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Introduction

Autophagy is an evolutionarily conserved, intracellular cata-
bolic pathway that serves survival functions by maintaining 
cellular homeostasis under adverse conditions such as nutrient 
deprivation and accumulation of misfolded proteins or damaged 
organelles.1-3 Dysregulation of autophagy has been implicated in 

a broad range of human pathologies including neurodegeneration 
and cancer,4,5 and pathological alterations of autophagic-lyso-
somal function can also occur in response to exposure to environ-
mental toxicants such as arsenic and solar UV radiation.6-8 Recent 
evidence suggests that cancer cells may harness autophagic path-
ways as an adaptation to conditions associated with the tumor 
microenvironment including increased levels of oxidative and 
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Abbreviations: ACTB, actin, beta; AQ, amodiaquine; ANXA5, annexin AV; BafA, bafilomycin A
1
; BECN1, Beclin 

1, autophagy related; CCND1, cyclin D1; CDKN1A, cyclin-dependent kinase inhibitor 1A (p21, Cip1); CDDP, cis-
dichloro-diamine-platinum (II); CQ, chloroquine; CTSB, cathepsin B; CTSD, cathepsin D, CTSL, cathepsin L; 

DDIT3, DNA-damage-inducible transcript 3; Doxo, doxorubicin; E2F1, E2F transcription factor 1; EGR1, early growth 
response 1; GFP, green fluorescent protein; HBSS, Hank’s Balanced Salt Solution; HSPA1A, heat shock 70 kDa pro-
tein 1A; JC-1, 5,5́ ,6,6́ -tetrachloro-1,1́ ,3,3 -́tetraethylbenzimidazolyl-carbocyanine iodide; LAMP1, lysosomal-asso-
ciated membrane protein 1; PI, propidium iodide; RB1, retinoblastoma 1; RFP, red fluorescent protein; SDS-PAGE, 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis; SNCA, synuclein, alpha (non A4 component of amyloid 

precursor); SQSTM1, sequestosome 1/p62; TEM, transmission electron microscopy; TP53, tumor protein 53

Pharmacological inhibition of autophagic-lysosomal function has recently emerged as a promising strategy for che-
motherapeutic intervention targeting cancer cells. Repurposing approved and abandoned non-oncological drugs is 
an alternative approach to the identification and development of anticancer therapeutics, and antimalarials that target 
autophagic-lysosomal functions have recently attracted considerable attention as candidates for oncological repurpos-
ing. Since cumulative research suggests that dependence on autophagy represents a specific vulnerability of malignant 
melanoma cells, we screened a focused compound library of antimalarials for antimelanoma activity. Here we report for 
the first time that amodiaquine (AQ), a clinical 4-aminoquinoline antimalarial with unexplored cancer-directed chemo-
therapeutic potential, causes autophagic-lysosomal and proliferative blockade in melanoma cells that surpasses that of 
its parent compound chloroquine. Monitoring an established set of protein markers (LAMP1, LC3-II, SQSTM1) and cell 
ultrastructural changes detected by electron microscopy, we observed that AQ treatment caused autophagic-lysosomal 
blockade in malignant A375 melanoma cells, a finding substantiated by detection of rapid inactivation of lysosomal 
cathepsins (CTSB, CTSL, CTSD). AQ-treatment was associated with early induction of energy crisis (ATP depletion) and 
sensitized melanoma cells to either starvation- or chemotherapeutic agent-induced cell death. AQ displayed potent anti-
proliferative effects, and gene expression array analysis revealed changes at the mRNA (CDKN1A, E2F1) and protein level 
(TP53, CDKN1A, CCND1, phospho-RB1 [Ser 780]/[Ser 807/811], E2F1) consistent with the observed proliferative blockade 
in S-phase. Taken together, our data suggest that the clinical antimalarial AQ is a promising candidate for repurposing 
efforts that aim at targeting autophagic-lysosomal function and proliferative control in malignant melanoma cells.
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proteotoxic stress, hypoxia, and energy crisis.5,9,10 Autophagy 
also occurs in response to exposure to major classes of chemo-
therapeutic agents (e.g., cisplatin and doxorubicin [Doxo]), a 
process thought to contribute to cancer cell chemoresistance.5,11,12 
Therefore, pharmacological inhibition of autophagic-lysosomal 
function has recently emerged as a promising strategy for thera-
peutic intervention that may preferentially target cancer cells 
without compromising viability of normal cells.4,5,9,13-15

Repurposing approved and abandoned non-oncological drugs 
is an alternative developmental strategy for the identification of 
anticancer therapeutics, and antimalarials that potentially under-
mine autophagic-lysosomal functions have recently attracted 
considerable attention as promising candidates for oncologi-
cal repurposing.4,16,17 Since all autophagic pathways (including 
macroautophagy, microphagy, and chaperone-mediated auto-
phagy) converge on lysosomal fusion followed by enzymatic 
degradation irrespective of the specific mechanism employed for 
cargo selection and trafficking, members of the lysosomotropic 
8-aminoquinoline (e.g., primaquine, pamaquine), 4-amino-
quinoline (e.g., chloroquine [CQ], hydroxychloroquine), and 
quinoline (e.g., mefloquine) classes of antimalarials that disrupt 
lysosomal pH control and function have been examined as exper-
imental (preclinical) and investigational (clinical) cancer thera-
peutics.4,14,18-23 Indeed, CQ and hydroxychloroquine are currently 
undergoing evaluation in numerous oncological clinical trials 
that examine potentiation of therapeutic efficacy by combining 
cytotoxic chemotherapeutics with autophagic-lysosomal antago-
nists.21 However, limited efficacy and systemic toxicity associated 
with these prototype agents create an urgent need for the iden-
tification and development of improved therapeutics that target 
autophagic-lysosomal function in cancer cells.5,9,24

Melanoma is a malignant melanocyte-derived tumor caus-
ing the majority of deaths attributed to skin cancer.25,26 Despite 
recent progress in the design of targeted therapies such as the 
V600E-mutation directed BRAF-inhibitor vemurafenib, efficacy 
of chemotherapeutic intervention directed against the meta-
static stage of the disease remains limited, and identification and 
development of improved molecular agents targeting malignant 
melanoma cells remain important goals of current research.27 
Cumulative evidence suggests the involvement of autophagic 
dysregulation in melanomagenesis, and the emerging role of 
autophagy as a prognostic factor and therapeutic target in mela-
noma has been substantiated recently.15,28-31 Consistent with this 
hypothesis, the efficacy of cisplatin chemotherapeutic interven-
tion targeting melanoma can be potentiated by inhibitors of auto-
phagy, and leucine deprivation combined with pharmacological 
suppression of autophagy shows therapeutic efficacy in a murine 
xenograft model of the human disease.10,32

Recently, we have screened a compound library of clinical 
antimalarials for antimelanoma activity, identifying the endo-
peroxide-based redox antimalarial dihydroartemisinin and other 
members of the artemisinin-class as potent inducers of melanoma 
cell apoptosis.33,34 As part of our screening efforts we also focused 
on amodiaquine (AQ; 4-[(7-chloroquinolin-4-yl)amino]-2-
[(diethylamino)methyl]phenol CAS#: 86-42-0; chemical struc-
ture: Fig. 1A), a member of the lysosomotropic 4-aminoquinoline 

class of antimalarials used worldwide in combination with arte-
misinin-drugs.35,36 AQ displays potent plasmodium-directed 
activity that may surpass that of its parent compound CQ, but its 
potential cancer cell-directed activities have remained unexplored. 
Here we report for the first time that AQ targets malignant mela-
noma cells with pronounced induction of autophagic-lysosomal 
and proliferative blockade causing sensitization to starvation- and 
chemotherapeutic-induced cell death.

Results

Amodiaquine causes morphological alterations in human 
malignant A375 melanoma cells consistent with lysosomal 
impairment

First, AQ-induced morphological changes were examined in 
human A375 melanoma cells using light microscopy (Fig. 1B) 
and transmission electron microscopy (TEM; Fig. 1C and D). 
Visualization by light microscopy revealed a distinct accumula-
tion of vacuole structures with predominantly perinuclear local-
ization within 24 h AQ exposure, not observed in untreated 
control cells (Fig.  1B). Subsequent TEM analysis (magnifica-
tion 2,650 and 25,000 fold) (Fig.  1C and D) of AQ-exposed 
melanoma cells indicated the pronounced formation of large 
(0.5–2 µm diameter), multivesicular single membrane-enclosed 
structures containing electron-dense osmiophilic inclusions, an 
observation indicative of lysosomal expansion and lipofuscin 
accumulation, not observed in untreated control cells.7,37,38 In 
contrast, no accumulation of double-membrane-enclosed small 
vesicles that would be indicative of increased autophagosome 
formation was observed in response to AQ treatment. Time-
course analysis demonstrated that formation of osmiophilic, 
multivesicular structures in AQ-treated melanoma cells could be 
observed within 6 h, reaching a plateau at 18- to 24 h exposure 
time (Fig. 1D).

Amodiaquine causes autophagic-lysosomal blockade in 
human malignant A375 melanoma cells

Next, immunoblot analysis demonstrated AQ-induced accu-
mulation of lysosomal-associated membrane protein 1 (LAMP1) 
indicative of lysosomal expansion as already suggested by TEM 
visualization (Fig.  2A).7,39 In parallel, massive accumulation of 
LC3-II occurred in response to AQ exposure in a dose-depen-
dent manner and could be observed at concentrations as low as 1 
µM. LC3, the mammalian homolog of yeast Atg8, is an essential 
factor for autophagosome formation that relocalizes to and par-
ticipates in the formation of the autophagosomal membrane after 
C-terminal proteolytic processing and posttranslational phos-
pholipid-conjugation. Therefore, after relocalization of LC3-I to 
newly formed vesicles a more rapidly migrating lipidated form 
(LC3-II) is detectable by SDS-PAGE (Fig. 2A).40

Strikingly, pronounced accumulation of SQSTM1/p62 
(sequestosome 1), an autophagic cargo receptor and substrate 
that undergoes depletion upon autophagy induction, occurred 
at the protein level.7,41-43 Similar accumulation occurred with 
SNCA (α-synuclein), another autophagic substrate protein that 
accumulates as a consequence of blocked autophagic-lysosomal 
flux.7,44,45 In contrast, BECN1 (Beclin 1), a critical component of 
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the class III PtdIns 3-kinase complex involved in autophagosome 
formation, remained unchanged at the protein (Fig.  2A) and 
mRNA (data not shown) levels.46 Since it has been shown ear-
lier that the aminophenol-moiety contained in AQ (but not CQ) 
can cause protein modification (haptenization) we also explored 
the possibility that AQ may cause covalent protein adduction 
in malignant melanoma cells.47,48 Using a monoclonal antibody 
(6D10) employed for the immunodetection of AQ-adducted 
plasma protein in malaria patients, we detected the accumula-
tion of AQ-modified proteins (35- to 55-kDa molecular mass 
range) in melanoma cells exposed to AQ (20 µM, 24 h; Fig. 2A). 
However, identity of adducted target proteins and causative 
involvement of protein adduction in AQ-induced autophagic-
lysosomal impairment remain undefined at this point.

Consistent with TEM-visualization of osmiophilic vesicles 
(Fig.  1C and D), A375 cells displayed increased lipofuscin 
accumulation as evidenced by flow cytometric detection of 
autofluorescent intracellular material that formed upon pro-
longed AQ exposure (24–48 h; Fig. 2B), changes indicative of 

impaired autophagic-lysosomal function as described before.7,37,38 
Importantly, similar changes affecting LAMP1, LC3-II, and 
SQSTM1 were observed in human G361 metastatic melanoma 
cells exposed to low micromolar concentrations of AQ (Fig. 2C).

After demonstrating accumulation of autophagy substrates 
and lysosomal marker proteins (LC3-II, SQSTM1, SNCA, 
LAMP1) we gathered further mechanistic evidence in support of 
AQ-induced autophagic-lysosomal blockade by monitoring LC3 
puncta formation in A375 melanoma cells.49 To this end, cells 
transfected with a tandem reporter construct (RFP-GFP-LC3) 
were exposed to AQ (10 µM, 24 h) followed by assessment of 
GFP-LC3 and RFP-LC3 puncta colocalization (Fig.  2D).6,49 
GFP-fluorescence is quenched in acidic environments (such as 
that encountered in the autolysosome), whereas RFP is more 
stable under acidic conditions. Therefore, colocalization of both 
GFP and RFP fluorescence (yellow puncta in a merged image) 
indicates either autophagosomal localization (upstream of fusion 
with the acidic lysosome) or autolysosomal localization (i.e., in 
autolysosomes with disrupted acidification). Indeed, exposure to 

Figure 1. Amodiaquine-induced morphological changes in human malignant A375 melanoma cells. (A) Chemical structure of AQ. (B) Cells were exposed 
to AQ (10 µM, 24 h) or remained untreated (control). Visualization by light microscopy (upper panel: control; bottom panel: AQ). (C) Transmission elec-
tron microscopy. left: control; middle: AQ (10 µM, 24 h; 2,650-fold direct magnification); right: AQ (10 µM, 24 h; 25,000-fold direct magnification). (D) 
Transmission electron microscopy; time-course analysis (AQ, 10 µM, 6–18 h; 2,650-fold direct magnification); right panel: AQ (10 µM, 18 h; 25,000-fold 
direct magnification); M, mitochondrion; N, nucleus; V, single membrane-enclosed osmiophilic multivesicles.
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AQ caused pronounced formation of LC3 puncta that displayed 
both green and red fluorescence intensity producing a yellow 
overlay, consistent with accumulation of autolysosomes that dis-
play impaired acidification. Furthermore, control cells exposed 
to bafilomycin A

1
 (BafA, a standard inhibitor of lysosomal acidi-

fication and substrate degradation that impairs autophagosome-
lysosome fusion50) displayed an LC3-fluorescence pattern (puncta 
formation with yellow overlay) that mimicked that induced by 
AQ treatment. Moreover, consistent with the published litera-
ture on lysosomotropic agents, fluorescence imaging using the 
pH sensitive lysosomal probe LysoSensor™ Green DND-189 
revealed a similar pattern of impaired lysosomal acidification 

resulting in rapid loss of pH control in response to 
treatment with either BafA or AQ (data not shown).51

In order to gain further insight into the mecha-
nism of AQ-induced autophagic-lysosomal alterations, 
an LC3 turnover assay employing BafA cotreatment 
was performed (Fig. 3A).49 In this assay, we assessed 
AQ-induced LC3-II accumulation in the pres-
ence or absence of the lysosomal inhibitor BafA. As 
observed above (Fig.  2A), AQ treatment caused an 
increase of LC3-II levels within 4–8 h exposure time. 
Importantly, if AQ exposure occurred in the presence 
of BafA, AQ-induced upregulation of LC3-II levels 
was not potentiated, an observation most consistent 
with an autophagic-lysosomal blockade of LC3-II deg-
radation at the autolysosomal level.

In support of a direct impairment of lysosomal 
function by AQ treatment, pronounced inhibition of 
cathepsin enzymatic activity was detected in A375 
cells that occurred in a dose- and time-dependent 
manner (1–20 μM, 1–24 h; Fig. 3B). AQ treatment 
caused pronounced enzyme inactivation of both cys-
teine- (CTSB [cathepsin B] and CTSL [cathepsin 
L]) and aspartate-dependent (CTSD [cathepsin D]) 
cathepsins, consistent with a global impairment of 
lysosomal function by this lysosomotropic 4-ami-
noquinoline-derivative. Remarkably, within only 1 
h AQ exposure time, CTSB enzymatic activity was 
already reduced by almost 25% diminishing further 
over the next 12 h, with only approximately 30% 
residual activity detectable. This inhibitory effect is 
in accordance with the documented activity of lyso-
somotropic antimalarials (including CQ and AQ) 
that disrupt the acidic food vacuole of the plasmo-
dium parasite and also compromise mammalian 
cell lysosomal function through alkalinization and 
membrane destabilization.52,53 Interestingly, recent 
evidence indicates that lysosomal cathepsins includ-
ing CTSB and CTSD are involved in LC3-II proteo-
lytic turnover and that pharmacological inhibition 
of CTSB causes accumulation of LC3-II, support-
ing the hypothesis that cathepsin inactivation is the 
causative factor underlying massive accumulation of 
LC3-II as observed in AQ-exposed A375 melanoma 
cells (Fig. 2A).54,55

Importantly, inhibition of CTSB and CTSL activity by AQ 
treatment was also observable in other melanoma cell lines 
including G361 (Fig.  3C). However, CTSD activity remained 
undiminished in G361 cells exposed to AQ, indicating a differ-
ential sensitivity of cysteine-dependent (CTSB/L) vs. aspartate-
dependent (CTSD) cathepsins in G361 cells, a phenomenon that 
remains poorly understood at this time.

AQ induces energy crisis and sensitizes malignant mela-
noma cells to starvation- and chemotherapeutic-induced death

Next, we examined AQ modulation of melanoma cell vul-
nerability to starvation and chemotherapeutic intervention 
(Fig. 4). In untreated control cells exposed to Hank’s Balanced 

Figure 2. Amodiaquine-induced autophagic-lysosomal alterations in human malig-
nant melanoma cells. (A) After exposure of A375 cells to AQ (1–20 μM; 24 h), modu-
lation of autophagic-lysosomal proteins (LC3-I/-II, SQSTM1, BECN1, LAMP1, SNCA) 
was detected by immunoblot analysis (loading control: ACTB). Protein adduction 
of unidentified target proteins was detected using an AQ-directed monoclonal 
antibody. (B) Cellular autofluorescence as detected by flow cytometric analysis. 
After exposure to AQ (10 μM, 24–48 h), autofluorescence intensity of A375 cells was 
quantified by flow cytometry (left panel: histogram representative of three similar 
repeats; right panel: bar graph summarizing data from three independent repeats [n 
= 3, mean ± S.D.; P < 0.05]). (C) AQ-induced changes as examined in G361 metastatic 
melanoma cells (1–10 μM, 24 h) detected as in (A). (D) Autophagic flux analysis using 
the RFP-GFP-LC3 puncta formation assay. After transfection using a tandem reporter 
construct (RFP-GFP-LC3) cells were exposed to AQ (10 µM, 24 h), and colocalization 
of GFP-LC3 and RFP-LC3 puncta was examined using fluorescence microscopy. Dual 
fluorophore-labeled LC3 transfectants appear yellow upon colocalization. A similar 
fluorescence pattern (accumulation of yellow fluorescent puncta) was observed in 
response to the lysosomal proton pump inhibitor BafA (100 nM, ≤ 24 h).
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Salt Solution (HBSS, causing serum and amino acid 
starvation) for up to 24 h, pronounced depletion of 
the autophagy substrate SQSTM1 was observed, 
an observation in accordance with the established 
stimulatory effect of starvation on autophagic activ-
ity (Fig.  4A, upper panel). This starvation-induced 
depletion of SQSTM1 was completely suppressed 
by AQ co-treatment suggesting that AQ-blockade of 
autophagic-lysosomal function interferes with star-
vation-induced degradation of autophagy substrates 
(Fig. 4A, bottom panel).

We also observed that AQ-exposed melanoma 
cells displayed early energy crisis as evident from sig-
nificant depletion of cellular total ATP levels that 
occurred as early as within 1 h treatment (Fig. 4B), 
consistent with earlier reports indicating that ami-
noquinoline-antimalarials may compromise mito-
chondrial function and transmembrane potential.51,56 
Consistent with an induction of energy crisis due to 
impairment of mitochondrial function,57-59 flow cyto-
metric analysis using the sensor dye JC-1 revealed a 
moderate yet significant decrease in mitochondrial 
transmembrane potential (Δψm) observable at early 
time points (10 µM, 6 h; Fig. 4C: top panels: bivari-
ate analysis), where AQ treatment diminished JC-1 
red fluorescence intensity (indicative of fully polar-
ized mitochondria) by approximately 25.0% (con-
trol: 1382.82 ± 76.40; AQ: 1056.85 ± 34.68; n = 3; 
Fig. 4C; bottom panel). Importantly, even upon lon-
ger exposure to AQ no further reduction in Δψm was 
observed (data not shown), and cells maintained full 
viability (10 µM AQ, 48 h; Fig. 4D). Even though 
neither starvation nor extended exposure to AQ (10 
µM, 48 h) diminished cellular viability if adminis-
tered separately (Fig.  4D), pronounced induction 
of cell death occurred in response to combination 
treatment (starvation plus AQ exposure). These data 
strongly suggest that AQ compromises mitochondrial 
function and blocks starvation-induced autophagic-
lysosomal adaptations thereby sensitizing melanoma 
cells to the cytotoxic metabolic stress imposed by pro-
longed starvation.

Cumulative evidence suggests a role of autophagic 
dysregulation in cancer cell resistance to chemotherapeutic 
agents.5,11,12 Based on our observation that AQ is a potent inhibi-
tor of autophagic-lysosomal function we therefore tested the 
hypothesis that AQ may sensitize melanoma cells to the cytotoxic 
action of standard chemotherapeutics. Indeed, we observed that 
cytotoxicity of specific chemotherapeutics (CDDP, Doxo) was 
strongly potentiated upon co-exposure with AQ employed at con-
centrations that do not impair viability of A375 melanoma cells if 
used as single treatment (Fig. 4E and F). Specifically, when cells 
were exposed to the combined action of CDDP and AQ, the frac-
tion of dead cells increased from approximately 20.0% (CDDP 
only) to over 70.0% (CDDP plus AQ; Fig. 4E). Moreover, when 
cells were exposed to the combined action of Doxo and AQ, the 

Figure 3. Amodiaquine-induced loss of cathepsin enzymatic activity in human malig-
nant melanoma cells. (A) Immunoblot detection of LC3-II in A375 cells left untreated 
(lane 1), exposed to BafA only (100 nM; 4 or 8 h; lanes 3, 6), or exposed to AQ (10 µM) 
in the absence (lanes 2 and 5) or presence of BafA (lanes 4 and 7). (B and C) Loss of 
cathepsin-specific enzymatic activity in A375 (B) and G361 cells (C) exposed to AQ 
(1–20 μM, ≤ 24 h) was detected using a fluorimetric assay. Top panels: CTSB, dose 
response (24 h); middle panels: CTSB, time course (10 µM); bottom panels: CTSD and 
CTSL, dose response (24 h). Treatment with the CTSB/L inhibitor CA074Me (20 μM) 
served as a positive control (n = 3, mean ± S.D.; P < 0.05).

fraction of dead cells increased from approximately 5.0% (Doxo 
only) to over 90.0% (Doxo plus AQ; Fig. 4F).

Gene expression array analysis reveals an AQ-induced pro-
liferative blockade in A375 melanoma cells

To gain further mechanistic insight into the molecular events 
underlying antimelanoma activity of AQ, we performed gene 
expression array analysis. To this end, modulation of gene expres-
sion in response to AQ exposure (25 µM, 24 h), vs. control was 
assessed using a PCR-based expression array system. Out of 168 
cell stress and autophagy-related genes contained on the com-
bined array, 25 genes displayed AQ-induced expression changes 
at the mRNA level by at least 2-fold over untreated control cells 
(Fig. 5A and B). Strikingly, AQ treatment caused pronounced 
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modulation of gene expression antagonizing cell cycle progres-
sion. E2F1, the gene encoding the transcription factor and master 
regulator of G

1
/S cell cycle transition, E2F1, displayed the highest 

negative expression differential (6.7-fold downregulation) elicited 
by AQ. Conversely, expression of CDKN1A, the TP53-controlled 
gene encoding CDKN1A (cyclin-dependent kinase inhibitor 1A 
[p21, Cip1]), a negative regulator of cell cycle progression caus-
ing G

1
, G

2
, or S-phase arrest,60 was upregulated significantly 

(4.2-fold). Subsequent immunoblot analysis confirmed E2F1 
and CDKN1A expression changes at the protein level (E2F1, 
CDKN1A; Fig. 6A and B), and a dose response relationship of 
CDKN1A mRNA upregulation was established (Fig. 6C).

AQ treatment also caused negative modulation of a broad 
array of genes encoding heat shock response proteins (HSPA8, 
HSPA1A, HSP90AA1, HSPCA, HSPA2, HSPA1L, DNAJA1, 
CRYAB),61 and a dose response relationship of HSPA1A mRNA 
downregulation was established (Fig. 6C). AQ-induced suppres-
sion of heat shock response-encoding genes was also observed 
at the protein level (HSPA1A, HSP90AA1; Fig.  6A and B). 

Pharmacological downregulation of heat shock response gene 
expression is expected to increase proteotoxic stress, particularly 
in cancer cells constitutively exposed to a high unfolded protein 
burden.62,63 Indeed, consistent with the suppression of heat shock 
response gene expression by AQ, array analysis indicated tran-
scriptional upregulation of the ER stress response gene DDIT3 
(6.1 fold) encoding a transcription factor (also known as CHOP/
GADD153), a common marker of proteotoxic stress.64

In addition, upregulation of other genes responsive to vari-
ous types of cytotoxic stress was observed in AQ-treated A375 
cells including GADD45A (encoding growth arrest and DNA-
damage-inducible, α, a TP53-regulated DNA damage induc-
ible stress sensor), EGR1 (encoding early growth response 1, 
an oxidative stress-sensitive transcription factor), and TP53 
(encoding tumor protein p53, a genotoxic stress- and general 
stress-responsive tumor suppressor and transcription factor). 
Importantly, pronounced TP53 upregulation was also observed 
at the protein level (TP53; Fig.  6A), and upregulation of the 
TP53 target gene GDF15 (encoding growth differentiation factor 

Figure 4. Amodiaquine causes rapid ATP depletion and sensitization to starvation- and chemotherapeutic-induced cell death. (A) AQ modulation of 
starvation-induced SQSTM1 depletion. A375 melanoma cells were cultured In HBSS in the presence or absence of AQ (10 μM, 1–24 h). Protein levels of 
SQSTM1 were determined by immunoblot analysis using ACTB as a loading control. (B) Early cellular ATP depletion induced by AQ exposure (1 and 
10 µM, ≤ 24 h). Data are expressed as % of untreated controls (mean ± S.D.; n = 3). (C) Alteration of mitochondrial transmembrane potential (Δψm) in 
response to AQ (10 µM, 6 h) as assessed by bivariate flow cytometric analysis of JC-1-stained cells. The upper two panels display one representative 
experiment of three similar repeats, and numbers indicate cells with impaired Δψm (in percent of total gated cells) detected outside the circle (mean ± 
SD, n = 3). Lower panel displays AQ-induced alteration of JC-1 red fluorescence (polarized mitochondria, detector FL-2; 1 representative experiment of 
3 similar repeats). (D) Cell viability as determined by flow cytometric analysis of ANXA5-FITC/PI staining in cells cultured in HBSS or standard medium 
in the presence or absence of AQ (10 µM, 48 h). The numbers indicate viable (ANXA5-/PI-) in percent of total gated cells (mean ± S.D.; n = 3). (E and F) 
Chemosensitization by AQ was examined in A375 cells exposed to the combined action of cisplatin (CPPD, 20 µM; 24 h [D]) or doxorubicin (Doxo, 10 
nM; 24 h; [E]) with or without AQ (10 µM, 24 h). Cell viability was analyzed by flow cytometry. The bar graph summarizes data from three repeats (n = 3, 
mean ± S.D.). Data were analyzed employing one-way analysis of variance (ANOVA) with Tukey’s post hoc test. Means without a common letter differ 
from each other (P < 0.05).
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Figure 5. Gene expression array analysis performed in A375 melanoma cells exposed to amodiaquine. Gene expression in response to AQ (25 µM, 
24 h) was analyzed using the Human Autophagy RT2ProfilerTM and the Human Stress and Toxicity RT2ProfilerTM PCR Expression Arrays. (A) The scatter 
blot depicts differential gene expression (AQ vs. untreated control). Upper and lower lines: cut-off indicating 2-fold up- or downregulated expression, 
respectively. Arrays were performed in 3 independent repeats and analyzed using the two-sided Student t test. (B) The table summarizes expression 
changes by at least 2-fold (P < 0.05).
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15, a member of the transforming growth factor β superfamily) 
was observed.65 Finally, AQ treatment also caused expression 
changes affecting genes involved in inflammatory signaling (IL6 
encoding interleukin 6, [interferon β 2]; CSF2 encoding colony 
stimulating factor [granulocyte-macrophage]) and autophagic 
regulation (autophagy-related genes ATG9A, ATG9B, ATG4D; 
GABARAPL1, BNIP3), but none of these changes were substan-
tiated at the protein level.

Antiproliferative activity of AQ is associated with S phase 
cell cycle arrest and modulation of G

1
/S cell cycle regulators

Flow cytometric analysis revealed that AQ exposure imposed 
pronounced alterations in cell cycle distribution. Specifically, 
continuous exposure of A375 cells to AQ (10 μM, 48 h) caused 
a statistically significant increase in S-phase fraction that was 
accompanied by a decrease of cells in G

1
 and G

2
/M phase 

(Fig. 6D). Specifically, the fraction of cells in S phase increased 
from approximately 35% to 60% upon treatment with AQ (10 
µM, 48 h), accompanied by pronounced depletion of cells in 
G

1
 and G

2
/M. Further experiments employing a panel of cul-

tured human melanoma cell lines (A375, G361, LOX) con-
firmed that AQ caused pronounced antiproliferative activity at 

Figure 6. Amodiaquine treatment modulates cell cycle regulators (CDKN1A, RB1 [Ser780; Ser807/811], CCND1, E2F1) causing inhibition of proliferation 
and S phase cell cycle arrest. (A) Immunoblot detection of AQ-induced (≤ 20 µM; 24 h) expression changes affecting heat shock proteins and major cell 
cycle regulators in A375 cells (loading control: ACTB). (B) Immunoblot analysis of AQ-induced expression changes in G361 melanoma cells treated as in 
(A). (C) CDKN1A and HSPA1A mRNA levels in A375 cells exposed to AQ (10, 20, 40 µM; 24 h) were determined by real time RT-PCR analysis (mean ± S.D., n = 
3). (D) Representative histogram depicting cell cycle distribution after treatment with AQ (10 µM, ≤ 48 h). After treatment for the indicated time periods, 
cells were stained with PI and analyzed by flow cytometry. The data indicate the percentage of cells in each phase of the cell cycle. The table summarizes 
results from 3 independent repeat experiments (mean ± SD [n = 3]; *P < 0.05; **P < 0.01; ***P < 0.001). (E) Dose-response relationship of AQ or CQ-induced 
inhibition of proliferation in malignant melanoma cell lines (A375, G361, LOX). After 72 h exposure to increasing concentrations of AQ or CQ, number of 
adherent cells on the dish was determined by cell counting and expressed as % of untreated control (means ± S.D.; n = 3)
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submicromolar concentrations (A375: IC
50

 = 0.32 ± 
0.12 µM; G361: IC

50
 = 0.71 ± 0.16 µM; LOX: IC

50
 = 

2.60 ± 0.74 µM; mean ± SD, n = 3; Fig. 6E).
In order to substantiate the molecular changes 

underlying antiproliferative effects of AQ we exam-
ined modulation of protein regulators determin-
ing G

1
/S transition focusing on those that displayed 

major AQ-induced expression changes as detected by 
array analysis including TP53, CDKN1A, and E2F1 
(Fig.  6A and B). We also examined CCND1 (cyclin 
D1), phosphorylation status of RB1 (retinoblastoma 1), 
and MYC. Immunoblot analysis revealed pronounced upregu-
lation of CDKN1A protein levels, a potent cyclin-dependent 
kinase inhibitor that directly inhibits the activity of CCNE 
(cyclin E)-CDK2 and CCND-CDK4/6 complexes involved in 
G

1
/S phase transition and progression.60,66 Consistent with the 

observed dose-dependent upregulation of CDKN1A mRNA and 
CDKN1A protein levels (Fig. 5; Fig. 6A and C), upregulation of 
TP53, the transcriptional regulator of CDKN1A, was observed at 
the transcriptional (TP53 [Fig. 5B]) and protein levels (Fig. 6A). 
Moreover, moderate suppression of CCND1 protein levels 
occurred in response to AQ treatment (Fig. 6A).

Next, we focused on E2F1, the gene that displayed the most 
pronounced downregulation at the transcriptional level (Fig. 5A 
and B). Remarkably, AQ-suppression of E2F1 expression was con-
firmed at the protein level (Fig. 6A). E2F1 is a transcription factor 
and master regulator of cell proliferation, expressed mainly at late 
G

1
 and G

1
/S transition in all actively proliferating tissues.67-69 We 

also examined AQ modulation of RB1, the upstream regulator of 
E2F1 function. AQ treatment caused pronounced reactivation of 
RB1 tumor suppressor function by removal of inhibitory phos-
phorylations at Ser780 and Ser807/811 that interfere with E2F1 
sequestration, established sites of posttranslational RB1 regula-
tion at the G

1
/S checkpoint.70,71 Since AQ modulated a number 

of major cell cycle regulators (TP53, CDKN1A, CCND1, E2F1, 
RB1) that are involved in functional crosstalk with MYC we also 
examined expression of this master regulator of cell proliferation. 
However, only moderate downregulation at the protein level was 
observed (Fig. 6A). Importantly, key expression changes induced 
by AQ in A375 malignant melanoma cells were also observed in 
metastatic melanoma cells including G361 cells, where immu-
noblot detection confirmed downregulation of heat shock pro-
teins (HSPA1A, HSP90AA1) and pronounced upregulation of 
CDKN1A, consistent with the antiproliferative activity of AQ 
(Fig. 6B).

In the context of our expression array-guided exploration of 
AQ-induced antimelanoma effects, it should be mentioned that 
immunoblot detection did not always confirm changes observed 
at the mRNA level. For example, significant downregulation of 
RPL13A mRNA (- 3.5 fold; encoding 60S ribosomal protein 
L13a; Fig.  5A and B) was detected by expression array analy-
sis but could not be substantiated at the protein level (RPL13A; 
Fig.  6A). Therefore, other significant AQ-induced changes 
observed at the mRNA level as summarized in Figure 5B await 
further validation and functional exploration.

Inhibitory activity of AQ on lysosomal function and prolif-
eration of melanoma cells surpasses that of CQ

Figure  7. Comparative analysis of chloroquine- vs. amodia-
quine-induced antiproliferative effects. Cells were exposed 
to CQ (10 µM, 24 h) or remained untreated (control). (A) 
Visualization by transmission electron microscopy [control; 
CQ, (2,650-fold direct magnification); CQ (25,000-fold direct 
magnification)]; M, mitochondrion; N, nucleus; V, single mem-
brane-enclosed osmiophilic multivesicles). (B) Autophagic 
flux analysis using the RFP-GFP-LC3 puncta formation assay. 
After transfection using a tandem reporter construct (RFP-
GFP-LC3) cells were exposed to AQ (10 µM, 24 h), and colo-
calization of GFP-LC3 and RFP-LC3 puncta was examined 
using fluorescence microscopy. Dual fluorophore-labeled 
LC3 transfectants appear yellow originating from overlapping 
green and red fluorescence, consistent with accumulation 
of autolysosomes displaying impaired acidification. (C) Loss 
of cathepsin enzymatic activity (CTSB, CTSL, CTSD) in A375 
cells exposed to AQ (≤ 20 μM, 24 h) detected as described 
above. (D) Comparative potency of AQ vs. CQ (10 µM, 24 h) 
inhibiting CTSB, CTSL, and CTSD enzymatic activity. (E) AQ- vs. 
CQ-induced (≤ 25 µM, 24 h) expression changes at the mRNA 
level in A375 melanoma cells. (F) Immunoblot detection of CQ- 
and AQ-induced (≤ 20 µM, 24 h) expression changes of TP53 
protein. (G) Immunoblot detection of CQ-induced expression 
changes at the protein level in A375 melanoma cells.
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After investigating the antimelanoma activity of AQ, we com-
pared chemotherapeutic efficacy between the 4-aminoquinoline 
antimalarials AQ and its parent compound CQ (Fig.  6E; Fig. 
7). First, we compared the potency of anti-proliferative activity 
displayed by CQ vs. AQ (Fig. 6E). A comparative dose response 
relationship analysis performed in A375 (AQ: IC

50
 = 0.32 ± 0.12 

µM; CQ: IC
50

 = 2.81 ± 0.44 µM), G361 (AQ: IC
50

 = 0.71 ± 0.16 
µM; CQ: IC

50
 = 12.63 ± 2.55 µM), and LOX (AQ: IC

50
 = 2.60 ± 

0.74; CQ: IC
50

 = 8.38 ± 0.93 µM; mean ± SD, n = 3) melanoma 
cells identified AQ as the superior inhibitor of melanoma cell 
proliferation among the 2 tested 4-aminoquinoline antimalarials.

Next, we examined the induction of autophagic-lysosomal 
impairment in CQ-treated A375 melanoma cells. We observed 
that CQ-induced morphological changes examined by trans-
mission electron microscopy were similar to those induced by 
AQ, including formation of multivesicular, single membrane-
enclosed structures containing electron-dense osmiophilic inclu-
sions (Fig. 7A). However, morphological changes elicited by CQ 
seemed less pronounced (number and size of multivesicular struc-
tures) compared with those induced by AQ exposure (Fig. 1C 
and D vs. Fig. 7A). Further analysis revealed CQ-induced effects 
on autophagic-lysosomal function similar to those observed with 
AQ monitoring RFP-GFP-LC3 puncta formation (Fig.  7B). 
As observed earlier with AQ (Fig. 2D), exposure to CQ caused 
formation of LC3 puncta that displayed both green and red 

fluorescence producing a yellow overlay, a finding consistent 
with the established ability of the lysosomotropic agent CQ to 
induce autophagic-lysosomal blockade through impairment of 
lysosomal pH-control and function thereby inducing accumu-
lation of dysfunctional autolysosomes with colocalization of 
GFP- and RRP-labeled LC3. Immunoblot analysis demonstrated 
CQ-induced accumulation of LAMP1, LC3-II, and SQSTM1 
(Fig.  7G), changes similar to AQ-induced alterations (Fig.  2A 
and C). Moreover, consistent with prior reports, CQ treatment 
caused a significant inhibition of lysosomal cathepsin activity 
(CTSB, CTSL, CTSD; Fig.  7C and D).72 Importantly, when 
cathepsin-directed inhibitory effects were compared between 
CQ and AQ (10 µM, each), it was observed that AQ caused 
a more pronounced reduction of CTSL and CTSD enzymatic 
activity, whereas CQ and AQ were equally effective antagoniz-
ing CTSB enzymatic activity (Fig.  7D). Differential suppres-
sion of lysosomal cathepsin activity by AQ vs. CQ correlates well 
with the occurrence of more pronounced morphological changes 
at the lysosomal level observed in AQ-exposed melanoma cells 
(Fig. 1C and D vs. Fig. 7A).

After identifying AQ as the superior inhibitor of melanoma 
cell proliferation among the two tested 4-aminoquinoline 
antimalarials (Fig.  6E), we also performed comparative gene 
expression analysis indicating that CQ-induced changes at the 
mRNA level did not match those detected in response to AQ 
(Fig.  7E). Specifically, CQ treatment failed to change expres-
sion of AQ-responsive key genes including DDIT3, CDKN1A, 
GADD45A, EGR1, and E2F1. Consistent with the inferior anti-
proliferative potency of CQ as compared with AQ, subsequent 
immunoblot analysis demonstrated that even though CQ treat-
ment caused moderate upregulation of CDKN1A protein levels, 
CQ failed to alter protein levels of TP53, E2F1, CCND1, and 
HSPA1A, changes observed earlier in response to AQ treatment 
(Fig. 7F and G). Indeed, further analysis indicated that CQ treat-
ment was not associated with the induction of cell cycle arrest 
(Fig.  8), an observation strikingly different from AQ-induced 
melanoma cell cycle blockade in S phase (Fig. 6D).

Discussion

Pharmacological inhibition of autophagic-lysosomal function 
has recently emerged as a promising strategy for chemothera-
peutic intervention targeting cancer cells.4,5,9,13-15 Even though 
numerous ongoing clinical trials aim at substantiating favorable 
therapeutic effects of chloroquine and hydroxychloroquine, the 
limited therapeutic performance of these lysosomotropic 4-ami-
noquinoline derivatives prompted us to explore other promising 
drug candidates that target autophagic-lysosomal function in 
cancer cells.

In this study we have examined the antimelanoma activity of 
the antimalarial AQ and have observed that in cultured malig-
nant melanoma cells AQ causes pronounced autophagic-lyso-
somal and proliferative blockade that surpasses that of its parent 
compound CQ. AQ-induced autophagic-lysosomal antagonism 
was associated with early inhibition of cathepsin enzymatic activ-
ity (CTSB, CTSL, CTSD; Fig. 3B and C) and ATP depletion, 

Figure  8. Analysis of CQ-induced alterations of cell cycle distribution.  
(A) Representative histogram depicting cell cycle distribution after treat-
ment with CQ (10 µM, ≤ 48 h). After treatment for the indicated time peri-
ods, cells were stained with PI and analyzed by flow cytometry. (B) The 
data indicate the percentage of cells in each phase of the cell cycle; the 
table summarizes results from 3 independent repeat experiments (mean 
± SD [n = 3]).
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both detectable within 1 h exposure time (Fig. 4B). AQ-imposed 
impairment of autophagic-lysosomal function was further sub-
stantiated by ultrastructural changes observed by electron 
microscopy (Fig.  1), GFP-RFP-LC3 fluorescence imaging 
(Fig. 2D), and immunoblot detection of specific protein markers 
(LAMP1, LC3-II) and autophagy substrates (SQSTM1, SNCA; 
Fig. 2A and C).

Concerning the mechanism of AQ-induced autophagic-
lysosomal alterations observed in human melanoma cells, our 
data are most consistent with a functional blockade imposed 
by AQ at the lysosomal level.49,73 Aminoquinoline-antimalarials 
(including CQ and AQ) are established lysosomotropic agents 
that cause lysosomal disruption with impairment of pH control 
and inactivation of lysosomal proteases (including cathepsins), 
a mechanism of action underlying antimalarial activity through 
disruption of the acidic food vacuole of the parasite.51 We observed 
that lysosomal cathepsin activity was impaired rapidly (Fig. 3B 
and C), and a similar pattern of puncta formation was imposed 
by the lysosomally-targeted agent BafA or AQ as evidenced by 
RFP-GFP-LC3 fluorescence (Fig. 2D). Moreover, the LC3 turn-
over assay employing BafA did not indicate an upregulation of 
autophagic flux in response to AQ (Fig. 3A), and no accumu-
lation of double-membrane structures that would be indicative 
of increased autophagosome formation was observed by electron 
microscopy. In contrast, we only detected accumulation of large 
single membrane-enclosed, multivesicular structures displaying 
pronounced osmiophilicity, consistent with autolysosomal aggre-
gation and accumulation of undigested cargo and lipofuscin in 
response to AQ.

In addition to the causation of autophagic-lysosomal altera-
tions, we also observed that AQ treatment blocked melanoma 
cell cycle progression in S-phase (Fig. 6D). It is important to note 
that induction of mitotic arrest in response to lysosomotropic 
agents has been observed before and was attributed to impaired 
macroautophagy and TP53-mediated effects,51,74 molecular 
changes that also occur in response to AQ treatment (Figs.  1, 
2, and 6). Our own array analysis revealed modulation of gene 
expression antagonizing cell cycle progression (CDKN1A upreg-
ulation, E2F1 downregulation), and immunoblot detection dem-
onstrated AQ-modulation of TP53, CDKN1A, E2F1, CCND1, 
and phosphorylated RB1 (Ser780 and 807/811). Indeed, AQ dis-
played potent antiproliferative effects causing S-phase arrest at 
submicromolar concentrations (Fig. 6D and E). Downregulation 
of E2F1 expression, the gene displaying the highest AQ-induced 
expression differential at the mRNA level (Fig. 5), is of particu-
lar interest since pharmacological E2F1 antagonism has recently 
emerged as a promising antiproliferative strategy targeting mela-
noma.67 Indeed, we observed AQ-induced downregulation of 
E2F1 protein levels at concentrations as low as 1 µM (Fig. 6A). 
However, the specific mechanisms and upstream events underly-
ing AQ-induced proliferative blockade as shown here for the first 
time in human melanoma cells remain to be elucidated. In the 
context of AQ-induced cell cycle arrest that occurs in S-phase 
rather than in G

1
-phase, it should be mentioned that earlier 

research has demonstrated that overexpression or pharmacologi-
cal upregulation of CDKN1A expression, the cell cycle regulator 

displaying the most pronounced expression changes in response 
to AQ treatment at both the mRNA and protein levels (Fig. 5B; 
Fig. 6A and C), may indeed cause S-phase arrest,60,75,76 and phar-
macological downregulation of CCND1 as well as dephosphory-
lation of RB1, as observed by us in response to AQ treatment, 
have also been documented in association with S-phase arrest.77,78

Our experiments document for the first time that AQ treat-
ment causes the rapid induction of energy crisis (Fig. 4B), impair-
ment of mitochondrial transmembrane potential (Fig. 4C), and 
the blockade of starvation-induced autophagic-lysosomal adap-
tations in malignant melanoma cells (Fig.  4A). This activity 
may sensitize melanoma cells to the cytotoxic metabolic stress 
imposed by prolonged starvation, a hypothesis substantiated by 
our observation that the combined exposure to AQ and starva-
tion by culture in HBSS causes massive melanoma cell death 
(Fig. 4D). Likewise, the observation that AQ causes chemosen-
sitization to standard chemotherapeutic agents (CDDP, Doxo; 
Fig.  4E and F) suggests that combination therapy employing 
chemotherapeutics together with this clinical antimalarial may 
provide improved therapeutic efficacy, a hypothesis to be tested 
in the future. However, the specific mechanism underlying 
AQ-dependent chemosensitization and increased vulnerability 
to starvation-induced cell death remains undefined and may 
involve causative factors beyond autophagic-lysosomal modu-
lation such as impairment of mitochondrial transmembrane 
potential,58,79 known to occur in response to treatment with other 
4-aminoquinoline antimalarials and observed here for the first 
time with AQ.51,56 Interestingly, it has recently been observed that 
CQ sensitizes breast cancer cells to chemotherapy independent 
of autophagy, and similar mechanisms may apply to AQ-induced 
sensitization.80 Moreover, massive downregulation of heat shock 
response gene expression as observed by us at the mRNA (e.g., 
HSPA8, HSPA1A, HSP90AA1; Fig.  5; Fig. 6C) and protein 
level (HSPA1A, HSP90AA1; Fig. 6A and B) may also contrib-
ute to AQ-induced sensitization to cytotoxic stress, a hypothesis 
consistent with the established cytoprotective and antiapoptotic 
role of these heat shock proteins in melanoma and other cancer 
cells.61,81,82

Currently, the molecular basis underlying the more potent 
antimelanoma activity of AQ vs. CQ remains undefined. It is 
noteworthy that AQ also displays more potent antimalaria activ-
ity, a property attributed before to its increased tropism targeting 
the acidic food vacuole of the plasmodium parasite,83-86 but addi-
tional structural features may contribute to increased potency 
of the drug. As with its parent compound CQ, AQ is a lysoso-
motropic 4-aminoquinoline-based tertiary amine, but only AQ 
contains a 1,4-aminophenol-substituent that forms an electro-
philic quinoneimine-metabolite upon intracellular oxidation, a 
reactive intermediate that may be involved in covalent protein 
adduction.47,48 Indeed, other drugs containing aminophenol-
pharmacophores cause inhibitory adduction at cysteine-residues 
of specific target proteins such as CTSB.87 It is therefore tempt-
ing to speculate that in addition to disruption of lysosomal pH 
control, a physicochemical effect commonly associated with the 
class of 4-aminoquinoline antimalarials, covalent adduction 
of specific protein targets by AQ my contribute to its higher 
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antimelanoma activity, a hypothesis to be tested by future experi-
ments. Consistent with this hypothesis, using a monoclonal anti-
body employed clinically for ELISA-detection of AQ-adducted 
plasma protein, we detected the accumulation of AQ-modified 
proteins (35- to 55-kDa molecular mass range) in melanoma 
cells (Fig. 2A). Currently, we are employing proteomic tools in 
order to elucidate identity and functional implications of specific 
AQ-adducted target proteins in melanoma cells.

The concept of repurposing clinical antimalarials (including 
CQ, hydroxychloroquine, primaquine, and artemisinin-deriv-
atives) for cancer chemotherapy has recently gained consider-
able attention.4,14,18-20,22,23,33,34 AQ is in clinical use worldwide 
(yet not in the United States) as an antimalarial equivalent to 
CQ, and recent studies have shown that AQ is superior to CQ 
in the treatment of resistant strains of Plasmodium falciparum.83 
Remarkably, safety and efficacy of AQ-based antimalarial ther-
apy are well established, and pharmacogenetic profiling of an 
AQ-metabolizing enzyme (cytochrome P450, family 2, subfam-
ily C, polypeptide 8; encoded by CYP2C8) in malaria patients 
may improve the safe use of this drug.88,89 Taken together, our 
data suggest that AQ is a promising candidate for drug repurpos-
ing efforts aimed at undermining autophagic-lysosomal function 
and proliferative control in malignant melanoma cells. Our cur-
rent research efforts aim at the identification of specific molecu-
lar targets involved in AQ-based inactivation of cancer cells, and 
studies that aim at demonstrating feasibility of AQ-based adju-
vant chemotherapeutic intervention in preclinical murine models 
of human melanoma have been initiated.

Materials and Methods

Chemicals
All chemicals were purchased from Sigma Chemical Co. 

(bafilomycin A1, B1793; chloroquine, C6628; cis-dichloro-
diamine-platinum [II], P4394; doxorubicin, D1515) except amo-
diaquine (Fluka, A2799).

Cell culture
Human malignant A375 melanoma cells (ATCC, CRL-

1619) were cultured in RPMI medium (ATCC, 30-2001) 
containing 10% bovine calf serum (Hyclone, SH30072.03). 
LOX-IMVI human metastatic melanoma cells (a gift from G. 
Paine-Murrieta, University of Arizona) were cultured exactly as 
A375 cells, and G361 (ATCC, CRL-1424) human metastatic 
melanoma cells were cultured in McCoy’s 5a medium (ATCC, 
30-2007) containing 10% bovine calf serum. Cells were main-
tained at 37 °C in 5% CO

2
, 95% air in a humidified incubator. 

Dulbecco’s phosphate-buffered saline (PBS) and HBSS contain-
ing 5.6 mM D-glucose were from Life Technologies (14199-144 
and 14025-092).

Transmission electron microscopy
Cells were fixed in situ with 2.5% glutaraldehyde in 0.1 M 

cacodylate buffer (pH 7.4), post-fixed in 1% osmium tetroxide 
in cacodylate buffer, washed, scraped and pelleted as described 
recently.7,33 Cells were then stained in 2% aqueous uranyl ace-
tate, dehydrated through a graded series (50, 70, 90, and 100%) 
of ethanol and infiltrated with Spurr’s resin (Sigma, EM0300), 

then allowed to polymerize overnight at 60 °C. Sections (50 nm) 
were cut, mounted onto uncoated 150-mesh copper grids, and 
stained with 2% lead citrate. Sections were examined in a CM12 
transmission electron microscope (FEI) operated at 80 kV with 
digital image collection.

Flow cytometric quantification of cellular autofluorescence
After AQ treatment, cells were harvested, washed and resus-

pended in 300 μl PBS, and immediately analyzed by flow cytom-
etry (λ

ex
 488 nm, λ

em
 585 ± 42 nm) as published recently.38

RFP-GFP-LC3 puncta formation assay
A375 cells were grown on 35-mm glass bottom dishes (MatTek, 

P35G-0-10-C) for live-cell imaging. Cells were transfected with 
an mRFP-EGFP-LC3 construct (Addgene, 21074:ptfLC3) fol-
lowing a published procedure.6 Twenty-four hours after transfec-
tion followed by AQ treatment (10 μM, up to 24 h), cells were 
gently washed once with PBS, and phenol red-free DMEM sup-
plemented with 10% FBS was added. All images were taken with 
the Zeiss Observer Z1 microscope using the Slidebook 4.2.0.11 
computer program (Intelligent Imaging Innovations, Inc.).

Cell proliferation assay
Cells were seeded at 5,000 cells/dish on 35-mm dishes. After 

24 h, cells were exposed to a test compound (CQ vs. AQ, 0.1–10 
µM; 72 h continuous exposure). Numbers of adherent cells at 
the time of compound addition and 72 h later were determined 
using a Z2 analyzer (Beckman Coulter, Inc.). Proliferation was 
compared with cells that received mock treatment. The same 
methodology was used to establish IC

50
 values (drug concen-

tration that induces 50% inhibition of proliferation) indicating 
antiproliferative potency.

Flow cytometric analysis of cell viability
Viability and induction of cell death (early and late apop-

tosis/necrosis) were examined by ANXA5/annexin AV-FITC/
propidium iodide (PI) dual staining of cells followed by flow 
cytometric analysis as published previously.33,64 Cells (100,000) 
were seeded on 35-mm dishes and received drug treatment 24 h 
later. Cells were harvested at various time points after treatment 
and cell staining was performed using an apoptosis detection kit 
according to the manufacturer’s specifications (Sigma, APOAF-
20TST). Viable cells are located in the bottom left quadrant 
(ANXA5−, PI−), whereas early apoptotic and late apoptotic/
necrotic cells are located in the bottom right (ANXA5+, PI−) and 
top right quadrant (ANXA5+, PI+), respectively.

Cell cycle analysis
Cells were seeded at 25,000 per 35-mm dish and left over-

night to attach. The next day, cells received treatment with test 
compounds and vehicle controls. After 24 and 48 h continu-
ous drug exposure, cells were processed as published before.65 
Cellular DNA content was determined by flow cytometry and 
analyzed using the ModFitLT software, version 4.0 (Verity, 
VMFLTMAC4).

Cellular ATP determination
Cells were seeded at 50,000 cells/dish on 35-mm dishes. After 

24 h, cells were treated with test compound (AQ  ≤ 10 μM). At 
various time points (≤ 24 h) cells were counted, and ATP content 
per 5,000 cells was determined using the CellTiter-Glo lumines-
cent assay (Promega, G7571) according to the manufacturer’s 
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instructions as published earlier.59,65,90 Data are normalized to 
ATP content in untreated cells.

Mitochondrial transmembrane potential
Mitochondrial transmembrane potential (Δψm) was assessed 

using the potentiometric dye 5,5́ ,6,6́ -tetrachloro-1,1́ ,3,3 -́
tetraethylbenzimidazolyl-carbocyanine iodide (JC-1; Sigma, 
T4069) following our published procedure.33,64 In brief, cells 
were trypsinized, washed in PBS, resuspended in 300 µl PBS 
containing 5 µg/ml JC-1 for 15 min at 37 °C and 5% CO

2
 in 

the dark, then washed twice in PBS and resuspended in 300 µl 
PBS. Bivariate analysis was performed by flow cytometry with 
excitation at 488 nm, and mitochondrial function was assessed 
as JC-1 green (depolarized mitochondria, detector FL-1) or red 
(polarized mitochondria, detector FL-2) fluorescence.

Enzymatic activity of CTSB, L, and D
CTSB activity was measured using a fluorimetric CTSB activ-

ity assay kit (BioVision, K140-100), according to the manufac-
turer’s instructions as published recently.8,38 Cells (1 × 106) were 
lysed in 0.5 ml of chilled lysis buffer. After 10 min incubation on 
ice, lysates were centrifuged at 10,000 g at 4 °C for 5 min and the 
supernatant fraction was retained for analysis. 50 μl of cell lysate 
was incubated with 50 μl of reaction buffer. CTSB substrate 
(Ac-RR-AFC; 200 μM final concentration) was then added and 
the mixture was incubated for 1 h at 37 °C. As a negative control, 
analysis was performed in the presence of the CTSB/L inhibitor 
Z-Phe-Phe-FMK (Sigma, C9109; 20 μM final concentration). 
The release of free amino-4-trifluoromethylcoumarin (AFC) was 
measured using a fluorescence plate reader (λex 400 nm; λem 
505 nm; SpectraMax Gemini, Molecular Devices). Protein con-
centration of cell lysates was determined using a BCA protein 
assay kit (Pierce, 23227), and cathepsin activity was normalized 
to protein concentrations.

CTSD and CTSL activities were determined using fluorimet-
ric assay kits (BioVision, K143-100 and K142-100) according to 
the manufacturer’s instructions as published recently.8 Processing 
of samples and the protocol were identical to the CTSB activ-
ity assay as described above with the following modifications: 
CTSL determination: After lysis, 50 μL lysate were incubated 
with 50 μL of reaction buffer containing Ca074 (Sigma, C5732; 
1 µM, 15 min) to irreversibly inhibit CTSB, thereby eliminating 
interference from CTSB-dependent cleavage of the substrate.91,92 
CTSL substrate (Ac-Phe-Arg-AFC, Abcam, ab157769; 200 μM 
final concentration) was then added and the mixture was incu-
bated for 1 h at 37 °C followed by AFC detection (λex 400 nm, 
λem 505 nm). As a negative control, analysis was performed 
in the presence of Z-Phe-Phe-FMK (200 μM final concentra-
tion). CTSD determination: Using CTSD substrate (MCA-
GKPILFFRLK[Dnp]-DR-NH2, Abcam, ab126779; 200 µM 
final concentration) the release of free 7-methoxycoumarin-4-yl 
acetyl was measured using a fluorescence plate reader (λex 328 
nm; λem 460 nm).

Human Stress and Toxicity RT2ProfilerTM PCR expression 
array analysis

After pharmacological exposure, total cellular RNA (3 × 106 
A375 cells) was prepared according to a standard procedure 
using the RNeasy kit (Qiagen, 74104). Reverse transcription was 

performed using the RT2 First Strand kit (Superarray, 330401) 
and 5 µg total RNA as described previously.33,62 The Human 
Autophagy RT2ProfilerTM PCR Expression Array (Qiagen, PAHS-
084ZA-12) and the Human Stress and Toxicity RT2ProfilerTM 
PCR Expression Array (Qiagen, PAHS-003A-12), each profil-
ing the expression of 84 genes, was run using the following PCR 
conditions: 95 °C for 10 min, followed by 40 cycles of 95 °C for 
15 s alternating with 60 °C for 1 min (Applied Biosystems, 7000 
SDS). Gene-specific product was normalized to GAPDH and 
quantified using the comparative (ΔΔC

t
) Ct method as described 

in the ABI Prism 7000 sequence detection system user guide as 
published earlier.33,62 Expression values were averaged across 3 
independent array experiments, and standard deviation was cal-
culated for graphing.

Gene expression analysis by real time RT-PCR
After AQ exposure (1–20 μM, 24 h), total cellular RNA 

(3 × 106 cells) was prepared using the RNEasy kit (Qiagen, 
74104). Reverse transcription was performed using TagMan 
Reverse Transcription Reagents and 200 ng of total RNA in 
a 50-μl reaction. Reverse transcription was primed with ran-
dom hexamers and incubated at 25 °C for 10 min followed by 
48 °C for 30 min, 95 °C for 5 min, and a chill at 4 °C. Each 
PCR reaction consisted of 3.75 μl of cDNA added to 12.5 μl 
of TaqMan Universal PCR Master Mix (Roche Molecular 
Systems), 1.25 μl of gene specific primer/probe mix (Assay-by-
Design; Applied Biosystems: CDKN1A [assay ID Hs00355782_
m1], DDIT3 [assay ID Hs00358796_g1], GADD45A [assay ID 
Hs00169255_m1], HSPA1A [assay ID Hs00359163_s1], EGR1 
[assay ID Hs00152928_m1], E2F1 [assay ID Hs00153451_m1], 
and GAPDH [assay ID Hs99999905_m1]) and 7.5 μl of PCR 
water. PCR conditions were: 95 °C for 10 min, followed by 40 
cycles of 95 °C for 15 s alternating with 60 °C for 1 min (Applied 
Biosystems 7000 SDS). Gene-specific product was normalized 
to GAPDH and quantified using the comparative (ΔΔC

t
) Ct 

method as described in the ABI Prism 7000 sequence detection 
system user guide as published earlier.33,62

Immunoblot detection
Cells were lysed in 1× SDS-PAGE sample buffer and heated for 

3 min at 95 °C. Samples were separated by 12% SDS-PAGE fol-
lowed by transfer to Protran nitrocellulose membranes (Whatman, 
BA85). Membranes were incubated with primary antibodies in 
5% milk-TBST overnight at 4 °C as follows: rabbit anti-phos-
pho-RB1(Ser780) polyclonal (Cell Signaling Technology, 9307); 
rabbit anti-phospho-RB1(Ser807/811) polyclonal (Cell Signaling 
Technology, 9308); mouse anti-RB1 monoclonal (Cell Signaling 
Technology, 9309); mouse anti-CDKN1A monoclonal (Cell 
Signaling Technology, 2946); rabbit anti-LAMP1 monoclonal 
(Cell Signaling Technology, 3243); rabbit anti-SNCA poly-
clonal (Cell Signaling Technology, 4179); rabbit anti-RPL13A 
polyclonal (Cell Signaling Technology, 2765); rabbit anti-MYC 
monoclonal (Cell Signaling Technology, 5605P); mouse anti-
TP53 monoclonal (Santa Cruz Biotechnology, sc-126); mouse 
anti-E2F1 monoclonal (Santa Cruz Biotechnology, sc-251); 
mouse anti-BECN1 monoclonal (Santa Cruz Biotechnology, 
sc-48341); anti-CCND1 polyclonal (Santa Cruz Biotechnology, 
sc-718); mouse anti-SQSTM1/p62 monoclonal (Santa Cruz 
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Biotechnology, sc-48402); rabbit anti-LC3 polyclonal (Novus 
Biologics, 100-2331); mouse anti-HSPA1A/Hsp70 monoclo-
nal (Enzo Life Sciences, SPA-810-F); anti-HSP90AA1/Hsp90 
monoclonal (Enzo Life Sciences, SPA-836-D); mouse anti-
amodiaquine monoclonal (Thermo Scientific, 320-04-02). Use 
of HRP-conjugated goat anti-rabbit (Jackson Immunological 
Research, 111-035-144) or goat anti-mouse secondary antibody 
(Jackson Immunological Research, 115-035-146) was followed 
by visualization using enhanced chemiluminescence detection 
reagents. Equal protein loading was examined using a mouse 
anti-ACTB monoclonal antibody (Sigma, A4700).

Statistical analysis
The results are presented as means (± S.D.) of at least three 

independent experiments. Data were analyzed employing the 
two-sided Student t test; differences were considered signifi-
cant at P < 0.05 (*P < 0.05; **P < 0.01; ***P < 0.001). Selected 

data sets were analyzed employing one-way analysis of variance 
(ANOVA) with Tukey’s post hoc test using the PRISM 4.0  
software; means without a common letter differ from each other 
(P < 0.05).
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