Mulens-Arias et al. Cancer Nanotechnology (2023) 14:64

Cancer Nanotechnology

https://doi.org/10.1186/512645-023-00204-8

An electrostatically conjugated-functional

®

Check for
updates

MNK1 aptamer reverts the intrinsic antitumor
effect of polyethyleneimine-coated iron oxide
nanoparticles in vivo in a human triple-negative
cancer xenograft

Vladimir Mulens-Arias"*!, Yadileiny Portilla'", Sonia Pérez-Yagtie', Raquel Ferreras-Martin®, M. Elena Martin®,
Victor M. Gonzélez*" and Domingo F. Barber'”

"Vladimir Mulens-Arias
and Yadileiny Portilla have
contributed equally to this work.

*Correspondence:
victorm.gonzalez@hrc.es;
dfbarber@cnb.csic.es

! Department of Immunology
and Oncology

and Nanobiomedicine
Initiative, Centro Nacional de
Biotecnologia (CNB-CSIC),
Darwin 3, 28049 Madrid, Spain
2 Stem Cell Biology,
Developmental Leukemia

and Immunotherapy Laboratory,
School of Medicine, Josep
Carreras Leukemia Research
Institute, Barcelona University,
Carrer Casanova 143,

08036 Barcelona, Spain

3 Grupo de Aptadmeros,
Departamento de
Bioquimica-Investigacion, IRYCIS-
Hospital Universitario Ramoén
y Cajal, Carretera de Colmenar
Viejo Km. 9.100, 28034 Madrid,
Spain

Abstract

Background: Triple-negative breast cancer (TNBC) remains a difficult breast cancer
subtype to treat as it exhibits a particularly aggressive behavior. The dysregulation

of distinct signaling pathways underlies this aggressive behavior, with an overactivation
of MAP kinase interacting kinases (MNKs) promoting tumor cell behavior, and driving
proliferation and migration. Therefore, MNK1 is an excellent target to impair the pro-
gression of TNBC and indeed, an MNK1-specific aptamer has proved to be efficient

in inhibiting TBNC cell proliferation in vitro. Although polyethyleneimine-coated iron
oxide nanoparticles (PEI-IONPs) have been used as transfection and immunomodu-
lating agents, no study has yet addressed the benefits of using these nanoparticles

as a magnetic carrier for the delivery of a functional aptamer.

Results: Here, we tested the antitumor effect of a PEI-IONP complexed to the func-
tional MNK1b-specific aptamer in vitro and in vivo. We demonstrated that these
apMNKQ2@PEI-IONP nanoconjugates delivered three times more apMNKQ2 to MDA-
MB-231 cells than the aptamer alone, and that this enhanced intracellular delivery

of the aptamer had consequences for MNKT1 signaling, reducing the amount of MNK1
and its target the phospho(Ser209)-eukaryotic initiation factor 4E (elF4E). As a result,

a synergistic effect of the apMNKQ?2 and PEI-IONPs was observed that inhibited
MDA-MB-231 cell migration, probably in association with an increase in the serum

and glucocorticoid-regulated kinase-1 (SGK1) and the phospho(Thr346)-N-myc down-
regulated gene 1 (NDRGT1). However, intravenous administration of the apMNKQ2
alone did not significantly impair tumor growth in vivo, whereas the PEI-IONP alone
did significantly inhibit tumor growth. Significantly, tumor growth was not inhibited
when the apMNKQ2@PEI-IONP nanocomplex was administered, possibly due to fewer
IONPs accumulating in the tumor. This apMNKQ2-induced reversion of the intrinsic
antitumor effect of the PEI-IONPs was abolished when an external magnetic field

was applied at the tumor site, promoting IONP accumulation.
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Conclusions: Electrostatic conjugation of the apMNKQ2 aptamer with PEI-IONPs
impedes the accumulation of the latter in tumors, which appears to be necessary
for PEI-IONPs to exert their antitumor activity.

Keywords: Aptamer, MNKT, Polyethyleneimine-coated iron oxide nanoparticles,
Antitumor effect
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Background

Breast cancer (BC) is widespread among women, accounting for almost one-
third of diagnosed cancer cases in females worldwide (Lukasiewicz et al. 2021). As
for most cancers, 70-90% of all BC-related deaths are related to the appearance of
metastasis(Frisk et al. 2012; Pelletier et al. 2008; Dillekés et al. 2019), which compli-
cates BC management. Another difficulty when managing BC is the complex genetic
and epigenetic background underlying the development of these tumors and the
molecular pathways involved in BC progression (Perou et al. 2000). The expression of
hormone receptors (the estrogen and progesterone receptor) and epidermal growth
factor receptor (HER2) expression define different BC subtypes, with the triple-neg-
ative being the most difficult to treat (Gou et al. 2022). Triple-negative breast cancer
(TNBC) is the BC subtype most resistant to current treatments due to its propensity
to metastasize and its molecular heterogeneity (Schmid et al. 2020), accounting for
15-20% of all BC cases (Perou et al. 2000).

Dysregulation of a variety of molecular signaling pathways has been documented in
BC, contributing to its development and resistance to therapy. For instance, the phos-
phatidylinositol-3-kinase (PI3K), protein kinase B (PKB or AKT) and the mammalian
target of the rapamycin (mTOR) pathways have been linked to cancer cell proliferation,
drug resistance, angiogenesis and metabolism(Pugazhenthi et al. 2000; Liu et al. 2020;
Ortega et al. 2020). The Janus kinase (JAK), and the signal transducer and activator of the
transcription 3 (STAT3) pathways also modulate cancer cell growth and death (Manore
et al. 2022; Banerjee and Resat 2016). Moreover, the extracellular signal-regulated kinase
(ERK) and the mitogen-activated protein kinase (MAPK) pathways transduce an exter-
nal signal from mitogens into several signaling events, ultimately driving cell division,
proliferation, survival and differentiation(Wee and Wang 2017; Brock et al. 2021).
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Recently, the MAPK-interacting serine/threonine-protein kinases 1 and 2 (MNK1/2)
were shown to be essential kinases in several critical signaling pathways. MNK1/2 over-
expression or phosphorylation positively correlates with the progression and prognosis
of several cancers, including TNBC (Pinto-Diez et al. 2018; Hou et al. 2017; Fan et al.
2017; Zheng et al. 2014). Indeed, MNK1/2 trigger oncogenesis by promoting mye-
loid cell leukemia 1(MCL-1) (Wendel et al. 2007), vascular endothelial growth factor
(VEGF)(Korneeva et al. 2010), metalloproteinase-3 (MMP3) (Furic et al. 2010) or cyc-
lin D1 expression(Wheater et al. 2010), regulating the production of pro-inflammatory
cytokines [e.g., tumor necrosis factor-a (TNFa), Chemokine (C-C motif) ligand 5
(CCL5, also known as RANTES), and inteleukin-17 (IL-17)] (Joshi and Platanias 2012),
or they can even mediate resistance to drugs that combat cancers(Adesso et al. 2013;
Geter et al. 2017). More recently, MNK1/2 proved to be involved in the migration, inva-
sion and metastasis of distinct cancer cells (Wang et al. 2018; Zhan et al. 2017; Beggs
et al. 2015). MNK1/2 are derived from two genes in mammals, and each gene transcript
is alternatively spliced in humans to produce two proteins. While the shorter variant
(MNK1b/2b) lacks an MAPK-binding domain and has stronger basal kinase activity, the
longer isoforms (MNK1la/MNK2a) do contain an MAPK-binding domain, and therefore,
their activity is tightly regulated by upstream kinases (O’Loghlen et al. 2004; Scheper
et al. 2003, 2001). Indeed, the longer MNK1a/2a are key intermediates in several cell
signaling pathways, and they are downstream targets of the ERK and p38 MAP kinases.

The influence of MNK1/2 on cell signaling seems to depend on how these kinases reg-
ulate mRNA translation through the phosphorylation of the cap-binding protein eIF4E
(eukaryotic translation initiation factor 4E) (Waskiewicz et al. 1997; Scheper and Proud
2002). However, Ser209 eIlF4E phosphorylation by MNK1/2 appears irrelevant for cap-
dependent translation or general protein synthesis, as evident in MNK1/2-deficient
mice, suggesting other signaling outputs might be involved in the effect of MNK on
tumor cell progression (Ueda et al. 2004). MNK1/2-mediated phosphorylation of elF4E
appears to be essential for the translation of mRNAs containing 5" untranslated termi-
nal regions (UTRs), which adopt extensive secondary structures (Koromilas et al. 1992).
Nonetheless, eIF4E Ser209 phosphorylation by MNK1/2 can regulate mRNA translation
and the nuclear export of mRNAs through binding to an elF4E-sensitive element (4E-
SE) in the 3'UTRs (Culjkovic-Kraljacic et al. 2012; Culjkovic et al. 2005). Thus, MNK1/2,
and their longer variants in particular, are attractive targets for cancer therapies, which
has promoted recent efforts into developing MNK1/2 inhibitors (Xu et al. 2022).

Since numerous experiments have indicated that phosphorylation of eIlF4E, the main
MNK1/2 target, is insufficient to explain the full effects of MNK1/2 on tumor progres-
sion, it is only logical to think that other downstream signaling pathways influence these
events. For example, MNKI1 can repress the expression of N-myc down-regulated gene
1 (NDRG1) transcripts, such that its expression is enhanced in MNK1 inhibitor-treated
MDA-MB-231 cells (Tian et al. 2017). Because NDRG1 is a potent tumor suppressor
and a negative regulator of metastasis (Lian et al. 2022; Wei et al. 2021; Chekmarev
et al. 2382), the pro-metastatic influence of MNK1 has been in part associated with the
down-regulation of NDRG1. The serum and glucocorticoid-regulated kinase-1 (SGK1) is
another factor that appears to act upstream of MNK1 and NDRG1 to negatively regulate
the migration/invasion of human BC cells through two independent pathways: either
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by repressing MNK1 through its phosphorylation, or by phosphorylating and activating
NDRGI (Tian et al. 2017). Subsequently, SGK1 was seen to also induce NDRG1 expres-
sion, mediated by the activating protein-1 (AP1) transcription factor (Godbole et al.
2018). Therefore, MNK1, SGK1 and NDRG1 are interconnected in regulating BC cell
motility and thus, their activation/expression can be affected individually if one is tar-
geted therapeutically. Then, we assessed their activation status as a readout for MNK1
inhibition.

Aptamers are short, single-stranded RNA or DNA (ssRNA or ssDNA) oligonucleotides
that recognize specific molecules such as proteins, peptides and carbohydrates (Gao
et al. 2022; Jin et al. 2017; Cruz-Herndndez et al. 1056). The great versatility of aptamers
is derived from their conformational diversity, folding into helices and single-stranded
loops (Xiao et al. 2021). Selected from an extensive oligonucleotide library through
sequential evolution of ligands by exponential enrichment (SELEX), aptamers may not
only contain a moiety targeting cell membrane-anchored targets but also, aptamers may
be intracellular species that also achieve functional targeting (Gao et al. 2022; Xiao et al.
2021). However, these aptamers may require a carrier to protect them from harsh envi-
ronments (e.g., the bloodstream or tumor microenvironment), where single-stranded
oligonucleotides may suffer enzymatic and chemical degradation, although this may also
facilitate the aptamer’s entry into intracellular compartments.

Iron oxide nanoparticles (IONPs) are proving to be reliable platforms as non-viral sub-
stitutes for the delivery of genes, or any DNA/RNA molecule, to cells. Compared to other
inorganic NPs, IONPs exhibit various advantages that include their magnetic respon-
siveness, ease of production, variety of simple surface modifications and good biocom-
patibility (Luther et al. 2020; Hola et al. 2015). The magnetic responsiveness of IONPs
allows them to be physically targeted to sites of interest, facilitating correct cargo deliv-
ery. Indeed, in vitro (Liu et al. 2022; Cao et al. 1692) and in vivo (Gong et al. 2020; Sizikov
et al. 2021) transfection has been accomplished by applying a magnetic field to the cells
or tissue of interest. Various polymers can be used to coat IONPs, providing both stabil-
ity and the capacity to bind RNA/DNA. Polyethyleneimine (PEI) is a well-known poly-
cation with good transfection efficiency (He et al. 2012) and it has been exploited as a
promising platform for gene delivery in recent years (Gong et al. 2020; Hoang et al. 2015;
Chen et al. 2012). However, PEI-coated IONPs (PEI-IONPS) have intrinsic biological
properties and they exert a variety of effects on tumor cells, e.g, inhibiting cell migra-
tion (Mulens-Arias et al. 2015a), impairing tumor angiogenesis (Mulens-Arias et al.
2019) and activating immune responses (Mulens-Arias et al. 2015b). Indeed, we have
previously described the underlying molecular pathways involved in PEI-IONP-induced
anti-tumor effects on pancreatic tumor cells, in which we observed a profound decrease
of pro-migration factors such as metalloproteinases and the increase of anti-migration/
proliferation pathway microRNA-21-PTEN-PDCD4-Sprouty-1 (Mulens-Arias et al.
2015a). Therefore, PEI-IONPs must be considered an intrinsically active nanocarrier
independent of any cargo they may carry.

Although the utility of IONP and aptamer conjugates as nanosensors (Wang et al.
2021; Ma et al. 2018) or photodynamic therapy-driven nanoformulations (Zhao et al.
2020) has been considered, to our knowledge IONPs have yet to be used to deliver func-
tional aptamers to specific cells. Thus, we studied whether PEI-IONPs might be suitable
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carriers for the intracellular delivery of a functional DNA aptamer targeting MNKI1 in
BC cells. We found that these PEI-IONPs delivered the MNK1 specific aptamer to the
TNBC MDA-MB-231 cell line, modulating the MNK1 signaling pathway in vitro and
synergizing with the PEI-IONPs in inhibiting cell migration. However, the MNK1-spe-
cific aptamer complexed with the PEI-IONPs failed to dampen the growth of MDA-
MB-231-induced tumors when administered in vivo. Surprisingly, not only was the
MNKT1 specific aptamer ineffective but also, it abolished the intrinsic antitumor effect
of the PEI-IONPs. This study highlights the need to better understand the suitability of
IONPs to deliver cargo, as it can be counterproductive and lead to undesired behavior

in vivo.

Materials and methods

Reagents

PEI (25 kDa, 408727), Zonyl FSA (65530-69-0), FeCl,.4H,O (44939), and FeCl;.6H,0
(236489) were purchased from Sigma-Aldrich. Antibodies against the following pro-
teins were used to probe the western blots: phospho-MNK1 (Thr197/202: Cell Signaling
#2111S); MNK1 (Cell Signaling #2195S); phospho-eIlF4E (ser209: Cell Signaling #9741S);
elF4E (Cell Signaling #2067S); phospho-NDRG1 (Thr346, D98G11 XP® Rabbit mAb:
Cell Signaling #5482S); NDRG1 (D8G9, XP® Rabbit mAb: Cell Signaling #9485S); SGK1
(D27C11 Rabbit mAb: Cell Signaling #12103S); phospho-SGK1 (Ser78, D36D11 Rab-
bit mAb: Cell Signaling #5599S). Horseradish peroxidase (HRP)-conjugated goat anti-
rabbit, goat anti-mouse and rabbit anti-goat (all from DAKO) were used as secondary
antibodies. The apMNKQ2 aptamer specific to MNK1b was obtained from IBA Life Sci-
ences (Goettingen, Germany).

PEI-IONP synthesis

PEI-IONPs were synthesized as reported previously (Mulens-Arias et al. 2015a, b), with
some minor modifications. Briefly, a mixture of Fe’™ and Fe*" chlorides was mixed in
an oxygen-free environment with a PEI (25 kDa) and Zonyl FSA solution in NH,OH
at 4 °C, stirring and heating (90 °C, 2 h) the mixture. The product was washed three
times with distilled water, dialyzed for at least 72 h against distilled ultra-pure water and
filtered through a 0.4 pm pore-size filter. For chemical and physical characterization,
images were obtained on a 200-keV JEOL-2000 FXII transmission electron microscope.
The hydrodynamic diameter and zeta potential were measured by dynamic light scan-
ning (DLS: Malvern NanoZS), on PEI-IONPs were diluted to ~50 pg/mL in distilled
water. Inductively coupled plasma—optical emission spectrometry (ICP—OES) was used
to determine the Fe concentration in the PEI-IONP solutions. The colloidal properties
of the samples (NPs in different media) were studied in a Zetasizer Nano S apparatus
(Malvern Instruments) and their electrophoretic mobility was measured as a function of
pH at 25 °C, using 1072 M KNO, as an electrolyte, and HNO, and KOH to change the
pH of the suspensions.

Cell internalization
MDA-MB-231 cells (ATCC, HTB-26) were seeded (5 x 10°) and cultured for 24 h in
DMEM supplemented with 10% fetal bovine serum (FBS), L-glutamine and penicillin/
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streptomycin, before adding AlexaFluor488-apMNKQ2 (1 uM) or the AlexaFluor488-
apMNKQ2@PEI-IONP conjugate [(apMNKQ2) 0.5 uM or 1 puM]. The cells were
then cultured for 24 h, washed, detached and analyzed by flow cytometry (FC500:
Beckman-Coulter).

Iron content

MDA-MB-231, RAW264.7 and SVEC4-10 cells were seeded in a 6-well plate at a density
of 1 x 10° cells per well, and cultured for 24 h at 37 °C in DMEM supplemented with 10%
FBS, L-glutamine and penicillin/streptomycin. The cells were then incubated with the
IONPs (64 uM) or the apMNKQ2@PEI-IONP nanoconjugate (1 uM apMNKQ?2) in the
same culture conditions for 24 h. Subsequently, the cells were washed three times with
phosphate buffer saline (PBS) to remove the non-internalized IONPs, harvested and
counted in a Neubauer chamber. The samples were digested in HNO; (1 mL) for 1 h at
90 °C and the amount of iron per cell was measured by ICP-OES (Perkin Elmer-2400).

Cytotoxicity
MDA-MB-231 cells (2 x 10*) were cultured for up to 24 h in 96-well plates with the
aptamer (apMNKQ2), PEI-IONPs or apMNKQ2@PEI-IONP complex in DMEM sup-
plemented with 10% FBS, r-glutamine and penicillin/streptomycin. For the last 4 h,
the MTT reagent was added (1/10 final dilution: MTT Cell Viability Reagent, Roche
11465007001), after which an equal volume of lysis buffer (10% sodium dodecyl sulfate,
0.01 M HCI) was added and the plates were incubated overnight. Absorbance was meas-
ured at 596 nm with a 655 nm wavelength as reference. The absorbance of complete
DMEM incubated with MTT reagent was used as a background control and cell viability
was calculated according to the formula:

Viability (%) = [As35 nm IONP-treated—Agss ,\y IONP-treated]/[Asgs ,, Untreated—Aggg
m Untreated]*100%

ELISA
Secreted human TIMP-1 (tissue inhibitor of metalloproteinase 1) was quantified by
ELISA (ELISA DuoSet, DY970-05, R&D Systems) in triplicate samples, according to

manufacturer’s instructions.

Western blotting

After treatment, the cells were washed with PBS, scraped and lysed in a buffer contain-
ing 1% Triton X-100, and the protease and phosphatase inhibitors leupeptin (1 mg/
mL), NaF (5 nm), sodium orthovanadate (1 mm), PMSF (1 mm), EDTA (1 mm), apro-
tinin (1 pg/mL) and okadaic acid (2 nm). Equal amounts of protein lysates (20 pg/well)
were loaded onto gels, resolved by SDS—PAGE and then transferred to 0.2 um PVDF
membranes that were blocked for 30 min at room temperature with Tris-buffered
saline (TBS)/0.05% Tween 20/5% bovine serum albumin (BSA). The membranes were
then probed overnight with primary antibodies diluted in TBS/0.05% Tween 20/1%
BSA, washed and incubated for 1 h at room temperature with HRP-conjugated second-
ary antibodies diluted 1/1000 in TBS/0.05% Tween 20/1% BSA. After extensive wash-
ing with TBS/0.05% Tween 20, the protein bands were visualized by ECL in Western
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Blotting Detection Reagent (RPN2106, Amersham) for up to 30 min. We used Image]
software (US National Institutes of Health) to quantify the band intensity, in all cases
using B-actin as a loading control.

MDA-MB-231 cell migration

Cells (1 x 10*) were incubated on the 8 um-pore inserts in cell culture medium with 2%
EBS, alone or containing the apMNKQ?2, the PEI-IONP or the nanoconjugates at an
[apMNKQ?2] of 2 or 4 pM (or equivalent PEI-IONP concentrations). The inserts were
immersed in medium supplemented with 10% FBS for 24 h to allow the cells to migrate
and they were then transferred to 4% paraformaldehyde (PFA) in PBS for 20 min after
carefully removing the cells attached to the inner part of the bottom chamber with a cot-
ton swap. The cells on the outer part of the bottom chamber were stained with crystal
blue dye, and the number of cells per 20 x micrograph (ten images) was quantified. The
proportion of migrating cells was calculated by normalization to the untreated cells.

qPCR-RT

RNA was extracted from the cells using the PureLink RNA Mini Kit (12183018A,
Applied Biosystems) and cDNA was produced from the RNA (30 ng/sample) with the
MultiScribe reverse transcription-based kit (4374966, High Capacity cDNA Reverse
Transcription kit, Applied Biosystems). A two-step RT-PCR program (95 °C for 15 s,
60 °C for 60 s, 40 cycles) was used to amplify the relevant genes using specific primers
(listed in Additional file 1: Table S1: all from Sigma—Aldrich), and gene expression was
quantified according to the 222t method, using B-actin mRNA expression as a control

for normalization.

Animal experimentation

Six-week-old female nude mice (Hsd, Athymic Nude-Foxn1™: Envigo) were maintained
at the CNB animal facility. All animal studies were approved by the Ethics in Animal
Experimentation Committee at the National Center for Biotechnology (CEEA-CNB),
the Spanish Scientific Research Council (CSIC) Ethics Committee, and by the Division
of Animal Protection of the Comunidad Autémoma de Madrid (CAM, PROEX 185/19),
and they were carried out in compliance with national and European Union legisla-
tion (Directive 2010/63/EU of the European Parliament and of the Council of 22 Sep-
tember 2010 on the protection of animals used for scientific purposes). MDA-MB-231
cells (1 x 10°) were injected subcutaneously into the right flank of the mice and once
the tumors formed had reached ~200 mm?, the mice were randomized into six groups
and administered the corresponding treatment (twice weekly, up to five doses, 100 pL,
by retro-orbital injection): Saline, n=5; PEI-IONP (~0.3 mg/kg), n=4; PEI-IONP
(~0.3 mg/kg) + magnet, n=6; apMNKQ2 (1 mg/kg), n=7; apMNKQ2-IONP (aptamer
dose, 1 mg/kg), n=7; apMNKQ2-IONP (aptamer dose, 1 mg/kg) + magnet, n=6. The
tumor volume was monitored with a caliper and calculated as follows: V = (xy?)/2, where
x is the longest and y is the shortest of the perpendicular diameters. The mice were sacri-
ficed 18 days after the first administration, and the tumor was preserved to determine its
iron content and for histological assessment. Blood was withdrawn before sacrifice from
1 to 3 mice per group for systemic toxicity analysis.
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Histological studies

Tumors were snap-frozen in tissue-freezing medium (O.C.T.) and frozen Sects. (6 pum)
were acetone-fixed and stained with anti-CD31 (vascular density) or anti-F4/80 (mac-
rophage infiltration) antibody. Immunohistochemistry images were acquired on an
Olympus-IX70-Inverted microscope (magnification x 10). 10 tumor sections were
imaged per tumor and all tumor sections of from the same treatment group were pooled
and compared. CD31-positive and F4/80-positive region in each image was measured

using Image] software.

Statistical analysis

The data were analyzed and displayed with GraphPad Prism and FlowJo software. The
data are presented as the mean+SEM, and the number of samples and independent
experiments are indicated in each figure caption. The data were analyzed with a one-
tailed Mann—Whitney U test under the assumption of a non-Gaussian distribution
(non-parametric test), with a 95% confidence and p <0.05. A two-way ANOVA was per-

formed to compare tumor growth.

Results and discussion

PEI-IONP synthesis, apMNKQ2 conjugation and chemical-physical characterization

Due to the strong negative charge of the oligonucleotides, a positively charged carrier
will likely deliver the oligonucleotide to the cells correctly. PEI has been proposed as
a suitable coating for IONPs and its ability to conjugate nucleic acids has been tested,
from plasmids (Thomas and Klibanov 2003; Huang et al. 2010) to siRNAs (Mohammad
Gholinia Sarpoli et al. 2022), protecting the nucleic acid from a harsh environment. We
previously synthesized and characterized PEI-IONPs that combine the transfection
efficiency of the polycation and the possibility of magnetically targeting the nanocarri-
ers to the desired site of action (Hoang et al. 2015; Mulens-Arias et al. 2015a, b). Since
PEI-IONPs can easily complex aptamers, we synthesized PEI-IONPs in an oxygen-free
environment according to our existing protocol, and based on reducing Fe*" and Fe*" in
an alkaline milieu (Fig. 1a) (Mulens-Arias et al. 2015b). We introduced 25 kDa PEI into
the reaction and provided the IONPs synthesized with a stabilizer and with Zonyl FSA
as a surfactant. As expected, the PEI-IONPs had a mean iron oxide core diameter of
11.0541.97 nm according to TEM imaging (Fig. 1a). The z-potential ~ +23 mV in the
aptamer selection buffer (20 mM Tris—HCI [pH 7.4], 150 mM NaCl, 1 mM KCl) indi-
cated the presence of the polycation at the IONP surface (Fig. 1c, left) and further char-
acterization revealed the maghemite nature of the PEI-IONP, as indicated elsewhere
(Mulens-Arias et al. 2015b).

Given the strong positive surface charge of the PEI-IONPs, we proceeded to complex
the apMNKQ2 DNA aptamer to these NPs previously demonstrated to exert an anti-
proliferative effect on the human MDA-MB-231 BC cell line (Garcia-Recio et al. 2016),
producing a nanocomplex for TNBC treatment in vitro and in vivo. The apMNKQ2
recognizes both splice variants of MNK1, MNKla and MNK1b, and it may, there-
fore, affect both kinases irrespective of the upstream factors (Garcia-Recio et al. 2016).
We then incubated AlexaFluor488-conjugated apMNKQ2 (2 uM) with an increasing
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Fig. 1 Synthesis of the PEI-IONPs and the apMNKQ2@PEI-IONP complexes. a TEM images of the IONPs
synthesized (upper) and a histogram depicting the PEI-IONP diameter distribution calculated from the TEM
images (bottom). Scale bar: 40 nm. b apMNKQ2 concentration remaining in solution after centrifugation (blue
dots) and the calculated aptamer loading (brown dots). The Brown dashed line depicts the best-fit curve with
aKp~22.01 pM (results of an experiment performed twice in triplicate). ¢ Z-potential (left) and hydrodynamic
diameter (right) of the PEI-IONPs and apMNKQ2@PEI-IONP complexes in standard reaction buffer or in 10%
mouse serum in standard reaction buffer. d Cumulative aptamer release in standard buffer over 24 h from an
initial concentration of aptamer in the complex of 250 ng/ul (results of an experiment performed in triplicate)
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concentration of PEI-IONPs to track the aptamer in vitro and to determine the optimal
[Fe]:[apMNKQ2] (uM:uM) ratio to ensure that all the aptamer is complexed (Fig. 1b).
After a 1 h incubation, the reaction tubes were centrifuged and the apMNKQ?2 concen-
tration in the supernatant was determined in a nanodrop. The apMNKQ2 remaining
decreased as the PEI-IONP concentration increased (indicated as the equivalent [Fe],
Fig. 1b) and at a [Fe]:[apMNKQ?2] ratio of 64 virtually no aptamer remained unbound,
suggesting that all the aptamer had complexed with the NPs.

We detected a slight decrease in the PEI-IONP z-potential from+23 to+21.8 mV
when complexed with the aptamer in buffer (20 mmol/L Tris—HCI [pH 7.4], 1 mmol/L
MgCl,, 150 mmol/L NaCl and 5 mmol/L KCI: Fig. 1c, left). However, a more pronounced
increase in the hydrodynamic diameter was observed, from 191 nm (PEI-IONP) to
2567.77 nm (apMNKQ2@PEI-IONP), indicating complex formation in the same buffer
(Fig. 1c, right). To further examine the stability of the complex we performed an in vitro
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release assay over 24 h in the reaction buffer. The apMNKQ2@PEI-IONP nanocon-
jugates barely released a cumulative~1.15% of the complexed aptamer, highlighting
the stability of the complex in solution (Fig. 1d). Thus, the PEI-IONPs can complex
all the aptamer present in the reaction, at a [Fe]:[apMNKQ2] of 64 and with a calcu-
lated dissociation constant ~22.01 pM. This [Fe]:[apMNKQ2] ratio was applied to pro-
duce the apMNKQ2@PEI-IONP complexes used in all the ensuing in vitro and in vivo
experiments.

The relevance of PEI-coated magnetic IONPs in complexing DNA/RNA has been
studied extensively over the past two decades. For instance, in an attempt to find the
best magnetic NPs to isolate the DNA content from a sample, it was found that a PEI
coating yielded the most efficient DNA extraction of calf thymus DNA (Szymczyk et al.
2022). This ability of PEI to complex DNA/RNA has become equally valuable for non-
viral gene transfection in vitro or in vivo. That was the case when complexing a neu-
regulin-1 (NRG1) encoding DNA plasmid with PEI-IONPs to magnetically transfect
adipose-derived stem cells, for which only a 15 min incubation and a nitrogen/phospho-
rous ratio of 8 was needed to obtain the nanocomplex (Cheng et al. 2022). Furthermore,
PEI-IONPs have been used as a vaccine core to deliver malaria DNA in vitro and in vivo
(Al-Deen et al. 2017). These are only a few examples, yet to our knowledge, this is the
first time a PEI-IONP has been complexed with an aptamer endowed with functional

activity.

PEI-IONPs deliver the apMNKQ2 intracellularly

Having demonstrated that PEI-IONPs can complex the apMNKQ?2, we determined
whether these nanoconjugates adequately delivered the aptamer intracellularly. As
apMNKQ2 exhibited antitumoral potential against human TNBC MDA-MB-231 cells
in vitro (Garcia-Recio et al. 2016), we tested the internalization and functional activ-
ity of our nanocomplex in these cells. Based on flow cytometry, when MDA-MB-231
cells (5 x 10°) were incubated for 24 h with AlexaFluor488—apMNKQ2@PEI-IONPs
[(apMNKQ2)=1 puM], >threefold more of the nanocomplex was internalized by the
cells than the equivalent fluorescent aptamer alone (Fig. 2a). Even when cells were
treated with an equivalent of 0.5 uM apMNKQ2 complexed to PEI-IONPs, >twofold
more internalization was still detected than with the aptamer alone, indicating that PEI-
IONP:s facilitate entry of the aptamer into the cells.

Furthermore, MDA-MB-231 cells treated with 1 uM apMNKQ2@PEI-IONP accumu-
lated ~ 10.94-fold more iron per cell than untreated cells (2.08 pg/cell vs. 0.19 pg/mL),
which was even more than that in the cells exposed to PEI-IONPs alone (1.17 pg/cell:
Additional file 1: Fig. S1a). Hence, the apMNKQ2@PEI-IONP nanoconjugate facilitates
the internalization of more aptamer and PEI-IONP into the MDA-MB-231 cells. Similar
findings were also observed in the macrophage-like murine RAW264.7 cell line (Addi-
tional file 1: Fig. S1b) and in murine SVEC4-10 endothelial cells (Additional file 1: Fig.
Slc).

As expected, apMNKQ2 administered alone is toxic to MDA-MB-231 cells in vitro
in a concentration dependent manner: 97.26% cell viability at 1 uM; 59.32% viability at
4 uM (Fig. 2b). A similar effect on viability was observed with the apMNK@PEI-IONP
nanoformulation, indicating that such toxicity was mainly due to the effect of apMNKQ2
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Fig. 2 ApMNKQ2@PEI-IONP internalization and functional activity in MDA-MB-231 cells. a Mean fluorescent
intensity of AlexaFluor488-apMNKQ2-labelled MDA-MB-231 cells incubated with different formulations for
24 h. b Cell viability was measured after 24 h-treatment with apMNKQ2@PEI-IONP (green) or apMNKQ2 (red)
with different apMNKQ2 concentrations using the MTT assay. The viability of cells treated with the PEI-IONPs
alone (at an equivalent concentration) is shown for comparison: Mann-Whitney test, one-tailed, p < 0.05,
n=3.¢MNK1 expression in MDA-MB-231 cell lysates treated for 24 h with apMNKQ2 alone or complexed
with PEI-IONPs at different concentrations. The graph reflects the results of three independent experiments
and above a representative western blot is shown. d Phospho(Ser209)-elF4E expression in MDA-MB-231
cell lysates treated for 24 h with apMNKQ?2 alone or complexed with PEI-IONP at different concentrations.
The graph reflects the results of three independent experiments and a representative western blot is shown
above

(Fig. 2b). Indeed, at a concentration of 4 uM apMNKQ2 produced 33.80% cytotoxicity
in the MDA-MB-231 cells after a 48 h exposure, which did not differ significantly to the
cell toxicity produced by the equivalent apMNKQ2@PEI-IONP (28.9% cell death; Addi-
tional file 1: Fig. S2). Significantly, MDA-MB-231 cell viability was considerably higher
when exposed to the PEI-IONPs alone at a concentration equivalent to that of 4 uM
apMNKQ?2 (80.65%), as opposed to the viability in the presence of apMNKQ2 either
alone (59.32%) or when complexed with the IONPs (61.24%: Fig. 2b).

We then determined whether apMNKQ2 exerts a biological effect on MNK1-associ-
ated signaling pathways. The apMNKQ2 ssDNA folds into a G-quadruplex conforma-
tion that has been previously tested for its biological activity in MDA-MB-231 cells
(Garcia-Recio et al. 2016). Treatment with the parental aptamer, apMNK2F, affected
mRNA translation, proliferation and migration of these cells, although independently of
the phosphorylation status of the main MNKI1 target, elF4E. Surprisingly, we detected
a slight decrease in MNK1 expression in cells treated with apMNKQ?2, both alone or as
part of the nanocomplex, with a maximum decrease at a [apMNKQ2] =3 puM: 0.55 in
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cells treated with apMNKQ?2 and 0.58 in apMNKQ2@PEI-IONP-treated cells (Fig. 2c).
The decrease in MNKI1 was coupled with a tendency towards less phospho(Ser209)-
elF4E in the cells relative to the untreated cells, with the lowest levels reached in cells
exposed to 4 uM apMNKQ2@PEI-IONP (Fig. 2d).

In characterizing the parenteral MNK1-specific aptamers, no evidence of a decrease
in MNK1 was reported upon aptamer treatment (Garcia-Recio et al. 2016). Although
MNKI1 aptamers reduced the activity of the MNK1 kinase and its protein translation
rate in MDA-MB-231 cells, the phosphorylation level of elF4E was not affected. This
was justified by considering that the phosphorylation of this initiation factor mainly
depended on MNK2 in this cell line. However, we did detect an effect of MNK1 on
phospho(Ser209)-elF4E with in the presence of apMNKQ2, which might be related to
the concentration of the MNK1 aptamer used in the in vitro experiments. While the
effect of up to 20 nM apMNKQ2 was addressed previously, here the biological activity
of apMNKQ2 was assessed from 1 to 4 uM (50-200-fold higher). In addition, we also
recently showed a similar effect after transfection with 400 nM of apMNKQ?2 (Pinto-
Diez et al. 2022), indicating that apMNKQ2 behaves distinctly to the parental apMNK2F.

Synergism of the PEI-IONPs and apMNKQ?2 in repressing MDA-MB-231 cell migration

in vitro

We previously demonstrated that PEI-IONPs can inhibit the migration and invasion
of the murine Pan02 pancreatic cell line, consistently disrupting invadosome dynamics
(Mulens-Arias et al. 2015a). Since MNK1 has also been implicated in tumor cell migra-
tion (Wang et al. 2018), we studied how apMNKQ2@PEI-IONPs might affect MDA-
MB-231 cell migration. In a transwell migration assay, exposure to apMNKQ?2 did not
alter the migration rate relative to untreated cells, even at the highest aptamer concen-
trations: 100% cell migration when exposed to 2 uM apMNKQ2 and 91.20% at 4 pM.
PEI-IONPs partially inhibited MDA-MB-231 cell migration, although stronger inhibi-
tion of migration was observed in the cells exposed to the lower PEI-IONP concentra-
tion: 76.38% cell migration at Eq. 2 uM and 91.26% for Eq. 4 pM PEI-IONP (Fig. 3a, b).
Notably, when cells were incubated with the apMNKQ2@PEI-IONP nanoconjugate, we
detected a synergism in the inhibition of cell migration that was slightly higher when
cells were exposed to 4 uM apMNKQ2@PEI-IONP: 59.96% cell migration at 2 pM and
53.64% at 4 pM apMNKQ2@PEI-IONP (Fig. 3a, b). Thus, apMNKQ2@PEI-IONPs
potentiate the negative effect of both the apMNKQ2 and the PEI-IONP on MDA-
MB-231 cell migration.

MNK1 regulates the NDRGI suppressor of metastasis in MDA-MB-231 cells (Tian
et al. 2017), which is also modulated by SGK1, thereby regulating the migratory behav-
ior of the tumor cells (Chekmarev et al. 2021). Altogether, the axis MNK1-SGK1-
NDRGL1 is tightly interconnected in regulating the migration ability of breast tumor
cells. The analysis of the expression/activation level of these two proteins might indi-
cate whether the MNKI1 targeting has some effects on them. Therefore, we deter-
mined the effect of apMNKQ2@PEI-IONPs on these migration/invasion-related
factors. PEI-IONPs, apMNKQ2 or apMNKQ2@PEI-IONPs induced the activating
Thr346 phosphorylation of NDRG1 (Fig. 3c). Exposure to 2 pM or 4 uM apMNKQ2
increased the phospho(Thr346)-NDRG1 levels by 6.33-fold and 3.12-fold, respectively.
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Fig. 3 ApMNKQ2@PEI-IONPs potentiate the apMNKQ2- and PEI-IONP-dependent inhibition of
MDA-MB-231 cell migration. a Transwell migration assay in which cells were incubated on 8 uM pore inserts
in cell culture medium containing 2% FBS alone, or the apMNKQ?2, the PEI-IONPs or the nanoconjugates.
The inserts were then maintained in culture medium with 10% FBS for 24 h. The figure shows representative
microphotographs of stained transmigrated MDA-MB-231 cells. b Quantification of the migrating
MDA-MB-231 cells in transwell migration assays: two-tailed Mann-Whitney test, “p <0.07, “"p < 0.001. ¢ SGK1
and phospho(Thr346)-NDRG1 in MDA-MB-231 cells in a representative western blot. d Summary of SGK1
and phospho(Thr346)-NDRG1 expression in MDA-MB-231 cell lysates treated for 24 h with the apMNKQ2@
PEI-IONPs, equivalent to apMNKQ2 or PEI-IONPs. The graphs represent three independent experiments.
e MT1-MMP and TIMP-2 mRNA expression in MDA-MB-231 cell lysates treated for 24 h with apMNKQ2@
PEI-IONPs, equivalent to apMNKQ2 or PEI-IONPs. f TIMP-1 quantification in the supernatant of MDA-MB-231

cells treated for 24 h with apMNKQ2@PEI-IONPs, equivalent to apMNKQ2 or PEI-IONPs. The graphs represent
three independent experiments

Curiously, PEI-IONP treatment also augmented the phosphorylation of NDRG1 2.83-
fold and 1.88-fold at the equivalent iron concentrations, respectively. Hence, both the
MNK1-specific aptamer and the PEI-IONPs activate NDRG1 signaling. However, we
found that the apMNKQ2@PEI-IONP nanoconjugate induced a stronger increase in
phospho(Thr346)-NDRG1 (4.37-fold) at a 4 uM apMNKQ2 equivalent, suggesting a syn-
ergistic effect. This effect, however, was not observed at 2 pM. Importantly, such syn-
ergism was also evident in the increase in SGK1 at the two apMNKQ2 concentrations
tested. While apMNKQ2 and the equivalent PEI-IONPs enhanced the expression of
SGK1 to a similar extent (5.45- and 5.46-fold for 2 uM apMNKQ2; and 5.6- and 5.73-fold
for 4 uM apMNKQ?2), apMNKQ2@PEI-IONP treatment augmented the level of SGK1

Page 13 of 24



Mulens-Arias et al. Cancer Nanotechnology (2023) 14:64 Page 14 of 24

further to 7.34- and 8.41-fold, respectively (Fig. 3c). Therefore, these nanoconjugates
potentiate the induction of SGK1 and its target phospho(Thr346)-NDRG1 by the MNK1
specific aptamer or that of PEI-IONPs alone, which might in turn be involved in the
inhibition of the MDA-MB-231 cell migration.

To better understand the mechanism by which apMNKQ2@PEI-IONPs inhibit
migration, we evaluated the expression of some genes associated with tumor cell migra-
tion/invasion: the membrane-associated metalloproteinase MT1-MMP (Niland et al.
2021) and the tissue inhibitor of metalloproteinase-2 TIMP-2(Groblewska et al. 2012).
These factors can reflect the migration status of MDA-MB-231 cells as it has been dem-
onstrated their involvement in MDA-MB-231 cell migration. Indeed, the membrane-
associated metalloproteinase MT1-MMP is upregulated in MDA-MB-231 cells upon
migration-induced factors, such as TNF-a, and mediate cell migration (Wolczyk et al.
2016). On the contrary, the tissue inhibitor of metalloproteinases-1 and -2 (TIMP-1 and
TIMP-2) have been associated with the inhibition of the metalloproteinase-dependent
and -independent cell migration (Akahane et al. 2004). Interestingly, while treatment
with apMNKQ?2 increased the level of MT1-MMP mRNA (2.18-, 1.72-, 1.81- and 1.06-
fold with 1, 2, 3 and 4 pM apMNKQ?2, respectively), a similar trend was evident for
TIMP-2 mRNA expression (1.55-, 1.49-, 1.52- and 0.92-fold increase for 1, 2, 3 and 4 pM
apMNKQ?2, respectively), suggesting the existence of some compensatory mechanism
(Fig. 3e). Importantly, this effect on both these gene transcripts appeared to be inversely
correlated with the amount of aptamer, such that no significant increase was detected
at 4 puM,, indicating an activation of the different signaling pathways as the aptamer con-
centration increased. While treatment with the apMNKQ2@PEI-IONP nanoconjugate
also tended to increase the expression of both these transcripts, we did not observe any
obvious correlation with the doses of the aptamer applied (Fig. 3e). Indeed, the nanocon-
jugate increased MT1-MMP mRNA at 1 uM (1.88-fold change), 3 uM (1.48-fold change)
and 4 pM (1.99-fold change) and TIMP-2 mRNA at 1 uM (1.6-fold change) and 3 uM
(1.31-fold change). However, the increase in MT1-MMP and TIMP-2 mRNA seemed to
be induced by the apMNKQ2 as no changes in these transcripts were seen when the cells
were treated with equivalent doses of the PEI-IONPs alone.

We then assessed the release of TIMP-1by MDA-MB-231 cells, another essential MMP
inhibitor (Warner et al. 2020). Like TIMP-2 mRNA, cells released more TIMP-1 into the
supernatant following a 24 h treatment with 2 pM (7.33 ng/mL) and 4 pM apMNKQ2
(7.9 ng/mL), as opposed to that released by untreated cells (6.12 ng/mL: Fig. 3f). Like
the mRNA transcripts, treatment with apMNKQ2@PEI-IONPs did not further enhance
TIMP-1 secretion, and since an equivalent of 4 uM PEI-IONPs did not affect TIMP-1
secretion (5.89 ng/mL), the effect on TIMP-1 was attributed to apMNKQ2. Together, the
analyses of MT1-MMP, TIMP-1 and TIMP-2 does not explain the synergistic effect of
the apMNKQ2@PEI-IONP on MDA-MB-231 cell migration per se, leaving the increase
in SGK1/phospho(Thr346)-NDRG1 signaling as the most likely cause. Nonetheless, the
trend towards triggering a smaller increment as the dose of apMNKQ2 or apMNKQ2@
PEI-IONPs increased was also evident for phospho(Thr346)-NDRGI, suggesting the
activation of more than one signaling pathway (Additional file 1: Fig. S3).

It was recently shown that apMNKQ?2 induces the expression of Occludin-1 mRNA
and protein in vitro (Pinto-Diez et al. 2022), a protein involved in tight-junction stability
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and epithelial barrier integrity in conjunction with Claudin-3. Indeed, a decrease in
occludin-1 is implicated in BC cell metastasis to bone (Martin et al. 2016) and its loss
correlates positively with BC progression (Martin et al. 2010). Therefore, an increase in
Occludin-1 might imply enhanced cell-to-cell contact, impairing tumor cell migration,
consistent with our results.

The conjugated apMNKQ2 reverts the antitumor effect of PEI-IONPs in the MDA-MB-231
tumor model in vivo

Having demonstrated that the apMNKQ2@PEI-IONP nanoconjugate has a synergis-
tic effect on MDA-MB-231 cells relative to its individual components (apMNKQ2 and
PEI-IONPs), we assessed whether such effects were translated to an in vivo model. We
generated an MDA-MB-231-based tumor model in vivo by injecting 1 x 10° of these
cells into the right flank of nude mice. Once the tumors that formed reached a volume
of ~200 mm?, the animals were injected intravenously through the retro-orbital sinuses
with 100 pL of the corresponding formulation twice weekly, delivering a maximum of 5
doses (apMNKQ2 doses, 1 mg/kg; PEI-IONP equivalent, ~ 0.3 mg/kg: Additional file 1:
Fig. S5). When magnetic targeting was required, the animals were anesthetized and a
magnet was situated above the tumor for 1 h. The animals were sacrificed 4 days after
the last dose administered, and their organs and the tumors were preserved for further
analysis.

MDA-MB-231 tumors grew in a sustained manner over 18 days, increasing their vol-
ume ~4.47-fold (£0.95) and while apMNKQ2 marginally slowed down tumor growth,
which increased only~3.35-fold (£0.37), this did not differ significantly from the
control (Fig. 4a). The PEI-IONPs did significantly dampen tumor growth, which aug-
mented ~ 2.76-fold (+0.60) with magnetic targeting or~2.12-fold (£0.49) without.
However, when the nanoconjugate was administered, no such beneficial effects were
evident and the tumors grew ~4.39-fold (£0.53: Fig. 4a). Therefore, apMNKQ2 conju-
gation with the PEI-IONPs blocks the intrinsic antitumor activity of the latter in the
in vivo model of MDA-MB-231 tumors. We did observe a significant inhibition of
tumor growth when the animals administered the apMNKQ2@PEI-IONP nanoconju-
gate underwent magnetic targeting (~2.29 £0.29), suggesting that the accumulation of
PEI-IONPs in the tumor might be an important feature of the IONP driven antitumor
effect (Fig. 4a). Indeed, PEI-IONP administration produced an increase in the tumor
iron content, rising from 38.93 (+14.31) to 55.43 (£11.12) pg/g based on ICP-OES
measurements (Fig. 4b). This further increased to 129.1 (+78.52) ug/g when magnetic
targeting was employed, although the administration of PEI-IONP alone was sufficient
to induce a local antitumor effect, suggesting that the 16.5 pg/g increase in tumor iron
content might be sufficient. Alternatively, PEI-IONPs may produce a systemic effect and
indeed, PEI appears to be a potent adjuvant in various scenarios, such as when admin-
istered subcutaneously with the viral HIV-1 gp140 glycoprotein (Sheppard et al. 2014)
or intranasally along with the influenza hemagglutinin or herpes simplex virus type-2
(HSV2) glycoprotein b (Wegmann et al. 2012). The intrinsic adjuvant property of PEI
is associated with the ability of the polycation to activate the innate immune response
by engaging toll-like receptors, triggering the secretion of several cytokines that attract
and modulate leukocytes or antigen-presenting cells at the site of administration or
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Fig. 4 Therapeutic effect of the apMNKQ2@PEI-IONP formulation. a MDA-MB-231 cells were inoculated into
the right flank of athymic nude mice and once the tumors reached ~ 200 mm?, the mice were randomized
and treated with five doses of the corresponding formulation. Tumor growth curve over 18 days from the
beginning of the treatment, normalizing the tumor volumes to the initial volume. The arrows indicate the
days of administration: two-way ANOVA, “p<0.01. b Tumor iron content from animals sacrificed 18 days after
the first treatment determined by ICP and normalized to the corresponding tumor weight: two-tailed Mann—
Whitney test, ‘p < 0.05, n=3 per group. ¢ Hepatic enzyme levels in the serum from treated mice. d Blood cell
counts in treated animals: red blood cells (RBC), white blood cells (WBC), and platelets. e Subpopulations of
the white blood cells in the treated mice

accumulation (Mulens-Arias et al. 2015b; Wegmann et al. 2012; Cubillos-Ruiz et al.
2009).

Curiously, apMNKQ2@PEI-IONP administration did not increase the tumor’s iron
content (34.82 £ 6.3 ug/g) relative to the saline control (38.93+14.71 pg/g), which might
be related to the formation of more serum protein/IONP aggregates in the presence of
mouse serum, as demonstrated in vitro (Additional file 1: Fig. S4). ApMNKQ2@PEI-
IONP forms aggregates of ~5289 nm when in contact with mouse serum as opposed
to those of a diameter of ~2577 nm formed in saline [20 mmol/L Tris—HCI (pH 7.4),
1 mmol/L MgCl,, 150 mmol/L NaCl, and 5 mmol/L KCl]. By contrast, the aggregates
of PEI-IONPs formed in mouse serum were ~ 3168 nm in diameter, >2000 nm smaller
than the apMNKQ2@PEI-IONP aggregates formed in mouse serum (Fig. 1c). This
increase in the size of the nanoconjugate aggregates might impede IONPs from reaching
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tumor microenvironment by passive targeting alone. When a magnetic field was applied
to attract the NPs to the tumor, this targeting could overcome the passive infiltration of
tumor tissues by NPs and facilitate PEI-IONP accumulation. Indeed, magnetic targeting
increased the iron content in animals treated with apMNKQ2@PEI-IONPs from 34.82
(£6.39) to 50.52 (£17.82) ug/g, similar to the content of PEI-IONP treated animals
(Fig. 4b). Therefore, magnetic targeting overcomes the more limited PEI-IONP uptake
by the tumor when conjugated to apMNKQ?2, possibly enhancing the antitumor effects
of these nanoconjugates.

Significant toxic repercussions of the IONP/aptamer administration were not evi-
dent when measured through cellular hepatic enzymes (alanine aminotransferase, ALT;
aspartate aminotransferase, AST; alkaline phosphatase, ALP; and lactate dehydroge-
nase, LDH), blood components (white blood cells, WBCs; red blood cells, RBCs; and
platelets), and body weight changes (Additional file 1: Fig. S6). The hepatic enzyme in
the blood that differed most notably was LDH. Administering apMNKQ2@PEI-IONPs
provoked a mild increase in LDH from 1056 Units/L in saline-treated animals to 1367
and 1345 Units/L, although these differences were not significant (Fig. 4c). The varia-
tion in RBCs was negligible among the treatments, varying from 7.6% (saline) to 8.6%
(apMNK1@PEI-IONPs), and similar behavior was observed for WBCs, although mag-
netic targeting produced a slight increase in the WBCs following PEI-IONP administra-
tion (10.25% vs. 8.6% saline-treated: Fig. 4d). No significant variation was found for the
percentage of specific WBCs (Fig. 4e), indicating that on the whole, all the treatments
were safe. Noteworthy, due to the large size of nanocomplex and PEI-IONPs when in
contact with serum proteins, it is plausible that the nanoparticles are rapidly eliminated
from circulation by phagocytosis thus leading to a reduced passive accumulation in the
site-of-interest. However, it appears that these events do not induce systemic toxicity.

Close inspection of the MDA-MB-231 tumors in vivo revealed that apMNKQ2 did
not affect Occludin-1 mRNA expression as occurred in vitro (Pinto-Diez et al. 2022).
However, the systemic administration of PEI-IONPs tended to increase the Occlu-
din-1 mRNA in tumors, which increased further upon external application of a mag-
netic field (Additional file 1: Fig. S6). This increase in Occludin-1 might be associated
with the intrinsic effects of PEI-IONPs on migration/invasion seen here (Fig. 3) and
elsewhere (Mulens-Arias et al. 2015a). Conjugation with apMNKQ?2 abrogated the effect
of PEI-IONPs on Occludin-1 mRNA in vivo (Additional file 1: Fig. S6), confirming the
loss-of-activity of the apMNKQ2-PEI-IONP complex in vivo (Fig. 4a). Importantly, the
increase in Occludin-1 mRNA observed when apMNKQ2-PEI-IONP administration
was combined with an external magnetic field, suggesting that the accumulation of PEI-
IONPs in the tumor niche was sufficient to trigger Occludin-1 mRNA expression (Addi-
tional file 1: Fig. §7).

Conjugated apMNKQ2 synergizes with PEI-IONPs to impair the MDA-MB-231 tumor
vasculature but it antagonizes the increase of tumor-infiltrating macrophages in vivo

NPs must comply with several conditions to achieve high concentrations in neoplastic
tissues due to enhanced permeability and retention (EPR) phenomena, often linked to
passive targeting. When injected systemically, NPs must evade the reticuloendothelial
system (RES) and renal clearance, which ultimately leads to more prolonged circulation
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(>6 h) (Greish 2007). Moreover, since the EPR depends on molecular weight, it would
be expected that the larger the NPs, the longer they would remain in circulation. Indeed,
the reversion of the anti-tumor effect of PEI-IONPs on MDA-MB-231 tumor when con-
jugated with the aptamer apMNKQ2 can be explained by the inability of the nanocon-
jugate to infiltrate the tumor microenvironment, i.e., an impaired EPR, precluding the
PEI-IONPs from exerting their effects. Indeed, we observed a reduction of iron content
from 55.42 pg Fe/g in PEI-IONPs-treated tumors to 34.82 pg Fe/g in apMNKQ2@PEI-
IONPs-treated tumors (Fig. 4b). Such inference arises from the increase in the hydrody-
namic diameter of the nanoconjugates compared to the PEI-IONPs in aptamer buffer
(>2000 times), which is further increased upon contact with serum proteins. However,
not only must the NPs circulate longer but they must also be able to infiltrate the neo-
plastic vasculature and matrix. Therefore, if the tumor vasculature is affected, the nano-
conjugates might encounter resistance to their penetration of the tumor matrix.

We analyzed the vasculature density of tumors from mice treated with different for-
mulations by CD31 staining. Although we previously demonstrated that administra-
tion of the PEI-IONPs studied here exerted an antiangiogenic effect on MDA-MB-231
tumors in vivo, whereby PEI-IONPs decreased tumor vessel number and promoted
MO, M1, and M2 macrophage infiltration, with or without magnetic targeting (Mulens-
Arias et al. 2019), we did not observe a significant reduction in tumor vessel density
(6.95+3.15% CD31) relative to untreated tumors (6.16+2.08% CD31: Fig. 5a). When
magnetic targeting was employed, we detected only a marginal, non-significant reduc-
tion in the tumor vessel density (5.97+£4.26% CD31). Such differences in the effects
of PEI-IONPs on angiogenesis between the earlier study and the data presented here
can be explained by the IONP dose administered: while the previous study 1.2 mg/kg
of PEI-IONPs was used, here only 0.3 mg/kg was administered, fourfold less IONPs.
This difference in doses might lead to less iron content in tumor during the current
study due the passive infiltration, and, thus, less PEI-IONP-dependent effect on angio-
genesis. By contrast, apMNKQ?2 provoked a significant decrease in tumor vascular den-
sity (5.28£3.19% CD31) compared to untreated mice (6.16 +2.08% CD31), indicating
an antiangiogenic effect of MNK1 inhibition (Fig. 5a). Indeed, this corroborates earlier
data, where the inhibition of MNK1 by the antiangiogenic cercosporasmide suppresses
pro-angiogenic proteins, such as VEGF and hypoxia-inducible factor (HIF), by targeting
the MNK1/eIF4E pathway (Chen et al. 2020). In that study, cercosporasmide facilitates
the response of renal cell carcinoma to the antiangiogenic tyrosine kinase and mTOR
inhibitors. Here, the apMNKQ2@PEI-IONP nanoconjugate further reduced the tumor
vascular density (4.584+2.57% CD31), suggesting that PEI-IONPs might facilitate the
antiangiogenic effect of apMNKQ2 in MDA-MB-231 tumors or they may have a syner-
gistic effect with apMNKQ?2 in disrupting the tumor vasculature.

The nanoconjugates did not increase the tumor iron content and the application of a
magnetic field to the tumors did not further restrict the tumor vasculature (4.66 & 3.04%
CD31) in response to apMNKQ2@PEI-IONPs (4.58£2.57% CD31). Therefore, the
antiangiogenic effect of apMNKQ?2 is independent of IONP accumulation in the tumor
(Fig. 5a). However, the same reduction in vessel density when tumors were treated with
apMNKQ2@PEI-IONPs can obstruct passive retention of the nanoconjugates in the
tumor microenvironment, thereby abolishing the antitumor effect of PEI-IONPs.
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As previously demonstrated (Mulens-Arias et al. 2019), there were more tumor-infil-
trating macrophages in tumors from animals administered PEI-IONPs and subjected to
a magnetic field, as seen by the relative area of the tumor that was F4/80% (15.194+9.16%
vs. 7.94 4 6.62%: Fig. 5b). However, no other treatment triggered a significant increase in
tumor-infiltrating macrophages and thus, this alone cannot explain the antitumor effect.

Together, the decrease in tumor vasculature density induced by apMNKQ2 and the
formation of large protein corona-nanoconjugate aggregates might partly explain why
the electrostatic conjugation of the aptamer with the PEI-IONP abrogates the intrinsic
antitumor activity of the latter. While the increase in aggregate size in the bloodstream
can preclude the accumulation of the IONPs due to an EPR effect, the more limited
tumor vasculature can further impair NP accumulation in the tumor microenvironment.
Application of an external magnetic field overcomes this impediment and it enhances
the accumulation of magnetic IONPs in the tumor.

Conclusions

We assessed whether electrostatic complexing of the functional MNKI1b-specific
aptamer with PEI-IONPs facilitates apMNKQ2 delivery in vitro and in vivo as a ther-
apeutic approach to treat TNBC. We demonstrate that the apMNKQ2@PEI-IONP
nanoconjugates delivered three times more apMNKQ?2 intracellularly than the aptamer
alone. This enhanced intracellular delivery of the aptamer has consequences for MNK1
signaling, reducing MNK1 and its target phospho(Ser209)-eIF4E. We also observed a
synergistic effect of the apMNKQ2 and PEI-IONPs on the inhibition of MDA-MB-231
cell migration, most likely associated with the increase in SGK1 and phospho(Thr346)-
NDRGI. Despite the effect of the apMNKQ2 on MDA-MB-231 cell proliferation, migra-
tion and MNK1 signaling, the intravenous administration of apMNKQ2 alone did not
significantly retarded tumor growth in vivo. By contrast, we detected significant inhi-
bition of tumor growth when the PEI-IONPs are administered alone. However, since
we did not observe an anti-tumor effect of the nanoconjugate apMNKQ2@PEI-IONP
alone in vivo, and the effects observed in terms of tumor growth retardation of the
nanocomplex plus magnet was like that of the treatment with PEI-IONPs alone or PEI-
IONPs plus magnet, is its plausible that the anti-tumor mechanisms are only related
to the molecular signaling triggered by PEI-IONPs per se. Although we expected that
the aptamer complex with the IONPs would facilitate its delivery in vivo, exerting an
enhanced antitumoral effect, administration of the apMNKQ2@PEI-IONP nanocom-
plex did not dampen tumor growth, probably by impeding the accumulation of the
IONPs in the tumor. However, this apMNKQ2-induced reversion of the intrinsic antitu-
mor effect of the PEI-IONPs was abolished when an external magnetic field was applied
to the tumor site, promoting the accumulation of the IONPs. Thus, electrostatic conju-
gation of the apMNKQ?2 aptamer to the PEI-IONPs appears to impede the accumula-
tion of the PEI-IONPs in the tumor, which would be necessary for these NPs to exert
their antitumor activity. Two mechanisms might explain this effect on NP accumulation
phenomenon: (1) an enlargement of the protein corona-NP aggregates, impeding the
passive accumulation of the NPs in the tumor; and (2) a reduction in the tumor vascular
density induced by apMNKQ2. This study highlights the need to better comprehend the



Mulens-Arias et al. Cancer Nanotechnology (2023) 14:64 Page 21 of 24

nanosystem intended for a therapeutic application, as the combination of two or more
components could alter the intrinsic effects of each part alone.
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over 48 h. Fig. $3. SGK1 and phospho-NDRG1 expression in MDA-MB-231 cells exposed to increasing aptamer con-
centrations. A Representative western blot. B-D A summary of SGK1, B phospho-NDRG1 and € NDRG1 expression in
MDA-MB-231 cell lysates exposed for 24 h to apMNK1@PEI-IONPs, or the equivalent apMNKT1 or PEI-IONPs.phospho-
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10 % mouse serum. Fig. S5. In vivo therapeutic treatment of mice bearing MDA-MB-231 tumors with apMNKQ2@
PEI-IONPs. Fig. S6. Body weight variation following treatment. Fig. S7. In vivo expression of Occludin mRNA. The
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