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Epithelial ovarian cancer (EOC) is a global health burden and remains the fifth leading cause of cancer related death in women worldwide with the poorest five-year survival rate of the gynecological malignancies. EOC recurrence is considered to be driven by the survival of chemoresistant, stem-like tumor-initiating cells (TICs). We previously showed that disulfiram, an ALDH inhibitor, effectively targeted TICs compared to adherent EOC cells in terms of viability, spheroid formation, oxidative stress and also prevented relapse in an in vivo model of EOC. In this study we sought to determine whether specific targeting of ALDH isoenzyme ALDH1A1 would provide similar benefit to broader pathway inhibition by disulfiram. NCT-505 and NCT-506 are isoenzyme-specific ALDH1A1 inhibitors whose activity was compared to the effects of disulfiram. Following treatment with both the NCTs and disulfiram, the viability of TICs versus adherent cells, sphere formation, and cell death in our in vitro relapse model were measured and compared in EOC cell lines. We found that disulfiram decreased the viability of TICs significantly more effectively versus adherent cells, while no consistent trend was observed when the cells were treated with the NCTs. Disulfiram also affected the expression of proteins associated with NFκB signaling. Comparison of disulfiram to the direct targeting of ALDH1A1 with the NCTs suggests that the broader cellular effects of disulfiram are more suitable as a therapeutic to eradicate TICs from tumors and prevent EOC relapse. In addition to providing insight into a fitting treatment for TICs, the comparison of disulfiram to NCT-505 and -506 has increased our understanding of the mechanism of action of disulfiram. Further elucidation of the mechanism of disulfiram has the potential to reveal additional targets to treat EOC TICs and prevent disease recurrence.
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Introduction

The stem-like tumor-initiating cell (TIC) populations in epithelial ovarian cancer (EOC) are considered the main drivers of relapse in EOC. The TIC population is characterized by enhanced chemoresistance, resistance to cell death, oxidative stress mitigation, and the ability to reestablish cancer after the bulk population is reduced by first line, broad-targeting treatments (1–4). TIC populations in EOC can be identified by the expression of molecular markers, namely, CD133, NANOG, and SOX2 expression (5). Despite extensive characterization of identifying markers of TICs, these markers provide little opportunity for therapeutic targeting. However, high aldehyde dehydrogenase (ALDH) activity is a marker of EOC TICs and is also functionally important, promoting therapy resistance, cancer stem cell maintenance and oxidative stress mitigation and is being investigated as a therapeutic target (6, 7). ALDH is associated with poor prognosis in several cancers, namely, breast, prostate, lung, and ovarian cancer (6, 8–10). In ovarian TICs, the methods by which ALDH maintains TIC survival include the robust catalyzation of aldehyde oxidation conferring drug resistance and the activation of nrf2 signaling to manage high levels of oxidative stress (11–13). The reported high levels of ALDH activity in EOC make it an attractive therapeutic target for inhibition (14).

We recently investigated differences in drug sensitivities between EOC cells grown in TIC-enriching spheroid and adherent growth conditions to identify potential therapeutics for targeting TICs (15). We found that TICs were sensitive to the broad ALDH inhibitor disulfiram compared to adherent cells, and that disulfiram delivered intraperitoneally could prevent relapse in a post-surgery, post-chemotherapy ovarian cancer mouse model (15). While disulfiram is an approved drug used historically in the treatment of alcoholism and provides broad ALDH inhibition, it is not formulated for systemic delivery and is rapidly metabolized by the liver, its primary target organ (16). For this reason, we sought alternative and specific compounds to target the ALDH isoenzyme that was overrepresented in EOC TICs, ALDH1A1 (11, 17).

There are a number of ALDH1A1 isoform-specific and multi-isoform targeting inhibitors being investigated as anti-cancer agents (18, 19). In this study, we aimed to compare the inhibitory activity of specific isoenzyme inhibitors to the broader targeting disulfiram, to determine the effectiveness of targeting ALDH1A1 in treating TICs. We investigated the specific ALDH1A1 inhibitors, NCT-505 and NCT-506, that were previously developed and tested on ovarian cancer cell lines and were shown to sensitize paclitaxel-resistant ovarian cancer cells (20).



Results


ALDH1A1 Expression and ALDH Activity in Ovarian Cancer Spheroids

Previously, we and others found that ALDH1A1 and ALDH1A2 mRNAs were upregulated in TIC growth conditions (5) and that ALDH activity is increased in TIC-enriching spheroid growth conditions under the influence of RelB transcriptional activity (17). We selected EOC cell lines with high ALDH activity to test the ALDH1A1 specific inhibitors, NCT-505 and NCT-506. Western blot analysis of EOC cell lines showed that ALDH1A1 protein expression was detected in OV90 and OVCAR3 cell lines, in both adherent and TIC-enriching (spheroid) conditions, but was not detected in OVCAR8, CAOV3, SKOV3 or ACI23 lines (Figure 1A). This is consistent with previous reports (20). ALDH1A2 expression was detected only in OV90 cells grown in spheroid conditions (Figure 1B). ALDH activity was measured in EOC cells grown in spheroid conditions, and OV90 and OVCAR3 had the highest amount of ALDH activity, followed by ACI23, OVCAR8, and CAOV3 (Figures 1C, D). Based on these expression data, we investigated the effects of the specific ALDH1A1 inhibitors on OV90 and OVCAR3 cells. The cell line OVCAR8 was used as a comparator, since its ALDH activity and expression was relatively low, but we previously showed this line was sensitive to the broad ALDH inhibitor disulfiram, suggesting effects beyond ALDH inhibition (15).




Figure 1 | Detection of ALDH1 isoforms in ovarian cancer cell lines by Western blot analysis, and measurement of ALDH activity in TICs determined by ALDEFLUOR flow cytometry assay. Western blot analysis of lysates probed for the expression of (A) ALDH1A1 and (B) ALDH1A2 in the indicated cell lines in adherent and TIC growth conditions. (C) The ALDH-positive population of TICs in the indicated cells lines detected via flow cytometry after 72 h in TIC growth conditions. (D) Quantified percentages of ALDH activity in cell lines (n = 2). Graphs represent mean and SEM of each indicated cell line. A, adherent cells; T, TICs.





Significant Reduction of ALDH Activity in TICs Treated With Disulfiram, NCT-505, and NCT-506

The specific inhibitors were compared to disulfiram for their ability to inhibit ALDH activity in OV90 and OVCAR3 spheroids as these lines had the highest ALDH activity of the EOC cells tested. The spheroids were treated with disulfiram or the NCT-505 or -506 compounds for 72 h at the calculated viability IC50 doses for each drug and cell line and activity was assessed by the ALDEFLUOR assay (5, 15, 17). All drugs significantly diminished ALDH activity in spheroids compared to vehicle control but disulfiram did reduce ALDH activity to a greater level than NCT-505 and -506 at the selected concentrations (Figures 2A, B).




Figure 2 | ALDH inhibitors significantly reduced ALDH activity; disulfiram reduced activity significantly more than NCT-505 and -506. ALDH activity after treatment with calculated viability IC50 of NCT-505, NCT-506, and disulfiram determined in (A) OV90 and (B) OVCAR3 TICs via flow cytometry following ALDEFLUOR protocol. Graphs represent mean and SEM of each treatment, from 3 independent experiments, ∞, compared to all groups, *p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, compared to vehicle control.





Specific ALDH1A1 Inhibitors NCT-505 and NCT-506 do not Have a Selective Effect on Spheroid Viability, Compared to Disulfiram

The specific ALDH1A1 inhibitor compounds NCT-505 and NCT-506 have been reported to reduce viability of OV90 cells grown in TIC-enriching spheroid growth conditions (20). To examine the effect of the specific inhibitors on the viability of EOC spheroid and adherent cells, cell viability was measured at increasing doses of the NCT-505, -506, or disulfiram. OV90 had the strongest expression of ALDH1A1 by Western blot analysis and showed the highest level of ALDH activity of the EOC cell lines tested (Figure 1). In contrast to the effect of disulfiram, the NCT-505 and -506 inhibitors did not achieve the differential effect on viability of OV90 spheroids compared to OV90 cells grown adherently (Figure 3A). In OVCAR3 cells, disulfiram and NCT-506 significantly reduced viability of spheroids compared to adherent cells, but NCT-505 did not (Figure 3B). Finally, in the low ALDH activity cell line OVCAR8, both NCT-505 and -506 did reduce viability of spheroids compared to adherent (Figure 3C), but at a lower potency compared to disulfiram. Disulfiram significantly reduced spheroid viability compared to adherent cell viability in all three cell lines, consistent with previous reports (15) suggesting its broader effects beyond ALDH inhibition and a superior ability to selectively reduce TIC viability.




Figure 3 | Viability of (A) OV90, (B) OVCAR3, and (C) OVCAR8 cells in adherent (blue) and TIC growth conditions (orange), treated with NCT-505, NCT-506 or Disulfiram. Graphs represent mean and SEM.





Sphere Formation Capacity of Ovarian Cancer Cells is Reduced by ALDH Inhibitors

Sphere formation in EOC cells is important to maintaining TIC survival (21) and inhibition of ALDH by disulfiram has been shown to reduced sphere formation (15). In this study, we also wanted to investigate whether inhibiting ALDH1A1 activity was sufficient to inhibit sphere formation. To test this, cells were grown in the presence of NCT-505, -506 or disulfiram for 7 days and images were acquired to quantify the spheroids that formed (Figure 4A). As expected, disulfiram was the most effective in inhibiting sphere formation compared to vehicle control for all lines tested (Figures 4B–D). The effect of the ALDH1A1-specific inhibitors on sphere formation was dose-dependent. Using NCT-505 and -506 at the calculated IC50 viability dose (Figure 4, “high”), sphere formation efficiency was significantly reduced compared to the vehicle control in OV90 and OVCAR8 (Figures 4B, D). However, at the dose that was inhibitory to ALDH activity (Figure 4, “low”) the NCTs were ineffective in OVCAR3 and OVCAR8, but did reduce sphere formation in OV90, suggesting higher dependence on ALDH1A1 activity in OV90 compared to the other cell lines (Figures 4B–D). Interestingly, at the high dose, NCT-506 had a greater effect than NCT-505 in OVCAR3 and OVCAR8, almost equaling the effect of disulfiram (Figures 4C, D).




Figure 4 | ALDH inhibitor activity on EOC cell sphere formation. (A) Representative images of DRAQ5 stained spheres formed by OV90 cells at day 7 after indicated treatments. Scale bar is 100 µm. (B) OV90, (C) OVCAR3 and (D) OVCAR8 cells were plated in TEM in ULA plates at 2,000 cells/well in the presence of the indicated drugs or vehicle (0.1% DMSO). 505 low dose = 2 μM, 505 high dose = 20 μM, 506 low dose = 45 μM, 506 high dose = 100 μM, disulfiram = 250 nM. The cells were maintained in TEM for 7 days, media and drugs were replenished every 48 H and on day 7 images were acquired of spheroids for quantification of number of spheroids measuring >1,000µm2. Graphs represent mean and SEM of each treatment, from 3 independent experiments, ns, not significant; ∞, compared to all groups, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, compared to vehicle control.





ALDH Inhibitors Reduce Carboplatin-Treated Viable Cells After Relapse In Vitro

Disulfiram was an attractive candidate from our previous study as it showed better anti-tumor activity towards EOC spheroids than adherent cells, and was able to prevent relapse as a maintenance drug after carboplatin treatment in vitro and in vivo (15). Therefore we investigated the specific ALDH1A1 inhibitors for their efficacy against spheroid viability after carboplatin treatment, compared to disulfiram in in vitro relapse experiments. OV90 and OVCAR3 cells were treated with carboplatin or vehicle for 48 h in adherent growth conditions, then washed and replated in spheroid conditions in the presence of carboplatin, disulfiram, NCT-505 or -506 for 72 h (Figure 5A). OV90 cells tend to be more resistant to platinum than OVCAR3 cells. In OV90 spheroids, NCT-505 and -506 after carboplatin increased cell death compared to vehicle-treated spheroids (Figure 5B), but did not extend the cell death effect of carboplatin as a secondary treatment. Disulfiram significantly increased cell death compared to vehicle-treated OV90 spheroids, and compared to spheroids treated with NCT-505 and -506 (Figure 5B). In OVCAR3 spheroids, there was a significant amount of cell death where carboplatin was given to adherent cells while the secondary treatment given in spheroid growth conditions did not induce additional cell death (Figure 5C), as OVCAR3 cells show greater sensitivity to carboplatin than OV90 cells.




Figure 5 | The effect on cell death of ALDH inhibitors in an in vitro relapse model. (A) Schematic of in vitro relapse model outlining 48-hour treatment with carboplatin in adherent cells followed by 72-hour treatment with the NCTs and disulfiram in TIC-enriching conditions. (B) OV90 and (C) OVCAR3 cells were treated with carboplatin at IC50 doses (30 µM and 12.5 µM respectively) for 48 h in adherent conditions, then washed and replated in spheroid conditions for 72 h in the presence of IC50 doses of NCT-505, -506, and disulfiram. Cell death was quantified by flow cytometry analysis of cell populations double positive for both cell death markers Annexin-V and PI. Graphs represent mean and SEM of each treatment, from 3 independent experiments, ∞, compared to all groups; ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, compared to vehicle control.





Disulfiram Reduces Classical NFκB Activation in OV90 and OVCAR8 TICs

Classical NFκB signaling is elevated in numerous cancers and has been reported to support TIC proliferation (17, 22–24). Reduced NFκB signaling would be a beneficial component of treatment of ovarian TICs, and ultimately recurrent EOC, therefore we examined the effect of each ALDH inhibitor on NFκB activation. Following treatment of OVCAR8 and OV90 TICs with disulfiram at several time points, we measured the expression of p65, which when phosphorylated, signifies the activation of classical NFκB. In OV90 TICs, we observed expression of phosphorylated p65 at the 0, 1, 12, and 18-hour time points, with significantly reduced expression at hours 12 and 18 h compared to hour 0 (Figure 6A). In the OVCAR8 TICs, p65 expression patterns differed from that of OV90 TICs after treatment with disulfiram; p65 was observed at all time points, but was significantly reduced at 3 and 12-hour timepoints (Figure 6B). OV90 and OVCAR8 TICs were also treated with NCT-505 and -506 and their effects on phosphorylated p65 expression were compared to those of disulfiram at 12 and 24 h. OV90 TICs showed significantly reduced expression of phosphorylated p65 treated with disulfiram and the NCT-505 and -506 ALDH1A1-specific inhibitors (Figure 6C). However, OVCAR8 TICs showed increased expression of phosphorylated p65 at 12 and 24 h compared to vehicle following treatment with both NCT-505 and NCT-506 (Figure 6D). This suggests that the effect of disulfiram on TICs to reduce NFκB activation depends on the endogenous level of p65 activation. We examined the effect of disulfiram on OVCAR8 viability with inhibition of classical NFκB signaling, using an IKKβ inhibitor, Inhibitor IV. Using a dose that did not significantly affect the viability of OVCAR8 TICs, but did inhibit p65 phosphorylation (Supplementary Figures 1A, B), 0.312 µM of Inhibitor IV was added to the OVCAR8 TICs with disulfiram to examine viability. The effect of disulfiram at its previously demonstrated cytotoxic concentrations was attenuated when coupled with Inhibitor IV (Supplementary Figure 1C). This finding shows that exogenous NFκB inhibition eliminates the effect of disulfiram on OVCAR8 TICs and suggests that disulfiram confers its cytotoxic effect specifically by inhibiting classical NFκB via the inhibition of p65 phosphorylation.




Figure 6 | Detection of classical NFκB activation in OV90 and OVCAR8 TICs by Western blot analysis. Following treatment with disulfiram, lysates of (A) OV90 and (B) OVCAR8 TICs were probed for the expression of phosphorylated p65 at the indicated time points. (C) OV90 and (D) OVCAR8 TICs were probed for the expression of phosphorylated p65 12 and 24 h after treatment with disulfiram, NCT-505, and NCT-506. Results were quantified comparing ratios of densitometry measurements of phosphorylated p65 to the normalized loading control. The resulting ratios are summarized by the graphs for each indicated cell line and treatment. Graphs represent mean and SEM of each treatment, from 3 independent experiments, *p < 0.05, **p < 0.01, ***p < 0.001, compared to vehicle control.






Discussion

The prominence of ALDH1A1 in ovarian TICs is well-characterized as the enzyme bolsters chemoresistance and augments drug metabolism (11, 17). In the present study, we aimed to better establish the utility in targeting ALDH1A1 as a method of eradicating TICs and expanding therapy options for the prevention of EOC relapse. By treating OV90, OVCAR3, and OVCAR8 TICs, we compared the effects of the broad ALDH inhibitor disulfiram to that of two ALDH1A1-specific inhibitors, NCT-505 and NCT-506. We found that treatment with the NCTs proved to be less effective against TIC survival than disulfiram, thus detracting from ALDH1A1 being the sole target to consider when treating ovarian TICs, and suggesting that disulfiram exerts its anti-TIC effect by means additional to ALDH inhibition.

Our work builds on the results of a previous study where numerous ALDH1A1 inhibitors were synthesized and tested for biological activity, and analyzed for their efficacy against the viability of EOC lines SKOV-3 and OV90 in different culture conditions (20). In testing for ALDH activity in an expanded set of EOC cell lines, we found that OV90 and OVCAR3 cells had the highest ALDH activity levels, justifying their use in our experiments, and that OVCAR8 had substantially less ALDH activity, which we used as a comparator. We found the activity of NCT-505 and -506 against TICs in all three cell lines to be variable showing that neither NCT selectively targets TICs over adherent cells. We have previously shown that disulfiram significantly diminished cell viability of EOC cell lines in TIC-enriching culture conditions (15) which we reproduced in the current study. Additionally, compared to the NCTs, disulfiram potently reduced sphere formation in all three tested cell lines. The ability of ovarian cancer spheres to form has been shown to be affected by modulations in microRNA, the Wnt-signaling pathway, and treatment with xenohormones (25–27). It remains unclear whether treatment with disulfiram affects these processes related to sphere formation. However, given its ability to completely disable sphere formation, disulfiram is more likely than the NCTs to have a connection to the reported regulatory mechanisms of sphere formation.

In the context of cell death, disulfiram outperformed the two strongest inhibitor analogs from Yang et al. (20) with a greater potency than both compounds, which was the first indication that ALDH1A1 inhibition alone may not be the optimal way to kill TICs and prevent relapse. Whether it be a result of ALDH inhibition or the induction of certain cell death pathways, the specific mechanism by which disulfiram causes cell death has yet to be fully elucidated. It has been reported that the metabolites of disulfiram cause its cytotoxic effects irrespective of its targeting of ALDH (28). Disulfiram has been shown to be associated with a variety of cell death pathways, namely, necroptosis, autophagy, ferroptosis, and apoptosis (29–31) highlighting the broad extent of its cellular effects. Further investigation into the specific effects that disulfiram has on cell death is needed and will point to additional therapeutic targets in ovarian TICs and help clarify the mechanism of action of disulfiram.

Increased activation of classical NFκB has been observed in the TICs of several cancers and is associated with cell adhesion, proliferation, and cell survival (17, 22–24) making its inhibition desirable. After treatment with disulfiram at several time points, we probed OV90 and OVCAR8 TICs for the expression of phosphorylated p65, which indicates classical NFκB activation and subsequent cell survival and proliferation (17, 32). We found reduced NFκB activation after disulfiram treatment in the high-ALDH-activity OV90s compared to the low-ALDH-activity OVCAR8s. We observed fluctuations in p65 expression over a 24-hour period in both OV90 and OVCAR8 TICs after treatment with disulfiram. A dose-dependent reduction in NFκB caused by disulfiram has been previously reported (33). Our findings indicate that reduction of NFκB activity caused by disulfiram has temporal variation in addition to its dependency on dose. Importantly, disulfiram reduced NFκB activation at a considerably lower dose compared to the NCTs giving it a compelling advantage over the NCTs as a therapeutic option for the prevention of recurrence in EOC. Our findings show NCT-505 and -506 reduced phosphorylated p65 expression after 12 and 24 h in OV90, but not OVCAR8 cells, but at a substantially lower potency compared to that of disulfiram. Using Inhibitor IV at a sub-lethal dose in combination with disulfiram, we demonstrated that the efficacy of disulfiram in reducing TIC viability was eliminated, thus confirming the anti-TIC activity of disulfiram was via inhibition of p65 phosphorylation in classical NFκB signaling.

We have previously demonstrated that disulfiram successfully prolongs survival in an in vivo relapse model (15) and we compared the efficacy of the NCTs and disulfiram in killing TICs in an in vitro relapse model. OVCAR3 cells are sensitive to platinum-based therapies (34) which explain the considerable amounts of cell death we observed across all treatments in OVCAR3 TICs. As a second line treatment in OV90s, disulfiram caused significantly more cell death than both NCT-505 and NCT-506. The NCTs as a second line treatment induced similar death levels as carboplatin, which is typically ineffective as recurrent ovarian cancer patients often acquire platinum-resistance (35). This result highlights the versatility of disulfiram in both inhibiting ALDH and enhancing cell death in a relapse model. A previous finding with NCT-501, an analog from which NCT-505 and -506 were derived, demonstrated that it was ineffective in reducing tumor size in vivo on its own (36). Our inconsistent findings using the NCTs in vitro made the compounds unsuitable options for in vivo experiments in this study.

In comparing disulfiram to NCT-505 and -506, it is evident that disulfiram is superior to the specific inhibitors of ALDH1A1 in targeting EOC TICs and treating relapse. We have demonstrated that, in addition to inhibiting ALDH, disulfiram reliably reduced TIC viability and induced the most cell death in a platinum-resistant relapse model. Unlike the NCTs, disulfiram effectively restricted sphere formation and it reduced NFκB activation with greater potency than the NCTs, further enhancing its cytotoxicity to TICs. Further elucidation of the mechanism of disulfiram is necessary and will lead to a refined understanding of the best way to eliminate TICs and make future treatment of recurrent EOC more durable. While inhibition of ALDH should not be ignored pharmacologically, therapies for recurrent EOC would greatly benefit from the development of drugs with additional action similar to disulfiram. Drugs like disulfiram with useful, off-target cellular effects in TICs would be more advantageous in preventing relapse compared to the use of specific compounds that inhibit a single isozyme of ALDH.



Materials and Methods


Antibodies and Reagents

Carboplatin was purchased from the Tocris Bioscience (Minneapolis, MN) (cat. No. 2626) and dissolved in phosphate buffered saline (PBS). ALDH1A1 inhibitors NCT 505 (NCGC00384406) and NCT 506 (NCGC00386123) were synthesized as described (20) and was provided by Dr. Shyh-Ming Yang (National Center for Advancing Translational Sciences). Propidium Iodide (PI) was from Roche (Cambridge, MA) and Annexin V-FITC (556420) was from BD Biosciences (San Jose, CA). IKKβ inhibitor (Inhibitor IV, 401484) was from Millipore Sigma (Burlington, MA). ALDH1A1 (ab52492) and ALDH1A2 (ab96060) antibodies were from Abcam (Cambridge, MA). GAPDH (MAB374) was from Millipore Sigma (Burlington, MA). Phosphorylated p65 (3033L) cleaved poly (ADP-ribose) polymerase (9541) were from Cell Signaling Technologies (Danvers, MA). Total p65 (10815) was from Santa Cruz Biotechnologies (Dallas, TX).



Cell Lines and Culture Conditions

Ovarian cancer lines OV90, OVCAR3, and OVCAR8 were obtained from the American Type Culture Collection (ATCC, Manassas, VA). All cultures were maintained at 37°C in 5% CO2. Cell lines were cultured in RPMI (Thermo Fisher Scientific, Waltham, MA) medium containing 10% (v/v) fetal calf serum (FCS), penicillin (100 units per ml) and streptomycin (100 units per ml). TIC-enriching culture medium (TEM) was previously described (17). TIC-enriching spheroid culture conditions were generated by maintaining cells in ultra-low attachment (ULA) plates or flasks (Corning, NY). Experiments involving the TIC-enriched spheroid populations were grown for 3 days in defined medium in ULA plates before drug treatments were performed.



Western Blot Analysis

OV90 and OVCAR8 cells were grown in as spheroids for 3 days in TEM, and treated with disulfiram and the NCTs as indicated. Whole cell lysates were collected at the indicated time points post treatment, by pelleting spheroids and removing growth medium and washing in PBS. Lysates were collected in lysis buffer: RIPA buffer (Thermo Scientific, Waltham, MA) containing 1× protease inhibitor (Halt, Thermo Fisher Scientific, Waltham, MA) 1× phosphatase inhibitor (Phos-STOP, Millipore Sigma, Burlington, MA). After a brief incubation on ice, the lysates were homogenized by passing the samples through 26-G needles for 5 strokes, followed by centrifugation at 16,000g, 4°C for 20 min to collect the supernatant. Protein concentration was quantified by microbicinchoninic acid (BCA) assay (Thermo Fisher Scientific, Waltham, MA). Lysates (40 µg) were separated by SDS-PAGE under reducing conditions, transferred onto PVDF membranes, and blocked in 5% non-fat milk in Tris-buffered saline containing 0.1% Tween 20 (TBST). Membranes were incubated with primary antibodies diluted in 1% non-fat milk in TBST overnight at 4°C, washed with TBST, and then incubated with secondary HRP-conjugated mouse or rabbit IgG as appropriate. Images were generated using the Odyssey system and software (LI-COR Biosciences, Lincoln, NE).



Cell Viability

Cell viability was assessed as previously described (15) using CellTiter-Glo (Promega, Madison, WI, USA) according to the instructions of the manufacturer.



Sphere Formation Efficiency

Sphere formation of OV90, OVCAR8 and OVCAR3 cells was performed as previously described (15). Cells were seeded at 2,000 cells/well in 96-well ULA plates (3474, Corning, Corning, NY), in TEM with indicated drugs for 7 days, fresh culture medium containing growth factors and the drugs was replenished every 48 h. After 7 days the spheres were incubated with DRAQ5 (Thermo Fisher Scientific, Waltham, MA, USA) at 1 µM for 15 min prior to imaging using an inverted Nikon Ti2-E microscope (Nikon, Melville, NY), equipped with a Yokogawa SoRa CSU-W1 spinning disk unit (Yokogawa, Sugar Land, TX) and a BSI sCMOS camera (Teledyne Photometrics, Tuscon, AZ). Images of spheroids were acquired using the automated acquisition module (JOBS) to image each well using a 10× plan-apochromat N.A. 0.45 objective lens, 200 ms exposure. Quantification of spheroids was performed using NIS Elements software version 5.30 (Nikon, Melville, NY). Images were processed using Segment.ai trained on human-recognized, hand-traced spheroids. Segment.ai learned how to trace spheroids in subsequent images. The number of spheroids measuring an area of >1,000 μm2 were counted.



Flow Cytometry Assays for ALDH Activity and Cell Death

ALDH enzymatic activity was quantified using the ALDEFLUOR kit from Stem Cell Technologies (Seattle, WA), used according to the instructions of the manufacturer and as previously described (15). Briefly, cells were plated in spheroid culture conditions for 72 h prior to drug treatment with NCT-505 (11.45 μM), NCT-506 (103 μM), and disulfiram (250 nM). Following 72 h of drug treatment, 1.0 × 105 viable cells were incubated with ALDEFLUOR assay buffer containing the active substrate for 60 min at 37°C or were incubated with an ALDH inhibitor diethylaminobenzaldehyde (DEAB) to serve as a negative control in tandem. Cell death was measured from the in vitro relapse assay, as described previously (15). For the in vitro relapse model, cells were grown in adherent conditions in the presence of carboplatin or PBS control for 48 h, then trypsinized, and 1.0 × 105 cells re-plated in fresh TIC-enriching media in ULA plates and treated with the indicated drugs for 72 h. The cells were collected and a total count was performed, and 1.0 × 105 cells from each treatment were stained with Annexin V-FITC according to the protocol of the manufacturer. After the final wash step, PI was added at 1:10 dilution in PBS and incubated for 15 min, protected from light and directly after was analyzed. Fluorescence was detected on a flow cytometer, and analyzed using FlowJo software (Becton, Dickinson and Company, NJ).



Statistical Analysis

In vitro assays were performed in triplicate on three independent occasions and were analyzed with t-tests or one-way ANOVA with post-tests where applicable. Results are presented as mean ± SEM with p-values ≤0.05 considered significant. Statistical analyses were performed using Prism 8.0 software (GraphPad, San Diego, CA, USA).




Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Author Contributions

The study was conceptualized by BSH and CMA. Methodology for quantifying spheroid formation was designed by MJK. Data curation and formal analysis was performed by MWC, RDK, and BSH. Original draft was written by MWC and BSH. All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Funding

Funding was provided by the Intramural Research Program, Center for Cancer Research, National Cancer Institute (ZIA BC011054).



Acknowledgments

We thank Drs. Shyh-Ming Yang, Ganesha Bantukallu, Anton Simeonov, Alexey Zakharov, and Natalia Martinez of the National Center for Advancing Translational Sciences (National Institutes of Health, Rockville, MD) for providing NCT-505 and NCT-506 for experimental use.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.762820/full#supplementary-material

Supplementary Figure 1 | OVCAR8 cells grown in TIC-enriching conditions treated with Inhibitor IV, were tested for (A) effects on viability and (B) inhibition of phosphorylation of p65. (C) Viability of OVCAR8 cells in TIC growth conditions was assessed following combinatorial treatment with Inhibitor IV and disulfiram (green) and disulfiram and vehicle (orange). Graphs represent mean and SEM.



References

1. Li, Y, Chen, T, Zhu, J, Zhang, H, Jiang, H, and Sun, H. High ALDH Activity Defines Ovarian Cancer Stem-Like Cells With Enhanced Invasiveness and EMT Progress Which are Responsible for Tumor Invasion. Biochem Biophys Res Commun (2018) 495(1):1081–8. doi: 10.1016/j.bbrc.2017.11.117

2. Zong, X, and Nephew, KP. Ovarian Cancer Stem Cells: Role in Metastasis and Opportunity for Therapeutic Targeting. Cancers (Basel) (2019) 11(7):934. doi: 10.3390/cancers11070934

3. Muralikrishnan, V, Hurley, TD, and Nephew, KP. Targeting Aldehyde Dehydrogenases to Eliminate Cancer Stem Cells in Gynecologic Malignancies. Cancers (Basel) (2020) 12(4):961. doi: 10.3390/cancers12040961

4. Landen, CN Jr., Goodman, B, Katre, AA, Steg, AD, Nick, AM, Stone, RL, et al. Targeting Aldehyde Dehydrogenase Cancer Stem Cells in Ovarian Cancer. Mol Cancer Ther (2010) 9(12):3186–99. doi: 10.1158/1535-7163.MCT-10-0563

5. Robinson, M, Gilbert, SF, Waters, JA, Lujano-Olazaba, O, Lara, J, Alexander, LJ, et al. Characterization of SOX2, OCT4 and NANOG in Ovarian Cancer Tumor-Initiating Cells. Cancers (Basel) (2021) 13(2):262. doi: 10.3390/cancers13020262

6. Silva, IA, Bai, S, McLean, K, Yang, K, Griffith, K, Thomas, D, et al. Aldehyde Dehydrogenase in Combination With CD133 Defines Angiogenic Ovarian Cancer Stem Cells That Portend Poor Patient Survival. Cancer Res (2011) 71(11):3991–4001. doi: 10.1158/0008-5472.CAN-10-3175

7. Dinavahi, SS, Bazewicz, CG, Gowda, R, and Robertson, GP. Aldehyde Dehydrogenase Inhibitors for Cancer Therapeutics. Trends Pharmacol Sci (2019) 40(10):774–89. doi: 10.1016/j.tips.2019.08.002

8. van den Hoogen, C, van der Horst, G, Cheung, H, Buijs, JT, Lippitt, JM, Guzman-Ramirez, N, et al. High Aldehyde Dehydrogenase Activity Identifies Tumor-Initiating and Metastasis-Initiating Cells in Human Prostate Cancer. Cancer Res (2010) 70(12):5163–73. doi: 10.1158/0008-5472.CAN-09-3806

9. Jiang, F, Qiu, Q, Khanna, A, Todd, NW, Deepak, J, Xing, L, et al. Aldehyde Dehydrogenase 1 is a Tumor Stem Cell-Associated Marker in Lung Cancer. Mol Cancer Res (2009) 7(3):330–8. doi: 10.1158/1541-7786.MCR-08-0393

10. Ginestier, C, Hur, MH, Charafe-Jauffret, E, Monville, F, Dutcher, J, Brown, M, et al. ALDH1 is a Marker of Normal and Malignant Human Mammary Stem Cells and a Predictor of Poor Clinical Outcome. Cell Stem Cell (2007) 1(5):555–67. doi: 10.1016/j.stem.2007.08.014

11. Januchowski, R, Wojtowicz, K, Sterzyska, K, Sosiska, P, Andrzejewska, M, Zawierucha, P, et al. Inhibition of ALDH1A1 Activity Decreases Expression of Drug Transporters and Reduces Chemotherapy Resistance in Ovarian Cancer Cell Lines. Int J Biochem Cell Biol (2016) 78:248–59. doi: 10.1016/j.biocel.2016.07.017

12. Ma, I, and Allan, AL. The Role of Human Aldehyde Dehydrogenase in Normal and Cancer Stem Cells. Stem Cell Rev Rep (2011) 7(2):292–306. doi: 10.1007/s12015-010-9208-4

13. Kim, D, Choi, BH, Ryoo, IG, and Kwak, MK. High NRF2 Level Mediates Cancer Stem Cell-Like Properties of Aldehyde Dehydrogenase (ALDH)-High Ovarian Cancer Cells: Inhibitory Role of All-Trans Retinoic Acid in ALDH/NRF2 Signaling. Cell Death Dis (2018) 9(9):896. doi: 10.1038/s41419-018-0903-4

14. House, CD, Hernandez, L, and Annunziata, CM. In Vitro Enrichment of Ovarian Cancer Tumor-Initiating Cells. J Vis Exp (2015) (96):e52446. doi: 10.3791/52446

15. Harrington, BS, Ozaki, MK, Caminear, MW, Hernandez, LF, Jordan, E, Kalinowski, NJ, et al. Drugs Targeting Tumor-Initiating Cells Prolong Survival in a Post-Surgery, Post-Chemotherapy Ovarian Cancer Relapse Model. Cancers (Basel) (2020) 12(6):1645. doi: 10.3390/cancers12061645

16. Johansson, B. A Review of the Pharmacokinetics and Pharmacodynamics of Disulfiram and its Metabolites. Acta Psychiatr Scand Suppl (1992) 369:15–26. doi: 10.1111/j.1600-0447.1992.tb03310.x

17. House, CD, Jordan, E, Hernandez, L, Ozaki, M, James, JM, Kim, M, et al. NFkappaB Promotes Ovarian Tumorigenesis via Classical Pathways That Support Proliferative Cancer Cells and Alternative Pathways That Support ALDH(+) Cancer Stem-Like Cells. reaCancer Res (2017) 77(24):6927–40. doi: 10.1158/0008-5472.CAN-17-0366

18. Dinavahi, SS, Gowda, R, Bazewicz, CG, Battu, MB, Lin, JM, Chitren, RJ, et al. Design, Synthesis Characterization and Biological Evaluation of Novel Multi-Isoform ALDH Inhibitors as Potential Anticancer Agents. Eur J Med Chem (2020) 187:111962. doi: 10.1016/j.ejmech.2019.111962

19. Li, B, Yang, K, Liang, D, Jiang, C, and Ma, Z. Discovery and Development of Selective Aldehyde Dehydrogenase 1A1 (ALDH1A1) Inhibitors. Eur J Med Chem (2021) 209:112940. doi: 10.1016/j.ejmech.2020.112940

20. Yang, SM, Martinez, NJ, Yasgar, A, Danchik, C, Johansson, C, Wang, Y, et al. Discovery of Orally Bioavailable, Quinoline-Based Aldehyde Dehydrogenase 1a1 (ALDH1A1) Inhibitors With Potent Cellular Activity. J Med Chem (2018) 61(11):4883–903. doi: 10.1021/acs.jmedchem.8b00270

21. Kim, B, Jung, JW, Jung, J, Han, Y, Suh, DH, Kim, HS, et al. PGC1alpha Induced by Reactive Oxygen Species Contributes to Chemoresistance of Ovarian Cancer Cells. Oncotarget (2017) 8(36):60299–311. doi: 10.18632/oncotarget.19140

22. Rajasekhar, VK, Studer, L, Gerald, W, Socci, ND, and Scher, HI. Tumour-Initiating Stem-Like Cells in Human Prostate Cancer Exhibit Increased NF-kappaB Signalling. Nat Commun (2011) 2:162. doi: 10.1038/ncomms1159

23. Glinka, Y, Mohammed, N, Subramaniam, V, Jothy, S, and Prud’homme, GJ. Neuropilin-1 is Expressed by Breast Cancer Stem-Like Cells and is Linked to NF-kappaB Activation and Tumor Sphere Formation. Biochem Biophys Res Commun (2012) 425(4):775–80. doi: 10.1016/j.bbrc.2012.07.151

24. Alvero, AB, Chen, R, Fu, HH, Montagna, M, Schwartz, PE, Rutherford, T, et al. Molecular Phenotyping of Human Ovarian Cancer Stem Cells Unravels the Mechanisms for Repair and Chemoresistance. Cell Cycle (2009) 8(1):158–66. doi: 10.4161/cc.8.1.7533

25. Chan, KKL, Siu, MKY, Jiang, YX, Wang, JJ, Leung, THY, and Ngan, HYS. Estrogen Receptor Modulators Genistein, Daidzein and ERB-041 Inhibit Cell Migration, Invasion, Proliferation and Sphere Formation via Modulation of FAK and PI3K/AKT Signaling in Ovarian Cancer. Cancer Cell Int (2018) 18:65. doi: 10.1186/s12935-018-0559-2

26. Majem, B, Parrilla, A, Jimenez, C, Suarez-Cabrera, L, Barber, M, Marin, A, et al. MicroRNA-654-5p Suppresses Ovarian Cancer Development Impacting on MYC, WNT and AKT Pathways. Oncogene (2019) 38(32):6035–50. doi: 10.1038/s41388-019-0860-0

27. Chen, MW, Yang, ST, Chien, MH, Hua, KT, Wu, CJ, Hsiao, SM, et al. The STAT3-miRNA-92-Wnt Signaling Pathway Regulates Spheroid Formation and Malignant Progression in Ovarian Cancer. Cancer Res (2017) 77(8):1955–67. doi: 10.1158/0008-5472.CAN-16-1115

28. Skrott, Z, Majera, D, Gursky, J, Buchtova, T, Hajduch, M, Mistrik, M, et al. Disulfiram’s Anti-Cancer Activity Reflects Targeting NPL4, Not Inhibition of Aldehyde Dehydrogenase. Oncogene (2019) 38(40):6711–22. doi: 10.1038/s41388-019-0915-2

29. Li, Y, Chen, F, Chen, J, Chan, S, He, Y, Liu, W, et al. Disulfiram/Copper Induces Antitumor Activity Against Both Nasopharyngeal Cancer Cells and Cancer-Associated Fibroblasts Through ROS/MAPK and Ferroptosis Pathways. Cancers (Basel) (2020) 12(1):138. doi: 10.3390/cancers12010138

30. Chefetz, I, Grimley, E, Yang, K, Hong, L, Vinogradova, EV, Suciu, R, et al. A Pan-ALDH1A Inhibitor Induces Necroptosis in Ovarian Cancer Stem-Like Cells. Cell Rep (2019) 26(11):3061–75.e6. doi: 10.1016/j.celrep.2019.02.032

31. Zhang, X, Hu, P, Ding, SY, Sun, T, Liu, L, Han, S, et al. Induction of Autophagy-Dependent Apoptosis in Cancer Cells Through Activation of ER Stress: An Uncovered Anti-Cancer Mechanism by Anti-Alcoholism Drug Disulfiram. Am J Cancer Res (2019) 9(6):1266–81.

32. Giuliani, C, Bucci, I, and Napolitano, G. The Role of the Transcription Factor Nuclear Factor-Kappa B in Thyroid Autoimmunity and Cancer. Front Endocrinol (Lausanne) (2018) 9:471. doi: 10.3389/fendo.2018.00471

33. Wang, W, McLeod, H, and Cassidy, J. Disulfiram-Mediated Inhibition of NF-kappaB Activity Enhances Cytotoxicity of 5-Fluorouracil in Human Colorectal Cancer Cell Lines. Int J Cancer (2003) 104(4):504–11. doi: 10.1002/ijc.10972

34. Kleih, M, Bopple, K, Dong, M, Gaissler, A, Heine, S, Olayioye, MA, et al. Direct Impact of Cisplatin on Mitochondria Induces ROS Production That Dictates Cell Fate of Ovarian Cancer Cells. Cell Death Dis (2019) 10(11):851. doi: 10.1038/s41419-019-2081-4

35. Matulonis, UA, Sood, AK, Fallowfield, L, Howitt, BE, Sehouli, J, and Karlan, BY. Ovarian Cancer. Nat Rev Dis Primers (2016) 2:16061. doi: 10.1038/nrdp.2016.61

36. Liu, L, Cai, S, Han, C, Banerjee, A, Wu, D, Cui, T, et al. ALDH1A1 Contributes to PARP Inhibitor Resistance via Enhancing DNA Repair in BRCA2(-/-) Ovarian Cancer Cells. Mol Cancer Ther (2020) 19(1):199–210. doi: 10.1158/1535-7163.MCT-19-0242




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Caminear, Harrington, Kamdar, Kruhlak and Annunziata. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc.2022.762820_cover.jpg
’ frontiers
in Oncology

Disulfiram Transcends ALDH
Inhibitory Activity When
Targeting Ovarian Cancer
Tumor-Initiating Cells





OEBPS/Images/fonc-12-762820-g003.jpg
% Viability

% Viability

0oVva0
150
p=0.66
400 Adh ICsy: 9.9 UM
TIC ICso: 11.5 uM
50
o
[ 50 100 150 200
Conc. NCT 505 (uM)
OVCAR3
150
p<0.01
100 Adh ICs,: 31.9 pM
TIC ICyy: 67.1 uM
50
0:
0 50 100 150 200
Conc. NCT 505 (uM)
OVCARS8
50
wd  P<0.01
Adh ICsy: 7.9 pM
o TIC ICs: 1.72 uM

250

250

0 50 100 150 200
Conc. NCT 505 (uM)

250

% Viability

% Viability

150

100

50

150

100

50

50 100 150 200 250
Conc. NCT 506 (uM)

p<0.01

Adh IG5y 137.3 pM
TICICsy: 1.95 uM

% Viability

50 100 150 200 250
Conc. NCT 506 (uM)

, P<0.01 AdhliCy; 2383 uM

TIC ICyo: 148.9 UM

50 100 150 200 250
Conc. NCT 506 (uM)

== Adherent

— TIC
200
p=0.47 ol p<0.001
AdhICsy:30.9uM 2 Adh ICs: 605.7 nM
TICICso: 103 UM § 100 TIC ICso: 58.6 nM

0 250 500 750 1000
Conc. Disulfiram (nm)

200

p<0.01

Adh IC5: 151.9 nM
TIC ICsp: 30.6 M

150:

100:

50

0 250 500 750 1000
Conc. Disulfiram (nm)

p<0.01

Adh IC,5: >1000 nM
TICICyy: 57.6 "M

0 250 500 750 1000
Conc. Disulfiram (nm)





OEBPS/Images/fonc-12-762820-g001.jpg
OVS0 OVCARS OVCARS CAOVS SKOV3 ACIZ3 OVS0 OVCARS OVCARS CAOVS SKOV3 ACI23
AT ATATATATAT AT ATATATATAT

Cc
0V90 (45.7%) OVCAR3 (26.5%) OVCARS (0.49%)
20k 250K
200k 200K
150K o 150K
100K = 100K
o ™7 50K
(V2]
W ool . . " . O vy ey T v O vy T e v
10' 10° 10° 10} 10° ' 100 0’ 10 10° 10 10° 10° 10! 10°
CAOV3 (2.06%) SKOV3 (0.44%) ACI23 (15.3%)

23
o

'y
o

% ALDH Activity
Now
s o

-
o





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Disulfiram Transcends ALDH Inhibitory Activity When Targeting Ovarian Cancer Tumor-Initiating Cells

      

        		

          Introduction

        



        		

          Results

        

          		

            ALDH1A1 Expression and ALDH Activity in Ovarian Cancer Spheroids

          



          		

            Significant Reduction of ALDH Activity in TICs Treated With Disulfiram, NCT-505, and NCT-506

          



          		

            Specific ALDH1A1 Inhibitors NCT-505 and NCT-506 do not Have a Selective Effect on Spheroid Viability, Compared to Disulfiram

          



          		

            Sphere Formation Capacity of Ovarian Cancer Cells is Reduced by ALDH Inhibitors

          



          		

            ALDH Inhibitors Reduce Carboplatin-Treated Viable Cells After Relapse In Vitro

          



          		

            Disulfiram Reduces Classical NFκB Activation in OV90 and OVCAR8 TICs

          



        



        



        		

          Discussion

        



        		

          Materials and Methods

        

          		

            Antibodies and Reagents

          



          		

            Cell Lines and Culture Conditions

          



          		

            Western Blot Analysis

          



          		

            Cell Viability

          



          		

            Sphere Formation Efficiency

          



          		

            Flow Cytometry Assays for ALDH Activity and Cell Death

          



          		

            Statistical Analysis

          



        



        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-12-762820-g005.jpg
A Carboplatin

Adherent 48
Culture Hours

I

PBS or Carboplatin  NCT 505 NCT 506 Disulfiram

Cu-ll-iltﬁre HZEI’S

OVCAR3

l ns

ns

[

% Annexin V, Pl ++
% Annexin V, Pl ++






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-12-762820-g002.jpg
% ALDH activity

150

-
o
o

o
o

0

OV90 ALDH Activity

co¥HHK

Vehicle 505 506 Dis

@

% ALDH activity

150

-
(=3
o

o
o

0

OVCAR3 ALDH Activity

S

**
'ﬁ

Vehicle 505 506 Dis





OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-12-762820-g004.jpg
% Sphere Formation

505 low

0oVva0

% Sphere Formation

150

506 low

505 high

OVCAR3

Hokk K

e ek

Fokk K

Fkokk

e

% Sphere Formation

506 high

150

100

50

OVCARS8

ek






OEBPS/Images/fonc-12-762820-g006.jpg
0oVv9oo

0OV90 TIC

x
m ; * e
* m W ’ m” .vnv\.v@&
« g 8 Me; &«oe
) r 9 %
H £ 3 - . %%
x - > W (o] M nv\a. &0
H s O & %% ¥
: i x z 7 &OA\
i = KN
z : = N
\6
z z %, K
wn o wn o w < © o~ - o
& 2 2 33 N mu.ﬂ._._ EE.M.& ° iy 104 Em_._a._ﬂ
spun Aeagiqay I ! : g9d- HAdV9: §90-d
HAdVvo: §9d-d4 HAdv9: 59d-d HAdvO: 59¢-d
yvz 'sia uvz-sia| | Uvz 90S1IN UrzZ 90S1ON
R wst-sial | YZT 90S19N uzr 90s1ON| |
a1y
yzI 'sia Yzt *sia PIYsA ETRIVET -
9 YvZ S0S1ON o vz SosON| |
yg 'sia £ ugsal | Y =
wnn .m Yzt SOSLON 2 yzT SOSION —
yg 'sig g Yo9rsia _ 2 g
= 3 epweA S spwan| |
. . o
si si
Y€ 'sia uesial | yvz 'sia urzsia| |
Y1 'sia yt 'sia _ yzt 'sia yzisia| |
Yo 'sia 4o 'sia _ 3PIYaA EIRIIEYY
Y 4] b4
v T n o I w n I 3 8 M
e € B 2 8 £ & 8 g -
a S o o g o a g o & ]





