Journal Pre-proof

5 DRUG DELIVERY
SCIENCE
ANDTECHNOLOGY
Exosome-based delivery of RNAI leads to breast cancer inhibition
Renata Silva, Débora Ferreira, Ligia R. Rodrigues
B A
PIl: S1773-2247(22)00842-5
DOI: https://doi.org/10.1016/j.jddst.2022.103931

Reference: JDDST 103931

To appearin:  Journal of Drug Delivery Science and Technology

Received Date: 13 July 2022
Revised Date: 24 October 2022
Accepted Date: 27 October 2022

Please cite this article as: R. Silva, Dé. Ferreira, Li.R. Rodrigues, Exosome-based delivery of RNAI
leads to breast cancer inhibition, Journal of Drug Delivery Science and Technology (2022), doi: https://
doi.org/10.1016/j.jddst.2022.103931.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2022 Published by Elsevier B.V.


https://doi.org/10.1016/j.jddst.2022.103931
https://doi.org/10.1016/j.jddst.2022.103931
https://doi.org/10.1016/j.jddst.2022.103931




N o oo bW

10
11
12
13
14
15
16
17
18
19
20
21
22

23

24

Exosome-based delivery of RNAI leads to breast cancer inhibition

Renata Silva 12*, Débora Ferreira >* and Ligia R. Rodrigues 2*

1 CEB - Centre of Biological Engineering, University of Minho, 4710-057 Braga, Portugal
2 LABBELS — Associate Laboratory, Braga, Guimaraes, Portugal

* Correspondence: Irmr@deb.uminho.pt;

* These authors contributed equally to this work

Abstract

Breast cancer is currently the most prevalent cancer in the world. It has been reported
that hyperactivation and dysregulation of key pathways, such as PI3K/AKT/mTOR
(PAM), contributes to the cell’s tumorigenesis and resistance to existent therapies.
Herein, we sought to uncover the potential of PAM downregulation in a panel of different
breast cancer cell lines with different phenotypes, through PIK3CA silencing. This
oncogene was targeted with a pre-designed small interfering RNA (siRNA) transfected
onto PIK3CA wild-type MDA-MB-231 cells and PIK3CA mutated MDA-MB-453 cells. The
results suggest that the siRNA efficiently targeted PIK3CA, triggering an efficient gene
silencing and a decrease on cellular viability, as well as migration capacity. Moreover,
exosome-like nanovesicles were successfully isolated, characterized and incorporated
into the cells and served as excellent siRNA nanocarriers, promoting an incremented
and faster onset. Altogether, the data gathered shows that the combination of the
validated siRNA with these nanocarriers could be a promising targeted drug delivery

system for an alternative breast cancer therapy.
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1. Introduction
Breast cancer is currently the most diagnosed cancer worldwide, surpassing lung

cancer with 11.7% of all cancer cases. Although advances in cytotoxic chemotherapy
and targeted strategies have allowed an improvement of the clinical scenario, breast
cancer is still the leading cause of cancer related deaths in women [1]. Accounting for
approximately 15% of breast cancer cases, triple negative breast cancer (TNBC) is
defined by the lack of expression of estrogen, progesterone, and human epidermal
growth factor 2 (HER2) receptors. TNBC aggressiveness and proliferative nature
promotes poorer prognoses and low survival rates that are hampered by the paucity of
successful therapies and the reduced number of effective therapeutic targets [2—4].

In the latest years, in order to overcome the poor clinical outcomes and resistance of
existent therapies, several pathways have been identified as possible targets, including
the PISK/AKT/mTOR (PAM) cascade [5]. Such pathway is frequently over-activated and
dysregulated in breast cancer cases, allowing cancer cells expansion, dissemination and
malignancy transformation [6]. The major player in the PAM pathway is the
phosphoinositide 3 kinase (PI3K) heterodimer, composed of a catalytic subunit p110
(p110a/PIK3CA, p110B/PIK3CB or p1108/PIK3CD) that interacts with a regulatory
subunit p85 (p85a, p55a, p50a, p85B or p55y) [7]. Mutations in PIK3CA are the most
common event in breast cancer, representing, in TNBC, the second most frequently
mutated gene after tumor protein P53. The TNBC scenario is aggravated by inactivating
alterations in PTEN and activating mutations in AKT [7,8].

The discovery and development of novel therapies profited from the discovery of RNA
interference (RNAIi) machinery in the gene silencing field, including the small interfering
RNA (siRNA) and microRNA (miRNA) modalities, as a powerful tool for the knockdown
of targeted genes [9]. Specifically, SIRNA can trigger the expression inhibition of a certain
target gene in a sequence-specific manner by mediating targeted mRNA degradation
[10]. Moreover, such RNAi-based therapeutics exhibit innate advantages over small
molecular drugs due to the execution of such function by complete Watson-Crick base
pairing with mRNA, not requiring the recognition of protein spatial conformation.
However, the application of siRNA as an unshielded molecule is compromised and
requires the use of an effective delivery strategy [11,12].

Over the past decades, extracellular vesicles (EVS), in particular exosomes (30-150
nm) [13] have been subject of increasing attention due to a plethora of therapeutic and
diagnostic applications, including its use as nanocarriers in drug delivery systems
[14,15]. These molecules offer many advantages, such as small size, natural stability,
biocompatibility, intercellular communication capacity and increased ability to escape

from the immune system and degradation. Moreover, they possess an aqueous core that
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allows the loading and protection of several classes of therapeutic molecules, including
siRNA, and also enable the cellular uptake mediated by recognition processes [14,16—
18].

In this study, we explored the implementation of an exosome-based siRNA targeting
PIK3CA delivery system for application in breast cancer therapy. The PIK3CA-targeting
SiRNA (siPIK3CA) was tested against breast cancer cells using a lipofection-based
transfection approach. The effects on protein and mRNA expression, cellular viability
and migration were assessed and the interference of PIK3CA mutation was explored.
Next, the siPIK3CA was loaded onto BJ-derived exosomes (BJEXx0) using an optimized
electroporation approach. The cellular incorporation, as well as biological activity were
studied and further compared with the effect obtained using the conventional transfection
agent. We hypothesize that PIK3CA is a valid target for therapeutic intervention for
breast cancer and foresee that exosomes will allow a safe and effective siPIK3CA

delivery.

2. Materials and Methods

2.1 Reagents

4',6-Diamidino-2-Phenylindole dihydrochloride (DAPI) was purchased from Biotium.
Lipofectamine  RNAIMAX  transfection reagent, 1,1'-Dioctadecyl- 3,3,3',3'-
Tetramethylindocarbocyanine Perchlorate (CM-Dil Dye) and Trizol were purchased from
Invitrogen. Alexa fluor 488-Phalloidin was acquired from Molecular Probes. Bovine
Serum Albumin (BSA) was purchased from Nzytech. 3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide (MTT) reagent, paraformaldehyde (PFA) and OptiPrep
density gradient medium were purchased from Sigma Aldrich. Sodium dodecyl sulfate
(SDS), dimethyl sulfoxide (DMSO) and propidium iodide (PI) were obtained from Thermo

Fisher Scientific.

2.2 Cell lines and culture conditions

Human breast cancer cell lines MDA-MB-231 (ATCC HTB-26) and MDA-MB-453
(ATCC HTB-131) were grown on tissue culture treated flasks in Dulbecco’s Modified
Eagle Medium (DMEM, Biochrom) supplemented with 10% Fetal Bovine Serum (FBS,
Biochrom) and 1% Zell-shield antibiotic (Minerva Biolabs). The human fibroblast BJ cell
line (ATCC CRL-2522) was cultured in a 4:1 proportion of DMEM: Medium 199 (PAN-
Biotech), supplemented with 10% (v/v) FBS, 1% (v/v) antibiotic and 0,01% (v/v)
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hygromycin B (Sigma Aldrich). All cells were authenticated, checked for mycoplasma

contamination and maintained at 37°C and a 5% CO, humid atmosphere.

2.3 Lipofectamine-based siRNA delivery
2.3.1 siRNA transfection

Transient knockdown was achieved using a pre-designed PIK3CA-targeting siRNA
(siPIK3CA: 5’- UUCGCACCACCUCAAUAAG-3’) from Sigma Aldrich and a non-targeting
SsiRNA (siNC) that does not interact with any sequences in the human transcriptome
provided by Integrated DNA Technologies. Cells were seeded at a 50-60% confluency
in a 6 well-plate and incubated at 37°C, 24 h before siPIK3CA transfection. Then, cells
were washed with PBS 1x and incubated with serum-free DMEM. The siRNAs (25 or 50
nM) and Lipofectamine RNAIMAX were pre-diluted in Opti-MEM (reduced serum
medium, Gibco). Both were pre-mixed for about 20 min at room temperature, allowing
the complexes’ formation, before being added to the cells. The transfection mixture was

removed after 24 h and cell culture medium was added to the wells.

2.3.2 Assessment of protein expression by western blotting

Protein was extracted from cells using the radioimmunoprecipitation assay (RIPA)
buffer supplemented with a proteinase inhibitor cocktail. The cellular protein
concentration was determined by Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific) and 20 pg of total protein were loaded, separated in 10 or 15%
polyacrylamide/SDS gel electrophoresis and transferred onto methanol activated PVDF
membranes (Macherey-Nagel). The membranes were blocked for 1 h with 5% non-fat
milk in Tris-buffered saline (TBS) supplemented with 0.1% Tween 20 and then
immunoblotted with primary antibodies overnight at 4°C (mouse B-actin (Sigma Aldrich
A3854, 1:40000); rabbit PI3K p110a (Cell signaling 4249S, 1:1000); mouse AKT (Santa
Cruz Biotechnology sc-5298, 1:1000); rabbit phospho-AKT (Cell signaling 4060S,
1:1000) and mouse CD81 (Santa Cruz Biotechnology sc-166029,1:500). As secondary
antibody, an HRP-conjugated goat anti-rabbit (Cell signaling 7074S, 1:3000) or anti-
mouse IgG antibody (Jackson Laboratory, AB_10015289,1:3000) was used. Bands were
visualized using a chemiluminescent substrate (Clarity Western ECL Substrate, Bio-
Rad) in a ChemiDoc XRS+ system (Bio-Rad) and their intensity quantified by ImageJ

software.

2.3.3 RNA isolation and quantitative real-time reverse-transcription PCR
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About 24 h after transfection, cells were harvested and RNA was extracted using the
Trizol method following the manufacturer’s instructions. RNA samples were treated with
DNAse | (Thermo Fisher Scientific), avoiding contamination with genomic DNA, and
converted to cDNA with the Xpert cDNA Synthesis Master Mix kit (Grisp). RT-PCR was
performed in a CFX 96 Real-Time PCR System (Bio-Rad) using the Luna Universal
gPCR Master Mix kit (New England Biolabs). The gene-specific primers used are
outlined in Table 1. Gene expression levels were normalized to the levels of the
housekeeping gene 18S rRNA. Relative gene expression is presented as fold change

(2-ACt) [16] with untreated cells (control group) set to a value of 1.0.

2.3.4 Cytotoxicity evaluation

For cell viability assessment, cells seeded in 96 well-plates with a density of 8x103
cells per well were incubated at 37°C 5% CO; for 24 h prior to the transfection. After
completion of the transfection period, the medium was removed and cells were incubated
with 100 pL of MTT (0.5 mg/mL) for 2 h. Next, 100 uL of DMSO was added to solubilize
the intracellular MTT crystals for 10 min at RT. Cellular viability was determined by the
measurement of the optical density at 570 nm using a Multiskan Sky microplate reader

(Thermo Fisher Scientific).

2.3.5 Annexin/PI staining by flow cytometry

The extent of cellular apoptosis was detected 48 h post-transfection with the FITC
Annexin V apoptosis detection kit (BD Biosciences) according to the manufacturer’s
recommendations. Briefly, cells (2x10° per condition) were harvested, rinsed with PBS
1%, resuspended in 1x Binding Buffer and incubated with 1 yL of AV-FITC and 1 uL PI
for 15 min in the dark at room temperature. The samples were analyzed using the flow
cytometer Epics XLTM (Beckman Coulter) counting at least 20000 events. The collected

data was examined with the FCS Express 6 Flow Research software.

2.3.6 Cell cycle analysis

The effect on cell cycle progression was determined by flow cytometry. After the
transfection period, adherent cells were scrapped, washed with PBS 1x and were further
collected by centrifugation at 2700 rpm for 3 min. Then, cells were fixed with ice-cold
70% ethanol for 15 min and after two centrifugations at previous conditions, the cells
were treated with 1 pL of ribonuclease A (RNAse A, 10 mg/mL) (Thermo Fisher
Scientific) and 10 yL PI (1 mg/mL), at 37°C for 30 min. Cell cycle distribution was
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analyzed by measuring DNA content using the flow cytometer Epics XLTM (Beckman

Coulter), counting at least 20000 events.

2.3.7 Wound healing assay

In the transfection day, a straight scratch was performed with a pipette tip in the
cellular monolayer, after cleaning the cellular debris. Cells were maintained in DMEM,
without serum supplementation, observed with an optical microscope and photographed
at 0, 12, 24, 48 and 72 h post-transfection. The wound area was determined using the
ImageJ software and the scratched area percentage was obtained by area comparison

between the distinct time-points and the initial one.

2.4 Exosome isolation

Exosome isolation procedure was performed according to previously reported
protocols [17]. Briefly, culture supernatant was removed and replaced with serum-free
DMEM, after BJ cells achieved 80% confluency on a T175 flasks culture. After 48 h, the
media was collected, and cellular debris were removed by two consecutive
centrifugations steps at 800 x g for 5 min and 2000 x g for 10 min. The supernatant was
filtered with 0.2 ym Millipore Express PES Membrane Filters (Merck) and was then
ultracentrifuged at 100,000 x g for 3 h at 4°C. The pellet of exosomes was resuspended

in sterile PBS 1x and aliquoted, before storage at -80°C.

2.5 Exosome characterization
2.5.1 Size distribution and particle concentration of exosomes

The size distribution and particle number/concentration of exosomes were measured
by nanopatrticle tracking analysis (NTA). Batches of BJExo were diluted in ultrapure H2O
and analyzed using a Nanosight NS500 system (Malvern Instruments). For each BJExo
batch, two 60 sec videos were recorded, with a 25 ms camera shutter and the equipment
focus adjusted to achieve optimal counting. The tracking analysis tool of Nanosight NTA

2.3 software was utilized to analyze the results.

2.5.2 Zeta potential measurement

Zeta potential measurements along with size distribution of isolated exosomes were
performed in a Zetasizer Nano series ZS (Malvern Instruments). Samples were 10 times
diluted with ultrapure H,O and transferred to appropriate capillary cuvette cells. The data

collected was analyzed through Zetasizer Nano software 3.3 (Malvern Panalytical).
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2.5.3 Transmission electron microscopy (TEM)

For negative staining TEM, 10 uL of BJExo were mounted on Formvar/carbon film-
coated mesh nickel grids (Electron Microscopy Sciences, Hatfield, PA, USA). The liquid
in excess was removed with filter paper and 10 yL of 1% uranyl acetate (Sigma Aldrich)
were added on to the grids and left standing for 10 sec. Visualization was carried out on
a JEOL JEM 1400 TEM at 120 kV (Tokyo, Japan) and images were digitally recorded
using a CCD digital camera (Orious 1100W Tokyo, Japan) at the HEMS / i3S of the

University of Porto.

2.5.4 In vitro tracking using confocal laser scanning microscopy (CLSM)

BJExo were fluorescently labeled with CM-Dil. In brief, 1 yL of 1 mM DMSO stock
solution of CM-Dil was added to 2 or 10 ug of BJExo diluted in PBS 1x. The excess dye
from the labeled exosomes was removed using centrifugal filters (10 kDa, Merck). In
order to evaluate the BJEXxo intracellular localization, MDA-MB-231 cells were seeded.
In the next day, CM-Dil-labeled BJExo were added and incubated for 3 h. Afterwards,
cells were stained with DAPI and Alexa fluor 488-Phalloidin, followed by mounting on
slides prior to confocal laser scanning microscopy (CLSM). Images were acquired in a
sequential mode by a confocal scanning laser microscope (BX61 FLUOVIEW1000,
Olympus), using a 60x oil immersion objective and with the specific filter settings for
DAPI, Alexa fluor 488 and CM-Dil.

2.6 Exosome encapsulation of siRNA via electroporation

siPIK3CA was loaded into BJExo following a previously described electroporation
procedure [19]. Briefly, BJExo were mixed with siPIK3CA or siNC in a sSiRNA:BJEXo ratio
of 1:1 or 1:2 (ug:ug) with 400 L of electroporation buffer (1.15 mM potassium phosphate
pH 7.2, 25 mM potassium chloride and 21% OptiPrep). Then, the mixture was loaded
into pre-chilled 4 mm electroporation cuvettes (Cell projects) and electroporated using a
Gene Pulser Xcell Electroporation System (Eppendorf) at 400 V and 125 uF capacitance.
The electroporated exosomes (BJExosF'K3CA or BJEx0SNC) were consequently subjected
to ultracentrifugation at 40,000 rpm for 2 h at 4°C to remove free siRNA, the supernatant

was aspirated and BJExosP'K3CA were resuspended in DMEM.

2.7 Statistical analysis
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The results from different experiments were presented as mean + SD and analyzed
using GraphPad Prism 8 Software (Graphpad Holdings). The statistical significance of
all data was determined by two-way ANOVA using Sidak’s multiple comparisons test. P-
value (p) < 0.05 denoted the presence of statistically significant differences between the

experimental groups.

3. Results
3.1 siPIK3CA affects PAM pathway by downregulating mRNA and protein levels

This work aimed to target PIK3CA oncogene that, being commonly mutated in breast
cancer, triggers a PAM pathway hyperactivation and promotes cancer cells survival,
proliferation and migration (Figure 1A). Therefore, we examined the silencing effect of
PIK3CA in the TNBC-representative cell line MDA-MB-231 (PIK3CA wild-type) and in
the HER?* MDA-MB-453 cells that harbor a PIK3CA and PTEN mutation (H1047R and
E307K, respectively). To perform this evaluation, RT-PCR experiments were carried out
24 h after cellular transfection with siPIK3CA (25 nM), assessing PIK3CA, AKT and
MTOR mRNA levels (Figure 1B). Indeed, siPIK3CA showed a great potential (p <0.001
and p < 0.0001) for the inhibition of the PAM pathway in both cell lines, as suggested by
the expression levels of key elements of this cascade. Downregulation of PIK3CA, AKT
and MTOR levels was observed at a higher extend for the TNBC cell line: 0.25 + 0.08,
0.32 + 0.05 and 0.413 * 0.06, respectively. Moreover, siNC transfected cells did not
evidence any significant reduction on mRNA expression for MDA-MB-453 cells (p > 0.05)
and even exhibited an increase in the expression for MDA-MB-231 cells (p < 0.01)
(Figure S1A). At the protein level, the effect on the PI3K levels was evaluated through
western blot analysis over time. MDA-MB-231 and MDA-MB-453 cells were transfected
with siPIK3CA (25 nM) and the protein content was quantified 12, 24 and 48 h post-
transfection (Figure 1C and 1D) Results displayed a significant reduction (p < 0.0001)
to 0.47 £ 0.06 (12 h) and 0.54 £ 0.09 (24 h), in MDA-MB-231 and MDA-MB-453 cells,
respectively. Additionally, the consequences on the signaling molecule located
downstream (AKT) and in its active form (phosphorylated AKT) was studied (Figure
S1B). Clearly, siPIK3CA has a profound impact on p-AKT expression in a dose-
dependent manner more pronounced for MDA-MB-231 than for MDA-MB-453 cells.
However, no impact on AKT total protein was achieved, independently of the siPIK3CA
concentration. Moreover, the protein levels of transfected cells, treated solely with
lipofectamine and siNC, were not affected. Since the increment of p-AKT/AKT ratio is an
indicator of PAM activation, the ratio was calculated for the TNBC cells and a notorious

decrease over time was found (Figure S1C). Overall, these data indicate that the
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siPIK3CA sequence can effectively downregulate PIK3CA in different breast cancer cells
with distinct outcomes. The differences observed between both cell lines may be

correlated to the PIK3CA mutation status.

3.2 Impairment of PAM pathway reduces breast cancer cells survival

Given that the PAM pathway is enrolled in multiple cellular survival mechanisms
[20,21], the therapeutic effect of siPIK3CA on the viability of MDA-MB-231 and MDA-
MB-453 cells was studied by MTT assay (Figure 2A and 2B). These cells were
transfected with siNC or siPIK3CA for 24, 48 or 72 h. The results indicated that the
PIK3CA-targeting siRNA (50 nM) promoted a decrease on the MDA-MB-231 and MDA-
MB-453 cellular viability at 48 and 72 h, while the siNC did not trigger any significant
reduction (p > 0.05). The maximum effect was detected at 48 h with a reduction to 71.6
+0.72 % and 75.7 + 10.25 % for MDA-MB-231 and MDA-MB-453 cells, respectively. In
addition, siPIK3CA at 25 nM apparently only significantly affects the survival of the MDA-
MB-231 cell line (p < 0.05).

3.3 PIK3CA knockdown increases cellular apoptosis and affects cell cycle

progression of MDA-MB-231 cells

To further ascertain if the decrease in cell viability was associated with apoptosis
induction mediated by siPIK3CA, Annexin V/PI staining experiments were performed.
Given that TNBC cells were found to be more susceptible to the transfection, they were
selected for this experiment. The effect on cell apoptosis was evident as can be seen in
the flow cytometry plots with a right and upper shift of the treated samples compared to
the non-treated cells (Figure 3A). This effect was translated on an increase of necrosis
and early/late apoptosis mechanisms, particularly for the 50 nM condition with only 50.17
+ 7.09% of viable cells (Figure 3B). Furthermore, the percentage of apoptotic and
necrotic cells increased in a siPIK3CA concentration dependent manner. In addition, we
evaluated the effects of PIK3CA knockdown on cell cycle progression (Figure 3C and
3D). The results showed that a 50 nM concentration transfection induced a significant (p
< 0.01) sub-G1 and S phase cellular retainment that was accompanied by an increase
in GO-G1, while the 25 nM concentration was insufficient to produce significant outcomes
(Figure 3C and 3D). Therefore, the siPIK3CA-mediated transfection successfully

induced cellular apoptosis and cell cycle arrest.

3.4 siPIK3CA promotes suppression of cellular migration
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Since metastasis is one of the major hindrances in the success of cancer therapy and
the PAM pathway is associated with this malignant behavior [22], the effect of siPIK3CA
in cancer cell migration was evaluated through an in vitro methodology. Based on the
previous results, MDA-MB-231 cells were selected to perform the migration evaluation.
A wound healing assay was performed. Briefly, MDA-MB-231 cells were seeded,
scratched, transfected and photographed over time (0, 12, 24, 48 and 72 h) (Figure 4A).
From visual inspection, while the gap from the non-treated group continuously reduces
in a time-dependent manner, the treated samples do not close at the same proportion.
This observation translates in a decreased wound healing capacity after both 25 and 50
nM siPIK3CA transfection since there are no statistically significant differences between
the two studied concentrations (p > 0.05) (Figure 4B). With a preponderant role in
tumorigenic metastasis, the epithelial-to-mesenchymal transition (EMT) mechanism
enables tumors with an increased migration and invasion capacity [23]. EMT is
characterized by the acquisition of mesenchymal features and loss of epithelial markers.
To further ascertain whether PIK3CA silencing affects EMT, we evaluated the expression
of the mesenchymal N-cadherin (NCAD) and the epithelial E-cadherin (ECAD) markers
(Figure 4C). RT-PCR evidenced a decline of NCAD expression to 0.29 + 0.04 opposite
to the increment of ECAD levels to 4.41 + 0.72. Thus, the PIK3CA knockdown impaired

the MDA-MB-231 cellular migration and promoted a reversal of the EMT mechanism.

3.5 Isolation and characterization of BJ-derived exosomes

Exosome-like nanovesicles were extracted from non-tumorigenic cells BJ (BJExo) to
avoid carry immunostimulatory or carcinogenic information from the parental cells [24].
An average size of 97.9 £ 11.26 nm and 73.13 £+ 3.17 nm in diameter was retrieved by
NTA and dynamic light scattering, respectively (Figure 5A, 5B and 5C). BJExo were
successfully prepared and characterized within the range of accurate size (30-150 nm)
and with a slightly negative zeta potential of -6.38 £ 0.37 mV (Figure 5C). The isolated
BJEXxo were positive for the presence of the tetraspanin CD81. Moreover, the commonly
used exclusion marker B-actin was detected in whole cell lysates of BJ cells but not in
exosomes (Figure 5D). Then, to validate BJExo as a delivery platform, it was necessary
to confirm that they can be efficiently delivered to the nucleus of the intended targeted
cell to achieve the desired pharmacological effect. Thus, MDA-MB-231 cellular uptake
was tracked using CLSM (Figure 5E). CLSM results showed a clear internal localization
of BJExo using two different amounts, particularly concentrated in the nucleus,
confirming the successful internalization into the cells. In addition, CLSM results

evidenced MDA-MB-231 cellular uptake of siRNA-loaded BJExo, suggesting a
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successful application of the electroporation protocol and siRNA delivery mediated by

the exosomes (Figure S2).

3.6 siPIK3CA delivered by exosomes promotes a faster and greater effect

Therapeutic siPIK3CA was loaded into BJExo (BJEx0SP'KSCA) with a 1:2 ratio
(siPIK3CA:BJExo; pg:ug), using electroporation. The biological activity was, firstly,
evaluated through RT-PCR analysis of the mRNA levels of PIK3CA, AKT and MTOR
after MDA-MB-231 (Figure 6A) and MDA-MB-453 (Figure 6B) cells treatment with
BJEx0sPIK3CA gver time (3, 6 and 24 h). PIK3CA expression in BJExosN¢ and BJEXxo-
treated groups showed no statistically significant difference (p > 0.05) compared to the
non-treated groups (Figure S3), while a significant knockdown can be observed for the
samples treated with BJExosP'*3CA, The PIK3CA, AKT and MTOR mRNA levels in MDA-
MB-231 reduced to a maximum of 0.16 + 0.1, 0.37 £ 0.1 and 0.31 + 0.02; and in MDA-
MB-453 treated cells decreased to 0.19 + 0.04, 0.56 £ 0.13 and 0.44 + 0.14, respectively.
The cellular viability evaluation by MTT was carried out after treatment of MDA-MB-231
and MDA-MB-453 cells for 3, 6, 24 or 48 h with BJExosP'K3CA (Figure 6C). Results
showed that 6 h after BJExosP'K3CA treatment, MDA-MB-231 and MDA-MB-453 cellular
viability decreased to 52.3 £ 7.7 and 42.7 £ 1.2%, respectively. Altogether, Figure 6A,
6B and 6C showed that the knockdown is more pronounced (3 and 6 h) for the shorter
time-points and, a cellular recovery for treatment periods over 24 h is observed, thus
suggesting the need for multiple dosing, due to the transient knockdown promoted by
the siPIK3CA. Then, we compare the maximum decrease observed on PIK3CA mRNA
levels as well as cellular viability achieved with BJExoSPX3CA in relation to the
lipofectamine-based transfection (LiposF'K3CA) (Table 2). Clearly, BJExosP'K3CA triggered

a greater and faster onset, indicating BJExo as a superior carrier of siPIK3CA.

4. Discussion

The PAM signaling pathway is one of the most important and frequently active
intracellular cascades, assuming roles in cell proliferation, survival, cycle and
metabolism. Several research groups have associated the aberrant hyperactivation and
dysregulation of this pathway to a variety of cancers [6,7]. These alterations trigger
resistance to antineoplastic therapies and are promoted by several mutations, including
in the PIK3CA oncogene that represents the most common group of genomic
abnormalities in breast cancer [25-27]. Therefore, tremendous efforts are being
employed to develop anticancer strategies targeting the PAM pathway. Currently, five

different inhibitors targeting the PAM oncogenic signaling pathway in diverse cancers
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have been approved by FDA [28-32]. Within the breast cancer therapy scenario,
alpelisib (BYL-719), a class | PIK3 a-isoform targeted inhibitor, was approved in the
treatment of hormone receptor positive cases with a tremendous potential in advanced
tumor with PIK3CA mutations [31,33]; and everolimus, an allosteric mMTORC1 inhibitor,
that improved the patient outcomes after endocrine therapy in hormone and HER:
positive diagnostics [28,34]. However, despite these advances there is still a lack of
effective targeted therapies. RNAI is a promising modality in cancer treatment, allowing
oncogenes expression knockdown after being successfully delivered to cells. For in vitro
experiments, lipofectamine-based transfection is considered the gold standard to
successfully deliver these molecules to the recipient cells.

In this work, we studied the downregulation of PIK3CA by delivering a siRNA to a
panel of breast cancer cell lines, including the PIK3CA wild-type cell line MDA-MB-231
and HER2: cell line MDA-MB-453 that harbors the PIK3CA H1047R and E370K
oncogenic mutations. Results revealed that siPIK3CA (25 nM) led to a remarkable
depletion in the mRNA expression of PIK3CA, AKT and MTOR, more pronounced in
MDA-MB-231 cells than in MDA-MB-453 cell line. The same outcome was observed at
protein level with a notorious silencing of PI3K. The PIK3CA silencing promoted a
decrease in the protein expression of the phosphorylated AKT (phospho-AKT) in a
SiPIK3CA dose dependent manner more noticeably in MDA-MB-231 cell line.
Nevertheless, no significant effect in the total AKT level was found. These outcomes are
in line with previous reports [35—-37]. Keam et al [35] showed that head and neck cancer
cell lines treated with various doses of an a-isoform selective PI3K inhibitor (BYL719)
exhibited a reduction of phospho-AKT in a dose-dependent manner, independently of
PIK3CA mutations. The same was observed by Yuan et al [37]. These authors reported
that T47D (PIK3CA mutated) and MDA-MB-231 (no PIK3CA mutation) breast cell lines
exhibit a decrease of the phospho-AKT levels that depend on the BYL719 concentrations
assayed. Similar to our results, also no effects in the total AKT level were found in both
studies.

The differences observed between the results for both cell lines is probably associated
to the mutation profile. The PIK3CA mutation dysregulates and hyperactivates the PAM
pathway, increasing its expression and hampering its inhibition. In addition, the depletion
of PTEN promoted by the E370K abnormality harbored by MDA-MB-453 cells, does not
allow the negative control of PAM dephosphorylating PIP3 to PIP2 and, therefore,
contributes to the pathway activation. The present study revealed that PIK3CA silencing
was effective and induced the inhibition of AKT phosphorylation, which could suppress

the activity of PI3K/AKT signaling interaction.
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Given the enrollment of PAM pathway on cell survival and proliferation, we sought to
study the role of siPIK3CA in the cell lines under study. The MTT assay evidenced a
slowdown on the cell growth particularly for the higher concentration (50 nM) and longer
transfection periods (48 and 72 h). However, MDA-MB-231 cells were clearly more
susceptible to the siPIK3CA, including a significant reduction on cellular viability with 25
nM, which was explained by the apoptosis and necrosis induction observed in the
annexin V-PI experiments. MDA-MB-231 cells were also subjected to cell cycle analysis,
that evidenced, 48 h post-transfection, a cellular arrest at sub-G1 and S phase
hampering the cellular progression to the division process. Indeed, this pro-apoptotic and
anti-proliferative tendency was previously reported with RNAi-based strategies targeting
PIK3CA [38-40]. Li et al [40] observed in gastric cancer cells treated with a PIK3CA-
targeting siRNA an increase in the same proportion of early apoptotic cells, however
higher effect on late apoptosis and necrosis was only achieved with a dual-targeting
strategy. Moreover, in their work they also observed a cellular retention at sub-G1 stage.
Nevertheless, Zhang and collaborators [41] showed that different dosages of a potent
PI3K inhibitor promoted a more expressive cell growth inhibition in breast cancer cells
harboring PIK3CA mutations than wild-type cell lines, which is not supported by the
collected data. This difference can be associated to the distinct pharmacological
inhibition employed.

To further validate PIK3CA downregulation impact, migration studies were conducted
with MDA-MB-231 cells. The wound healing assay indicated that the transfection
promoted an impairment on cellular recovery and migratory capacity for at least 72 h with
either 25 or 50 nM concentrations. This impact in cellular migration upon treatment with
SiPIK3CA could be explained in part by the reversal of the EMT mechanism as verified
by the downregulation of N-cadherin and upregulation of E-cadherin expression levels.
Similar outcomes have already been reported [38,42,43]. For example, Guerreiro and
co-workers [38] concluded that medulloblastoma cells DAQY transfected with a PIK3CA-
targeting siRNA displayed a decreased migration capacity of 30 to 40%. Deng et al [42]
showed that ovarian cancer cells treated with a dual PISBK/mTOR inhibitor (BEZ235)
exhibited an EMT reversal phenomenon, as observed in this work.

Although RNAI has revolutionized the gene silencing field, there are some underling
hindrances to overcome, such as the difficulties to safely deliver these molecules.
Exosomes that are nanosized natural vesicles emerged as possible siRNA carriers [15].
Herein, we report the efficient loading of sSiRNA molecules into BJ derived exosomes by
performing electroporation. Exosome-like nanovesicles were isolated in this study with
an average size of 97.9 nm and a slightly negative zeta potential of -6.38 mV. Moreover,

they were positive for the presence of the common exosome marker CD81 and negative
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for the exclusion marker B-actin. This BJ-derived exosomes characterization is in
agreement with other well-documented reports [17,44].

After exosome loading with siPIK3CA, a clear faster and improved reduction of
PIK3CA, AKT and MTOR mRNA levels was observed for MDA-MB-231 and MDA-MB-
453 cells in relation to the onset obtained with lipofectamine transfection. Additionally,
exosome-based delivery of siPIK3CA promoted a rapid decrease of cell viability between
50-56% in both cell lines, being observed a cellular recovery for treatment times superior
to 24 h. Interestingly, the use of a different carrier, exosomes instead lipofectamine,
seemed to annul the previously observed differences in PIK3CA silencing and cell
survival between the two cell lines. In other words, with the use of exosomes as delivery
vehicles, the PIK3CA status does not appear to influence the outcome and this strategy
produces favorable results independently of the mutations profile. Overall, our results
showed that siPIK3CA carried by exosomes achieved a more rapid and earlier onset on
gene expression silencing and cellular viability, compared with lipofectamine-based
transfection. Although some differences between cell lines were found, the main effects
are promoted within the 6 h range and a cellular recovery is observed after the timepoint
corresponding to 24 h.

Previous reports have already studied the potential acute cytotoxicity of fibroblast-
derived exosomes. For example, Kamerkar et al [45], that also described the isolation of
BJ-derived exosomes through differential centrifugation processes, showed that
exosomes without siRNA did not induce any decrease on cellular viability of pancreatic
cancer cells. Yet, unspecific effects on non-tumorigenic cell lines, as well as on other
breast cancer cell lines could be evaluated in the future, to ascertain if similar outcomes
are obtained. Nevertheless, it is important to note that other authors have shown, both
suing in vitro and in vivo studies, that siRNA loaded into exosomes is a safe delivery
strategy [45,46].

Although the electroporation efficiency was not determined, the amount of siPIK3CA
loaded into the BJExo was less than the 25 nM concentration used with the
lipofectamine-based approach. In fact, independently of the loading success, with less
siRNA the effect observed with the exosomes was more significant. Similar
achievements were observed by Xu et al [46]. Those authors observed that the delivery
of PAK4-RNAI by PANC-derived exosomes promoted an improved and faster inhibitory
outcome on pancreatic cancer cells in vitro comparing with the lipofectamine approach.
In addition, tumor volume growth reduction and survival decline were observed in vivo
after a group of dosages, suggesting the need of multiple dosing. Despite the different
targeted oncogene and type of cancer, as well as a distinct EVs source, the more efficient

outcomes obtained in both works are probably associated to the use of exosomes as
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delivery vehicles. While lipofectamine relies on the complex formation between the
cationic lipid with the negatively charged siRNA backbone which can expose the siRNA
to degradation, exosomes confine the siRNA within the double layer membrane, thus
offering better siRNA protection during delivery [47]. Moreover, Murphy et al [48] claim
that EVs deliver siRNA several orders of magnitude more efficiently than synthetic
systems. Both reports are well-aligned with our study [46,48].

Exosomes fuse with the plasma membrane and release their contents into the cytosol.
Exosome cargoes, as SiRNA, can undertake multiple routes to bypass direct lysosomal
degradation to fulfill their signaling functions. Several studies, including ours,
demonstrate exosome-mediated functional changes in recipient cells [45,46]. To achieve
increased duration effects on viability, multidose administrations of BJExosP'K3CA  instead
of a single dose administration as we did in our study, should be considered in the future.
The rationale of exosome dose selection, as well as the treatment frequency are
extremely important parameters to be considered mainly in in vivo experiments.
Moreover, the underlying interaction mechanisms between exosomes and siRNA needs

further evaluation to pave the way to the development of novel therapies.

5. Conclusions

The present study concluded that PIK3CA silencing mediated by a siRNA-targeting
approach (siPIK3CA) ameliorates breast cancer outcomes. The impairment of the PAM
pathway, by disrupting gene and protein expression, promoted an apoptotic and anti-
proliferative effect. In addition, the cell migration capacity was reduced upon treatment
with siPIK3CA, hindering the metastasis process. However, using lipofectamine as the
delivery agent, the PIK3CA mutation status hampered siPIK3CA action. The use of an
effective and safe delivery method was also explored by loading siPIK3CA onto BJ-
derived exosomes. A greater and faster effect in relation to the lipofection approach was
observed. In conclusion, this study validates the PAM pathway and, in particular, PIK3CA
as a target for breast cancer therapy and introduces BJ-derived exosomes as a superior

carrier that increments the observed impairment.
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Gene Primer sequences

Forward (5’-3’) Reverse (5-3’)
PIK3CA GAGACATCAGCATGGCTCAA TGTCCCTACCAACCAGAAGG
AKT CGTCCACCAAGAAGCTGAG GCCGTCAGAAAACATGTCAG

MTOR AGCCTGGGTCAAAGAAGTCA GCCAACCCTCCTTCACAATA
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NCAD GACTTGCGAAACTCCAGACC CCATTAAGCCGAGTGATGGT
ECAD AGATCCTGAGCTCCCTGACA ACAGCTGTTGCTGTTGTGCT
18S AAACGGCTACCACATCCAAG CCTCCAATGGATCCTCGTTA

18S: 18S rRNA; AKT: protein kinase B; ECAD: E-cadherin; MTOR: mammalian target of rapamycin;
NCAD: N-cadherin; PIK3CA: phosphoinositide 3-kinase

Table 2: Comparison of the maximum onset promoted by LiposFK3CA with BJExosFK3CA on

the PIK3CA mRNA expression and cellular viability

Effect on PIK3CA mRNA Effect on cell viability
expression 2 (MTT) ®
Cells Strategy
Maximum (fold Time Maximum Time
change) © (hours) (%) © (hours)
Lipo™" A 0.25+0.08 24 71.6+0.7 48
MDA-MB-231
BJExosPIK3CA 0.16+0.10 6 52.3t7.7 6
Lipo™"" A 0.66+0.10 24 77.1+4.2 72
MDA-MB-453
BJEXxQSiPIK3CA 0.19+0.04 3 42.7+1.2 6

Table 1: RT-PCR primer sequences

* mMRNA expression assessed by RT-PCR.
® Cellular viability obtained through MTT assay.
¢ Results are expressed as mean + SD of three independent experiments.
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Captions

Figure 1: Evaluation of siPIK3CA effect on PAM pathway through western blot and RT-
PCR. (A) Simplified illustration of the PI3BK/AKT/mTOR pathway. The AKT signaling cascade is
activated by RTK and other stimuli that recruit PI3K, which catalyzes the conversion of
membrane-bound PIP2-PIP3. Next, AKT and PDK1 are activated through binding to PIP3. PTEN
inhibits AKT by dephosphorylating PIP3. AKT regulates cell growth through its effects on the
TSC1/2 complex and mTORC signaling. When the complex is activated, the downstream Rheb-
GTP is converted to Rheb-GDP, which stabilizes mTORC1. mTORC1 triggers cell growth and
proliferation by phosphorylating p70 S6 and 4E-BP1. phosphatidylinositol 3-kinase (P13K); protein
kinase B (AKT); receptor tyrosine kinase (RTK); 3-phosphoinositol-dependent protein kinase-1
(PDK1); phosphatase and tensin homolog (PTEN); phosphatidylinositol 4,5-bisphosphate (PIP2);
phosphatidylinositol (3,4,5) trisphosphate (PIP3); Ras homolog enriched in brain (Rheb);
mechanistic target of rapamycin complex (MTORC); tuberous sclerosis proteins 1 and 2
(TSC1/2); ribosomal protein S6 kinase beta-1 (p70 S6K); eukaryotic translation initiation factor
4E (elF4E)-binding protein 1 (4E-BP1); rapamycin-insensitive companion of mammalian target of
rapamycin (RICTOR); regulatory associated protein of mTOR (RAPTOR); DEP domain
containing MTOR interacting protein (DEPTOR); Ras homolog enriched in brain (Rheb);
mammalian lethal with secretory 13 protein 8 (GBL). Created with BioRender.com. (B) Relative
quantification of PIK3CA, AKT and MTOR mRNA levels in MDA-MB-231 and MDA-MB-453 cells
treated with siPIK3CA (25 nM) for 24 h. (C) PI3K expression level in MDA-MB-231 and MDA-MB-
453 non-treated cells or treated with SiPIK3CA (25 nM) for 12, 24 and 48 h. (D) Relative
densiometric analysis of the expression of PI3K protein normalized to the loading control B-actin
and to the untreated cells, where the expression equal to 1 is represented by the dashed red line.
All data from (B) and (D) is expressed as the mean + SD of three independent experiments. Two-
way ANOVA indicates statistically significant differences within the group assessed by Sidak’s
post-test and denoted as follows: ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p <
0.0001.

Figure 1: Assessment of the cellular viability impairment promoted by siPIK3CA. Evaluation
of (A) MDA-MB-231 and (B) MDA-MB-453 cellular viability treated with siNC or siPIK3CA (25 or
50 nM) over time (24, 48 and 72 h). For each time point, viability was estimated by the 3-(4,5-
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) assay, normalized to untreated
cells. All data is presented as the percentage of cell viability + SD of three independent
experiments. Two-way ANOVA indicates statistically significant differences within the group

assessed by Sidak’s post-test and denoted as follows: ns p > 0.05, *p < 0.05 and **p < 0.01.

Figure 2: Evaluation of the siPIK3CA effect on cellular cycle and apoptosis. (A) Apoptosis
determined by Annexin V fluorescein isothiocyanate (AV-FITC) and propidium iodide (Pl) assay
in MDA-MB-231 cells treated with siPIK3CA (25 nM or 50 nM) for 48 h. Representative histograms
of cells double-stained with AV and PI along with the corresponding (B) quantitative analysis. (C)
Cell cycle determined by Pl assay in MDA-MB-231 cells treated with siPIK3CA (25 or 50 nM) for
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48 h. Flow cytometry representative progression plots of cells stained with Pl along with the
corresponding (D) quantitative analysis. Data from (B) and (D) is presented as the percentage of
cells = SD of three independent experiments. Two-way ANOVA indicates statistically significant
differences within the group assessed by Sidak’s post-test and denoted as follows: ns p > 0.05,
*p =0.05, **p £0.01, ***p < 0.001 and ****p < 0.0001.

Figure 3: Effect of siPIK3CA on cell migration. (A) MDA-MB-231 cells were seeded,
transfected with siPIK3CA (25 or 50 nM), scratched and imaged over time (0, 12, 24, 48 and 72
h). Scale bar: 100 um. (B) The scratched area (between two white lines) was determined using
ImageJ and the wound closure percentage calculated (C) Relative quantification of ECAD and
NCAD mRNA levels in MDA-MB-231 cells treated with siPIK3CA (25 nM) for 24 h. Data shown in
(B) and (C) is presented as the wound closure percentage/fold change + SD of three independent
experiments. Two-way ANOVA indicates statistically significant differences within the group
assessed by Sidak’s post-test and denoted as follows: ns p > 0.05, *p < 0.05 **p < 0.01 and ***p
<0.001.

Figure 5: Isolation and characterization of exosomes derived from the fibroblastic cells BJ.
(A) Size distribution (nm) and concentration (exosomes/mL) characterization using nanoparticle
tracking analysis. (B) Negative-staining transmission electron microscopy of purified BJEXxo.
Scale bar, 200 nm. (C) Size and zeta potential of the BJEXo retrieved by ultracentrifugation. Data
is presented as the mean = SD of three independent experiments. (D) Representative Western
blot for exosome marker CD81 and exclusion marker (3-actin. Cell, BJ cell lysate; BJExo, BJ
exosomes (E) Assessment of MDA-MB-231 cellular internalization of two amounts of CM-Dil-
labelled exosomes, 2 or 10 pg, 3 h after administration by confocal laser scanning microscopy
images. BJExo are labelled with CM-Dil (red), nuclei stained with DAPI (blue) and actins with

Alexa fluor-488 phalloidin (green). Scale bar: 40 ym.

Figure 6: Inhibitory effect of siPIK3CA encapsulated in BJExo. Relative quantification of
PIK3CA, AKT and MTOR mRNA levels in (A) MDA-MB-231 and (B) MDA-MB-453 cells treated
with exosomes loaded with siPIK3CA (BJExoSFK3CA) gver time (3, 6 and 24 h). All data is
expressed as the fold change * SD of three independent experiments to control after
normalization to the reference gene (18S rRNA). Two-way ANOVA indicates statistically
significant differences within the group assessed by Sidak’s post-test and denoted as follows: ns
p > 0.05, *p < 0.05, **p = 0.01, ***p < 0.001 and ****p < 0.0001. (C) Assessment of MDA-MB-231
and MDA-MB-453 cellular viability treated with BJExosP'*3A over time (3, 6, 24 and 48 h). For
each time point, viabilty was estimated by the 3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide (MTT) assay, normalized to untreated cells. Data is expressed as
the percentage + SD of three independent experiments. Two-way ANOVA indicates statistically
significant differences within the group assessed by Sidak’s post-test and denoted as follows: ns
p > 0.05, **p £0.01, ***p £ 0.001 and ****p < 0.0001.
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Figure S1: Evaluation of siPIK3CA inhibitory effect (A) Relative quantification of PIK3CA
mMRNA levels in MDA-MB-231 and MDA-MB-453 non-treated cells or treated with a negative
control siRNA (siNC) (25 nM) for 24 h. (B) Representative images of western blot analysis of the
protein expression level of AKT and phospho-AKT in MDA-MB-231 and MDA-MB-453 cells
treated with only lipofectamine (Mock), with a negative control siRNA (siNC) (25 nM) and with
SiPIK3CA (10 nM, 25 nM, 50 nM, 75 nM or 100 nM) for 48 h. (C) Assessment of p-Akt/Akt protein
expression over time (12, 24, 48 and 72 h) after siPIK3CA (25 nM) transfection onto MDA-MB-
231 cells. All data in (A) and (C) is presented as the fold-change + SD of three independent
experiments with similar outcomes relative to the untreated condition after normalization to the
reference gene (18S rRNA). Two-way ANOVA indicates statistically significant differences within
the group assessed by Sidak’s post-test and denoted as follows: ns p > 0.05, *p < 0.05, **p <
0.01, ***p < 0.001 and ****p < 0.0001.

Figure S2: Cellular internalization of TYE 563-labelled siRNA loaded into BJExo. Confocal
laser scanning microscopy images of MDA-MB-231 cells 24 h after administration of TYE 563-
labelled siRNA-loaded BJExo. siRNA is labelled with TYE 563, nuclei is stained with DAPI (blue)

and actin with Alexa fluor-488 phalloidin (green). Scale bar: 40 um.

Figure S3. Evaluation of silencing effect in PIK3CA levels. Relative quantification of PIK3CA
MRNA levels in MDA-MB-231 and MDA-MB-453 cells treated with only exosomes (BJEXxo) or
loaded with siNC (BJExosNC). Data are expressed as the fold change + SD of three independent
experiments relative to the untreated condition after normalization to the reference gene (18S
rRNA). Two-way ANOVA indicates statistically significant differences within the group assessed

by Sidak’s post-test and denoted as follows: ns p > 0.05.
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SiPIK3CA affects the PAM pathway by downregulating mRNA and protein levels
Impairment of the PAM pathway reduces breast cancer cells survival

PIK3CA knockdown increases cellular apoptosis of MDA-MB-231 cells
SiPIK3CA delivered by exosomes promotes a faster and greater effect
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