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Abstract

Glioblastoma (GBM) remains the most frequently diagnosed primary malignant brain cancer in 

adults. Despite recent progress in understanding the biology of GBM, the clinical outcome for 

patients remains poor, with a median survival of approximately one year after diagnosis. One 

factor contributing to failure in clinical trials is the fact that traditional models used in GBM 

drug discovery poorly recapitulate patient tumors. Previous studies have shown that monensin 
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(MON) analogs, namely esters and amides on C-26 were potent towards various types of cancer 

cell lines. In the present study we have investigated the activity of these molecules in GBM 

organoids, as well as in a host:tumor organoid model. Using a mini-ring cell viability assay 

we have identified seven analogs (IC50 = 91.5 ± 54.4–291.7 ± 68.8 nM) more potent than 

parent MON (IC50 = 612.6 ± 184.4 nM). Five of these compounds induced substantial DNA 

fragmentation in GBM organoids, suggestive of apoptotic cell death. The most active analog, 

compound 1, significantly reduced GBM cell migration, induced PARP degradation, diminished 

phosphorylation of STAT3, Akt and GSK3β, increased ɣH2AX signaling and upregulated 

expression of the autophagy associated marker LC3-II. To investigate the activity of MON and 

compound 1 in a tumor microenvironment, we developed human cerebral organoids (COs) from 

human induced pluripotent stem cells (iPSCs). The COs showed features of early developing brain 

such as multiple neural rosettes with a proliferative zone of neural stem cells (Nestin+), neurons 

(TUJ1 +), primitive ventricular system (SOX2 +/Ki67 +), intermediate zone (TBR2 +) and cortical 

plate (MAP2 +). In order to generate host:tumor organoids, we co-cultured RFP-labeled U87MG 

cells with fully formed COs. Compound 1 and MON reduced U87MG tumor size in the COs after 

four days of treatment and induced a significant reduction of PARP expression. These findings 

highlight the therapeutic potential of MON analogs towards GBM and support the application of 

organoid models in anti-cancer drug discovery.
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1. Introduction

Glioblastoma multiforme (GBM) continues to be the most common primary brain tumor 

in adults [1]. Despite numerous clinical trials, the 5-year median survival rate of less 

than 5% remains unchanged [2]. Among various factors contributing to high resistance 

to standard therapy are the influence of blood-brain barrier, vascularization, molecular 

heterogeneity among tumors and within tumors, tumor stem cell-like characteristics, 

activation of alternative signaling pathways, and the expression level of O6-methylguanine-

DNA methyltransferase [3–6]. Therefore, there is a need for development of new treatment 

approaches, as well as improved ex vivo GBM models which better recapitulate tumor 

heterogeneity for timely empirical testing of personalized therapeutic strategies [7].

One of the main barriers for the development of novel treatment strategies is the challenge of 

translating scientific discoveries from bench to bedside [8]. This is mostly related to the fact 

that traditional models of cancer poorly recapitulate patient tumors [9], and consequently 

many drugs which perform well in pre-clinical models eventually fail in clinical trials [8]. 

Traditional in vitro culture models have contributed tremendously to our understanding 

of biological mechanisms underlying GBM pathogenesis but possess several limitations, 

such as significant adaptation and selection to two-dimensional culture conditions, which 

results in the loss of genetic heterogeneity of original tumor, lack of a stromal compartment 

and a non-cancerous tissue control [7,8]. Recent advances in the development of organoid 
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models that more accurately recapitulate three-dimensional tumor architecture open new 

possibilities in GBM-targeted drug discovery [10,11].

Monensin A (MON) is a compound of natural origin, which was first isolated from 

Streptomyces cinnamonensis in 1967 and belongs to the well-known group of polyether 

ionophore antibiotics. It exhibits a wide spectrum of biological activities such as 

antimicrobial, antiproliferative, anti-parasitic and anti-viral [12]. The biological properties 

of MON arise from its ability to bind ions and transport them across lipid membranes 

into the cellular environment. As a consequence, the Na+ /K+ gradient concentration and 

intercellular pH are disturbed, which leads to programmed cell death induced by cell 

swelling, vacuolization and mitochondrial injury. Polyether ionophore antibiotics differ in 

respect to their preferences for monovalent ions, with MON showing at least a 10-fold 

preference for Na+ over K+ [13]. Currently, MON is commonly used in veterinary medicine 

as an anti-coccidial drug for poultry and cattle [14]. Most recently, MON has been 

recognized in various studies for its anti-cancer activity [15]. MON has been shown to be 

active against human melanoma cells in vitro and in vivo [16], human gastric stem-like cells 

[17], acute myeloid leukemia and adenoid cystic carcinoma cells [18], and prostate cancer 

cells [19]. In a study conducted by Yoon et al. in glioma cells, MON enhanced cytotoxicity 

by TRAIL (tumor necrosis factor-related apoptosis-induced ligand) [20]. In a recent study, 

MON has been shown to effectively target tumor-associated endothelial cells, resulting in 

decreased GBM angiogenesis and growth inhibition [21]. These findings are of particular 

importance in the context of potential drug repurposing, which has become a new focus in 

cancer treatment [16]. New drug development involves a long research period, a large risk 

of failure and biosafety issues [22]. Since safety, pharmacological properties and potential 

toxicity are established for approved drugs, repurposing allows many time-consuming and 

expensive steps in the drug discovery pipeline to be circumvented [23].

Progress in the development of novel three-dimensional cancer organoid models and 

discoveries on the anti-GBM potential of MON prompted us to employ these models 

to study the activity of MON analogs as possibly more potent anti-GBM agents. MON 
analogs obtained by modification at the C-26 position have been previously synthesized and 

preliminary studies showed anti-cancer activity against human uterine sarcoma and colon 

adenocarcinoma cell lines as well as their doxorubicin resistant sublines [24,25,26]. In the 

present work, we investigated the activity of a series of MON esters and urethanes at the 

C-26 position against GBM organoids as well as infiltrative GBM in cerebral organoid (CO) 

models.

2. Materials and methods

2.1. Compounds

Monensin (MON) and its analogs were synthesized according to the procedure shown in 

Fig. 1 and characterized by Huczyński and co-workers as previously reported.

2.1.1. General procedure—All reagents and all solvents were obtained from Merck or 

Trimen Chemicals S.A. (Poland), and were used as received without further purification. 

CD2Cl2 and CD3CN spectral grade solvents were stored over 3 Å molecular sieves 

Urbaniak et al. Page 3

Biomed Pharmacother. Author manuscript; available in PMC 2022 September 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for several days. Reaction mixtures were stirred using Teflon-coated magnetic stir bars 

and were monitored by thin layer chromatography (TLC) using aluminum-backed plates 

(Merck 60 F254). TLC plates were visualized by UV-light (254 nm), followed by treatment 

with phosphomolybdic acid (PMA, 5% in absolute EtOH) and gentle heating. Products 

of the reactions were purified using CombiFlash®Rf+ Lumen Flash Chromatography 

System (Teledyne Isco) with integrated ELS and UV detectors. All solvents used in flash 

chromatography were of HPLC grade (Merck) and were used as received. Solvents were 

removed using a rotary evaporator.

NMR spectra were recorded on a Varian 400 (1H NMR at 403 MHz, 13C NMR at 101 

MHz) magnetic resonance spectrometer. 1H NMR spectra are reported in chemical shifts 

downfield from TMS using the respective residual solvent peak as internal standard (CD2Cl2 

δ 5.32 ppm and CD3CN δ 2.04 ppm). 1H NMR spectra are reported as follows: chemical 

shift (δ, ppm), multiplicity (s = singlet, d = doublet, q = quartet, dd = doublet of doublets, 

dt = doublet of triplets, dq = doublet of quartets, ddd = doublet of doublet of doublets, 

ddt = doublet of doublet of triplets, dddd = doublet of doublet of doublet of doublets, m = 

multiplet), coupling constant(s) in Hz, and integration. Significant peaks are reported within 

the overlapping ~2.00–0.50 ppm region of the 1H NMR spectra. The 13C NMR spectra are 

reported in chemical shifts downfield from TMS using the respective residual solvent peak 

as internal standard (CD2Cl2 δ 53.84 ppm and CD3CN δ 118.69 ppm and 1.39 ppm). Line 

broadening parameters were 0.5 or 1.0 Hz, while the error of chemical shift value was 0.1 

ppm.

Infrared spectra in the mid infrared region were recorded in KBr tablets on an IFS 113 

v FT-IR spectrophotometer (Bruker) equipped with a DTGS detector, and are reported as 

follows: wavenumbers (cm−1), description (w = weak, m = medium, s = strong, br = broad). 

The spectra were taken on resolution 2 cm−1, NSS = 64. The Happ-Genzel apodization 

function was used.

The electrospray ionization (ESI) mass spectra were recorded on a Waters/Micromass ZQ 

mass spectrometer (Waters Alliance) equipped with a Harvard syringe pump. The samples 

were prepared in dry acetonitrile, and were infused into the ESI source using a Harvard 

pump at a flow rate of 20 ml min−1. The ESI source potentials were: capillary 3 kV, lens 0.5 

kV, and extractor 4 V. The standard ESI mass spectra were recorded at the cone voltages of 

10 and 30 V. The source temperature was 120 °C and the desolvation temperature was 300 

°C. Nitrogen was used as the nebulizing and desolvation gas at flow-rates of 100 dm3h−1. 

Mass spectra were acquired in the positive ion detection mode with unit mass resolution at a 

step of 1 m/z unit. The mass range for ESI experiments was from m/z = 300 to m/z = 1100.

Monensin salt was isolated from commercially available veterinary feed additive – 

Coxidin®. The sodium salt of monensin was dissolved in CH2Cl2 and extracted with 

H2SO4 solution (pH=1) followed by washing with water to obtain MON. The isolation 

was conducted according to the procedure described by Huczyński in 2006 [27,28].

2.1.2. General procedure for the synthesis of 1–6—To a solution of MON-Na 
(1 eq.) in pyridine, the respective acyl chloride (3 eq.) and DMAP (catalytic amount) 
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were added. The reaction mixture was stirred for 3 days, then was concentrated under 

reduced pressure to dryness. The residue was dissolved in CH2Cl2 and extracted three 

times with the solution of H2SO4 (pH=1) and once with water. Then the organic layer was 

evaporated under reduced pressure with silica gel. The residue was purified by column flash 

chromatography using CombiFlash®Rf+ (dry loading on silica gel, hexane/ethyl acetate, 

increasing concentration gradient) with an integrated Evaporative Light Scattering Detector 

(ELSD) and UV detector, and Electrospray Ionization Mass Spectrometry (ESI-MS). The 

structures and purity of derivatives were determined by HR-MS, FT-IR, 1H, and 13C NMR 

methods. The spectral characterization of obtained analogs is described in detail in our 

previous paper, where we investigated their antibacterial and anti-trypanosomal activity [29].

2.1.3. General procedure for the synthesis of 7–14—To a solution of MON (1 

eq.) in anhydrous toluene, the respective isocyanate (0.95 eq.) was added. The mixture was 

stirred for 14 days and then was concentrated under reduced pressure to dryness. The course 

of the synthesis was monitored by thin-layer chromatography, the reaction was completed 

when the formation of larger amounts of product ceased. The residue was purified by 

column flash chromatography using CombiFlash®Rf+ (hexane/ethyl acetate, increasing 

concentration gradient) with an integrated Evaporative Light Scattering Detector (ELSD) 

and UV detector, and Electrospray Ionization Mass Spectrometry (ESI-MS). The structures 

and purity of derivatives were determined by HR-MS, FT-IR, 1H, and 13C NMR methods. 

The spectral characterization of obtained analogs is described in detail in our previous paper, 

where we investigated their antibacterial and anti-trypanosomal activity [29].

2.2. Cell culturing conditions

The human glioblastoma U-118 MG cell line was cultured in Minimum Essential Medium 

(MEM) (cat. no. 11095–080, Gibco) supplemented with 10% (v/v) heat-inactivated fetal 

bovine serum (FBS) (cat. no. FP-0500-A, Atlas Biologicals, Fort Collins, CO, USA). The 

human glioblastoma cell line U-87 MG stably expressing red fluorescent protein (RFP) 

under the control of the CMV promoter was purchased from Cellomics Technology (cat. 

no. SC-1031) and cultured in Dulbecco’s Modified Eagle Medium (DMEM) (cat. no. 

10–013-CV, Corning) supplemented with 10% (v/v) heat-inactivated FBS. All cell lines 

were maintained at 37°C with 5% CO2. Cells were reported negative for mycoplasma 

contamination in March 2021 (U-118 MG) and in August 2021 (U-87/RFP). Cell lines were 

validated as authentic, giving a 100% match when compared to the known reference profile 

through short tandem repeat profiling in March 2021 (U-118 MG) and August 2021 (U-87 

MG/RFP) performed by Genetica DNA Laboratories (Burlinton, NC, USA) [30].

2.3. Human induced pluripotent stem cells culturing conditions

Mono-allelic mEGFP-tagged ACTB WTC human induced pluripotent stem cells (hiPSCs) 

were purchased from Coriell Institute (cat. no. AICS-0016) and cultured in complete mTeSR 

Plus (cat. no. 05825, StemCell Technologies). hiPSCs were maintained at 37°C with 5% 

CO2. Cells were reported to be negative for mycoplasma contamination in March 2021 by 

Genetica DNA Laboratories (Burlinton, NC, USA).
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2.4. Mini-ring cell viability assay

10 μl/well of single-cell suspensions of U-118 MG cells (10^4/well) in 4:3 ratio of Matrigel 

(cat. no. 354277, Corning) and complete NeuroCult (cat. no. 05751, StemCell Technologies) 

were plated in a ring shape around the rim in 96-well plates (cat. no. 92096, TPP) (Fig. 

2) according to the previously published protocols by Phan et al. and Nguyen and Soragni 

[10,31]. Cells suspended in Matrigel:NeuroCult mix were kept on ice at all times, and 

continuously agitated while plating the rings. After plating of every eight wells the pipette 

tip was changed and vortexing of the mix performed. 100 μl of unsupplemented medium was 

added to all surrounding wells, which didn’t contain rings. After 15 min of incubation at 

37 °C with 5% CO2 to allow rings to solidify, 100 μl of complete NeuroCult was added to 

each working well. Plates were incubated for 48 h, followed up by the complete removal of 

medium, and replacement with 100 μl of fresh complete NeuroCult containing 0.1% DMSO 

(control), or increasing concentrations (1 nM – 10 μM) of MON and its analogs. Medium 

with DMSO or compounds was changed every 24 h. After 72 h of treatment, medium was 

removed and wells were washed with 100 μl of pre-warmed DPBS (cat. no. 21–031-CV, 

Corning). Cells were then released by incubating with 50 μl/well of 5 mg/ml dispase (cat. 

no. 17105–041, Gibco) for 40 min in 37 °C. In the next step 10 μl of MTT reagent (5 mg/ml) 

(M2128, Sigma) was added to each well, and the plate was incubated for 24 h at 37°C 

with 5% CO2. 100 μl of 10% SDS in 0.01 M HCl was added to each well and the plate 

was incubated at 37°C for additional 24 h. Absorbance was recorded at 540 nm employing 

a BioTek Plate Reader. GraphPad Prism 9 for Windows (GraphPad Software) was used to 

determine IC50 values by non-linear regression analysis.

2.5. GBM organoids acquisition and culturing

Cancer organoids were generated as shown in Fig. 3A according to our previously published 

protocol [32]. Briefly, droplets of a complete NeuroCult and Matrigel in 1:4 ratio, containing 

8 × 10^3 U-118 MG cells/droplet were generated by pipetting 20 μl of the cold mixture 

(stored on ice) onto a base mold of Parafilm. Droplets were subsequently allowed to solidify 

in 37 °C, 5% CO2 humidified incubator for 1 h, and gently scooped into 24 well plate 

containing 1 ml/well of complete NeuroCult (2 droplets/well). Droplets were grown for 96 

h at 37°C with 5% CO2 without agitation. 0.5 ml of fresh NeuroCult was added to each 

well every other day. After 96 h, the plate was placed on the shaking platform at 70 rpm 

(Orbi-Shaker Jr, Benchmark Scientific, USA). After 48 h approximately 3 mm diameter 

organoids were cut into 0.5–1 mm diameter pieces using Excelta scissors (cat. no. 17–467–

493, 17–456–004, 17–467–497, Fisher Scientific) in order to prevent the formation of a 

necrotic core [7].

2.6. Cell cycle analysis of GBM organoids by flow cytometry

Cancer organoids were generated as described in GBM organoids acquisition and culturing. 

Two organoids/well were cultured in a 24 well plate in 1 ml of complete NeuroCult in 

the presence of 0.1% DMSO (control) or MON, or compounds 1, 2, 4, 8, 9, 11, 12 at 

concentrations equal to 5 × IC50 values (Table 1) for 24, 48, or 72 h. Organoids were 

then harvested with gentle cell dissociation reagent (cat. no. 07174, StemCell Technologies) 

containing 0.2% anti-clumping agent, 2-naphtol-6,8-disulfonic acid dipotassium salt (NDA) 
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(cat. no. 439013, Frontier Scientific) and dispersed by gentle pipetting with 1250 μl tip. 

Cells were washed with DPBS, fixed with 1 ml of 70% ice-cold ethanol and stored in 20 

°C until processing. Cells were centrifuged, stained with 300 μl propidium iodide/RNase 

Staining buffer (cat. no. 550825, BD Biosciences, San Jose, CA, USA) and stored for 

1 h in the dark at room temperature (rt). DNA content was measured with FacsAria Ilu 

Flow Cytometer (BD Biosciences, San Jose, CA, USA) and data were analyzed employing 

FlowJo software.

2.7. Wound healing assay

U-118 MG cells were seeded in 60 mm petri dishes (cat. no. 430166, Corning) (0.15 

×10^6)/dish) and grown in complete MEM medium for nine days to obtain a confluent 

cell monolayer. The medium has been aspirated and replaced with MEM without FBS. 

After 48 h the medium has been removed, and cross shaped scratches have been made 

with 1250 μl pipette tip in cell monolayer. Cells were gently washed twice with DPBS and 

incubated in medium containing 0.1% DMSO, or MON (306 nM) or compound 1 (146 nM) 

at concentrations equal to respective ½ of IC50 values (Table 1). The wound surface was 

photographed with the inverted phase contrast microscope EVOS FL Auto Cell Imaging 

System (Thermo Fisher Scientific) at the beginning of the experiment (0 h), as well as after 

4, 28, 48, and 74 h. Three biological replicates were performed, and seven measurements for 

each replicate, at each time point were taken, and mean ± SD was calculated. The wound 

surface at each time point was divided by the surface at 0 h, as a measure of wound closure. 

The wound surface was defined as 100% at 0 h for each condition.

2.8. Immunoblot analysis of GBM organoids

U-118 MG organoids were generated as described above in GBM organoids acquisition and 

culturing. Two organoids/well were cultured in 24 well plate in 1 ml of complete NeuroCult/

well for 24 or 48 h in the presence of 0.1% DMSO, or MON (3 μM) or compound 1 
(1.5 μM) at the concentrations equal to 5 × IC50 values (Table 1). Organoids were than 

washed with Dulbecco′s Phosphate Buffered Saline (DPBS), snap frozen in liquid nitrogen 

and stored in −80 °C until processing. Organoids were further thawed and lysed with lysis 

buffer (25 mM HEPES, pH 7.5, 300 mM NaCl, 0.1% w/v Triton X-100, 1.5 mM MgCl2, 

0.2 mM EDTA, 0.5 mM DTT, EDTA-free complete protease inhibitor tablets (Roche), 20 

μg/ml aprotinin, 50 μg/ml leupeptin, 10 μM pepstatin, 1 mM phenylmethylsulfonyl fluoride, 

20 mM β-glycerophosphate, 1 mM Na3VO4, and 1 μM okadaic acid). Protein content was 

evaluated by Bradford assay and equal amounts (20 μg) were separated by electrophoresis 

using 12% (w/v) acrylamide Mini-PROTEAN® precast gels (Bio-Rad). Proteins were 

transferred electrophoretically onto a PVDF membrane (Immobilon-FL, cat. no. IPFL00010, 

Merck Millipore) and next stained with Ponceau S to assess transfer efficiency and 

verify equal loading. The membrane was blocked with 5% (w/v) non-fat milk (cat. no. 

M17200, Research Products International) in Tris-buffered saline containing 0.1% (w/v) 

TWEEN-20 (TBS-T) for 1 h at rt and incubated overnight at 4°C with primary antibodies 

against PARP (cat. no. 9532, Cell Signaling Technology) (1:1000 dilution), STAT3 (cat. 

no. 9139, Cell Signaling Technology) (1:1000 dilution), phospho-STAT3 (Tyr705) (cat. 

no. 9145, Cell Signaling Technology) (1:2000 dilution), phospho-Akt (Ser473) (cat. no. 

4060, Cell Signaling Technology) (1:2000 dilution), phospho-GSK-3β (Ser9) (cat. no. 9323, 
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Cell Signaling Technology) (1:1000 dilution), ɣH2AX (cat. no. ab81299, abcam) (1:5000 

dilution), LC3B (cat. no. 2775, Cell Signaling Technology) (1:1000 dilution), GAPDH 

(cat. no. 2118, Cell Signaling Technology) (1:10000 dilution). After washing with 1X 

Tris-Buffered Saline, 0.1% Tween® 20 Detergent (TBS-T) for 5 × 5 min the membrane 

was incubated with secondary HRP-conjugated goat anti-rabbit IgG (H+L) antibody (1:5000 

dilution) (cat. no. 170–6515, Bio-Rad) or goat anti-mouse (cat. no. 1706516, Bio-Rad) 

for 1 h at rt. After washing in TBS-T the membrane was exposed to ClarityTM Western 

ECL Substrate luminol enhancer solution and peroxide solution (Bio-Rad) for 5 min and 

visualized and quantified using Image J software. For uncropped immunoblots see Figs. S2 

and S3 in Supplementary material.

2.9. Co-treatment of GBM organoids with autophagy inhibitor

U-118 MG organoids were acquisitioned as described in GBM organoids acquisition and 

culturing. Three organoids/well were cultured in a 24 well plate in 1 ml of complete 

NeuroCult/well and treated with MON (3 μM) or compound 1 (1.5 μM) or 0.1% DMSO 

control in the presence or absence of bafilomycin A1 (cat. no. A8627, ApexBio Houston, 

TX) (3 nM) for 24 or 48 h. After the treatment organoids were harvested, subjected to 

PI staining and analyzed by flow cytometry as described in Cell cycle analysis of GBM 

organoids by flow cytometry.

2.10. Cerebral organoids acquisition and culturing

Cerebral organoids (COs) were generated using STEMdiff Cerebral Organoid Kit (cat. 

no. 08570, StemCell Technologies) according to the manufacturer’s instructions (Fig. 7A). 

Briefly, once large, compact hiPSCs colonies showing less than 10% differentiation reached 

70–80% confluency they were individually plated in ultra-low attachment 96-well round-

bottom plates (cat. no. 7007, Corning) (9000 cells/well). Embryoid bodies (EBs) were 

supplemented every other day with 100 μl/well of EB Formation Medium. On day five EBs 

were transferred to 24-well ultra-low attachment plates (cat. no. 3473, Corning) containing 

0.5 ml of Induction Medium / well. On day seven, EBs were embedded in cold Matrigel 

droplets (cat. no. 354277, Corning), and further cultured in 6-well ultra-low adherent plates 

(12–16 droplets per well) in Expansion Medium (3 ml/well). On day ten the medium was 

replaced with Maturation Medium (3 ml/well), and plate with organoids has been placed 

on the orbital shaker (Orbi-Shaker Jr, Benchmark Scientific, USA) at 70 rpm at 37°C with 

5% CO2. Medium has been replaced every three to four days. At day 51, two representative 

COs were harvested, fixed with 4% paraformaldehyde for 45 min in RT, followed by three 

ice-cold DPBS washes. Fixed COs were further incubated for 1 h with 15% sucrose in RT, 

the solution was replaced with 30% sucrose, and additional overnight incubation in 4 °C 

was performed. The solution was removed, and COs were embedded in Optimal Cutting 

Temperature Compound (OCT) (cat. no. 4585, Fisher HealthCare), snap frozen in liquid 

nitrogen and stored at – 20 °C until processing.

2.11. Co-culture of COs and GBM cells

In order to establish GLICO tumors, by co-culturing COs with cancer cells, individual 

COs were transferred to 24-well plate (1 CO/well). 2 ml of fresh, complete Maturation 
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Medium containing 10^5 U-87MG/RFP cells has been added to each well. COs were 

incubated for 24 h at 37°C with 5% CO2 with no agitation. COs were further transferred 

with wide-bore pipette tips to the clean wells in 24-well plates (1 CO/well) and washed with 

DPBS (1 ml/well). Tumor-bearing COs (GLICO tumors) were cultured in 2 ml/well of fresh, 

complete Maturation Medium on 70 rpm orbital shaker at 37°C with 5% CO2 for seven 

days. Images of each individual GLICO were taken every 24 h using EVOS FL Auto Cell 

Imaging System (Thermo Fisher Scientific). After seven days complete Maturation Medium 

has been replaced (2 ml/well), and GLICO tumors (tumor-bearing COs) were cultured for 

additional four days in the presence of 0.1% DMSO (control), or compounds of interest: 

MON (1226 nM), or compound 1 (584 nM) at concentrations equal to the respective 2 

× IC50 values (Table 1). Each treatment condition has been performed on 4–5 individual 

GLICOs. Representative images of each GLICO tumors were taken every 24 h as described 

above. After four days of treatment GLICO tumors were harvested and fixed as described in 

Cerebral organoids acquisition and culturing.

2.12. Histopathological evaluation and immunofluorescence

Immunohistochemical staining was performed by UAMS Experimental Pathology Core. For 

histopathological examination, OCT embedded COs were sectioned to 25 μm thick sections 

and stained with hematoxylin and eosin (H&E) (cat. no. 7231, Richard-Allan Scientific, 

Thermo Fisher Scientific, Waltham, MA, USA).

For immunofluorescence frozen blocks were cryosectioned to 25 μm thick sections. Sections 

were permeabilized with 0.02% Triton-X in 1X DPBS for 20 min in RT, followed by 

blocking with 10% goat serum in DPBS for 1 h in RT. Staining with the following primary 

antibodies was performed for 2 h in RT: Nestin (cat. no. 33475, Cell Signaling Technology, 

1:500), Tubulin β3/TUJ1 (cat. no. 801201, Bio Legend, 1:100), TBR2 (cat. no. 23345, 

abcam, 1:100), N-cadherin (cat. no. 13116, Cell Signaling Technology, 1:200), SOX2 (cat. 

no. 4900, Cell Signaling Technology, 1:200), Ki-67 (cat. no. 16667, abcam, 1:100), MAP2 

(cat. no. 4542, Cell Signaling Technology, 1:50), PARP (cat. no. 9532, Cell Signaling 

Technology, 1:100), ɣH2AX (cat. no. ab81299, abcam, 1:100). Sections were washed three 

times in DPBS for 5 min in RT, followed by the incubation with secondary antibodies: (cat. 

no. A21244 (anti-rabbit) or A32728 (anti-mouse), Invitrogen, 1:100) for 1 h in RT. Sections 

were mounted to cover slips using ProLong® Gold antifade reagent with DAPI (cat. no. 

P36935, Molecular Probes). Images were taken with Zeiss LSM8800 Confocal System, 20x 

objective, 405 nm, 488 nm, and 633 nm lasers, and analyzed with Zeiss Zen 2.3 software. At 

least 139 cells were scored per condition and blind scored via ImageJ and Cell Profiler.

2.13. Statistical analysis

Unpaired t-test with Welch’s correction was employed and p values of < 0.05 were 

considered significant. For the analysis of large data sets with multiple replicates 

(immunofluorescence in GLICO model) one-way ANOVA was performed. Results are 

presented as a mean ± SD. GraphPad Prism 9 for Windows (GraphPad Software) was used 

for statistical analysis.
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3. Results and discussion

3.1. Analog design and synthesis

Chemical modifications of MON in the C-26 position are well described in the literature. 

In 2018, a series of MON esters was prepared by modification of the carboxyl group at 

the C-1 position and the hydroxyl group at the C-26 position. All compounds were tested 

against four human cancer cell lines [33] and among these six C-26 esters (1–6) (Fig. 1), 

which exhibited the highest antiproliferative activity, were selected for further evaluation 

of biological activity. The ester derivatives (1–6) (Fig. 1) were synthesized according to 

Gaboyard’s method in the reaction of MON-Na with the respective acyl chlorides in the 

presence of 4-(dimethylamino)pyridine (DMAP) in pyridine [34].

The preliminary in vitro studies of fourteen MON urethanes, obtained by Westley’s 

group, showed certain derivatives exhibited a ten-fold higher activity against Gram-positive 

microorganisms, compared to unmodified MON. The highest activities were exhibited 

by the phenyl urethanes, with MIC values lower than 0.1 μg/ml [24]. Whereas in 2011, 

Huczyński et al. reassessed the structure of the phenyl urethane of MON sodium salt and 

proved that the oxygen from the carbonyl urethane group is not involved in the coordination 

of sodium cation, but the presence of the urethane moiety improves antibacterial activity. 

The differences between the biological activity of MON and its urethane are connected to 

the stability of the complex and the chemical and biological nature and size of the urethane 

substituent. Huczyński’s group provided evidence that the sodium salt of the phenylurethane 

derivative exhibits higher antibacterial activity against human pathogenic bacteria S. aureus 
and S. epidermidis, including resistant strains, than the parent compound [35]. This result 

inspired us to synthesize eight MON urethanes and examine their anticancer activities. 

The series of urethanes (7–14) (Fig. 1) was obtained in the reaction between a respective 

isocyanate and MON in anhydrous toluene [24].

3.2. Evaluation of the anti-proliferative activity of MON and its analogs in three-
dimensional mini-ring cell viability screening

MON, and its 14 analogs (Fig. 1) were evaluated for their antiproliferative activity towards 

the human glioblastoma cell line U-118MG via three-dimensional mini-ring cell viability 

assays. The mini-ring system [10,31] was optimized and adapted here for an MTT endpoint 

assay. In this model, cells are seeded in a three-dimensional format around the rim of the 

well (mini-ring) (Fig. 2).

Such a system more reliably mimics cell-cell interactions, tumor microenvironment and 

response to the compounds when compared with conventional cell monolayer assays [10]. 

The results presented as IC50 ± SD are summarized in Table 1, with corresponding cell 

viability curves shown in Fig. S1 in Supplementary material.

We identified three esters (1, 2, and 4 IC50 = 168.7 ± 82.2–291.7 ± 68.8 nM) and four 

urethanes (8, 9, 11, and 12 IC50 = 91.5 ± 54.4–257.3 ± 135.6 nM) of MON that were 

significantly more active than the parental MON compound (IC50 = 612.6 ± 184.4 nM) (as 

indicated by lower IC50 values). Of note, the IC50 value for MON towards GBM organoids 
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appears to be lower than previously reported for colon cancer (2.5 μM) [36], myeloma (1 

μM) [37], and Mel-624 melanoma (0.7 μM) [16] cells. This suggests a higher sensitivity of 

GBM to MON, especially since our model is three-dimensional to mimic tissue architecture 

and drug permeability may be reduced. MON was also tested by Wan et al. towards the 

panel of GBM cell lines, however, the authors did not provide IC50 values, which precludes 

an accurate comparison with our results [21].

Based on the analysis of cell viability curves of the most potent compounds, MON, 1, 2, 

4 and 12 appeared to be cytotoxic (indicated by the dose response curve reaching near 

complete inhibition of cell viability) versus compounds 8, 9 and 11, which showed a curve 

characteristic for cytostatic compounds (Fig. S1 in Supplementary material). The most active 

analogs, as well as parental MON were selected for further study.

3.3. MON and its analogs induce DNA fragmentation in GBM organoids

The two-dimensional cell monolayer model commonly used in drug discovery poorly 

reflects a native tumor, and this may be at least partially responsible for the high failure 

rate of new drug candidates in clinical trials [8,9,38]. To overcome these limitations, we 

employed three-dimensional tumor organoids as described in Materials and methods, and 

shown in Fig. 3A. Cancer organoids better recapitulate the three-dimensional architecture of 

cancer, and constitute a superior model to identify and test novel anticancer agents [8].

To further elucidate the mechanism underlying the promising activity of MON and its 

analogs towards GBM organoids, we employed flow cytometry to evaluate DNA content and 

its fragmentation. Briefly, DNA content was measured by propidium iodide (PI) staining, 

and cells with sub-G1 DNA (<2 N) were assessed as dying or dead. GBM organoids were 

treated for 24, 48 or 72 h with the parental MON, or the most potent esters and urethanes 

1, 2, 4, 8, 9, 11 and 12 each at concentrations equal to 5 × respective IC50 values (Table 

1). Treatment with 0.1% DMSO (control) at equal time points was employed as a negative 

control. The full set of representative cytograms is shown in Fig. 3B. The summary of 

cells in different phases of cell cycle are summarized from the mean of three replicates 

and presented in Fig. 3C. Statistically significant increases in sub-G1 DNA content when 

compared to the DMSO control were observed as early as 24 h after of treatment with 

compounds 1, 2, 4 and 12. Importantly, since the concentrations of the compounds were 

adjusted to the respective 5 × IC50 values, those analogs were able to induce DNA 

fragmentation earlier, and in lower doses than unmodified MON. After 48 h, significant 

sub-G1 DNA content was recorded for the treatment with MON, and further increased 

for the treatments with 1 and 4. After 72 h MON and compound 1 induced an additional 

increase of sub-G1 DNA and this was also seen after treatment with compound 8. Based 

on the cytotoxic profile of compound 1 (Fig. S1 in Supplementary material), as well as the 

above observation that this molecule was able induce DNA fragmentation rapidly and in 

lower dose than parent MON, compound 1 was prioritized for further studies.

3.4. MON and compound 1 attenuate U-118MG cell migration

Since one of the major issues contributing to the failure of GBM therapeutics is its diffuse 

infiltrative growth, novel drug candidates should inhibit not only cell proliferation, but also 
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their migration [39]. We therefore investigated the ability of MON, and compound 1 to 

inhibit GBM cell migration in a wound healing assay. The data are presented in Fig. 4. A 

significant reduction of the migration of U-118MG cells was seen with compound 1 and 

MON and this was observed as early as 28 h after treatment (82% and 74% vs. 55% of 

wound surface area treatments vs. control respectively) (Fig. 4B). Significant inhibition of 

cell migration was maintained after 48 h and 74 h of incubation with compound 1 and 

the parental MON (86% and 74% vs. 32% of wound surface area treatments vs. control 

respectively for the 48 h time point) (90% and 78% vs. 9% of wound surface area treatments 

vs. control respectively for the 74 h time point). Importantly, due to the differences in 

IC50 values (Table 1) compound 1 was used in this assay in approximately twice lower 

concentration than parent MON. Of note, the small increase of wound surface area for 

MON and compound 1 treatments over time might be related to the cytotoxic activity of 

those molecules, although concentrations equal to ½ of IC50 values (Table 1) were employed 

in the present experiment to minimize such an effect. Based on these results compound 1 
showed superior anti-migratory effect over the parental MON.

3.5. MON and compound 1 induce features of apoptotic cell death, DNA damage 
response and downregulate p-STAT3, p-Akt and p-GSK-3β in GBM organoids

In order to determine whether MON and its analog induce apoptosis, GBM organoids were 

treated with MON, compound 1 or DMSO control for 24 or 48 h and changes in the levels 

of poly (ADP-ribose) polymerase (PARP) were measured via immunoblotting as described 

in Materials and methods. The molecular weight of intact PARP protein is 116 kDa, and 

during the apoptosis it is cleaved by caspases to produce a major fragment of 89 kDa [40].

As shown in Fig. 5A and B, treatment with MON for 48 h induced significant loss of PARP 

expression with its characteristic degradation product detected. Loss of the 116 kDa PARP 

was more dramatic after treatment with compound 1 for 48 h (Fig. 5A and B). An initial 

slight increase in the expression of PARP after 24 h treatment with compound 1 may suggest 

the induction of defense mechanisms protecting cells from the toxic effects of the compound 

(Fig. 5B).

Persistent activation of signal transducer and activator of transcription 3 (STAT3) has 

been shown to be a driver of GBM cell proliferation, anti-apoptosis, glioma stem cell 

maintenance, tumor invasion, angiogenesis, and immune evasion [41]. Therefore STAT3 is 

an attractive target for anti-GBM drug discovery as well as an indicator of GBM prognosis 

[41]. The application of MON as a STAT3 specific inhibitor has been previously patented 

(patent no. CN102552300A). For this reason, it was of interest to examine the effect of 

MON or compound 1 on the status of STAT3 activation in GBM organoids. As evident in 

Fig. 5A, C-D the levels of total STAT3 and phosphorylated STAT3 were downregulated upon 

48 h treatment with MON or compound 1.

The PI3K/Akt/GSK-3β pathway is known to promote cancer survival, and its inhibition 

is associated with apoptosis and/or autophagy [22]. Both Akt and GSK-3β play a role in 

numerous cellular processes such as proliferation, cell cycle, growth and mortality [42]. 

Deregulated activity of one of these molecules or their targets is often seen in GBM, and 
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contributes to tumor progression [42]. Therefore, Akt and GSK-3β signaling pathways are 

attractive targets for anti-GBM drug discovery [43]. MON has been previously shown 

to reduce phosphorylation of Akt in U373 glioma cells, EGF-treated head and neck 

squamous cell carcinoma SCC9 and GBM [21,44,45]. Therefore, it was of our interest 

to investigate the effect of treatment with MON or compound 1 on phosphorylated Akt 

(p-Akt) in GBM organoids by immunoblotting. The results shown in Fig. 5A and E indicate 

that after 24 h treatment MON or compound 1 significantly reduced phosphorylation of 

Akt, with further significant decrease in the phosphorylation of this protein after 48 h. 

Moreover, both MON and compound 1 induced significant downregulation of p-GSK-3β 
in GBM organoids in a time dependent manner as compared to control treatment (Fig. 5A 

and F). Since phosphorylation of GSK-3β may be mediated by several kinases [46], its 

decrease upon treatment with MON and compound 1 may not be a direct consequence 

of the downregulated phosphorylation of Akt. The above data suggest that decreased 

phosphorylation of Akt and GSK-3β may contribute to decreased viability of GBM 

organoids, however, since the activity of Akt is tightly regulated at different levels in a 

specific context dependent manner [47], further study is warranted to precisely the explain 

mechanism underlying inhibition of phosphorylation of these proteins by compound 1.

The mode of action of the majority of current anti-cancer drugs is induction of double-strand 

DNA breaks, which are the most severe of all mammalian DNA lesions [48]. ɣH2AX, 

a histone H2AX variant, phosphorylated at the Ser-139 residue has become known as a 

highly specific and sensitive molecular marker for determination of double stranded DNA 

damage [49–52]. To investigate whether the cytotoxicity induced by MON or compound 

1 in GBM organoids involves DNA damage, organoids were treated with for 24 or 48 h 

in the presence of control or compound of interest and immunoblotting was performed 

with antibody to ɣH2AX. Our data show that treatment of GBM organoids for 48 h with 

compound 1 induced double strand DNA damage (Fig. 5A and G). Interestingly such an 

effect was not observed after treatment with parent MON, suggesting potential differences 

in the mechanisms of action of these compounds in GBM organoids.

3.6. MON and compound 1 induce autophagy in GBM organoids

Autophagy is a self-degradable process during which proteins and organelles are sequestered 

into autophagic vesicles named autophagosomes, which further merge with lysosomal 

acidic cell components to form autophagolysosomes [53]. Since MON has been previously 

reported to induce autophagy in UOK146 renal carcinoma cell line [54] it was of interest 

to investigate whether MON or compound 1 would show similar effects in GBM organoids. 

At the molecular level, the light chain 3 (LC3-I) protein associated with microtubules is 

cleaved and bound to phosphatidylethanolamine to form LC3-II, which is further recruited 

to the membranes of the autophagosomes [55]. Western blot analysis (Fig. 6A and B) 

suggests that MON and compound 1 induced a significant upregulation in LC3II expression 

(14 kDa) in GBM organoids after 24 and 48 h of treatment. Autophagy can function as a 

pro-death or pro-survival pathway depending on the stimulus [44,56]. In order to determine 

which role autophagy played in this context, GBM organoids were treated with MON 
and compound 1 in the absence or presence of bafilomycin A1, and DNA fragmentation 

was measured by flow cytometry. Bafilomycin A1 is a chemical inhibitor of late stage 
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autophagy, which targets the vacuolar-type H+-ATPase responsible for acidifying lysosomes 

[57]. Since bafilomycin A1 is inherently toxic, we first performed MTT cell viability assay 

on U-118MG mini-rings in order to identify its sub-lethal concentration towards these 

cells (Fig. 6C). Based on the results from this experiment, the concentration of 3 nM was 

employed as this is below the IC50 value. As determined in Fig. 6D the amount of sub-G1 

DNA significantly increased in GBM organoids treated with MON or compound 1 in the 

presence of bafilomycin A1 versus treatment with ionophores alone. Importantly, there was 

no statistically significant difference in the amount of fragmented DNA induced by control 

and bafilomycin A1 alone, confirming that the increase induced by co-treatment was not 

associated with additive effect of the inhibitor and tested compounds. The data suggest that 

similarly to the majority of anti-cancer agents [58,59] autophagy may function as a salvage 

pathway to protect GBM organoids from cell death induced by MON and compound 1. 
These results indicate that autophagy inhibitors may enhance the cytotoxic effect of MON 
and its analogs. This finding encourages more detailed studies involving combination of 

autophagy inhibitors and other polyether ionophore antibiotics.

3.7. MON and compound 1 show anti-GBM activity in a 3D host:tumor organoid model by 
inducing apoptotic cell death and DNA damage

The in vivo cancer microenvironment can have an acute effect on the cancer cells 

response to cellular stress, including genotoxic damage from radio- and chemotherapy [11]. 

Therefore, in order to investigate the activity of MON and compound 1 in a surrogate 

normal host tissue: tumor hybrid microenvironment we developed hiPSCs-derived cerebral 

organoids (COs) co-cultured with GBM cells (in a modification of the previously described 

GLICO (cerebral organoid glioma) model) [11]. Here, we generated human COs from 

hiPSCs constitutively expressing the green fluorescent protein (GFP) under control of 

the ACTB promoter according to a four stage protocol, where CO formation is initiated 

through intermediate embryoid bodies followed by expansion of neuroepithelia (Fig. 7A). 

COs are three-dimensional culture models characterized by structural organization and 

cellular composition characteristic of the developing human brain [11,60]. After a period of 

maturation, we sectioned COs and performed H&E as well as immunofluorescence staining. 

On routine H&E staining, COs recapitulated embryonal central nervous system structures, 

such as multiple neural rosettes / neural tubes (Fig. 7B, left panel) as well as papillary 

structures lined by cuboidal epithelium recapitulating ependyma and choroid plexus (Fig. 

7B, right panel), with a proliferative zone of neural stem cells (Nestin+) (Fig. 7C), neurons 

(TUJ1 +), primitive ventricular system (SOX2 +/Ki67 +), intermediate zone (TBR2 +) and 

cortical plate (MAP2 +) (Fig. 7C). Positive staining for the apical tight junction protein 

N-cadherin provided additional evidence of regulated development suggesting the same type 

of polarity found within the neural tube of the embryonic neural plate (Fig. 7C). These 

morphological and immunofluorescence findings suggested the level of differentiation and 

development of generated COs as early stage human fetal brain.

To model human GBM infiltration we co-cultured individual, fully formed COs with 

varying numbers of red fluorescent protein (RFP)-labeled U-87MG cells for 24 h (Fig. 8A). 

Subsequently, tumor growth rate was monitored daily by immunofluorescence microscopy 

to track tumor formation. As shown in Fig. 8A, RFP expression at day 5 was substantially 
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higher for tumors originating from 100,000 cells compared with GLICOs from 10,000 or 

50,000 cells. Consequently, we chose 100,000 RFP-U-87MG cells for all subsequent assays. 

Fig. 8B demonstrated increasing RFP expression at days 1 and 6 for GLICO cultures, 

indicating that the RFP-U-87MG tumor cells are proliferating over time. Upon reaching 

considerable tumor formation after six days of co-culture COs co-treated with U-87MG/RFP 

cells were subjected to the treatment with 0.1% DMSO (control), MON or compound 1 
(Fig. 8B). Compound 1 reduced the tumor size after four days of treatment as compared with 

day one (Fig. 8B).

In order to assess whether GBM’s sensitivity to MON and compound 1 is similar or 

different in the GLICO model compared with cancer organoids (Figs. 2, 3, 5 and 6), 

GLICOs were treated with MON or compound 1 as described in Materials and methods 

and analyzed for PARP and ɣ H2AX (Fig. 8C–F). In order to ensure that the compound’s 

effect was measured only in the tumor area instead of the entire CO, all markers were 

analyzed in areas of co-localization with RFP expressed by U-87MG cells (Fig. 8C, E and 

G second panel). Consistent with our previous findings (Fig. 5A and B) both MON and 

compound 1 induced significant decrease of total PARP (Fig. 8C and D). Importantly, since 

the doses were adjusted to the respective 2 × IC50 values compound 1 was able to induce 

significant loss of PARP expression in approximately 2 times lower concentration than 

parental MON. Both MON and compound 1 induced the upregulation of the expression of 

DNA damage marker ɣH2AX, however only the effect of MON was statistically significant 

(Fig. 8E and F). This is contrary to our observations in the GBM organoid model, where 

only compound 1 induced double strand DNA damage (Fig. 5A and G) and highlights the 

utility of GLICO model to reveal mechanistic differences in possible drug behavior in more 

complex host:tumor surrogate 3D culture systems.

The ability to cross blood-brain barrier (BBB) is of special concern when it comes to 

development of glioblastoma targeting agents [42]. Molecules of less than 400–500 Da 

forming less than 8–10 hydrogen bonds with water are believed to be able to cross the 

BBB [61]. With a molecular mass of approximately 670–713 Da, MON and compound 

1 seem not to meet the first criteria, and further studies would be needed to evaluate 

whether the second requirement is fulfilled. If unable to cross the BBB in their current 

compositions, the potential treatment of GBM with MON or its analogs could be achieved 

through localized delivery via an Ommaya reservoir, which is a soft, plastic dome-shaped 

device placed under the scalp. Ommaya reservoirs are used to deliver medications such 

as chemotherapy, monoclonal antibodies, or antibiotics directly into cerebrospinal fluid, as 

well as to collect it [62]. Another option to circumvent any BBB limitation could come 

from drug-loaded nanocarriers. Such nanocarriers can improve drug delivery to gliomas by 

chemical stabilization of the drug in the bloodstream, enhanced permeability and retention, 

active targeting through carrier- and receptor-mediated transporters, P-gp inhibition or cell-

mediated targeting [63]. Summing up, although MON and its analog 1 may not pass BBB, 

which presents a limitation of their utility for the treatment of GBM, there exist several 

options such as an Ommaya reservoir for localized delivery or use of nanocarriers to 

improve delivery and retention across the BBB.
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4. Conclusions

In the present study we identified seven analogs of MON characterized by significantly 

lower IC50 values in mini-ring cell viability screen than the parental MON. Five of 

these molecules induced significant DNA fragmentation in GBM organoids, suggestive 

of apoptotic cell death. The most potent compound 1 was selected for further studies 

where it showed enhanced anti-migratory properties in GBM cells over MON. Furthermore, 

compound 1 induced PARP degradation, diminished phosphorylation of STAT3, Akt 

and GSK-3β, increased ɣH2AX signaling and upregulated expression of the autophagy 

associated marker LCII in GBM organoid model in two times lower doses than parent 

MON. In order to study the activity of compound 1 and MON in a surrogate host:tumor 

microenvironment, we developed human COs from GFP expressing hiPSCs, which were 

co-cultured with U-87MG-RFP expressing cells to generate a modified GLICO model. 

Compound 1 and MON decreased RFP-U-87MG cell counts in the GLICO model, as 

well as a decrease in PARP expression. However, the exact molecular targets of MON 
scaffold-based compounds in GBM require further validation. A discrepancy between a 

novel compound’s activity in vitro and in vivo is a common phenomenon [42], and so there 

remains a question regarding the in vivo activity and efficacy of these molecules which will 

require further testing in animal models. We conclude that MON and its analogs constitute 

promising scaffolds for anti-GBM drug discovery, with further study warranted towards 

pre-clinical development of these compounds.
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Fig. 1. 
Schematic representation of the synthesis of MON analogs. Reactions and conditions: (a) 

MON-Na (1 eq.), DMAP (catalytic amount), acyl chloride (3 eq.), pyridine, rt, 48 h; (b) 

MON-H (1 eq.), respective isocyanate (0.95 eq.), anhydrous toluene, rt, 14 days.
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Fig. 2. 
Treatment scheme for assessing compound response using the 3D mini-ring cell viability 

assay. Representative images of U-118MG cells seeded in mini-ring format were taken with 

EVOS FL Auto Cell Imaging System (Thermo Fisher Scientific) after 72 h of treatment with 

0.1% DMSO (control) or 10 μM MON.
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Fig. 3. 
MON analogs induced DNA fragmentation in U-118MG organoids. U-118MG organoids 

were treated with 0.1% DMSO (control), parent MON or its select analogs at concentrations 

equal to 5 × IC 50 values for 24, 48 or 72 h and subsequently subjected to propidium iodide 

staining and flow cytometry. A. Schematic representation of U-118MG organoids generation 

and treatment; B. Representative cytograms; C. Distribution of cells in different phases of 

cell cycle or with Sub-G1 DNA determined by PI staining. Data represent mean ± SD (n = 6 

for control, and n = 3 for compound treatment) *p ≤ 0.05, **p ≤ 0.01, *** p ≤ 0.001, ****p 

≤ 0.0001.
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Fig. 4. 
Wound healing assay of U-118MG cells after treatment with 0.1% DMSO (control), 306 nM 

MON, or 146 nM compound 1 (concentrations equal to respective ½ of IC50 values) for 74 

h. Wounds were created on a confluent cell monolayer and images were taken at 0, 4, 28, 48, 

and 74 h after scratching. Three biological replicates were made. A. Representative images 

of wound healing; B. Quantification of wound healing. Data represent mean ± SD (n = 3), 

*** p ≤ 0.001, ****p ≤ 0.0001.
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Fig. 5. 
Effect of the treatment with MON or its analog 1 on PARP, STAT3, p-STAT3, p-AKT, 

p-GSK-3β, and ɣH2AX expression. U-118MG organoids were treated with 0.1% DMSO 

(control), or 3 μM MON, 1.5 μM compound 1 for 24 or 48 h as indicated, and extracts were 

prepared as described in the Materials and methods and subjected to immunoblotting with 

anti-sera indicated. GAPDH was used as a loading control. A. Representative immunoblots; 

B-G. Bar diagrams representing the fold changes of proteins normalized to GAPDH. 

Immunoblots were quantified with ImageJ software by measuring the band densitometry. 

Data represent mean ± SD (n = 3), *p ≤ 0.05, **p ≤ 0.01, *** p ≤ 0.001, ****p ≤ 0.0001.
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Fig. 6. 
Effect of MON and compound 1 on autophagy induction in U-118MG organoids. 

Organoids were treated with 0.1% DMSO (control), 3 μM MON, or 1.5 μM compound 

1 (concentrations equal to respective 5 × IC50 values) for times indicated. A. Extracts were 

prepared and subjected to immunoblotting for LC3 (16 and 14 kDa). GAPDH was employed 

as a loading control; B. Bar diagram showing changes of proteins normalized to GAPDH. 

Images were quantified by measuring the band intensity using ImageJ software. Data are 

represented as mean ± SD (n = 3), **p ≤ 0.01; C. Cell viability of Bafilomycin A1 as 

determined by MTT mini-ring assay. Results are given as mean ± SD (n = 4). Mini-rings 

were treated with vehicle (100% viability) or increasing concentrations of Bafilomycin A1 

(see Materials and methods for details); D. Effect of the autophagy inhibitor Bafilomycin A1 

on MON and compound 1 induced DNA fragmentation. U-118MG organoids were treated 

with 0.1% DMSO (control), 3 μM MON, 1.5 μM compound 1, or 3 nM Bafilomycin A1, 

alone or in combination for 48 h, and Sub-G1 DNA was determined by PI staining and flow 

cytometry as described in the Materials and methods. Results are given as mean ± SD (n = 3 

and n = 2 for compound 1 and Bafilomycin A1 treatment), *p ≤ 0.05, **p ≤ 0.01.
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Fig. 7. 
Cerebral organoids acquisition and validation. A. Schematic representation of cerebral 

organoids generation, scale bar 1000 μm; B. H&E staining of normal cerebral organoids 

at 51 days of development, 20X magnification; C. Immunofluorescence staining of DAPI, 

GFP and AF 647 – Alexa Fluor 647, a secondary antibody used for Nestin, Tuj1, Sox2, 

Ki67, TBR2, MAP2, N-cadherin, 20X magnification.
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Fig. 8. 
GLICO tumors show differential response to treatment with MON and compound 1. A. 

10,000, 50,000 or 100,000 RFP expressing U-87MG cells were co-cultured with COs as 

described in Materials and methods. Shown are representative images of RFP expression in 

GLICO tumors at day 5 post co-culture; B. Representative fluorescent microscopic images 

of GFP (left) and RFP (right) in GLICO tumors at day 1 of co-culture with U-87MG RFP 

expressing cells, day 6 (first day of 0.1% DMSO (control) or 1226 nM MON or 584 nM 

compound 1 treatment) and day 9 of the treatment, n = 4–5 COs per group. C. GLICO 

tumors at day 6 post co-culture with RFP expressing U87MG cells were treated with 0.1% 

DMSO (control) or 1226 nM MON or 584 nM compound 1. Shown are representative 

images of immunofluorescence staining for PARP, 20X magnification; D. Quantification 

of PARP intensity from 139 to 1171 cells after four days of treatment, *p ≤ 0.05, ****p 

≤ 0.0001; E. GLICO tumors were treated as described above. Representative images of 
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immunofluorescence staining for ɣH2AX are shown, 20X magnification; F. Quantification 

of ɣH2AX intensity from 185 to 532 cells after four days of treatment, *p ≤ 0.05.
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Table 1

Antiproliferative activity (IC50) values of monensin (MON) and its analogs.

Compound IC50 [nm]

MON 612.6 ± 184.4
&

1 291.7 ± 68.8 **

2 189.8 ± 79.3 **

3 604.9 ± 149.6

4 168.7 ± 82.2**

5 487.6 ± 161.2

6 622.7 ± 203.8

7 994.9 ± 330.3

8 257.3 ± 135.6 *

9 100.0 ± 92.0 ***

10 808.3 ± 103.4

11 139.0 ± 105.4 **

12 91.5 ± 54.4 ***

13 424.0 ± 288.6

14 337.0 ± 217.1

IC50 value is defined as the concentration of the compound which induces 50% growth inhibition.

Values are given as mean ± SD (n = 4 each).

&
The value is an average from two independent experiments (n = 4 each).

*
p ≤ 0.05,

**
p ≤ 0.01,

***
p ≤ 0.001.
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