconjugates present in cancer cells offer one such alternative, namely lectins. Lectins comprise a class of proteins capable of interacting specifically and reversibly with carbohydrates. As such, they have been studied as tools in tumor recognition based on their ability to differentiate between benign masses and malignant tumors owing to the type and degree of glycosylation [6]. In addition to the recognition of glycans in cancer cells, several lectins also demonstrate direct antiproliferative activity. This effect results from the binding of lectins with glycans in the cell membrane, eliciting processes such as agglutination or aggregation concomitantly, or not, with the induction of apoptosis, autophagy, and/or necrosis [7].



Studies have shown the antiproliferative effect of lectins from legumes belonging to the Diocleinae subtribe, such as Canavalia ensiformis (ConA), C. brasiliensis (ConBr), C. bonariensis (CaBo), C. virosa (ConV), Dioclea lasiophylla (DlyL), D. violacea (DVL), and D. lasiocarpa (DLL) in tumor cell lines [8]. All these lectins could induce a significant reduction in the cell viability in C6 and U87 glioma cells. Some of these lectins were able to alter the mitochondrial membrane potential, cell migration, and induce morphological changes in cells. A colorimetric and biochemical analysis indicated cell death by autophagy, apoptosis, and/or necrosis via mitochondrial modulation and metalloproteinases [9,10,11,12]. Despite all these observations, specific molecular targets for legume lectins that trigger tumor cytotoxicity have not been identified. Aberrant glycosylation is related to cancer cell survival, the induction of angiogenesis, the upregulation of vascular endothelial growth factor A (VEGFA), and changes in the expression and activity of matrix metalloproteinases (MMPs), as well as cancer cell invasion and metastasis [13,14].



ConGF is a lectin from Canavalia grandiflora seeds, and, similar to ConA, it belongs to the subtribe Diocleinae of the legume family. Like all ConA-like lectins, it is a lectin with specificity for mannose and glucose. It presents a protomer with a molecular weight between 25–30 kDa capable of forming a homotetramer in solution, and its primary and three-dimensional structures have been determined in previous studies [8,15]. ConGF has demonstrated interesting biological effects, such as vasorelaxant activity, eliciting 25% vasorelaxation in pre-contracted endothelialized aortic rings, and an anti-inflammatory and analgesic effect. ConGF inhibited inflammatory effects generated by carrageenan in paw edema assays, additionally blocking cytokine release and neutrophil migration and reducing hypernociception. All these effects involve the participation of the carbohydrate-recognition domain (CRD) and a mechanism involving nitric oxide [15,16].



The present work aims to describe the antiglioma potential of ConGF and to point a possible target engaged in the cytotoxic response induced by the lectin. Thus, using a C6 glioma cell culture model and molecular docking, we suggest that the modulation of metalloproteinase 1 (MMP1), via a lectin glycan interaction, may take part in the glioma cell death mechanism triggered by ConGF.




2. Results and Discussion


The cytotoxic potential of ConGF on C6 cells was investigated by an MTT assay. For this purpose, the cells were treated with the vehicle (control; HEPES/saline) or ConGF at concentrations of 10, 30, 50, or 100 μg/mL for 6, 12, 24, or 48 h. Figure 1B shows that the cell treatment with 30, 50, or 100 μg/mL of ConGF for 6, 12, 24, or 48 h caused a significant reduction in cell viability. In contrast, 10 μg/mL of ConGF had no significant effect on cell viability, except during the incubation period of 48 h. A cell analysis by light microscopy showed that ConGF induced a morphological alteration of the cells from the concentration of 30 μg/mL in all the evaluated periods (6–48 h). The main cell alteration was a change from the fusiform morphology to cells with a spherical shape that could be detached easily from the plate (Figure 1A). Moreover, the cell migration (24–48 h) was inhibited by ConGF at 30 μg/mL (Figure 1C), but not by lower concentrations, such as 10 or 20 μg/mL.



In order to characterize the role of glycan binding on the lectin’s antitumor effects, ConGF was subjected to a blockade of its CRD by preincubation with α-methyl-d-mannoside. Figure 2 shows the results of the cell viability and morphology 24 h after treatment with either the native ConGF or CRD blockage. A reduction in the cell viability was only induced by treatment with the native ConGF, while the CRD blockage lectin produced no significant effects on the cell viability (Figure 2B). Moreover, the CRD-blocked lectin minimized changes to the cell morphology (Figure 2A), otherwise seen in the treatment with the native ConGF (30–100 μg/mL).



To characterize the type of cell death, double labeling with Hoechst and propidium iodide (PI) was performed. The captured images were analyzed using ImageJ software (U.S National Institutes of Health, Bethesda, MD, USA) and the fluorescence was quantified. The results showed that the ratio between the mean fluorescence of the PI-positive cells by the mean fluorescence of the Hoechst-positive cells (PI/Hoechst) was not remarkable for ConGF at 10 or 30 μg/mL for 24 h as compared to the control (Figure 3A,C). Moreover, the ConGF treatment at 30 μg/mL for 48 h produced only a 10% increase in the PI/Hoechst ratio (Figure 3B,D). Even treatment at the highest concentrations (50 and 100 μg/mL) for 24 or 48 h only produced an increment around 20% (Figure 3). Taken together, these results suggest that the lectin did not produce cell membrane disruption as a primary cell death mechanism.



To assess the possible effects of ConGF on the mitochondrial membrane potential (ΔΨm) of C6 cells, we used the JC-1 dye, a cationic carbocyanine dye that accumulates in mitochondria (Figure 4). We performed this assay because a loss of ΔΨm may be an early event in the apoptotic process [17]. The evaluation was carried out after a 3 h incubation when the cell viability showed no substantial changes (Figure 4C). JC-1 indicates the mitochondrial polarization by changing its fluorescence from green (525 nm) to red (590 nm) in a potential-sensitive manner. The functional mitochondria have a highly negative ΔΨm, and JC-1 penetrates and accumulates, creating aggregates that emit a red color. In the monomeric form, JC-1 emits a green color, indicating a decrease in the ΔΨm. The cells treated with ConGF for 3 h (Figure 4A,B) displayed a significantly lower ΔΨm, expressed as the ratio of red/green fluorescence, by approximately 45% compared to the control cells. Carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP), known as an uncoupling agent of the mitochondrial electron transport chain, was used as the positive control and also showed a lower ratio of the emitted fluorescence. Although the ΔΨm was impaired after 3 h of treatment with ConGF (10–30 μg/mL), only a very small change in the response to ConGF at 30 μg/mL was shown by the MTT assay during this early period (Figure 4C). Therefore, it can be concluded that the lectin can trigger a mitochondrial alteration in an early period.



Because autophagy is recognized as an important mechanism for tumor cell death in response to lectins, we turned to fluorescent dyes, such as acridine orange (AO), which is used to label the acidic vesicular organelles (AVOs) present during autophagy [18]. In this way, the cells undergoing autophagy can be detected under a fluorescence microscope. Because ConGF promotes the death of C6 glioma cells, which may be related to autophagy, we investigated whether treatment with ConGF could induce an increase in the autophagic process. To make this determination, the cells were again treated with ConGF at 10 and 30 μg/mL for 24 or 48 h, followed, this time, by staining with AO and observation under an inverted fluorescence microscope. Figure 5A,C show that treatment with ConGF at 30 μg/mL for 24 h and treatment with ConGF at 10 and 30 μg/mL for 48 h (Figure 5B,D) induced a significant increase in the AVO labeling in the C6 cells. Hence, the effect of ConGF at 30 μg/mL was higher than 60%, and it was reinforced by the demonstration of a significant increment of the autophagy marker LC3ABII (Figure 5E,F), as evaluated after a 12 h incubation with the lectin.



Previously, ConA was found to induce antitumor activity through autophagy in different types of cancer, such as hepatoma [19], cervical cancer [20], and glioblastoma [9,10,11]. Among different proposed mechanisms is the interaction between the lectin and glycans associated with proteins present on the plasma membrane, triggering intracellular signaling processes [12,21]. Hence, intracellular targets can be modulated through these processes, including mitochondria, with the generation of the reactive oxygen species (ROS) and cytochrome C release, followed by the modulation of caspases and autophagy [12,21]. Moreover, through the modulation of Ras/ERK1/2, PI3K/Akt, mTORC1, and NF-kB, plant lectins may trigger these cell fates, especially autophagic cell death [10,11,12,21].



In glioblastoma cells, ConA promoted autophagy through the simultaneous negative regulation of MEK/ERK and PI3K/Akt [20]. In C6 glioma cells, studies by our group showed that ConA-like lectins induced autophagy and inhibited cell migration [8,12,20,22]. In the present study, we bring one more lectin member of the Canavalia genus, ConGF, and prove its ability to inhibit C6 glioma cell viability and also promote intense autophagy without damaging the cell membrane. Furthermore, even at low concentrations, we showed that ConGF could impair the mitochondrial membrane potential. Despite verifying these antiglioma effects produced by leguminous lectins of the Canavalia and Dioclea genera, very little is known about the primary molecular targets that could interact with these lectins and bring about the observable effects.



Matrix metalloproteinases are glycoproteins that have been evaluated in various gliomas [23,24]. MMPs-13, -17, -19, and -24 are expressed in all cell lines studied, while MMP-1, -2, -7, -9, -11, -12, -14, -15, and -25 seem to be correlated with tumor grade [24]. Several studies have shown an increased expression of MMP-1 in glioblastoma when compared with astrocytomas of a low malignancy grade, or with normal brain tissue [23,25,26,27]. Some studies have pointed out the ability of the ConA lectin to modulate the activity and expression of matrix metalloproteinases [28]. In tumor cells, ConA was able to stimulate the expression and activity of membrane metalloproteinase MT1-MMP (MMP-14), as well as MMP-2, in HeLa cells [20] and in the glioma lineage U87 [29,30]. In addition, U87 glioblastoma cells showed the upregulation of autophagy-associated proteins, including BNIP3, ATG12, and ATG13, when treated with ConA by an MT1-MMP-dependent mechanism [9,31]. Collagenase MMP-1 is a glycoprotein that has a traditional role in the cleavage of the primary substrates of the extracellular matrix (ECM), activating latent forms of bioactive molecules, which are responsible for pro-metastatic and pro-oncogenic signaling. The expression of MMP-1 is regulated by EGFR because it was shown that the receptor inhibitor AG1478 led to the suppression of MMP-1 levels and decreased tumor invasion [32]. Furthermore, MMP-1 can cleave the PAR1 receptor, leading to its activation and causing tumor migration and invasion in gliomas through the activation of an intracellular signal [33].



Hence, based on the role of MMP1 in glioma cells and its potential as a lectin target owing to glycan expression [34], we performed a docking in order to evaluate the interaction of ConGF with MMP1.



The docking scores of the ConGF and MMP1 N-glycans are represented in Table 1. ConGF was able to interact favorably with the MMP1 N-glycans, except N011, T004, and T013, which showed a lower score than Xman, considered as the reference ligand. In all cases, ConGF interacted with the mannosyl moieties present in the branches.



In the N-glycosylation process, carbohydrates are covalently attached to an asparagine residue in an Asn-X-Ser/Thr sequence, where X cannot be a proline. In eukaryotic cells, this process starts in the rough endoplasmic reticulum (RER) with the addition of a precursor glycan that is then modified in the Golgi apparatus (GA). The precursor consists of an oligosaccharide containing two residues of N-acetylglucosamine, nine of mannose, and three of glucose. This precursor can generate the three major types of N-glycans by the removal and addition of monosaccharides, such as N-acetylglucosamine, N-acetylgalactosamine, galactose, fucose, and sialic acid, thereby generating high-mannose, complex, and hybrid glycans [35,36,37,38].



MMP1 has two potential glycosylation sites, Asn120 and Asn143, but only the glycosylation of Asn120 has been experimentally proven. This protein presents glycoforms that may range from 52 to 57 kDa to its molecular weight. The structures of their glycosylations were determined experimentally from fibroblast cells, which include a variety of complex-type biantennary glycans. In HT-1080 fibrosarcoma cells, the MMP1 glycosylation pattern was altered and became more heterogeneous with a predominance of biantennary glycans carrying Lewis X, LacdiNAc, sialylated LacdiNAc, and GalNAcβ1,4 (Fucα1,3) GlcNAc [34,39]. This change in the glycosylation pattern is a common event in cancer cells and is involved in many processes that may affect the survival and progression of tumors, as well as invasive and metastatic processes in most cancer cell lines, such as fibrosarcoma and glioma [39,40,41]. Our docking results indicate that ConGF interacts with the MMP1 catalytic domain via glycosylation and is capable of interacting with various glycoforms present in normal cells and malignant cells. A representation of the interaction between ConGF and MMP1 via N009 glycan, which demonstrated the highest docking score, is shown in Figure 6.



The overexpression of the matrix metalloproteinase-1 (MMP1) and proteinase-activated receptor-1 (PAR1) proteins have been correlated with the malignancy of gliomas and the KPS scores of patients, with a significantly shorter overall survival [25,33,42,43]. PAR1 is a member of a small family of seven membrane-spanning G-protein-coupled receptors (GPCRs) which are activated by proteolytic cleavage [44]. MMP-1 acts as a signaling molecule by cleaving a specific residue sequence within the N-terminal extracellular domain of PAR1, denoting a noncanonical mechanism of PAR1 activation [33,44,45,46]. Noteworthy, the downstream signaling pathways activated by PAR1 include MAPKs (ex. ERK1/2) and PI3K/AKT/mTOR [46] and may be associated with autophagy inhibition [47], increased proliferation, and migration [33], which may be important factors in the malignancy and invasion capacity of gliomas. Our study indicates that ConGF can interact with the glycans of MMP1 and trigger glioma cell death and autophagy. The mechanism for this process was not fully addressed, but one possibility could be the inhibition of MMP1 by ConGF, leading a downregulation of PAR1 and its downstream pathways, such as ERK1/2 and AKT/mTOR (Figure 7).



Noteworthy, other legume lectins have been described to be able to inhibit ERK1/2, AKT, and mTOR activity and stimulate autophagy [10,11,12]. Hence, our results are in line with previous studies with other legume lectins and present MMP1 as a possible target to trigger the main ConGF effects on glioma cells.




3. Methodology


3.1. Purification of Lectin ConGF


Canavalia grandiflora lectin (ConGF) was obtained according to the methods described by Ceccato (2010) [48]. ConGF was isolated by affinity chromatography on a Sephadex G-50, and its purity was assessed by polyacrylamide gel electrophoresis in the presence of SDS. The lectin was sterilely dissolved in glucose-free HEPES–saline buffer composed of 124 mM NaCl, 4 mM KCl, 1.2 mM MgSO4, 25 mM HEPES, and 1 mM CaCl2, pH 7.4, and used to prepare the concentrations to be tested by dilution in culture medium at the time of treatment. To verify the role of the lectin domain (CRD) in ConGF activity, this lectin was also sterilely dissolved in HEPES–saline buffer without glucose but containing 0.1 M of its specific binding sugar (α-methyl-d-mannoside) and kept for 30 min at 37 °C before being used for cell treatment.




3.2. Cell Culture of Rat Glioblastoma C6 and Treatment


C6 cells from Wistar rat glioblastoma (Rattus norvegicus) were acquired from the cell bank in Rio de Janeiro (Brazil). Cells were grown in culture bottles having 25 cm2 of growth area with Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS) (Gibco®, Ref. 12657, Grand Island, NY, USA), 100 units/mL penicillin, and 100 mg/mL streptomycin (Gibco®) at 37 °C in a humidified atmosphere of 95% air and 5% CO2. The medium was changed every two days until the cells reached 80% confluence. To carry out the experiments, cells were washed with phosphate-buffered saline (PBS) (140 mM NaCl, 3 mM KCl, 10 mM Na2HPO4, and 2 mM KH2PO4, pH 7.4) and chemically dissociated by trypsin. The cell pellet was resuspended with 3 mL of medium and the cell concentration determined by counting in a Neubauer chamber. After the 3rd passage, cells were used to carry out the experiments at the limit of use until the 12th passage. C6 cells were seeded in wells of 6-, 24-, or 96-well plates with DMEM medium supplemented with 10% (v/v) fetal bovine serum (FBS) (Gibco®), 100 units/mL penicillin, and 100 mg/mL streptomycin (Gibco®) for 24 h at 37 °C in a humidified atmosphere of 95% air and 5% CO2. Prior to addition of the lectin, the plates were observed under an inverted microscope to assess adherence and confluence. Hence, the culture media were replaced with fresh media containing vehicle or ConGF at concentrations of 10, 30, 50, or 100 μg/mL and incubated for 3, 6, 12, 24, or 48 h, depending on the time of treatment. The lectin was diluted with HEPES–saline buffer without glucose composed of NaCl 124 mM, KCl 4 mM, MgSO4 1.2 mM, HEPES 25 mM, and CaCl2 1 mM, pH 7.4. For all assays, the control cell cultures were incubated with vehicles (HEPES–saline buffer without glucose).




3.3. MTT Assay


Viability of cells after exposure to ConGF was evaluated by the colorimetric method with 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium (MTT). MTT is converted to a purple formazan insoluble after cleavage of the tetrazolium ring by cellular dehydrogenases. The purple formazan is proportional to cell viability [49]. For this assay, C6 cells were seeded in a 96-well plate at a density of 50,000 cells/mL, and upon completing the treatment period, the medium was removed, and cells were incubated for 1 h at 37 °C with 0.5 mg/mL MTT dissolved in HBSS (saline buffer containing 136 mM NaCl, 5.4 mM KCl, 1.4 mM MgCl2·6H2O, 1 mM NaH2PO4, 1.2 mM CaCl2·2H2O, 10 mM HEPES, and 9 mM glucose, pH 7.4). Reduced MTT formazan crystals were dissolved with 100 mL dimethylsulfoxide (DMSO) for 30 min at 37 °C, and the absorbance was evaluated at 540 nm using the Tecan® (Tecan Group Ltd., Männedorf, Switzerland) Microplate Reader Infinite M200 located in the Laboratório Multiusuário de Estudos em Biologia at the Universidade Federal de Santa Catarina (LAMEB/UFSC). The results were expressed as a percentage of the control/vehicle group (considered as 100% viable). The values obtained through the absorbance reading were transformed into percentages of cell viability relative to the mean of the cell controls, considered as equivalent to 100% of viable cells. For this assay, 4 distinct cell growths (n = 4) were used and measured in triplicate.




3.4. Light Microscopy


For analysis of cell morphology, cells were seeded in wells of a 96-well plate at density of 100,000 cells/mL, and after 24 h, cells were incubated with vehicle (HEPES–saline buffer without glucose) or ConGF at concentrations of 10, 30, 50, or 100 μg/mL for 6, 12, 24, or 48 h. Cells were observed by light microscopy, where the images were captured with a digital camera coupled to an inverted microscope (Nikon Eclipse T2000-U, Melville, NY, USA).




3.5. Cell Migration (Scratch Assay)


C6 glioma cells were grown to confluence in a 24-well plate (10 × 104 cells/well), and then a wound was introduced in each well by scraping cell layers with a P200 pipette tip. Cells were washed with PBS to remove those loosely held [50]. Thereafter, serum-free DMEM, containing vehicle (control) or ConGF, was added. Images were captured at the 0, 24, and 48 h treatment time points by an inverted NIKON eclipse T2000-U microscope. Percentage of wound closure was calculated using Image J software.




3.6. JC-1 Assay


Mitochondrial membrane potential (Δψm) was measured using 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-benzimidazolyl carbocyanine iodide (JC-1, Sigma-Aldrich, St. Louis, MO, USA), as described by Wolin et al. (2021) [12]. Briefly, C6 cells were seeded in a 96-well plate at 104 cells/well for 24 h and then treated for 6 h with vehicle (control) or ConGF. After treatments, JC-1 solution (0.1 mM) was added, and cells were incubated for 20 min at 37 °C. Next, cells were washed with PBS (140 mM NaCl, 3 mM KCl, 10 mM Na2HPO4, and 2 mM KH2PO4, pH 7.4), followed by the addition of 0.1 mL/well PBS. Fluorescence was measured in a Spectramax Paradigm Microplate Reader (Molecular Devices®, Sunnyvale, CA, USA) set at 490 nm excitation and 520 nm emission for detection of red fluorescence (JC-1 aggregates) and 525 nm excitation and 590 nm emission for green detection (JC-1 monomers). The values of red/green fluorescence ratio of each sample were converted to percentages relative control/vehicle-treated cells. Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP, 1 μM; Sigma®) was used as a positive control for mitochondrial depolarization. The assays were performed in 4 independent experiments in triplicate.




3.7. Propidium Iodide (PI) Staining


To characterize cell death, a double-labeling with Hoechst and propidium iodide (PI) was used [12]. The fluorescent nuclear marker PI is a probe used to evidence cell death by necrosis or later apoptosis, as it is able to penetrate cells only with compromised plasma membrane, emitting red fluorescence. Hoechst is a fluorescent marker that penetrates cells with intact or ruptured membranes, binding to DNA and emitting blue fluorescence. Hence, 96-well plates were seeded at a density of 10 × 104 cells per well, and after 24 h, culture medium was removed, and cells were treated with vehicle or ConGF (10, 30, 50, or 100 μg/mL) for 24 or 48 h. Cells were washed with PBS and incubated for 15 min in the dark with binding buffer (composed of 0.01 M HEPES (pH 7.4), 140 mM of NaCl, and 25 mM CaCl2), containing Hoechst (1 μg/mL; Sigma-Aldrich, St. Louis, MO, USA) and PI (14 μg/mL Sigma-Aldrich, St. Louis, MO, USA). Then, cells were analyzed by fluorescence microscopy (Nikon Eclipse T2000-U), using filter sets, 488 nm excitation and 560 nm emission for PI and 353 nm excitation and 483 nm emission for Hoechst. The captured images were analyzed using ImageJ software, and fluorescence was quantified. Four independent experiments were carried out in triplicate. The captured images were analyzed using ImageJ software, and fluorescence was quantified.




3.8. Acridine Orange Staining of Acidic Vesicular Organelle


Acridine Orange (AO) assay was performed to evaluate acidic vesicular organelle (AVO) formation by ConGF, as described by Wolin et al. (2021) [12]. Briefly, C6 cells were seeded in a 96-well plate at 10 × 104 cells/well for 24 h in DMEM. Then, C6 cells were treated with vehicle (control) or ConGF at 10 or 30 μg/mL for 24 or 48 h. Thereafter, 20 μL of AO (10 μg/mL; Sigma®) were added for 20 min in the dark at 37 °C. Cells were visualized by an inverted NIKON eclipse T2000-U microscope, using filter sets of 470 nm excitation and 525 nm emission for chromatin (CR; green fluorescence) and 350 nm excitation and 615 nm emission for acidic vesicular organelles (AVO; orange/red fluorescence) detection.




3.9. Western Blot


C6 cells were seeded in a 6-well plate at a density of 25 × 104 cells per well for 24 h. Then, cells were treated with vehicle (control) or ConGF (10 or 30 μg/mL) in serum-free DMEM for 12 h. At the end of treatments, cells were homogenized in 200 μL Stop Solution (Tris 50 mM, EDTA 2 mM, SDS 4%, pH 6.8), as previously described by Nascimento et al. (2018) [10]. Protein extracts (30 μg/sample) were electrophoresed in 12% SDS-PAGE minigels and transferred onto nitrocellulose membranes using a semi-dry blotting apparatus (1.2 mA/cm2 by 1.5 h). Transfer efficiency was confirmed by Ponceau S staining of membranes. The immunodetection of LC3ABI (16 kDa) and LC3ABII (14 kDa) was performed by overnight incubation with the primary antibody (Cell Signaling; 1:1000) diluted in Tris-buffered saline Tween 20 (TBS-T) containing 2% BSA. β-actin detection (Santa Cruz Biotechnology, Dallas, Texas U.S.A.; 1:2500 dilution) was used as the loading control. The membranes were washed in TBS-T and incubated for 1 h at room temperature with horseradish peroxidase (HRP)-conjugated anti-IgG-rabbit antibodies. The bands were developed by chemiluminescence substrate (Super ECL, GE®, Waltham, MA, USA) on ChemiDoc Imaging System (Bio-Rad, Berkeley, CA, USA) equipment located in the Laboratório Multiusuário de Estudos em Biologia, Universidade Federal de Santa Catarina (LAMEB/UFSC). Bands and OD were captured and quantified using Image Lab® software (Bio-Rad, Berkeley, CA, USA). Measurement of LC3 was performed by dividing the OD of each form of LC3 (I and II) by the OD of β-actin. Hence, in order to express the ratio of LC3, normalized OD of LC3II (conjugated with phosphatidylethanolamine and present in the autophagosome vesicles) was divided by normalized OD of LC3I (cytosolic).




3.10. Molecular Docking


ConGF three-dimensional structure (PDB id: 4L8Q) [15] was subjected to molecular docking with N-glycans using GOLD v. 5.5 (CDCC, Cambridge, UK). This program tests the interaction of proteins with ligands, allowing a total ligand flexibilization and a partial flexibilization of protein residues [51,52]. Parameters used included population size of 100, number of operations of 10,000, selection pressure of 1.1, number of islands of 5, niche size of 2, crossover frequency of 95, number of poses of 40, and PLANTSPLP score function [53]. The CRD cavity was chosen as the region of analysis with all amino acid residues and 2 structural water molecules in a 10 Å radius. Better interaction models were chosen by evaluating the score, hydrogen and hydrophobic interactions, geometric penalties of the ligand, and comparison with data obtained from redocking with Xman, a ligand present in the crystallographic structure [15,51,54]. Glycan structures were generated and energetically minimized through the Carbohydrate Builder server (Woods Group, Glycan Web, University of Georgia at Athens, GA, USA, http://glycam.org, accessed on 15 April 2022) and GLYCAM_06 force field [55], respectively. These were designed based on the structural information of MMP1 glycosylation previously studied [34]. The tested N-glycans are schematically illustrated in Supplementary Figures S1 and S2. ConGF-MMP1 protein–protein docking was performed using the Patchdock server [56] in which the built algorithm aims to find interaction sites between two molecules by the identification of geometric complementarity regions. The generated solutions are ranked by shape complementarity and atomic contact energy. ConGF was defined as the receptor file and MMP1 as the ligand molecule. The settings were set to default and clustered RMSD to 4.0 Å. A file containing the residues of ConGF CRD was also uploaded to the server in order to limit the search to this region. PyMol (Schrodinger LLC, New York, NY, USA) was used to analyze data and generate figures.





4. Conclusions


In the present work, the antitumor potential of ConGF on the C6 glioma cells model was evaluated. The treatment showed that ConGF promoted a significant cytotoxic effect in the treated cells and was able to induce morphological changes and reduce cell density, in addition to inducing cell death by an autophagic mechanism. This effect is accompanied by a mitochondrial change at an early period and dependent on the carbohydrate recognition domain of the lectin. Furthermore, ConGF was able to decrease the cell migration at higher lectin concentrations. Furthermore, ConGF was able to favorably interact with glycans present in MMP1, which may be related to that elicited by this lectin. MMP1 could be an important element for signal modulation through PAR1 and thus induce death. In general, the data presented in this work indicate that ConGF has a significant ability to induce autophagy on C6 glioma cells, which may have applicability in antiglioma therapy.
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Figure 1. ConGF induces morphological alteration and decreases cell viability. C6 glioma cells were exposed for 6, 12, 24, and 48 h to vehicle (HEPES–saline buffer; control) or lectin ConGF (10, 30, 50, and 100 µg/mL). Thereafter, cell morphology and viability were performed. (A) Representative images from four independent experiments performed in triplicate, showing cell morphology, as evaluated by optical microscopy, in response to ConGF (bars represent 100 μm). (B) Cell viability evaluation after ConGF treatment, assessed by MTT assay. (C) Microphotographs of the wound healing at 0, 24, and 48 h after creating the wounds to evaluate cell migration (bars represent 200 μm). The results of the MTT assay were expressed as a percentage relative to the control (dotted line). Data are presented as mean ± standard error of mean (SEM). N = 4. * p < 0.05; ** p < 0.01; *** p < 0.001; and **** p < 0.0001 indicate the statistical difference compared to the control (dotted line) by one-way ANOVA, followed by Bonferroni’s post hoc test. 
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Figure 2. Effect of ConGF on C6 glioma cell viability is dependent of CRD. C6 glioma cells were treated with vehicle (HEPES; control), native ConGF (10, 30, 50, or 100 μg/mL), or ConGF blocked with α-methyl-d-mannoside for 24 h. (A) Representative images of cell morphology captured by inverted NIKON eclipse T2000-U microscope (10× magnification) treated with native and blocked lectin. (B) Cell viability assessed by the MTT assay. Values are represented as mean ± SEM of three independent experiments performed in triplicate. *** p < 0.001 and **** p < 0.0001 when compared to the vehicle-treated group (control) and #  p < 0.05 and ### p < 0.001 when compared to the native lectin-treated group. 
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Figure 3. Evaluation of C6 glioma cell membrane injury in response to ConGF treatment. C6 glioma cells were incubated with vehicle (control) or ConGF (10, 30, 50, or 100 μg/mL) for 24 or 48 h. The cells were stained with Hoechst and propidium iodide (PI). (A,B) are representative images of Hoechst and PI staining in response to ConGF treatment for 24 and 48 h, respectively. (C,D) Quantification of PI staining in response to ConGF treatment for 24 and 48 h, respectively. Data were expressed as a percentage and the values are presented as mean ± SEM. (The scale bar represents 100 μm). For all analyses, four independent experiments were performed. One-way ANOVA followed by the Bonferroni post-hoc test. *** p < 0.001 and **** p < 0.0001, as compared to control. ns = no significative. 
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Figure 4. ConGF alters mitochondrial membrane potential. C6 glioma cells were incubated with vehicle (control) or ConGF (10 or 30 μg/mL) for 3 h. Carbonyl cyanide p-trifluoromethoxy phenylhydrazone (FCCP), a mitochondrial uncoupler, was used as positive control to fluorescence emission. (A) Illustrative images from cells stained with JC-1. (B) shows mitochondrial potential evaluated by JC-1 after 3 h of treatment. (C) shows cell viability measured by the MTT assay after ConGF treatment for 3 h. The data are expressed as a percentage of control, and the values are presented as mean ± SEM of four independent experiments performed in triplicate. * p < 0.05, **** p < 0.0001, as compared to control. ns = no significative. 
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Figure 5. ConGF induces autophagy in C6 glioma cells. (A,B) show representative images of acridine orange staining of C6 glioma cells after incubation with vehicle (control) or ConGF (10 or 30 μg/mL) for 24 and 48 h, respectively. (C,D) Quantification of AO staining in response to ConGF. Chromatin (CR) and acidic vesicle organelles (AVO) were detected in green and red channels, respectively. The data are presented as percentage of AVO/Chr, and data are expressed as mean ± SEM. (The scale bar represents 100 μm). (E) Western-blot analysis of LC3-I and LC3-II, in C6 cells treated for 12 h with vehicle (control) or ConGF (10 or 30 μg/mL). (F) Quantification of the band intensity was expressed as ratio of LC3-II/LC3-I. ** p < 0.01, *** p < 0.001, and **** p < 0.0001, as compared to control. ns = no significative. 






Figure 5. ConGF induces autophagy in C6 glioma cells. (A,B) show representative images of acridine orange staining of C6 glioma cells after incubation with vehicle (control) or ConGF (10 or 30 μg/mL) for 24 and 48 h, respectively. (C,D) Quantification of AO staining in response to ConGF. Chromatin (CR) and acidic vesicle organelles (AVO) were detected in green and red channels, respectively. The data are presented as percentage of AVO/Chr, and data are expressed as mean ± SEM. (The scale bar represents 100 μm). (E) Western-blot analysis of LC3-I and LC3-II, in C6 cells treated for 12 h with vehicle (control) or ConGF (10 or 30 μg/mL). (F) Quantification of the band intensity was expressed as ratio of LC3-II/LC3-I. ** p < 0.01, *** p < 0.001, and **** p < 0.0001, as compared to control. ns = no significative.
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Figure 6. Interaction between ConGF (in red) and MMP1 catalytic domain (in green). Proteins are represented in cartoon and glycan N009 in green lines. The mannose residue interacting with ConGF CRD is highlighted in stick representation. 
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Figure 7. Postulated mechanism for ConGF activity via MMP1 interaction. 
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Table 1. Interactions of ConGF with Xman and MMP1 N-glycans.






Table 1. Interactions of ConGF with Xman and MMP1 N-glycans.





	
Carbohydrate

	
Score






	
Xman

	
−45.26




	
MMP1 N-glycans in normal cells




	
Glycan

	
Score




	
N001

	
−64.29




	
N002

	
−55.18




	
N003

	
−51.11




	
N004

	
−58.72




	
N005

	
−63.28




	
N006

	
−52.70




	
N007

	
−50.25




	
N008

	
−64.64




	
N009

	
−64.68




	
N010

	
−49.00




	
N011

	
-




	
MMP1 N-glycans in malignant cells




	
Glycan

	
Score




	
T001

	
−50.62




	
T002

	
−63.96




	
T003

	
−57.95




	
T004

	
-




	
T005

	
−59.12




	
T006

	
−47.63




	
T007

	
−52.33




	
T008

	
−60.83




	
T009

	
−53.75




	
T010

	
−59.61




	
T011

	
−45.05




	
T012

	
−44.67




	
T013

	
-




	
T014

	
−54.20




	
T015

	
−57.97




	
T016

	
−47.46




	
T017

	
−53.89
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