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Oxidative stress induced by DMSA-IONPs -l
impairs breast cancer cell migration
and paracrine cell communication

Neus Daviu'?®, Carla Graciano-Casero'® and Domingo F. Barber'”

Abstract

Background The migration of tumor cells requires a complex interplay of these cells with their microenvironment.
Significantly, these migrating (metastatic) cells undergo metabolic and oxidative changes that render them more
sensitive to shifts in their redox homeostasis. Nanoparticle (NP)-based pro-oxidant therapies are strategies that

can potentially influence cell viability and migration. Among these, iron oxide NPs (IONPs) stand out due to their
biocompatibility and the fact they induce ROS production through the Fenton Reaction. Here we investigate the
possibility of using dimercaptosuccinic acid (DMSA)-coated IONPs as therapeutic tools to combat breast cancer (BC)
cell migration and metastasis, influencing the paracrine communication between tumor and endothelial cells.

Results DMSA-IONPs affected the migration and invasion of a BC cell line by modulating the actin cytoskeleton. ROS
production induced by DMSA-IONPs provoked actin carbonylation, which drives actin cytoskeletal rearrangements
that reduces the cell area and the number of invadosomes per cell. Moreover, the presence of DMSA-IONPs in endo-
lysosomal compartments affected unconventional pathways for protein secretion (UCPS), stimulating the release of
late endosomes or multivesicular bodies, and blocking the release of lysosomes and autophagosomes. These effects
alter secretory autophagy and lysosomal secretory pathways, which together influence the migration and chemotaxis
of endothelial cells, modulating paracrine communication.

Conclusions DMSA-IONPs can potentially inhibit the metastasis of a model BC cell line by directly affecting BC cell
migration and indirectly altering the migration of endothelial cells.

Keywords Cancer, ROS, Actin oxidation, Tumor cell migration and invasion, Unconventional pathways for protein
secretion, Paracrine communication
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Background

Breast cancer (BC) is the second most common can-
cer worldwide, and it is the number one cancer and one
of the leading causes of death in women [1]. The poor
prognosis of BC is a consequence of the migration and
spreading of cancer cells from the breast lobules into sur-
rounding tissues (e.g. the lymph nodes) or distant organs,
events that underlie metastasis [2]. For these cells to
migrate, their actin cytoskeleton must undergo dynamic
rearrangements that polarize the cell and that control
cell adhesion, cell contractions and the retraction of the
cell from the front to the rear [3]. The appearance of pro-
trusive cell fronts or lamellipodia is another key step in
this directed migration and invasion that is regulated by
a reorganization of the actin cytoskeleton [4]. Lamel-
lipodia are thin, sheet-like membrane protrusions at the
leading edge of the cell, the formation of which is driven
by the activity of actin binding proteins (ABPs) and that
requires abundant adenosine triphosphate (ATP) [5].
Consequently, mitochondria are commonly transported
to the leading-edge to ensure a good supply of ATD, cal-
cium and other key metabolites, where they also release
reactive oxygen species (ROS). Thus, the redistribution
and structural reorganization of mitochondria plays a
crucial role in cancer cell metastasis and migration [6].
Mitochondrial structure and shape is tightly controlled
through fission and fusion events that dictate their dis-
position as small punctuate spheres or as a more reticular
network [7]. Mitochondrial fragmentation has at times
been linked to enhanced transport to the leading-edge,

thereby facilitating cancer cell migration and metastasis
[8, 9]. However, it has also been proposed that mitochon-
drial fission inhibits cancer cell proliferation and migra-
tion [10].

Exogenous ROS, and that produced intracellularly,
can influence cell migration and adhesion. Small quan-
tities of ROS can induce reversible cysteine oxidation
of proteins, affecting their activity, stability, localization
or interaction with other proteins [11, 12]. When ROS
levels exceed given thresholds, the redox balance is dis-
turbed and significant oxidation may occur, not only of
proteins but also of DNA and lipids, ultimately provoking
cell death [13]. Since mitochondria are intrinsic sources
of ROS, mitochondrial dynamics are tightly regulated by
a number of signaling pathways that can in turn be regu-
lated by redox signals. Thus, depending on the levels of
ROS inside the cell, redox sensors might act and induce
mitochondrial fusion or fission [14]. Moreover, oxida-
tive stress can also regulate actin cytoskeleton rearrange-
ments by altering the oxidation of actin itself, or that of
signaling molecules or ABPs like myosin II, cofilin-1, gel-
solin and L-plastin (LPL) [15]. For instance, actin, LPL
and cofilin oxidation dampens cell migration and inva-
sion [16—18], whereas integrin a7p1 oxidation enhances
its binding to laminin and cell migration [19]. Thus, ROS
may play different roles in cell migration depending on
their location, amounts and nature.

The hostile environment cells face when they detach
from primary tumors and enter the circulating blood,
where the levels of oxidants are higher, makes migration
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and metastasis inefficient [20]. Cancer cells must regu-
late their metabolic and redox status during metasta-
sis, as redox stress threatens their survival [21] and this
imbalance renders them more sensitive to changes to
their redox homeostasis. When mice that serve as cancer
models are treated with antioxidants they have more cir-
culating cancer cells [22—24], whereas inducing oxidative
stress appears to compromise the survival of circulating
cancer cells and diminish cell metastasis [25]. As oxida-
tive stress limits cancer cell survival during metastasis,
pro-oxidant therapies that exacerbate oxidative stress
may potentially combat metastatic cancer. Hence, the use
of iron oxide nanoparticles (IONPs) to induce oxidative
stress is gaining interest, as their constituent iron ions
(Fe?* and Fe®*) exacerbate ROS production by catalyz-
ing the conversion of cellular H,O, into hydroxyl radicals
(OH) through Fenton and Haber-Weiss reactions [26, 27].
The safety and biocompatibility of IONPs means they can
be used in biomedical applications [28]. Moreover, as dif-
ferent drugs can be attached to their surface they can be
used in processes like targeted drug delivery [29]. Cancer
cells can take up IONPs or other types of NPs through
phagocytosis or pinocytosis, entering the endo-lysosomal
system, and passing from early endosomes towards late
endosomes and lysosomes [30]. The presence of IONPs
inside acidic organelles like lysosomes promotes their
degradation and the release of iron ions, which can then
accumulate in the cytosol. Increasing the labile iron pool
in the cytosol triggers susceptibility to the Fenton reac-
tion as these ions can oxidize H,O, to -OH™ [31]. Thus,
the presence of IONPs inside cells has been linked to
ROS generation, specifically in lysosomes [32].

During tumor progression and cancer metastasis, new
blood vessels are formed that play a crucial role in tumor
growth, invasion and metastasis. To form a mature vascu-
lar network endothelial cells are activated, proliferate and
migrate [33]. As such, a complex and dynamic interplay
is established between the tumor and stromal cells in the
tumor microenvironment, characterized by the secretion
of multiple factors, such as cytokines and chemokines
that influence tumor progression [34]. The conventional
secretory pathway (CSP) consists of co-translation in
the endoplasmic reticulum (ER), transport to the Golgi
apparatus and constitutive or regulated secretion out
of the cell [35]. By contrast, unconventional pathways
(UCPS) drive protein secretion without implicating
ER-Golgi transit. One UCPS is secretory autophagy,
which like degradative autophagy relies on autophago-
some formation, yet instead of fusing with a lysosome
to form an autolysosome these structures can fuse with
the plasma membrane (PM) for extracellular secretion.
These autophagosomes can also fuse with late endosomes
or multivesicular bodies (MVBs), which in turn form
amphisomes that can release their cargoes extracellularly
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[36]. Thus, the autophagic and endo-lysosomal systems
play critical roles in the extracellular release of proteins.

Some proteins can also be released in extracellular
vesicles (EVs), structures derived from endosomal traf-
ficking where early endosomes form late endosomes
and MVBs, and these are subsequently mobilized to the
PM and released through exocytosis [37]. Although EVs
were initially believed to handle cell waste, they are now
known to be critical mediators of intercellular communi-
cation that exchange proteins, RNAs, DNAs, lipids and
metabolites [38]. Secreted EVs, chemokines and cyto-
kines are recognized mediators between cancer cells and
stromal cells. Lysosomes can also participate in secre-
tory pathways, secreting their content upon fusion with
the PM. Lysosome exocytosis plays a crucial role in PM
repair [39] and in specific membrane remodeling, such
as the formation of phagocytic structures that surround
and engulf large cellular particles in macrophages [40].
This remodeling is important for the neurite outgrowth
and elongation associated with developing neuronal pro-
cesses [41], and also in the formation of large protrusions
that promote tissue invasion [42].

We previously showed how dimercaptosuccinic
(DMSA)-coated IONPs (DMSA-IONPs) prompt ROS
production in different cancer cells, influencing mito-
chondrial shape and metabolism in the MDA-MB-231
BC cell line [43]. DMSA-IONPs have been considered
promising tools due to their limited toxicity and long-
term bioavailability [44], suggesting that they may be
suitable for anti-cancer therapies in vivo. As oxidative
stress and mitochondria are directly linked to cell migra-
tion, here we evaluated the potential of DMSA-IONPs to
affect BC cell migration. Moreover, as IONPs are thought
to be handled by the endo-lysosomal system upon entry
into cells [45], we also evaluated changes to UCPS and
to paracrine communication with cells in the tumor
microenvironment. Hence, we studied the use of DMSA-
IONPs to induce oxidative stress in the metastatic MDA-
MB-231 BC cell line, modulating the migration of these
cancer cells and their communication with surrounding
cells. Oxidative stress induced by DMSA-IONPs affected
BC migration and invasion, modulating the actin cyto-
skeleton. Moreover, the DMSA-IONPs used affected
UCPS, modifying lysosome and autophagosome exocy-
tosis, and thereby modulating secretory autophagy and
the extracellular release of certain factors. This modifica-
tion directly affected paracrine communication between
MDA-MB-231 BC cells and SVEC4-10 endothelial cells,
and as seen previously these DMSA-IONPs dampened
the migration and chemotaxis of this endothelial cell line.
In conclusion, DMSA-IONPs stand out as agents that
can potentially be used in pro-oxidant therapies against
metastatic cancers, not only modulating cell migration
but also, modifying the communication between cancer
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cells and their microenvironment due to their effects on
the endo-lysosomal system.

Materials and methods

Synthesis and characterization of DMSA-IONPs

IONPs were synthesized as described previously, accord-
ing to Massart’s co-precipitation protocol [46], and the
iron cores obtained were then coated with DMSA as
described elsewhere [47]. Following coating procedure,
the DMSA-IONP suspension was dialyzed with a 14
kDa dialysis membrane for 2 days to remove unbound
DMSA. At the end of the dialysis, the pH was adjusted
to 7 and DMSA-IONPs were filtered through a 0.22 um
filter for sterility. To assess the shape and distribution
of the DMSA-IONPs, they were analyzed by transmis-
sion electron microscopy (TEM) on a JEOL JEM 1011
transmission electron microscope connected to a Gatan
ES1000Ww camera. The size of the DMSA-IONPs in sus-
pension was assessed by Dynamic Light Scattering (DLS)
using a Zetasizer Nano ZS (Malvern) apparatus.

Cell cultures

The human MDA-MB-231 BC cell line (ATCC_HTB-26)
was purchased from the ATCC and cultured in DMEM
(Dulbecco’s modified Eagle’s medium) supplemented
with 10% FBS (Fetal Bovine Serum), 1% non-essential
amino acids, 2 mM L-Glutamine, 1 mM Sodium Pyru-
vate, 100 IU/ml Penicillin and 100 mg/ml streptomycin.
Cell cultures were maintained at 37 °C in an atmosphere
of 5% CO, and at 90% relative humidity. All cell lines have
been used at the passage number range of 4-20 for cell
culture experiments.

Intracellular location of DMSA-IONPs in MDA-MB-231 cells
assessed by TEM

MDA-MB-231 cell lines were seeded in petri dishes for
24 h, after which DMSA-IONPs (125 ugFe/ml) were
added to the cells for 3—-24 h. After treatment, the cells
were washed three times with phosphate buffer saline
(PBS) to remove the non-internalized DMSA-IONPs
and fixed for 2 h at room temperature (RT) in 2% glu-
taraldehyde and 1% tannic acid diluted in 0.4 M HEPES
(pH 7.2). The cells were recovered by gentle scraping
and resuspended in HEPES buffer, post-fixed at 4 °C
with 1% osmium tetroxide for 1 h and 2% uranyl ace-
tate for 30 min, dehydrated in a series of acetone solu-
tions and gradually infiltrated with Epon resin. The resin
was allowed to polymerize (60 °C, 48 h) and ultrathin
Sects. (60—-70 nm) were obtained with a diamond knife
mounted on a Leica EM UC6 ultramicrotome. The sec-
tions were attached to a formvar/carbon-coated gold grid
and visualized on a JEOL-1400 flash 100 kV transmission
electron microscope, acquiring images at different mag-
nifications with a Gatan ONE VIEW camera.
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To study DMSA-IONPs endocytosis, the presence of
clathrin- and caveolin-like structures was visualized after
a 3 h treatment. Likewise, to assess DMSA-IONPs local-
ization in early endosomes, the 3 h treatment was also
used. Conversely, to visualize their intracellular accumu-
lation in late endosomes and autolysosomes, and to study
the exocytosis of EV- and MVB-like structures, a 24 h
treatment was used.

Quantification of intracellular and extracellular iron after
IONP treatment

To quantify DMSA-IONP internalization, the intracellu-
lar iron content of the cells was quantified by ICP-OES
(inductively coupled plasma — optical emission spec-
trometry). To assess if N-acetyl-cysteine (NAC) affects
DMSA-IONP internalization, MDA-MB-231 cells were
seeded in 12-well plates, cultured for 24 h, and then
treated with DMSA-IONPs (125 pg/ml) for 24 h in the
presence or absence of NAC (5 mM) added 2 h prior to
the DMSA-IONPs and present in culture for the 24 h. The
cells were then rinsed three times with PBS to remove
non-internalized IONPs, collected with trypsin-EDTA
and counted in a Neubauer chamber. The cell suspen-
sion was centrifuged at 1200 rpm for 5 min, and digested
for 1 h at 90 °C and overnight (ON) at RT with 1 ml of
HNO, (63%). After digestion, the volume was brought up
to 10 ml with distilled water and the iron content per cell
was measured by ICP-OES (Perkin Elmer-2400). Like-
wise, to study the internalization of DMSA-IONPs by
SVEC4-10 cells, these cells were seeded in 12-well plates,
cultured for 24 h and the cells were then treated for 24 h
with DMSA-IONPs (60-125 pg/ml) for 24 h. The cells
were then recovered and their iron content quantified by
ICP-OES as described above.

To assess the mechanism of DMSA-IONP internaliza-
tion by MDA-MB-231 cells, the cells were treated with
DMSA-IONPs (125 pg/ml) for 24 h or treated with chlor-
promazine (CPZ, 5 pg/ml), Amiloride (A, 1.6 pg/ml) or
methyl-B-cyclodextrin (MBCD or M, 125 pg/ml) for 1 h
prior to adding the DMSA-IONPs. After a 24 h incuba-
tion in the presence of the DMSA-IONPs and the inhibi-
tors, the cells were recovered, and their iron content
quantified by ICP-OES as described above.

To study iron content of the extracellular medium of
untreated or DMSA-IONP-treated cells, medium was
collected after treatment and analyzed for ICP-OES.
MDA-MB-231 cells were left untreated or treated for
24 h with DMSA-IONPs. After treatment, extracellular
medium was collected, centrifuged at 13,000 rpm (equal
to 15,800 g) for 15 min, RT. After centrifugation, 1 ml
of medium was digested with 1 ml of HCI 37% ON and
diluted up to 10 ml with deionized water. Samples were
quantified for iron by ICP-OES.
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Analysis of oxidative stress following DMSA-IONP
treatment

The Dihydrorhodamine 23 (DHR) probe (Invitrogen
D23806) was used to determine if DMSA-IONPs induce
ROS production, analysing its fluorescence by flow
cytometry. MDA-MB-231 cells were seeded in 12-well
plates and after treatment with DMSA-IONPs (125 pg/
ml) for 24 h, they were washed with PBS and incubated
with DHR (1:20,000 in medium) for 30 min under cell
culture conditions. The cells were then recovered by tryp-
sinization, centrifuged and resuspended in PBS for flow
cytometry analysis. Propidium iodide (PI) was added to
each sample and the DHR fluorescence was analysed on
a Cytomics FC500 cytometer using FL1 (ex/em =488/525
nm) while PI was assessed using FL3 (ex/em =488/620).
For each sample, 50,000 events were acquired and the
DHR fluorescence/ROS production by live cells was
quantified with the FlowJo Software. In order to corrobo-
rate that NAC reduces ROS production, MDA-MB-231
cells were treated with NAC (5 mM) for 2 h prior to add-
ing DMSA-IONPs for 24 h in the presence of NAC. After
treatment, staining and recovery of cells as indicated
above, DHR fluorescence was analysed by flow cytom-
etry. Likewise, ROS production was assessed in SVEC4-
10 cells seeded in 12-well plates after treatment with
DMSA-IONPs (60-125 pg/ml) for 24 h. After treatment,
the cells were stained and recovered as indicated above
and DHR fluorescence was analysed by flow cytometry.

MDA-MB-231 conditioned medium (CM)

Culture medium was recovered from MDA-MB-231
cells left untreated or treated with DMSA-IONPs for
24 h, by centrifugation at 13,000 rpm (equal to 15,800 g)
for 15 min at RT and collecting the supernatant. This
medium was mixed 1:1 with fresh medium (DMEM +10%
FBS+1% non-essential amino acids, 2 mM L-Gluta-
mine, 1 mM Sodium Pyruvate, 100 IU/ml Penicillin
and 100 mg/ml streptomycin) in order to obtain MDA-
MB-231 cell conditioned medium (CM) to treat SVEC4-
10 cells. The CM obtained from untreated MDA-MB-231
cells was used as a Control (CM-Control).

To analyze the size distribution of particles, EV-like
or MVB-like structures in the extracellular medium of
untreated and DMSA-IONP-treated cells, either nor-
mal medium, CM-Control and CM-DMSA-IONPs was
collected, centrifuged as stated above and analyzed by
Dynamic Light Scattering (DLS) using a Zetasizer Nano
ZS (Malvern) apparatus. The size of particles, EV-like
structure and MVB-like structures was expressed as the
average size of the particle size distribution histogram,
whereas the quantity of particles, EV-like structures and
MVB-like structures was expressed as the area under the
curve (AUC) analyzed by GraphPad Prism version 10.1.1.
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Tumor cell migration, chemotaxis and invasion
MDA-MB-231 tumor cell migration was studied in
wound closure assays and in transwell migration assays.
Likewise, SVEC4-10 cell migration was also studied by
wound closure assay, while chemotaxis towards MDA-
MB-231 CM was assessed by the transwell migration
assays. Besides, MDA-MB-231 cell invasion was assessed
in transwell assays in the presence of extracellular matrix
(ECM) Geltrex (A14132-02: Gibco).

Wound closure assay

MDA-MB-231 or SVEC4-10 cells were plated at high
confluence in 6- or 12-well plates and the following day,
the MDA-MB-231 cells were treated with DMSA-IONPs
alone or after adding NAC (5 mM) for 2 h and maintain-
ing the DMSA-IONPs in the presence of NAC. Likewise,
SVEC4-10 cells were treated with DMSA-IONPs or with
CM-Control or the CM of MDA-MB-231 cells treated
with DMSA-IONPs for 24 h (CM-DMSA). In both cases,
untreated cells were used as controls. After treatment,
the wells were washed, a wound was made in the well
using a fine tip, the well was again washed and fresh cul-
ture medium was added. The cells were visualized under
a Leica DMI6000B inverted microscope and monitored
every 30 min, taking pictures of at least 3 positions per
well over the whole period. The relative cell invasion,
the proportion of the wound that was closed and the
cell front velocity (CFV) was calculated from the images
taken over 24 h. The relative cell invasion or area covered
during migration was calculated by evaluating the area of
the wound each hour using Image J software and the pro-
portion invaded was calculated according to the formula:

Wound closure (%) = AiA;iAf

sponds to initial area and A; corresponds to area at each
time point. By measuring the slope of the linear curve of
wound closure (wound closure vs. time) and the distance
or width of the wound at the initial time, we can calculate

2 100, where A, corre-

_ Area of wound at t=0h
the CFV = slope T width of wound at t=0h"

Transwell migration assays

For transwell migration and chemotaxis assays, MDA-
MB-231 or SVEC4-10 cells were left untreated or treated
for 24 h with DMSA-IONPs and then recovered by tryp-
sinization. The cells (50,000) were seeded onto the mem-
brane of the transwell insert (Corning, 8 ym) in 100 pl of
low FBS culture medium (0.2% FBS/DMEM) and allowed
to attach for 10 min at 37 °C and in 5% CO,. Subse-
quently, 600 pl of migration medium containing the che-
moattractant was added to the bottom of the transwell
insert, while 0.2% FBS/DMEM alone was used as a nega-
tive control and migration medium (10% FBS/DMEM) as
a positive control. To study SVEC4-10 chemoattraction,
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CM-Control and CM-DMSA were used as the migra-
tion medium. Cells were left to migrate for 10 h and then
those cells that had not migrated were carefully removed
from the apical side of the transwell insert with a cotton-
tipped applicator. The migrated cells on the basal side of
the transwell insert membrane were fixed with 4% para-
formaldehyde (PFA) for 15 min at RT and after fixation,
the well was left to dry and the cells were stained with
DAPI (1:200 in PBS) for 10 min at RT. The inserts were
washed with PBS and observed under an inverted Leica
DMI6000B microscope with a 20X objective to ensure a
representative field of view, counting and analyzing the
migrated cells with Image ] software.

For transwell invasion assays, MDA-MB-231 cells were
left untreated or treated for 24 h with DMSA-IONPs.
The day after treatment, Geltrex (A14132-02: Gibco) was
prepared in deionized water (2 mg/ml), and 60—100 pl
of the diluted Geltrex was placed on the top of the tran-
swell insert membrane (Corning, 8 um) and allowed
to solidify for 1 h at 37 °C. MDA-MB-231 cells (50,000
cells) recovered by trypsinization were seeded onto the
membrane in 100 pl low FBS culture medium (0.2% FBS/
DMEM) and allowed to attach for 10 min at 37 °C in 5%
CO,. Subsequently, 600 pl of migration medium contain-
ing chemoattractant was added to the bottom of the tran-
swell insert and the cells were left to migrate for 24 h. As
a negative control 0.2% FBS/DMEM alone was used and
10% FBS/DMEM medium was used as a positive migra-
tion control. The cells that did not migrate were carefully
removed from the apical side of the transwell membrane
with a cotton-tipped applicator and the migrated cells on
the basal side of the transwell membrane were fixed for
15 min at RT with 70% ethanol. After fixation, the well
was dried and the cells stained for 10 min with DAPI
(1:200 in PBS) at RT. The inserts were then washed with
PBS and observed under an inverted Leica DMI6000B
microscope with a 20X objective to ensure a represen-
tative field of view, counting and analyzing the migrated
cells with Image ] software.

Spreading and attachment of cell spheroids exposed to
DMSA-IONPs

The hanging drop method was used to generate MDA-
MB-231 spheroids [48], depositing 20 ul droplets of cul-
ture medium containing 1,000 cells/droplet on the lid of
a petri dish. The lid was inverted and placed on the top
of the petri dish filled with PBS to obtain a humid atmo-
sphere. Spheroids were obtained after a 96 h incubation
under cell culture conditions. These cell aggregates or
spheroids attach and spread by forming a cell mono-
layer that expands around the spheroid. To determine if
DMSA-IONPs interfere with cell attachment, untreated
MDA-MB-231 spheroids were plated in 48-well plates
containing culture medium (control) or culture medium
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containing DMSA-IONPs (125 pg/ml, one spheroid per
well). Spheroid attachment was observed ON under a
Leica DMI6000B epifluorescence microscope equipped
with a 5X objective and +1.6 lens or a 10X objective and
an environment control system (37 °C and CO,). Pic-
tures were taken every 30 min with a CCD camera and
analyzed with Image ] software. The contour of tumor-
spheroids was analyzed at each time point and the
spreading area was calculated to determine the capacity
of the tumor spheroid to attach and spread in different
media, and in the presence or absence of DMSA-IONPs.
To determine if a 24 h exposure to DMSA-IONPs modu-
lated the capacity of MDA-MB-231 spheroids to attach
and spread, MDA-MB-231 were treated with DMSA-
IONPs (125 pg/ml) for 24 h in a low-attachment plate,
after which spheroids were recovered and placed ON
in 48-well plates containing culture medium without
DMSA-IONPs. Spheroid attachment and cell spreading
was analyzed with Image ] software. Experiments were
performed twice and 10 spheroids per condition were
evaluated each time.

Immunofluorescence studies of the actin cytoskeleton, and
of TOM20, Rab7, Lamp-2 and LC3B expression
MDA-MB-231 cells were seeded on coverslips in a
24-well plate and treated with DMSA-IONPs for 24 h.
After treatment, the coverslips were washed, placed in a
humid chamber and fixed with 4% PFA for 15 min. After
fixation, the coverslips were washed with PBS, permea-
bilized with 0.1% Triton X-100 at RT for 10 min prior
to blocking for 1 h with the DAKO Antibody Diluent
with Background Reducing Components (S3022: Agi-
lent Technologies). After blocking, the cells were probed
ON at 4 °C in a humidified chamber with the primary
antibodies diluted in DAKO Antibody Diluent. The fol-
lowing day the coverslips were washed and incubated
for 1 h at RT with the corresponding secondary anti-
body also diluted in DAKO Antibody Diluent. After
staining, the coverslips were washed with PBS, counter-
stained for 10 min at RT with DAPI diluted 1:500 in PBS
and mounted with Fluoromount-G (0100-01: Southern
Biotech).

To study exocytosis of late endosomes, lysosomes and
autophagosomes, PM-bound Rab7, Lamp-2 and LC3B
was assessed by immunofluorescence without permeabi-
lization of the cells. The primary antibody to label mito-
chondria was the TOM20 antibody (1:500, ab283317:
Abcam), the Lamp2 antibody was used to label lysosomes
(1:200, sc-18822: Santa Cruz), the Rab7 antibody was
used to label late endosomes (1:500, sc-376362: Santa
Cruz) and autophagosomes were labeled with the LC3B
antibody (1:250, ab192890: Abcam). The actin cytoskel-
eton was stained with iFluor 647 conjugated Phalloi-
din (ab176759: Abcam) for 90 min at RT. The cells were
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visualized on a multispectral confocal Leica Stellaris 5 or
Leica TCS SP8 microscope using 63X/1.40 oil objective
with a zoom factor of 3X or 4X. Images were analyzed
with Image J Software.

Total actin was assessed through the fluorescence
intensity phalloidin in at least 200 cells. Intensity heat-
maps of the actin distribution were obtained with the
EzColocalization plugin [49]. Lamellipodia were iden-
tified as a convex stretch of perpendicular actin stain-
ing at the peripheral edge of the cell visualized through
phalloidin staining. The extension of the lamellipodia was
assessed as the perimeter corresponding to lamellipodia
normalized to the total perimeter of the cell [8, 50].

Cortical F-actin thickness was quantified from confocal
images using line intensity profile analysis. Z-stacks were
acquired under identical imaging settings for all condi-
tions, and the equatorial plane of each cell was selected
for analysis. Using Image] (Fiji), a line was drawn per-
pendicular to the plasma membrane, spanning from the
extracellular space into the cytoplasm. Intensity profiles
were obtained using the Plot Profile function without
prior thresholding to preserve raw fluorescence values.
The resulting intensity versus distance data were exported
and fitted to a single Gaussian distribution using nonlin-
ear regression in GraphPad Prism. Mean and SD values
were extracted from gaussian fitting analysis and cortical
thickness was calculated as the full width (raw data prior
to gaussian fitting) and as the full width at half maximum
(FWHM) of the fitted curve (FWHM =2.355x SD). For
each cell, multiple lines were analyzed and averaged to
obtain a single thickness value, and measurements were
performed on at least 20 cells per condition.

The shape of the mitochondria and the proportion
of cells containing spherical or elongated mitochon-
dria was assessed in at least 200 cells per condition. To
study the disposition of the mitochondria throughout
the cell, orthogonal projections of the mitochondrial
and actin channels were obtained with Image] software.
In addition, intensity plots of both channels (green for
mitochondria and red for actin) were obtained with
Image] along a specific line and the intensity peaks were
overlapped.

To visualize IONPs by confocal microscopy, the confo-
cal reflectance microscopy (CRM) technique was used,
in which the signal is generated by elastically backscat-
tered light from the sample. In this method, the detec-
tor is aligned to collect backscattered light at the same
wavelength as the incident laser. Furthermore, the detec-
tor is specifically configured to capture non-fluorescent,
backscattered light, allowing label-free imaging of IONPs
within cells.
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Invadosome and PM-bound Rab7, Lamp-2 and LC3B
quantification

To count the invadosomes and PM-bound Rab7, Lamp-2
or LC3B, a previously described protocol was used with
Image] software [51]. Briefly, an invadosome count was
obtained from the actin channel and the PM-bound
markers were counted in their respective channel. First,
the image was converted to 8-bits and then the back-
ground signal was reduced by smoothing with the sub-
tract background function (value of Rolling: 6). The
contrast was increased with the gamma correction func-
tion (value: 0.8) and the convolve function (5 x 5 matrix
with values —1 minus the central value of 30), and the
image was then converted into a binary image (black
and white), segmenting adjacent objects with the water-
shed function. The objects or elements of interest were
counted with the analyze particle function, determining
the size and characteristics that must be found. To define
the invadosome, a size of 0.05-5.05 um? and a circular-
ity of 0.8—-1.8 was assigned. Likewise, the definition of
PM-bound Rab7, Lamp-2 or LC3B, meant the size was
changed to 0.05-2.05 pum? The show: mask option was
chosen to indicate the particles that have these charac-
teristics, i.e. the invadosomes. All the objects or elements
were counted in the region of interest (ROI) created
manually for the whole cell area.

Flow cytometry analysis of total F-actin and membrane-
bound Lamp-1, Rab7 and LC3B

The iFluor 647 conjugated Phalloidin (ab176759: Abcam)
probe was used to determine total F-actin by flow
cytometry. Likewise, Alexa 647-CD107a antibody clone
1D4B (BioLegend, 121610), Rab7 antibody (sc-376362:
Santa Cruz) and LC3B (ab192890: Abcam) were used to
determine membrane-bound Lamp-1, Rab7 and LC3B,
respectively.

MDA-MB-231 cells were seeded in 12-well plates and
after treatment with DMSA-IONPs (125 pg/ml) for 24 h,
cells were collected. For total F-actin determination, cells
were fixed with PFA 2% for 10 min at 4 °C, washed twice
with PBS and centrifuged at 1,300 rpm, 5 min, 4 °C. Pel-
let was resuspended in 0.1% Triton X-100 and permeabi-
lized for 10 min at RT. After permeabilization, cells were
stained with 1X iFluor 647 conjugated Phalloidin diluted
in PBS for 30 min at RT. Following staining, cells were
washed and resuspended in PBS for flow cytometry anal-
ysis. iFluor 647 conjugated Phalloidin fluorescence was
analysed on a Cytomics Gallios cytometer using FL6 (ex/
em =650/665 nm). For each sample, 50,000 events were
acquired, and total F-actin content was quantified with
the FlowJo Software. Likewise, for membrane-bound
Lamp-1, Rab7 and LC3B determination, cells were incu-
bated without permeabilization or fixation with Alexa
647-CD107a antibody (Lamp-1), Rab7 antibody and
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LC3B antibody (1:100 in PBS) for 1 h at RT. After stain-
ing, for Rab7 determination, cells were incubated with
Goat a mouse IgG1-PE (1:100) for 30 min at RT as a sec-
ondary antibody. Likewise, for LC3B determination, cells
were incubated with Goat a rabbit IgG-Alexa 488 (H+L)
(1:500) for 30 min at RT as secondary antibody. Follow-
ing staining, cells were washed and resuspended in PBS
for flow cytometry analysis. Fluorescence of Alexa 647
was analyzed on a Cytomics Gallios cytometer using
FL5 (ex/em=650/665 nm). Conversely, fluorescence of
Alexa 488 and PE were analyzed on a Cytomics FC500
cytometer using FL1 (ex/em=488/525 nm) and FL2 (ex/
em=488/575 nm), respectively. For each sample, 50,000
events were acquired, and membrane-bound Lamp-1 and
Rab7 were quantified with the FlowJo Software.

Protein carbonylation

To assess actin oxidation, the level of protein carbonyl-
ation was assessed with the protein carbonyl assay kit
(ab178020: Abcam). MDA-MB-231 cells were plated in
petri dishes and the day after, the cells were left untreated
(negative control), treated with DMSA-IONPs (125 pg/
ml) for 24 h or treated with H,O, (10 mM) for 15 min
(positive control). After treatment, cells were washed
twice with PBS, recovered by gentle scraping, and centri-
fuged at 5,000 g for 5 min at 4 °C. Then, the cells were
lysed in 50 pl of 1x Extraction Buffer on ice for 20 min,
centrifuged at 18,000 g for 20 min and the supernatant
was collected. The proteins were denatured and deri-
vated following the manufacture’s protocol, denatur-
ing 10 pl of protein (40 pg) with 10 pl of 12% SDS and
incubating the proteins with 20 pl of 1X DNPH solution
for 15 min at RT. After derivation, the solution was neu-
tralized with 20 pl of neutralization solution and a total
of 15 g of derivated proteins was loaded onto a SDS-
PAGE gel. Samples cannot be heated prior to loading.
The proteins were transferred to 0.2 pm PVDF mem-
branes and blocked for 1 h at RT with 10% milk Tris-buft-
ered saline/1% Tween 20 (TBST). The membranes were
probed ON at 4 °C with a primary anti-DNP antibody
diluted 1:1000 in TBST/1% non-fat milk, and then with a
secondary HRP antibody for 1 h at RT diluted 1:5,000 in
TBST/1% non-fat milk. In addition, the membranes were
probed for 1 h at RT with a primary antibody against
B-actin (A5441: Sigma) diluted 1:1000 in TBST/1% non-
fat milk that was detected for 1 h at RT with a secondary
anti-mouse-HRP antibody (P0447: Dako) diluted 1:1,000
in TBST/1% non-fat milk. Antibody binding to the pro-
teins was visualized with the SuperSignal~ West Femto
Maximum Sensitivity Substrate (34094: ThermoScien-
tific) and the protein band intensity was quantified with
Image] software.
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Statistical analysis

All the data are presented as the mean + standard devia-
tion (SD) of different biological replicates (n=3). Two-
group comparisons were evaluated using an unpaired
Student’s t-test, whereas experiments involving more
than two groups were analyzed using one-way or two-
way analysis of variance (ANOVA). Following ANOVA,
Dunnett’s multiple comparisons test was used for com-
parisons against a control group, Tukey’s post hoc test
was applied for all pairwise comparisons, and Sidak’s post
hoc test was used to compare different groups in the two-
way ANOVA. Assumptions of normality and homogene-
ity of variance were assessed prior to analysis. The area
under the curve (AUC) for size distribution of extracel-
lular medium was also analyzed. Values of p<0.05 were
considered statistically significant: *»<0.05, **p<0.01,
*#p<0.001, and ****p<0.0001. GraphPad Prism version
10.1.1 was used for all the statistical analyses.

Results

DMSA-IONPs induce oxidative stress in cells of a metastatic
breast cancer cell line

DMSA-IONPs have previously been characterized exten-
sively [43, 52] and they are effective pro-oxidant tools
as they induce the production of large amounts of ROS
by a multitude of cell types [43]. Thus, we evaluated the
potential of these DMSA-IONPs to influence the migra-
tion and invasion capacities of MDA-MB-231 BC cells.
A new batch of DMSA-IONPs was synthesized here by
a co-precipitation method, obtaining spherical iron cores
(Fig. 1a) with an average core size of 11 nm (Fig. 1b, left).
These iron cores were coated with DMSA, reaching a
hydrodynamic size of 32.98 nm with a PDI of 0.166 (Fig.
1b, right). For NP-based pro-oxidant therapy to be effec-
tive, IONPs must be internalized and degraded in lyso-
somes to release iron ions, which can then react with
oxidants like H,O, to produce ROS. Therefore, the intra-
cellular localization of these DMSA-IONPs and their
capacity to produce ROS needs to be verified.

The internalization and localization of these DMSA-
IONPs within endosome-like vesicles was assessed
by confocal microscopy and TEM. Cells treated with
DMSA-IONPs for 24 h were stained with phalloidin in
order to visualize membrane actin or processed for TEM
to assess their ultrastructure (Fig. 1c). DMSA-IONPs
were taken up by MDA-MB-231 cells and they accu-
mulated specifically in endosome-like vesicles resem-
bling lysosomes (Fig. 1c). The ability of DMSA-IONPs
to induce ROS production in these cells was assessed
by flow cytometry using the DHR probe. DMSA-IONP
internalization induced a 10-fold increase in ROS pro-
duction relative to untreated cells. Thus, these DMSA-
IONPs can be used in this cell line to assess their effects
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Fig. 1 DMSA-IONP internalization and ROS production by MDA-MB-231 cells. (a) Transmission electron microscopy (TEM) of DMSA-coated IONPs. Scale
bar =70 nm. (b) Size distribution of the iron cores assessed by TEM and the hydrodynamic size of DMSA-IONPs assessed by DLS. (c) Intracellular localiza-
tion of DMSA-IONPs in MDA-MB-231 cells. Upper panel: IONP internalization visualized by confocal microscopy with organelle markers: F-actin labelled
with phalloidin, red; DAPI nuclear labelling, blue; IONPs visualized by reflection, white. Scale bar: 10 um. Lower panel: Subcellular localization of IONPs
visualized by TEM. N, Nucleus. Scale bar: 2 um. The arrowheads indicate the DMSA-IONPs inside endosomal-like compartments and dashed square shows
a zoomed-in region showing DMSA-IONPs localization within a membrane-surrounded vesicle (endosomal-like compartment), displayed in the bottom
right corner). Scale bar for the zoomed area: 500 nm. (d) ROS production in MDA-MB-231 cells treated for 24 h with DMSA-IONPs: upper panel, DHR fluo-
rescence histogram; lower panel quantification of DHR fluorescence. The data is the mean +SD (n=3) and an unpaired t-test was performed to evaluate
the difference in ROS production between untreated and treated cells: *p <0.05, **p <0.01, ***p < 0.001, **** p <0.0001
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on prevent migration as a result of their pro-oxidant
capacity.

DMSA-IONP induced oxidative stress impairs breast cancer
cell migration, invasion, spreading and attachment

The production of ROS, particularly hydrogen perox-
ide, may affect cell migration and adhesion [53]. Since
DMSA-IONPs induce a ten-fold increase in ROS produc-
tion in MDA-MB-231 cells (Fig. 1d), we wondered if this
exacerbated production of ROS could somehow influ-
ence the redox balance, as well as the migratory, adhesive
and invasive capacities of BC cells. MDA-MB-231 cell
migration was evaluated in wound healing and transwell
migration assays. For wound healing, MDA-MB-231
cells plated at high confluence were left untreated or
exposed to DMSA-IONPs for 24 h and then, after mak-
ing a wound in the cultures, cell migration was evalu-
ated over 21 h (Fig. 2a-d). Treating MDA-MB-231 cells
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with DMSA-IONPs significantly reduced the rate of their
migration (Fig. 2b) since untreated cells had completely
closed the wound after 21 h (Fig. 2a and c), whereas
those exposed to DMSA-IONPs only achieved 65% clo-
sure (Fig. 2c). The slower migration of DMSA-IONP-
treated cells was reflected by a reduced CFV (Fig. 2d), as
untreated cells migrated at a CFV of 45.3 pm/h whereas
that of DMSA-IONP treated cells was 28.7 um/h.

To elucidate whether the ROS produced somehow
affected the migration of these cells, wound healing
assays were performed in presence of the antioxidant
NAC (Figure S1). The presence of NAC did not affect
the internalization of DMSA-IONPs (Figure Sla) but it
did reduce the production of ROS 3-fold (Figure S1b),
such that the abrogation of ROS was not complete upon
exposure to NAC. In the presence of NAC (5 mM), to
which the cells were exposed for 2 h prior to treating
with DMSA-IONPs and that was maintained during the
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Fig. 2 DMSA-IONPs affect MDA-MB-231 cell migration and their invasive capacity. (a) MDA-MB-231 cell migration evaluated in wound-healing assays.
MDA-MB-231 cells were left untreated (control) or treated with DMSA-IONPs (125 ug/ml) for 24 h. Scale bar: 100 um. (b) Relative wound closure over
time. () Wound closure after 21 h. (d) Cell front velocity (CFV) over time. (e) Representative images of MDA-MB-231 cells migrated to the lower chamber
in a transwell migration assay. (f) Number of cells migrated to the lower chamber. (g) Representative images of invasive MDA-MB-231 cells in the lower
chamber of a transwell assay. (h) Number of invasive cells in the lower chamber. (i) Representative images of spheroid attachment and spreading in the
presence or absence of DMSA-IONPs: spheroid area at initial time point, yellow; spheroid area at final time point, red. (j) Spreading of spheroids in the
presence or absence of DMSA-IONPs. (k) Representative images of spheroid attachment and spreading after 24 h in the presence or absence of DMSA-
IONPs: spheroid area at the initial time point, yellow; spheroid area at final time point, red. (I) Spreading of spheroids after 24 h in the presence or absence
of DMSA-IONPs. The data represents the mean +SD (n =3 experimental replicates with 3-5 picture frames imaged for each condition). An unpaired t-test
was used to assess the differences in wound-healing cell migration assay and two-way ANOVA followed by Sidak's assay was used in transwell migration
and invasion assays between untreated and DMSA-IONP treated cells: *p < 0.05, **p <0.01, ***p < 0.001, ****p < 0.0001
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(See figure on previous page.)

Fig. 3 DMSA-IONP treatment affects the actin cytoskeleton in MDA-MB-231 cells. (a) Study of the actin cytoskeleton by immunofluorescence label-
ling with phalloidin in untreated (control) and DMSA-IONP-treated cells: actin stained with phalloidin, red; nuclei stained with DAPI, blue; DMSA-IONPs
visualized by reflection, white/gray; invadosomes/podosomes, yellow arrowheads; lamellipodia, magenta arrowheads; cortical F-actin thickness, green
arrowheads. The amplified areas correspond to the dashed boxes in yellow, magenta, and green showing invadosomas, lamellipodia and cortical F-actin
thickness, repectively. Scale bar: 10 um. (b) Quantification of the number of invadosomes in each cell. (c) Quantification of the cell area. (d) Quantification
of the number of invadosomes normalized to the cell area. () Quantification of the extent of lamellipodia by evaluating the proportion of the cell perim-
eter that corresponds to lamellipodia. (f) Quantification of the mean fluorescence intensity (MFI) for actin per cell. (g) Quantification of total F-actin level
per cell by flow cytometry. In grey unstained cells; in black control cells and in blue DMSA-IONP-treated cells. (h-i) Cortical F-actin thickness measured as
total width (h) and full width at half maximum (FWHM) (i). (j) Determination of protein carbonylation in MDA-MB-231 cell lysates following DMSA-IONP
treatment for 24 h or exposure to H,0, (10 mM) for 15 min. Samples were derivated, resolved on SDS-PAGE gels and transferred to a PVDF membrane
that was probed with a DNP antibody to detect carbonylation (left panel) and an antibody against B-actin (right panel). (k) The -actin carbonyl signal
intensity in the left panel was quantified and normalized to the total actin in the right panel by densitometry analysis by Image J from 3 experimental
replicates (n=3). The data represents the mean (+ SD) of n=200 cells for the invadosomes, cell area and actin MFI, and n=20 cells for lamellipodia and
cortical F-actin thickness. An unpaired t-test was used to analyze the differences in the number of invadosomes, cell area, actin MFI, lamellipodia, cortical

F-actin thickness and 3-actin carbonylation level between untreated and treated cells: *p < 0.05, **p < 0.01, ***p <0.001, **** p <0.0001

24 h treatment, MDA-MB-231 cells partially recovered
their capacity to migrate relative to those exposed to
DMSA-IONPs alone (Figure S1d). As such, after 21 h the
cells exposed to DMSA-IONPs in the presence of NAC
achieved 81% wound closure (Figure Slc and Sle). This
partial recovery of wound closure coincided with a faster
CFV, reaching 41 pm/h rate as opposed to cells treated
with DMSA-IONPs alone (30 um/h, Figure S1f).

The capacity of MDA-MB-231 cells to migrate was
also evaluated in transwell migration assays, seeding
50,000 untreated cells or those treated for 24 h with
DMSA-IONPs onto the upper transwell membrane.
These cells in the top chamber of the transwell insert
were left to migrate for 8 h, and then fixed and stained
with DAPI to count migrated cells (Fig. 2e and f). DMSA-
IONPs reduced the migration capacity of MDA-MB-231
cells through the transwell insert 2-fold relative to the
untreated MDA-MB-231 cells (Fig. 2f). As a nega-
tive control the medium in the lower compartment was
DMEM with 0.2% FBS, whereas culture medium with
10% FBS was used as a positive control.

MDA-MB-231 cell invasion capacity was also evaluated
in a transwell invasion assay in which an ECM (Geltrex
solution) was solidified on the upper surface of the tran-
swell insert 1 h prior to seeding the MDA-MB-231 cells.
After leaving the cells for 24 h to migrate and invade the
ECM, the cells were DAPI stained for counting (Fig. 2g
and h). DMSA-IONPs reduced the capacity of the MDA-
MB-231 cells to invade the ECM by 1.5-fold (Fig. 2h). In
addition, to the metastatic and migratory capacity of cells
it is important to evaluate their spreading and attach-
ment, which was evaluated with MDA-MB-231 tumor
spheroids maintained for 24 h in the presence of DMSA-
IONPs (Fig. 2i-1). DMSA-IONPs did not influence spher-
oid attachment or the spreading capacity of this cells, as
there was similar spreading of untreated cells and those
exposed to DMSA-IONPs (both in the medium or after
incubating spheroids for 24 h with DMSA-IONPs: Fig. 2i-
). These results might be attributed to the irregular

morphology and lack of compaction characteristic of
these cell-type spheroids.

DMSA-IONPs alter the actin cytoskeleton and the presence
of actin-based structures involved in migration

Actin cytoskeleton polymerization and reorganization
is required for cell migration and invasion, and in this
sense, post-translational modifications of ABPs are fun-
damental to produce rapid cell responses. Oxidative
stress can mediate the oxidation of sensitive cysteine
or methionine residues in actin or adhesion molecules,
such that it plays a role in regulating actin cytoskeleton
dynamics [54]. As DMSA-IONPs induce ROS produc-
tion in metastatic MDA-MB-231 BC cells (Fig. 1d) and
they affect cell migration in a ROS-dependent manner
(Fig. 2 and Figure S1), we evaluated the effects of IONPs
on the actin cytoskeleton. We assessed whether DMSA-
IONPs altered the abundance of actin structures associ-
ated with cell migration, such as lamellipodia, filopodia
and invadosomes. Lamellipodia are actin-rich, wave-like
PM structures that are usually thin (0.1-0.3 um) and long
(1-5 pum). These structures are protrusions where actin is
densely packed in the form of branches and as they help
cells attach to the migration matrix, they are located at
the advancing front of the cell [55]. Filopodia are long,
thin projections that project from the PM, containing
linear arrangements of actin. They are usually finger-like
in shape with a width range of 100-300 nm and their
length can vary depending on the cell type and migra-
tory conditions [56]. Finally, podosomes or invadopodia
(invadosomes) are circular structures formed by actin
that are important for migration, invasion and remodel-
ing of the ECM as they are sites of matrix-cell contact.
Invadosomes are dot-shaped and usually have a diameter
of 0.5-1 um [57].

To study lamellipodia and invadosomes, the actin cyto-
skeleton in untreated MDA-MB-231 cells (control) or
those treated with DMSA-IONPs for 24 h was stained
with phalloidin. While the structure of DMSA-IONP
treated cells appeared to be unaffected (Fig. 3a), these
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Fig. 4 The localization of mitochondria around actin structures related to migration. (a) Localization and disposition of mitochondria in the cell visual-
ized by immunofluorescence. Yellow arrowheads indicate invadosomes and the magenta arrowheads indicate mitochondria migrating towards migra-
tion structures such as filipodia. The amplified area |, highlighted in magenta, corresponds to the dashed box in magenta exemplifying mitochondria in
filopodia (control cells) or migrating towards the edge of cell (DMSA-IONP-treated cells). The amplified area Il, highlighted in yellow, shows mitochondria
positioned close to or surrounding invadosomes. (b) Localization of mitochondria around invadosomes and in the volume of cell: actin labelled with
phalloidin, red; mitochondria labelled with the TOM20 antibody, green; nuclei stained with DAPI, blue. Scale bar: 10 um. (c) Study of the red and green
pixel intensities along the line drawn in (b): the red line corresponds to the actin intensity and the green line corresponds to that of mitochondria; the
black arrows indicate co-localization of invadosomes and mitochondria; the green arrows indicate mitochondria surrounding invadosomes

cells were smaller in area than untreated cells (Fig. 3c).
There were fewer structures related to cell migration after
DMSA-IONP treatment, fewer invadosomes (Fig. 3b
and d) and less extensive lamellipodia (Fig. 3e). DMSA-
IONPs did not significantly affect the total amount of
actin (Fig. 3f and g), although actin was more abundant in
regions of the cell membrane resembling lamellipodia in
untreated cells and they accumulated in punctuate struc-
tures resembling invadosomes (Figure S2a). Moreover,
cortical F-actin thickness was assessed in untreated and
DMSA-IONP-treated cells by measuring both full width
and full width at half medium (FWHM) from F-actin
intensity profiles (Fig. 3h-i and Figure S2b). DMSA-
IONP-treated cells exhibited a thicker cortical F-actin
layer, with a full width of 2 um compared with 1.6 um in
untreated cells (Fig. 3h) and a FWHM of 1.6 um com-
pared with 1.2 um in untreated cells (Fig. 3i).

Oxidative stress can mediate actin or ABP oxidation,
causing rearrangements to the actin cytoskeleton [15].
Higher levels of ROS can enhance the oxidation of amino
acid side chains in actin, forming carbonyl groups and
disrupting the cytoskeleton [58]. Subsequently, protein
carbonylation was assessed in Western Blots of untreated
and DMSA-IONP treated cells to assess whether this
treatment modulated protein oxidation (Fig. 3j). DMSA-
IONPs increased the carbonylated proteins detected rela-
tive to untreated cells as the intensity of higher molecular
weight proteins increased following DMSA-IONP treat-
ment (Fig. 3k). Indeed, a band appeared at a molecular
weight resembling that of B-actin, between 50 and 37
kDa that was intensely carbonylated after DMSA-IONP
treatment relative to untreated cells (as well as in the
positive controls), and this intensely carbonylated band
was recognized when the membrane was probed for
B-actin (Fig. 3j). When quantified, f-actin carbonylation
increased mildly upon DMSA-IONP treatment (Fig. 3k)
and thus, DMSA-IONPs did appear to induce the oxida-
tion of B-actin in MDA-MB-231 cells.

Integrins are heterodimeric cell surface receptors that
play a pivotal role in cell adhesion and migration. In par-
ticular, expression of the a5 integrin is upregulated in
endothelial cells and BC cells that undergo angiogenesis
and metastasis [59, 60], a protein linked to focal adhe-
sions and cell motility [61]. As DMSA-IONPs affected
both cell migration and adhesion, we wondered if integ-
rin expression might also be affected somehow. However,

when we evaluated the membrane-bound expression of
the o, B, integrin no differences were observed between
untreated and DMSA-IONP treated cells (Figure S3).
Oxidative stress can also induce integrin oxidation and
redox modifications of integrin a5 in turn induce pro-
tein conformational changes, affecting their function
[62]. As the protein carbonylation induced by DMSA-
IONPs is increased in high-molecular-weight proteins
(Fig. 3j), this may indicate that high molecular weight
proteins such as integrin a,B; could also be oxidized, as
its molecular weight is 140 kDa. Therefore, while DMSA-
IONPs did not affect the amount of integrin or actin pro-
tein in the cells, the potential oxidation of these proteins
and the effects on the actin cytoskeleton are likely to
influence the formation of migratory structures like inva-
dosomes, focal adhesions and lamellipodia.

The spatial distribution of mitochondria is not affected by
DMSA-IONPs
Alterations to the spatial distribution of mitochondria
affects migration and reduces the stability of focal adhe-
sions [9, 63]. We previously showed that DMSA-IONPs
alter the disposition of mitochondria in MDA-MB-231
cells, shifting from a spherical towards an elongated shape
(Figure S4) [43]. As mitochondria adopt a more elon-
gated phenotype, we hypothesized that mitochondrial
transport towards the edge of the cell might be affected
and hence, we assessed the effect of DMSA-IONPs on
the distribution of mitochondria in MDA-MB-231 cells.
Mitochondria adopted a perinuclear position in both
treated and untreated MDA-MB-231 cells, close to the
nucleus and in some cases, isolated mitochondria could
be seen in migration related structures (near lamellipo-
dia or filopodia) or migrating towards them (Fig. 4a). In
untreated cells, the mitochondria appear more dispersed
that in those exposed to DMSA-IONPs and they appear
to localize in filopodia, and shifting towards migration
related structures. Likewise, although the mitochondria
of DMSA-IONP treated cells appeared to be more elon-
gated, they also appeared to be migrating towards the
edge of the cell. Therefore, there is no apparent difference
between the distribution of mitochondria in treated and
untreated cells.

The localization of mitochondria close to focal adhe-
sions or invadosomes is important to ensure an ade-
quate energy supply to these structures and for actin
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(See figure on previous page.)

Fig. 5 DMSA-IONP endocytosis and intracellular localization in endo-lysosomal structures of MDA-MB-231 cells. (@) DMSA-IONPs are internalized by
different mechanisms, as assessed using inhibitors for the main endocytotic pathways: amiloride for macropinocytosis, chlorpromazine for clathrin-
dependent endocytosis and methyl-B-cyclodextrin for caveolin-dependent endocytosis. (b) Measurement of DMSA-IONP internalization by ICP-OES in
the presence or absence of inhibitors of endocytosis. (c) Representative TEM image of DMSA-IONP endocytosis in clathrin and caveolin-like structures in
MDA-MB-231 cells treated for 3 h. (d) Representative TEM images of early endosomes, late endosomes, lysosomes fusing with endosomes and autoly-
sosomes in untreated and DMSA-IONP treated cells (3 h and 24 h). (e) The immunofluorescent localization of DMSA-IONPs in late endosomes (Rab7*
endosomes) and lysosomes (Lamp-2* endosomes): late endosomes labelled with the Rab7 antibody, magenta; lysosomes labelled with the Lamp-2
antibody, red; nuclei stained with DAPI, blue; DMSA-IONPs visualized by reflection, white/grey. The amplified area corresponds to the dashed box in the
middle panel showing endosomes and lysosomes containing DMSA-IONPs. Scale bar: 10 um. The data is the mean + SD (n=3 experimental replicates).
One-way ANOVA with Dunnett’s multiple comparison test was used to analyze the differences between DMSA-IONP-treated cells alone and the treat-

ment of DMSA-IONPs with the different inhibitors: *p < 0.05, **p < 0.01, ***p <0.001, **** p <0.0001

cytoskeleton rearrangements [64]. Thus, the accumu-
lation of mitochondria in the basal part of the cell is
important for them to interact with the actin cytoskel-
eton. This basal localization of mitochondria was cor-
roborated in orthogonal XZ and YZ planes of untreated
and DMSA-IONP treated cells (Fig. 4b). In both condi-
tions mitochondria were located basally and close to
invadosome-like structures (punctuate actin structures).
Co-localization of mitochondria with invadosomes was
studied in intensity graphs of the actin and mitochondrial
channels along the white line (Fig. 4b and c). Mitochon-
dria appeared to surround and co-localize with inva-
dosomes (green and black arrows, respectively) in both
conditions. Thus, DMSA-IONPs do not appear to affect
the distribution of mitochondria at the periphery of the
cell, nor around invadosomes.

DMSA-IONPs localize inside the endo-lysosomal system
structures

IONP uptake by cells is driven by different endocytotic
mechanisms depending on their physicochemical charac-
teristics. Depending on their means of entry, IONPs may
be internalized via membrane invaginations that form
endocytotic vesicles directed to early endosomes. From
here, the IONPs internalized can be either recycled to
the PM or trafficked towards late endosomes, finally fus-
ing with lysosomes for their degradation [65]. The main
endocytic pathways are phagocytosis, macropinocyto-
sis, clathrin-dependent endocytosis, caveolin-dependent
endocytosis and clathrin- and caveolin-independent
endocytosis. To determine how DMSA-IONPs were
internalized, their uptake was assessed in the presence
of different inhibitors: A, an inhibitor of macropinocy-
tosis; CPZ, an inhibitor of clathrin-dependent endocyto-
sis; and MBCD or M, an inhibitor of caveolin-dependent
endocytosis. As such, MDA-MB-231 were left untreated,
treated with DMSA-IONPs alone or exposed to the dif-
ferent inhibitors for 1 h, and then treated for 24 h with
DMSA-IONPs. After treatment, their iron content was
assessed by ICP-OES to determine the extent of DMSA-
IONP internalization (Fig. 5b). The intracellular concen-
tration of DMSA-IONPs inside MDA-MB-231 cells was
around 3 pgFe/cell, yet the iron concentration decreased

2-fold when cells were exposed to clathrin (CPZ) or cave-
olin inhibitors (M) indicating that DMSA-IONPs were
taken up by clathrin- and caveolin-dependent endocyto-
sis (Fig. 5b). By contrast, the macropinocytosis inhibitor
(A) had no effect on the iron content of MDA-MB-231
cells treated with DMSA-IONPs (Fig. 5b). TEM was used
to corroborate this mechanism of entry in MDA-MB-231
cells and visualize clathrin- and caveolin-like structures
(Fig. 5¢). Clathrin-like structures were evident as local
membrane invaginations forming small buds [66], larger
than caveolin-like structures that have a more bulb or
flask shape (Fig. 5¢c: [67].

The different mechanisms of internalization can dictate
whether IONPs accumulate in acidic or non-acidic ves-
icles, as clathrin-dependent endocytosis generally leads
towards endo-lysosomal compartments [68, 69], whereas
caveolin-dependent endocytosis can evade autolyso-
somes and hence, IONP degradation [70]. To deter-
mine if DMSA-IONPs enter endo-lysosomal structures
in MDA-MB-231 cells, intracellular location was stud-
ied by TEM after a 3 and 24 h treatment (Fig. 5d). Early
endosomes are round membranous structures with low
density staining, whereas late endosomes appear darker
and with the presence of intraluminal structures (Fig. 5d
left and middle-left panel: [71]. Lysosomes have highly
organized inner folds of their membrane, with a darker
and more consistent appearance than multilamellar
bodies (MLBs, Fig. 5d, middle-right panel showed with
L: [72]). Fusion of lysosomes with autophagosomes or
endosomes generates autolysosomes (Fig. 5d right panel:
[73]). DMSA-IONPs were evident in all types of endo-
lysosomal structures in MDA-MB-231 cells, in early
endosomes, late endosomes and autolysosomes (Fig.
5d). Precise identification based solely on TEM imaging
may be inconsistent and thus, the presence of DMSA-
IONPs inside late endosomes and lysosomes was con-
firmed by confocal microscopy (Fig. 5e) in cells labelled
with an antibody against Rab7 to specifically detect the
former and an antibody against Lamp-2 to detect the lat-
ter. DMSA-IONPs clearly accumulated in late endosomes
and lysosomes (Fig. 5e), and their presence in acidified
vesicles was further corroborated by lysotracker green
staining and flow cytometry (Figure S5). Indeed, the
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Fig. 6 DMSA-IONPs affect the anterograde transport of late endosomes and lysosomes to the cell periphery. (a) Analysis of the exocytosis of late en-
dosomes (Rab7*) and lysosomes (Lamp-2*) by immunofluorescence of non-permeabilized cells, assessing the Rab7 and Lamp-2 at the cell membrane.
Analysis of the middle and the basal/ventral stack. (b) Images of Rab7 at the cell membrane of untreated (control) and DMSA-IONP treated cells: Rab7,
magenta; DAPI stained nuclei, blue; DMSA-IONPs visualized by reflection, white/grey. The upper panel corresponds to the basal stack and the lower panel
to the middle stack. Scale bar: 10 um. (c) Analysis of Rab7* puncta in each cell, corresponding to the basal stack (d) Analysis of Rab7* puncta in each cell
normalized to the cell area in the basal stack (e) Cell area (f) Analysis of the Rab7* puncta in each cell corresponding to the middle stack (g) Analysis of
Rab7* puncta in each cell normalized to the cell perimeter in the middle stack (h) Cell perimeter (i) Images of the Lamp-2* puncta at the cell membrane
in untreated (control) and DMSA-IONP treated cells: Lamp-2, red; DAPI stained nuclei, blue; DMSA-IONPs visualized by reflection, white/grey. The upper
panel corresponds to the basal stack and the lower panel to the middle stack. Scale bar: 10 um. (j) Analysis of Lamp-2* puncta in each cell corresponding
to the basal stack. (k) Analysis of Lamp-2* puncta in each cell normalized to the cell area in the basal stack. (I) Cell area. (m) Analysis of Lamp-2* puncta
in each cell corresponding to the middle stack. (n) Analysis of Lamp-2* puncta in each cell normalized to the cell perimeter in the middle stack. (o) Cell
perimeter. (p) Membrane-bound Rab7 assessed by flow cytometry. Left panel: Rab7 fluorescence histogram; Right panel: Quantification of Rab7 fluo-
rescence. (q) Membrane-bound Lamp-1 assessed by flow cytometry. Left panel: Lamp-1 fluorescence histogram; Right panel: Quantification of Lamp-1
fluorescence The data is the mean (+ SD) of n=200 cells of 3 experimental replicates. An unpaired t-test was used to analyze the differences between
untreated and treated cells: *p <0.05, **p <0.01, ***p < 0.001, **** p <0.0001

presence of DMSA-IONPs in autolysosomes is consistent
with the strong ROS production by this cell line (Fig. 1d).

DMSA-IONPs can modulate the unconventional pathways
for protein secretion by modulating endosome, lysosome
and autophagosome exocytosis

The CPS involves direct transport of a translated pro-
tein from the ER towards the Golgi apparatus, followed
by extracellular secretion [35]. By contrast, the UCPS
bypasses the ER-Golgi network by secreting proteins
through late endosomes/MVBs, lysosomes and autopha-
gosomes [74]. Late endosomes or MVBs contain multiple
intraluminal vesicles and they can fuse directly with lyso-
somes to form autolysosomes, structures that promote
the degradation of their intraluminal content or direct it
to the PM to be secreted [37]. This MVB secretion has
been associated with the generation of EVs and their exo-
cytosis [37, 74]. In addition, lysosomes can also fuse with
the PM to participate in the lysosomal secretory pathway
[75]. Considering that DMSA-IONPs accumulate inside
endo-lysosomal structures, early and late endosomes and
autolysosomes (Fig. 5d and e), we evaluated if this intra-
cellular localization somehow affected the exocytosis
of these vesicles. When MVBs and lysosomes fuse with
the PM, markers like Rab7 (late endosome) and Lamp-2
(lysosome) become exposed, such that the detection of
these markers in non-permeabilized cells is a good read-
out of endosome exocytosis [76]. We studied the dis-
tribution of these markers at the PM of untreated and
DMSA-IONP treated cells by immunofluorescence with-
out permeabilization, analyzing the basal stack where
cells are attached to the coverslip, and the middle stack.
The number of Rab7- and Lamp-2 puncta was quantified
and normalized to the cell area or cell perimeter (Fig. 6).
DMSA-IONPs increased the absolute number of Rab7
puncta in the basal domain (Fig. 6¢), whereas no signifi-
cant changes were observed in the absolute number of
Rab7 puncta in the middle region (Fig. 6f). As DMSA-
IONPs affect the actin cytoskeleton (Fig. 3), the cell area
and perimeter were reduced by this treatment (Figs. 3¢

and 6e and h), such that the number of Rab7 puncta at
the PM was normalized to the cell area and perimeter, in
both cases being reduced (Fig. 6d and g). When the pres-
ence and number of Lamp-2 puncta at the PM was stud-
ied (Fig. 6i), both the absolute and the normalized values
of Lamp-2 puncta in the basal and middle regions were
reduced by DMSA-IONPs (Fig. 6j and o).

Furthermore, membrane-bound markers of late endo-
somes and lysosomes were also quantified by flow
cytometry in non-permeabilized cells (Fig. 6p-q). Mem-
brane-bound Rab7, a marker of late endosomes or MVBs,
was approximately 40% more abundant in DMSA-IONP-
treated cells compared to untreated control cells (Fig. 6p).
Conversely, membrane-bound Lamp-1, a lysosomal
marker, was reduced by up to 30% in DMSA-IONP-
treated cells compared to control cells (Fig. 6q).

Considering that the fusion of late endosomes or MVBs
with the PM can induce the exocytosis of EVs or exo-
somes [77], we evaluated the presence of MVB-like or
EV-like structures in untreated and DMSA-IONP treated
cells by TEM (Figure S6a). In both conditions extracel-
lular MVB-like or EV-like structures were evident but
their content, or the type of structure released, was not
characterized further. In addition, the size distribution
of MVB-like or EV-like structures in the extracellular
medium of untreated and DMSA-IONP-treated MDA-
MB-231 cells was measured (Figure S6b). The extracel-
lular medium of DMSA-IONP-treated MDA-MB-231
cells contained a greater number of EV-like structures,
as reflected by a broader size-distribution histogram and
a two-fold increase in the area under the curve (AUC)
compared to normal medium or extracellular medium
from untreated MDA-MB-231 cells (Figure S6b). The
sizes of EV-like structures also differed among condi-
tions: normal medium and CM from untreated MDA-
MB-231 cells (CM-Control) contained EV-like structures
of approximately 30 nm for normal medium and of
approximately 37 nm for CM-Control, whereas struc-
tures in the extracellular medium from DMSA-IONP-
treated cells (CM-DMSA-IONPs) displayed larger sizes,
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averaging around 83 nm (Figure S6b). However, DMSA-
IONPs decrease the Lamp-2 marker at the PM, indicating
that they diminish the extracellular release of lysosomal
content. As lysosomes have an acidic pH and produce
ROS, we assessed the changes in pH or ROS production
in the medium of untreated or DMSA-IONP treated cells
(Figure S7), showing that DMSA-IONPs reduced the
amount of extracellular ROS (Figure S7a) with no change
in pH (Figure S7b and S7c).

Autophagy is the process by which intracellular ele-
ments that may be damaged and harmful are recycled or
degraded [78]. This process involves the formation of an
autophagosome that engulfs the cytoplasmic material in
a double membrane structure, which subsequently fuses
with a lysosome to form an autolysosome that degrades
its components [73]. If autophagosomes do not fuse with
lysosomes they can fuse with the PM, thereby releas-
ing their material extracellularly in a process known as
secretory autophagy [36]. Secretory autophagy releases
several mediators into the tumor microenvironment,
participating in the intercellular communication between
cancer and stroma cells [79]. In the light of this role in
intercellular communication, we assessed if DMSA-
IONPs modified degradative or secretory autophagy in
MDA-MB-231 BC cells. To evaluate degradative autoph-
agy, permeabilized untreated and DMSA-IONP treated
MDA-MB-231 cells were stained by immunofluorescence
with the autophagosome marker LC3B (Fig. 7a and b),
and DMSA-IONPs were seen to induce an increase in
LC3B that reflects enhanced degradative autophagy (Fig.
7a and b). To study secretory autophagy, LC3B was evalu-
ated in these cells without permeabilization, assessing
the presence of LC3B at the PM and normalizing this to
the cell area and perimeter (Fig. 7c and d). In both the
basal stack where cells attach to the coverslip, and in the
middle stack, the absolute and the normalized values for
LC3B staining were reduced by DMSA-IONPs (Fig. 7d, e,
f, h and i). Concomitant with these effects, DMSA-IONP
treatment reduced the area and perimeter of the cells
(Fig. 7g and j). Furthermore, membrane-bound LC3B
was also analyzed by flow cytometry (Fig. 7k), show-
ing a 35% reduction in DMSA-IONP-treated cells com-
pared to untreated control cells (Fig. 7k). As less Lamp-2
and LC3B were evident at the PM of cells exposed to
DMSA-IONPs (Figs. 6 and 7), these NPs affect both the
lysosomal secretory pathway and secretory autophagy
in these MDA-MB-231 BC cells. Given the possible role
of secretory autophagy in intercellular communication,
this effect of the DMSA-IONPs could influence paracrine
communication.
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DMSA-IONPs affect endothelial cell migration and cell
proliferation
Secretory autophagy and lysosome secretion may be
involved in the communication between cancer cells
and their microenvironment [80, 81], such that modu-
lating these processes might represent a novel therapeu-
tic strategy to inhibit cancer cell progression [82, 83].
DMSA-IONPs affect the distribution of lysosome and
autophagosome markers at the PM, provoking a strong
reduction in lysosome and autophagosome exocyto-
sis that could alter communication through this chan-
nel. As DMSA-IONPs produce certain anti-metastatic
effects, limiting MDA-MB-231 cell migration, spreading
and invasion, we evaluated if they somehow modulate
the migration capacity and chemoattraction of endothe-
lial cells. Hence, we studied the effects of medium con-
ditioned (CM) by untreated or DMSA-IONP treated
MDA-MB-231 cells on endothelial SVEC4-10 cells. The
supernatant of MDA-MB-231 cells cultured in the pres-
ence or absence of DMSA-IONPs (125 pg/ml, 24 h) was
recovered, centrifuged to remove cellular debris and
DMSA-IONPs, and mixed 1:1 with fresh culture medium
to obtain CM-Control and CM-DMSA-IONPs, respec-
tively. As exocytosis of MVB- or EV-like structures is
enhanced by DMSA-IONPs (Fig. 6b-h and Figure S6),
these cells may liberate DMSA-IONPs that do not reach
the lysosomes for degradation into their extracellular
milieu. To determine whether conditioned medium (CM)
from MDA-MB-231 cells contained DMSA-IONPs after
centrifugation and prior to endothelial cells treatment,
the iron content of non-centrifuged and centrifuged CM-
Control and CM-DMSA-IONP samples was measured
by ICP-OES. The extracellular medium from untreated
MDA-MB-231 cells (Control medium) contained low lev-
els of iron, whereas extracellular medium from DMSA-
IONP-treated cells before centrifugation showed a high
iron content (100 pg iron/mL). After centrifugation, the
iron content in the extracellular medium from DMSA-
IONP-treated cells was significantly reduced, reaching
negligible levels (9 pg iron/mL, Figure S8a). To assess
if these DMSA-IONPs might affect local cell viability,
SVEC4-10 cells were first treated with DMSA-IONPs for
24 h (60 and 125 pg/ml) and their viability was assessed
by Annexin-PI staining and flow cytometry (Figure S8b).
DMSA-IONP internalization was studied by TEM in this
endothelial cell line (Figure S8¢) and their iron content
was evaluated by ICP-OES (Figure S8d). DMSA-IONP
internalized by SVEC4-10 cells accumulated in endo-
somal-like compartments, however after a 24 h exposure
the DMSA-IONPs internalized by these cells did not pro-
duce ROS as evaluated by flow cytometry to assess DHR
staining (Figure S8e), unlike the BC cells (Fig. 1d).

Since DMSA-IONPs do not influence SVEC4-10 cell
viability or their ROS production, we evaluated if CM
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Fig. 7 DMSA-IONP affects autophagy and secretory autophagy in MDA-MB-231 cells. (a) The induction of autophagy in untreated and DMSA-IONP treat-
ed cells as witnessed through LC3B immunofluorescence: LC3B staining, green; DAPI nuclear staining, blue; DMSA-IONPs visualized by reflection, white/
grey. Scale bar: 20 um. (b) Quantification of LC3B intensity as a read-out of autophagy. (c) Secretory autophagy assessed through the LC3B immunofluo-
rescence at the membrane of non-permeabilized cells. (d) Images of LC3B staining at the cell membrane of untreated (control) and DMSA-IONP treated
cells: LC3B, green; DAPI nuclear staining, blue; DMSA-IONPs visualized by reflection, white/grey. The upper panel corresponds to the basal stack and the
lower panel to the middle stack. Scale bar: 10 um. (e) Analysis of LC3B™ puncta in each cell corresponding to the basal stack (f) LC3B* puncta in each cell
normalized to the cell area in the basal stack. (g) Cell area. (h) LC3B* puncta in each cell of the middle stack. (i) LC3B* puncta in each cell normalized to
the cell perimeter in the middle stack. (j) Cell perimeter. (k) Membrane-bound LC3B assessed by flow cytometry. Left panel: LC3B fluorescence histogram;
Right panel: Quantification of LC3B fluorescence. The data is the mean (+ SD) of n=200 cells of 3 experimental replicates. An unpaired t-test was used to
assess the differences in LC3B labelling, cell area and cell perimeter: *p <0.05, **p <0.01, ***p <0.001, **** p <0.0001
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(See figure on previous page.)

Fig. 8 Indirect effects of CM from untreated MDA-MB-231 cells and those treated with DMSA-IONPs on SVEC4-10 cell migration. (a) Collective SVEC4-10
cell migration in wound-healing assays. SVEC4-10 cells were left untreated (control), treated with CM of untreated MDA-MB-231 cells (CM-Control), with
CM of DMSA-IONP treated MDA-MB-231 cells (CM-DMSA-IONPs) or treated with DMSA-IONPs (60 ug/ml) for 24 h. Scale bar: 100 um. (b) Relative wound
closure over time. (c) Relative wound closure at the final time point of 18 h. (d) Cell front velocity over time. (e) Individual SVEC4-10 cell migration in tran-
swell assays. The upper chamber cells were left untreated or treated with DMSA-IONPs (60 pg/ml), while the medium in the lower chamber was: medium
with no FBS (- control), medium with 10% FBS (+ control), CM-Control, or CM-DMSA-IONPs. (f) The number of cells that migrated to the lower chamber.
(g) Images of cells migrated to the lower chamber at the final time point of 10 h: the upper panel corresponds to untreated (Control) cells migrating to
the lower chamber; the lower panel corresponds to DMSA-IONP treated cells migrating to the lower chamber. Scale bar: 100 um. The data is the mean +
SD (n=3 experimental replicates with 3-5 picture frames imaged for each condition). One-way ANOVA with Tukey’s multiple comparison test was used
in wound-healing experiment, whereas two-way ANOVA with Sidak's multiple comparison test was used in transwell experiments to analyze the differ-
ences between untreated SVEC4-10 cells and those in contact with CM-Control, CM-DMSA-IONP or DMSA-IONPs: *p <0.05, **p <0.01, ***p <0.001, ****

p<0.0001

from DMSA-IONP treated MDA-MB-231 cells affects
SVEC4-10 cell viability using the metabolic PrestoBlue
assay (Figure S9a), while also performing a Crystal Violet
cell confluence assay (Figure S9b) and assessing Annexin-
PI staining by flow cytometry (Figure S9c). Treating
SVEC4-10 cells with MDA-MB-231 cell CM-Control or
CM-DMSA-IONP, reduced their metabolic rate (Fig-
ure S9a) without significantly affecting cell viability,
witnessed by the lack of a significant effect on cell conflu-
ency (Figure S9b) or cell death (Figure S9c).
Subsequently, the effect of the MDA-MB-231 CM
on SVEC4-10 cell migration and chemoattraction was
evaluated, initially performing a wound healing assay to
monitor cell migration over 18 h (Fig. 8a-d). Exposure to
CM-Control significantly increased the migration rate
of SVEC4-10 cells (Fig. 8b) with the wound completely
closed after 18 h (Fig. 8c), and adopting a higher CFV
than untreated cells (Fig. 8d). By contrast, treatment of
SVEC4-10 cells with CM-DMSA-IONPs significantly
reduced their migration rate (Fig. 8b), only achieving 75%
wound closure after 18 h (Fig. 8c), and with a significantly
slower CFV than untreated and CM-Control treated cells
(Fig. 8d). Interestingly, treatment of SVEC4-10 cells with
DMSA-IONPs did not affect their migration (Fig. 8a-d).
As the CM-Control and CM-DMSA-IONP signifi-
cantly altered the capacity of SVEC4-10 cells to migrate,
although in opposite ways, we evaluated the potential
of these CMs to attract endothelial SVEC4-10 cells in a
transwell migration assay (Fig. 8e). SVEC4-10 cells were
left untreated or treated with DMSA-IONPs for 24 h and
then plated on the top of a transwell insert, while dif-
ferent media were added to the bottom compartment
(Fig. 8e) and the cells were left to migrate for 10 h: cul-
ture medium without FBS (- Control), culture medium
with 10% FBS (+ Control), CM-Control and CM-DMSA-
IONPs. When the cells were subsequently fixed and
stained with DAPI for counting (Fig. 8f and g), untreated
SVEC4-10 cells displayed greater chemotaxis towards
CM-Control than towards CM-DMSA-IONP. By con-
trast, treating SVEC4-10 cells with DMSA-IONPs also
affected their chemotaxis towards both CM-Control
and CM-DMSA-IONP (Fig. 8f and g). Hence, treating

MDA-MB-231 BC cells with DMSA-IONPs could inter-
fere with the production/secretion of chemoattractants
(Fig. 8f and g). To assess this, the extracellular content
of VEGF and MMP2 were determined by ELISA (Fig-
ure S10). No change on VEGF extracellular content was
observed, whereas MMP2 content was reduced by 2-fold
in extracellular medium of DMSA-IONP-treated cells
compared to untreated cells (Figure S10b). Therefore,
treating of BC cells with DMSA-IONPs not only affected
BC cell migration but also, it indirectly affects endothelial
cell proliferation, migration and chemotaxis towards BC
cells.

Discussion

Tumor cell spreading and invasion is a hallmark of can-
cer, and it involves a complex interplay between cancer
cells and their microenvironment [84]. Migrating cells
undergo metabolic and oxidative rearrangements that
render them more sensitive to changes in their redox
homeostasis as they metastasize. Pro-oxidant therapies
are potentially interesting strategies as they may com-
promise the viability and migratory capacity of cancer
cells during metastasis, pushing oxidative stress beyond
viable thresholds. This study set out to investigate how
oxidative stress induced by DMSA-IONPs could hamper
BC cell migration and its value as a strategy to combat
metastasis. In addition, we also assessed how the passage
of DMSA-IONPs through endo-lysosomal system affects
paracrine communication between cancer cells and the
tumor microenvironment, specifically their interaction
with endothelial cells.

DMSA-IONPs are candidates for pro-oxidant therapy
since they induce ROS production by MDA-MB-231
BC cells. The chemical nature of the DMSA coating,
establishing carboxyl groups (-COOH) at the IONP
surface, influences their redox potential [43]. Relative
to hydroxyl (-OH) or amine (-NH,) groups, the impor-
tance of these carboxyl group at the surface for the redox
potential of different organic molecules has been high-
lighted previously [85]. Indeed, the pro-oxidant capac-
ity of DMSA-IONPs inside cells is likely to derive from
their intracellular localization in autolysosomes with
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an acidic pH, which facilitates IONP degradation and
the liberation of iron ions that can generate ROS inside
cells through the Fenton Reaction [86]. The presence of
NPs inside lysosomes concomitant with a higher cyto-
toxic effect related to ROS production has also been
described elsewhere. The presence of cerium oxide NPs
inside lysosomes induced cytotoxicity in lung carcinoma
cell lines, whereas no cytotoxicity of cardiac myocytes or
kidney cells were evident when these NPs accumulated
in the cytoplasm [87]. In a study of commercial Resovist®
IONPs, their accumulation inside lysosomes of macro-
phages [88] and microglia cells [89] affected lysosomal
function and ROS production. Therefore, inside autoly-
sosomes DMSA-IONPs are directly responsible for ROS
production.

DMSA-IONPs affect cell migration and invasion by
inducing actin cytoskeleton rearrangements. DMSA-
IONPs affect the cell size and actin distribution, with
treated cells producing fewer invadosomes and with
lamellipodia that occupy less of the membrane, altering
the intensity of actin aggregation in distinct cell struc-
tures and affecting cortical F-actin thickness. By contrast,
DMSA-IONPs had no effect at all on MDA-MB-231
spheroid cell spreading, either when the spheroids were
exposed to the IONPs or if they were present in the
medium. Polymeric NPs limited the collective migration
of CT26 tumor spheroids by enhancing cell-cell interac-
tions due to their presence in the membrane [90]. Previ-
ous studies determined the beneficial effect of PEI-coated
IONPs (PEI-IONPs) on the migration and invasion of
pancreatic tumor cells, dampening their migration in
wound closure assays and decreasing the number of
invadopodia in these cells [91]. These PEI-IONPs also
had beneficial effects on macrophages, as they activated
a more M1 profile, in addition to positively modulat-
ing podosome formation and affecting their migration
[92]. PEI-IONPs also affect endothelial cell migration
and their ability to form endothelial tubes, demonstrat-
ing anti-metastatic activity [93]. Finally, parallel studies
determined the role of aminopropyl-silane-coated IONPs
(APS-IONPs), DMSA-IONPs and aminodextran-coated
IONPs (AD-NPs) in the migration and invasion capac-
ity of macrophages, indicating that although they do not
have a significant effect on migration, they can enhance
the invasion capacity of macrophage cell lines [94].
Other studies demonstrated the involvement of various
types of NPs in cell migration. For example, studies with
polydopamine-coated IONPs showed increased prolif-
eration, migration and secretion of the vascular endo-
thelial growth factor (VEGF) by mesenchymal stem cells,
producing a beneficial effect in repairing lesions [95].
A study with polymeric NPs demonstrated beneficial
effects in reducing the migration and collective diffusion
of CT26 carcinoma cell tumor aggregates [90]. Similarly,
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gold NPs were shown to reduce the migration and inva-
sion capacity of ovarian cancer cells [96] and silica NPs
were seen to inhibit the migration of glioblastoma tumor
cells [97]. Thus, there is considerable evidence that NPs
affect cell migration in different ways and that they can
produce anti-metastatic effects by inhibiting tumor cell
migration.

The potential of DMSA-IONPs to alter cell migration
and the actin cytoskeleton might be due to their pro-
oxidant effects, particularly as DMSA-IONPs increase
oxidation as assessed by protein carbonylation. Oxidative
stress can induce the oxidation of cysteine or methionine
residues in actin, affecting its polymerization. Oxidation
of G-actin by H,O, decreases actin polymerization [98],
while polymerization of oxidized G-actin creates more
fragmented and fragile actin filaments [99]. Moreover,
the oxidation of actin through the action of the redox
enzyme MICALI is responsible for oxidation-mediated
depolymerization of actin during cell division [100]. Oxi-
dative stress can induce cytoskeleton remodeling without
necessary triggering actin degradation, leading to cellular
compaction and thus reduction of cell size [58, 99]. Con-
sequently, G-actin/F-actin ratios might change while total
actin levels remain constant. Besides, the oxidation of
actin-binding proteins (ABPs) can impair actin treadmill-
ing, reducing lamellipodia and stress fiber maintenance,
leading to decreased apparent cell size [17, 18]. Fur-
thermore, ROS can enhance myosin II activity increas-
ing cortical tension and thereby reorganizing the spatial
organization of actin cytoskeleton while actin content is
preserved leading to retracted cell edges and increased
cell rounding [101, 102]. These observations, together
with our results suggest that oxidation of actin or ABPs
by DMSA-IONPs might trigger actin depolymerization
or cytoskeletal reorganization rather than a reduction
in actin abundance, which would be responsible for the
smaller cell size and their lower number of invadosomas
affecting the cell’s capacity to migrate. Besides, thicker
extension of cortical F-actin was observed upon DMSA-
IONP treatment which may also influence cell shape and
migration capacity. Cortical tension can be modulated by
F-actin reorganization and is affected by cortex thickness
[103]. Several studies have highlighted the importance of
cortex thickness in regulating cell migration. For exam-
ple, increased membrane-cortex adhesion and higher
F-actin density have been associated with a more differ-
entiated, non-migratory phenotype compared with stem
cells [104]. Other studies have shown that cortex thick-
ness differs markedly between elongated and compacted
cells, with compacted cells almost doubling their cortex
thickness [105]. Therefore, cortical F-actin organization
can influence on cell shape, affecting both cell size and
migratory behavior. Although N-acetylcysteine (NAC)
significantly attenuates oxidative stress, its antioxidant
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effect is not complete (Figure S1b), which may explain
why cell migration is not fully restored (Figure S1 c-f).
NAC primarily acts as a precursor of glutathione and a
general ROS scavenger, but it does not fully re-establish
the localized redox signaling required for proper migra-
tory responses. In addition, oxidative modifications of
proteins, particularly irreversible cysteine oxidations
or carbonylation events, may partially persist despite
NAC treatment [106], continuing to impair cytoskeletal
dynamics and adhesion turnover. The partially recover of
cell migration therefore supports the notion that DMSA-
IONPs impair cell migration through ROS-dependent
mechanisms. Moreover, DMSA-IONPs may also dis-
rupt cell migration in a ROS-independent way by physi-
cally interfering with actin or microtubule filaments,
altering membrane integrity, cytoskeletal organization,
or cell stiffness [107]. Thus, the incomplete restoration
of migration in the presence of NAC suggests that both
ROS-dependent and ROS-independent mechanisms
contribute to the impaired migratory phenotype.

DMSA-IONPs are known to affect the disposition
of mitochondria in cells [43] and although they did not
affect the localization of mitochondria in migrating
structures here, DMSA-IONPs were previously seen to
affect OXPHOS functionality in MDA-MB-231 cells,
thereby hampering ATP production by mitochondria
[43]. Blocking OXPHOS has been proposed to impair
mitochondrial trafficking and suppress tumor cell inva-
sion by affecting interactions with focal adhesions [64].
Thus, the mitochondria near to invadosomes of DMSA-
IONP treated cells may provide less ATP than those of
untreated cells. This reduced energy supply, together
with fewer invadosomes and the largely oxidized actin
in DMSA-IONP treated cells may impede the formation
of migratory structures and affect the capacity of cells to
migrate.

We also gleaned more information here on the mecha-
nisms of DMSA-IONP internalization and their intra-
cellular distribution, indicating how this might affect
UCPS. The type of endocytosis determines the rate of
IONP internalization, with macropinocytosis charac-
terized by internalizing large quantities of material as
the elongations of the membrane that form encapsulate
liquid material together with IONPs. By contrast, clath-
rin- and caveolin-dependent endocytosis are character-
ized by more slowly endocytosing less material [30, 65].
Therefore, the low concentration of intracellular iron (4
pgFe/cell) after DMSA-IONP treatment is more consis-
tent with clathrin- and caveolin-dependent internaliza-
tion. Previous studies indicated that DMSA-IONPs were
internalized by Raw264.7 macrophages and the Pan02
pancreatic cancer cell line through macropinocyto-
sis, clathrin- and caveolin-dependent endocytosis [45].
This reflected their cell-dependent intracellular fate and
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trafficking, as autolysosomes in macrophages have rela-
tively more lytic enzymes and an acidic nature relative to
the pancreatic cell line [45].

The presence of DMSA-IONPs inside autolysosomes
could be related to the UCPS as it might interfere with
the exocytosis of lysosomes, autophagosomes or MVBs.
The presence of Resovist® inside lysosomes of microg-
lial cells was associated with dampened interleukin 1
(IL-1P) production via the secretory lysosomal pathway
[89]. EV-like structures can be released spontaneously in
response to biological or chemical triggers and as IONPs
interfere with the endo-lysosomal system, they can influ-
ence the generation and release of EV-like structures
from cells [108].

Oxidative stress has been shown to modulate endo-
somal trafficking and maturation, thereby affecting
unconventional protein secretion pathways (UCPS) and
influencing EV secretion. ROS generation can modify
proteins involved in signal pathways that regulate both
the amount and the molecular cargo of secreted EVs
[109]. Redox signaling can also regulate intracellular
trafficking through oxidative modifications of vesicle-
transport machinery. For example, ROS can alter the
activity or localization of Rab GTPases and SNARE pro-
teins via thiol oxidation, thereby modifying endosomal
trafficking and vesicle fusion [110]. Unconventional
secretory pathways (UCPS) rely on vesicle trafficking
machinery, including Rab GTPases and SNARE pro-
teins, which mediate SNARE-dependent intracellular
membrane fusion [111]. SNAREs are key fusion compo-
nents, with v-SNARE located on vesicles and t-SNAREs
on target membranes [112], whereas Rab GTPases medi-
ate the formation, transport and fusion of intercellu-
lar vesicles controlling the recognition and tethering to
the target membrane [113]. UCPS has been shown to
depend on multiple v- and t-SNAREs such as members
from the vesicle-associated membrane protein (VAMP)
family VAMP3, VAMP7, VAMP8 and SEC22B, among
other SNARE proteins and Rab GTPases [111]. VAMP7
and VAMPS are enriched in recycling and late endo-
somes/MVBs; VAMP7 is also present in lysosomes and
other compartments [111]. These VAMPs interact with
plasma-membrane t-SNAREs to mediate secretion.
Notably, VAMP7/Syntaxin 1/SNAP25 and VAMP7/Syn-
taxin 3/SNAP-23 mediate the fusion of secretory late
endosomes with the plasma membrane [114], whereas
VAMP7 along with t-SNARES Syntaxin4 and SNAP23
mediates lysosomal secretion in fibroblasts [115] and
lysosomal secretion of ATP in astrocytes [116]. More-
over, Rab 11, Rab 3a and Sect. 15 are required for lyso-
some exocytosis [117]. In addition, SEC22B interacts
with tripartite motif-containing 16 (TRIM16) to facilitate
cargo release via secretory autophagy [118]. In our pre-
vious work [45], proteomic analysis of endosomes from
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DMSA-IONP-treated cells revealed cell-type-specific
in Rab and SNARE composition, consistent with active
fusion and cargo-sorting processes. Endosomes contain-
ing DMSA-IONPs were enriched in syntaxin 4, syntaxin
5, syntaxin 7 and syntaxin 12, in VAMP7 and VAMPS.
Because oxidative stress can modify the trafficking pro-
teins present in different vesicles, DMSA-IONP-induced
ROS could contribute to UCPS alterations by affecting
Rab/SNARE-dependent trafficking.

The link between ROS and EV release is further sup-
ported by data showing that the co-incubation with
antioxidants which reduced the exocytosis of EVs medi-
ated by polycyclic aromatic hydrocarbons (PAHs) [119].
ROS can also enhance the number of MVBs by limiting
their degradation in lysosomes and promoting exocyto-
sis [120]. Moreover, oxidative stress impairs autophago-
some-lysosome fusion by limiting lysosomal localization
of VAMPS8, a SNARE protein [121], and the inhibition the
endolysosome fusion increases exosome secretion [122].
Together these findings support that oxidative stress
induced by DMSA-IONPs could impair late endosome-
lysosome fusion, thereby stimulating MVB exocytosis.
Some studies have linked treating cells with IONPs with
enhanced EV biogenesis, such as by human induced plu-
ripotent iPSK3 stem cells [123], whereas no such affects
were seen in astrocytes [124]. Here, DMSA-IONPs
increase the accumulation of Rab7 at the PM, which
could reflect altered exocytosis of EV-like structures by
MDA-MB-231 cells. Lysosomes play a role in regulat-
ing EV biogenesis and release [74], as altering lysosomal
function through a shift in their pH [125, 126] or over-
loading them with damaged molecules [127, 128] can
increase EV release. Thus, overloading lysosomes with
DMSA-IONPs could drive MVB or late endosome release
into the extracellular space to maintain cell homeostasis.

Moreover, the cortical actin network regulates vesicle
transport toward the plasma membrane, vesicle dock-
ing, and membrane fusion. At resting conditions, cortical
actin can act as a physical barrier that entraps and limits
the access of secretory vesicles to the plasma membrane.
Upon cellular stimulation, actin undergoes dynamic
remodeling that facilitates vesicle trafficking and fusion.
In addition, several studies have shown that following
exocytosis, actin can assemble around fused vesicles
forming a coat which contributes to the efficient vesicle
content release via actomyosin contractibility [129]. Myo-
sin V motor activity further regulates vesicle transport
[130]. In this context, changes in the subcellular localiza-
tion of actin or in its polymerization state could alter the
organization of the cortical actin network and thereby
affect different steps of the secretory process. Therefore,
the oxidation of actin cytoskeleton triggered by DMSA-
IONP treatment alters actin cytoskeleton reorganization,
affecting lamellipodia, invadosomes and F-actin cortical
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thickness, which could contribute to explaining potential
changes in vesicular secretion efficiency.

It was also evident here how the presence of DMSA-
IONPs inside lysosomes limits lysosome exocytosis, while
stimulating the exocytosis of late endosomes or MVBs.
Peripheral lysosomes that are more likely to undergo exo-
cytosis are characterized by having a less acidic pH [76],
which could explain why changes in lysosomal exocytosis
does not affect extracellular pH as the lysosome released
by untreated cells might not be acidic. It is known that
oxidative stress mediated by IONPs is related to acidifica-
tion in lysosomes, as catalytic activity of IONPs strongly
depends on pH. IONPs exhibit a peroxidase catalytic
activity in acidic environments mediating Fenton reac-
tion and the generation of -OH from H,O, [131], whereas
in a less acidic or neutral pH IONPs shift their peroxidase
activity towards a catalase activity where H,0, is neu-
tralized and no ROS is formed [132]. Therefore, acidic
pH correlates with a degradative activity of lysosomes
together with the generation of ROS. Acidic lysosomes
are typically perinuclear, whereas secretory lysosomes are
less acidic and more peripheral [76]. As shown in Fig. 5,
lysosomes in DMSA-IONP-treated cells remain perinu-
clear and acidic (Figure S5), supporting the idea that they
are degradative rather than secretory, which is consistent
with altered exocytosis. Lysosomal exocytosis represents
a source of local membrane that could serve to build the
large protrusions that promote tissue invasion [42] and
the release of hydrolytic enzymes that promotes ECM
degradation [82]. Thus lysosome exocytosis might facili-
tate cancer cell migration and invasion during metastasis.
Here, DMSA-IONPs reduced the cell structures associ-
ated with migration and lysosomal exocytosis, affecting
the migratory and invasive capacity of MDA-MB-231 BC
cells. Therefore, DMSA-IONPs appear to produce anti-
metastatic effects and could represent therapeutic agents
to combat cancer cell invasiveness.

Lysosome release has also been linked to chemo-
resistance, as the accumulation of anticancer drugs
in lysosomes triggers their exocytosis [133]. As such,
DMSA-IONPs could impede the acquisition of chemo-
resistance. Moreover, DMSA-IONPs trigger autophagy
and alter secretory autophagy, dampening the accumula-
tion of LC3B at the PM. Treating cells with IONPs was
previously seen to modulate the induction of autophagy
[134-137] and in some cases, the induction of autophagy
was associated with enhanced cancer cell death [136,
137]. One of the earliest examples of extracellular protein
released by secretory autophagy has been the proinflam-
matory IL1f cytokine [138], although recently other car-
goes secreted by secretory autophagy have been defined
like MMP2, MMP9, IL-6, IL-8, type I collagen and fibro-
nectin [37]. Some recent therapeutic approaches focus
on secretory autophagy [83], targeting classic autophagy
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signaling, including PI3KC3/VPS34 [139] or ATG4, 5
and 7 [140-142], which can also block the fusion of
autophagosomes with lysosomes. In addition, the classic
autophagy inhibitor chloroquine (CQ) is being studied as
a potential anti-cancer therapy [143]. Therefore, although
DMSA-IONPs increase the intracellular autophagy in
general, they also decrease the LC3B present at the PM,
which indicates a blockage of secretory autophagy. This
is also concomitant with the accumulation of less Lamp-2
at the PM. When the extracellular content of VEGF and
MMP2 was studied, no change on VEGF extracellular
content was observe, whereas MMP2 extracellular con-
tent was reduced by 2-fold. Although the extracellular
content of VEGF was not significantly altered, our data
suggest that unconventional secretory pathways (UCPS)
may nonetheless be affected, as Lamp-2 and LC3B mark-
ers on the plasma membrane were reduced whereas
Rab7 increased. This apparent discrepancy could be
explained by alternative trafficking routes for VEGE, as
it has been reported to localize within EVs from breast
cancer tumor cells [144]. In this context, it is possible that
VEGF secretion is maintained through EV production via
MVB exocytosis. Supporting this hypothesis, as DMSA-
IONP treatment was shown to increase EV secretion,
this enhanced vesicle release may preserve extracellular
VEGF levels despite the observed change in membrane-
bound UCPS markers. On the other hand, MMP2
extracellular content was shown to be reduced upon
DMSA-IONP-treatment, reinforcing the hypothesis of
affected UCPS trafficking, as MMP2 has been shown to
be secreted via secretory lysosomal and autophagy path-
ways [145].

Finally, we studied how affecting the UCPS might
indirectly affect endothelial cell migration and che-
motaxis. Although no direct effects on cell migration
and proliferation were found when endothelial cells
were treated with DMSA-IONPs, treating BC cells with
DMSA-IONPs indirectly affected endothelial cell pro-
liferation and migration. IONPs may directly affect the
angiogenic capacity of endothelial cells and PEI-IONPs
generate a pro-inflammatory profile in endothelial cells,
inhibiting migration and vessel formation [93]. Polyglu-
cose sorbitol carboxymethylether (PSC)-coated IONPs
also provoke morphological changes in endothelial cells
that are dependent on ROS production [146]. Here,
DMSA-IONPs do not directly affect the migration capac-
ity of SVEC4-10 cells evident in wound healing assays
but they do interfere with their chemotaxis. Moreover,
CM-DMSA-IONP directly interferes with SVEC4-10
migration and chemotaxis. Clearly, treatment of MDA-
MB-231 cells with DMSA-IONPs affects their secretion
of pro-inflammatory or pro-angiogenic cytokines, prob-
ably through the effects on the UCPS that alter lysosome
and autophagosome secretion. The CM of tumor cell lines
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like MDA-MB-231 and MCEF-7 cells induces the secre-
tion of pro-angiogenic cytokines and enhances HUVEC
endothelial cell angiogenesis, although treatment of these
cells with nanorods affects endothelial tube formation
[147]. Elsewhere, gold-NPs disrupt the communication
between tumor and endothelial cells, as the CM of tumor
cells induced migration and endothelial tube formation,
whereas prior treatment of the endothelial cells with
gold-NPs dampened these effects on migration and tube
formation [148]. Moreover, enhanced ROS production
was proposed as a primary chemoattractant [149] and
thus, reducing extracellular ROS through DMSA-IONP
treatment could also contribute to the weakened SVEC4-
10 cell chemoattraction. In addition to affecting endo-
thelial cell migration and chemotaxis, treating BC cells
with DMSA-IONPs also reduced the metabolic activity
of endothelial cells (Figure S9a). Increasing evidence indi-
cates that EVs play a significant role in modulating stro-
mal cell metabolism. Through their cargo, tumor-derived
EVs promote glycolytic reprogramming [150], mediated
the transfer of miRNAs and IncRNAs [151], as well as
glycolytic enzymes such as pyruvate kinase M2 (PKM2)
[152]. DMSA-IONPs treatment of MDA-MB-231 was
previously shown to modulate cancer cell metabolism by
reducing mitochondrial OXPHOS without affecting gly-
colysis [43]. This alteration in OXPHOS may influence
the metabolic composition of BC-derived EVs, thereby
contributing to the reduction in endothelial cell meta-
bolic activity observed in endothelial cells (Figure S9a).
Thus, DMSA-IONP-treatment of BC cells appears to
modulate both the number and size of EV-like structure
(Figure S6b), as well as their cargo, ultimately impacting
neighboring microenvironment cells. Additionally, extra-
cellular ROS levels were altered following DMSA-IONP
treatment, as CM-Control medium exhibited higher ROS
levels than CM-DMSA-IONP medium (Figure S7a). This
decrease in extracellular ROS levels is consistent with
reduced lysosomal exocytosis (Fig. 6) and may also con-
tribute to the lower metabolic rate observed in endothe-
lial cells. Endothelial cell proliferation is highly sensitive
to redox balance, with reduced ROS favoring a quiescent,
non-proliferative phenotype, while elevated ROS lev-
els promoted inflammatory and proliferative responses
[153]. Therefore, DMSA-IONP treatment modifies
endolysosomal trafficking, reducing lysosomal exocytosis
while enhancing exocytosis of MVB-like or EV-like vesi-
cles. These alterations in UCPS activity modify the extra-
cellular medium, increasing EV-like or MVB-like vesicles
and reducing ROS, thereby affecting endothelial cell
migration and metabolic activity. These studies confirm
that DMSA-IONPs can potentially affect endothelial cell
migration, albeit indirectly by modulating the production
and secretion of the pro-angiogenic or pro-inflamma-
tory cytokines that directly affect the UCPS. Therefore,
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DMSA-IONPs could represent inhibitors of metastasis in
a BC model, as they may directly affect BC cell migration
and indirectly affect the migration of endothelial cells.

Conclusions

NP-based pro-oxidant anticancer therapies have been
established as promising alternatives to conventional
cancer treatments. During cancer cell migration, cells
undergo oxidative rearrangements that render migrat-
ing cells more sensitive to external changes in their
redox homeostasis. Here, we demonstrated that DMSA-
IONPs induce ROS production in the metastatic MDA-
MB-231 BC cell line, producing the reorganization of
actin, and affecting cell size, the actin distribution in
the cell, the number of invadosomes per cell, as well as
the extension of lamellipodia. Thereafter, cell migration
and invasion were hampered. Moreover, the presence
of DMSA-IONPs in the endo-lysosomal compartments
affected the UCPS, inducing stronger exocytosis of late
endosomes or MVBs while blocking the exocytosis of
lysosomes or autophagosomes. Together these changes
affect endothelial cell migration and chemotaxis, and
hence paracrine communication. Novel cancer therapies
are exploring secretory autophagy and lysosome secre-
tory pathways as new targets to not only affect cancer
cells directly but also, their microenvironment. Overall,
as DMSA-IONPs have been considered promising tools
in vivo due to their limited toxicity and long-term bio-
availability, we propose that DMSA-IONPs might also be
used to alter the redox balance of highly metastatic cells,
not only affecting their migration but also, somehow lim-
iting their paracrine communication with the cells in the
tumor microenvironment.
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