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Abstract

:

Granulosa cell tumors (GCT) constitute only ~5% of ovarian neoplasms yet have significant consequences, as up to 80% of women with recurrent GCT will die of the disease. This study investigated the effectiveness of procaspase-activating compound 1 (PAC-1), an activator of procaspase-3, in treating adult GCT (AGCT) in combination with selected apoptosis-inducing agents. Sensitivity of the AGCT cell line KGN to these drugs, alone or in combination with PAC-1, was tested using a viability assay. Our results show a wide range in cytotoxic activity among the agents tested. Synergy with PAC-1 was most pronounced, both empirically and by mathematical modelling, when combined with tumor necrosis factor-related apoptosis-inducing ligand (TRAIL). This combination showed rapid kinetics of apoptosis induction as determined by caspase-3 activity, and strongly synergistic killing of both KGN as well as patient samples of primary and recurrent AGCT. We have demonstrated that the novel combination of two pro-apoptotic agents, TRAIL and PAC-1, significantly amplified the induction of apoptosis in AGCT cells, warranting further investigation of this combination as a potential therapy for AGCT.
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1. Introduction


Granulosa cell tumor (GCT) is a malignant sex-cord stromal cell form of ovarian cancer that constitutes ~5% of ovarian neoplasms [1]. The majority (89%) of cases are early-stage GCT [2], yet they present a conundrum: although five-year survival is >90%, GCT is known for late recurrence and ~80% of women who relapse will die of the disease [1,3]. Surgery is the primary treatment modality and both European and American clinical guidelines recommend platinum-based therapies if chemotherapy is warranted [4,5]. However, multiple retrospective analyses of case histories have shown that there is no survival advantage between adjuvant chemotherapy, radiotherapy, and observation [6,7]. There are two forms of GCT, adult (AGCT) and juvenile GCT, with 95% of GCTs being AGCT [2]. In 2009, Shah et al., discovered a unique somatic mutation (FOXL2C134W) that was present in 97% of AGCT cases and in the only available AGCT-derived cell line, KGN [8].



Recently, there have been reports of drug screening studies involving AGCT (KGN and/or human tumor cells). A high-throughput study reported by Haltia et al. demonstrated AGCT sensitivity to the tyrosine kinase inhibitor dasatinib and mTOR inhibitor everolimus that act synergistically with the microtubule-targeted chemotherapeutic agent paclitaxel [9]. Roze et al. examined responses of AGCT patient-derived cell cultures to 11 monotherapies and 12 combination therapies. None of the monotherapies tested were very effective, but their study indicates a potential for combination of carboplatin, paclitaxel, and the kinase inhibitor alpelisib for treating this disease [7].



We have taken an alternate approach to examining novel combinations of drugs for treating AGCT, by focusing on facilitating apoptosis of the tumor cell. One of the main mechanisms of tumor cell killing by anti-cancer drugs is induction of programmed cell death, apoptosis. Apoptosis is activated in response to irreparable DNA damage, external stimuli, or other cellular stresses, with apoptotic pathways ultimately converging on the activation of procaspase-3 to caspase-3, the primary effector of apoptosis. Many cancers highly express procaspase-3 and balance that with inhibitors of caspase-3 in order to survive [10]. Caspase-3 activity is also regulated by Zn2+, which reportedly has three binding sites in caspase-3 [11]. While the full impact of multiple binding sites is unclear, it is thought that Zn2+ inhibits access to the active site (near His121) and may interfere with access to the inter-subunit cleavage site Ile-Glu-Thr-Asp175 (IETD175) (Figure S1) [11,12]. Procaspase activating compound-1 (PAC-1) is a small-molecule compound that was identified through a high-throughput screen of ~20,500 small-molecule compounds for the ability to activate procaspase-3 in vitro [10]. Later, it was determined that PAC-1 prepares procaspase-3 for activation by sequestering labile inhibitory Zn2+ ions from the zymogen, allowing it to undergo either auto-maturation into an active state or cleavage by initiator caspases, caspase-8 and caspase-9 [13]. The ability of caspase-3 to auto-mature means that sequestration of Zn2+ potentiates activation of apoptosis even when upstream signals are defective, in a manner directly proportional to the concentration of procaspase-3 in the cell, explaining PAC-1 selectivity for cancer [10]. PAC-1 has shown efficacy as an anti-cancer agent in vitro and in vivo, and has minimal activity towards other zinc-dependent enzymes [14], which may account in part for its demonstrated safety. PAC-1 is under investigation in phase I trials for advanced malignancies (NCT02355535, NCT03332355).



Tumor necrosis factor-related apoptosis inducing ligand (TRAIL) is a transmembrane protein that binds death receptor-4 or -5 (DR4/DR5) triggering the extrinsic apoptotic pathway as well as the intrinsic pathway via caspase-8 truncation of BID [15,16]. TRAIL induces apoptosis in cancer cells without toxicity to normal cells and clinically has been well-tolerated by patients [17,18,19]. Perplexingly however, clinical trials with soluble TRAIL have failed to display efficacy [20]. Potential limiting factors include a short half-life in vivo, inability to reach therapeutic concentration at the tumor site, and downregulation of the death receptors or of downstream mediators of apoptosis [21].



Interestingly, normal granulosa cells and most GCTs express DR4/5 [1,22] and the GCT model cell line KGN is reported to be sensitized to TRAIL in vitro when combined with cisplatin, proteasome inhibitors, or mitochondrial membrane potential uncouplers [23,24]. Here, we report that procaspase-3-activator PAC-1 synergizes with TRAIL to kill both KGN cells and four independent patient-derived GCT cultures, but not normal cells, via apoptosis induction. We also report that PAC-1/TRAIL combination appears to be more effective than PAC-1 combined with chemotherapy drugs carboplatin or gemcitabine, or with embelin, an inhibitor of the X-linked inhibitor of apoptosis protein (XIAP), without increasing sensitivity of normal cells. We propose that the PAC-1/TRAIL combination should be further investigated as a treatment option for patients with GCT.




2. Results


2.1. Granulosa Cell Tumor Cells Display Sensitivity to PAC-1 and Other Select Apoptosis-Inducing Agents


Similar to many other tumor cells [7], the only available AGCT cell line, KGN, expresses appreciable levels of caspase-3 (Figure S2). We examined whether this property could be exploited to induce KGN cell killing by treating with increasing concentrations of PAC-1 up to 40 µM (Figure 1A). At doses higher than this, PAC-1 is reported to induce killing independent of procaspase-3 and caspase-3 [25]. This dose–response assay for viability, confirmed by visual inspection of the cell cultures, demonstrated PAC-1 sensitivity of KGN cells. Cytotoxicity appeared to be at least partially dependent on caspase-3, as killing was reduced in KGN cells transfected with an shRNA targeting the caspase-3 gene compared to KGN cells transfected with a control shRNA (Figure S2).



We next compared the response of KGN cells to PAC-1 with responses to a panel of other apoptosis-inducing agents that act upstream of caspase-3, the target of PAC-1. Conventional chemotherapeutic agents, namely carboplatin (alkylating agent) and gemcitabine (nucleoside analog), interfere with DNA replication, activating the DNA damage response [24] and subsequent intrinsic apoptosis. In contrast, TRAIL binds cell death receptors and induces caspase-3 activation through both intrinsic and extrinsic apoptotic pathways. Embelin is a SMAC-mimetic that inhibits XIAP, an inhibitor of caspase-3. Clinically relevant drug doses were selected for this study, based on either established dosing guidelines or results from ongoing clinical trials, with viability assessment at 24 and 48 h [26,27].



The most potent of the drugs tested, based on the dose at which 50% cell death was induced, were PAC-1 and embelin, followed by gemcitabine, with carboplatin and TRAIL failing to reach 50% killing in this assay (Figure 1A–E). The results with gemcitabine and carboplatin are consistent with clinical observations showing poor efficacy of standard chemotherapy in treating AGCT [28,29]. The lack of response to TRAIL was unexpected, as KGN expresses the TRAIL receptor DR5 (Figure S3). Interestingly, the drugs that induced the greatest cytotoxicity act at the most downstream point of apoptosis, where the intrinsic and extrinsic pathways converge. Furthermore, the most potent drugs act proximally to procaspase-3, which is highly overexpressed in KGN cells (Figure S2). These results suggest that procaspase-3 activation could be an effective therapeutic strategy for AGCT.




2.2. PAC-1 Displays No or Low Synergy with Carboplatin, Gemcitabine or Embelin, But Strong Synergy with TRAIL in Killing KGN Cells


PAC-1 has been shown to display synergistic killing with standard chemotherapy drugs in several cancers [13]. A synergistic relationship between drugs allows the use of lower drug doses with potentially less off-target toxicity [30]. PAC-1 synergy in GCT was tested by assessing viability of KGN cells treated with PAC-1 in combination with gemcitabine, carboplatin or embelin. The rationale for testing these combinations was to determine whether they could synergize in inducing apoptosis by targeting the pathway at different levels. Drug interaction was calculated using both the Loewe and Bliss reference models. The Bliss model uses a probabilistic approach assuming that the two drugs respond independently: suitable for compounds that target different pathways. The Loewe model compares the dose response of the individual compounds to the response of the combination, assessing deviations from additivity: most applicable when drugs have a similar mode of action on the same pathway or target [31].



We observed that combinations of PAC-1 with gemcitabine, carboplatin or embelin were not highly effective in boosting KGN killing (Figure 2 [32]). Gemcitabine combined with PAC-1 induced moderate loss in viability with low to moderate synergy (Loewe analysis) or very little synergy (Bliss analysis). Carboplatin, which induced low to moderate cytotoxicity in combination with PAC-1, showed low or no synergy. Similar results were seen with PAC-1 in combination with radiation (Figure S4), another inducer of the DNA damage response [33]. Embelin, although cytotoxic on its own and in combination with PAC-1, displayed a weakly antagonistic interaction.



As a single agent, TRAIL treatment did not induce high levels of KGN killing (Figure 1D). However, reports that other agents can sensitize cancers to TRAIL [24,34], and the fact that TRAIL is well-tolerated in clinical trials [17,19], stimulated us to investigate whether TRAIL could be more effective in combination with PAC-1. Two-way dose–response assays combining TRAIL and PAC-1 to treat KGN cells (Figure 2D) showed an increase in loss of viability and strong synergy with the combination. Z-scores from two-way dose–response data were used to determine PAC-1 and TRAIL dose combinations that were significantly different from untreated (Figure S5A). Z-scores, together with PAC-1 EC50 values (Figure S5B) prompted us to select a PAC-1 dose of 20 µM to use in combination with the relatively low dose of 10 ng/mL TRAIL as a standard treatment in subsequent studies.



Since most toxicity in patients is the result of off-target effects of drugs on normal tissues, we investigated the impact of PAC-1 and TRAIL on a human dermal fibroblast cell line (F202) as a surrogate for non-replicating, non-cancerous tissue. In the two-way dose–response viability assay, F202 cells were much less sensitive to PAC-1/TRAIL combinations than KGN cells were, even at relatively high doses of PAC-1 (Figure S6A). Similar results were seen with a second fibroblast cell line and a cell line cultured from normal human kidney cells (Figure S6B).




2.3. Using Mathematical Modelling to Validate Synergy of PAC-1 and TRAIL and Optimal Dosages


Mathematical models are increasingly leveraged to quantify drug efficacy and predict optimal therapeutic strategies [35,36]. To that end, we developed a mathematical model for the induction of apoptosis in KGN cells by gemcitabine, carboplatin, TRAIL, embelin and PAC-1 (Figure 3A). The proliferation rate of KGN cells was determined through fitting an exponential growth rate (Equation (1) in Materials and Methods) to the KGN cell count measurements by Imai et al. [37] (Figure S7). Using data from the single dose–response curves (Figure 1) the half-effect,   I  C  50    , for each drug and drug-induced death rate, were determined through hierarchical fitting (Equations (1)–(8) in Materials and Methods; results in Figure S8 and Table S1). Lastly, the drug interaction potency  Ψ  was then obtained through fitting the two-way drug-response measurements (from Figure 2) to the model (Figure 3B and Table 1).



Resulting drug-interaction strengths, Ψ, obtained for each drug combination validated the predictions from the in vitro dose–response experiments as we found a strong synergistic relationship exists between PAC-1 and TRAIL (Ψ = 0.8). For all other drug combinations, we estimated that an infra-additive (or antagonistic) relationship existed between those drugs (Table 1). We also found significant reductions in cell viability for PAC-1 and TRAIL, and PAC-1 and embelin. The combined strength of PAC-1 and embelin is more likely due to the individual potency of embelin and PAC-1 (Figure 1 and Figure S8) given their antagonistic interactions (Ψ = 1.4).



To further investigate the two-way dose–response effect of PAC-1 and TRAIL, we determined the cell viability in 0.1 increments for varying PAC-1 and TRAIL concentrations (Figure 3C). Despite the synergistic relationship between PAC-1 and TRAIL, for very low concentrations there is little-to-no effect on the cell viability (predicted viability > 0.75). However, increasing TRAIL concentrations slightly   ( > 10    ng/mL) resulted in a dramatic change in cell viability at 48 h. In contrast, a more gradual impact on cell viability is seen with increasing PAC-1 concentration. This is further illustrated through comparing the relative change in cell viability to dosage increments (Figure S11) which showed that there was minimal benefit to increases in PAC-1 or TRAIL given TRAIL concentrations over 50 ng/mL. Overall, once the TRAIL concentration exceeds   50    ng/mL cell viability is not greatly affected by the concentration of either drug, potentially due to saturation of the TRAIL receptor.



Using the calibrated model, we then determined the optimal dosage size for PAC-1 and TRAIL using a genetic algorithm (Figure 3D). Genetic algorithms are heuristic global optimization routines inspired by natural selection that can be used to optimize dosage protocols [36,38]. In this optimization, we minimized both the cell viability and drug concentration relative to the maximum tolerated dose (MTD) for each drug. For varying MTD, the optimal combinations of PAC-1 and TRAIL were determined along with the resulting cell viability (Figure S11). From this analysis, we determined ranges of PAC-1 and TRAIL that are optimal for a range of MTD. PAC-1 dosages from   10    μ M   –  40    μ M    combined with TRAIL dosages from 5 to 60 ng/mL were able to result in minimal cell viability (~0.2–0.3) and minimal drug toxicity.




2.4. Combining TRAIL with PAC-1 Rapidly Induces Caspase-3 Activity in KGN Cells


The kinetics of PAC-1-TRAIL induction of caspase-3 activity in KGN cells was tracked over time using high-content imaging (Molecular Devices ImageXpress, Molecular Devices, LLC., San Jose, CA, USA) (Figure 4). PAC-1 (20 µM) generated a moderate level of caspase activity by 36 h, similar to results of the PAC-1-induced loss of viability assay (Figure 1A). TRAIL alone (10 ng/mL) was less active than PAC-1 in both cytotoxicity (Figure 1D) and procaspase-3 activation. However, the combination of PAC-1 and TRAIL rapidly and dramatically amplified the proportion of active-caspase-positive cells (Figure 4) reaching over 80% by 24 h (Figure 4B). Western blot analysis (Figure S12) demonstrated an increase in caspase-9 cleavage with combined PAC-1 and TRAIL relative to single agents. Cleaved caspase-3 levels were also higher with the combination than in cells treated with PAC-1 alone, although not significantly higher than with TRAIL alone. It should be pointed out that the increased rate of apoptosis with combination treatment makes it more challenging to capture cells after caspase-3 cleavage but before cells have undergone complete apoptosis and are no longer intact. Due to this recovery issue, the high content imaging results are likely to be more reliable than the results of Western blotting.



Perhaps even more striking was administration of TRAIL starting 24 h after PAC-1 treatment was initiated. Under these conditions, maximal activity was achieved within 4–5 h of TRAIL administration (Figure 4B). This suggests that PAC-1 may prime procaspase-3 molecules for activation, which then enhances TRAIL-induced death signaling for execution of caspase-mediated apoptosis.




2.5. Combining TRAIL with PAC-1 Reduces Proliferation and Increases Caspase-3 Activity in Patient-Derived Granulosa Cell Tumor Cells


The potential clinical utility of PAC-1/TRAIL combination treatment was investigated in vitro using patient-derived explants from primary and recurrent AGCT. To minimize alterations in the GCT phenotype, explants were used fresh, not frozen, and cultured only 5 days in vitro before the analysis was conducted. Our in vitro work with KGN cells suggested that addition of TRAIL 24 h after initiation of PAC-1 treatment induced rapid and efficient activation of caspase-3 (Figure 4), so for this experiment TRAIL was added to PAC-1 treated cells halfway through the 48 h cell viability assay (Figure 5). In cultures of both primary and recurrent disease, the combination of PAC-1 followed by TRAIL resulted in measurable loss of cell viability relative to single agents and to untreated controls, and significant increase in caspase-3 activity with primary and recurrent disease treated with TRAIL alone or TRAIL after PAC-1 (p < 0.05). Interestingly, it appeared that recurrent disease had greater activation of caspase-3 than primary disease, with at least similar, if not more, induced cell killing.





3. Discussion


Granulosa cell tumor (GCT) is a rare, sex-cord stromal neoplasm and research on new therapies is challenging due to the paucity of research tools: only one established cell line (KGN); the lack of an animal tumor model carrying the characteristic FOXL2C134W mutation; and few clinical trials owing partly to the difficulty in recruiting enough participants (e.g., NCT02101684). Clinically, common chemotherapy agents are generally ineffective for GCT [28,29,39] and the lack of effective treatment options contributes to the ~80% mortality among women who suffer relapse [40]. Though GCT has been considered a hormonally responsive tumor, trials using agents interacting with the ovarian steroidogenesis pathway have had inconclusive results [41].



We sought to determine whether a different approach using a novel combination of compounds would induce apoptosis without the toxicity observed with many standard chemotherapies. We found that the procaspase-3 activator PAC-1 was cytotoxic to KGN cells, and this activity was at least partly caspase-3-dependent. KGN cells were also sensitive to embelin, a SMAC-mimetic that inhibits the endogenous caspase-3 inhibitor XIAP; but were less sensitive to other apoptosis-inducing agents including carboplatin, gemcitabine, and TRAIL. It would be interesting in future studies to investigate whether SMAC mimetics that target other IAPs may also have activity against GCT. KGN appears therefore to be more sensitive to agents that influence caspase-3 directly than to agents that act upstream in apoptotic signaling pathways.



To examine potential benefits from drug combination, we paired PAC-1 with each of the other single agents. Interestingly, the combination of TRAIL and PAC-1 was the only combination that displayed strong synergy and was very effective at reducing viability of KGN cells. It would be informative to repeat this drug screen using patient samples, however availability of patient tissue is problematic. Mathematical modelling was consistent with our experimental synergy analyses, and validated the concentrations of TRAIL and PAC-1 used in subsequent experiments. Non-cancerous cells were much less sensitive to PAC-1/TRAIL combination in agreement with published reports on the safety of PAC-1 and TRAIL individually [14,17,18]. Using the calibrated model, we predicted dosage regimes that optimize TRAIL and PAC-1 combination therapy for unique values of the MTD of either drug, helping to inform reliable clinical protocols.



Two other notable drug screens designed to identify new agents for treating AGCT have recently been reported. One study examined cytotoxicity of 11 different chemotherapeutic, anti-hormonal, and targeted drugs alone and in combination using a panel of 12 patient-derived AGCT cultures and KGN cells [9]. Similar to our study with KGN cells, Roze et al. found carboplatin to have low efficacy as a single agent, however, carboplatin was the only drug common to both our study and theirs. A comprehensive investigation by Haltia et al. examined selective cytotoxicity of 230 anti-cancer drugs using seven patient-derived AGCT cultures, KGN cells, and normal human granulosa and bone marrow cells as control in a high throughput assay [8]. Interestingly, this screen tested several apoptotic modulators, including inhibitors of Bcl2, Mdm2 and survivin (an IAP), as well as carboplatin and gemcitabine. The survivin inhibitor and one of the Bcl-2 inhibitors were among the top 15 AGCT-selective drugs, although the authors focused the remainder of their study on the tyrosine kinase inhibitor dasatinib and mTOR inhibitors. Not surprisingly, carboplatin and gemcitabine had variable/low activity and selectivity, consistent with our results. This study strengthens the hypothesis that apoptosis could be manipulated as a potential treatment for AGCT.



Using clinically relevant doses of PAC-1 and TRAIL, we established the kinetics of procaspase-3 activation in KGN cells. We observed a dramatically rapid increase in caspase-3 activity with the combination compared to agents alone, consistent with PAC-1—TRAIL synergistic cell killing. At these clinically relevant doses, PAC-1 did not increase the expression of DR5 (Figure S3D), and neither PAC-1 nor TRAIL alone induced a strong loss of cell viability. Therefore, we hypothesize that PAC-1, as a single agent, prepares procaspase-3 for activation in KGN cells but is not induced to carry out immediate auto-cleavage, and TRAIL, as a single agent, activates death signaling but this is muted by Zn2+ inhibition of procaspase-3/caspase-3. Furthermore, we propose that in combination, PAC-1 primes procaspase-3 to a ready-state and TRAIL sends the signal to spark the observed caspase-3 activity resulting in cell death (Figure 6).



Finally, we examined the effect of PAC-1 and TRAIL on patient-derived explants of GCT tumors as an indicator of clinical relevance. Due to the rarity of GCT (the incidence being approximately five cases/year in Helsinki), our study was limited to four patient cell cultures. Nonetheless, the results were consistent with the KGN-based assays in terms of the superiority of PAC-1/TRAIL combination and suggest that the combination might be active against both primary and recurrent disease, however this should be tested in a larger sample size.



TRAIL is a well-documented anti-cancer agent and is often efficacious in drug combination in vitro, although it has been less promising in clinical trials [15] due to a short half-life, ineffective dosing at the tumor site, and TRAIL resistance. Even so, during a phase I clinical trial of an agonistic monoclonal antibody targeting DR5 (PRO95780), a 57-year-old woman with AGCT received eight doses (4 mg/kg) of drug and showed a 23% reduction in measurable disease. The patient was followed for an additional 21 months without systemic therapy and with no evidence of progression [42]. We found that it is possible to increase the ability of TRAIL to induce apoptosis in GCT at very low doses by combining it with PAC-1, which we suggest primes procaspase-3 for activation by TRAIL-induced death signaling (Figure 6). Furthermore, we are currently developing a recombinant vaccinia virus gene therapy vector to deliver TRAIL directly to the tumor, which may overcome some of the limitations reported for clinical use of TRAIL, such as short half-life and ineffective dosing at the tumor site.



This novel combination of PAC-1 and TRAIL, which have both displayed low toxicity in clinical trials [17,18,19], appears effective in vitro warranting further preclinical development.




4. Materials and Methods


4.1. Cell Culture and Reagents


The human GCT cell line KGN (Riken BioResource Research Center, Ibaraki, Japan) was cultured in Dulbecco’s modified Eagle’s medium/nutrient mixture F12 (DMEM/F12, Sigma-Aldrich, St. Louis, MO, USA) with 5% fetal bovine serum (FBS) (Gibco, Waltham, MA, USA). Normal human fibroblast cells (F202 and N60, generously provided by Ted Tredget, University of Alberta) and normal human kidney cells (NKC, isolated from the proximal tubule, provided by Ron Moore) were cultured in DMEM/high glucose (Sigma-Aldrich) with 10% FBS. All culture media were supplemented with 2 mM L-glutamine, 100 U/mL penicillin, and 100 U/mL streptomycin) (Gibco). Cell line authentication was performed for KGN using short tandem repeat DNA profiling (Promega GenePrint 10 System, Madison, WI, USA) at the Genetic Analysis Facility at the Centre for Applied Genomics of The Hospital for Sick Children (Toronto, ON, Canada).



PAC-1 was generously provided by Paul Hergenrother (University of Illinois) and Hoechst 33,342 was generously provided by Linda Pilarski (University of Alberta). Other chemicals include recombinant human TRAIL (sTRAIL/Apo2L, Peprotech #310-04); carboplatin (Enzo Life Sciences #400-041); NucView 488 Caspase-3 substrate (Biotium #30029); and resazurin sodium salt (R7017), embelin (E1406), and gemcitabine hydrochloride (G6423-10) from Sigma-Aldrich.




4.2. Cell Viability/Metabolism Assay


For all cultures except patient-derived GCT cultures (for those see Section 4.4), 5000 cells/well were seeded in triplicate wells of a 96-well plate containing a range of doses of selected compounds and incubated at 37 °C with 5% CO2 for the time indicated. Resazurin (final concentration 44 µM) was then added to the medium and cells incubated up to four h at 37 °C. The reduction of resazurin was measured on a BMG FLUOStar Omega microplate reader (544 nm excitation/590 nm emission, BMG Labtech, Ortenberg, Germany). Blank-corrected relative fluorescence units (RFUs) were normalized to untreated control wells. Each assay was repeated at least 3 times.




4.3. Caspase-3 Activity Assay (KGN Cells)


Five thousand KGN cells/well in black 96-well plates were stained with 0.1 µg/mL Hoechst 33,342 and 1 µM NucView-488 Caspase-3 substrate for 30 min in the dark at 37 °C. Cells were then treated with 20 µM PAC-1, 10 ng/mL TRAIL, or PAC-1 combined with TRAIL and incubated at 37 °C for 12 h. Plates were then transferred to a Molecular Devices ImageXpress high-content screening instrument and incubated at 37 °C with 5% CO2. Images were acquired at four sites per well every 30 min until 48 h post-treatment. Imagery was processed using the MetaXpress Multi-wavelength Cell Scoring module and the number of NucView-fluorescent cells (using the FITC channel) were normalized to the number of Hoechst-stained cells (using the DAPI channel).




4.4. Patient-Derived GCT Cultures and Assays


Four patient-derived tumor samples, two from patients with primary disease and two from patients with recurrent disease, were collected by A. Farkkila and M. Pihlajoki with informed consent and in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki, Ferney-Voltaire, France). All four samples were verified to possess the 402C → G (C134W) mutation in FOXL2. Tumors were processed as previously described [43]. Briefly, each fresh GCT tissue sample was minced then dissociated with 0.5% collagenase (Sigma–Aldrich) in DMEM/F12 (without FBS) for 2 h. The resulting cell suspension was filtered through a 140 µm mesh to obtain single cells, washed with PBS, resuspended in DMEM/F12 containing 10% FBS, then plated. After 5 days in culture, cells were treated with drugs as indicated. Viability was assessed using the cell proliferation agent WST-1 (Roche, Basel, Switzerland), and caspase activity was measured using the Caspase Glo® 3/7 kit (Promega, Madison, WI, USA).




4.5. Mathematical Model for Drug Induced KGN Cell Apoptosis


KGN cells (  K  ( t )   ) were assumed to be proliferating at a rate  r , with the concentration of two drugs (   D 1   ( t )    and    D 2   ( t )   ) decaying at drug-specific rates    κ 1    and    κ 2   . Each drug was modelled as inducing apoptosis in KGN cells to create dead (or apoptotic) cells (  A  ( t )   ). The changes in KGN cells and drug concentrations are given by


    d K   d t   = r K  ( t )  − E  (   D 1   ( t )  ,  D 2   ( t )  , Ψ  )  K ,  



(1)






    d A   d t   = E  (   D 1   ( t )  ,  D 2   ( t )  , Ψ  )  K ,  



(2)






    d  D 1    d t   = −  κ 1   D 1  ,  



(3)






    d  D 2    d t   = −  κ 2   D 2  ,  



(4)




where


  E  (   D 1   ( t )  ,  D 2   ( t )  , Ψ  )  =    δ 1   I  m a x , 1    β 1   ( t )  +  δ 2   I  m a x , 2    β 2   ( t )  +  (   δ 1   I  m a x , 1   +  δ 2   I  m a x , 2   −     δ ¯    I  m a x , 1    I  m a x , 2    )   β 1   ( t )   β 2   ( t )     β 1   ( t )  +  β 2   ( t )  +  β 1   ( t )   β 2   ( t )  + 1   ,  



(5)






   β 1   ( t )  =    D 1     ( t )     γ 1         (  Ψ I  C  50 , 1    )     γ 1      ,  



(6)






   β 2   ( t )  =        (  ξ  D 2   ( t )   )     γ 2         (  Ψ I  C  50 , 1    )     γ 2      ,  



(7)






  ξ =   I  C  50 , 1     I  C  50 , 2     ,  



(8)




and the relevant drug    I  m a x     and   I  C  50     are denoted by a subscript (i.e.,    I  m a x , 1   ,    I  m a x , 2     and   I  C  50 , 1   ,   I  C  50 , 2    ). The rate of drug induced KGN cell apoptosis is given by    δ 1    and    δ 2    for each drug, respectively, with    δ ¯    representing interactions in the dual drug case, and the ratio of potency of each drug by  ξ . The potency term  Ψ  is a measure of drug interactions.   Ψ = 1   indicates no interaction (i.e., there is simply an additive effect of both drugs) [44],   Ψ < 1   denotes drug synergy, and   Ψ > 1   indicates infra-additivity (or antagonism) between the two drugs. The schematic for the model can be found in Figure 4A.



For all model simulations and data-fitting, cell viability was calculated as


  C e l l   v i a b i l i t y  ( t )  =   K  ( t )    K  ( t )  + A  ( t )    .  



(9)







All simulations of the model were performed in Matlab R2019b using ode45. Fitting algorithms were performed by lsqnonlin. To avoid overfitting,    δ ¯    was assumed equal to    δ 1   δ 2    during fitting. The genetic algorithm optimisation routine was implemented using Matlab’s genetic algorithm function ga [45]. The objective function used for the genetic algorithm was


    min    D 1   ( 0 )  ,  D 2   ( 0 )    J (  D 1   ( 0 )  ,  D 2   ( 0 )  =   K  (  48  )    K  (  48  )  + A  (  48  )    +    D 1   ( 0 )    M T  D 1    +    D 2   ( 0 )    M T  D 2    ,  



(10)




where   M T  D 1    and   M T  D 2    are the maximum tolerated dosages for the two drugs considered.




4.6. Statistical Analysis


Unless otherwise indicated, experiments were independently repeated at least 3 times, each time using duplicate or triplicate wells. GraphPad Prism (version 8) was used for statistical analysis of viability data. Drug synergy was calculated using viability data processed by the Matlab software plugin module Combenefit [32]. Statistical significance was calculated using either one-way analysis of variance (ANOVA) or Student’s t-test.









Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ijms22094699/s1, Figure S1: Proposed mechanism of procaspase-3 activation by PAC-1; Figure S2: Partial reduction of caspase-3 level is associated with reduced sensitivity of KGN cells to PAC-1; Figure S3: KGN cells express death receptor DR5 but not death receptor DR4; Figure S4: PAC-1 shows little synergy with radiotherapy; Figure S5: PAC-1 and TRAIL synergy reflected in mutual lowering of EC50 values; Figure S6: PAC-1 combined with TRAIL is less toxic to non-cancerous cells; Figure S7: KGN cell proliferation; Figure S8: Mathematical modelling calibrated to single drug dose-response curves at 24h and 48h; Figure S9: Enlarged panel from Main Text Figure 3D (left); Figure S10: Enlarged panel from Main Text Figure 3D (right); Figure S11: Quantifying the impact of risk and reward of increasing dosage; Figure S12: Caspase-3 and caspase-9 cleavage increases after treatment with PAC-1 and TRAIL in combination; Table S1: Model parameters (Equation (1) and Equations (2)–(9)) obtained for single-drug dose-response curves by fitting to 24 h and 48 h dose-response curves; Supplemental Materials and Methods with references.





Author Contributions


Conceptualization, P.C., A.F. and M.M.H.; Formal analysis, P.C., A.F., A.L.J., C.B., O.C., M.P., M.M.H., M.C. and M.H.; Funding acquisition, P.C., M.C., Y.F. and M.M.H.; Investigation, P.C., A.F., A.L.J., C.B., O.C., K.A., M.P. and M.H.; Methodology, P.C., A.F., A.L.J., K.G.P., M.P., M.C. and M.M.H.; Resources, A.F., M.P. and M.H.; Supervision, M.C. and M.M.H.; Visualization, P.C. and A.L.J.; Writing—original draft, P.C. and A.L.J.; Writing—review and editing, P.C., A.L.J., K.G.P., M.C., Y.F. and M.M.H. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by the Sladjana M. Crosley Fund for GCT Research (awarded to M.M.H., P.C., Y.F. and P. Hergenrother), the Women and Children’s Health Research Institute through funds provided by the Stollery Children’s Hospital Foundation and the Royal Alexandra Hospital Foundation (awarded to M.M.H., P.C., Y.F., and P. Hergenrother), Grant 24194 from the Cancer Research Society and the Granulosa Cell Tumour Research Foundation (awarded to M.M.H., Y.F. and D. Evans), the Academy of Finland, The Sigrid Jusélius Foundation, DoD Award W81XWH-16-1-0188 (awarded to M.H., A.F. and M.P.), FRQS International Postdoctoral Fellowship (awarded to A.L.J.), Canada Research Chair in Differential Geometry and Topology (supporting O.C.), and NSERC Discovery Grant RGPIN-2018-04546 (awarded to M.C.).




Institutional Review Board Statement


This study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Ethics Committee of Helsinki University Hospital (protocol number 210/13/03/2016, 3 March 2016).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Acknowledgments


Flow cytometry was performed at the University of Alberta, Faculty of Medicine and Dentistry Flow Cytometry Facility, with assistance from Aja Rieger. High-content screening was performed at the University of Alberta, Faculty of Medicine and Dentistry Cell Imaging Centre, with assistance from Xuejun Sun. We wish to thank Simon Chu (Hudson Institute of Medical Research, Melbourne, Australia) for advice on the use of embelin, Paul Hergenrother (University of Illinois, Urbana, USA) for advice on the use of PAC-1, Toshihiko Yanase (Seiwakai Muta Hospital and Fukuoka University, Fukuoka, Japan) and Yoshihiro Nishi (Kurume University, Kurume, Japan) for establishment of the KGN cell line, and David B. Wilson (Washington University in St. Louis, USA) for advice on GCT model systems. Finally, we thank the patients for providing primary tissue.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations




	AGCT
	adult GCT



	ANOVA
	one-way analysis of variance



	BID
	BH3 interacting-domain death agonist



	DAPI
	4′,6-diamidino-2-phenylindole



	DMEM
	Dulbecco’s modified Eagle’s medium



	DR
	death receptor



	FBS
	fetal bovine serum



	FITC
	fluorescein isothiocyanate



	GCT
	granulosa cell tumor



	IETD175
	Ile-Glu-Thr-Asp175



	MTD
	Maximum tolerated dose



	PAC-1
	procaspase-activating compound 1



	PAGE
	polyacrylamide gel electrophoresis



	PBS
	phosphate-buffered saline



	RFU
	relative fluorescence units



	RIPA
	radio-immunoprecipitation assay



	SDS
	sodium dodecyl sulfate



	shRNA
	short hairpin RNA



	SMAC
	second mitochondria-derived activator of caspase



	TRAIL
	tumor necrosis factor-related apoptosis-inducing ligand



	XIAP
	X-linked inhibitor of apoptosis







References


	



Jamieson, S.; Fuller, P.J. Molecular pathogenesis of granulosa cell tumors of the ovary. Endocr. Rev. 2012, 33, 109–144. [Google Scholar] [CrossRef]

	



Bryk, S.; Farkkila, A.; Butzow, R.; Leminen, A.; Heikinheimo, M.; Anttonen, M.; Riska, A.; Unkila-Kallio, L. Clinical characteristics and survival of patients with an adult-type ovarian granulosa cell tumor: A 56-year single-center experience. Int. J. Gynecol. Cancer 2015, 25, 33–41. [Google Scholar] [CrossRef]

	



Wilson, M.K.; Fong, P.; Mesnage, S.; Chrystal, K.; Shelling, A.; Payne, K.; Mackay, H.; Wang, L.; Laframboise, S.; Rouzbahman, M.; et al. Stage I granulosa cell tumours: A management conundrum? Results of long-term follow up. Gynecol. Oncol. 2015, 138, 285–291. [Google Scholar] [CrossRef]

	



Morgan, R.J., Jr.; Armstrong, D.K.; Alvarez, R.D.; Bakkum-Gamez, J.N.; Behbakht, K.; Chen, L.M.; Copeland, L.; Crispens, M.A.; DeRosa, M.; Dorigo, O.; et al. Ovarian Cancer, Version 1.2016, NCCN Clinical Practice Guidelines in Oncology. J. Natl. Compr. Cancer Netw. 2016, 14, 1134–1163. [Google Scholar] [CrossRef]

	



Ray-Coquard, I.; Morice, P.; Lorusso, D.; Prat, J.; Oaknin, A.; Pautier, P.; Colombo, N. Non-epithelial ovarian cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2018, 29 (Suppl. 4), iv1–iv18. [Google Scholar] [CrossRef]

	



Bildik, G.; Esmaeilian, Y.; Vatansever, D.; Bilir, E.; Taskiran, C.; Oktem, O. A comparative molecular analysis of DNA damage response, cell cycle progression, viability and apoptosis of malignant granulosa cells exposed to gemcitabine and cisplatin. Mol. Biol. Rep. 2020, 47, 3789–3796. [Google Scholar] [CrossRef]

	



Roze, J.; Sendino Garvi, E.; Stelloo, E.; Stangl, C.; Sereno, F.; Duran, K.; Groeneweg, J.; Paijens, S.; Nijman, H.; van Meurs, H.; et al. In Vitro Systematic Drug Testing Reveals Carboplatin, Paclitaxel, and Alpelisib as a Potential Novel Combination Treatment for Adult Granulosa Cell Tumors. Cancers 2021, 13, 368. [Google Scholar] [CrossRef]

	



Shah, S.P.; Kobel, M.; Senz, J.; Morin, R.D.; Clarke, B.A.; Wiegand, K.C.; Leung, G.; Zayed, A.; Mehl, E.; Kalloger, S.E.; et al. Mutation of FOXL2 in granulosa-cell tumors of the ovary. N. Engl. J. Med. 2009, 360, 2719–2729. [Google Scholar] [CrossRef]

	



Haltia, U.M.; Andersson, N.; Yadav, B.; Farkkila, A.; Kulesskiy, E.; Kankainen, M.; Tang, J.; Butzow, R.; Riska, A.; Leminen, A.; et al. Systematic drug sensitivity testing reveals synergistic growth inhibition by dasatinib or mTOR inhibitors with paclitaxel in ovarian granulosa cell tumor cells. Gynecol. Oncol. 2017, 144, 621–630. [Google Scholar] [CrossRef]

	



Putt, K.S.; Chen, G.W.; Pearson, J.M.; Sandhorst, J.S.; Hoagland, M.S.; Kwon, J.T.; Hwang, S.K.; Jin, H.; Churchwell, M.I.; Cho, M.H.; et al. Small-molecule activation of procaspase-3 to caspase-3 as a personalized anticancer strategy. Nat. Chem. Biol. 2006, 2, 543–550. [Google Scholar] [CrossRef]

	



Daniel, A.G.; Peterson, E.J.; Farrell, N.P. The bioinorganic chemistry of apoptosis: Potential inhibitory zinc binding sites in caspase-3. Angew. Chem. Int. Ed. Engl. 2014, 53, 4098–4101. [Google Scholar] [CrossRef]

	



Eron, S.J.; MacPherson, D.J.; Dagbay, K.B.; Hardy, J.A. Multiple Mechanisms of Zinc-Mediated Inhibition for the Apoptotic Caspases-3, -6, -7, and -8. ACS Chem. Biol. 2018, 13, 1279–1290. [Google Scholar] [CrossRef]

	



Botham, R.C.; Roth, H.S.; Book, A.P.; Roady, P.J.; Fan, T.M.; Hergenrother, P.J. Small-Molecule Procaspase-3 Activation Sensitizes Cancer to Treatment with Diverse Chemotherapeutics. ACS Cent. Sci. 2016, 2, 545–559. [Google Scholar] [CrossRef]

	



Roth, H.S.; Botham, R.C.; Schmid, S.C.; Fan, T.M.; Dirikolu, L.; Hergenrother, P.J. Removal of Metabolic Liabilities Enables Development of Derivatives of Procaspase-Activating Compound 1 (PAC-1) with Improved Pharmacokinetics. J. Med. Chem. 2015, 58, 4046–4065. [Google Scholar] [CrossRef]

	



MacFarlane, M. TRAIL-induced signalling and apoptosis. Toxicol. Lett. 2003, 139, 89–97. [Google Scholar] [CrossRef]

	



Mahmood, Z.; Shukla, Y. Death receptors: Targets for cancer therapy. Exp. Cell Res. 2010, 316, 887–899. [Google Scholar] [CrossRef]

	



Herbst, R.S.; Eckhardt, S.G.; Kurzrock, R.; Ebbinghaus, S.; O’Dwyer, P.J.; Gordon, M.S.; Novotny, W.; Goldwasser, M.A.; Tohnya, T.M.; Lum, B.L.; et al. Phase I dose-escalation study of recombinant human Apo2L/TRAIL, a dual proapoptotic receptor agonist, in patients with advanced cancer. J. Clin. Oncol. 2010, 28, 2839–2846. [Google Scholar] [CrossRef]

	



Lemke, J.; von Karstedt, S.; Zinngrebe, J.; Walczak, H. Getting TRAIL back on track for cancer therapy. Cell Death Differ. 2014, 21, 1350–1364. [Google Scholar] [CrossRef]

	



Ashkenazi, A.; Pai, R.C.; Fong, S.; Leung, S.; Lawrence, D.A.; Marsters, S.A.; Blackie, C.; Chang, L.; McMurtrey, A.E.; Hebert, A.; et al. Safety and antitumor activity of recombinant soluble Apo2 ligand. J. Clin. Invest 1999, 104, 155–162. [Google Scholar] [CrossRef]

	



Cheah, C.Y.; Belada, D.; Fanale, M.A.; Janikova, A.; Czucman, M.S.; Flinn, I.W.; Kapp, A.V.; Ashkenazi, A.; Kelley, S.; Bray, G.L.; et al. Dulanermin with rituximab in patients with relapsed indolent B-cell lymphoma: An open-label phase 1b/2 randomised study. Lancet Haematol. 2015, 2, e166–e174. [Google Scholar] [CrossRef]

	



Stuckey, D.W.; Shah, K. TRAIL on trial: Preclinical advances in cancer therapy. Trends Mol. Med. 2013, 19, 685–694. [Google Scholar] [CrossRef]

	



Jaaskelainen, M.; Kyronlahti, A.; Anttonen, M.; Nishi, Y.; Yanase, T.; Secchiero, P.; Zauli, G.; Tapanainen, J.S.; Heikinheimo, M.; Vaskivuo, T.E. TRAIL pathway components and their putative role in granulosa cell apoptosis in the human ovary. Differentiation 2009, 77, 369–376. [Google Scholar] [CrossRef]

	



MacDonald, J.A.; Kura, N.; Sussman, C.; Woods, D.C. Mitochondrial membrane depolarization enhances TRAIL-induced cell death in adult human granulosa tumor cells, KGN, through inhibition of BIRC5. J. Ovarian Res. 2018, 11, 89. [Google Scholar] [CrossRef]

	



Woods, D.C.; Liu, H.K.; Nishi, Y.; Yanase, T.; Johnson, A.L. Inhibition of proteasome activity sensitizes human granulosa tumor cells to TRAIL-induced cell death. Cancer Lett. 2008, 260, 20–27. [Google Scholar] [CrossRef]

	



Seervi, M.; Sobhan, P.K.; Joseph, J.; Ann Mathew, K.; Santhoshkumar, T.R. ERO1alpha-dependent endoplasmic reticulum-mitochondrial calcium flux contributes to ER stress and mitochondrial permeabilization by procaspase-activating compound-1 (PAC-1). Cell Death Dis. 2013, 4, e968. [Google Scholar] [CrossRef] [PubMed]

	



Liston, D.R.; Davis, M. Clinically Relevant Concentrations of Anticancer Drugs: A Guide for Nonclinical Studies. Clin. Cancer Res. 2017, 23, 3489–3498. [Google Scholar] [CrossRef] [PubMed]

	



Soria, J.C.; Smit, E.; Khayat, D.; Besse, B.; Yang, X.; Hsu, C.P.; Reese, D.; Wiezorek, J.; Blackhall, F. Phase 1b study of dulanermin (recombinant human Apo2L/TRAIL) in combination with paclitaxel, carboplatin, and bevacizumab in patients with advanced non-squamous non-small-cell lung cancer. J. Clin. Oncol. 2010, 28, 1527–1533. [Google Scholar] [CrossRef] [PubMed]

	



Gurumurthy, M.; Bryant, A.; Shanbhag, S. Effectiveness of different treatment modalities for the management of adult-onset granulosa cell tumours of the ovary (primary and recurrent). Cochrane Database Syst. Rev. 2014, 4, CD006912. [Google Scholar] [CrossRef] [PubMed]

	



Meisel, J.L.; Hyman, D.M.; Jotwani, A.; Zhou, Q.; Abu-Rustum, N.R.; Iasonos, A.; Pike, M.C.; Aghajanian, C. The role of systemic chemotherapy in the management of granulosa cell tumors. Gynecol. Oncol. 2015, 136, 505–511. [Google Scholar] [CrossRef]

	



Amzallag, A.; Ramaswamy, S.; Benes, C.H. Statistical assessment and visualization of synergies for large-scale sparse drug combination datasets. BMC Bioinform. 2019, 20, 83. [Google Scholar] [CrossRef]

	



Tang, J.; Wennerberg, K.; Aittokallio, T. What is synergy? The Saariselka agreement revisited. Front. Pharm. 2015, 6, 181. [Google Scholar] [CrossRef]

	



Di Veroli, G.Y.; Fornari, C.; Wang, D.; Mollard, S.; Bramhall, J.L.; Richards, F.M.; Jodrell, D.I. Combenefit: An interactive platform for the analysis and visualization of drug combinations. Bioinformatics 2016, 32, 2866–2868. [Google Scholar] [CrossRef]

	



Rahmanian, N.; Hosseinimehr, S.J.; Khalaj, A. The paradox role of caspase cascade in ionizing radiation therapy. J. Biomed. Sci. 2016, 23, 88. [Google Scholar] [CrossRef] [PubMed]

	



Yang, T.; Lan, J.; Huang, Q.; Chen, X.; Sun, X.; Liu, X.; Yang, P.; Jin, T.; Wang, S.; Mou, X. Embelin Sensitizes Acute Myeloid Leukemia Cells to TRAIL through XIAP Inhibition and NF-kappaB Inactivation. Cell Biochem. Biophys. 2015, 71, 291–297. [Google Scholar] [CrossRef] [PubMed]

	



Alfonso, S.; Jenner, A.L.; Craig, M. Translational approaches to treating dynamical diseases through in silico clinical trials. Chaos Interdiscip. J. Nonlinear Sci. 2020. under review. [Google Scholar] [CrossRef] [PubMed]

	



Jenner, A.L.; Frascoli, F.; Coster, A.C.F.; Kim, P.S. Enhancing oncolytic virotherapy: Observations from a Voronoi Cell-Based model. J. Theor. Biol. 2020, 485, 110052. [Google Scholar] [CrossRef] [PubMed]

	



Imai, M.; Muraki, M.; Takamatsu, K.; Saito, H.; Seiki, M.; Takahashi, Y. Spontaneous transformation of human granulosa cell tumours into an aggressive phenotype: A metastasis model cell line. BMC Cancer 2008, 8, 319. [Google Scholar] [CrossRef] [PubMed]

	



Cassidy, T.; Craig, M. Determinants of combination GM-CSF immunotherapy and oncolytic virotherapy success identified through in silico treatment personalization. PLoS Comput. Biol. 2019, 15, e1007495. [Google Scholar] [CrossRef]

	



Oseledchyk, A.; Gennarelli, R.L.; Leitao, M.M., Jr.; Aghajanian, C.A.; Iasonos, A.; Zivanovic, O.; Zamarin, D. Adjuvant chemotherapy in patients with operable granulosa cell tumors of the ovary: A surveillance, epidemiology, and end results cohort study. Cancer Med. 2018, 7, 2280–2287. [Google Scholar] [CrossRef]

	



Jamieson, S.; Fuller, P.J. Management of granulosa cell tumour of the ovary. Curr. Opin. Oncol. 2008, 20, 560–564. [Google Scholar] [CrossRef]

	



Bonaventura, A.; O’Connell, R.L.; Mapagu, C.; Beale, P.J.; McNally, O.M.; Mileshkin, L.R.; Grant, P.T.; Hadley, A.M.; Goh, J.C.H.; Sjoquist, K.M.; et al. Paragon (ANZGOG-0903): Phase 2 Study of Anastrozole in Women with Estrogen or Progesterone Receptor-Positive Platinum-Resistant or -Refractory Recurrent Ovarian Cancer. Int. J. Gynecol. Cancer 2017, 27, 900–906. [Google Scholar] [CrossRef] [PubMed]

	



Camidge, D.R.; Herbst, R.S.; Gordon, M.S.; Eckhardt, S.G.; Kurzrock, R.; Durbin, B.; Ing, J.; Tohnya, T.M.; Sager, J.; Ashkenazi, A.; et al. A phase I safety and pharmacokinetic study of the death receptor 5 agonistic antibody PRO95780 in patients with advanced malignancies. Clin. Cancer Res. 2010, 16, 1256–1263. [Google Scholar] [CrossRef]

	



Kyronlahti, A.; Kauppinen, M.; Lind, E.; Unkila-Kallio, L.; Butzow, R.; Klefstrom, J.; Wilson, D.B.; Anttonen, M.; Heikinheimo, M. GATA4 protects granulosa cell tumors from TRAIL-induced apoptosis. Endocr. Relat. Cancer 2010, 17, 709–717. [Google Scholar] [CrossRef] [PubMed]

	



Chakraborty, A.; Jusko, W.J. Pharmacodynamic interaction of recombinant human interleukin-10 and prednisolone using in vitro whole blood lymphocyte proliferation. J. Pharm. Sci. 2002, 91, 1334–1342. [Google Scholar] [CrossRef] [PubMed]

	



McCall, J. Genetic algorithms for modelling and optimisation. J. Comput. Appl. Math. 2005, 184, 205–222. [Google Scholar] [CrossRef]








[image: Ijms 22 04699 g001 550] 





Figure 1. KGN cells are more sensitive to caspase-activating compounds than to upstream apoptotic agents. KGN cells (7000/well) were seeded into 96-well plates containing (A) PAC-1 (0–40 µM), (B) gemcitabine (0–100 µM), (C) carboplatin (0–400 µM), (D) TRAIL (0–1000 ng/mL), or (E) embelin (0–100 µM). Viability was determined 24 and 48 h later by resazurin metabolic assay. Points represent mean +/− standard error of the mean (SEM) for 3–4 independent experiments. EC50 values in the table reflect values calculated from this experiment. Cmax values reflect the maximum concentrations of the indicated drugs in the serum of treated patients as reported in the literature (references as noted). 
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Figure 2. PAC-1 is more synergistic with TRAIL than with gemcitabine, carboplatin or embelin in KGN cells. Two-way dose–response assays were set up with 5000 KGN cells/well in 96-well plates. Wells were treated for 48 h with PAC-1 doses from 0 to 40 µM combined with (A) gemcitabine (0–100 µM); (B) carboplatin (0–400 µM); (C) embelin (0–100 µM); or (D) TRAIL 0–1000 ng/mL. Viability was determined by resazurin metabolic assay (left panels, % viability relative to untreated control wells is indicated by color gradient). Drug interaction was calculated by Matlab module Combenefit using both the Loewe (centre panels) and Bliss (right panels) reference models [32] (n = 3 independent experiments). 
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Figure 3. Mathematical modelling confirms synergy of PAC-1 and TRAIL and determines optimal drug combination. (A) We developed a mathematical model for the effect of drug combinations on live proliferating KGN cells (  K  ( t )   ). The pharmacokinetics of each drug were modelled using a linear decay term, and the combined drug-induced cell death rate   E  (   D 1  ,    D 2  ,     Ψ  )    was modelled as dependent on the synergistic (  0 ≤ Ψ < 1  ), additive (  Ψ = 1  ), or infra-additive (  Ψ > 1  ) interactions between the drugs (Equations (2)–(8) in Materials and Methods). (B) Values for  Ψ  were obtained by fitting the model in (A) to the cell viability measurements (black circles) and are noted in Table 1 along with the corresponding model approximations as transparent surface plots. (C) The model’s predicted cell viability for varying PAC-1 and TRAIL dosages is denoted through shaded regions corresponding to increments of 0.1 in the cell viability. (D) The dosage of PAC-1 (left) and TRAIL (middle) that minimized cell viability and overall drug concentration was determined using a genetic algorithm. This was determined for varying PAC-1 and TRAIL maximum tolerated dose (MTD) concentrations. For a maximum tolerated PAC-1 dose of 50    μ M    and TRAIL dose of 560 ng/mL, the resulting model prediction for KGN live and dead cells and PAC-1/TRAIL concentrations is plotted (right) and noted on (C) as a black star. Enlarged versions of Figure 3D tables are provided in Figures S9 and S10. The corresponding optimal cell viability for each PAC-1 and TRAIL MTD is in Figure S11. 
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Figure 4. Combining PAC-1 with TRAIL induces rapid activation of caspase-3 in KGN cells. KGN cells (5000/well) were treated with either 20 µM PAC-1, 10 ng/mL TRAIL, or 20 µM PAC-1 combined with 10 ng/mL TRAIL. Cells were then stained with Hoechst 33,342 and NucView-488 Caspase-3 substrate and monitored over 48 h for caspase-3 cleavage (Molecular Devices ImageXpress high-content imaging). (A) Imagery was then processed using the MetaXpress Multi-wavelength Cell Scoring module and the number of NucView-fluorescent cells was determined relative to the total number of Hoechst-stained cells (percentages are color-coded as indicated in the scale). Total length of bars indicates time to reach maximal NucView-fluorescence. Data shown are representative of multiple analyses of caspase-3 activity. (B) The percentage of cells/well expressing caspase activity is plotted for each drug condition. Note that maximal activity was measured in the PAC-1/TRAIL combination wells at 24 h while adding TRAIL 24 h after treatment with PAC-1 maximal activity was reached within 3 h. Destruction of apoptotic cells at this time point may explain reduced percentage of NucView + cells after 24 h. In contrast, maximal activity in the single agent wells was at 44 h or later. 
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Figure 5. PAC-1 combined with TRAIL reduces viability and increases caspase-3 activity in cultured patient-derived GCT cells. GCT cells explanted from 4 patients (primary tumor samples from 2 patients and recurrent tumor samples from the other two patients) were cultured separately for 5 days then treated with 20 µM PAC-1 (48 h), 10 ng/mL TRAIL (48 h), or 20 µM PAC-1 (24 h) followed by a second 24-h treatment with 20 µM PAC-1 plus 10 ng/mL TRAIL (. (A) Viability at endpoint measured by WST-1 assay. (B) Caspase-3 activity at endpoint measured with Caspase-Glo® 3/7. Star (★) indicates that TRAIL was added 24 h after PAC-1 treatment. Responses relative to untreated cells are shown. Bars represent mean response +/− SEM, for samples from the two patients with primary disease separately from the two patients with recurrent disease. Significance tested by two-way ANOVA (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001). 






Figure 5. PAC-1 combined with TRAIL reduces viability and increases caspase-3 activity in cultured patient-derived GCT cells. GCT cells explanted from 4 patients (primary tumor samples from 2 patients and recurrent tumor samples from the other two patients) were cultured separately for 5 days then treated with 20 µM PAC-1 (48 h), 10 ng/mL TRAIL (48 h), or 20 µM PAC-1 (24 h) followed by a second 24-h treatment with 20 µM PAC-1 plus 10 ng/mL TRAIL (. (A) Viability at endpoint measured by WST-1 assay. (B) Caspase-3 activity at endpoint measured with Caspase-Glo® 3/7. Star (★) indicates that TRAIL was added 24 h after PAC-1 treatment. Responses relative to untreated cells are shown. Bars represent mean response +/− SEM, for samples from the two patients with primary disease separately from the two patients with recurrent disease. Significance tested by two-way ANOVA (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).
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Figure 6. Proposed mechanism of apoptosis induction mediated by PAC-1 in combination with TRAIL. Based on data presented in this paper, we hypothesize that PAC-1 and TRAIL synergistically function to increase apoptosis through PAC-1 removal of inhibitory Zn2+ ions resulting in primed caspase-3 molecules, which are then activated through TRAIL-induced death-signaling that utilizes the extrinsic and/or intrinsic apoptotic pathway. 
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Table 1. Interaction strength  Ψ  values for PAC-1 drug combinations, fitting the mathematical model (Figure 3A) to the dose–response measurements in Figure 2.
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	Drug
	   Ψ   
	Residual a
	Min Cell Viability b





	PAC-1 + Carboplatin
	1.6
	0.0015
	0.4



	PAC1 + Embelin
	1.4
	0.0073
	0.16



	PAC1 + Gemcitabine
	1.8
	0.0055
	0.32



	PAC1 + TRAIL
	0.8
	0.0050
	0.14







a normalized residual (sum of all residuals divided by the number of sample points); b minimum cell viability predicted by the model for the two-way dose response.
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