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Abstract

:

Glioblastoma (GBM) has a dismal prognosis and successful elimination of GBM stem cells (GSCs) is a high-priority as these cells are responsible for tumor regrowth following therapy and ultimately patient relapse. Natural products and their derivatives continue to be a source for the development of effective anticancer drugs and have been shown to effectively target pathways necessary for cancer stem cell self-renewal and proliferation. We generated a series of curcumin inspired bis-chalcones and examined their effect in multiple patient-derived GSC lines. Of the 19 compounds synthesized, four analogs robustly induced GSC death in six separate GSC lines, with a half maximal inhibitory concentration (IC50) ranging from 2.7–5.8 μM and significantly reduced GSC neurosphere formation at sub-cytotoxic levels. Structural analysis indicated that the presence of a methoxy group at position 3 of the lateral phenylic appendages was important for activity. Pathway and drug connectivity analysis of gene expression changes in response to treatment with the most active bis-chalcone 4j (the 3,4,5 trimethoxy substituted analog) suggested that the mechanism of action was the induction of endoplasmic reticulum (ER) stress and unfolded protein response (UPR) mediated cell death. This was confirmed by Western blot analysis in which 4j induced robust increases in CHOP, p-jun and caspase 12. The UPR is believed to play a significant role in GBM pathogenesis and resistance to therapy and as such represents a promising therapeutic target.
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1. Introduction


Glioblastoma (GBM) is one of the worst diagnoses that a person can receive, with an average survival time of approximately 12–15 months [1]. It is the most common and malignant form of primary brain cancer and is currently treated with surgery to remove the tumor followed by radiotherapy with concurrent chemotherapy. It is a highly invasive cancer, invading into the normal tissue surrounding the tumor, making a total resection virtually impossible. Despite an enormous effort to identify the genetic and epigenetic alterations and develop molecularly targeted therapies, the outcome has not significantly improved in over fifteen years since the introduction of the Stupp protocol, which is the addition of the DNA alkylating agent temozolomide to the standard of care, affording patients an additional 2–3 months of survival [2]. Ultimately however, the tumor recurs and the patient succumbs to the disease. Treatment failure has been attributed to the highly invasive nature of these tumors as well as the presence of treatment resistant glioblastoma stem-like cancer cell also known as tumor initiating cells or glioblastoma stem cells (GSCs) [3].



The stem cell theory of carcinogenesis postulates that a small proportion of tumor cells are responsible for driving tumor growth, by giving rise to additional cancer stem cells as well as more differentiated progeny, contributing to tumor heterogeneity. The role of GSCs has been elegantly illustrated in cell lineage studies, which demonstrated the tumor recurrence following treatment was in fact due to GSCs in GBM mouse models [3]. Therefore, for long-term cures, treatments must successfully target GSCs. Multiple signaling pathways have been implicated in GSC self-renewal and therapy-resistance [4]; however, effective clinical therapies remain elusive.



It is now becoming more evident that the adaptive response known as the unfolded protein response (UPR) plays a major role in the development and progression of several cancers including GBM [5,6,7,8]. GBM is a fast growing tumor, often outgrowing its blood supply resulting in hypoxia, nutrient deprivation and acidosis. In addition to these extrinsic stresses, GBM cells are subject to intrinsic stresses including oncogene pathway activation and an increased demand for protein synthesis and folding. The endoplasmic reticulum (ER) plays a critical role in protein folding and secretion; and cellular stress can perturb the normal protein homeostasis leading to the accumulation of unfolded or misfolded proteins. In response to this stress, cells initiate the unfolded protein response (UPR), an adaptive response that aims to restore ER proteostasis. The UPR consists of three signal transduction pathways initiated by ER resident proteins, inositol requiring enzyme 1 (IRE1), double-stranded RNA-activated protein kinase (PKR)–like ER kinase (PERK), and activating transcription factor 6 (ATF6) and activation of these pathways is the attempt to mitigate, and reverse ER stress by promotion of protein degradation, decrease in global protein synthesis and upregulation of the expression of specific UPR downstream genes such as molecular chaperones and foldases to aid in protein folding. However, if the ER stress cannot be resolved, the UPR switches from adaptation and cell survival to the induction of apoptosis and cell death. Specifically, the convergence of the aforementioned pathways is actuated by the multi-functional transcription factor CCAAT-enhancer-binding protein homologous protein (CHOP), which plays a key role in ER stress induced cell death [9]. Evidence is accumulating and suggesting that the UPR plays an important role in GBM growth and progression, and supports tumor cell survival response to radiotherapy and chemotherapy and as such represents a promising therapeutic target [9].



Natural products and their derivatives have long provided a diverse source of new medicinal leads, especially in the development of anti-cancer drugs [10]. One of the most studied natural products is curcumin, which is a bioactive component of the popular Indian spice turmeric. Curcumin has shown anti-cancer properties for multiple cancers including GBM [11,12,13]. Specifically, curcumin has been shown to downregulate many cellular pathways critical for cancer stem cell self-renewal [14]. We previously demonstrated that curcumin caused GSC death by inducing reactive oxygen species (ROS) and downregulation of STAT3 activity [15]. However, a major obstacle to curcumin therapy is its poor bioavailability. Even at high oral doses (8 g/day), curcumin peak plasma levels are below 2 μM [16]. Attempts to increase plasma levels resulted in the development of different formulations including, theracurmin®, curcumin within N-trimethyl chitosan coated solid lipid nanoparticles or nano-emulsions encapsulating curcumin which demonstrated to increase peak plasma levels up to 12.6 μM in rodent models [17,18,19]. An alternate approach is to design curcumin structural analogs to optimize specific chemotherapeutic properties. Specifically, chalcones, both synthetic and natural, have demonstrated anti-glioma effects by multiple mechanisms. [20,21,22]. Recently, symmetric bis-chalcones were demonstrated to be potent inhibitors of the breast cancer resistance protein (BCRP/ABCG2); however, the anti-cancer effects of bis-chalcones have not been investigated in GBM [23]. Here, we generated a series of curcumin inspired bis-chalcone derivatives and examined their effect on GBM stem cells (GSCs). Patient derived GSCs have been shown to recapitulate the original tumor upon transplantation into mice confirming their reliability as an in vitro model system. [24].




2. Results


2.1. Bis-Chalcone Synthesis


The synthesis of bis-chalcones 4a–4s is outlined in the following reaction scheme (Figure 1). The bis-chalcones were prepared by a base-catalyzed Claisen–Schmidt condensation between 2,6-diacetylpyridine (1 equivalent) and the appropriate aryl aldehyde (2.1 equivalents) using either method a or b. Bis-chalcones 4a, 4d, 4f [25], 4g [26] 4l [27] and 4p [28] were previously cited in the literature. More detailed description of the synthesis along with the spectral data for each compound can be found in the experimental section of the Supplemental Materials.




2.2. Bis-Chalcones Reduce Viability in GSCs


We previously found curcumin induced GSC death with an approximate IC50 of 25 μM. To determine if these bis-chalcones were more cytotoxic than curcumin, GSC lines Glio3, Glio9 and Glio38 were treated with increasing concentrations of each analog and viability was determined 72 h later by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H- tetrazolium) MTS assay. The percent viable cells for concentrations of 0.1 μM, 1 μM and 10 μM are shown in Figure 2. Interestingly, 10 μM of 4a and 4e (Figure 2a) induced robust cell death in Glio9, to approximately 6% and 45% of non-treated cells respectively, but only slightly reduced cell viability in the remaining two cell lines. On the other hand, 4r (Figure 2d) significantly reduced viability in all cell lines, although not all below 50% viability (approximately 20%–62% compared to non-treated controls). Morphological examination of Glio3 (62% viability) suggested that 4r might promote GSC differentiation as well as cell death as indicated by the loss of neurospheres and the corresponding increase in a more differentiated phenotype (Supplementary Figure S1). Bis-chalcone 4g (Figure 2b) reduced viability by more than 50% in Glio38 but was less effective in Glio3 and Glio9. At a concentration of 10 μM, bis-chalcones 4c (Figure 2a: blue), 4h and 4j (Figure 2b: orange and red), 4m and 4n (Figure 2c: dark blue and green) reduced cell viability below 50% compared to non-treated controls (100% viability) in all three GSC lines; Glio3, Glio9 and Glio38 (arrows).




2.3. Bis-Chalcones 4c, 4h, 4j and 4n Substantially Reduce Viability in Six GSC Lines


Since we are interested in finding an analog that is substantially more potent than curcumin and demonstrates efficacy across multiple GSC lines, we chose to continue further analysis only with the analogs in which upon treatment with 10 μM decreased the viability over 50% in all three cell lines compared to non-treated controls (arrows, Figure 2). To confirm the GSC cytotoxicity of bis-chalcones 4c, 4h, 4j, 4m and 4n, we treated three additional GSC lines, Glio4, Glio11, and Glio14, with increasing concentrations of each analog and determined cell viability. Similar to previous results, 4c, 4h, 4j and 4n induced robust cell death in the three additional GSC lines. The structures and IC50 for these analogs are shown in Figure 3a,b, respectively. Previously, we determined that the IC50s for curcumin were as follows: Glio3 25.5 ± 2.7 μM, Glio4 39.5 ± 5.4 μM, Glio9 22.5 ± 1.7 μM, Glio11 20.3 ± 3.7 μM, and Glio14 13.9 ± 5.0 μM [15]. Overall, on average, these analogs were approximately 5–10 fold more cytotoxic than curcumin, with 4j, the 2,6-di-[3-(3,4,5-trimethoxyphenyl)propenoyl]pyridine, having the lowest IC50. (Glio3 3.37 ± 0.9 μM, Glio4 2.32 ± 0.6 μM, Glio9 2.51 ± 0.4 μM, Glio11 2.73 ± 0.5 μM, and Glio14 2.52 ± 0.8 μM, Glio38 2.58 ± 0.9). Interestingly, 4m induced robust loss of cell viability in two additional cell lines (Glio11 and Glio14) but to a much lesser extent in Glio4. This is consistent with our previous data demonstrating that, among the five GSC lines examined, Glio4 was the most resistant to curcumin. Percent viability and the IC50 of 4m for Glio4, Glio11 and Glio14 are shown in Supplementary Figure S2a,b, respectively. Taken together, these data suggest that the genetic or epigenetic differences between the various GSC lines may regulate the susceptibility to the bis-chalcones.




2.4. Bis-Chalcones Reduce Neurosphere Formation at Sub Cytotoxic Levels


We previously demonstrated that 2.5 μM curcumin, a 10-fold lower dose than the average IC50, could significantly interfere with GSC neurosphere formation, suggesting an inhibition of GSC self-renewal properties [15]. To determine the effect of the bis-chalcones on neurosphere formation, GSC lines, Glio3 and Glio38, were dissociated and 50–100 single cells/well were plated into 96-well plates, treated with each analog at 100 nM, 250 nM and 500 nM concentrations and the number of neurospheres counted 14 days later. Sub cytotoxic levels of each bis-chalcone significantly reduced neurosphere formation in both cell lines (Figure 4). Consistent with the viability results, bis-chalcone 4j was the most effective, virtually eliminating sphere formation at concentrations as low as 250 nM.




2.5. Bis-Chalcone 4j Does not Substantially Reduce p-Stat Activity


We and others have shown that curcumin induces anti-cancer effects via STAT3 inhibition [15,29]. To determine if the mechanism of the most active bis-chalcone, 4j, is similar, we investigated the levels of STAT3 phosphorylation at tyrosine 705 (p-STAT3) and total STAT3 in Glio3 and Glio38 in response to either 5 μM bis-chalcone 4j as well as 4c and 4n. However, unlike curcumin, the bis-chalcones did not substantially reduce p-STAT3 levels suggesting an alternate mechanism of action. Bis-chalcones did, however, induce caspase activity, indicating activation of an apoptotic pathway (Supplemental Figure S3).




2.6. Bis-Chalcone 4j Induces Gene Expression Changes Consistent with ER Stress and UPR


To more extensively study the mechanism of action of 4j, we proceeded with profiling its transcriptional impact on Glioblastoma cells. For this, the GSC lines Glio9, Glio11, Glio14 and Glio38 were treated with 2.5 μM bis-chalcone 4j or, for comparison, bis-chalcone 4n and curcumin for 24 h and mRNA were collected for gene expression profiling using the L1000 Platform [30].



2.6.1. Bis-Chalcones 4j Induces a Greater Transcriptional Impact Compared to 4n or Curcumin


We then calculated the Transcriptional Activity Score (TAS) for each treatment and compared the results among the different conditions. TAS is a quality metric developed for the L1000 gene expression data that quantifies the strength and reproducibility of the transcriptional changes induced by a perturbation [30]. As shown in Figure 5a, bis-chalcone 4j elicited the strongest transcriptional response among the four GSC lines tested (Average TAS = 0.388). Moreover, curcumin exhibited the lowest transcriptional response among the three compounds with an average TAS of 0.285. By comparing our results to CLUE (https://clue.io), an external L1000 database, we observed that curcumin exhibits a similar weak transcriptional response in non-glioblastoma cancer cell lines (TAS = 0.21).




2.6.2. Bis-Chalcone 4j Induces a Transcriptional Signature Consistent with ER Stress


To identify genes that differentially regulated across all four glioblastoma cell lines, we calculated the Transcriptional Consensus Signature for each compound, as previously described (Table S1 in expression profiling data section of the Supplemental Materials) [31]. The upregulated and downregulated genes of each compound were then used to perform a functional enrichment analysis using the online annotation tool DAVID [32]. As shown in Figure 5b, the transcriptional signature of 4j is enriched in terms related to ER stress response, including “chaperone”, “stress response” and “response to unfolded protein”. No obvious discernable pathway was evident for bis-chalcone 4n or curcumin at the concentration tested.




2.6.3. Bis-Chalcone 4j Induce Similar Transcriptional Responses only in the Neurosphere Cell Lines


The Transcriptional Consensus Signature was generated by aggregating across all four GSC lines; however, we also wanted to evaluate whether there were cell-specific transcriptional responses to the 4j, 4n, and curcumin treatments. For this, we created cell-specific gene expression signatures that would be indicative of a cell’s transcriptional response to a treatment. This signature was created by computing the median gene expression across all biological replicates for a particular GSC line–compound pair. We then performed the same functional enrichment analysis as above (filtered genes with |z-score| >= 1). As shown in Figure 6a, we observed that three (Glio11, Glio14 and Glio38) out of the four cell lines treated with bis-chalcone 4j were enriched in stress response terms similarly to Figure 5b; however, Glio9 followed a different transcriptional response. Interestingly, Glio11, Glio14 and Glio38 were derived from treatment naïve tumors and grow as neurospheres, whereas Glio9 was derived from a recurrent tumor and grows adherently. The functional enrichment analysis for bis-chalcone 4n and curcumin can be found in the expression profiling data of Supplementary Materials.




2.6.4. Drug Connectivity Analysis of 4j Supports ER Perturbation of Neurosphere Cells


We further validated the difference in the transcriptional response of Glio9, Glio11, Glio14 and Glio38 after bis-chalcone 4j treatment by evaluating their connectivity to other compounds in the CLUE reference dataset (Touchstone), a dataset consisting of cellular signatures representing systematic perturbations of small-molecule and genetic perturbations. The cell-specific gene expression signatures were used as input in the CLUE tool and for each signature we extracted the 50 most connected/similar compounds (out of a total of 2911 reference CLUE compounds). We then plotted the corresponding Connectivity Scores in Figure 6b. The differential response to treatments was more prominent in the case of 4j, where we can see that the Glio14, Glio38 and Glio11 signatures are highly connected to compounds in Cluster 2 and 3 and the Glio9 signature is highly connected to compounds in Cluster 1. Moreover, by examining the mechanisms of action of the compounds in each Cluster, we noticed that the Glio14, Glio38 and Glio11 signatures were highly connected to heat shock protein (HSP) inhibitors (Cluster 2), while the Glio9 signature was highly connected to estrogen inhibitors (Cluster 1). Drug connectivity analysis for bis-chalcone 4n and curcumin can be found in the expression profiling data of the Supplementary Materials.





2.7. Bis-Chalcone 4j Induces Robust Expression of CHOP and Promotes JNK and Caspase 12 Activity


The above analysis indicates that 4j cytotoxicity may be mediated through the ER stress induced UPR response. The UPR is an adaptive mechanism initiated in response to ER stress. To confirm that bis-chalcone 4j was inducing the UPR, we examined UPR markers in the GSCs that grow as neurospheres (glio3, 14 and 38) by Western blot analysis. Consistent with the transcriptional response and drug connectivity data, 4j induced robust increase in the protein levels of UPR markers including CHOP, p-jun at serine 73 (indicative of the stress activated kinase c-Jun N-terminal kinase (JNK) activity) and caspase 12 only in the neurosphere cell lines. No obvious increase in glucose related protein 78 (GRP78), a molecular chaperone important for mediating cell adaptation and survival in response to ER stress, was observed (Figure 7a,b). The other analogs examined either failed to induce protein expression or did so at a much lower level compared to 4j, indicating that 4c, 4h, 4n induce GSC death, at least in part, by an alternate mechanism. All analogs however induced Poly (ADP-ribose) polymerase (PARP) cleavage suggestive of apoptotic cell death. As expected, 4j treatment did not result in an increase in CHOP or caspase 12 in Glio9. Bis-chalcone 4j did, however, induce a small increase in p-jun compared to non-treated controls; however, this was much less than that observed in the neurosphere cells or what was observed in response to curcumin (Figure 7c).




2.8. Bis-Chalcone 4j Demonstrates Reduced Toxicity to Non-Cancer Stem Cells


To determine the cytotoxicity of bis-chalcone 4j in a non-cancer stem cell line, we treated human mesenchymal stem cells (MSCs) with increasing concentrations of 4j (0.1–10 μM) and examined viability at 72 h as previously described. Compared to GSCs, the cytotoxicity induced by treatment was substantially lower, with an estimated IC50 of 13.1 μM (Supplemental Figure S4), suggesting a selective targeted effect of 4j towards GSCs.





3. Discussion


Despite an aggressive treatment regimen, the prognosis for GBM patients remains dismal. This poor outcome has in part been attributed to the presence of a small number of treatment resistant cells that are responsible for tumor recurrence and patient relapse. Cancer stem cells and cancer cells, in general, have an innate ability to adapt to extracellular stress (hypoxia, acidosis, nutrient and oxygen deprivation, etc.) and intracellular stress (ROS, oncogenic signaling pathways, etc.). Cellular stresses can result in a loss of protein homeostasis in the ER, prompting the activation of the UPR that consists of three different parallel signaling pathways initiated by ER resident transmembrane proteins, PERK, IRE1) and ATF6. Activation of these pathways aims to restore ER protein homeostasis by attenuating protein synthesis, upregulating the expression of specific protein chaperones to aid in protein folding and to stimulate ER associated protein degradation. However, if protein homeostasis cannot be restored, the UPR initiates apoptosis via the activation of the transcription factor CHOP. CHOP regulates the expression of both pro-survival and pro-cell death BCL-2 family members [33]. In addition, IRE1 mediated JNK activation has been shown to play an important role in ER stress mediated cell death by promoting mitochondrial-mediated cell death [34,35]. Lastly, ER localized Caspase 12 has been shown to mediate ER stress cell death as caspase-12-deficient mice were resistant to ER stress-induced apoptosis [36].



Of the 19 bis-chalcones synthesized and tested, only four (4c, 4g, 4j and 4n) significantly reduced GSC viability across a panel of six genetically distinct GBM patient-derived cancer stem cell lines with IC50s in the very low micromolar range (2.3–5.8 μM), considerably less than the previously reported IC50 for curcumin of approximately 25 Μm [15]. Our results indicate that a methoxy group (−OCH3) at the 3 position of the phenylic side appendages is important for inducing GSC death. In fact, at 10 μM, bis-chalcones 4c, 4e, 4g, 4h, 4j, 4m, 4n, and 4r reduced GSC viability to below 50% of non-treated controls in at least one cell line. Similarly, the methoxy group on the curcumin scaffold has been shown to be important for its biological activities [37,38]. Although bis-chalcone 4o possesses a methoxy group at the 3 position, it appears that its activity is compromised by the lipophilic benzyloxy moiety at position 4. Furthermore, it has been shown that the introduction of additional methoxy groups on the aromatic rings enhanced the anticancer effect on multiple cancer cell lines [39]. In analogy, we found that bis-chalcones containing multiple methoxy groups on the phenyl rings could be very cytotoxic. The most effective bis-chalcone was the 3,4,5 trimethoxy substituted analog (4j); however, the 2,4,5 trimethoxy substituted analog (4s), lacking substitution at position 3 was ineffective.



Bis-chalcone 4j induced robust cell death in all GSC lines with IC50 ranging from 2.3 μM (Glio4) to 2.7 μM (Glio11). Furthermore, 4j significantly reduced neurosphere formation at concentrations as low as 100 nM and virtually eliminating neurosphere formation at 250 nM suggesting modulation of GSC self-renewal properties. Pathway analysis of expression profiles generated using L1000 assay indicated that 4j treatment induced a stress response consistent with ER stress/UPR in the GSCs that grow as neurospheres but not in the GSC that grows adherently. Furthermore, drug connectivity analysis using the Clue compound database indicated that the signatures were highly connected to HSP inhibitors for the neurosphere cell lines, which is consistent with the pathway analysis, as HSP inhibition is associated with ER stress and UPR [40]. Consistent with these findings, Western blot analysis demonstrated that 4j induced robust induction of CHOP, p-jun (indicative of JNK activity) and caspase 12.



A putative mechanism by which bis-chalcone 4j is inducing ER stress in the neurospheres cells may be by directly increasing the number of misfolded proteins in the ER. Like curcumin, 4j is electrophilic. In fact, the presence of the pyridine ring between the two carbonyls makes the dienones more electrophilic, i.e., more reactive. Electrophiles (electron deficient) target electron rich nucleophiles such as side chains of the amino acids cysteine, histidine and lysine. One of the major modifications occurring in the ER is the formation of disulfide bonds, which stabilizes the newly formed protein [41]. It is possible that the reactive bis-chalcone is inducing ER stress by disrupting the formation of disulfide bonds between the thiol groups of the cysteine residues by forming a carbon-sulfur bond (Michael adduct formation). This disruption leads to an accumulation of unfolded proteins and, thus, ER stress similar to that of arylating quinones [42]. Additionally, it has been shown that GBM cells display a higher antioxidant capacity compared to normal cells, particularly higher level of Glutathione Reductase (GSR) and Glutathione (GSH) were detected [43]. Such elevated levels have been linked to the well-known GBM resistance to standard treatment with Temozolomide. It is then conceivable that the subtle chemical reactivity of our bis-chalcones could be targeting these antioxidants species (GSR, GSH), which would, in turn, lead to an increase in reactive oxygen species and, ultimately, ER stress [44].



However, the induction of ER stress/UPR was observed only in the neurosphere cell lines and not the adherent cell line, Glio9. Drug connectivity analysis indicated that 4j might induce cell death in Glio9 similar to that of estrogen inhibition. One potential connection of the UPR to estrogen signaling is the IRE1/XBP1 signaling pathway. Activated IRE1 cleaves XBP1 mRNA leading to the translation of a highly active transcription factor. The estrogen receptor antagonist, fulvestrant, was demonstrated to downregulate the IRE1/XBP1 signaling pathway in prolactinoma cells [45]. Conversely, Minchenko et al. recently demonstrated that IRE1 inhibition modulates the expression of genes encoding estrogen related proteins in glioma cells [46]. Recent data supports a role for IRE1/XBP1 in glioblastoma development and progression and as such a promising therapeutic target [47,48]. Glio9 was derived from a recurrent tumor, previously treated with both chemotherapy and radiation; therefore, it is not inconceivable that these cells would respond differently compared to cells generated from naive tumors. Regardless, our bis-chalcones, in particular 4j, induced robust cell death in all GSC lines examined. Moreover, our analogs obey Lipinski’s rule of 5, an important “benchmark test” in drug development, suggesting the likely oral bioavailability of such compounds [49]. Our encouraging results support 4j as a potential therapeutic lead for the development of a novel drug for the treatment of this deadly disease.




4. Materials and Methods


4.1. Chemistry


All reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA) and were used directly without further purification. 1H- and 13C-NMR spectra were recorded at 500 and 125 MHz on Bruker. The spectra were referenced to the residual protonated solvents. Abbreviations such as s, d, t, m, br, and dd used in the description denote singlet, doublet, triplet, multiplet, broad, and double doublet, respectively. The chemical shifts and coupling constants were reported in parts per million (ppm) and hertz (Hz), respectively. High-resolution mass spectra were obtained on Bruker micrOTO-Q II mass spectrometer (Bruker, Billerica, MA, USA). The NMR and mass spectrometry data for the synthesized compounds are provided in the supplemental document. All intermediate and final products were monitored by thin layer chromatography (TLC) on 250 μm silica plates. Where applicable, the compounds were recrystallized from the proper solvent or purified by flash column chromatography on silica gel (200–300 mesh) with ethyl acetate/hexanes (1:1) as eluant.



The synthesis of bis-chalcones 4a–4s is outlined in Figure 1. The bis-chalcones were prepared by the Claisen–Schmidt condensation between 2,6-diacetylpyridine (1 equivalent) and the appropriate aryl aldehyde (2.1 equivalents) using either method a or b as shown. The reaction monitored by TLC. Upon completion, the reaction mixture was diluted with water and the solid formed was collected by vacuum filtration. The bis-chalcone was either purified by flash column chromatography or recrystallization. All the compounds were characterized by NMR (Nuclear Magnetic Resonance) Analysis and EI-HRMS (Electrospray Ionization-High Resolution Mass Spectrometry, Bruker, Billerica, MA, USA) Analysis. MOM-protected derivatives of 4-hydroxybenzaldehyde and vanillin were synthesized according to literature procedures [50]. More detailed description of the synthesis for each compound can be found in the Supplemental Materials.




4.2. Cell Culture


GSC lines Glio3, Glio4, Glio9, Glio11 and Glio14 have been previously described [15]. With Institutional Review Board (IRB) approval (number 20060858), the Glio38 cell line was derived from a patient’s resected tumor after receiving written consent. Briefly, tumor samples were physically and enzymatically digested and single cells were plated in DMEM/F12 3:1 supplemented with 20 ng/mL each of epidermal growth factor (EGF) and fibroblast growth factor (FGF), 2% Gem21 and 1% Penicillin/Streptomycin (P/S) to promote the growth of glioblastoma stem-like cells. Similar to the other neurosphere cell lines Glio3, Glio4, Glio11 and Glio14, Glio38 cells grew as neurospheres and expressed the putative GBM stem cell markers; cell surface proteins CD133 and A2B5, intermediate filament Nestin, RNA binding protein Musashi, oncogene BMi-1 and the transcriptional regulator Sox2 (Supplemental Figure S5). Glio9 was derived from a recurrent, post therapy, tumor and grows adherently and fails to express Sox2. [15] Human MSCs were obtained from Thermo Fisher Scientific (Waltham, MA, USA) and maintained in MEM supplemented with 20% fetal bovine serum (FBS) and 1% P/S. Our cell lines were routinely tested for mycoplasma using LookOut mycoplasma PCR detection kit (Sigma Aldrich, St. Louis, MO, USA) according to the manufacturer’s instructions and maintained at 37 °C in a humidified 5% CO2 incubator.




4.3. Drug Treatment


The bis-chalcones were dissolved in dimethyl sulfoxide (DMSO) at a concentration of 10 mM, vortexed and subsequently diluted 1:10 to obtain 1 mM and 0.1 mM stock concentrations. Viability was determined using the CellTiter 96® Aqueous One Solution Cell Proliferation Assay (MTS) assay (Promega Madison, WI, USA) as previously described [15]. Briefly, GSCs were seeded into 96-well plates using a modified neurosphere media containing 5% FBS at a density of 5000–10,000 cells per well, depending on the cell line. Cells were treated with increasing concentrations (0.1–10 μM) of each curcumin analog for 72 h. Media was aspirated and 100 μL of a 1:5 solution of MTS to cell culture media was added to each well and incubated for 1–4 h. Optical density was measured at 490 nm using a BoiTek Synergy HT plate reader (Biotek, Winooski, VT, USA). Viability of drug treated cells is expressed as the percent viable cells relative to non-treated cells (100% viability). Experiments were done in triplicate.




4.4. Neurosphere Forming Assay


To determine the effect of the curcumin analogs on stem cell activity, neurosphere assays were performed as previously described [15]. Briefly, single cells were seeded at 50–100 cells per well in a 96-well plate and treated with 100 nM, 250 nM or 500 nM bis-chalcones on day 0. Spheres greater than 50 microns were manually counted under microscopy on day 14. All experiments were done in triplicate.




4.5. RNA Analysis


To determine the molecular mechanism of bis-chalcone induced cell death, we exposed Glio11, Glio14 and Glio38 as neurospheres as well as the adherent Glio9 to 2.5 μM of bis-chalcones 4j, 4n or 2.5 μM curcumin (for comparison) and RNA was extracted 24 h later. Neurospheres were collected, spun down, washed with sterile PBS and RNA harvested using RNeasy Mini kit (Qiagen, Valencia, CA, USA) as per the manufacturer’s instructions. For the adherent culture, Glio9, cells were collected using accutase (Gemini), spun down, washed and RNA isolated as described above. RNA concentration was determined using Nanodrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA) and subsequently aliquotted for gene expression profiling. For Glio9, Glio14 and Glio38, three biological replicates each with four technical replicates were analyzed. For Glio11, two biological replicates each with six technical replicates were analyzed. Transcriptional profiles were generated by the LINCS Project, which utilizes a novel gene expression profiling method that measures the expression of 978 representative landmark transcripts [30].



4.5.1. Transcriptional Impact


Transcriptional Consensus Signatures (TCSs) for each compound were calculated as described previously [24] using the Level 4 population-normalized L1000 data. Briefly, the TCSs quantify the genes that are consistently over/under expressed in multiple cell lines after a compound treatment.




4.5.2. Functional Enrichment Analysis


Functional enrichment analysis was performed using the Functional Annotation Chart tool in David [25]. The median gene expression was calculated between biological replicates of the Level 5 L1000 data and genes with a |z-score| >= 1 were used as input in DAVID.




4.5.3. CLUE Analysis


Connectivity Scores between the CLUE Touchstone (Reference) perturbagens were calculated using https://clue.io/. Hierarchical clustering (complete linkage, Euclidean distance) was performed on the 50 highest connected compounds for each condition (cell line treated with drug).





4.6. Western Blot Assay


Our protocol for Western blot assays has been described previously [51]. Cells were treated with 5 μM bis-chalcones or curcumin for 8 or 24 h cells are lysed with a RIPA buffer (1% sodium deoxycholate, 0.1% Sodium dodecyl sulfate (SDS), 1% Triton X-100, 10 mM Tris pH 8 and 140 mM NaCl) supplemented with 250 units per ml Benzonase, 1 mM dithiothreitol and phosSTOP phosphatase inhibitor cocktail and a cOmplete protease inhibitor cocktail (both from Roche, Indianapolis, IN, USA). Protein concentration determined using a bicinchoninic acid (BCA) protein assay (Thermo Scientific, Waltham, MA, USA), and 20 μg of protein was loaded onto 8, 12 or 15% polyacrylamide gels (BioRad Hercules, CA, USA) gels for electrophoresis and subsequently transferred onto nitrocellulose membranes. Membranes are incubated overnight with primary antibodies, washed and incubated with HRP conjugated secondary antibodies for 1 hour. Bands were visualized using Super-Signal™ West Pico Chemiluminescent Substrate (Thermo Scientific Waltham, MA, USA). Anti-C/EBP homologous protein (CHOP), anti-78 kDa glucose-regulated protein (GRP78), anti-caspase 12, anti-phospho c-jun (Ser63), anti-c-jun, anti-signal transducer and activator of transcription 3 (STAT3), anti-phospho-STAT3 (Tyr705), anti-poly ADP ribose polymerase (PARP) and anti-cleaved caspase 3 were all obtained from Cell Signaling Technology (Danvers, MA, USA). Anti-α-tubulin was obtained from Abcam (Eugene, OR, USA).




4.7. Statistical Analysis


Significance was determined using Student’s t-tests for all pairwise comparisons of the different treatments that were tested. The results are presented as the mean ± standard error mean (SEM). Significance was set at p  <  0.05.





5. Conclusions


Despite advances in neuroimaging and neurosurgical techniques, and an abundance of research aimed at understanding and targeting cell-signaling pathways driving GBM pathogenesis, GBM remains one of the most lethal brain tumors. The UPR is an adaptive mechanism initiated to mitigate ER stress resulting from the tumor microenvironment, oncogene activation, rapid cell proliferation as well as anti-cancer therapies. Specifically, the UPR plays a role in temozolomide and radiotherapy resistance in GBM [52,53]. However, if protein homeostasis cannot be restored, the UPR induces cell death. Here, we discovered a novel bis-chalcone (4j) capable of “weaponizing” the UPR to promote GBM stem cell death. Targeting the UPR is a novel strategy for treating this deadly disease and 4j is a promising lead compound for drug development.
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Figure 1. Reaction scheme for the synthesis of bis-chalconesa. aReagents and conditions: (a) 20%NaOH, MeOH, RT; (b) cat. Piperidine, MeOH, ref lux; (c) Trifluoroacetic acid/conc. HCl, Dichloromethane. 
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Figure 2. Bis-chalcones reduce GSC viability. GSC lines Glio3, Glio9 and Glio38 were treated with 0.1 μM, 1 μM, or 10 μM of each bis-chalcone analog and viability determined by MTS assay. The data is presented as percent viability compared to non-treated controls. * p < 0.05, compared to non-treated controls. Arrows indicate bis-chalcones that reduced viability over 50% at the 10 μM in all three GSC lines. (a) bis-chalcones 4a–4e; (b) bis-chalcones 4f–4j; (c) bis-chalcones 4k–4o; (d) bis-chalcones 4p–4s. 
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Figure 3. Bis-chalcones 4c, 4h, 4j, 4n induces robust cell death in 6 GSC lines. (a) structures of 4c, 4h, 4j, and 4n; (b) IC50 of each bis-chalcone for Glio3, Glio4, Glio9, Glio11, Glio14 and Glio38. 
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Figure 4. Bis-chalcones 4c, 4h, 4j, 4n significantly reduce neurosphere formation. GSCs Glio3 and Glio38 were plated as single cells in 96-well plates and treated with increasing concentration of 4c, 4h, 4j, 4n (100 nM, 250 nM or 500 nM) and the number of neurospheres counted on day 14. Data is presented as percent neurospheres relative to non-treated controls. (a) Glio3; (b) Glio38. * p < 0.05. 
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Figure 5. Bis-chalcone 4j elicits a high transcriptional response. (a) GSCs Glio9, Glio11, Glio14 and Glio38 were treated with 2.5 μM bis-chalcone 4j, 4n or curcumin for 24 h; RNA was collected and processed by the L1000 Platform. The Transcriptional Activity Score (TAS) for each condition was calculated from the resulted L1000 gene expression data; (b) Bis-chalcone 4j induces a transcriptional signature consistent with ER stress. For each compound, a Transcriptional Consensus Signature was calculated from the L1000 gene expression profiling data and subjected to functional enrichment analysis using DAVID. 
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Figure 6. Bis-chalcone 4j induce similar transcriptional responses only in the neurosphere cell lines. (a) The individual gene expression signatures for each condition were subjected to functional enrichment analysis using DAVID and the significant (p-value < 0.05) enrichment terms were ranked based on the numbers of cells that were enriched in them; (b) Drug connectivity analysis of 4j indicates ER perturbation of neurosphere cells. Drug connectivity scores were determined by comparing the 4j, 4n and Curcumin transcriptional response to 2911 compounds, part of the CLUE Touchstone dataset. Hierarchical clustering was performed on the 50 most connected compounds for each condition. Glio11, Glio14 and Glio38 cluster together and are highly connected to heat shock protein HSP inhibitors (green). Glio9 was highly connected to estrogen inhibitors (orange). 
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Figure 7. Western blot analysis indicates that 4j induces robust ER stress and UPR in neurosphere cells. Glio3, Glio9, Glio14 and Glio38 were treated with 5 μM of bis-chalcones 4c, 4h, 4j, and 4n for 8 or 24 h and subjected to Western blot analysis. Levels of GRP78, CHOP, p-jun, jun, were examined at 8 h. Levels of caspase 12 and cleaved PARP were examined at 24 h. α-tubulin serves as a loading control. (a) levels of ER stress/UPR markers at eight hour in the neurosphere cell lines; (b) levels of apoptosis indicators at 24 h in the neurosphere cell lines; (c) levels of ER stress/UPR markers in the adherent Glio9 cell line. 
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