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Abstract 24 

Cation trapping in acidic cell compartments determines an antiproliferative effect that has 25 

a potential interest in oncology, as shown by clinical data and trials involving chloroquine 26 

and hydroxychloroquine. To further characterize the mechanism of this effect, we studied 27 

a series of 6 substituted triethylamine (s-Et3N) drugs that encompasses a wide range of 28 

liposolubility (amiodarone, quinacrine, chloroquine, hydroxychloroquine, lidocaine, and 29 

procainamide). Three tumor cell lines and primary human endothelial cells were 30 

exploited in proliferation assays (48 hrs, cell counts). Accumulation of the autophagic 31 

effector LC3 II and the apoptotic marker cleaved PARP1 (immunoblots), cytotoxicity, 32 

cell cycle analysis and endocytic function were further tested in the p53-null histiocytic 33 

lymphoma U937 line. A profound and desynchronized antiproliferative effect was 34 

observed in response to all s-Et3Ns with essentially no cell type specificity. Predictors of 35 

s-Et3N potency were liposolubility and the acute accumulation of the autophagic effector 36 

LC3 II (6 hr-treatments). For each s-Et3N, there was an antiproliferative concentration 37 

range where cytotoxicity and apotosis were not triggered in U937 cells (24-48 hr-38 

treatments). Quinacrine was the most potent cytostatic drug (1-5 M). Co-treatment of 39 

cells with inhibitors of cholesterol, -cyclodextrin or lovastatin, partially reversed the 40 

antiproliferative effect of each s-Et3N. The cytopathology induced by cationic drug 41 

accumulation includes a cytostatic effect. Its intensity is cell type- and p53-independent, 42 

but predicted by the inhibition of autophagic flux and by the liposolubility of individual 43 

drugs and alleviated by cholesterol ablation. The superiority of quinacrine, biomarker 44 

value of LC3 II and antagonism by a statin may be clinically relevant.   45 

   46 
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Introduction 51 

Lysosomotropic drugs can be defined as a series of weak bases that concentrate in acidic 52 

organelles, primarily the lysosomes and late endosomes, following their protonation at 53 

low pH and slow retrodiffusion under their cationic form; the proton pump V-ATPase 54 

provides the energy for this pseudo-transport mechanism (Marceau et al., 2012). The 55 

interruption of autophagosome clearance ensues in cells, and an antiproliferative effect is 56 

observed. A novel field of application of autophagic flux inhibitors is clinical oncology: 57 

hydroxychloroquine currently undergoes clinical trials for various solid and hematologic 58 

cancers (Sehgal et al., 2015).  Chloroquine combination with conventional chemotherapy 59 

increased survival in patients with glioblastoma multiforme (Briceno et al., 2007). 60 

However, autophagy has context-dependent roles in cancer development and may be 61 

protective, especially early in the course of the disease (Thoburn et al., 2014). 62 

 63 

Despite these exciting developments, little is known about the mechanisms and 64 

determinants of the anti-proliferative action of autophagic flux inhibitors. A constant 65 

feature of the cytopathology induced by cation accumulation in acidic vacuoles is an 66 

inhibition of cell proliferation without important cytotoxicity; we have observed this in 67 

various cellular models in response to lidocaine (Bawolak et al., 2010); 2-68 

dimethylaminoethanol (Morissette et al., 2007), triethylamine (Et3N) and procainamide 69 

(Morissette et al., 2004; 2005), as well as tamoxifen in an estrogen receptor-negative cell 70 

line (Marceau et al., 2012). Golden et al. (2015) recently analyzed the cytotoxic effect of 71 

a series of anti-malarial drugs: all were autophagic flux inhibitors of varying potency and 72 
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they induced apoptosis in human glioma cell lines independently of p53. 73 

Phospholipidosis is the late cytopathologic reorganization of vacuoles that have 74 

sequestered cationic drugs; in the affected cells, several genes that control lipid synthesis 75 

are upregulated (Sawada et al., 2005; Nioi et al., 2007). A new hypothesis about the 76 

antiproliferative effect of a lysosomotropic drug emerged in studies of leelamine, a novel 77 

lipophilic cationic agent: vacuolar cholesterol accumulation and interruption of vesicular 78 

cycling were observed (Kuzu et al., 2014). C -cyclodextrin 79 

reversed the antiproliferative effect and the depression of vacuolar traffic in that study.  80 

 81 

We hypothesized that the antiproliferative effect of lysosomotropic drugs (1) is a 82 

universal response to amines susceptible to ion trapping; (2) possesses a uniform 83 

mechanism, mainly cytostatic and related to vacuolar alterations, and (3) exhibits a 84 

potency inversely correlated to their lipophilicity, as this physicochemical property 85 

clearly predicts the concentrations for which the cytopathology is observed (Marceau et 86 

al., 2012). To address these issues, we exploited a previously defined series of substituted 87 

triethylamine (s-Et3N) drugs that span the whole lipophilicity scale (Suppl. Fig. 1) and 88 

that all were shown to be concentrated in a V-ATPase-dependent manner (Marceau et al., 89 

2012). They include presently or formerly clinically used therapeutic agents but in classes 90 

that bear no obvious relationship with oncology (3 anti-malarial, 2 anti-arrhythmic and 91 

one local anesthetic drugs). Cell models used in the analysis were selected to isolate any 92 

cell-type specific effects; further, the mechanism of antiproliferative effects was 93 

characterized in a p53-null histiocytic lymphoma cell line.   94 
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Methods 95 

Cell culture 96 

The human melanoma M21 cell line, originally obtained from Dr. David Cheresh (The 97 

Scripps Research Institute, San Diego, CA), was a gift from Dr. Eric Petitclerc (Héma-98 

Québec, Québec, Canada); it is tumorigenic in immunodeficient mice (McMahon et al., 99 

2001). Most melanoma cells are extremely radioresistant and typically express non-100 

mutated p53 protein; DNA-damaging agents lead to accumulation of p53 but not to 101 

apoptosis in these cells, as modeled by the M21 line (Bao and Strömblad, 2004). M21 102 

and HEK 293a cells, originally obtained from Sigma-Aldrich, were cultured in DMEM 103 

supplemented with 5 and 10% fetal bovine serum, respectively, and antibiotics. The 104 

institutional research ethics board approved the anonymous use of human umbilical cord 105 

segments obtained after caesarean sections. Human umbilical vein endothelial cells 106 

(HUVECs) were isolated by collagenase digestion of umbilical veins from undamaged 107 

sections of fresh cords and cultured as described (Koumbadinga et al., 2010). The cells 108 

were maintained and passaged in Endothelial Cell Growth Medium (EGM, Lonza-109 

Clonetics, Basel, Switzerland) used with the supplied growth supplement (final fetal 110 

bovine serum concentration 2%) and antibiotics. HUVECs express functional p53 (Zhang 111 

et al., 2011). Human monocytic leukemia cells (U937) were originally isolated from the 112 

histiocytic lymphoma of a 37-year-old male patient and were grown in RPMI 1640 113 

medium (GIBCO) supplemented with 10% fetal bovine serum. They are p53 null due to a 114 

large deletion in both copies of the p53 gene (Shiohara et al., 1994; Oliveiro et al., 1997). 115 

 116 
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Cell proliferation and counting 117 

The study of the antiproliferative effects of s-Et3N drugs was made utilizing a previously 118 

applied proliferation assay in cellular models.  Fifty thousand cells were plated with 2 mL 119 

of their respective culture medium in cell culture dish 35 mm (Starstedt) at time zero.  120 

Twenty-four hours afterwards, various concentrations of the cationic drugs were 121 

introduced.  No change in the culture medium was made.  At time 72-hrs, the cells were 122 

rinsed and detached with Trypsin+EDTA (ThermoFisher Scientific), except for the non-123 

adherent U937 cells, and counted using the Cellometer® Mini (Nexcelom Bioscience, 124 

Lawrence, MA).  The device and associated software were used precisely as directed.  125 

Six s-Et3N drugs were tested for their antiproliferative effects; amiodarone, chloroquine, 126 

hydroxychloroquine, lidocaine, procainamide and quinacrine.  Four cell lines were used 127 

for this proliferation assay; the HEK 293a cell line, the human melanoma M21 cell line, 128 

the human monocytic leukemia cells (U937) and umbilical vein endothelial cells 129 

(HUVECs).  130 

 131 

A modified proliferation assay where 50,000 U937 cells were seeded along with s-Et3N 132 

drugs and a co-treatment designed to probe the role of lipids of the mevalonate pathways 133 

in the antiproliferatice effects. These co- -cyclodextrin 1 mM, 134 

lovastatin 100 nM or geranylgeranyl-pyrophosphate 10  (all from Sigma-Aldrich). 135 

The cells were cultured for 48 hrs without washing and counted at the end of the 136 

incubation period. 137 

 138 
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Microscopy 139 

The subcellular distribution of quinacrine in cultured human monocytic leukemia cells 140 

(U937) was monitored after treatments of 0-3 hrs at 37°C.  Cells were incubated at 37°C 141 

in Eppendorf Thermomixer at a concentration of 1×106 cells per mL.   Optional pre-142 

treatment with bafilomycin A1, 100 nM for 30 min, was followed by incubation with 143 

quinacrine.  After treatment, the cells were centrifuged at 12,500 RPM for 30 s at room 144 

temperature followed by removal of the supernatant.  Cells were resuspended in 1 ml 145 

balanced salt solution (HBSS) pre-heated at 37°C to rinse the cells, then 146 

centrifuged again (same settings), and finally resuspended in 25 l of RPMI 1640 147 

l of the suspension were placed on a microscope slide and was 148 

photographed using Olympus BX51 microscope coupled to a CoolSnap HQ digital 149 

camera (transmission and fluorescence; filters for quinacrine : excitation 150 

460-500 nm, emission 510-560 nm).  151 

 152 

Cytofluorometry 153 

Suspensions of 1×106 U937 cells were treated with fluorescent quinacrine for 1 hr or 48 154 

hrs in their regular culture medium.  Pre-treatment with bafilomycin A1 100 nM was 155 

applied 30 min before 1 h treatment with fluorescent drug.  Optional co- -156 

cyclodextrin 1mM or lovastatin 100 nM was applied alongside the 48 hrs treatment of the 157 

fluorescent drug quinacrine.  After treatments, the cells were centrifuged at 12,500 RPM 158 

for 30 s at room temperature followed by removal of the supernatant.  Cells were 159 

resuspended in 1 mL of HBSS pre-heated at 37°C to rinse the cells, centrifuged again 160 
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(same settings), and resuspended -heated at 37°C.  The 161 

cells were then submitted to cytofluorometric analysis of the uptake of quinacrine (green 162 

fluorescence) as described in Roy et al., (2013) using the BD SORP LSR II cell analyzer, 163 

BD Biociences (Franklin Lakes, NJ; fluorescence settings for FITC). In other 164 

experiments described below, it was possible to simultaneously record the green 165 

fluorescence of quinacrine along with that of other markers with different spectra of 166 

excitation/emission (Ex/Em).  167 

 168 

To evaluate cytotoxicity, suspensions of 1×106 U937 cells were treated with the various 169 

s-Et3N for 24 hrs or 48 hrs in their regular culture medium.  After treatments, 170 

approximately 50,000 cells were harvested and centrifuged at 12,500 RPM for 30 s at 171 

room temperature.  One ml of HBSS pre-heated at 37°C was added to rinse the cells.  172 

Then, the cell impermeant DNA stain DRAQ7 (Cell Signaling Technology) was added at 173 

a concentration of 3 µM.  The cells were incubated with DRAQ7 for 2 min at 37°C in an 174 

Eppendorf Thermomixer at 350 RPM.  After treatment, cells were analysed as directed 175 

(Ex/Em: 646/681 nm). 176 

 177 

To analyze the cell cycle, suspensions of 1×106 U937 cells or cultured HUVEC, 178 

confluent at 80%, were treated with the various s-Et3N for 48 hrs.  After treatments, both 179 

types of cells were incubated for 1 hr at 37°C with Hoechst 33342 (10 µg/ml; Sigma-180 

Aldrich).  Afterwards, HUVECs were detached with Trypsin+EDTA (ThermoFisher 181 

Scientific), while approximately 300,000 U937 cells were harvested.  Both type of cells 182 
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were centrifuged (12,500 RPM for 30 s for the U937 cells, and 1,200 for 5 mins for 183 

HUVECs) at room temperature followed by removal of the supernatant.  Cells were 184 

resuspended in 1 ml of HBSS pre-heated at 37°C, centrifuged again (same settings) and  185 

resuspended l -heated at 37°C.  The cells were then 186 

submitted to cytofluorometric analysis as directed (Ex/Em: 346/460 nm). 187 

 188 

To evaluate the endocytic function, suspensions of 1×106 U937 cells were treated with 189 

the various s-Et3N for 24 hrs with optional co- -cyclodextrin (1 mM).  190 

After treatments, approximately 200,000 cells were harvested and incubated in an 191 

Eppendorf Thermomixer at 350 RPM for 15 mins with transferrin-AlexaFluor-594 at 192 

37°C.  Afterwards, cells were centrifuged at 12,500 RPM for 30 s at room temperature 193 

followed by removal of the supernatant.  Cells were resuspended in 1 ml of HBSS pre-194 

heated at 37°C, centrifuged again (same settings), and  resuspended l 195 

buffer pre-heated at 37°C.  The cells were then submitted to cytofluorometric analysis as 196 

directed (Ex/Em: 590/617 nm). 197 

 198 

Immunoblots 199 

The analysis based on cultured human monocytic leukemia cells (U937) was established 200 

using a slight variation of a technique previously applied to a different cell type (Parks et 201 

al., 2015).  Briefly, extracts of equal numbers (3 × 105) of non-adherent U937 cells were 202 

made as in Roy et al. (2013).  Cells had been treated for 6 hrs with various drugs to 203 

monitor the effect on the autophagic protein LC3B.  Extracts of 3×105 cells were run on a 204 
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15 % SDS-PAGE and transferred to a PVDF membrane. Anti-human LC3B rabbit 205 

polyclonal antibodies (Novus; dilution 1:3,000) were used to observe the effect on the 206 

cytosolic form LC3 I (18 kDa) and the lipidated and membrane-bound form LC3 II (16 207 

kDa) (Morissette et al., 2008).  Furthermore, to study the effects of various drugs on a 208 

late apoptotic reaction mediated by caspase-3, the polyclonal rabbit anti-poly(ADP-209 

ribose)-polymerase I (-PARP1) antibody was used to monitor the cleavage of the latter 210 

protein (Cell Signalling, cat. #9542, dilution 1:1,000).  In addition, three other cell types 211 

were tested for their autophagic and lysosomogenesis baselines.  The human melanoma 212 

M21 cell line, HEK 293a cells and HUVEC lysates were centrifuged at 15,000 g for 5 213 

minutes and incubated for 5 min at 95°C.  To separate constituents from samples 214 

subsequently revealed using antibodies specific for p62/SQSTM1, LAMP1, P53, -215 

actin a 9% SDS-PAGE was used.  The lysosomal/late endosomal glycoprotein LAMP1 216 

was detected in total cell extracts using the mouse monoclonal antibodies H4A3 (dilution 217 

1:1,000, Developmental Studies Hybridoma Bank, Iowa City, IA) revealed using an 218 

HRP-conjugated anti rat IgG.  p62/SQSTM1 rabbit monoclonal antibodies were from 219 

Cell Signaling Technology (dilution 1:1000; cat. No. 5114).  The mouse monoclonal anti-220 

p53 antibodies (clone BP53-12, cat. No. P5813) were obtained from Sigma with used at a 221 

dilution of 1:1,000.  The phosphorylated and non-phosphorylated forms of the 222 

retinoblastoma protein (pRB) were analysed using the rabbit monoclonal anti-phospho-223 

pRB, Ser807/811, and the mouse anti-pRB clone 4H1 (dilutions 1:1000 and 1:2000, 224 

respectively).  Both these antibodies were also from Cell Signaling Technology (cat. No. 225 

8516 and 9309 respectively).  Equal track loading was verified by separating and 226 

transferring the same samples separately and immunoblotting -actin (mouse 227 
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monoclonal from Sigma-Aldrich, dilution 1:50,000).  All reactions involved HRP-228 

labelled secondary antibodies revealed using a luminescent substrate used as directed 229 

(Western Lighting, PerkinElmer) with CL-X Posure film (Thermo Scientific).  230 

 231 

Cholesterol determination in U937 cells 232 

Cholesterol determination (total and free cholesterol) was made with the help of the 233 

Cholesterol Quantitation Kit from Sigma-Aldrich (cat. No. MAK043).  The kit was used 234 

precisely as directed.  Briefly, 1×106 U937 cells were cultivated after 48 hrs treatment 235 

with various s-Et3N.  Lipids were extracted using chloroform:isopropanol:IGEPAL CA-236 

630 (7:11:0.1) solution.  Samples were then centrifuged at 13,000 g for 10 min at room 237 

temperature to remove any insoluble material.  The supernatant was then transferred to a 238 

clean Eppendorf tube (1.5 ml).  The lipids were then air dry at 50°C to remove any of the 239 

chloroform and any residue of organic solvent.  The lipid pellets were then dissolved with 240 

the Cholesterol Assay Buffer provided in the kit.  The cholesterol concentration was 241 

analysed using a black 96 well flat-bottom plate and compared to a cholesterol standard 242 

curve of 0, 0.1, 0.2, 0.3, 0.4 and 0.5 ng/well using the fluorometric detection steps of the 243 

kit.  The samples and standards were analysed using TECAN Infinite® M200 series 244 

reader (Morrisville, NC; Ex/Em: 535/587 nm). 245 

 246 

Data analysis 247 
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Numerical results are presented as mean ± S.E.M.. Sets of numerical data obtained via 248 

immunoblot densitometry, cytofluorometric intensities, cholesterol determination, 249 

DRAQ7 uptake or cell counts were generally compared by ANOVA followed by 250 

251 

test was used to compare the effect of a single pharmacological intervention on cells 252 

otherwise similarly treated. Linear regression presentation and the Pearson's r correlation 253 

coefficient were also used to correlate the antiproliferative potency of drugs to other 254 

parameters. All computations were performed using the InStat 3.05 computer program, 255 

GraphPad Software (San Diego, CA).  256 
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Results 257 

Proliferation of cells as modified by s-Et3N drugs 258 

Four human cellular models were tested for the antiproliferative effects of a series of 6 259 

tertiary amines: the U937 monocytic leukemia cell line, M21 melanoma cells, 260 

immortalized HEK 293a cells and primary HUVECs, a non-transformed model of 261 

possible relevance for tumoral angiogenesis. 50,000 cells were plated in petri dishes at 262 

time zero; drugs were introduced at time 24-hrs and the cells were detached (except for 263 

the non-adherent U937 cells) and counted at time 72-hrs ( average control counts given in 264 

Fig. 1 legend). All 6 tested drug profoundly depressed proliferation in a concentration-265 

dependent manner and with orders of potency that were similar from one cell type to the 266 

other. Quinacrine was the most potent proliferation inhibitor, generally followed by 267 

amiodarone, chloroquine = hydroxychloroquine, lidocaine and procainamide (Fig. 1). 268 

The IC50 values recorded for each drug spanned a large concentration range, from 269 

a270 

roughly inversely correlated with the drug lipophilicity, expressed as logP (Fig. 2).  271 

 272 

The proportions of cells in the various phases of the cell cycle was tested in U937 cells 273 

(p53-null) and primary HUVECs in response to 48 hr-treatments with a subset of 3 s-274 

Et3N drugs that span the lipophilicity scale (cytofluorometric assessment of Hoechst 275 

33342 staining, Figs. 3, 4). No consistent effects were observed for cytostatic 276 

concentrations of the drugs; some changes may be related to cytotoxic levels of specific 277 

drugs, as assessed by high sub-G1 distributions (particularly for 5 mM procainamide in 278 
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U937 cells). Simultaneous determination of the green fluorescence in the same cells 279 

evidenced the concentration-dependent accumulation of quinacrine, the only fluorescent 280 

s-Et3N in this portion of the spectrum (Figs. 3, 4). To verify whether a G0G1 checkpoint 281 

arrest was triggered in s-Et3N-treated cells, the expression and phosphorylation status of 282 

pRB was tested using the same drug sample (48 hr-treatments in in U937 cells or 283 

HUVECs, Suppl. Fig. 2, 3). Cationic drug did not consistently promote the 284 

dephosphorylation of pRB in HUVECs or U937 cells.  Altogether, results support that s-285 

Et3N induce a desinchronized mitotic arrest. 286 

 287 

Autophagy in s-Et3N-treated U937 cells 288 

 289 

Vacuolar cells that have concentrated various amines exhibit an inhibition of the 290 

macroautophagic flux (Marceau et al. 1992). One of the two cell lines derived from 291 

clinical oncology cases, the U937 cells, was examined for autophagic accumulation 292 

during a 6-hr treatment, as assessed with the accumulation of the autophagic effector LC3 293 

II (Fig. 5). The effect of a strong inhibitor of autophagic resolution, the V-ATPase proton 294 

pump inhibitor bafilomycin A1, was also recorded in these experiments. It was constantly 295 

observed that LC3 II in the total cell extract increased in response to each of the 6 s-Et3N 296 

drugs in a concentration-297 

an overtly cytotoxic level as will be shown below). The concentration values that 298 

produced a threshold LC3 II accumulation (arbitrary intensity of 50) after the short 6 hr-299 

treatment strongly predicted the drug concentration that reduced by 50% the proliferation 300 
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of U937 cells (Fig. 6A, correlation of each set of the log(concentration) values: r = 0.94, 301 

P<0.01). Procainamide and lidocaine, tested in the same concentration ranges as applied 302 

in these experiments, as well as bafilomycin A1 also increased the content of 303 

p62/SQSTM1 in U937 cells treated for 6 hrs (data not shown). The analysis presented in 304 

Fig. 6B shows that, for each of the 6 s-Et3N drugs, accumulation of LC3 II (6-hr 305 

treatment) is inversely correlated to the final U937 cell counts in the proliferation assay, 306 

in a manner largely independent of drug concentration.   307 

 308 

Later responses to s-Et3N drugs in the U937 cells  309 

U937 cells were submitted to additional analyses to characterize events developing later 310 

during treatments with cationic drugs. These tests were applied to a large quantity of cells 311 

(106) treated for 24-48 hrs with drugs concentrations that inhibited cell proliferation by a 312 

proportion of one to two thirds to detect typical phenotypes that may be predictive of the 313 

anti-tumor action.  314 

 315 

More than 90% U937cells excluded the cell impermeant DNA stain DRAQ7 in a 316 

viability test based on cytofluorometric analysis (Fig. 7). Actinomycin D treatment (400 317 

nM, 24 hrs) decreased the viability by two-thirds after 24 hrs and by ~80% after 48 hrs of 318 

treatment. By contrast, the s-Et3N drugs were surprisingly well tolerated, with defined 319 

concentration(s) of each that were antiproliferative but not cytotoxic. Viability at either 320 

time point significantly decreased in cells treated only with 321 

of chloroquine or hydroxychloroquine and 5 mM of lidocaine or procainamide.    322 
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 323 

An assessment of drug-induced apoptosis was based on the cleavage of PARP1, a late 324 

reaction mediated by caspase-3 (Nicholson et al., 1995). In most control cell batches, 325 

there was a small proportion of cleaved PARP1 (Fig. 8). 24 hr-treatments with the s-Et3N 326 

drugs generally failed to significantly increase this 327 

amiodarone and 5 mM lidocaine). Actinomycin D treatment was a positive control, 328 

leading to almost complete PARP1 cleavage.  329 

 330 

Reversal of the antiproliferative effect of amines by cholesterol ablation 331 

-cyclodextrin co-treatment is reported to abate the antiproliferative effect of the primary 332 

amine leelamine (Kuzu et al., 2014). In experiments reported in Fig. 9, the proliferation 333 

assay for U937 cells was modified: 50,000 cells were plated in petri dishes at time zero 334 

along with s-Et3 -cyclodextrin co-treatment (1 mM). Cells were 335 

-cyclodextrin given alone did not alter 336 

the ~8-fold proliferation of the cells and did not prevent the complete cell loss induced by 337 

-cyclodextrin co-338 

treatment partially reversed the antiproliferative effect of all 6 substituted triethylamines 339 

at amines concentrations eliciting intense effects (generally when the cells counts were 340 

below the boxed zone, Fig. 9).   341 

 342 
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Statins inhibit the synthesis of cholesterol at the level of 3-hydroxy-3-methylglutaryl-343 

CoA reductase; the product of the latter enzyme is mevalonic acid. Micromolar 344 

concentration levels of lovastatin reportedly inhibit the proliferation of U937 cells (Burke 345 

and Kukoly, 2008). In the 48-hr proliferation assay, we used a lower concentration (100 346 

nM) that was slightly but significantly antiproliferative (Fig. 10). Lovastatin co-treatment 347 

partially but significantly reversed the antiproliferative effect of all s-Et3N drugs at all 348 

tested concentrations, but not that of actinomycin D. The maximal proliferation under 349 

lovastatin cotreatment was equivalent to the level observed in cells treated with the statin 350 

alone (lower edge of the boxed zone, Fig. 10).  351 

 352 

Some of the effects of statins on cells relate to the inhibition of protein prenylation, 353 

mediated by a downstream metabolite of mevalonate, geranylgeranyl-pyrophosphate 354 

355 

medium replenishes cellular pools of isoprenoids (Mohamed et al., 2012). However, 356 

GGPP co-treatment had no significant effect on the antiproliferative effect of s-Et3N 357 

compounds (Suppl. Fig. 4). 358 

 359 

Quinacrine transport in U937 cells 360 

The s-Et3N drug that possesses enough intrinsic fluorescence for cytofluorometric 361 

determination in U937 cells is quinacrine (Suppl. Fig. 5). It was verified that quinacrine 362 

concentration by U937 cells is rapid (important in 60 min) and ultimately dependent on 363 

V-ATPase acidification of the vacuolar compartment: bafilomycin A1 co-treatment 364 
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abrogated the acute cellular uptake of quinacrine in these cells (cytofluorometric or 365 

microscopic assays, Suppl. Fig. 5A, B).  366 

 367 

To exclude that the gain of proliferative function i -cyclodextrin (Fig. 9) or 368 

lovastatin (Fig. 10) might stem from the binding of the s-Et3N drugs to the 369 

oligosaccharide or some other non-specific inhibition of cellular drug uptake, a 48-hr 370 

371 

modest effect on proliferation) was tested with or without the co-treatments (Suppl. Fig. 372 

6). Cytofluorometric determination of U937 cell fluorescence was not significantly 373 

-cyclodextrin or lovastatin cotreatment. Those also failed to 374 

consistently modify LC3 II accumulation induced by selected cytostatic concentrations of 375 

s-Et3N drugs (48 hr-cotreatments, immunoblots, Suppl. Fig. 7).  376 

  377 

Ancillary experiments 378 

The expression of specific proteins was tested in the 4 cellular models used for 379 

proliferation studies (immunoblots, Suppl. Fig. 8). U937 cells expressed no p53, 380 

consistent with the deletion of both copies of the corresponding gene in its genome 381 

(Shiohara et al., 1994); these cells expressed the highest quantity of the LAMP1 protein, 382 

possibly indicating a large lysosomal/late endosome compartment. M21 cells, HEK 293a 383 

cells and HUVECs expressed variable baseline levels of p62/SQSTM1, LC3,  p53 and 384 

LAMP1 (Suppl. Fig. 8). The basal concentration of autophagy markers LC3 II and 385 

p62/SQSTM1 was comparatively high in M21 melanoma cells.  386 
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 387 

-cyclodextrin or lovastatin, total or free cholesterol 388 

was not changed vs. amounts measured in control cells (Suppl. Fig. 9A). However, 389 

hydroxychloroquine, one of two tested s-Et3N drugs at a cytostatic concentration (50 390 

, increased total and free cholesterol over 48 hrs; procainamide (2.5 mM) was 391 

inactive in this respect (Suppl. Fig. 9B).  392 

 393 

A form of vacuolar trafficking was evaluated by the receptor-mediated endosomal uptake 394 

of AlexaFluor-594-labeled transferrin (Suppl. Fig. 10). At antiproliferative concentration 395 

levels, the s-Et3N drugs, applied to cells for 24 hrs, generally depressed the subsequent 396 

uptake of transferrin, with the notable exception of amiodarone that somewhat increased 397 

it at 5- . Along with the cytofluorometric determination 398 

of the cell associated-AlexaFluor-594-labeled transferrin, it was possible to monitor the 399 

parallel concentration-dependent uptake of quinacrine (Suppl. Fig. 10, top left).  -400 

Cyclodextrin co-treatment did not modify the effects of s-Et3Ns on transferrin or 401 

quinacrine uptake.   402 

  403 
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Discussion 404 

Autophagic flux inhibition, usually in the form of oral hydroxychloroquine, is currently 405 

considered as an adjuvant to other forms of cancer chemotherapy or radiotherapy, 406 

because autophagy is considered as a mechanism of resistance to cytotoxic stress, 407 

including acquired resistance to chemotherapeutic agents (Seghal et al., 2015).  However, 408 

the present results support a widely applicable antiproliferative effect of cationic drugs 409 

that interrupt autophagic clearance. The family of 6 s-Et3N chemicals that we have tested 410 

as antiproliferative agents is an arbitrary set of drugs designed to identify molecular 411 

determinants of their action, but they are homogeneous if their weak basic properties are 412 

considered (pKa and span the lipophilicity scale. They are all highly concentrated in 413 

a vacuolar compartment in various cell types in a pseudo-transport process mediated by 414 

V-ATPase-mediated ion trapping (Fig. 11, schematic representation).  It is remarkable 415 

that they share consistent cellular effects (inhibition of the autophagic flux evidenced by 416 

LC3 II accumulation, antiproliferative effect relieved by cholesterol ablation) with 417 

potencies roughly correlated with their lipophilicity (Fig. 2). High solubility in lipids 418 

facilitates the diffusion steps of the molecules towards the vacuolar compartment where 419 

they are protonated, sequestered and concentrated (Fig. 11). Amiodarone, the most 420 

lipophilic member of the series, is regularly the second or third more potent agent in the 421 

various assays, possibly due to its partitioning in all cellular lipids. Evidence for this is 422 

provided by a bafilomycin A1-resistant and non-granular component of its cellular uptake 423 

monitored by its faint violet fluorescence, which is not the case with quinacrine (Marceau 424 

et al., 2012; 2014). A more precise correlation between antiproliferative potency and a 425 

biochemical response is provided by the relatively rapid accumulation of the autophagic 426 
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effector LC3 II in response to the various s-Et3Ns (Fig. 5, 6), suggesting that the late 427 

response is determined by the early accumulation of cationic drugs in the vacuolar 428 

compartment with its consequences stemming from lysosomal incompetence.  429 

  430 

The desynchronised cytostatic effect predicted by LC3 II accumulation is the most 431 

remarkable effect of s-Et3Ns in the present study. Overtly cytotoxic/pro-apoptotic effects 432 

were recorded for at supra-cytostatic concentrations of most of these drugs, but the 433 

mechanism does n434 

9) and cells treated with this drug level accordingly exhibits an anomalous decrease of 435 

LC3 II content relative to cells treated with tolerated concentrations (Fig. 5). A known 436 

toxicity of mitochondrial origin for millimolar lidocaine (Johnson et al., 2004) may 437 

explain apoptotic cell death at 5 mM (Fig. 7, 8). Other Et3Ns are reportedly DNA-binding 438 

at certain concentrations: chloroquine (10- al., 1965), quinacrine 439 

(Ehsanian et al., 2011; Macfarlane and Manzel, 1998) and procainamide (Thomas and 440 

Messner, 1986). However, the s-Et3N that best supports cell imaging via its intrinsic 441 

fluorescence, quinacrine, did not stain nuclei of U937 cells in the presence of bafilomycin 442 

A1 (Suppl. Fig. 5), tending to exclude DNA binding as a significant mechanism for its 443 

cytostatic action. 444 

 445 

In a recent study, the lipophilic cationic drug leelamine induced apoptosis in a tumor cell 446 

line; this was parallel to the vacuolar accumulation of free cholesterol and reversed by 447 

-cyclodextrin. We have observed partial inhibition of the 448 
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antiproliferative effect of the 6 s-Et2Ns on U937 cells by co- -449 

cyclodextrin and extended this approach to a drug that inhibits cholesterol synthesis, a 450 

statin. Either intervention applied at an intensity that was not toxic failed to decrease the 451 

free or esterified cholesterol over 48 hrs in U937 cells (Suppl. Fig. 9A), consistent with 452 

the idea that narrow tolerance exists in these cells for cholesterol depletion (Burke and 453 

Kukoly, 2008).  Further, at the examined time point, only one of 2 tested s-Et3N at a 454 

cytostatic concentration significantly increased cell cholesterol content (Suppl. Fig. 9B). 455 

The anti-cholesterol interventions had no systematic effect on autophagic flux inhibition 456 

by the s-Et3Ns (Suppl. Fig. 7) or on quinacrine uptake (Suppl. Fig. 6). -457 

cyclodextrin may redistribute cholesterol between cell compartments: a derivative is 458 

being evaluated to remove cholesterol accumulated in lysosomes in Niemann-Pick type C 459 

disease (Santos-Lozano et al., 2015). Further, -cyclodextrin reverses cholesterol 460 

accumulation in atherosclerotic plaques in an animal model (Zimmer et al., 2016). The 461 

cytopathology induced by cationic drugs also includes a non-specific depression of 462 

vacuolar trafficking affecting both endocytosis and secretion (Marceau et al., 2012), a 463 

finding generally reproduced in the present study by the depression of transferrin uptake 464 

in U937 cells (Suppl. Fig. 10). However, s-Et3N-induced depression of transferrin uptake 465 

in U937 cells -cyclodextrin co-treatment. Kuzu et al. (2014) 466 

observed the inhibition of receptor-induced endocytosis, but were more interested to 467 

study the cytotoxic concentration levels of their test cationic drug, leelamine.  More work 468 

is needed, notably ultrastructural studies of phospholipidosis and autophagosomes, to 469 

pinpoint a critical step sensitive to cholesterol redistribution that leads to a 470 

desynchronized mitotic arrest in cells that accumulated cationic drugs.    471 
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 472 

Whether the antiproliferative effect of cationic drugs can be exploited in oncology is of 473 

practical interest, whether they are administered in combination or alone. We observed a 474 

lack of cell type specificity as well as a graded action that involved a cytostatic effect at 475 

lower drug concentrations. On the other hand, all the tested cell types were highly 476 

proliferative in vitro and, in a cancer therapeutic strategy, toxicity to quiescent tissues 477 

may be tolerable. The superiority of quinacrine over chloroquine and hydroxychloroquine 478 

is noteworthy; effective quinacrine distribution to a tumor xenograft has recently been 479 

observed in mice (Golden et al., 2015). Further, some of our original or confirmatory 480 

findings on antiproliferative actions, such as p53 independence (a potential advantage), 481 

possible biomarker value of tumoral LC3 II accumulation and antagonism by a statin (a 482 

widely used drug class), may be of clinical interest.   483 

     484 

Conclusion 485 

The inhibition of autophagic flux is a major predictor of the desynchronized and p53-486 

independent cytostatic effect of cationic drugs, along with the facilitator effect of drug 487 

liposolubility. 488 
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Figure legends 631 

 632 

Fig. 1. Effect of substituted trimethylamine (s-Et3N) drugs on the proliferation of 4 633 

cultured cell types. 50,000 cells were seeded in petri dishes 72 hrs before counts in the 634 

serum-containing medium appropriate for each cell type (drugs present for the last 48 635 

hrs). Cell counts are normalized as a percent of the control values recorded in each day of 636 

experiments. The absolute control counts at 72 hrs were 946,592 ± 51,976 (n = 38) for 637 

U937 cells, 484,597 ±  24,501 (n = 36) for M21 cells, 308,315 ± 9,089 (n = 36) for 638 

HUVECs and 528,015 ± 22,496 (n = 34) for HEK 293a cells. 639 

 640 

Fig. 2. Possible correlation between the antiproliferative IC50 values of 6 s-Et3N drugs 641 

derived from 4 cell types and their lipophilicity, expressed as logP (logP values are from 642 

http://chembank.broadinstitute.org/ ). The x-axis coordinates of the points correspond to a 643 

specific lipophilicity associated with the drug named below. The y-axis coordinates are 644 

derived from Fig. 1 data. The 4 represented cell types and the linear regression applicable 645 

to each cell type are indicated by the symbol and line colors.   646 

 647 

Fig. 3. Cell cycle analysis based on cytofluorometric determination of Hoechst 33342 in 648 

U937 cells treated for 48 hrs with selected s-Et3Ns. Top left: histograms representing the 649 

proportion of the cells in each cell cycle phase in duplicated experiments. Bottom: sample 650 

cytofluorometric recordings corresponding to experimental conditions indicated by lower 651 
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case letters. Top right: green fluorescence intensity simultaneously recorded in the same 652 

cells.  653 

 654 

Fig. 4. Cell cycle analysis based on cytofluorometric determination of Hoechst 33342 in 655 

primary HUVECs treated for 48 hrs with selected s-Et3Ns. Triplicate determinations in 656 

cell lines established from separate donors. Presentation as in Fig. 3.   657 

 658 

Fig. 5. Immunoblot of LC3 in extracts of U937 cells treated with s-Et3Ns. The cells were 659 

submitted to the indicated drug treatment for 6 hrs. Top: representative immunoblots, 660 

showing the concentration-dependent decrease of LC3 I and accumulation of LC3 II. 661 

Equal -actin, is shown for 662 

amiodarone-treated cells. Bottom: densitometric values of LC3 II in replicated 663 

experiments (n = 3-4). 664 

 665 

Fig. 6. Prediction of the antiproliferative effects of s-Et3N drugs by early LC3 II 666 

accumulation. A. Correlation between the potencies of s-Et3N drugs in the proliferation 667 

assay (48-hr treatments, Fig. 1, top left) and in the LC3 II accumulation (6-hr treatment, 668 

Fig. 5) in U937 cells. B. Correlation between LC3 II and cell counts for individual s-669 

Et3Ns. The LC3 II intensity value of 100 or higher were excluded, as well as the value 670 

671 
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regressions generally are of the same color as the experimental points of each drug 672 

(yellow: procainamide; dashed black: chloroquine). See Results for further description.  673 

 674 

Fig. 7. Viability of U937 cells as estimated by cytofluorometric determination of DRAQ7 675 

staining. Cells were treated as indicated for 24 or 48 hrs with the indicated drug. Results 676 

are expressed as the proportion of cells excluding the DNA stain. ANOVA indicated that 677 

the set of values is heterogeneous (24 hr-treatments: P<10-4; 48 hr-treatments: P<10-4). 678 

The effect of individual treatments was tested using 679 

vs. control values for each time point). Sample cell distributions (24 hr-treatments) are 680 

shown as insets. 681 

 682 

Fig. 8. PARP1 cleavage induced by 24 hr-drug treatments in U937 cells. A. Sample 683 

immunoblots. B. Proportion of cleaved PARP1 derived from densitometry in replicated 684 

experiments. ANOVA indicated that the set of values is heterogeneous (P<10-4). The 685 

686 

value).  687 

 688 

Fig. 9. Partial reversal of the antiproliferative effects of s-Et3Ns by co- -689 

cyclodextrin (1 mM) in U937 cells. 50,000 cells were seeded in petri dishes containing 690 

serum-supplemented medium 48 hrs before counts and all drugs were present during the 691 

whole incubation period. Actinomycin D is a positive control.  Values are means ± s.e.m. 692 
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-cyclodextrin co-treatment at each dose level 693 

 694 

 695 

Fig. 10. Partial reversal of the antiproliferative effects of s-Et3Ns by co-treatment with 696 

lovastatin (100 nM) in U937 cells. 50,000 cells were seeded in petri dishes containing 697 

serum-supplemented medium 48 hrs before counts and all drugs were present during the 698 

whole incubation period. Actinomycin D is a positive control.  Values are means ± s.e.m. 699 

of at least 4 determinations. The effect of lovastatin co-treatment at each dose level of 700 

 701 

 702 

Fig. 11. Schematic representation of cellular responses to s-Et3Ns and mode of action of 703 

selected experimental interventions on the system.  704 

 705 
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