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Abstract
Objective: We attempt to investigate the mechanism triggered by Chloroquine (CQ) and its association with autophagic
function.
Methods: To investigate the CQ effects on non-malignant and malignant cells, we performed cell viability assays, flow cytometry
analysis, immunoblotting, immunofluorescence, confocal microscopy, electronic microscopy and Fluorescence Lifetime Imaging
Microscopy (FLIM).
Results: The CQ harmful effects ended up higher in a long term-response (i.e., 48 h and 96 h after CQ-treatment during 24 h)
compared to shorter ones (0 h or 24 h after CQ-treatment during 24 h). CQ provoked a lysosomal impairment intrinsically related
to reduced proliferation and death in human carcinoma cells (HeLa, HT29, HepG2, and MCF7), as also melanomas SKMEL-25
and SKMEL-28. At long term-response, CQ induced cytotoxic effects on cells associated with the lysosomal accumulation and
autophagy inhibition. Noteworthy, that other late effects in tumor cells included cellular nuclear abnormality, the beta-galactosidase
senescent-associated activity, and increased lipofuscinogenesis, hallmarks of cell senescence. Remarkably, in the presence of the
mitochondrially-toxic drug Oleanolic Acid (OA), a CQ lysosomal-mitochondrial axis of cellular stress could be modulated in
tumor cells (HeLa, MCF7, and SKMEL-28), leading to autophagy-associated cell death.
Conclusion: CQ cytotoxicity is related to lysosomal impairment that leads to autophagy-associated cell death, nuclei abnormalities,
lipofuscinogenesis, and senescence. Also, our findings indicate that a therapeutic approach based on lysosomal chemo-sensitization
triggered by CQ parallel to mitochondrial OA-toxicity may represent a promisor strategy to overcome in vivo tumor progression
relied on apoptosis lessening.
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Introduction
Considered a well-known example of repurposing success,
Chloroquine (CQ) remains the drug of choice for malaria
chemotherapy due to its substantial effectiveness [1-3]. Besides,

1

CQ is an anti-inflammatory agent for the treatment of rheumatoid
arthritis, lupus erythematosus, and amoebic hepatitis [2]. Preclinical
evidence also revealed the efficacy of CQ in inhibiting the genesis
and self-renewal of Cancer Stem Cells (CSC), underlining the
potential of this “Old drug” as a repurposing strategy to open a
new CSC-targeted chemoprevention era [4]. There are several
examples of clinical trials employing CQ as an enhancing agent in
cancer therapies (Table 1).

Volume 5; Issue 01
Adv Biochem Biotechnol, an open access journal
ISSN: 2574-7258

Citation: Tsubone TM, Rocha CS, Tonolli PN, II-Sei W, Stolf BS (2020) In vitro Autophagy Modulation with Chloroquine: Some Lessons to Learn. Adv Biochem Biotechnol 5: 1098. DOI: 10.29011/2574-7258.001098

Cancer Type

Identifier

Study

Phase

Status

Ref.

Breast cancer

NCT01023477

CQ

I/II

1

[52]

NCT02333890

CQ

II

2

-

NCT01446016

CQ and taxane or taxane- like chemo agents

II

1

-

NCT01894633

Total-brain irradiation and CQ

II

1

-

NCT02496741

CQ and metformin

Ib/II

1

[53]

NCT01727531

CQ

-

1

-

NCT03243461

CQ and temozolomide

III

3

-

NCT00224978

CQ

III

1

[54,55]

NCT02432417

CQ and chemoradiation

II

4

-

NCT02378532

CQ and chemoradiation

I

1

-

NCT01469455

DT01 with radiotherapy and CQ

I

1

-

NCT03979651

Trametinib plus hydroxychloroquine in patients with
metastatic neuroblastoma RAS melanoma

4

-

Multiple myelomas

NCT01438177

CQ, velcade, and cyclophosphamide

II

1

[56]

Pancreatic

NCT01777477

CQ and gemcitabine

I

1

-

Prolactinoma

NCT03400865

Cabergoline and hydroxychloroquine/CQ

-

4

-

NCT00969306

CQ and A-CQ 100

I

1

-

NCT01575782

CQ

I

1

-

NCT02071537

CQ and carboplatin/gemcitabine

I

1

-

Brain

Melanoma

Small cell lung
cancer

Solid tumors

1 Completed or terminated; 2 Unknown; 3 Recruiting; 4 Not yet recruiting.
Source: ClinicalTrials.gov [http:// https://clinicaltrials.gov/]

Table 1: Clinical trials of the CQ effects on human cancers.
2

Volume 5; Issue 01
Adv Biochem Biotechnol, an open access journal
ISSN: 2574-7258

Citation: Tsubone TM, Rocha CS, Tonolli PN, II-Sei W, Stolf BS (2020) In vitro Autophagy Modulation with Chloroquine: Some Lessons to Learn. Adv Biochem Biotechnol 5: 1098. DOI: 10.29011/2574-7258.001098

Considering that cancer cells might use autophagy as a prosurvival mechanism to deal with unfavorable conditions, increasing
their growth and aggressiveness [5,6], CQ and its analogs would
be promising antitumoral drugs [2,4]. CQ seems to exert its
biological effects through a weak base lysosomotropic feature. In
its unprotonated form, CQ can diffuse across lysosomal membranes
to become protonated and accumulate in these acidic organelles
[2]. Once trapped within lysosomes, CQ raises intra lysosomal
pH and interferes with autophagosome-lysosome fusion events
[7]. This unique property has established CQ as the most widely
used drug to sensitize cancer cells through inhibiting autophagy in
vitro and in vivo [2,6]. Although it is well-known that autophagy,
a lysosome-dependent degradation pathway, participates in critical
cellular functions including homeostasis and energy production
[8], differentiation [9], and aging [10-12], the molecular events
that trigger the loss in autophagy-lysosomal homeostatic axis are
still object of conjecture [7]. To further improve the directions of
research on CQ- mediated cancer control, we need to understand
how the anti-autophagic effects of CQ function in the context of
cellular and molecular control pathways in cells. In this context,
we studied the harmful effects of CQ on autophagy in a longlived post-challenged cell. Aiming to avoid artifacts that may
occur when employing transfection and transgenesis strategies to
monitor endogenous LC3 lipidated form (LC3B-II) [13], we used
nonmalignant immortalized human keratinocytes (HaCaT) as a
cellular model, in which autophagy plays a homeostatic role in
keratinocyte differentiation [9]. For our knowledge, this study is
the first to investigate further the adverse CQ effects on autophagy
through a time-point analysis. To perform a comparative analysis
regarding tumor histologic type, we also evaluated the CQ effects
on human carcinoma and melanomas cells.
This study also showed for the first time the long-term
cytotoxicity of CQ as an aging-senescent agent on human tumor
cells and nonmalignant HaCaT cells that require autophagy for
maintenance of homeostasis. Indeed, by assessing cellular outcome
in the long-term analysis, we showed that CQ triggers autophagy
associated with cell death, aging, and senescence linked to a
lysosomal- mitochondrial axis of cellular stress [14,15]. Also, our
findings indicate a new therapeutic approach based on lysosomal
chemo-sensitization triggered by CQ parallel to mitochondrial
toxicity by the pentacyclic triterpenoid Oleanolic Acid (OA), which
may represent a promisor strategy to overcome tumor resistance.

Methods
Cell lines and cell culture
Prof. Hugo Armelin (Instituto Butantan, Sao Paulo, Brazil)
supplied HaCaT [16], and the human tumor cells HeLa, HT29,
HepG2, MCF7, SKMEL-25, and SKMEL- 28 were gently provided
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by Ludwig Institute for Cancer Research, Sao Paulo, Brazil.
HaCaT, HeLa, HepG2 and SKMEL-25/28 cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM, Gibco™, 12100046)
supplemented with 10% (v/v) Fetal Bovine Serum (FBS, Gibco™,
12657029), 100 units/mL of penicillin, 100 µg/mL of streptomycin
and 250 ng/mL of amphotericin B and incubated at 37 ºC under
a humidified atmosphere of 5% carbon dioxide [16-18]. MCF7
cells were cultured in DMEM /F-12 without phenol red (Gibco™,
21041025) and HT29 cells in Minimum Essential Medium (MEM,
Gibco™, 61100061). All cell lines were used up to 25 passages
after thawing. A curve of cell density previously determined the
ideal cell confluence in the function of incubation time (data not
shown). Then, for all times of evaluation (24 h, 48 h, or 96 h after
CQ treatment for 24 h), experiments were performed in culture
dishes (96 well TC-treated polystyrene microplate, Corning®,
3599) with non-confluent cells.
Chloroquine (CQ) treatment
A stock solution of CQ (Chloroquine diphosphate salt,
Sigma, C6628) was prepared at 20 mM in Milli-Q H2O, sterilized
by filtration 0.2 µm and stored in aliquots at -20 ºC until use. The
appropriate amounts of stock solutions were diluted in DMEM
with 1.0% (v/v) FBS to prepare work solutions; we treated cells
with CQ in a dose-dependent manner (0 to 100 µM). Non-treated
cells in DMEM 1.0% (v/v) FBS served as control (CT). After 24 h
of incubation with CQ, cells were washed in Phosphate-Buffered
Saline (PBS, potassium phosphate monobasic 1.76 mM, sodium
chloride 137 mM, potassium chloride 2.7 mM, sodium phosphate
dibasic 10 mM, pH 7.2) and further incubated in DMEM 10% (v/v)
FBS supplemented with antibiotics and fungicide for 0 h (i.e., T1),
24 h (i.e., T2), 48 h (i.e., T3) and 96 h (i.e., T4).
Cell survival assays - MTT and CVS
We performed independent CVS (Crystal Violet Staining)
and MTT assays as described [13]. Briefly, at T3, we washed
cells and added medium with 1% (v/v) FBS containing
Methylthiazolyldiphenyl-tetrazolium bromide (MTT, SigmaAldrich, M5655) at 50 µg/mL and incubated for 2 h in a humidified
atmosphere containing 5% CO2 at 37 °C. Next, we solubilized the
reduced-product formazan in 0.2 mL DMSO (Synth, Brazil), and
read absorbance values at 550 nm with a wavelength correction
set at 800 nm for the subtraction of backgrounds, using the Infinite
M-200 Tecan microplate reader (Männedorf, Switzerland). For the
CVS assay, NR-fixed cells (see below) were stained with crystal
violet (CV, Sigma- Aldrich, C6158) at 0.02% (w/v) for 5 min at
room temperature. Next, we recorded the absorbance of eluted
CV with 0.1 M sodium citrate in 50% (v/v) ethanol at 585 nm
[13]. We normalized cell survival rates to the absorbance values
of untreated cells.
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AAU calculation
The nonfunctional autolysosomes accumulate in cells leading
to autophagy- associated cell death [15,19,20]. To assess this
effect, after CQ-treatment, we determined the numeric variable
AAU (autophagy arbitrary units) for each condition [13]. Briefly,
at T3 cells were incubated with 30 µg/mL neutral red (NR, SigmaAldrich, N4638) for 2 h at 37 ºC incubator under a humidified
atmosphere at 5% carbon dioxide. Next, we eluted NR with an
alcoholic-based 1% (v/v) acetic acid fixing solution and measured
its absorbance at 540 nm as described above. These fixed cells were
washed with water and used for CVS assay (above).
Finally, to calculate AAU (1), the mean NRU survival rate
was normalized to the mean of the MTT and CVS survival rates
according to the function w (x, y, z):
(1)
Where x, y, and z were the survival rates measured by NRU,
CVS, and MTT assays, respectively [15].
Acridine Orange (AO) staining of live cells
For AO live-cell imaging experiments, we stained
cells according to published procedures [13,21]. Briefly, the
lysosomotropic dyeAO (Acridine Orange hemi (zinc chloride) salt,
Sigma, A6014) was added to a final concentration of 1.0 µg/mL for
10 minutes at 37 ºC in a humidified CO2 incubator. After washing
twice in PBS, live-cells were visualized using a microscope (Zeiss™
Axiovert 200, Germany) equipped with an inverted microscope
for transmitted light and epifluorescence (Zeiss™ Axiovert 200,
Germany) equipped with a C-APOCHROMAT 40X/1.20 W Corr
M27 objective (Zeiss™, 421767-9970-000) and imaged using
Image J Software (National Institutes of Health, Bethesda). Dye
fluorescence was detected using the filter set 09 (Zeiss™, 4880099901-000) that provides an excitation bandpass (BP) of 450 to 490
nm with emission Long Pass (LP) of 515 nm.

dark and incubated under standard culture conditions for another
10 min to reduce cytosolic AO. Next, after washing twice in PBS,
we collected at least 20,000 events for flow cytofluorometric
analysis of AO (FL1 and FL3) using BD FACS Verse™ and FlowJo
software. Since AO only accumulates in stable lysosomes, we
assessed the extent of lysosomal impairment by comparing the
amount of red and green fluorescence.
Immunoassays and confocal microscopy
Supernatant cells were washed out, and adherent cells were
immunoassay after fixation in 4% (w/v) formaldehyde in PBS pH
7.4, washing, blocking and incubation with primary monoclonal
antibodies against cytochrome c oxidase complex IV (COXIV,
Molecular Probes, A21347), cathepsin B (CTSB, [CA10], Abcam®,
ab58802), lysosome-associated membrane protein 2 (LAMP2A,
[H4B4], Abcam®, ab25631), LC3B (D11 XP®, Cell Signaling
Technology®, 3868) and SQSTM1/p62 ([D10E10], Cell Signaling
Technology®, 7695), according to manufacturer’s instructions.
Then we incubated cells with goat Alexa Fluor-coupled antibodies
against rabbit IgG (H+L) (A-11034 and A-21070) or mouse IgG
(A-11001 and A-21050, Molecular Probes). We analyzed the
DAPI-counterstained slides using a confocal microscope (Zeiss™
Axiovert 200 LSM 510 Laser, Carl Zeiss, Germany) equipped with
a Plan-APOCHROMAT 63X/1.40 oil DIC M27 objective (Zeiss™,
Carl Zeiss, Germany) and determined the overlap between these
proteins as described previously [24]. LysoTracker™ Red DND-99
(LTR, L7528) is an acidophilic probe compatible with aldehyde
fixation and thus may be combined with the immunofluorescence
detection of proteins such as COXIV, CTSB, LC3B-II and
SQSTM1 [20].
We analyzed the slides using filter sets that provide an
excitation of 364, 488, 543 and 633 nm with emission bandpass
(BP) of 437 to 490 nm, 515 to 534 nm, 565 to 640 nm and 651 to
704 nm to detect the fluorescence of DAPI, Alexa Fluor® 488, LTR
and Alexa Fluor® 633, respectively.

Staining and flow cytometry analysis of lysosomes with AO

Analysis of mitochondrial transmembrane potential (ΔΨm)

AO is a lysosomotropic weak base (pKa = 10.3) that is
retained (in the protonated AOH+ form) due to proton trapping in
lysosomes (pH 4.5-5.5). Under excitation with blue light (λ = 488
nm), AO dimers (formed under high AO concentration) exhibit red
fluorescence, while AO monomers (low AO concentration) show
green fluorescence [22]. The end-stage of lysosomal damage may
be evaluated by the AO uptake method, as previously described
[23]. Immediately after treatment with CQ (60 µM) for 90 min,
HaCaT was incubated with AO (10 µg/mL) for 15 min in a
standard culture medium at 37 ºC, such that AO accumulated in
stable lysosomes. Then we rinsed cells with culture medium in the

We used the probe MitoTracker™ orange CMTMRos (MTO)
to monitor mitochondrial inner transmembrane potential (ΔΨm).
After washing, MCF7 cells were incubated with MTO (50 nM) in
1% (v/v) FBS DMEM for 30 min in a 37 ºC incubator with a moist
atmosphere of 5%carbon dioxide. Following treatmentwith DMSO
or OA (20 µM) for 3 h, we washed cells and performed fixation with
cooled 4% (w/v) formaldehyde pH 7.2 in PBS. After washing,
slides were mounted in ProLong™ gold antifade reagent containing
DAPI nuclear stain. We used filter sets that provide excitation of 364
and 543 with emission BP of 437-490 nm and 554- 608 nm to detect
the fluorescence of DAPI and MTO, respectively.
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Measurement of cathepsin activities
We treated HaCaT with CQ (60 µM) for 24 h and evaluated
the cathepsin activity at T3 by a fluorimetric assay (K140-100 and
K142-100, Bio Vision Inc.). Briefly, HaCaT cells were lysed in 50
to 100 µL of chilled lysis buffer and incubated on ice for 10 min.
After collection cytosolic fraction, we obtained whole-cell extracts
after lysing the cell debris above with more 50 to 100 µL of
chilled lysis buffer followed by freeze/thaw cycles (3 x). Next, we
centrifuged at 10,000 g for 10 min at 4 ºC these whole-cell lysates.
We measured the protein concentration in the same aliquot using
the BRADFORD assay (Bio-Rad Laboratories, Hercules, CA,
USA), and we applied 15 µg of protein per sample for enzymatic
assays. Enzyme activity was expressed in arbitrary units (a.u.) as
a ratio to control.
Nuclear Morphometric Analysis
To perform Nuclear Morphometric Analysis (NMA) of cells
treated with CQ (60 µM) at T3, we stained nuclei with DAPI and
captured images under an inverted fluorescent microscope (Zeiss™
Axiovert 200 LSM 510 Laser, Carl Zeiss, Jena, Germany). By
using Image J Software´s NII Plugin, we evaluated parameters of
nuclear size and shape for a large number of cells [15,25]. The
parameters considered were Aspect (Asp), Area box (Arbx), Radius
ratio (Rr), and Roundness (Rou), which were combined in an index
called Nuclear Irregularity Index [NII = Asp - Arbx + Rr - Rou]
[25].
Transmission Electron Microscopy (TEM)
At T3 after treatment with CQ (60 µM), lipofuscin-loaded
cells were collected and fixed for 8 h at 4 ºC in modified Karnovsky’s
solution, 2.5% (v/v) glutaraldehyde and 2% (v/v) formalin in
0.1 M sodium phosphate buffer, pH 7.4. Also, we performed
a post-fixation with 1% (v/v) osmium tetroxide solution for 2 h
at 4 ºC. After dehydration in several graded ethanol baths 70 to
100% (v/v) and propylene oxide, we embedded cells in synthetic
resin [26]. Cell sections (90 nm) were obtained using a Reichert
Ultracut E microtome and mounted on Formvar films (200 mesh).
We analyzed under transmission electron microscopy (Jeol 1010
80KV, Tokyo, Japan) ultrathin samples, after counterstaining with
uranyl acetate and lead citrate.
Detection of lipofuscin granules
Were washed with PBS HaCaT cells incubated with CQ (60
µM) for 24 h and chased them further for 48 h in the presence
of DMEM 10% (v/v) FBS. After the second washing in PBS and
fixing with 4% (w/v) formaldehyde in PBS pH 7.4, we rewashed
coverslips and mounted them in ProLong® diamond antifade
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reagent without DAPI nuclear stain (Molecular Probes, P36961).
Slides were analyzed under a fluorescence confocal microscope
(Olympus IX 73) FluoView FV1000 with a piezo-driven objective
scanning coupled to the MicroTime 200 system (PicoQuantBerlin, Germany) for detection of fluorescence lifetime. To detect
lipofuscin granules, we used a filter set that provides excitation at
509 nm with a long emission pass at 519 nm. Time decays were
fitted using SymphoTime 64 (version 2.1) and TimeHarp platform,
which transformed single-photon-counting decays in FLIM
images.
Senescence-associated β-galactosidase activity
The replicative senescence was evaluated by the SA-βgal
assay, as described before [27]. After a 24 h-treatment with CQ
(60 µM), the HaCaT cells were washed and refreshed with DMEM
(Sigma-Aldrich) supplemented with 10% (v/v) FBS, 100 units/
mL of penicillin, 100 µg/mL of streptomycin and 250 ng/mL of
amphotericin B. 96 hours the 24 h-treatment with CQ cells were
fixed with methanol and visualized using an inverted microscope
for transmitted light (Zeiss™ Axiovert 200, Germany).
Statistics
Statistical analysis was performed using IBM® SPSS Statistics
version 20. We calculated the strength of linear correlation analysis
by the Spearman´s coefficient (rho). Statistical analysis was
employed to compare groups of samples by one-way analysis
of variance (ANOVA) with Dunnett T3 or Bonferroni post-hoc
tests, depending on the homogeneity of variance. We analyzed
data obtained from at least three independent experiments and
expressed the results as mean values ± standard error. P values
lower than 0.05 were considered statistically significant.
Results
The main experimental procedure employed in this work
consisted of incubating HaCaT or human tumor cells HeLa,
HT29, HepG2, MCF7, SKMEL-25, and SKMEL-28 with CQ. We
reported the results referring to the time at which we experimented
with the incubation with compounds. We used the label T1, T2, T3,
and T4 referred to experiments performed 0, 24, 48, and 96 hours
after a 24 h incubation period with CQ.
CQ toxicity dependent on a long-term response
Several reports have shown the CQ cytotoxic effects on
mammalian cells by triggering autophagy-associated cell death,
mainly in tumors cell lines [6,28-30]. Pronounced in vitro inhibition
of cancer cell growth (reaching 50% inhibition) was reported using
CQ at doses from 64 µM to 935 µM in a short-term response (see
Table 2).

Volume 5; Issue 01
Adv Biochem Biotechnol, an open access journal
ISSN: 2574-7258

Citation: Tsubone TM, Rocha CS, Tonolli PN, II-Sei W, Stolf BS (2020) In vitro Autophagy Modulation with Chloroquine: Some Lessons to Learn. Adv Biochem Biotechnol 5: 1098. DOI: 10.29011/2574-7258.001098

Cell line

IC50 (µM) with
CQ-treatment
during 24 h

Time of evaluation
after CQ treatment

Ref.

MCF7

480

---

[57]

T-47D

735

---

[57]

HeLa

650

---

[57]

Caco-2

490

---

[57]

HCT116

884

---

[57]

HEp-2

555

---

[57]

HepG2

935

---

[57]

PC3

905

---

[57]

CT26

100

2.5 h

[58]

A549
4T1
Bcap-37
A549

128
100
64
120

--0h
0h
4h

[59]
[60]
[60]
[61]

H460

100

4h

[61]

5637

100

14 days

[62]

T24
PANC-1

100
500

14 days
3h

[62]
[63]

BxPC-3
ARPE-19

500
250

3h
4h

[63]
[64]

NCHIH460

137.5

3h

[65]

Table 2: IC50 values and time evaluated after CQ-treatment in
several human malignant cell lines.
Although reports have focused on chloroquine as a repurposing
“Old drug” in cancer treatment [31], we hypothesized that CQ
might also be dependent on-time response. Then, we investigated
long-term response on cells that originate from epithelium, such as
HaCaT [16], HeLa, and MCF7.
To determine the survival rate in long-term cytotoxicity, we
allowed HaCaT to proliferate for almost two doubling times after
CQ-treatment (i.e., 48 h). By varying CQ concentrations from 0
to 100 µM, we found that there was a negligible cell death with
20 to 40 µM of CQ. However, HaCaT cell viability significantly
decreased upon CQ at 60 µM (42.0 ± 0.5%) or 100 µM (18.6
± 0.5%) (Figure 1A). Note that the remarkable decrease in cell
survival determined by MTT and CVS assays occurred upon CQ
concentrations below those IC50 values reported for different
cancer cells (see Table 2).
The biological CQ effect on HaCaT was closely associated
with the status of autophagy inhibition related to lysosomal
impairment and accumulation [13]. Lysosomal accumulation
in terms of levels (AAU) [13] significantly augmented as CQ
6

concentration increased, rho = -0.85 (p<0.00001) (Figure 1B).
Staining with the lysosomotropic base dye Acridine Orange (AO)
revealed at T1 a conspicuous vacuolization in fusiform, living CQtreated cells compared to the epithelioid non-treated cells (Figure
1C). Moreover, microscopy images showed that this vacuolization
increased in a time-dependent manner. Comparing T3 to T1, we
noted a pronounced enhancement of vacuolization in CQ-treated
cells that associated with a remarkable increase of the nuclei size
(Figure 1C).

Figure 1: CQ effects on HaCaT evaluated in a time-dependent manner.
(A) T3 after treatment with CQ (0 to 100 µM), we determined by CVS
and MTT assays HaCaT cell survival rates (%). (B) A linear correlation
between lysosomal accumulation and cellular survival (%) measured by
linear Spearman´s coefficient (rho) in the function of CQ concentration.
(C) Differential Interference Contrast (DIC) microscopy images of
HaCaT treated with CQ (60 µM) stained with Acridine Orange (AO) after
indicative times. T1 = 0 h; T2 = 24 h; T3 = 48 h and T4 = 96 h after
incubation with CQ during 24 h. We obtained all results from at least
three independent experiments and expressed as mean values ± standard
error. We indicated the significance levels as *p<0.05, **p<0.00001. Scale
bars: 20 µm.
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CQ toxicity at long-term response is associated with autophagy inhibition
To evaluate CQ effects on lysosome stability, we analyzed the release of proton trapped AO by flow cytometry (Figure 2A). A
significant increase of green cytoplasmic fluorescence was observed in CQ-treated HaCaT cells after incubation for 90 min in comparison
to control, p=0.021 (Figure 2A). This result suggests that AO fails to accumulate in a subset of lysosomes since CQ dissipates the proton
gradient by exerting a proton sponge effect [22]. We observed that CQ (60 µM) decreased the sequestration of LysoTracker™ Red DND99 (LTR) in lysosomes 3.5-fold (p=0.033) compared to control (Figure 2B), probably because of lysosomal impairment by raising pH
[32].
A well-known indication of damage in lysosomes is the redistribution of cathepsin B (CTSB) from a punctate lysosomotropic
pattern to a diffuse cytoplasmic localization (in a) because of lysosomal membrane permeabilization [21,33]. When CTSB release was
monitored by indirect immunofluorescence using an automated confocal imaging approach, we found a subcellular redistribution of
lysosomal CTSB into discrete cytoplasmic dots (in b) that markedly increased 6 h after treatment with CQ (60 µM) compared to control
cells (Figure 2C). This subcellular redistribution of endogenous CTSB into bulk cytoplasmic dots (green) was closely associated with
lysosomal instability by the absence of LTR uptake after CQ-treatment (Figure 2C).

Figure 2: The CQ effects on HaCaT connected to autophagy inhibition. (A) Green and red fluorescence of AO were expressed as arbitrary units (a.
u.) after ratio to control in HaCaT treated with CQ (60 µM) for 90 min. (B) Fluorescence images of HaCaT treated with CQ (60 µM) and stained with
LysoTracker™ red DND-99 (LTR) 6 h after treatment. (C) HaCaT stained with LTR (red) and immunoassay for cathepsin B (CTSB) in green within
6 h after CQ (60 µM) treatment. (D) Immunofluorescence images of LC3B-II in HaCaT at T1 and T3 following treatment with CQ (60 µM). (E) At
T3 lysosomal enzymes were extracted from lysosomal fraction, following fluorescence assays for detection of cathepsins L (CTSL) and B (CTSB)
activities. Bars represent arbitrary units (a. u.) after ratio to control in HaCaT treated with CQ (60 µM). (F) Co-localization images of a lysosomal
marker LAMP2A (red) and the autophagosome marker LC3B-II (green) in HaCaT at T2 following treatment with CQ (60 µM). Surface plots show the
fluorescence intensity of LC3B-II and LAMP2A.T1 = 0 h and T3 = 48 h after incubation with CQ. We obtained all results from at least three independent
experiments and expressed as mean values ± standard error. We indicated the significance levels as *p<0.05, **p<0.00001. Scale bars: 10 µm.
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To confirm if lysosomal instability caused by CQ was related to autophagy inhibition, we compared the abundance of LC3B-II,
a well-recognized hallmark of autophagy, which reflects the recruitment of LC3B-lipidated form to phagophores and their maturation
to autophagosomes [19]. As expected, immunofluorescence microscopy analysis revealed that CQ (60 µM) induced a significant
accumulation of LC3B-II, a known pattern of inhibition of autophagic flux [20,34,35]. The more pronounced LC3B-II expression at
T3 compared to T1 indicates that the autophagic flux inhibition occurs in a time-dependent frame (Figure 2D). Note that as autophagy
inhibition persisted (as stated by LC3B-II accumulation), there was a remarkable increase in nuclei size at T3 compared to T1. Interestingly,
these biological effects were observed even upon recruitment of lysosomal proteases (e.g., CTSB and CTSL) with activities significantly
increased in CQ-treated cells compared to control (p<0.00001) (Figure 2E). Interestingly, these biological effects were observed even
upon recruitment of lysosomal proteases (e.g.,CTSB and CTSL) with activities significantly increased in CQ-treated cells compared to
control (p<0.00001) (Figure 2E).
Next, we evaluated the status of LC3B-II degradation and its co-localization with lysosome marker LAMP2A in CQ-treated and
non-treated HaCaT cells at T2 (Figure 2F). The co-localization of the lysosomal marker and LC3B-II illustrated by confocal micrographs
endorsed a remarkable accumulation of autophagosomes (a) and autolysosomes (b) after CQ-treatment (Figure 2F).
Altogether, our data indicate that CQ induces autophagy inhibition in nonmalignant cells in a time-dependent frame, resulting
in Regulated Cell Death (RCD) [36]. Also, we observed the same extension of CQ regarding autophagy status on malignant cells. By
chasing treated cells at T2, a remarkable accumulation of autolysosomes was observed in HeLa cells by co-staining lysosomes (LTR),
cathepsin B (CTSB), and SQSTM1/p62, a biomarker of selective autophagy [19] (Figure 3A). The induction of selective autophagy (e.g.,
mitophagy) [37] was confirmed by double-immunoassaying for SQSTM1 and the mitochondrial biomarker COXIV (Figure 3B). The
amount of damaged or worn-out mitochondria substantially increased in CQ-treated cells compared to control, an increment correlated
to the accumulation of SQSTM1.

Figure 3: The effects of CQ-treatment are also related to autophagy inhibition in the malignant cell (HeLa). (A) At T2 fluorescence images of non-treated
(CT) and treated HeLa cells with CQ (60 µM) stained for CTSB (green fluorescence), LysoTracker™ red DND-99 (red fluorescence) and SQSTM1
(blue fluorescence). Bars represent the mean fluorescence intensity considering independent cells. (B) At T2 fluorescence micrographs of non-treated
(CT) and treated HeLa cells with CQ (60 µM) followed by immunostaining for COXIV (green fluorescence) and SQSTM1 (blue fluorescence). Bars
correspond to the mean fluorescence intensity of COXIV and SQSTM1. T1 = 0 h; T2 = 24 h after CQ treatment. We obtained all results from at least
three independent experiments and expressed as mean values ± standard error. We indicated the significance levels as *p<0.0001. Scale bars: 10 µm.
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At long-term response, CQ can trigger senescence
Some reports have shownthe potential relationship between autophagy and senescence in cancer cells exposed to chemotherapeutics
agents (e.g., doxorubicin and camptothecin) [38], andinnonmalignantcells exposed to pentacyclic triterpenoid betulinicacid [15]. Thus, we
analyzed whether the LC3B-II profile was associated with an increase of nuclei abnormality at T3 in both nonmalignant HaCaT and human
carcinoma HeLa cells (Figure 4A). Cells treated with CQ exhibited a remarkable alteration in a nuclear morphometric pattern associated
with LC3B-II accumulation in comparison to control (Figures 4A). Note that these abnormalities were evident in both nonmalignant
and in tumor cells (Figure 4A, traced line, and Figure 4B). To confirm if the dysfunctional autophagy induced by CQ treatment would
end up in senescence, we quantified the nuclear alterations using Nuclear Morphometric Analysis (NMA) [25]. According to Nuclear
Irregularity Index (NII), at T3 after CQ (60 µM), we observed nuclear morphological features (i.e., large and regular, LR) suggestive of
senescence [15, 25] both in HaCaT and HeLa. The presence of LR- nuclei significantly increased in treated HaCaT (p=0.006), and HeLa
(p=0.014) compared to control (Figure 4B and 4C). Accordingly, in both cell lines, nuclei showed area above the “Normal ellipse N,”
but with NII like control (upper right squares, Figure 4C). Interestingly, these morphological nuclei alterations were observed in HaCaT
cells positive for the senescence-associated beta-galactosidase (SA-βgal) biomarker after CQ treatment (Figure 4D), which indicates
a typical senescence phenotype [39].

Figure 4: Impact of autophagy inhibition on CQ-induced senescence in nonmalignant HaCaT and carcinoma HeLa cells. (A) At T3 images of non-treated
(CT) and treated cells with CQ (60 µM) and immunostaining for LC3B-II. (B) T3 after treatment with CQ (60 µM), we applied nuclear morphometric
analysis (NMA for analyzing area and irregularities of nuclei. N = Normal nuclei; S = Small nuclei; SR = Small/regular nuclei; SI = Small/irregular
nuclei; LI = Large/irregular nuclei; LR = Large/regular nuclei; I = Irregular nuclei. (C) Representative scatter-plots of control and CQ-treated cells
showing nuclear morphometric parameters - area and Nuclear Irregularity Index (NII). (D) At T4 cytochemical analysis of SA-β galactosidase activity
after CQ (60 µM). Micrographs showed a significant increase in the activity of SA-β galactosidase in HaCaT cells after CQ compared to CT. T3 = 48
h after CQ- treatment for 24 h. Scale bars: 10 µm.
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All morphological features mentioned suggest that CQ triggers cell senescence in both human nonmalignant and tumor cells,
probably due to autophagy impairment (Figures 2-4). One of the possible outcomes of impaired autophagy is the accumulation of
lipofuscin, a nondegradable oxidation product of lipids and proteins commonly found in senescent or aged cells [15, 26, 40-42]. After
treatment of HaCaT with CQ (60 µM), we checked for the presence of lipofuscin. Lipofuscin was detected at T3 in CQ-treated cells
as electrodense perinuclear granules (see white arrows Figure 5A) within single membrane-vesicles suggestive of autolysosomes
(Figure 5A). The perinuclear lipofuscin granules were detected by Fluorescence Lifetime Imaging Microscopy (FLIM), supporting the
hypothesis that CQ promoted lipofuscinogenesis as a long-term response in HaCaT (Figure 5B). Note that fluorescence lifetime detected
in CQ-treated cells was around 2 ns, a value close to the reported for lipofuscinogenesis upon UVA radiation of HaCaT (1.7 ns) [26]. In
summary, HaCaT accumulated lipofuscin upon CQ-treatment, which is indicative of autophagy impairment and senescence [15].

Figure 5: Analysis of lipofuscinogenesis in HaCaT. (A) Transmission electron microscopy of non-treated (CT) and treated cells with
CQ (60 µM) cells at T3, which showed electrodense granules accumulation (indicated by white arrows) in the perinuclear region, as
typically observed for lipofuscin accumulation. n = nucleus. (B) Fluorescence Lifetime Imaging Microscopy (FLIM) non-treated (CT)
and treated cells with CQ (60 µM) at T3, showing the accumulation of fluorescent granules (white arrows) around the nucleus (n). T1 =
after treatment for 24 h; T2 = 24 h after T1. Scale bars: 100 nm (A) or 10 µm (B).
Low CQ dose is enough when associated with mitochondrial injury at the long-term response
We have demonstrated that CQ triggers cell death in nonmalignant cells at concentrations (i.e., 60 µM) below the IC50 values reported
for several cancer cells (see Table 2). Besides, we have highlighted the importance of evaluating CQ effects on a long-term response
instead of a short one in both nonmalignant and malignant cells (see Figures 4 and 5). We then searched for a concentration in which
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CQ would selectively kill human tumor cells (Figure 6A). By treating several human tumor cell lines (A549, HT29, HepG2, MCF7,
SKMEL-25, and SKMEL-28) with CQ at 3-fold lower concentration (i.e., 20 µM), we provided a systematic and comparative analysis
of its cytotoxic profile at T3 (Figure 6A). Noteworthy, HaCaT remained viable, probably due to a more efficient autophagy rescue
(Figure 1A). The human colon carcinoma cell (HT29) was the most susceptible, followed by the cutaneous melanoma (SKMEL-25),
lung (A549), and liver (HepG2) carcinoma cells (Figure 6A).

Figure 6: CQ effects on human tumor cells (HeLa, HT29, HepG2, MCF7, SKMEL- 25, and SKMEL-28). (A) T3 after treatment with CQ (20 µM),
the cell survival determined by CVS and MTT. (B) At the same condition in A, MTT response was associated with lysosomal levels by AAU. (C) T3
after treatment with CQ (10 µM) fluorescence images of HT29 showed DAPI-stained nucleus, green LC3B-II immunoassay, and red lysosomes stained,
indicating autolysosomes formation. (D) CQ effects on HeLa, MCF7, and SKMEL-28 cells with regards to mitochondrial damage after treatment with
the pentacyclic triterpenoid oleanolic acid (OA). At T3 MTT response of treated cells in the absence (-) or presence (+) of CQ (20 µM) and, or OA (20
µM), was associated with lysosomal levels by AAU. T1 = 0 h; T3 = 48 h after CQ-treatment during 24 h. We obtained all results from at least three
independent experiments and expressed as mean values ± standard error. We indicated the significance levels as *p<0.05, **p<0.01 and ***p<0.001. Scale
bars: 10 µm.
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To investigate whether this decrease in cell survival was intrinsically associated with lysosomal accumulation, we applied the
AAU platform [13]. Indeed, the cell survival significantly decreased as lysosomal mass increased in both A549 and HT29 (Figure
6B), suggesting activation of autophagy-associated cell death as previously reported for other modulators/inhibitors of autophagy
[13,15,20,21,35]. To confirm if lysosomal accumulation shown in Figure 6B corresponded to autolysosomes, we performed a doublestaining for LC3B-II and lysosomes (LTR) in HT29 cells at T3 (Figure 6C). We noted a remarkable increase of LC3B-II co-localized
with more abundant lysosomes even at a 6-fold lower CQ concentration (i.e., 10 µM), indicating the accumulation of non-functional
autolysosomes, a hallmark of RCD by autophagy [19,20,36].
Interestingly, a combined treatment with CQ and the pentacyclic triterpenoid Oleanolic Acid (OA) significantly increased the
toxicity of cancer cells (Figure 6D). Upon this condition, the cell death associated with lysosomal accumulation dramatically increased
for all CQ-resistant cells HeLa, MCF7, and SKMEL-28 (Figure 6A). OA significantly reduced the mitochondrial membrane potential
(ΔΨm) as quantified by MitoTracker™ orange CMTMRos in MCF7 cells (Figure 7A). By promoting parallel damage in mitochondria
(OA) and lysosomes (CQ), we sensitized the caspase-3 deficient cell (MCF7) to autophagy-associated cell death (Figure 6D). Accordingly,
there was a remarkable accumulation of LC3B-II and autolysosomes in MCF7 cells after the combined CQ-OA treatment (Figure 7B).

Figure 7: CQ effects on MCF7 breast adenocarcinoma cells regarding mitochondrial damage after treatment with the pentacyclic
triterpenoid Oleanolic Acid (OA). (A) Following staining with MitoTracker™ orange CMTMRos (50 nM), we monitor mitochondrial
inner transmembrane potential (ΔΨm) after OA-treatment (20 µM) for 3 h. (B) Confocal microscopy of non-treated (CT) and treated cells
with CQ (20 µM) and, or OA (20 µM) at T3. Fluorescence images of MCF7 showed DAPI-stained nucleus, green LC3B-II immunoassay,
and red lysosomes stained, indicating autolysosomes formation. Surface plots show the fluorescence intensity of lysosomes (LTR) and
LC3B-II. T1 = 0 h and T3 = 48 h after incubation with CQ during 24 h. Scale bars: 10 µm.
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Discussion
Our findings differed significantly from those reported in the
literature (Table 2), probably due to the long period of evaluation
(i.e., 48 h or 96 h) after CQ treatment for 24 h. Also, we found that
CQ, even at a lower non-cytotoxic dose (20 µM) for nonmalignant
HaCaT cells, could trigger autophagy-associated cell death
in tumor cells, mainly when associated with the triterpenoid
compound. It occurs due to increased cellular stress caused by nonfunctional lysosomes after CQ incapable of digesting damaged
mitochondria by OA. Therefore, the sensitization of tumor cells
to CQ upon treatment with the pentacyclic triterpenoid OA relies
on the parallel damage in mitochondria and lysosomes that can
significantly increase CQ cytotoxicity in apoptosis-resistant MCF7
breast adenocarcinoma cells [43]. Mainly, autophagy activated
by OA is switched to negative outcomes with the promotion of
autophagy-associated cell death when occurred parallel damage in
lysosomes by CQ [20]. We believe that this concept will help the
development of new drugs against aggressive cancers.
The concept of late CQ cytotoxicity relies on the lysosomal
impairment that dictates a lysosomal-mitochondrial axis of
stress that culminates in autophagy-associated cell death,
lipofuscinogenesis, nuclei abnormalities, and the promotion of
the senescence-associated beta-galactosidase hallmark of aging
or senescence [14,15,39]. Importantly, the CQ-induced lipofuscin
may act as a potent visible-light photosensitizer, generating
premutagenic lesions in nuclear DNA, reduction of the efficacy
of the lysosomal and antioxidant systems that results in lipid
peroxidation, protein oxidation and inhibition of the proteasomal
activity [26,44-46]. In this context, our findings on long term
treatment indicate that CQ can be a “double-edged sword,” being
therapeutically useful and potentially harmful for cells.
Taking together CQ exhibits toxicity in a time-dependent
manner since it is associated with autophagy inhibition that reduces
the proliferation of cells, also triggering senescence and aging.
Most reports explain CQ biological effects because of unprotonated
form that across the lysosomal membranes and become protonated
and trapped inside lysosomes [2]. However, we speculate that a
high concentration of CQ in lysosomal lumen disturbs the binding
of Lysosomal Enzymes (LE) to the inner lysosomal membrane,
which results in lysosomal enzymes detachment [47]. Thus, like
cationic amphiphilic agents like desipramine and chlorpromazine,
CQ probably inhibits lysosomal enzymes, including acid
sphingomyelinase, acid ceramidase, and phospholipase A, C,
and D, despite not disturbing the activity of cathepsins (B and L)
[48-51]. Although activities of cathepsins B and L significantly
increased upon CQ, they were not capable of digesting lysosomal
cargo (e. g. mitochondria), leading to autophagy-associated cell
death. Noteworthy, this property has rendered CQ the most widely
used drug to inhibit autophagy in vitro and in vivo [2,6], which
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correlated with its pharmacophoric action as anti-malarial, antiinflammatory as well as anti-tumor drug.

Conclusion
Our data demonstrate that CQ causes harmful effects on
tumor cells (SKMEL- 25, SKMEL-28, HeLa, HT29, HepG2, and
MCF7), which is related to lysosomal accumulation and autophagy
inhibition. We showed the CQ harmful effects ended up higher in a
long term-response compared to shorter ones. Moreover, low CQ
concentration (i.e., 20 µM) is enough to reduce cell proliferation
when associated with the triterpenoid OA. Our work provided
insights into the promising role of CQ as an antitumor drug, mainly
when we considered lower doses and its late effects.
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