
 

 

ABSTRACT 

Copper Ionophores Induce Autophagy in Melanoma Cells 

Long Dao, M.S. 

Mentor: Patrick Farmer, Ph.D 
 
 

Malignant melanoma is a particularly aggressive form of skin cancer, for which 

the only current treatment option is excision.  As melanoma is an inherently anti-

apoptotic model of cancer, other avenues of cell death were pursued, namely autophagy, 

a mechanism in which a cell devours itself in times of stress.  In this study, two copper 

ionophores, disulfiram and thiomaltol, were investigated against melanoma.  By using 

immunocytochemistry, Western Blotting and supravital staining, it was confirmed that 

both ionophores induce autophagy, and furthermore, drive the process to completion.  In 

addition, when tested for viability with the autophagy inhibitor hydroxychloroquine, both 

ionophores showed evidence of synergism.  To further study the migration of copper, 

STEM-EDX was used on thiomaltol treated melanoma cells.  
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CHAPTER ONE 

Introduction 

Skin cancer is the most common form of cancer, responsible for half of all 

cancers diagnosed.  Melanoma, a tumor of melanocytes, is a relatively infrequent form of 

skin cancer, accounting for only 3% of skin cancer.  However, melanoma is responsible 

for a large majority of skin cancer deaths.  Furthermore, once the malignancy has grown 

deeper than the epidermis, treatment is limited to surgical excision.1  Thus, it is necessary 

to develop a class of drugs that is capable of inhibiting melanoma growth and inducing 

cell death in the malignancies.   

Melanocytes are located in the stratum basale.  They produce melanin which is 

then transferred to keratinocytes as a defensive measure against ultraviolet radiation by 

absorbing and ultimately dissipating ultraviolet energy.2  In addition, melanocytes are 

able to isolate redox active metal ions which are then in effect neutralized via melanin 

based pathways.  Furthermore, melanin plays an important role as a scavenger of reactive 

oxygen species (ROS), which are present in elevated concentrations inside the 

melanocyte.    In cases when the antioxidant to ROS balance is disrupted, ROS will 

accumulate inside the melanosome. This is characteristic of melanoma and it is 

exacerbated by melanin chemistry, which can potentially generate excess ROS.   

When melanocytes acquire the appropriate genetic mutations, they transform into 

malignant melanoma.3  Normal cells show contact inhibition, in which cells are prevented 

from growing in extremely close proximity to one another.4  This is generally mediated 
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by a number of ligands including Ras and Merlin.  In cancer cell lines including 

melanoma, however, the inverse is true.  Melanoma cells are an adherent cell line, 

growing only when in contact with other melanoma cells lines. General consensus agrees 

that malignant melanoma upregulates the RAS⁄RAF ⁄MEK pathway, downregulates the 

retinoblastoma protein by increasing cyclin D1, or CDK4 activity; and inactivates the 

CDKN2A p16 suppressor of CDK4.  These events render melanoma anti-apoptotic.4  As 

such, it may be necessary to target survival pathways in melanoma.  

At sufficient levels soluble free copper can be harmful to life.  It can possibly 

replace necessary metal cofactors, such as iron and zinc, in proteins.5,6  Through Fenton-

like chemistry, it can catalyze the formation of reactive oxygen species that are associated 

with lipid peroxidation, DNA/RNA lesions, and protein oxidation.7,8,9,10,11   For these 

reasons, mechanisms have evolved to manipulate copper, so that it is tightly regulated.  A 

variety of proteins are responsible for the storage and trafficking of physiological 

copper.12  

Melanoma cells are uniquely susceptible to metal-induced stress.  Melanomas have 

unusually high concentrations of copper and other metals, even higher than normal melanocytes 

which themselves accumulate metal ions.13 Certain metal salts, like Zn and Cd, induce melanoma 

death at concentrations that are several orders of magnitude lower than concentrations that affect 

melanocytes.14,15   

Dithiocarbamates (DTCs) are mono-anionic ionophores and form stable 

complexes with transition elements, as well as most main group and lanthanide and 

actinide elements.16  In the past, DTCs were used for the treatment of fungal and bacterial 

infections as well as HIV drug candidates.17  In recent years, DTCs have gained traction 

as a class of anticancer drug.18,19,20  They are believed to act as ionophores which inhibit 
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the activity of the 26S proteasome in the presence of metals, much in the same way that 

bortemozib does.21,22   

The ubiquitin-proteasome pathway is the major catabolic pathway for degradation 

of damaged proteins.  Proteins marked for degradation are first tagged with ubiquitin by 

enzymes E1, E2 and E3.  The targeted protein then undergoes recognition by the 

proteasome and is then subjected to proteolysis.23   

It has been proposed that dithiocarbamates interact with the 26S proteasome in the 

same manner as bortezomib.  Some studies suggest that inhibition of the chymotrypsin 

like activity of the 19s regulatory proteasome is what leads to the apoptotic response of 

these drugs.  It is also suggested that inhibition of this activity leads to the autophagic 

response.   It has also been put forth that bortemozib acts by decreasing protein 

degradation which leads to an accumulation of ER stress in many cancer lines.21,24 

There is contention as to whether the 19S regulatory particle or the 20S core 

particle is inhibited.21,25  Regardless, this proteasome inhibition has been suggested to 

lead to the induction of apoptosis in a variety of cancers.26  Furthermore, it has been 

found that proteasome inhibition also leads to the induction of macroautophagy, hereon 

referred to as simply autophagy, in a variety of cancer lines including breast and colon 

cancer as well as in glioma cells.27,28,29  

Autophagy is considered by some a form of programmed cell death.30  It acts 

complementarily with the ubiquitin-proteasome system as a protein degradation 

mechanism, recycling old and dysfunctional proteins and organelles.31  It has a dual 

contradictory nature in carcinogenesis: that of a tumor suppressor and that of a tumor 

protector.  In its tumor-suppressing role, autophagy can induce cell death; mutated 
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Figure 1. Disulfiram 

autophagy related genes are found in a variety of cancers.32  In its tumor-protective role, 

autophagy causes cells to cannibalize their own accumulated damaged proteins and 

organelles, recycling the respective components, allowing the cells to survive in times of 

cellular stress and nutrient deprivation, in addition to preventing protein aggregation.33  

Autophagy often acts as a protective mechanism for melanoma cells under many different 

forms of stress, including oxidative and ER stresses.34,35,36  

Relevant Compounds 

Disulfiram 

Physiologically, ethanol in the body is converted to acetaldehyde by alcohol 

dehydrogenase, which is then converted to acetic acid by acetaldehyde dehydrogenase.  

Disulfiram (DSF, Figure 1), more 

commonly known as antabuse, is a 

dithiocarbamate used to treat 

alcoholism by inhibiting acetaldehyde 

dehydrogenase.  Recently it has been 

used in clinical studies to treat melanoma  

by acting as an ionophore, transporting extracellular copper into the cell.   

Thiomaltol 

Maltol, widely known for its cotton candy scent, has been shown to increase the 

bioavailability of various metals.37,38,39  When maltol is treated with phosphorous 

pentasulfide in 1,4 dioxane, the carbonyl group of maltol is replaced with a sulfur, 

yielding thiomaltol (Figure 2).  
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Figure 2.  Thiomaltol 

Figure  3. Hydroxychloroquine 

Thiomaltol (Htma) has been shown to chelate 

copper, nickel, cobalt and palladium ions.40  Previous 

research shows thiomaltol exhibits toxicity towards 

melanoma.  Thiomaltol forms a hydrophobic homoleptic 

complex with CuII that is able to cross the cell 

membrane.  It was proposed that the copper in the complex is reduced to CuI within the 

cell and the complex decomposes, which allows the thiomaltol to cycle out of the cell and 

repeat the process.41    

Hydroxychloroquine 

Hydroxychloroquine (HCQ, Figure 3) is a metabolite of chloroquine, an 

antimalarial agent that is also used to treat inflammation.  Recent inroads into cancer 

therapy have focused on the use of 

hydroxychloroquine as an inhibitor of 

autophagy.  By accumulating intracellularly, 

it raises the pH of certain suborganelles, 

precluding the acidic conditions necessary 

for the fusion of the autophagosome and the 

lysosome.  As a result the proteins within the autophagosome remain intact.42  
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CHAPTER TWO 

Experimental 

Cell Culture 

The A375 human metastatic melanoma cells were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM with 10% fetal bovine serum (FBS), penicillin (100 

ug/mL), streptomycin (100 ug/mL), L-glutamine (100 ug/mL), sodium pyruvate (100 

ug/mL), 1% 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer, 

gentamycin( 100 ug/mL) and 2-Mercaptoethanol (2-ME).  Chelated medium was 

prepared by pretreating FBS with Chelex 100 at a concentration of .5g/mL, after which 

the media was centrifuged and decanted.  All other reagents were used as are.   

The B16F1 murine metastatic melanoma cells were cultured in Roswell Park 

Memorial Institute (RPMI) medium supplemented with 5% fetal bovine serum, penicillin 

(100 ug/mL), streptomycin (100 ug/mL), L-glutamine (100 ug/mL), sodium pyruvate 

(100 ug/mL), 1 % HEPES buffer, gentamycin (100 ug/mL) and 2-ME.   

Drug Administration 

Thiomaltol (Htma) and disulfiram (DSF) were both dissolved in dimethyl 

sulfoxide (DMSO) and added to the culture plates directly; Htma being used in human 

A375 melanoma cells and DSF being used in murine B16F1 melanoma cells.    

Hydroxychloroquine (HCQ) was dissolved in water and added to the culture directly.  An 

equivalent amount of DMSO and water were added to the samples directly.  DMSO was 
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added to the culture medium and kept at a concentration of below 1%.  Media in the well 

was mixed by gentle pipetting following administration of either the drug or the vehicle.  

Following drugging, cells were allowed to incubate at 37o C and 5% CO2. 

Apoptosis Assay 

Apoptosis was measured using the ApoDETECT Annexin V-FITC Kit from 

Invitrogen Life Sciences.  Cells were accutased, washed in PBS and resuspended in 

binding buffer at a concentration of 1 x 106 cells/mL.   100 uL of this suspension were 

incubated with 5 uL of Annexin V (AV) and 1 uL of propidium iodide (PI) for 15 

minutes at room temperature in the dark.  Cells were then analyzed using a BD 

Biosciences FACS Canto flow cytometer.  Late apoptosis was defined as cells that 

stained positive for both Annexin V and propidium iodide (AV+/PI+); early apoptosis 

was defined by cells that stained positive for Annexin V and negative for propidium 

iodide (AV+/PI-).   Viability was defined by cells that stained negative for both 

propidium iodide and Annexin V. 

Acridine Orange Staining 

Acidic vesicular organelles (AVOs) are a hallmark of autophagy.7 Acridine 

orange (AO) is a dye that can freely diffuse through a cell membrane.  AO is a 

fluorescent weak base that generally fluoresces bright green and dim red.  However, upon 

protonation is acidic environments, like AVOs, AO becomes trapped and fluoresces 

bright red.  This can be used to quantify the level of autophagy induced.  Cells were 

harvested as previously described following treatment and resuspended in 6 mL of 

phosphate-buffered saline (PBS).  For flow cytometric analysis, cells were then split into 

a staining and nonstaining group to correct for autofluorescence.  The cells were then 
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stained in a solution of 5 ug/mL of acridine orange for 15 minutes.  Following this, the 

cells were washed twice with PBS.  The cells were then run on a BD FACSCanto flow 

cytometer with a blue and a green laser.  Alternatively AO treated cells were visualized 

on an Olympus Fluoview confocal microscope using 488 nm as the excitation wavelength 

and a 650 nm barrier. 

Immunocytochemistry 

Microtubule light chain protein 3 (LC3) is a protein considered to be a major 

autophagy marker.43  Upon induction of autophagy, LC3 protein is cut into LC3B (or 

LC3II) which then lines the autophagosome before fusion with the lysosome.  Melanoma 

cells (A375) were treated with thiomaltol for 4 hours before treatment with accutase.  

Following treatment with accutase, cells were incubated in 4% paraformaldehyde for 15 

minutes.  Cells were then washed with PBS and incubated with PBS with 0.2% Triton X-

100 for 1 hour to permeabilize.  Cells were then incubated for 2 hours with polyclonal 

rabbit anti-LC3B protein (2 ug/mL) in blocking buffer with 0.2% Triton X-100.  Cells 

were then washed three times with PBS and incubated with goat anti-rabbit antibody 

conjugated to Alexafluor 488 in PBS (2 ug/mL).  Cells were then washed once more with 

PBS and costained with Vectashield containing 2-(4-amindinophenyl)-1H-indole-6-

caboxamidine (DAPI).  Cells were then visualized on an Olympus Fluoview microscope 

using 488 nm as the excitation wavelength and a 505 nm barrier. The images were 

merged afterwards in Adobe Photoshop.   

 

 



9 
 

Western Blot 

LC3B protein is often detected using immunohistochemistry in tandem with a 

Western Blot to roughly verify the concentration of the autophagy associated protein.  

Following treatment with Htma, DSF, HCQ or DMSO cells were harvested as previously 

described.  The cells were then lysed by resuspension in a 0.1% Triton X-100 PBS lysis 

buffer with a protease inhibitor cocktail (at a concentration of 106 cells/mL) on ice for 1 

hour.  Following this, the cell lysate was centrifuged at 14000 RPM for 1 hour to separate 

the cellular debris from the protein.  Total protein concentration was then determined 

through a bicinchoninic acid (BCA) assay obtained from Pierce.  A sample of 30 ug of 

total protein was loaded onto a Criterion gel and run through sodium dodecyl sulfate 

polyacrylamide gel electrophoresis.  Following this, the gel was placed in a transfer box 

with a polyvinylidene fluoride (PVDF) membrane and run at 60 volts for 90 minutes.  

Following this the membrane was washed 5 times with Tris-buffered saline with Tween-

20 (TBST) for 5 minutes.  The membrane was checked for protein transfer using a 

Ponceau stain.      

Preparation of Cells for STEM-EDX 

To prepare cells for scanning transmission electron microscopy coupled with 

energy dispersive X-ray spectroscopy (STEM-EDX), A375 cells were grown in 10% 

DMEM, chelated as described above, and supplemented with 2.5 uM CuCl2.  Cells were 

then treated with 0.8 uM Htma or an equivalent amount of DMSO and treated with 

accutase at hourly intervals for 6 hours.  Cells were then fixed by resuspension in 1 mL of 

4% paraformaldehyde (Electron Microscopy Sciences) for 15 minutes before being 
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centrifuged at 1000 g for 5 minutes.   Cells were then sent to Dr. German Villa at the 

University of Texas at San Antonio for analysis with SEM and STEM-EDX.
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CHAPTER THREE 

Discussion 

Autophagy is a difficult process to monitor.  Due to this fact, many methods are 

necessary to confirm the occurrence of the process.  During autophagy, the LC3 protein is 

cut to form LC3B which is indicative of the presence of autophagosomes which 

themselves are indicative of the autophagic process.  Though LC3B is a standard marker 

for autophagy, constant flux of the protein during the autophagic pathway due to 

degradation in the autophagosome makes it a difficult process to monitor.  The question 

that is raised is whether there is an increase in the total amount of autophagosomes or 

whether there is a decrease in the total turnover of autophagosomes.  A reduction in the 

turnover of autophagosomes may be due to reasons other than the induction of 

autophagy.  It could be indicative of a failure of the autophagosome to fuse to the 

autolysosome, the very mechanism through which HCQ, the autophagy inhibitor used in 

these studies, works.   

In addition to LC3 antibodies, AO was used to corroborate the presence of 

autophagy.  As the expression and subsequent degradation and localization of LC3  is a 

hallmark of autophagy, so is the presence of AVOs. 35,44  For this study, detection of 

autophagy was measured using confocal microscopy and flow cytometry with an AO 

stain to detect AVOS.   

Therefore three methods were used to confirm autophagy: AO staining, LC3B 

immunofluorescence and an LC3B Western Blot.  In addition, cells were also checked for 

synergy when treated with both a copper ionophore and HCQ.  
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Figure 4. Copper ionophore treatment is associated with autophagy induction in melanoma cells.  A sample 
of 0.8 uM Htma treated A375 cells, DMSO (an equivalent amount to the volume of Htma) treated A375 
cells and 0.2 uM DSF treated B16F1 cells were stained with both an anti-LC3 antibody and DAPI and 
mounted on glass coverslips and magnified.  Resulting images were then merged.   

Microtubule-associated protein light chain 3 (MAP-LC3 or simply LC3) is a 

protein that is degraded into LC3B during autophagy.  LC3B is then conjugated to 

phosphatidylethanolamine and localized in autophagic membranes.45,46   It is considered 

the standard marker for autophagy and colocalizes in autophagosomes.  By tagging LC3B 

protein with the appropriate fluorescent antibody, autophagic membranes can be 

visualized and LC3B localization can be seen. This localization results in the 

fluorescence of bright, punctate dots, commonly referred to as “puncta”, as opposed to a 

dim general fluorescence.  When A375 melanoma cells are fixed and treated with anti-

LC3B antibody and detected with a fluorophore conjugated secondary antibody (Figure 

4), LC3B can be visualized with a fluorescent confocal microscope.   Cells were also 
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stained with DAPI, a fluorescent stain which binds to A-T rich regions in DNA, as to 

show the nuclear position.  As can be seen, the nucleus is stained blue and LC3B is 

stained green.  When treated with DMSO, fluorescence is dim and diffuse, indicating a 

lack of LC3B localization.  Whether LC3 is cut into LC3B cannot be determined, as the 

antibody is specific for both proteins.  When observing cells treated with Htma and DSF, 

respectively, however, bright LC3B punctate dots can be seen, indicating localization of 

the protein.  As the fluorescent puncta are seen in regions outside DAPI fluorescence, it 

can be observed that the LC3B is cytosolic.  This suggests that cells treated with DMSO 

are not undergoing the autophagic process, whereas cells treated with Htma or DSF are.     

 The presence of LC3B protein was then confirmed with a Western blot (Figure 5).  

The difference in concentrations between LC3 and LC3B protein can be visualized, albeit 

roughly, via western blotting.  In addition, LC3/LC3B flux, i.e. the amount of LC3B 

turnover vs. total amount of LC3B generated, can be measured via western blotting.  In 

this manner, the total flow of LC3B can be seen, as opposed to just the amount of LC3B.  

In the blot, it can be seen in the DMSO treated cells, there is a higher concentration of 

LC3 (18 kDa) than LC3B (16 kDa).  Though the positions where the LC3 and LC3B on 

the blot makes it appear as though they are slightly lower than 15 kDa, this can be 

explained by “smiling” effects, in which the pressure necessary to hold the gel upright 

during electrophoresis causes the contents of the outer wells to arc upwards.  In cells 

treated with HCQ, a moderate concentration of LC3 and a large concentration of LC3B 

can be seen.  There seems to be a basal level of LC3 protein, close to the amount in 

DMSO treated cells, suggesting that a basal level of LC3 is present.  A large 

concentration of LC3B is due to inhibition of LC3B turnover due to the inability to be 
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Figure 5.  Copper ionophores induce the cleavage of LC3 to LC3B.  Samples of A375 Cells were treated 
with DMSO, 0.8 uM Htma or 10 uM HCQ for 24 hours.  Samples of B16F1 cells were treated with 0.20 
uM DSF for 72 hours.   Cells were then immunoblotted for conversion of LC3 to LC3B. 

degraded in the autolysosome.  In Htma and DSF treated cell lysates, however, it can be 

seen that there is an increase in the amount of LC3B being expressed in comparison to 

LC3.  This is in line with the concept that LC3 is cut into LC3B during the initial stages 

of autophagy.          

 To further confirm autophagy, a set of experiments was carried out using acridine 

orange.  AO is an acidotropic dye that freely diffuses in the cell membrane in its  

unprotonated form.  Upon protonation in acidic environments (e.g., acidic vesicular 

organelles), AO produces a green fluorescence at 650.  Although cells in Figure 6 are 

shown as red, they actually fluoresce a green color and are falsely colored red.  When 



15 
 

 

Figure 6.  Copper ionophore treatment is associated with autophagy induction in melanoma cells.  Samples 
of 0.8 uM Htma treated A375 cells, DMSO (an equivalent amount to the volume of Htma) treated A375 
cells, and 0.2 uM DSF treated B16F1 cells were stained with acridine orange for 15 minutes and visualized 
by confocal microscopy. 

Htma and DSF treated A375 cells were incubated with AO and then observed under 

confocal microscopy, qualitatively they were found to fluoresce intensely at 650 nm.  

Similarly treated DMSO cells, in comparison, fluoresce dimly at the same wavelength.  

Interestingly enough, there seem to be slight morphological differences in DMSO treated 

and ionophore treated cells.  The small pockets of fluorescence in DMSO treated cells 

may be melanosomes.  This is consistent with the notion that upon induction of 

autophagy, damaged proteins and organelles are relegated to acidic vacuoles, which will 

be subsequently fused with lysosomal compartments, overall resulting in proteolysis and 

degradation.  Although not included, treatment with HCQ produced similar results to 

DMSO, indicating that AO is not protonated and that autophagy is blocked by the 

increase in lysosomal pH.   

The AO fluorescence was then quantified with flow cytometry (Figure 7).  The 

percentage of A375 cells fluorescing at 650 nm in DMSO was set at 5%, in accordance 

with previously published protocols.47    In contrast, 22% of Htma treated cells were 

shown to be positive for AVOs.  The marked increase in AVO positive cells 
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Figure 7. Induction of autophagy using copper ionophores in AO stained cells.  Bars as total cell count.  
Samples of A375 Cells were treated with DMSO, 0.8 uM Htma, 10 uM HCQ or 0.8 uM Htma and 10 uM 
HCQ for 24 hours, B16 F1 cells were treated with DSF or DSF and HCQ for 72 hours.  All cells were 
stained with acridine orange and analyzed via flow cytometry. 

supports the notion that Htma induces autophagy in melanoma cells.   Conversely, there 

was a negligible percentage of HCQ cells that were positive for AVOs.  This is consistent 

with the idea that HCQ raises the lysosomal pH.  As such, it would be unlikely that AO 

would become protonated and fluoresce at 650 nm.  In Htma and HCQ treated cells, the 

percentage of AVO positive cells is slightly higher than cells treated with HCQ alone, but 

not higher than that of DMSO treated cells.  Similarly, in DSF treated cells, there was 

about 20% of cells were stained positive for AVOs.  As expected, the amount of cells 

positive for AVO’s when treated with both DSF and HCQ was around 4%, much lower 

than that of cells treated with DSF alone.  This data substantiates that both ionophores 

induce autophagy.  Moreover it goes to prove that in the previous experiments involving 
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LC3B, both ionophores do not decrease the amount of LC3B turnover via inhibition of its 

degradation caused by an increase in the lysosomal, but rather, they function by 

increasing the total amount of LC3B present, signifying that they both drive the 

autophagic process to completion.  A time dependent study was carried out to find when 

autophagy was induced in A375 cells treated with Htma (Figure 8).  Treatment with 

Htma usually lasts for 24 hours and melanoma cells typically start showing evidence of 

apoptosis around 8 hours.  In the first two hours the cells treated with Htma and DMSO 

show a similar percentage of AVO positive cells.  In between the third and fourth hour, 

the percentage of cells treated with Htma positive for AVOs shows a marked increase, far 

surpassing the percentage of cells treated with DMSO positive for AVOs.  From this 

information it can be determined that the cells in the presence of thiomaltol, induction of 

autophagy in A375 cells occurs between the third and fourth hour.  Regrettably, a similar 

time course study involving DSF was not carried out, as the time scale of DSF is 72 hours 

and creating the samples appropriate for such a study would be arduous.  Future studies 

may include this, nonetheless.   

Both ionophores were then tested for synergy with HCQ.  When treated with 10 

uM HCQ, there was little to no effect on viability compared with the non-treated and 

DMSO treated cells, as expected (Figure 9).  For HCQ to have an effect on viability, it 

must be used in high concentrations, that of up to 100 uM, in melanoma cells.  When 

treated with 0.8 uM Htma for 24 hours, there was approximately a 25% decrease in 

viability compared to the DMSO treated cells, DMSO being the vehicle for Htma.  
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Figure 8. Time dependent induction of autophagy in Htma treated cells.  Bars as percent total cell count.  
Samples of A375 cells were treated with 0.8 uM Htma (red bars) or an equivalent amount of DMSO (blue 
bars) and harvested at the indicated time intervals.  Cell cultures were then analyzed by flow cytometry. 

A 10% increase in the apoptotic population of cells and a 15% increase in the 

necrotic population of cells accounted for the decrease in viability.  This increase in 

apoptosis can be seen in scanning electron microscopy, wherein Htma treated A375 cells 

can be seen blebbing which is characteristic of cells undergoing apoptosis (Figure 11). 

When cotreated with both Htma and HCQ, there was an observable 20% decrease in 

viability when compared with Htma treatment alone and a 40% decrease in viability 

 when compared with treatment HCQ alone.  From these results it can be gathered 

that thiomaltol and hydroxychloroquine act synergistically.   The total amount of cell 

death was found to increase, following combination treatment with thiomaltol, which 

induces apoptosis, and hydroxychloroquine, which inhibits autophagy.  
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Figure 9. Cotreatment of A375 cells with thiomaltol and hydroxychloroquine.  Bars as percent total cell 
count: blue, viable; red, early apoptotic; green, late apoptotic; purple, dead.  Samples of A375 cells were 
dosed over 24 hours and stained with Annexin V and Propidium iodide and analyzed by flow cytometry. 

When treated with 0.20 uM DSF for 72 hours, there was about a 10% decrease in 

viability, compared to the B16F1 cells treated with the equivalent volume of DMSO, the 

vehicle through which DSF is administered (Figure 12).  Using standard AV/PI staining, 

it can be seen that DSF does indeed induce apoptosis in melanoma cells, as there is about 

a 5% increase in the apoptotic population of cells and a 5% increase in the population of 

necrotic cells.  Unfortunately, SEM experiments involving DSF have yet to be carried 

out, so there is no image of melanoma blebbing in the presence of DSF.  Nevertheless, 

annexin V-FITC fluorescence can be trusted as a specific indicator of apoptosis. When 
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Figure 10.  Thin slice SEM of 0.8 uM Htma treated A375 cells. 

treated with 25 uM HCQ, B16F1 cells exhibited about a 10% decrease in viability in 

comparison with the non-treated cells.  Unlike DSF treated cells, the majority of the 

decrease in viability can be attributed to necrosis rather than apoptosis.  When cotreated 

with both DSF and HCQ for 72 hours, there appears to be about a 35-40% decrease in 

viability.  It appears when adding up the total percent deaths, the effect of both drugs 

seems to be additive.  However, when accounting for the death in the control groups, 

though not readily apparent, the death inflicted by both drugs in tandem is about 20% 

greater than the death inflicted by both drugs taken alone.  From this set of experiments, 

it can be inferred that DSF and HCQ act synergistically, DSF inducing both apoptosis 

and autophagy and HCQ inhibiting autophagy.      
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Figure 11. Cotreatment of B16F1 cells with disulfiram and hydroxychloroquine.  Cotreatment of B16F1 
cells with disulfiram and hydroxychloroquine.  Bars as percent total cell count: blue, viable; red, early 
apoptotic; green, late apoptotic; purple, dead.  B16F1 cells were dosed over 72 hours and stained with 
Annexin V and Propidium iodide and analyzed by flow cytometry. 

Taken together, this supports the idea that when treated with Htma or DSF, 

melanoma cells induce autophagy and when cotreated with HCQ, the autophagy pathway 

is blocked.  Autophagy is often considered a survival mechanism in melanoma cells.  It 

follows that Htma and HCQ or DSF and HCQ, or any other inhibitor of autophagy for 

that matter, would function synergistically in melanoma.  

In studying the role of copper ionophores and their effects on autophagy, it is 

clearly important to note the migration of copper.  Using scanning electron microscopy 

(SEM) in tandem with energy dispersive X-ray spectroscopy (EDX), it is possible to 

track the movement of copper within melanoma cells when treated with thiomaltol.  EDX 

works by exciting inner shell electrons of, in this case, copper.  When these electrons are 
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Figure 12. Representative STEM-EDX of 0.8 uM Htma treated A375 cells at 2 hours. 
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Figure 13.  Representative K-Edge copper of 0.8 uM Htma treated A375 cells at 2 hours. 

excited, they become ejected and create an electron hole, one in which a higher shell, 

more energetic electron will fill.  When this electron migrates into the lower energy 

orbital, the difference in energy is released in the form of an X-ray which can be 

monitored with an energy dispersive spectrometer.  For this set of experiments, cells were 

grown in chelated medium supplemented with 2.5 uM CuCl2, to control the source of 

copper.  

In Figures 12 and 13, both extracellular and intracellular copper appear to be very 

diffuse, though there is slight localization that can be observed.  This is indicative of a 

basal concentration of copper.  In the 6 hour time point graph (Figures 13 and 14), 
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however, there appears to be an increase in intracellular copper in comparison to 

extracellular copper.  Moreover, it appears that copper is localized.  More discussion 
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Figure 14. Representative STEM-EDX of 0.8 uM Htma treated A375 cells at 6 hours. 
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among collaborators is necessary to know what sort of vacuole or organelle copper 

localizes in, though it is our belief that copper localizes to the mitochondria, from where 

it causes an increase in ROSs.     

 

 

Figure 15.   Representative copper K-edge of 0.8 uM Htma treated A375 cells at 6 hours 

 In this thesis, we argue that Htma and DSF induce both apoptosis and autophagy 

in melanoma.  Cvek has suggested that the mechanism of action for disulfiram in 

melanoma involves proteasome inhibition, but the hypothesis remains unproven.21  

Moreover, the way in which Htma induces autophagy and apoptosis have not yet been 

defined.  It is clear, however, that Htma picks up extracellular copper as CuII and deposits 
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it in the cell where it is reduced to CuI.41  Furthermore, this study has shown that copper 

localizes to a vacuole or organelle as yet undefined.  Both copper ionophores cause the 

induction of autophagy in melanoma.  Disulfiram causes copper induced stress in murine 

melanoma which leads to autophagy and similarly, thiomaltol causes copper induced 

stress in human metastatic melanoma which leads to an autophagy that is driven to 

completion.  Further studies will most likely include the use of another copper ionophore, 

elesclomol. 
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