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Abstract

:

As Yondelis joins the ranks of approved anti-cancer drugs, the benefit from exploring the oceans’ biodiversity becomes clear. From marine toxins, relevant bioproducts can be obtained due to their potential to interfere with specific pathways. We explored the cytotoxicity of toxin-bearing secretions of the polychaete Eulalia onto a battery of normal and cancer human cell lines and discovered that the cocktail of proteins is more toxic towards an ovarian cancer cell line (A2780). The secretions’ main proteins were identified by proteomics and transcriptomics: 14-3-3 protein, Hsp70, Rab3, Arylsulfatase B and serine protease, the latter two being known toxins. This mixture of toxins induces cell-cycle arrest at G2/M phase after 3h exposure in A2780 cells and extrinsic programmed cell death. These findings indicate that partial re-activation of the G2/M checkpoint, which is inactivated in many cancer cells, can be partly reversed by the toxic mixture. Protein–protein interaction networks partake in two cytotoxic effects: cell-cycle arrest with a link to RAB3C and RAF1; and lytic activity of arylsulfatases. The discovery of both mechanisms indicates that venomous mixtures may affect proliferating cells in a specific manner, highlighting the cocktails’ potential in the fine-tuning of anti-cancer therapeutics targeting cell cycle and protein homeostasis.
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1. Introduction


According to the World Health Organization (WHO), cancer is the second leading cause of death globally. The numbers of cases are expected to rise every year despite research on the subject being given top priority (reviewed by Das et al. [1]). From all the types of cancers, breast and lung cancer are the leading causes of death, especially in Europe, with prostate cancer following the rank [2]. Ovarian cancer is the deadliest gynecological cancer in the world (see, for instance, [3]), in large part due to the late diagnosis [4]. This type of cancer is in fact a range of neoplastic diseases that can have different origins [5]. Research on new therapeutics for this disease is motivated by the combed effect between genomic heterogeneity and cell resistance [6]. Moreover, finding a suitable therapy with reduced effects on healthy tissue remains a challenge, leading to the screening for novel anti-cancer compounds that offer more specific and less deleterious strategies than traditional treatments.



Anti-cancer drugs developed from natural products such as toxins and alkaloids nowadays represent 50% of all drugs that are used in chemotherapy [7]. After plants, fungi and bacteria have been leading the search for anti-cancer compounds, in addition to novel antibiotics [7]. Some of the main targets of the quest for anti-cancer drugs are signaling pathways that regulate cell survival and proliferation. Indeed, most research is seemingly focused on the inhibition of specific protein kinases, such as Ras/Raf mitogen-activated protein kinase (MEK) and extracellular signal-regulated kinase (ERK) signaling pathways [8].



There is a growing awareness for the potential of the seas as a source of novel therapeutic agents, in face of their immense biodiversity [7,9]. In fact, the number of marine natural products explored for various biotechnological purposes has been increasing over the past few years (see the review of Hu et al. [10] for a statistical appraisal on marine bioprospecting). Accordingly, there is growing interest in the search for novel anti-cancer compounds in marine life, benefitting from the constant advances in omics methods from metabolomics to proteomics and transcriptomics [11]. With the exception of Yondelis (trabectedin), an approved drug developed from a secondary metabolite (a quinoline) of the tropical tunicate Ecteinascidia turbinata that competes with enzyme and transcription factors that bind to DNA [12], most research has yet to be materialized into effect applications. Still, there are promising indications, from various marine animals as varied as the bivalves, the Briozoa and the Porifera, on the effects of novel compounds on the inhibition of DNA synthesis inhibition, RNA polymerase activity, activation of apoptosis and autophagy and cell-cycle arrest in cancer cells [11,13,14,15]. In most cases, though, cancer cells are merely used as a toxicological model, without a clear indication of mode-of-action. From the Polychaeta, a little-explored but most promising group of marine animals for the bioprospecting of novel bioproducts, there are growing indications for the existence of cytotoxic toxins. Among the most significant examples, we may find the toxin arenicin (from Arenicola marina), nicomicin (from Nicomache minor), both peptidic in nature, and proteases from Nereis, all presenting cytotoxicity towards cancer cell lines, seemingly with pro-apoptotic effects (refer to Rodrigo and Costa [16] and references therein). The mechanisms by which these substances exert noxious effects are not, however, fully understood, if at all. In large part, this is due to constraints in handling the complex mixtures of which poisons, venoms and toxungens are comprised, particularly in marine invertebrates, for whom genomic resources are much reduced.



Recently, we disclosed the secretion of toxins by an intertidal Polychaeta, Eulalia sp., whose toxins, secreted by specialized cells in the eversible pharynx, are delivered to its prey using mucus as a vehicle with the purpose of immobilization and cytolysis by means yet unknown [17,18]. In the aftermath of these early findings, the current work aims primarily disclosing the mechanisms by which proteins in Eulalia’s secretions become cytotoxic to normal and cancer human cells, with the ultimate goal of asserting their biotechnological potential. To meet our objectives, we isolated proteins from secretions and combined proteomics with transcriptomics for their identification as a means to circumvent the challenges of investigating a complex mixture of proteinaceous compounds and provide inter-validation in a scenario of low genomic resources. The purified extracts were then tested onto both normal and cancer humans cell lines.




2. Results


2.1. Protein Identification


Five major proteins were conclusively identified in Eulalia sp. mucosecretions by superimposing proteomics and transcriptomics (Table 1 and Figure S1 in Supplementary Information). The results identified arylsulfatase B (ARSB), heat shock protein 70 KDa (HSP70), 14-3-3 protein, RAB3 and serine protease (SP) as the main proteins in extracts. When comparing the relative expression of these proteins in the proboscis and body wall, serine protease is the protein with higher expression in the proboscis, followed by ARSB, RAB3 and lastly HSP70 and 14-3-3 protein. The peptide sequences had a 100% match with the translated mRNAs, with the exception of SP, which yielded multiple transcriptional variants (Figure S2).




2.2. Cytotoxic Effects


The purified extract caused higher antiproliferative effect towards MCF7 and especially A2780 cancer cell lines, compared to normal human primary fibroblasts (Figure 1, Table 2). Most cancer cells presented a loss of cell viability when exposed to the concentration of the extract within the range of 0.19 to 0.42 µg. µL−1, with the exception of the ovarian carcinoma cell line (A2780), which yielded an IC50 value one order of magnitude lower (0.08 µg. µL−1). Consequently, the ovarian carcinoma cancer cell line was then chosen for further biological characterization towards addressing the mechanisms underlying the loss of A2780 cell viability.



The frequency of apoptotic A2780 cells approximately doubled at IC50 concentrations, for both 24 h and 48 h (Figure 2). However, after 12 h, no significant differences were found when the cells were subjected to lower concentrations. Since apoptosis accounted only for a maximum of 35% cell death, an additional mechanism of programmed cell death, namely via autophagy, was assessed (Figure 3). Interestingly, a significant increase in autophagic cell death was observed after 12, 24 and 48 h of exposure. To further confirm the induction of programmed cell death TEM analyses were performed (Figure 4). Apoptotic bodies were easily noticed as early as 1 and 3 h of exposure, as well as chromatin condensation and nuclear fragmentation by blebbing, in accordance with Hoechst labelling (Figure 2). Moreover, autophagolysosomes, associated with the autophagic process, were noticed, especially after 24 h, also supporting the previous fluorescence microscopy results (Figure 3). Exposure to higher concentrations (IC50), revealed further cellular alterations, namely mitochondrial shape changes, nuclear pleomorphisms and an increase in lysosome number.



For further clarification of the mechanism underlying apoptosis induction, the expression of BAX and BCL-2, the production of ROS, the mitochondrial membrane potential (ΔΨm) and the induction caspase 8 were analyzed in A2780 cells exposed to the IC50 of extracts. The low BAX/BCL-2 expression ratio (Figure 5A,B), the absence of ROS production and the unchangeable ΔΨm in A2780 cells exposed to the IC50 concentration of the extracts (Figure S2), and the significant induction of caspase 8 activity (Figure 5C) clearly suggests the activation of the extrinsic apoptotic pathway via activation of death receptors. However, alterations to plasma membrane potential (ΔΨp) were noticeable after 1 h and 3 h of exposure, as determined by flow cytometry and fluorescence microscopy (Figure 6A,B).



The effect of the extracts in A2780 cell-cycle progression was evaluated over time of exposure (Figure 7). Cell-cycle arrest at phase S was observed 2 h after exposure (Figure 7B), becoming significant after 3 h and 4 h exposure (Figure 7C,D). A slight delay in the percentage of cells entering G2/M phase was also verified after 2 h exposure and extended until 4 h exposure. Alterations in tubulin were also seen with immunohistochemical staining after 3 h exposure. After 4 h exposure, an overcompensation of cells in the phase G2/M started to be noticed, specially at 12 h exposure (Figure 7F). The changes in the early hours were consistent with quantification of both β-actin at 1 h and α-tubulin at 3 h (Figure 6C–F).




2.3. Network Analysis


The interaction between the human homologs of the main proteins present in extracts is depicted in Figure 8. The first network yielded interaction between 14-3-3 zeta protein (YWHAZ), heat shock cognate 71 kDa protein (HSPA8) and Ras-related protein Rab-3C (RAB3C). YWHAZ and HSPA8 yielded the strongest connection with reports of co-expression in humans and other mammals. HSPA8 and RAB3C were also interacting indirectly, trough cell division cycle 5-like protein (CDC5L), a DNA-binding protein involved in cell-cycle control. The connection of HSPA8 and RAB3C and CDC5L have been both supported by experimental data. HSPA8 and CDC5L were also connected with the spliceosome-associated protein CWC15 homolog (CWC15) and Pre-mRNA-splicing factor SPF27 (BCAS2), important proteins that are involved in the spliceosome as well. Due to the lack of direct interactions between PRSS1 and ARSB with the remaining proteins and each other, the radius of the network was expanded to ten proteins. Individually, ARSB is interacting mostly with glycoside hydrolase domain-containing proteins (IDUA, GUSB) and with enzymes responsible for catalyzing the hydrolase of sulphate esters (SUMF1 and 2), while PRSS1 only interacts with keratin (KRT10).





3. Discussion


The mucus secreted by the marine worm Eulalia contains a mixture of toxin and non-toxin proteins involved in multiple functions for attacking prey and defense against predators and environmental variables (as described in the present work and in Rodrigo et al. [19]). This cocktail of proteins revealed higher toxicity towards the A2780 ovarian cancer cell line, compared to other human cancer cells and even normal fibroblasts, with a strong indication for a dose- and time-dependent responsiveness. We hypothesized that combining proteomics with transcriptomics would shed light on the main proteins involved in cytotoxicity and offer insights on their mode-of-action against A2780 cells, which is seemingly associated to cell-cycle arrest and the induction of programmed cell via extrinsic apoptosis and autophagy. Five proteins were cross-validated by RNA-Seq, whose function, isolated or combined, are responsible for the specific effects in A2780 cells.



The cytolytic properties of animal venoms, poisons and toxungens toward cancer cells has been investigated with promising results, albeit scant comparisons between the differential effects against normal and cancer cells. Bee venom has arguably become one of the most studied and promising cases, with melittin (a 26-amino acid lytic peptide responsible for the painful sting) and phospholipase A being, so far, pinpointed as key substances involved in the promotion of apoptosis [20]. Venoms from snakes also received attention, in research with cancer cell lines inclusively [21,22,23]. For example, crude venom samples from Naja ashei induced cell-cycle arrest and promoted apoptosis with the activation of Caspase 3 and 9 in colorectal carcinoma (HCT116) cells [24]. Additionally, venoms from spiders showed high cytotoxic activity towards K+ channels expressing cancer cells [25]. Nonetheless, a paramount aspect retrieved from the current findings is the differential cytotoxic effects of the toxin mixture onto different cell cultures, with emphasis on higher sensitivity of A2780 comparatively to normal primary fibroblasts and other cancer cells. The results indicate that the activation of cell proliferation and cell cycle control pathways can be cell type-specific and therefore that the combined effect of toxin proteins act upon such pathways that are more significantly activated in A2780, such as those based on the interplay between BCL-2 and HSP70.



From the five proteins identified from Eulalia mucus secretions, arylsulfatase B (ARSB) and serine proteases (SP) are commonly found in venoms [26,27,28]. Sulfatases are known to play a key role in the control of physiological processes like cell signaling, hormone regulation and degradation of complex macromolecules such as glycosaminoglycans [29,30,31]. Arylsulfatase B, specifically, is known to regulate the kininogen–bradykinin axis trough the effect on chondroitin-4-sulfation and the interaction of C4S with kininogen in rat kidney epithelial cells, influencing blood pressure in mammals [32]. In lymphocytes, arylsulfatase may function in the degradation of cerebroside sulphate ester components of the target cell membrane to initiate the lytic event, having an important role in the immune response [33]. In mollusks, it can function as a sulphur-scavenging enzyme, which may play a role in the breakdown of sulphated saponins [28]. The exact function of arylsulfatases in toxic secretions are still unknown, even though this enzyme exists at high quantities in a broad range of organisms, from snakes to predatorial gastropods [27,34]. In turn, serine proteases form one of the largest group of endopeptidases. They are involved in a wide range of physiological processes, from digestion to blood coagulation, fibrinolysis, development, fertilization, apoptosis and play an immunity role as well [35]. In venoms, serine proteases are present in a wide span of animals as well, being well described in snakes and bees. These proteases have thrombin-like effects, promote fibrinogen degradation in prey and activate the phenoloxidase cascade that induces a lethal melanization response in insects attacking bees and their hives [36,37,38].



Other proteins in the toxungenous cocktail of Eulalia are not commonly associated with venoms, poisons or toxungens. However, they play paramount roles in cell homeostasis. It is the case of heat shock proteins (HSP). Heat shock protein 70 KDa (HSP70) is usually involved in stress response, helping protein folding (assembly and refolding) in the endoplasmic reticulum [39]. In turn, RAB3C is located in synaptic and secretory vesicles and regulates exocytosis Ca2+-dependent secretion and vesicle docking, thus being essential in exocytic and endocytic membrane trafficking [40,41]. The RAB3C protein can also be linked with ZW10-interacting protein 1 (Zwint-1), a protein implicated in the regulation of chromosomal segregation through binding to the kinetochore [42]. The gene encoding this protein, ZWINT, was discovered to be overexpressed in ovarian cancer, among other genes (such as CCNB1, CENPF, KIF11) related with cell cycle, nuclear division and oocyte meiosis [43]. The 14-3-3 protein plays a role in various cellular processes like signal transduction, cell-cycle regulation, apoptosis, stress response, cytoskeleton organization and malignant transformation [44]. It must be noted, though, that other proteins may either have not been identified by cross-validation between MS/MS on mucus secretions and skin whole-transcriptome analyses. We must, at this stage, highlight difficulties in homology-based identification of peptides from organisms with reduced genomic annotation. Even though the purification process can, itself, be responsible for the loss of proteins, the toxicological appraisal of the purified extracts does indicate that the active components that yielded effects against A2780 cells were not lost.



The identified proteins, when integrated within protein interaction networks (Figure 8), suggest a potential combined effect. Nonetheless, there are seemingly two pathways: one involving HSPs, 14-3-3 protein and RAB3C, and another where ARSB is pivotal. In the first pathway, 14-3-3 can be the key component, as these proteins are known to play a part in apoptosis and cell-cycle arrest. However, different 14-3-3 isoforms may produce distinct outcomes [44]. Still, the protein here identified holds higher similarities to 14-3-3 protein zeta (YWHAZ), which suggests promotion of programmed cell death. However, some isoforms may have indirect association with BAG1, which may in turn bind to BCL-2 and promote cell survival. It is also able to bind to the serine/threonine-specific protein kinase RAF1 and stimulate RAF1 kinase activity. Moreover, BAG1 also binds to the chaperone HSP70 (HSPA8), being, in fact, a possible chaperone inhibitor [45]. Speculations have been made to whether BCL-2 is able to form channels to transport proteins through membranes and if HSP70 unfolds proteins during such transport [45,46]. In any case, the formation of these channels may contribute to explain BCL-2 overexpression (Figure 5A). At the same time membrane integrity may be compromised by other proteins in the cocktail, explaining the changes in plasmatic membrane potential from 1 h of exposure (recall Figure 6A,B), then likely triggering a series of events that may ultimately lead to cell-cycle arrest and cell death.



The RAF proto-oncogene identified in the network is responsible for the regulation of many fundamental cell processes, including proliferation, differentiation, apoptosis, motility and metabolism [47]. The activation of this protein and the mitogen-activated protein kinase (MAPK) pathway is dependent of proteins present in the network such as HSPA8, HSP90 and CDC protein. These proteins were found to be crucial for the maturation and activation of RAF1 both in Drosophila and human cell lines [48,49]. RAF1 activity is also regulated by 14-3-3 proteins, trough phosphorylation, to control its enzymatic activity [50]. The CDC protein is directly connected with CWC15 and BCAS2, both involved in the regulation of gene expression, and is an essential regulator that activates cyclin-dependent kinases (CDKs) at critical stages of the cell cycle [51]. The disruption of the regulatory function can lead to cell-cycle arrest and autophagy, which are the mechanisms by which A2780 cells were affected. More specifically, the 14-3-3 protein present in the extract may well be, directly or indirectly, keeping the cyclin-dependent kinase CDC2 (cell division control protein 2) inactive, thereby preventing G2 to M transition [44,52], as seen in A2780 cells between 2 h to 4 h of exposure (Figure 6). The RAB3C protein is also responsible for cell-cycle arrest through binding to ZW10-interacting protein 1 [42,43]. Additionally, cell-cycle arrest in the S phase is also connected with the depolarization of the resting membrane potential [53], which is in accordance with our results after 3 and 4 h of exposure. After 9 h exposure to the cocktail, cell-cycle progression was promoted when the assays were extended until 48 h. This effect was not, however, sufficient to avoid loss of cell viability.



Heat shock proteins 70 controls many housekeeping processes [54], which is probably the reason why HSPA8 one of their forms, is linked directly with almost all proteins in the network (except RAB3C) described in Figure 8. Two of these interplays occur with other chaperones, namely HSP90 alpha and beta. Besides interfering with cell-cycle progression, HPSs can also be involved in the activation of matrix metalloproteinases. In fact, it has been seen that extracellular HSP90 alpha in fibrosarcoma and breast cancer cells promote MMP2 activation, which is critical for tumor invasiveness [55]. In turn, nuclear HSP70 promotes aurora kinase B (AURKB) activity, which is normally dysregulated in cancer cell lines [56].



Other homologs from known toxins (PRSS1 and ARSB) appeared, at first sight, to have a smaller contribution to the effects seen in A2780. However, ARSB is known to have its expression reduced in most carcinomas when compared with normal tissues [57]. However, as the authors refer, there are some cases of cancer cells where arylsulfatases (ARS) are overexpressed (ARSA and ARSB), as in human lung cancer, pertaining to one of the cell lines tested that yielded lower toxicity of extracts, comparatively to fibroblasts. The overall reduction in the expression of ARS was found to be related to prostate cancer aggressiveness, due to the association between ARSB and the epidermal growth factor receptor (EGFR), commonly overexpressed when ARSB is reduced [58,59]. The EGFR has a crucial role in cell differentiation and proliferation and cancer, being ARSB regulation an important target for cancer therapy [59].



Finally, it must be noted that the co-occurrence of apoptosis and cell death by autophagy has already been reported in A2780 cells exposed, e.g., to metal-based compounds [1,60,61]. Both pathways, occurring simultaneously, were also reported in a cervical cancer cell line, where the accumulation of autophagic vacuoles preceded the apoptotic cell death [62]. However, all the studies have been performed with isolated compounds, while the present study dealt with a mixture of proteins, leading to complex interactions and likely intricate downstream effects on cell homeostasis. Even though the combined effect of toxins secreted by marine invertebrates has received little attention, there are indications that venomous mixtures are more effective against human cancer cells than individualized components, such as in a recent study with glycoconjugates extracted from a starfish tested on colorectal carcinoma cells [63].




4. Materials and Methods


4.1. Protein Extraction and Identification


4.1.1. Animal Collection


Adult Eulalia sp. (≈120 mm total length and weighting ≈250 mg each) were collected from the West Coast of Portugal (38°41′42″ N, 09°21′36″ W), in an intertidal rocky beach. Animals were reared in the laboratory in a mesocosm environment recreating their natural habitat, with controlled salinity, temperature and photoperiod (35 ± 1, 16 ± 1 °C and 10:16 h, respectively). Animals were fed with live mussels, one of the species’ favorite prey.




4.1.2. Protein Collection and Purification


Protein was collected from mucous secretions harvested non-invasively by placing the worms in microfuge tubes with filtered sterile seawater, followed by mechanical stimulation of the proboscis, leading to increased secretion. Crude protein extracts were obtained from approximately fifty animals per pool. The crude extracts were immediately diluted ≈ 1:1 in 0.05 M Tris-HCl containing 10% (w/v) L-dithiothreitol (DTT) and 1% (v/v) protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA). Samples were then filtered through a syringe cellulose acetate filter (0.22 µm). Purification and concentration of extracts was done by dialysis (ultrafiltration) using 3kDa Amicon Ultra centrifugal filters (Merck, Algés, Portugal), with Dulbecco’s phosphate-buffered saline (DPBS, pH 7.4) as the vehicle. Total protein content was determined using a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Purified extracts were stored at −80 °C until further analyses.




4.1.3. Protein Separation


Proteomics was employed to analyze the purified protein extracts using either, one- or two-dimensional gel electrophoresis (1DE and 2DE, respectively) for initial separation [64]. The Laemmli discontinuous gel of Laemmli [65] was used for 1DE separation by sodium dodecyl-sulphate polyacrylamide gel electrophoresis (SDS-PAGE), as detailed by Hames [66]. Stacking and running gels (8 × 9 cm by 0.75 mm thick) contained 12% (v/v) and 6% (v/v) acrylamide, respectively. The migration buffer consisted of 25 mM Tris, 192 mM glycine, pH 8.5. Molecular standards (NZYColour Protein Marker II range 11-245 kDa) was purchased from Nzytech. The 2-D separation was obtained by isoelectric focusing (IEF) followed by SDS-PAGE. Briefly, the sample consisted of 100 μL of purified protein extract treated with 2-D Clean-Up Kit (GE Healthcare, Chicago, IL, USA), according to manufacturer’s instructions. Precipitated proteins were resuspended in 100 μL of rehydration solution containing 4% (w/v) CHAPS, 7 M urea, 2 M thiourea, 1% (w/v) DTT GE Healthcare, 0.5% (v/v) Immobilized pH Gradient buffer (GE Healthcare) and 0.002% (w/v) bromophenol blue, and incubated at room temperature for 36 h. After protein quantification using the Pierce 660 nm protein assay reagent (Thermo Fisher Scientific, Waltham, MA, USA), 125 μL of rehydration buffer containing 200 μg of protein were applied onto Immobiline Drystrip IPG strips (GE Healthcare) with 7 cm and 3 ± 10 non-linear pH. After rehydration, Isoelectric focusing (IEF) was done in an Ettan IPGphor instrument (GE Healthcare) at a maximum voltage of 5000 V. The IPG strips were afterwards incubated for 15 min in equilibration buffer 1 (50 mM Tris-HCl pH 8.8, 2% (w/v) SDS, 6 M urea, 30% (v/v) glycerol, 1% (w/v) DTT, followed by incubation for another 15 min in equilibration buffer 2 (50 mM Tris-HCl pH 8.8, 2% (w/v) SDS, 6 M urea, 30% (v/v) glycerol, 2.5% (w/v) iodoacetamide). Strips were then placed on top of a 10% SDS-PAGE gel for separation by mass. Both gels were stained with Coomassie Brilliant Blue G-250 to identify most representative spots and bands (Figure S1) to be picked for liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) analyses. Excised gel bands and spots were stored at −80 °C until further processing.




4.1.4. Protein Identification by LC-MS/MS


After gel sample destaining and digestion with porcine trypsin, peptides were analyzed on a Eksigent NanoLC Ultra 2D separation system coupled to a TripleTOF 6600 mass spectrometer, all from Sciex (Framingham, MA, USA). The chromatographic separation by micro-LC was achieved in a ChromXP C18CL column (0.3 × 150 mm, 3 μm, 120 Å, from Eksigent), at 50 °C. The flow rate was set to 5 μL/min and mobile phase A and B were 0.1% (v/v) formic acid plus 5% (v/v) DMSO in water and 0.1% (v/v) formic acid plus 5% (v/v) DMSO in acetonitrile, respectively. The ESI DuoSprayTM ionization source was operated in the positive mode set to an ion spray voltage of 5500 V, 25 psi for nebulizer gas 1 (GS1), 25 psi for the curtain gas (CUR). The rolling collision was used with a collision energy spread of 5. Peptide mass fingerprinting was performed using ProteinPilot 5.0.1 (Sciex) considering the following parameters: cysteine alkylation by acrylamide, digestion by trypsin, and gel-based ID as a special factor. The resulting amino acid sequences were contrasted against UniProtKB and NCBInr databases using Blast [67]. Accuracy of identification was determined by the lowest e-values and number of matching peptides per protein.




4.1.5. Protein Identification by RNA-Seq


The peptide sequences were contrasted against Eulalia sp. proboscis transcriptome [19], deposited in Gene Expression Omnibus (GEO) under the accession number GSE143954 (Figure S2). The results from RNASeq were validated by RT-qPCR. In brief: cDNA was synthesized from the total RNA samples using the First-Strand cDNA Synthesis Kit (NZYTech). Primers were designed using Primer Blast and verified in silico with Oligo Analyzer (Table S1) to amplify an expressed sequence tag (EST) for mRNAs coding for proteins identified by MS/MS and RNA-Seq. The calibrator was GAPDH, as suggested [68]. Amplification was done in a Biometra Gradient Thermocycler96. Following resolving PCR products in an agarose gel, these were Sanger-sequenced (as a service), translated and matched against (1) UNIPROT cluster UniRef90 [69] by generating a customized toxin database, with BLASTP v2.5.0 [70], having set a maximum e-value of 10−5; (2) NCBInr using BlastP. The RT-qPCR was then done in a Rotor-Gene 6000 thermal cycler (Corbett Research) using the NZY qPCR Green Master Mix (NZYTech), according to manufacturer instructions. The program was set as: denaturation 94 °C, 45 s (s), annealing 55 °C, 25 s and extension 72 °C, 30 s, with 45 cycles per run. Primer melting analysis was also conducted to verify the specificity of hybridization. Relative expression was determined by the 2−∆∆Ct method [71].





4.2. Network Analysis


After the identification of the main proteins by combining proteomics and transcriptomics, Homo sapiens homologues were retrieved using BLASTP. Gene network analyses were conducted using the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) by setting the confidence cut-off for interaction links between proteins at 0.400 [72].




4.3. Cell-Based Assays


HCT116 (human colorectal carcinoma), A549 (lung adenocarcinoma), human primary fibroblasts, MCF7 (breast carcinoma) and K562 (myelogenic leukemic carcinoma) cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen, Grand Island, NY, USA) supplemented with 10% (v/v) fetal bovine serum and 1% (v/v) antibiotic/antimycotic solution (Invitrogen), while A2780 (ovarian carcinoma) cells were grown in modified McCoy’s medium: Roswell Park Memorial Institute medium (RPMI) 1630 [73,74]. All cell lines were purchased from ATCC (http://www.atcc.org) with the exception of A2780 that was purchased from Sigma-Aldrich. All cell cultures were maintained at 37 °C in a humidified atmosphere containing 5% (v/v) CO2 and incubated in the same atmosphere when necessary. Only purified extracts stored for less than 30 days (−80 °C) were used in biological assays and all dilutions (and controls) were prepared in PBS. The same volume of PBS was added to the respective medium of each assay (controls). Total protein content was determined prior to biological assays using a Nanodrop spectrophotometer (Thermo Fisher Scientific). The assays were conducted with cells seeded for 24 h and in the range of 105 cells. mL−1, in the conditions described before, in 6, 24 or 96-well plates, depending on the endpoint.



4.3.1. Cell Viability


Cell viability was determined by subjecting all cell lineages to successive dilutions of the purified protein extract (2 × 10-3 to 1.6 µg. µL−1) for the estimation of the half-maximal inhibitory concentration (IC50). Cells were incubated for 48 h with each diluted extract. Viability was determined with the CellTiter 96 AQueous Non-Radioactive Cell Proliferation Assay (Promega, Madison, WI, USA), using 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2Htetrazolium, inner salt (MTS). Quantification of the formazan dye formed in viable cells was done spectrophotometrically by measuring absorbance at 490 nm with a Bio-Rad microplate reader Model 680 (Bio-Rad, Hercules, CA, USA) [73,74,75]. The assays were performed in triplicate and technical duplicates were included, to minimize technical error. Doxorubicin (0.4 mM) was used as a positive control in all assays.




4.3.2. Apoptosis


Apoptosis was determined based on the Hoechst 33258 labelling assay. Cells were seeded on sterilized coverslips and incubated for 24 h to obtain an adherent monolayer. Cells were then incubated with the purified extract for 12 h (IC50), 24 h (IC50) and 48 h (1/10 IC50, 1/5 IC50 and IC50). After incubation, cells were washed with PBS and fixed with fresh 4% (m/v) formaldehyde (reconstituted from paraformaldehyde), for 10 min in the dark. Cells were then incubated with the dye (provided by Sigma-Aldrich), prepared as 5 μg. mL−1 in PBS. After 10 min, slides were washed with PBS and mounted. Fluorescent nuclei (100 per sample) were sorted in a DM 2500 LED model microscope, adapted for epifluorescence with an external EL6000 light source (Leica Microsystems, Wetzlar, Germany). The assay was performed in triplicate for each timeline. The results are expressed as the mean percentage of apoptotic nuclei.




4.3.3. Autophagy


Cells were exposed to the extracts for 12 h, 24 h and 48 h, at the same concentrations than the previous assay. Rapamycin (50 mM) was used as a positive control [61,74]. By the end of each assay, the medium was removed, and cells were stained with the CYTO-ID Autophagy Detection Kit (ENZO, New York, NY, USA), following manufacturer instructions. Stained cells were imaged with the aforementioned epifluorescence microscope following counterstaining with DAPI. The assay was performed in triplicate for each timeline.




4.3.4. Caspase 8 Assay


The activity of Caspase 8 was determined to assess the extrinsic apoptotic pathway using the Caspase 8 assay kit from Abcam, following manufacturer instructions. Briefly, cells were plated on T-flasks with an area of 25 cm2 with 6 × 105 cells. mL−1 for 24 h and exposed to the purified extract (IC50 dose), plus PBS (control) and incubated for 48 h. Cells were then scraped, washed in PBS, resuspended in cell lysis buffer and incubated on ice for 30 min. Total protein in lysates was quantified as previous and adjusted to 200 µg/50 µL buffer. Each microplate well was loaded with 200 µg protein/50 µL 50 µL of 2× Reaction Buffer with DTT (100 mM final concentration) and 5 µL of IETD-pNA substrate (4 M). After incubation (2 h), absorption at 400 nm was quantified on a 680 Microplate Reader (Bio-Rad, Hercules, CA, USA).




4.3.5. Detection of Reactive Oxygen Species


Intracellular reactive oxygen species (ROS) were determined using the KITNAME (Sigma-Aldrich), as previously described [1]. Briefly, cells were seeded and incubated for 24 h, after which the culture medium was removed and replaced by fresh medium containing 1/10 IC50, 1/5 IC50 and IC50 (0.08 µg. µL−1), plus controls. Hydrogen peroxide (50 µM) was used as a positive control. Cells were harvested after 48 h, washed twice with PBS before resuspension in pre-warmed (37 °C) PBS containing 100 µM 2,7-dichlorodihydrofluorescein diacetate (H2DCF-DA) and incubation at 37 °C for 20 min, in the dark. Fluorescence intensity was measured on an Eclipse Ti inverted microscope equipped with a DS-QiMc camera and adapted for epifluorescence (all from Nikon), with fixed exposure time for all samples. The green fluorescent signal was normalized and analyzed using ImageJ [76].




4.3.6. Mitochondrial Transmembrane Potential


The mitochondrial transmembrane potential was analyzed using the bis(5,6-dichloro-1,3-diethyl-2-benzimidazole)trimethinecyanine iodide (JC-1) dye (Abnova Corporation, Walnut, CA, USA). After seeding and incubation cells were treated with the protein extract at the concentrations of 1/10 IC50, 1/5 IC50 and IC50 diluted in fresh medium and exposed for 48 h. Cells were then stained with the JC-1 staining solution for 20 min at 37 °C in the dark. Image acquisition and analysis was done as above, based the ration between green and red fluorescence.




4.3.7. Plasmatic Transmembrane Potential


The plasmatic transmembrane potential was analyzed using 2′,7′-Bis(2-carboxyethyl)-5(6)-carboxyfluorescein tetrakis(acetoxymethyl) ester (BCECF-AM) dye (Invitrogen). After seeding and incubation, cells were treated with the purified protein extract at the concentration of IC50, diluted in fresh medium (RPMI), and incubated for 1 h and 3 h. Cells were then trypsinized and washed with PBS and RPMI medium (without phenol red) before incubation with BCECF-AM (2 µM in the same medium) for 20 min, at 37 °C. After washing in the culture medium, data was collected using an Attune acoustic focusing flow cytometer (ThermoFisher Scientific) and analyzed using FCS Express 6.0 Flow Cytometry (De Novo Software, Pasadena, CA, USA). The results were normalized for cell counts and the respective control. The assays were performed in duplicate and technical duplicates were included to minimize technical error. Doxorubicin (0.4 mM) was used as a positive control in all assays.




4.3.8. Interference of Cellular pH or Membrane Integrity


After seeding and incubation, cells were treated with the protein extract at the concentration of IC50 diluted in fresh RPMI medium for 1 and 3 h. After washing with RPMI (without phenol red), cells were incubated with BCECF-AM (µM) for 20 min, washed again and incubated with propidium iodide (2.5 µg. mL−1) for 10 min. Cells were then washed and visualized in RPMI (without phenol red) under an Eclipse Ti fluorescence microscope, equipped with a DS-QiMc camera (Nikon Instruments, Amsterdam, Netherlands).




4.3.9. Western-Blot


Cells were plated on T-flasks with an area of 75 cm2 with 4 × 105 cells. mL−1. After incubation for 24 h to allow adhesion, cells were treated with fresh medium supplemented with purified extract at the concentration of IC50 or PBS (control) and incubated for 48 h. The cell monolayer was washed three times with PBS and the cells were detached by scraping. The cells were pelletized by centrifugation at 500× g for 5 min (4 °C). The following procedure was adapted from Vinhas et al. [77], using a PVDF membrane (GE Healthcare). Signal acquisition was obtained with Hyperfilm ECL (GE Healthcare). The protein band intensities relative to controls was quantified using ImageJ [78] following normalization to β-actin values.




4.3.10. Cell-Cycle Analysis


Cells were seeded in a 6-well plate at 1 × 105 cells per well and synchronized in early S-phase using a thymidine double block [74]. After the second block, the medium was replaced with fresh medium containing the extract or control (PBS only). The cells were collected by trypsinization after 1 h, 2 h, 3 h, 4 h, 9 h and 24 h. After centrifugation at 650× g for 5 min at 4 °C, pelleted cells were washed with 1 mL cold PBS and centrifuged at 3000× g for 5 min at 4 °C. The cells were then suspended in 100 µL cold PBS and completely disaggregated by soft pipetting before gently adding 1 mL ice-cold ethanol (80% (v/v)). After at least 16 h at 4 °C, the cells were pelletized by centrifuging at 5000× g for 10 min at 4 °C and the supernatant discarded. The cells were treated for 30 min with RNase A 50 µg. mL−1 at 37 °C and propidium iodide was added to a final concentration of 25 µg. mL−1. Data was collected using an Attune acoustic focusing cytometer (ThermoFisher Scientific) and analyzed using FCS Express 6 Flow Cytometry (De Novo Software).




4.3.11. Determination of Cytoskeletal Alterations


Cells were seeded for 24 h in 24-well plates at 1 × 105 cells. mL−1 for 3 h, 6 h and 12 h and at 0.375 × 105 cells. mL−1 for 48 h. Cells were then fixed in 4% (v/v) formaldehyde, permeabilized with 0.1% (v/v) Triton X-100 and blocked with 1% (w/v) bovine serum albumin (BSA). The cells were probed with Alexa Fluor 488 Phalloidin (2.4% (v/v) in 1% (w/v) BSA, 20 min) to stain actin filaments, followed by Hoechst 33258 (Sigma, Missouri, USA) at 5 μg. mL−1 in PBS (15 min) as the nuclear counterstain. Alpha tubulin was tagged with the DM1A anti-α-tubulin monoclonal antibody (Sigma-Aldrich), diluted to 1:200 in 1% (w/v) BSA. After incubation o/n at 4 °C, the primary antibody was tagged with anti-mouse TRITC-conjugated polyclonal secondary antibody (Sigma), diluted to 1:64 in 1% (w/v) BSA (1 h). Cells were then washed with Tris-buffered saline (pH 7.6) with Tween 20 (TBST) and mounted with PBS. The cells were then examined with an Eclipse Ti fluorescence microscope (Nikon Instruments), as described previously.




4.3.12. Cytology


Cells, seeded in 24-well plates with a density of 106 cells. mL−1, were exposed to different concentrations of the purified extract (IC50, 1/5 IC50, 1/10 IC50), plus controls (PBS), for 48 h and additionally to IC50 for 1 h and 3 h. After exposure, cells were scraped and processed for transmission electron microscopy (TEM) as described in Vogt et al. [79], with modifications. Briefly, cells were fixed in 2.5% (v/v) glutaraldehyde in 0.1 M phosphate buffer and post-fixed in 2% (w/v) osmium tetroxide in 0.1M phosphate buffer, overnight. Pellets were washed in ultrapure water and dehydrated in a progressive series of acetone. Pelletized cells were embedded in Epon resin (Sigma-Aldrich) using propylene oxide as intermediate. Thin sections (50–60 nm) were obtained with an Ultracut E ultramicrotome Leica. Sections were collected onto copper and nickel mesh grids and contrasted with 2% (w/v) aqueous Uranyl Acetate and Reynold’s Lead Citrate [80]. Grids were analyzed using a JEOL 100-SX model TEM operated at 80 kV.




4.3.13. Statistical Analysis


The half maximum inhibitory concentration (IC50) was estimated using least squares regression and the results are expressed as IC50 ± standard error of estimates (SEE). Normality and homoscedasticity were evaluated using Shapiro-Wilk’s and Levene’s tests, respectively. When assumptions were met for parametric analyses, we employed ANOVA based on F and Dunn’s tests for multiple comparisons, otherwise the non-parametric Kruskal–Wallis H statistic was used, followed by Student’s T-test and Mann-Whitney’s U (parametric and non-parametric tests, respectively) for paired-sample tests. Statistics were computed using R 3.5 [81]. The significant level was set at 0.05 for all the analyses.






5. Conclusions


In large part due to the number and variety of compounds therein, toxin-bearing secretions of marine invertebrates may have cytotoxic properties beyond the functions acquired by means of natural selection. The present study showed that proteins present in the mucus secreted by a toxungenous marine worm, five of which were positively identified, can specifically cause cell-cycle arrest by a mechanism that is specific to A2780 ovarian adenocarcinoma cells among a panel of six human cell lines, normal included. Even though the precise mechanisms still need further exploration, the effects on A2780 cells seem to derive from the collision of two interaction networks: one centered in cell-cycle arrest as a consequence of dysregulation of protein expression and folding, with a link to RAB3C oncoprotein function; another centered in the lytic activity of arylsulfatases, common enzymes in animal venoms and poisons. The mechanisms, however, are complex and the exact quantities of each individual component in the extract may vary. Nevertheless, the variation in this case seems to be neglectable, as the usage of biological replicates gave similar results. Thus, the consistency of the findings supports the potential of mixed proteins in venoms against aggressively-proliferating cells, as seen, e.g., for bee venoms, steering toward a novel approach to anti-cancer treatments while highlighting the immense potential of the oceans as a source of novel therapeutics.








Supplementary Materials


The following are available online at https://www.mdpi.com/1660-3397/19/1/31/s1, Figure S1. Image of proteins identified by MS/MS; Figure S2. Alignment of the peptides obtained from MS/MS and RNAseq; Table S1. Sequences of primers used in RT-qPCR; Figure S3. Expression analysis of key proteins in the mucus extract by RT-qPCR, comparing the proboscis and body wall; Figure S4. Production of Reactive Oxygen Species (A) and Mitochondrial Membrane Potential (B) in A2780 cells exposed during 48 h to the extract (IC50, 0.08 µg. µL−1) and the control (PBS); Figure S5. Autophagy assay of cells exposed to the extract and the control (PBS) during 12 h, 24 h and 48 h to an extract concentration of IC50 (0.08 µg. µL−1) and during 48 h to a concentration of 1/10 IC50 and 1/5 IC50; Figure S6. Immunofluorescent assay used in A2780 cells exposed to the extract (IC50, 0.08 µg.µL−1) and the control (PBS) during 3 h, 6 h, 12 h and 48 h; Table S2. Individual results from STRING for each of the homologous in Homo sapiens (ARSB-arylsulfatase B, PRSS1-trypsin-1 serine protease, YWHAZ-14-3-3 protein zeta, RAB3C-Ras-related protein Rab-3C, HSPA8-Heat shock protein 70 kDa), for the proteins identified in Eulalia sp.





Author Contributions


A.P.R. collected the specimens and executed the experimental under the supervision of P.M.C. and A.R.F.; A.R.G. handled and interpreted RNA-Seq data; V.M.M. and B.M. performed MS/MS analysis; A.P.A.d.M. assisted in electron microscopy images; A.P.R., P.M.C. and A.R.F. wrote the article with important contributions from all authors; A.R.F., P.V.B. and P.M.C. supervised the project and designed the experiments. All authors read and commented on the manuscript and approved its submission. All authors have read and agreed to the published version of the manuscript.




Funding


The Portuguese Foundation for Science and Technology (FCT) funded project WormALL (PTDC/BTA-BTA/28650/2017) plus the grants SFRH/BD/109462/2015 to A.P.R., and CEECIND/02699/2017 to A.R.G. The Applied Molecular Biosciences Unit-UCIBIO is financed by national funds from FCT, ref. UIDB/04378/2020. FCT, along with the European Regional Development Fund (ERDF) through the COMPETE 2020—Operational Programme for Competitiveness and Internationalisation also funded the projects: POCI-01-0145-FEDER-007440 (UID/NEU/04539/2019), POCI-01-0145-FEDER-016428 (SAICTPAC/0010/2015), POCI-01-0145-FEDER-029311 (PTDC/BTM-TEC/29311/2017), POCI-01-0145-FEDER-30943 (PTDC/MEC-PSQ/30943/2017) and PTDC/MED-NEU/27946/2017. The work was also funded by the National Mass Spectrometry Network (RNEM) under the contract POCI-01-0145-FEDER-402-022125 (ref.: ROTEIRO/0028/2013).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Bulk data is available as Supplementary Information. Bulk RNA-Seq data is deposited in Gene Expression Omnibus (GEO) under the accession number GSE143954.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Das, K.; Beyene, B.B.; Datta, A.; Garribba, E.; Roma-Rodrigues, C.; Silva, A.; Fernandes, A.R.; Hung, C.H. EPR and electrochemical interpretation of bispyrazolylacetate anchored Ni(ii) and Mn(ii) complexes: Cytotoxicity and anti-proliferative activity towards human cancer cell lines. New J. Chem. 2018, 42, 9126–9139. [Google Scholar] [CrossRef]

	



Ferlay, J.; Colombet, M.; Soerjomataram, I.; Dyba, T.; Randi, G.; Bettio, M.; Gavin, A.; Visser, O.; Bray, F. Cancer incidence and mortality patterns in Europe: Estimates for 40 countries and 25 major cancers in 2018. Eur. J. Cancer 2018, 103, 356–387. [Google Scholar] [CrossRef]

	



Beaufort, C.M.; Helmijr, J.C.A.; Piskorz, A.M.; Hoogstraat, M.; Ruigrok-Ritstier, K.; Besselink, N.; Murtaza, M.; Van IJcken, W.F.J.; Heine, A.A.J.; Smid, M.; et al. Ovarian cancer cell line panel (OCCP): Clinical importance of in vitro morphological subtypes. PLoS ONE 2014, 9, e0103988. [Google Scholar] [CrossRef]

	



Lalwani, N.; Prasad, S.R.; Vikram, R.; Shanbhogue, A.K.; Huettner, P.C.; Fasih, N. Histologic, molecular, and cytogenetic features of ovarian cancers: Implications for diagnosis and treatment. Radiographics 2011, 31, 625–646. [Google Scholar] [CrossRef] [PubMed]

	



Anglesio, M.S.; Wiegand, K.C.; Melnyk, N.; Chow, C.; Salamanca, C.; Prentice, L.M.; Senz, J.; Yang, W.; Spillman, M.A.; Cochrane, D.R.; et al. Type-specific cell line models for type-specific ovarian cancer research. PLoS ONE 2013, 8, e0072162. [Google Scholar] [CrossRef]

	



Hallas-Potts, A.; Dawson, J.C.; Herrington, C.S. Ovarian cancer cell lines derived from non-serous carcinomas migrate and invade more aggressively than those derived from high-grade serous carcinomas. Sci. Rep. 2019, 9, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Mann, J. Natural products in cancer chemotherapy: Past, present and future. Nat. Rev. Cancer 2002, 2, 143–148. [Google Scholar] [CrossRef]

	



Roberts, P.J.; Der, C.J. Targeting the Raf-MEK-ERK mitogen-activated protein kinase cascade for the treatment of cancer. Oncogene 2007, 26, 3291–3310. [Google Scholar] [CrossRef]

	



Leal, M.C.; Anaya-Rojas, J.M.; Munro, M.H.G.; Blunt, J.W.; Melian, C.J.; Calado, R.; Lürig, M.D. Fifty years of capacity building in the search for new marine natural products. Proc. Natl. Acad. Sci. USA 2020, 117, 202007610. [Google Scholar] [CrossRef]

	



Hu, Y.; Chen, J.; Hu, G.; Yu, J.; Zhu, X.; Lin, Y.; Chen, S.; Yuan, J. Statistical research on the bioactivity of new marine natural products discovered during the 28 years from 1985 to 2012. Mar. Drugs 2015, 13, 202–221. [Google Scholar] [CrossRef]

	



Khalifa, S.A.M.; Elias, N.; Farag, M.A.; Chen, L.; Saeed, A.; Hegazy, M.E.F.; Moustafa, M.S.; El-Wahed, A.A.; Al-Mousawi, S.M.; Musharraf, S.G.; et al. Marine natural products: A source of novel anticancer drugs. Mar. Drugs 2019, 17, 491. [Google Scholar] [CrossRef] [PubMed]

	



Cuevas, C.; Francesch, A. Development of Yondelis® (trabectedin, ET-743). A semisynthetic process solves the supply problem. Nat. Prod. Rep. 2009, 26, 322–337. [Google Scholar] [CrossRef] [PubMed]

	



Chernikov, O.; Kuzmich, A.; Chikalovets, I.; Molchanova, V.; Hua, K.F. Lectin CGL from the sea mussel Crenomytilus grayanus induces Burkitt’s lymphoma cells death via interaction with surface glycan. Int. J. Biol. Macromol. 2017, 104, 508–514. [Google Scholar] [CrossRef] [PubMed]

	



Figuerola, B.; Avila, C. The phylum bryozoa as a promising source of anticancer drugs. Mar. Drugs 2019, 17, 477. [Google Scholar] [CrossRef]

	



Do Nascimento-Neto, L.G.; Cabral, M.G.; Carneiro, R.F.; Silva, Z.; Arruda, F.V.S.; Nagano, C.S.; Fernandes, A.R.; Sampaio, A.H.; Teixeira, E.H.; Videira, P.A. Halilectin-3, a lectin from the marine sponge Haliclona caerulea, induces apoptosis and autophagy in human breast cancer MCF7 cells through caspase-9 pathway and LC3-II protein expression. Anticancer. Agents Med. Chem. 2018, 18, 521–528. [Google Scholar] [CrossRef]

	



Rodrigo, A.P.; Costa, P.M. The hidden biotechnological potential of marine invertebrates: The Polychaeta case study. Environ. Res. 2019, 173, 270–280. [Google Scholar] [CrossRef]

	



Cuevas, N.; Martins, M.; Rodrigo, A.P.; Martins, C.; Costa, P.M. Explorations on the ecological role of toxin secretion and delivery in jawless predatory Polychaeta. Sci. Rep. 2018, 8, 7635. [Google Scholar] [CrossRef]

	



Rodrigo, A.P.; Martins, C.; Costa, M.H.; Alves de Matos, A.P.; Costa, P.M. A morphoanatomical approach to the adaptive features of the epidermis and proboscis of a marine Polychaeta: Eulalia viridis (Phyllodocida: Phyllodocidae). J. Anat. 2018, 233, 567–579. [Google Scholar] [CrossRef]

	



Rodrigo, A.P.; Grosso, A.R.; Baptista, P.V.; Fernandes, A.R.; Costa, P.M. A transcriptomic approach to the recruitment of venom proteins in a marine Polychaeta. 2020; 1–22, submitted. [Google Scholar]

	



Oršolić, N. Bee venom in cancer therapy. Cancer Metastasis Rev. 2012, 31, 173–194. [Google Scholar] [CrossRef]

	



Marcinkiewicz, C. Applications of snake venom components to modulate integrin activities in cell-matrix interactions. Int. J. Biochem. Cell Biol. 2013, 45, 1974–1986. [Google Scholar] [CrossRef]

	



Calderon, L.A.; Sobrinho, J.C.; Zaqueo, K.D.; Moura, A.A.D.; Grabner, A.N.; Mazzi, M.V.; Marcussi, S.; Nomizo, A.; Fernandes, C.F.C.; Zuliani, J.P.; et al. Antitumoral activities of snake venom proteins: New trends in cancer therapy. BioMed Res. Int. 2014, 2014, 1–19. [Google Scholar] [CrossRef] [PubMed]

	



Simões-Silva, R.; Alfonso, J.; Gomez, A.; Holanda, R.J.; Sobrinho, J.C.; Zaqueo, K.D.; Moreira-Dill, L.S.; Kayano, A.M.; Grabner, F.P.; da Silva, S.L.; et al. Snake venom, a natural library of new potential therapeutic molecules: Challenges and current perspectives. Curr. Pharm. Biotechnol. 2018, 19, 308–335. [Google Scholar] [CrossRef] [PubMed]

	



Antolikova, N.R.; Kello, M.; Zigova, M.; Tischlerova, V.; Petrilla, V.; Pirnik, Z.; Mojzisova, G.; Mojzis, J. Naja asheiz venom induces mitochondria-mediated apoptosis in human colorectal cancer cells. Acta Biochim. Pol. 2019, 66, 207–213. [Google Scholar] [CrossRef]

	



Okada, M.; Ortiz, E.; Corzo, G.; Possani, L.D. Pore-forming spider venom peptides show cytotoxicity to hyperpolarized cancer cells expressing K+ channels: A lentiviral vector approach. PLoS ONE 2019, 14, e0215391. [Google Scholar] [CrossRef]

	



Matsui, T.; Fujimura, Y.; Titani, K. Snake venom proteases affecting hemostasis and thrombosis. Biochim. Biophys. Acta Protein Struct. Mol. Enzymol. 2000, 1477, 146–156. [Google Scholar] [CrossRef]

	



Nok, A.J.; Abubakar, M.S.; Adaudi, A.; Balogun, E. Aryl sulfatase from Naja nigricolis venom: Characterization and possible contribution in the pathology of snake poisoning. J. Biochem. Mol. Toxicol. 2003, 17, 59–66. [Google Scholar] [CrossRef]

	



Pesentseva, M.S.; Sova, V.V.; Silchenko, A.S.; Kicha, A.A.; Silchenko, A.S.; Haertle, T.; Zvyagintseva, T.N. A new arylsulfatase from the marine mollusk Turbo chrysostomus. Chem. Nat. Compd. 2012, 48, 853–859. [Google Scholar] [CrossRef]

	



Diez-Roux, G.; Ballabio, A. Sulfatases and human disease. Annu. Rev. Genomics Hum. Genet. 2005, 6, 355–379. [Google Scholar] [CrossRef]

	



De Graaf, D.C.; Aerts, M.; Brunain, M.; Desjardins, C.A.; Jacobs, F.J.; Werren, J.H.; Devreese, B. Insights into the venom composition of the ectoparasitoid wasp Nasonia vitripennis from bioinformatic and proteomic studies. Insect Mol. Biol. 2010, 19, 11–26. [Google Scholar] [CrossRef]

	



Fricke, E.R.; Hartmann, F. Connective Tissues: Biochemistry and Pathophysiology; Springer: Berlin/Heidelberg, Germany; New York, NY, USA, 1974; ISBN 9783642619342. [Google Scholar]

	



Bhattacharyya, S.; Kotlo, K.; Danziger, R.; Tobacman, J.K. Arylsulfatase B regulates interaction of chondroitin-4-sulfate and kininogen in renal epithelial cells. Biochim. Biophys. Acta Mol. Basis Dis. 2010, 1802, 472–477. [Google Scholar] [CrossRef]

	



Zucker-franklin, D.; Grusky, G.; Yang, J. Arylsulfatase in natural killer cells: Its possible role in cytotoxicity. Proc. Natl. Acad. Sci. USA 1983, 80, 6977–6981. [Google Scholar] [CrossRef] [PubMed]

	



Bose, U.; Wang, T.; Zhao, M.; Motti, C.A.; Hall, M.R.; Cummins, S.F. Multiomics analysis of the giant triton snail salivary gland, a crown-of-thorns starfish predator. Sci. Rep. 2017, 7, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Page, M.J.; Di Cera, E. Evolution of peptidase diversity. J. Biol. Chem. 2008, 283, 30010–30014. [Google Scholar] [CrossRef] [PubMed]

	



Amorim, F.G.; Menaldo, D.L.; Carone, S.E.I.; Silva, T.A.; Sartim, M.A.; De Pauw, E.; Quinton, L.; Sampaio, S.V. New insights on moojase, a thrombin-like serine protease from Bothrops moojeni snake venom. Toxins 2018, 10, 500. [Google Scholar] [CrossRef] [PubMed]

	



Carone, S.E.I.; Menaldo, D.L.; Sartim, M.A.; Bernardes, C.P.; Caetano, R.C.; da Silva, R.R.; Cabral, H.; Barraviera, B.; Ferreira Junior, R.S.; Sampaio, S.V. BjSP, a novel serine protease from Bothrops jararaca snake venom that degrades fibrinogen without forming fibrin clots. Toxicol. Appl. Pharmacol. 2018, 357, 50–61. [Google Scholar] [CrossRef]

	



Choo, Y.M.; Lee, K.S.; Yoon, H.J.; Kim, B.Y.; Sohn, M.R.; Roh, J.Y.; Je, Y.H.; Kim, N.J.; Kim, I.; Woo, S.D.; et al. Dual function of a bee venom serine protease: Prophenoloxidase-activating factor in arthropods and fibrin(ogen)olytic enzyme in mammals. PLoS ONE 2010, 5, e0010393. [Google Scholar] [CrossRef]

	



Jee, H. Size dependent classification of heat shock proteins: A mini-review. J. Exerc. Rehabil. 2016, 12, 255–259. [Google Scholar] [CrossRef]

	



Schlüter, O.M.; Khvotchev, M.; Jahn, R.; Südhof, T.C. Localization versus function of Rab3 proteins: Evidence for a common regulatory role in controlling fusion. J. Biol. Chem. 2002, 277, 40919–40929. [Google Scholar] [CrossRef]

	



Schwartz, S.L.; Cao, C.; Pylypenko, O.; Rak, A.; Wandinger-Ness, A. Rab GTPases at a glance. J. Cell Sci. 2008, 120, 3905–3910. [Google Scholar] [CrossRef]

	



Van Vlijmen, T.; Vleugel, M.; Evers, M.; Mohammed, S.; Wulf, P.S.; Heck, A.J.R.; Hoogenraad, C.C.; van der Sluijs, P. A unique residue in rab3c determines the interaction with novel binding protein Zwint-1. FEBS Lett. 2008, 582, 2838–2842. [Google Scholar] [CrossRef]

	



Xu, Z.; Zhou, Y.; Cao, Y.; Dinh, T.L.A.; Wan, J.; Zhao, M. Identification of candidate biomarkers and analysis of prognostic values in ovarian cancer by integrated bioinformatics analysis. Med. Oncol. 2016, 33. [Google Scholar] [CrossRef] [PubMed]

	



Van Hemert, M.J.; Yde Steensma, H.; Van Paul, G. 14-3-3 Proteins: Key regulators of cell division, signalling and apoptosis. BioEssays 2001, 23, 936–946. [Google Scholar] [CrossRef] [PubMed]

	



Takayama, S.; Bimston, D.N.; Matsuzawa, S.I.; Freeman, B.C.; Aime-Sempe, C.; Xie, Z.; Morimoto, R.I.; Reed, J.C. BAG-1 modulates the chaperone activity of Hsp70/Hsc70. EMBO J. 1997, 16, 4887–4896. [Google Scholar] [CrossRef] [PubMed]

	



Reed, J.C. Double identity for proteins of the Bcl-2 family. Nature 1997, 387, 773–776. [Google Scholar] [CrossRef]

	



Maurer, G.; Tarkowski, B.; Baccarini, M. Raf kinases in cancer-roles and therapeutic opportunities. Oncogene 2011, 30, 3477–3488. [Google Scholar] [CrossRef]

	



Grammatikakis, N.; Lin, J.-H.; Grammatikakis, A.; Tsichlis, P.N.; Cochran, B.H. p50cdc37 acting in concert with Hsp90 is Required for Raf-1 function. Mol. Cell. Biol. 1999, 19, 1661–1672. [Google Scholar] [CrossRef]

	



Huang, Y.; Guo, X.-X.; Han, B.; Zhang, X.-M.; An, S.; Zhang, X.-Y.; Yang, Y.; Liu, Y.; Hao, Q.; Xu, T.-R. Decoding the full picture of Raf1 function based on its interacting proteins. Oncotarget 2017, 8, 68329–68337. [Google Scholar] [CrossRef]

	



Jaumot, M.; Hancock, J.F. Protein phosphatases 1 and 2A promote Raf-1 activation by regulating 14-3-3 interactions. Oncogene 2001, 20, 3949–3958. [Google Scholar] [CrossRef]

	



Mils, V.; Baldin, V.; Goubin, F.; Pinta, I.; Papin, C.; Waye, M.; Eychene, A.; Ducommun, B. Specific interaction between 14-3-3 isoforms and the human CDC25B phosphatase. Oncogene 2000, 19, 1257–1265. [Google Scholar] [CrossRef]

	



Ferguson, A.T.; Evron, E.; Umbricht, C.B.; Pandita, T.K.; Chan, T.A.; Hermeking, H.; Marks, J.R.; Lambers, A.R.; Futreal, P.A.; Stampfer, M.R.; et al. High frequency of hypermethylation at the 14-3-3 σ locus leads to gene silencing in breast cancer. Proc. Natl. Acad. Sci. USA 2000, 97, 6049–6054. [Google Scholar] [CrossRef]

	



MacFarlane, S.N.; Sontheimer, H. Changes in ion channel expression accompany cell cycle progression of spinal cord astrocytes. Glia 2000, 30, 39–48. [Google Scholar] [CrossRef]

	



Goloubinoff, P. Editorial: The HSP70 molecular chaperone machines. Front. Mol. Biosci. 2017, 4, 1–4. [Google Scholar] [CrossRef] [PubMed]

	



Eustace, B.K.; Sakurai, T.; Stewart, J.K.; Yimlamai, D.; Unger, C.; Zehetmeier, C.; Lain, B.; Torella, C.; Henning, S.W.; Beste, G.; et al. Functional proteomic screens reveal an essential extracellular role for hsp90α in cancer cell invasiveness. Nat. Cell Biol. 2004, 6, 507–514. [Google Scholar] [CrossRef] [PubMed]

	



Cho, H.S.; Shimazu, T.; Toyokawa, G.; Daigo, Y.; Maehara, Y.; Hayami, S.; Ito, A.; Masuda, K.; Ikawa, N.; Field, H.I.; et al. Enhanced HSP70 lysine methylation promotes proliferation of cancer cells through activation of Aurora kinase B. Nat. Commun. 2012, 3. [Google Scholar] [CrossRef]

	



Kovacs, Z.; Jung, I.; Gurzu, S. Arylsulfatases A and B: From normal tissues to malignant tumors. Pathol. Res. Pract. 2019, 215, 152516. [Google Scholar] [CrossRef]

	



Feferman, L.; Bhattacharyya, S.; Deaton, R.; Gann, P.; Guzman, G.; Kajdacsy-Balla, A.; Tobacman, J.K. Arylsulfatase B (N-acetylgalactosamine-4-sulfatase): Potential role as a biomarker in prostate cancer. Prostate Cancer Prostatic Dis. 2013, 16, 277–284. [Google Scholar] [CrossRef]

	



Bhattacharyya, S.; Feferman, L.; Han, X.; Ouyang, Y.; Zhang, F.; Linhardt, R.J.; Tobacman, J.K. Decline in arylsulfatase B expression increases EGFR expression by inhibiting the protein-tyrosine phosphatase SHP2 and activating JNK in prostate cells. J. Biol. Chem. 2018, 293, 11076–11087. [Google Scholar] [CrossRef]

	



Lenis-Rojas, O.A.; Fernandes, A.R.; Roma-Rodrigues, C.; Baptista, P.V.; Marques, F.; Pérez-Fernández, D.; Guerra-Varela, J.; Sánchez, L.; Vázquez-García, D.; Torres, M.L.; et al. Heteroleptic mononuclear compounds of ruthenium(II): Synthesis, structural analyses, in vitro antitumor activity and in vivo toxicity on zebrafish embryos. Dalt. Trans. 2016, 45, 19127–19140. [Google Scholar] [CrossRef]

	



Choroba, K.; MacHura, B.; Raposo, L.R.; Małecki, J.G.; Kula, S.; Pajak, M.; Erfurt, K.; Maroń, A.M.; Fernandes, A.R. Platinum(II) complexes showing high cytotoxicity toward A2780 ovarian carcinoma cells. Dalt. Trans. 2019, 48, 13081–13093. [Google Scholar] [CrossRef]

	



González-Polo, R.A.; Boya, P.; Pauleau, A.L.; Jalil, A.; Larochette, N.; Souquère, S.; Eskelinen, E.L.; Pierron, G.; Saftig, P.; Kroemer, G. The apoptosis/autophagy paradox: Autophagic vacuolization before apoptotic death. J. Cell Sci. 2005, 118, 3091–3102. [Google Scholar] [CrossRef]

	



Malyarenko, T.V.; Malyarenko, O.S.; Kicha, A.A.; Ivanchina, N.V.; Kalinovsky, A.I.; Dmitrenok, P.S.; Ermakova, S.P.; Stonik, V.A. In vitro anticancer and proapoptotic activities of steroidal glycosides from the starfish Anthenea aspera. Mar. Drugs 2018, 16, 420. [Google Scholar] [CrossRef] [PubMed]

	



Gomes, S.E.; Pereira, D.M.; Roma-rodrigues, C.; Rodrigues, M.P.; Fernandes, R.; Borralho, P.M. Convergence of miR-143 overexpression, oxidative stress and cell death in HCT116 human colon cancer cells. PLoS ONE 2018, 13, e0191607. [Google Scholar] [CrossRef] [PubMed]

	



Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 1970, 227, 680–685. [Google Scholar] [CrossRef] [PubMed]

	



Hames, B.D. Gel Electrophoresis of Proteins: A Practical Approach, 3rd ed.; Oxford University Press: New York, NY, USA, 1998. [Google Scholar]

	



Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic local alignment search tool. J. Mol. Biol. 1990, 215, 403–410. [Google Scholar] [CrossRef]

	



Thiel, D.; Hugenschutt, M.; Meyer, H.; Paululat, A.; Quijada-Rodriguez, A.R.; Purschke, G.; Weihrauch, D. Ammonia excretion in the marine polychaete Eurythoe complanata (Annelida). J. Exp. Biol. 2017, 220, 425–436. [Google Scholar] [CrossRef]

	



Suzek, B.E.; Wang, Y.; Huang, H.; McGarvey, P.B.; Wu, C.H. UniRef clusters: A comprehensive and scalable alternative for improving sequence similarity searches. Bioinformatics 2015, 31, 926–932. [Google Scholar] [CrossRef]

	



States, D.J.; Gish, W. Combined use of sequence similarity and codon bias for coding region identification. J. Comput. Biol. 1994, 1, 39–50. [Google Scholar] [CrossRef]

	



Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2−ΔΔCT method. Methods 2001, 25, 402–408. [Google Scholar] [CrossRef]

	



Szklarczyk, D.; Gable, A.L.; Lyon, D.; Junge, A.; Wyder, S.; Huerta-Cepas, J.; Simonovic, M.; Doncheva, N.T.; Morris, J.H.; Bork, P.; et al. STRING v11: Protein-protein association networks with increased coverage, supporting functional discovery in genome-wide experimental datasets. Nucleic Acids Res. 2019, 47, D607–D613. [Google Scholar] [CrossRef]

	



Czerwińska, K.; Machura, B.; Kula, S.; Krompiec, S.; Erfurt, K.; Roma-Rodrigues, C.; Fernandes, A.R.; Shul’Pina, L.S.; Ikonnikov, N.S.; Shul’Pin, G.B. Copper(II) complexes of functionalized 2,2′:6′,2″-terpyridines and 2,6-di(thiazol-2-yl)pyridine: Structure, spectroscopy, cytotoxicity and catalytic activity. Dalt. Trans. 2017, 46, 9591–9604. [Google Scholar] [CrossRef]

	



Almeida, J.; Roma-Rodrigues, C.; Mahmoud, A.G.; Guedes da Silva, M.F.C.; Pombeiro, A.J.L.; Martins, L.M.D.R.S.; Baptista, P.V.; Fernandes, A.R. Structural characterization and biological properties of silver(I) tris(pyrazolyl)methane sulfonate. J. Inorg. Biochem. 2019, 199, 110789. [Google Scholar] [CrossRef] [PubMed]

	



Ma, Z.; Zhang, B.; Guedes Da Silva, M.F.C.; Silva, J.; Mendo, A.S.; Baptista, P.V.; Fernandes, A.R.; Pombeiro, A.J.L. Synthesis, characterization, thermal properties and antiproliferative potential of copper (II) 4′-phenyl-terpyridine compounds. Dalt. Trans. 2016, 45, 5339–5355. [Google Scholar] [CrossRef] [PubMed]

	



Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 2012, 9, 671–675. [Google Scholar] [CrossRef] [PubMed]

	



Vinhas, R.; Fernandes, A.R.; Baptista, P.V. Gold nanoparticles for BCR-ABL1 gene silencing: Improving tyrosine kinase inhibitor efficacy in chronic myeloid leukemia. Mol. Ther. Nucleic Acids 2017, 7, 408–416. [Google Scholar] [CrossRef]

	



Schindelin, J.; Arganda-Carrera, I.; Frise, E.; Verena, K.; Mark, L.; Tobias, P.; Stephan, P.; Curtis, R.; Stephan, S.; Benjamin, S.; et al. Fiji—An open platform for biological image analysis. Nat. Methods 2009, 9, 241. [Google Scholar] [CrossRef]

	



Vogt, C.; Pernemalm, M.; Kohonen, P.; Laurent, S.; Hultenby, K.; Vahter, M.; Lehtiö, J.; Toprak, M.S.; Fadeel, B. Proteomics analysis reveals distinct corona composition on magnetic nanoparticles with different surface coatings: Implications for interactions with primary human macrophages. PLoS ONE 2015, 10, e0129008. [Google Scholar] [CrossRef]

	



Venable, J.H.; Coggeshall, R. A simplified lead citrate stain for use in electron microscopy. J. Cell Biol. 1965, 25, 407–408. [Google Scholar] [CrossRef]

	



Ihaka, R.; Gentleman, R. R: A language for data analysis and graphics. J. Comput. Graph. Stat. 1996, 5, 299–314. [Google Scholar] [CrossRef]








[image: Marinedrugs 19 00031 g001 550] 





Figure 1. Cell viability determined by the MTS assay in HCT116 (A), Fibroblasts (B), A2780 (C), K562 (D), MCF7 (E) and A549 (F) cell lines. Cells were exposed for 48 h to purified proteins extracts corresponding to concentrations between 0.0022 and 1.6 µg. µL−1, plus controls (PBS only). Measurements are indicated as means ± SD of three independent replicates. A positive control (doxorubicin) was used in all assays. 
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Figure 2. Determination of apoptosis in the A2780 cell line exposed for 12 h (A) and 24 h (B) to purified extracts corresponding to the IC50 threshold (0.08 µg. µL−1) and exposed for 48 h (C) between 1/10 IC50 (0.08 µg. µL−1) and IC50. Blue arrows are indicative of normal nuclei and white arrows of apoptotic nuclei. Results are presented as mean ± SEM of three independent replicates. *Indicates significant differences towards control (Student’s t test, p < 0.01). Different letters are indicative of significant differences (Dunn’s test, p < 0.05). Scale bars: 10 µm. 
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Figure 3. Determination of autophagy in A2780 cell line exposed for 12 h (A) and 24 h (B) to purified extracts at IC50 (0.08 µg. µL−1) and exposed for 48 h (C) to purified extract between 1/10 IC50 (0.08 µg. µL−1) and IC50. A positive control was used (rapamycin) in all assays. Results are presented as mean ± SEM of three independent replicates. Different letters are indicative of significant differences (Dunn’s test, p < 0.05). Scale bars: 10 µm. 
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Figure 4. Changes in cell ultrastructure revealed by transmission electron microscopy (TEM) applied to A2780 cells. (A) Cells exposed for 1 h to control (PBS). (B) Cells exposed for 1 h to IC50 concentration. (C) Cells exposed for 3 h to control (PBS). (D) Cells exposed for 3 h to IC50 concentration. (E) Cells exposed for 48 h to control (PBS). (F) Cells exposed for 48 h to 1/10 IC50 concentration. (G) Cells exposed for 48 h to 1/5 IC50 concentration. (H) Cells exposed for 48 h to IC50 concentration.. Apoptotic nuclei (an) were visible after 1 h of exposure, whereas autophagosomes (aph) became evident after 3 h. After 48 h of exposure, nuclear pleomorphisms (pn) were more obvious, as well as an increase in the number of mitochondria, regardless of apoptotic or autophagic cells, when compared with controls. Inset: membrane detail of cells exposed to IC50 dosage during 48 h. Nuclei (n). Scale bars: 2 µm. 
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Figure 5. Expression of BAX, BCL-2, their ratio and Caspase 8 activity in A2780 cells exposed to the IC50 of purified extracts for 48 h (0.08 µg. µL−1). (A) Relative expression of BAX and BCL-2, normalized to control. (B) Apoptotic index estimated from the BAX/BCL-2 ratio, after incubation with PBS (control) and extract (IC50). (C) Caspase 8 activity normalized to control. Results are presented as mean ± SEM of three independent replicates. * Indicates significant differences to control (Kruskal–Wallis H, p < 0.05). 
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Figure 6. Plasmatic membrane potential (A, B) and fluorescent staining assays (propidium iodide for nucleic acid staining and BCECF-AM for plasmatic membrane staining, (C–F) in A2780 cells exposed to IC50 extract concentration (0.08 µg. µL−1), and the respective control (PBS) for 1 h and 3 h. Results are presented as mean ± SEM of three independent replicates. 
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Figure 7. Cell-cycle analysis and immunofluorescence assay at 1 h (A), 2 h (B), 3 h (C), 4 h (D), 9 h (E), 12 h (F), 24 h (G) and 48 h (H), for A2780 cell line exposed to the extract (IC50, 0.08 µg. µL−1) and the respective control (PBS). The cell cycle was analyzed by flow cytometry. The cells for the immunofluorescent assay were probed with F-actin (green) and α-tubulin (red) and counterstained with Hoechst dye 33258 (blue). Results are presented as mean ± SEM of three independent replicates. * Indicates significant differences to control (Student’s t-test, p < 0.05). ▪ Indicates differences to control (p < 0.1). Scale bars: 10 µm. 
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Figure 8. A network analysis between human protein homologs (HSPA8, RAB3C, YWHAZ, ARSB and PRSS1) using STRING. The two autonomous protein interaction networks were expanded to allocate additional ten proteins to increase the radius of interactions beyond the proteins identified in the present work. (A) Network with the homologs HSPA8, RAB3C, YWAZ and their respective interactions. (B) Network with the homologs ARSB, PRSS1 and their respective interactions. The confidence cut-off for showing interaction links has been set to medium (0.400). ARSB—arylsulfatase B; BAG1—BCL-2 associated athanogene family molecular chaperone regulator 1; BCAS2—Pre-mRNA-splicing factor SPF27; CDC5L—cell division cycle 5-like protein; CWC15—spliceosome-associated protein CWC15 homolog; DNAJB1—DnaJ homolog subfamily B member 1; DNAJC6—putative tyrosine-protein phosphatase auxilin; GUSB—beta-glucuronidase; HSPA8—heat shock cognate 71 kDa protein; HSP90AA1—heat shock protein HSP 90-alpha; HSP90AB1—heat shock protein HSP 90-beta; IDUA—alpha-L-iduronidase; KRT10—keratin, type I cytoskeletal 10; PRSS1—trypsin-1; RAB3C—Ras-related protein Rab-3C; RAF1—RAF proto-oncogene serine/threonine-protein kinase; SUMF1—sulfatase-modifying factor 1; SUMF2—sulfatase-modifying factor 2; YWHAB—14-3-3 protein beta/alpha; YWHAZ—14-3-3 protein zeta. 
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Table 1. Matched peptidic sequences and translated mRNAs upregulated in the proboscis and respective contrasting against Pfam and Toxins databases.
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	Protein
	Method
	logFC
	Conserved Domain (Pfam)
	Protein Match
	e-Value (Blastp)





	SP
	RNAseq
	11.85
	Trypsin-like serine protease
	Serine protease 33-like (Orbicella faveolata)
	6 × 10−54



	
	MS/MS
	
	-
	Serine protease (Protobothrops flavoviridis)
	6 × 10−5



	
	MS/MS
	
	-
	Transmembrane protease serine 7 (Ophiophagus hannah)
	7.8



	ARSB
	RNAseq
	5.08
	ALP P like superfamily
	Arylsulfatase B (Penaeus vannamei)
	2 × 10−83



	
	MS/MS
	
	-
	N-acetylgalactosamine 6-sulfate sulfatase (Candidatus Moranbacteria bacterium)
	19



	RAB3
	RNAseq
	3.96
	Rab GTPase family 3
	Rab3 (Doryteuthis pealeii)
	2.00 × 10−147



	
	MS/MS
	
	Rab GTPase family 3
	Ras family protein (Trichuris suis)
	1.00 × 10−06



	
	MS/MS
	
	-
	Ras-related protein Rab-3 (Melipona quadrifasciata)
	0.45



	14-3-3
	RNAseq
	1.53
	14-3-3 superfamily
	14-3-3 zeta (Pristionchus pacificus) (38kDa)
	2.00 × 10−121



	
	MS/MS
	
	-
	14-3-3-like protein 4 (Pseudotsuga menziesii)
	0.21



	HSP70
	RNAseq
	1.09
	Heat shock 70 kDa protein
	HSPA8 protein (Homo sapiens)
	0



	
	MS/MS
	
	HSP70
	Heat shock cognate 71 kDa protein (Cricetulus griseus)
	3.00 × 10−15
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Table 2. Half maximal inhibitory concentration (IC50) determined through the cell viability assay (MTS assay). Values for the IC50 determined for each cell line are indicated as means ± SEE of three independent replicates.
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	Cells
	IC50 ± SEE (µg. µL−1)





	A2780
	0.08 ± 0.01



	HCT116
	0.24 ± 4.00



	A549
	0.46 ± 0.05



	MCF7
	0.15 ± 0.04



	K562
	0.37 ± 0.04



	Fibroblasts
	0.29 ± 0.02
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