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Abstract

:

The bioactive natural product seriniquinone was discovered as a potential melanoma drug, which was produced by the as-yet-undescribed marine bacterium of the rare genus Serinicoccus. As part of a long-term research program aimed at the discovery of new agents for the treatment of cancer, seriniquinone revealed remarkable in vitro activity against a diversity of cancer cell lines in the US National Cancer Institute 60-cell line screening. Target deconvolution studies defined the seriniquinones as a new class of melanoma-selective agents that act in part by targeting dermcidin (DCD). The targeted DCD peptide has been recently examined and defined as a “pro-survival peptide” in cancer cells. While DCD was first isolated from human skin and thought to be only an antimicrobial peptide, currently DCD has been also identified as a peptide associated with the survival of cancer cells, through what is believed to be a disulfide-based conjugation with proteins that would normally induce apoptosis. However, the significantly enhanced potency of seriniquinone was of particular interest against the melanoma cell lines assessed in the NCI 60-cell line panel. This observed selectivity provided a driving force that resulted in a multidimensional program for the discovery of a usable drug with a new anticancer target and, therefore, a novel mode of action. Here, we provided an overview of the discovery and development efforts to date.
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1. The Discovery of Seriniquinone and its Early Bioactivity


With support from the US National Cancer Institute, an expedition of the Fenical group to the islands of Palau in the South Pacific was undertaken. Here, the goal was to isolate the unique marine bacteria which was found in both shallow and deep-water sediments. One sediment sample, when cultivated in a seawater-based nutrient medium yielded a unique Gram-positive bacterium, which is identified by 16S rDNA sequence methods as a member of the rare marine genus Serinicoccus (Figure 1). As part of this project, we cultured this bacterium and evaluated the whole culture organic extract against HCT-116 colon carcinoma using our in-house in vitro assay. The activity of the organic extract against HCT-116 was measured as LD50 value of 0.4 μg/mL, a modest but significant level of cytotoxicity.



Members of the genus Serinicoccus have never been chemically explored. Therefore, we were intrigued when we found relevant cytotoxic activity from the crude extract. Cytotoxicity-guided purification led to the isolation of highly aromatic metabolite with the unusual molecular formula C20H8O4S. With limited structures that fit this formula, we were readily able to assign the structure of seriniquinone (Figure 2).



While the extract revealed only moderate cytotoxicity, when the pure compound was subjected to the NCI 60-cell line evaluation, we were excited to see a significant degree of selectivity (100–1000× enhanced potency) toward most cell lines of melanoma cancers (Figure 2).






[image: Marinedrugs 20 00301 g001 550] 





Figure 1. Aerial view of the Rock Islands of Palau where Serinicoccus was discovered (left) and the Gram-positive bacterium Serinicoccus sp. growing on a seawater-based nutrient agar surface (right). 
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Figure 2. Crystals of seriniquinone as isolated and the chemical structure assigned (left), as well as activity data on seriniquinone (right). Bioassay results for seriniquinone against the 60-cell line panel offered by the Developmental Therapeutics Program at the NCI. Melanoma cell lines are highlighted in orange. A few other cell lines were also more sensitive to seriniquinone. 
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On this basis, NCI requested the compound for their hollow fiber in vivo bioassay. Unfortunately, seriniquinone is highly insoluble that it could not be formulated to achieve an injectable dose. As a result, we realized that derivatives of seriniquinone were needed to improve on its aqueous solubility. Nonetheless, given the in vitro selectivity of this agent, we continued to explore its chemistry and cancer bioactivity. This started by developing synthetic methods to prepare seriniquinone and develop analogues of it, with the goal of identifying a lead compound with improved solubility and biological activity.
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Figure 3. Synthetic approach to the seriniquinones. To date, a central synthetic approach has been established that enabled analogue preparation at four positions within each of the two ring systems. Seriniquinone (shown in Figure 2) is represented by R1a−4a = H and R1b−4b = H. 
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2. Facile Synthetic Access Enables Detailed Structure–Activity Relationship (SAR) Studies


One of the most daunting tasks with many natural product leads arises from the inability to obtain sufficient supplies of these materials to complete a detailed evaluation of their bioactivities. This process is typically evaluated through a series of studies commonly referred to as structure–activity relationship (SAR) analyses. To accomplish this step, one needs to develop a facile route for chemical synthesis and subsequent derivatization. Fortunately, our team was able to develop a concise route to prepare a wide array of analogues. As shown in Figure 3, we were able to prepare derivatives at multiple positions on the two-aryl rings in seriniquinone. The approach started by oxidation of the corresponding 1-tetralone to prepare the ring system B. Then, this was coupled to ring system A, a 2,3-dichlorinated-1,4-napthylquinone, by a basic condensation, optimally conducted with cesium carbonate in anhydrous CH3CN in the dark [1]. Thereafter, the resulting product was converted to its corresponding dichloride, and then treated with Na2S in aqueous THF to afford a seriniquinone analogue (Figure 3).
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Figure 4. Exemplary analogues of seriniquinone prepared to date. IC50 values are provided for each compound against Malme-3M cells. Under these conditions, the parent seriniquinone (R1a–R4a = H and R1b–R4b = H) displayed an IC50 value of 60 nM. 
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This four-step procedure has been subsequently used to prepare a number of mono- and di-functionalized ring A and ring B analogues. Our first series of analogues were prepared through Friedel–Crafts reactions on seriniquinone. Seven derivatives were prepared and evaluated [1], that allowed us to explore functionalization at R1a–R4a in ring A and R1b-R4b in ring B. Unfortunately, this approach led to complex mixtures of isomers that were only obtained as pure compounds by complex chromatographic purification. However, from these mixtures, we were able to obtain two sets of single isomeric materials with dual substitutions at R1a and R4a and R2a and R3b. Similar to the parent seriniquinone (R1a–R4a = H and R1b–R4b = H), these materials were highly insoluble in organic or aqueous media, complicating their usage. To solve this problem, we targeted analogues that contained larger alkyl functions within the aryl groups.
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Figure 5. Current structure–activity relationship (SAR) maps obtained from mono- and di-substituted analogues. Undesired (red) depict modifications whose activity was significantly less than seriniquinone (R1a–R4a = H and R1b–R4b = H) (<50 nM in Malme-3M cells). Tolerated (green) denote analogues whose activity was similar to that of seriniquinone (R1a–R4a = H and R1b–R4b = H) (i.e., 60 ± 10 nM in Malme-3M cells). Undesired modifications that led to a reduction in activity are shown in red circles (≥100 nM in Malme-3M cells). An unfilled blue circle depicts unexplored sites. 
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In 2014, we reported the synthesis of a class bearing a carboxylic acid tail at R2b and R3b [2]. Unfortunately, the developed synthesis provided a mixture of the R2b and R3b isomers. From this scaffold, we were able to prepare multiple amide conjugates, which enabled a detailed evaluation at these positions [2]. From this set of analogues, three compounds were found with single digit nM activity (Figure 4), one of which contained the 4-(piperidin-4-yl) morpholine group that assisted with solubilization. Soon thereafter [1], we developed a route to prepare single isomers bearing a phenolic group at R2b. Here, we were able to prepare O-alkyl (allyl and methyl) and N-butylcarbamate derivatives, which displayed activities comparable to the parent seriniquinone with IC50 values at 60 nM. While far from complete, the data have started to map the modifications that SAR tolerated within this class. As shown in Figure 5, we have learned that analogues bearing dual substitutions with electron donating groups (OH or NH2) or halogens (Cl) do not present viable activity. Further data have been obtained by gaining access to mono-substituted analogues. To date, we have been able to demonstrate that both alkyl and alkoxy substitutions are viable when installed at positions R2b and R3b. We have found that mono-substituted analogues not only provide viable activity, but also improve solubility. Breaking the symmetry of the seriniquinone structure (addition of a functional group at R1a–R4a or R1b–R4b disrupts the π–π stacking possible in the crystalline state of seriniquinone, where R1a–R4a = H or R1b–R4b = H) not only provides a means to enhance solubility, but also provides analogues with improved activities. To date, these studies have identified at least two analogues with activities ≥9 nM against Malme-3M. Recently, a team led by Fukuda described a biological transformation approach to expand the set of analogues [3]. Here, their team demonstrated that ring-opened analogs arising by Baeyer–Villiger, which is similar to the oxidation of C2 carbonyl and aryl group at C6B (see the labeled structure at the bottom of Figure 5) displayed viable activity against melanoma cell lines. These ring-opened analogues suggest an entirely new class of dihydronaphthothiophenes and further expand the utility of seriniquinones.




3. A Unique Mode of Action: Dermcidin


As seriniquinone was growing in interest for its melanoma selectivity, we invested in defining its mode of action (MOA). Seriniquinone, with inherent fluorescence, was incubated with HCT-116 colon carcinoma cells. In addition, changes in the incorporation during the cytotoxicity time course were monitored by confocal microscope [2]. Within 1 h, seriniquinone localized within the endoplasmic reticulum (ER). Then at 6 h, the compound transitioned into forming autophagosomes as the cells started to enter autophagocytosis (further confirmed by conversion of LC3A-I to LC3A-II and LC3B-I to LC3B-II) [2]. Counterstaining was used to validate these subcellular localization events. Next, we examined the effects of seriniquinone on the cell cycle. FACS analyses indicated an increasing number of cells with a subdiploid DNA, suggesting a concentration dependent DNA fragmentation. The remaining cells were blocked at the S to G2 phase, suggesting that the treated cells were dying and not re-entering the cell cycle.



Seriniquinone failed to induce DNA fragmentation using conventional in vitro assays. Therefore, we turned to apoptotic markers for further exploration. Treatment of HCT-116 cells with seriniquinone induced the cleavage of caspases-3, -7, and -9, and of PARP, suggesting that seriniquinone triggers apoptosis through a caspase-9 dependent event, leading to DNA fragmentation [2]. Given these interesting results, we next turned to screen for potential biological targets of seriniquinone. Hoping to apply the immunofluorescent (IAF) probe [4] precipitation method [5], we realized that we needed a suitable fluorescent tag precursor. Therefore, we defined a synthetic plan to disrupt the symmetry of the seriniquinone molecule by installing a readily functionalizable side-chain.



Treatment of HCT-116 cells with the fluorescently labeled seriniquinone [2] resulted in the same intracellular localization, which is followed by induction of autophagy and apoptosis as seen by the parent compound (both location and rate). Over multiple repetitions of immunoprecipitation, we obtained a series of proteins ranging from 30–250 kDa in a dose dependent manner when incubating with the IAF-labeled probe at 5–50 µM concentrations. Using trypsin digestion coupled with LC–MS/MS analyses to identify the proteins in the more abundant bands, we found that a protein band at 50 kDa contained peptides corresponding to glyceraldehyde 3-phosphate dehydrogenase (GADPH) along with a second set of peptides corresponding to the 30 aa PIF core, 13 aa propeptide, and 47 aa DCD-1 peptide regions of dermcidin (DCD). Then, the presence of these proteins was confirmed by Western blotting. Similarly, each of the examined bands contained the peptide fragments, which are derived from a given protein, such as actin or HSP70, along with fragments from dermcidin. In these studies, DCD was linked to these proteins by means of a disulfide bond, which was further released upon treatment with iodoacetamide. Treatment of the cell lysates with iodoacetamide before immunoprecipitation resulted in the isolation of a low molecular weight band corresponding to DCD. This observation indicated that the immunoprecipitated bands were the result of a disulfide-linked DCD protein. In these experiments, we observed the isolation of DCD, thereby suggesting that DCD was indeed a primary target of the IAF-labeled seriniquinone probe and, therefore, a putative target of the natural compound, as well.



With these data at hand, we examined the reactivity between seriniquinone and DCD in vitro. Using the commercially available 47 amino acid DCD-1 as a model, we found that exposure to seriniquinone as well as other analogues in Figure 4 covalently modified DCD-1. These studies provided strong support for the formation of the unique trimeric covalent-adduct between seriniquinone, DCD, and modulated-proteins, such as actin, GADPH, and HSP70.




4. Complex Pharmacology


As previously mentioned, seriniquinone presented selectivity for melanoma cells and this dangerous type of cancer that arises from the skin needs urgent attention. The incidence of melanoma rises every year and, according to the Global Cancer Observatory, there were 324,635 new cases reported and 57,043 deaths in 2020 alone [6]. When the tumor is localized, surgical removal is the primary intervention. However, adjuvant chemotherapy is necessary once it metastasizes [7]. Dacarbazine, an alkylating agent, was the first and only drug approved for melanoma treatment. In addition, it has been the standard of care for over 30 years [8], although less than 30% of patients respond [9,10]. After all these orphan years, new therapeutic options with less toxicity and higher efficacy, such as immune and targeted therapies, emerged as promising solutions. Monotherapies of various cytokines (IFN-α and IL-2) and antibodies (ipilimumab, nivolumab, and pembrolizumab) improved the overall survival, but presented limited response rates and severe side effects [11,12,13]. The discovery of the high frequency of mutation in melanoma BRAF protein (over 50% of cases show BRAFV600E) set off the development of target-specific drugs, a strategy that was expected to overcome all barriers of toxicity and resistance faced until then [14]. Despite the fast tumor regression with vemurafenib and dabrafenib, due to their specificity to block the mutated BRAF protein that constitutively activates the MAPK driven proliferation, drug resistance appears after a short period of time for the majority of patients [15]. Given this scenario, several combined therapeutic regimens have been explored, but there is still the need for more efficient and cheaper pharmacological alternatives. Figure 6 depicts the timeline, total costs, and overall survival summary for the main monotherapy options that are currently available for melanoma.



Once the selective cytotoxicity of seriniquinone toward melanoma cell lines was observed, it was found that the compound was bound to a novel molecular target, one that was never pharmacologically explored before. Consequently, this compound emerged as both a potential treatment for melanoma and a tool to help in elucidating the role of dermcidin in this type of cancer. The cytotoxic autophagy induced by seriniquinone is a singular phenomenon first observed by Trzoss et al. [2] in colon carcinoma cell line (HCT-116) and in a BRAF mutant melanoma cell line (Malme-3M). Several proteins that participate in autophagy and apoptosis pathways can interact and trigger or block these phenomena [24], but how seriniquinone leads to either mechanism after the interaction with dermcidin is not completely understood. As a matter of fact, the value of autophagy as an anticancer strategy is the subject of an age-old debate. Under physiological conditions, this process can be activated by unfavorable conditions, such as nutrient depletion, enabling cells to function and survive with merely a basal energetic supply until they return to homeostasis. Similarly, in the context of cancer, autophagy can send cells into survival mode, allowing the cells to endure certain levels of stress and, therefore, favor cancer progression [25,26]. On the other hand, there are reports that show cytotoxic compounds which trigger autophagy may further lead to cell death [27,28,29], by apoptosis or otherwise. Further details regarding the complex interaction between the autophagy and apoptosis machineries are unknown, but we do know that the crosstalk exists since they share common components, regulators, and pathways that lead to the cell death [30]. In addition, this new mechanism of action may contribute to overcoming melanoma resistance.



Hirata et al. [31] expanded the studies on seriniquinone effects for other melanoma cell lines, including BRAF mutants (SK-MEL-28, SK-MEL-19, WM293A, MM200, 501MEL) and a NRAS mutant melanoma cell line (SK-MEL-147). NRAS mutation is the second most common among melanoma patients, yielding a more aggressive phenotype than BRAF mutants [32]. This is an interesting characteristic since it predicts that seriniquinone can act independently of the mutation, which distinguishes it from most of the currently available drugs. In addition to inducing caspase-mediated apoptosis, it was observed that the concomitant treatment of seriniquinone and an autophagy inhibitor altered cell responses. For the BRAF mutant, this blockage sensitized the cells to seriniquinone treatment, as expected and already explored for other cytotoxic compounds [33,34,35]. This effect improvement may be related to the high basal demand for autophagocytosis to maintain the proper mitochondrial function in BRAFV600E cells [36,37]. However, the NRASQ61R melanoma, for which the basal autophagy was found to be suppressed, led to a serinoquinone-resistant phenotype under autophagy inhibition. In the literature, there are only a few studies describing similar phenomena [38,39]. Therefore, further studies are necessary to better elucidate this effect.



As suggested by the compound’s name, seriniquinone is classified as a napthoquinone, a chemical structure found in many other natural products. In general, this class of organic compounds has classical biological properties of DNA binding and ROS formation, as observed with the approved anticancer agent doxorubicin [40,41]. Hammons et al. [1] demonstrated that seriniquinone is an exception to this rule; it did not interact with DNA nor did it lead to ROS generation, for reasons still unknown. In addition to all of the uncommon mechanisms and effects elicited by this compound, these features only reinforce the uniqueness of seriniquinone as a promising drug candidate.



Another important investigation for the translation of in vitro results to human use is the prediction of the interaction between drugs and cytochrome P450 (CYP450) enzymes. This pharmacokinetic characterization is necessary once this enzymatic group is responsible for the metabolism of many xenobiotic and endogenous compounds, mainly resulting in their inactivation. This way, we can predict the drug–drug interactions and the influences of the patient’s genetic polymorphism, favoring the design of safer therapeutic regimens [42]. Silva et al. [43] evaluated the interaction of seriniquinone with CYP450 and observed a strong inhibition of CYP1A2, CYP2E1, and CYP3A, as well as a moderate effect on CYP2C19. In addition, seriniquinone was shown to be an irreversible and time-dependent inhibitor of CYP1A2 and CYP3A. Therefore, interactions with other drugs that are metabolized by these enzymes are expected, which may lead to significant toxicity.




5. Conclusions


The previous section discussed the pharmacological characteristics and benefits known to date regarding seriniquinone, as well as all of the experiments that were performed in vitro. Advancing these studies requires in vivo tests. However, seriniquinone has low water solubility (0.06 µM) [1], which hampers an investigative progress. Therefore, two paths were taken: Medicinal chemistry (as discussed above) and nanotechnology application, strategies that generated formulations providing improved seriniquinone effects for melanoma treatment. The first strategy was explored by Hammons et al. [1] and Hirata et al. [31], in which chemical modifications on the basic seriniquinone structure were completed to enhance solubility. The new synthetic analogues were more water-soluble, maintained or improved the cytotoxicity and selectivity for melanoma cells, and preserved the molecular target (dermcidin protein), allowing for further investigations with these analogues in vivo.



The use of a nanotechnology-based approach to solubilize seriniquinone emerged based on other reported cases. There are several formulation solutions that nanotechnology can provide. Drugs that are highly toxic and/or poor water-soluble can be formulated into approved nanoformulations. Two classic examples of this are doxorubicin and paclitaxel, both anticancer and lipophilic natural products. Doxorubicin is a DNA intercalating drug, with cardiotoxicity as its main side effect. This was prevented by the use of Doxil® liposomes, the first US FDA approved nanoformulation in 1995 [44]. Paclitaxel, a microtubule-stabilizing drug, could only be dissolved in polyoxyethylated castor oil (Cremophor® EL), resulting in its first formulation labeled Taxol®. However, this vehicle is responsible for serious side effects, such as neurotoxicity, hypersensitivity, and nephrotoxicity. In 2005, the US FDA approved the paclitaxel albumin-bound nanoparticle (Abraxane®), a Cremophor® EL-free formulation that solved the problem of solubility and provided a safer drug [45]. These examples show that nanotechnology is a promising approach that has the potential to solubilize and deliver seriniquinone, expediting its advance to preclinical studies and future clinical trials, as seen in unpublished data and discussed by Apolinario et al. [46].



Beyond the anticancer potential of seriniquinone, we have a long way to elucidate the role of its target, dermcidin. This protein is well-established in skin immunity: The full-length protein (110 aa) is cleaved in many antimicrobial peptides that are constitutively secreted by eccrine sweat glands and play an important role in innate immunity by controlling pathogen infections in human skin [47]. Moreover, YP30 is derived from dermcidin, but identified as a neuron survival-promoting peptide [48]. In addition, proteolysis-inducing factor (PIF) is a proteolytic glycoprotein, which is identified as an inducer of cachexia in cancer through severe weight-loss and muscle degradation [49,50]. Outside of this context, more recent data have associated the dermcidin protein with tumorigenesis. Initial evidence reported by Porter et al. revealed that the protein was overexpressed in 10% of invasive breast carcinomas and conferred cell growth and survival, launching dermcidin as a candidate oncogene [51]. Thereafter, several research groups reported additional evidence concerning this protein in various types of cancers, as illustrated in Figure 7: Intracellular or extracellular overexpression of dermcidin in breast cancer [52], gastric cancer [53,54], hepatocellular carcinoma [55,56], lung cancer [57,58], melanoma [59,60], and pancreatic cancer [61]; promotion of cell survival [48,51,62,63,64]; and promotion of cell migration [55,65]. Although there are solid data that link dermcidin and cancer, the proper role of the protein at molecular levels and its contribution to tumorigenesis is still unclear. Therefore, it confounds the prediction and elucidation of a comprehensive mechanism of action for seriniquinone. Nevertheless, it was observed by Trzoss et al. that dermcidin could bind HSP70 and GADPH proteins [2]. Moreover, Shen et al. revealed that dermcidin interacts with NCK1 [55], while Lager et al. showed a link between dermcidin and cell surface GRP78 [65]. However, the mentioned proteins lack a clear correlation with each other and, to date, no studies have explored this type of event. Nevertheless, we may know only a small part of the scenario of seriniquinone, but this complexity only brings it closer to a successful drug candidate.
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Figure 6. Timeline of melanoma therapy showing the mainly used drugs, along with the mean overall survival archived by patients and the total cost of the treatment per patient [16,17,18,19,20,21,22,23]. 
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Figure 7. Multiple roles of dermcidin in cancer cells. In addition to the well-described role in skin defense with antimicrobial peptides, dermcidin (DCD) may be involved in a few processes of many types of cancer cells, as illustrated. Proteolysis-inducing factor (PIF), another DCD derivative, is related to cachexia in cancer. 
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