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1. ABSTRACT

Breast cancer (BC) is one of the most common and deathly cancers worldwide.
However, despite the improvements in screening and treatment, there is a high
probability of local recurrence and distant metastasis to occur; the latter being the
main cause of the patient’s death. Communication between heterogeneous tumor
cells mediated by small extracellular vesicles (SEVS) is essential to promote
tumorigenesis and metastasis. SEVs are nanosized vesicles secreted by all cell
types that mediate intercellular communication through their cargo, which include
nucleic acids, proteins and other biomolecules. However, the mechanisms and
specific molecules involved in these phenomena are still not completely defined
and vary between different cancer types. Among the molecules described in the
cargo of seVs are microRNAs (seV-miRs); small non-coding, single-stranded
RNA molecules of approximately 20 nucleotides, which are master regulators of
gene expression. It is widely demonstrated that cellular miRNA dysregulation can
promote tumor growth, progression and metastasis. These findings have
positioned miRNAs, and particularly sEV-miRs as a new research focus
worldwide. Epithelial-mesenchymal transition (EMT) is a complex and dynamic
process that involves many cellular and molecular changes. Cells undergoing
EMT can increase their tumorigenic and pro-metastatic capacities, such as cell
migration and invasion, cytoskeleton remodeling, increased anchorage-
independent growth, among others. Some miRNAs have been implicated in the

regulation of EMT in BC, such as members of the let-7 and miR-200 family, as
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well as miR-105, miR-21 and miR-10b. However, to date there are very few
studies that consider BC tumor cells-secreted SEVs as vehicles for “EMT-
promoter” sEV-miRs, favoring the EMT and EMT-related phenotypic and
functional changes (such as increased migration), promoting the tumorigenic
and/or metastatic potential of recipient cells. Therefore, we hypothesize that the
EMT and the migration of cells with no metastatic potential is favored by specific
sEV-miRs in the cargo of metastatic BC cell-secreted sEVs. The aim of this project
is to characterize the sEV-miRs profile of metastatic BC cells and identify specific
SEV-miRs that could induce EMT and/or migration in cells with no metastatic
potential. The findings of this thesis could be relevant in order to identify new
possible BC biomarkers in SEVS, as well as the possible use of specific SEV-miRs

as therapeutic options to treat this disease.
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RESUMEN

El cancer de mama (CM) es uno de los canceres mas comunes y mortales en
todo el mundo. Sin embargo, pese a las mejoras en monitoreo, deteccion y
tratamientos tempranos del tumor primario, existe una alta probabilidad de
recurrencia local y metastasis a distancia; siendo esta ultima la principal causa
de muerte de las pacientes. La comunicacidon entre células tumorales
heterogéneas mediada por vesiculas extracelulares pequefias (SEVs; del inglés
small extracellular vesicles) es esencial para promover el crecimiento tumoral y
la metéstasis. Las sEVs son nanovesiculas secretadas por todas las células y
median la comunicacion intercelular a través de su cargo, el cual incluye acidos
nucleicos, proteinas y otras biomoléculas. Sin embargo, los mecanismos y
moléculas especificas involucradas en estos fendmenos adn no estan
completamente definidos y varian entre diferentes tipos de cancer. Entre las
moléculas descritas en el cargo de las sEVs se encuentran los microRNAs (SEV-
miRs); pequefias moléculas de RNA monocatenario no codificante, de
aproximadamente 20 nucleétidos, cuya funcion es la de reguladores maestros de
la expresion génica. Se ha demostrado ampliamente que la desregulacion de
mMiRNAs celulares puede promover el crecimiento, la progresion y la metastasis
del tumor. Estos hallazgos han posicionado a los miRNAs, y particularmente a
los sEV-miRs, como un nuevo foco de investigacion a nivel mundial. La transicién
epitelio-mesenquimal (EMT; del inglés epithelial-mesenchymal transition) es un

proceso complejo y dindmico que involucra muchos cambios celulares y
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moleculares. Las células que sufren una EMT pueden aumentar sus capacidades
tumorigénicas y pro-metastasicas, como la migracion e invasion celular, la
remodelacion de su citoesqueleto, el aumento de su capacidad de crecimiento
independiente de anclaje, entre otras. Particularmente en CM, algunos miRNAs
han sido implicados en la regulacion de la EMT, tales como algunos miembros
de las familias let-7 y miR-200, asi como los miR-105, miR-21 y miR-10b. Sin
embargo, hasta la fecha existen muy pocos estudios que consideren las SEVs
secretadas por células tumorales de CM como vehiculos para los sEV-miRs
promotores de EMT, favoreciendo los cambios relacionados con EMT (como el
aumento de la migracion) y promoviendo el potencial tumorigénico y/o
metastasico de células receptoras. Por lo tanto, planteamos la hipétesis de que
la EMT y la migracion de células sin potencial metastasico se ven favorecidas por
sEV-miRs especificos en el cargo de sEVs secretadas por células de CM
metastasicas. El objetivo de esta tesis es caracterizar el perfil de sEV-miRs de
células de CM metastasicas e identificar sEV-miRs especificos que podrian
inducir EMT y/o migracion en células sin potencial metastasico. Los hallazgos de
esta tesis podrian ser relevantes para identificar nuevos posibles biomarcadores
de CM en sEVs, asi como el posible uso de sEV-miRs especificos como opciones

terapéuticas para tratar esta enfermedad.
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2. INTRODUCTION

2.1 Breast cancer epidemiology (BC)

Breast cancer (BC) is one of the most relevant diseases in Chile and worldwide.
According to the World Health Organization, in 2020 BC was the second most
common cause of death worldwide. The latest GLOBOCAN data estimated more
than 19 million new cases and more than 10 million deaths due to this disease
during 2020 (1). In this context, BC is the most common cause of death associated
with cancer in women (second considering both sexes) and the second with the
highest incidence worldwide (1). In Chile, according to data from the Clinical
Cancer Center of Clinica Las Condes, three women die every day from BC. In
addition, 25% of new cases correspond to this type of cancer. On the other hand,
despite the enormous scientific effort and advancements, current therapeutic
strategies against BC are not effective. These alternatives include surgery,
hormone-, chemo-, radio-, immunotherapy, or combination therapy. Their choice
depends on various factors, including the clinical diagnosis, mutational burden,
hormone receptors expression, tumor invasion, among others (2)

(www.cancer.gov/about-cancer/treatment). However, despite being able to

detect, treat and/or resect the primary tumor, there is a high probability of local
recurrence and/or the formation of metastatic foci in distant tissues; these being

the main responsible for causing patients’ death (3-7).


http://www.cancer.gov/about-cancer/treatment

2.2 Small extracellular vesicles (SEVSs)

The presence of secreted vesicles in the extracellular space is known till the 60s’
(8,9). However, it was not until 2011 when the term “extracellular vesicle” was
proposed to define extracellular structures enclosed by a lipid bilayer (10).
Extracellular vesicles (EVs) mainly includes plasma membrane-derived vesicles
(i.e. microvesicles, oncosomes, and apoptosomes) and multivesicular bodies-
derived vesicles (i.e. exosomes). EVs can be classified by their biogenesis
machinery, molecular cargo, or even by their size (11-14); this case being
classified as large EVs and small EVs (sEVs). On the other hand, communication
between different and heterogeneous tumor cells is essential to promote
tumorigenic capacities in less aggressive cells and for metastasis to occur
efficiently. This intercellular crosstalk is largely mediated by EVs, particularly by
sSEVs (15-19). seVs are 40-200 nm diameter nanovesicles secreted by virtually
all cells types (12,20-22), and their cargo, which can include proteins, lipids,
nucleic acids (DNA, mRNA, miRNAs and other non-coding RNAs (ncRNAs)) and
other metabolites defines what changes will generate in a recipient cell. For
instance, when a neighbor/target recipient cell incorporates tumor cell-secreted
SEVs, this cell can undergo a “reprogramming”. Examples of this reprogramming
include the preparation of the pre-metastatic niche (when the recipient cells are
in distant tissues) or the promotion of the migration and invasion capacities of
other tumor cells in the same primary tumor; changes that ultimately can favor the

metastatic process (17,23-25). However, the mechanisms by which sEVs



promote these phenomena are still not well understood and the specific
responsible molecules involved have not been fully defined. Moreover, they can
vary depending on the EVs subpopulation analyzed or the cancer type that is

being studied (26—-33).

2.2.1 sEVs as promoters of pro-metastatic capacities in recipient cells

Intercellular communication via SEVs can be auto-, para-, endo- or juxtracrine.
Hoshino and colleagues have shown that the integrin profile in sEVs’ cargo
(mainly exosomes) secreted by different types of tumor cells, including BC cells,
defines, in part, the site of metastasis (34). These sEVs are taken up by
endothelial and epithelial cells from distant tissues, preparing the pre-metastatic
niche and promoting the expression of pro-tumor and pro-metastatic proteins in
tissues such as lungs and bone. On the other hand, it has been shown that
exosomes secreted by BC cells contain transforming growth factor g (TGF-B),
which in a paracrine manner, modulates the transformation of fibroblasts into
myofibroblasts, favoring the growth of the primary tumor, increasing its
vascularization and promoting its migration and invasion capacity (35,36). This
paracrine action of exosomes is particularly relevant considering the great cellular
heterogeneity in the primary tumor and the direct contact between cells with
different degrees of transformation and aggressiveness, which can increase their
tumorigenic and metastatic potential when receiving exosomes or sEVs secreted

by other, more aggressive tumor cells. Recent studies have shown that sEVs



secreted by the metastatic TNBC cells, MDA-MB-231 (seV-MDA231), promote
the invasion capacity and anchorage-independent growth potential of two cell
lines with no metastatic potential, such as MCF7 and T47D BC cells (37,38).
Similar studies have described this phenomenon also in murine models (39).
Considering this background, understanding the mechanisms by which sEVs
secreted by BC tumor cells promote the gain of tumorigenic and pro-metastatic
capacities, knowing their role and identifying the molecules responsible for
increasing those properties in recipient cells would generate new biomarker

candidates and possibilities of therapeutic targets against this disease.

2.3 miRNAs

One of the main components of the EVs’ cargo corresponds to miRNAs (EV-
miRs). mMiRNAs are small single-stranded, ncRNA molecules of 18-25 nucleotides
in length, which are master regulators of gene expression through inhibiting
translation and/or directly promoting the degradation of a target mMRNA (40-45).
To date, an enormous number of miRNAs has been described; most of them
showing a specific expression pattern for each cell type (46-51)

(https://www.mirbase.org/index.shtml). As the mIiRNA profile reflect the

physiologic or pathophysiological state of a cell, the dysregulation of the cellular
MiRNA profile has been associated with the development and severity of several
pathologies, including BC (52-57). However, the mechanisms by which this

occurs and the implications it may have on the development and severity of the


https://www.mirbase.org/index.shtml

disease are still not completely understood. Therefore, knowing the role of
mMiRNAs in the regulation of tumor progression and metastasis is an area of great
importance to better understand these phenomena and to discover new

therapeutic targets.

2.3.1 Cellular dysregulation of miRNAs in cancer

As mentioned before, miRNAs are master regulators of gene expression. miRNAs
exert their actions by complementarity and union of their 5’ seed sequence with
the 3’ UTR of a target mRNA (58,59). Due to this mechanism of action, a single
mMiRNA can target several different mRNAs. Similarly, a unique target mMRNA can
be targeted by several miRNAs. This promiscuity or versatility support the fact
that the cellular miRNA profile can be used as a surrogate of the
metabolic/physiologic/pathophysiological state of a cell. Notably, it has been
shown that the miRNAs can act as better biomarkers than proteins or mRNAs
(60), and even can better identify and classify different BC subtypes
(50,52,55,57). On the other hand, it has been demonstrated that the dysregulation
of the cellular miRNA profile (or dysregulation of specific miRNAS) is associated
with tumor growth, progression, therapy resistance and metastasis (54-56,60).
For instance, upregulation of miR-200c and miR-141 and down regulation of miR-
124a and miR-26b promotes metastasis by indirectly increasing SerpinB2 or c-
Jun expression (61). In another studies, it was shown that upregulation of miR-21

is associated with resistance several treatments (62,63), and increase BC cells



invasion (64). On the other hand, downregulation of tumor suppressor miRNAs is
far most common. Several studies have shown that downregulation of tumor
suppressor miRNAs such as miR-101, miR-497, miR-143, miR-340, miR-34a or
miR-138 can regulate tumor cell apoptosis, increase tumor cell proliferation,

migration, invasion and EMT (56).

2.3.2 Tumorigenic and pro-metastatic roles of miRNAs in BC

There is a significant number of mMiRNAs involved in tumorigenesis and
metastasis, both oncogenic (oncomiRs) and tumor-suppressor mMiRNAs
(46,65,66). The dysregulation of the cellular miRNA profile, being a tumor cell or
a healthy neighbor cell, can trigger the overexpression of oncogenic proteins or
the downregulation of tumor suppressor proteins, which ultimately leads to
primary tumor growth, progression and the consequent development of
metastases. Particularly in BC, the most studied miRNAs are members of the
miR-200 and let-7 families, as well as miR-105, miR-10b, among others (60,67—
70). However, most of these studies have been focused on the dysregulation of
miRNAs in the tumor cell itself or in cells of the tumor microenvironment, but do
not address cellular communication mechanisms that could be triggering these
changes, for example, transport and delivery through seVs. Within the few studies
involving SEV-mIRs, it has been suggested that some of these (miR-26a-5p, miR-
181b-5p, miR-487b-3p), secreted by lung cancer cells exposed to TGF-B, are

responsible for increasing the tumorigenic potential of neighboring cells, for



example, promoting tumor cell migration and epithelial-to-mesenchymal transition
(EMT) (71). On the other hand, there are recent reports indicating that the transfer
of some sEV-miRs promotes resistance to radio- or chemotherapy in BC tumor
cells (72-75). Although there are studies focused on the sEV-miRs profile in
various types of cancer, there is no further evaluation of their specific role
promoting tumorigenic or metastatic capacities in the context of BC. For this
reason, interest arises in studying the specific effect of the SEV-miRs secreted by
metastatic BC cells on the pro-tumorigenic and pro-metastatic phenotypic
changes that it could cause when incorporated by another recipient cell (tumor or

healthy).

2.4 Epithelial-mesenchymal transition (EMT)

EMT is a complex cellular and molecular process, essential for tissue remodeling
and metastases development (76). Cells undergoing EMT can increase their
invasive and migratory capabilities, promotes cytoskeleton and extracellular
matrix remodeling, increase their anchorage-independent growth capacity,
upregulate the expression of molecules and transcription factors characteristics

of a mesenchymal stage, among others (76—79).

2.4.1 EMT importance in BC progression and metastasis
As in most of cancers, the mechanisms behind BC progression and subsequent

metastasis are still not fully elucidated. Moreover, new molecular and



epidemiological players are discovered every day. The EMT is an important
process by which tumor cells adapt and develop new ways to increase their
migratory and invasive potential in order to spread and colonize new distant
tissues (76,78). Importantly, the EMT is a dynamic and not categorical process in
which a cell gains mesenchymal properties and lose their epithelial characteristics
(76). In this context, the EMT is not the same in every cancer type; molecules and
transcription factors (TFs) involved, as well as functions and capacities gained are
different between different cancer (76,80). Particularly in BC, there are
contradictory results regarding the importance of the EMT in the metastatic
cascade, especially in the in vivo context (76). For instance, in BC mouse models,
it has been shown that EMT, mediated by the activation of Snaill TF, occurs in
the primary tumor and it is important for tumor cell invasion and formation of
CTCs, but not for metastatic colonization (81,82). In 2016, an elegant and
interesting study in mice showed that a small pool of BC tumor cells undergoes
spontaneous EMT. This results in increased motility and dissemination capacity,
which finally increased metastasis (83). Other reports had associated the activity
of other TFs in the regulation of EMT in BC such as Zebl (84,85), Twistl (86,87),
or Notch family members (88). In addition, other TFs associated with tumor cell
stemness have been associated with the EMT, tumor cell renewal and therapy
resistance, such as Nanog or Oct4 in BC and others (89-91). Furthermore,
“effector” molecules are equally important mediating the functional effects of an

EMT, such as Vimentin (92), N-Cadherin (93,94) or ECM proteins such as



fibronectin (95,96), modulating cytoskeleton remodeling and tumor cell adhesion
loss, increasing cell migration and invasion. As the importance of EMT in the
metastatic cascade is getting clearer, and the number of molecules contributing
to this process increase, authors have tried to set guidelines and strict definitions
to better understand this area, and to draw reproducible and impactful conclusion
(80). One of those molecules not so recently involved with the acquisition of the
EMT are miRNAs, which also need to be carefully considered when studying this

phenomenon.

2.4.2 “EMT-promoter” miRNAs

As master regulators of gene expression, it is not weird that miRNAs can modulate
the acquisition of the EMT. It has been largely demonstrated that miRNAs can
promotes or inhibit the EMT in different contexts (65,97-99). However,
considering tumor heterogeneity and miRNAs versatility of action, the study of the
effect of mMiRNAs modulating the EMT is not so straightforward. In a cancer
context, several cellular miRNAs are or may be dysregulated, causing that
blaming only one miRNA for an effect is very difficult. The appearance and apogee
of next generation sequencing technologies, such as that to sequences miRNAs,
has generated incredible growth in the study of this process (57,100) (see
elsewhere in the TCGA or GEO databases). Particularly in BC, several studies
have implicated several different miRNAs in the acquisition and development of

the EMT. For instance, members of the miR-200 and let-7 family of miRNAs have



been widely implicated in the inhibition of the EMT. On the other hand, oncomiRs
such as miR-9, miR-34a, miR-23a, miR-10b or miR-21 have been shown to
promote the EMT by different mechanisms. The following reviews and articles
clearly describe several miRNAs involved in the regulation of the EMT in BC, and
highlights their importance in the progression of the disease (56,67,69,101-105).
The problem is that most studies consider just one dysregulated miRNA, and use
strategies to increase or knock out the expression of that miRNA to evaluate its
effect, greatly altering its expression and excluding other dysregulated miRNAs
that may be working together to cause the final effect and give rise to an EMT
phenotype. Other important thing to take into consideration is that, as mentioned.
mMiRNAs can be transported and delivered by secreted sEVs. This topic is even
harder to test, because several issues such as miRNA abundance in seVs (not
only in BC, but also in other contexts) (106—109), or miRNA functional delivery
mediated by these vesicles. Thus, the study of miRNAs, either in the cellular
context or within a SEVs, is of great importance to better understand their

implications in the development of the EMT.

2.5 sEVs as vehicles for miRNAs (SEV-miRs)

The delivery of functional sEV-miRs in different disease settings is nowadays a
hot research topic. Furthermore, since the cargo of SEVs can reflect the metabolic
and physiological state of a tumor cell, the transport and delivery of SEV-miRs in

the context of cancer is increasingly important as they can act as cancer
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biomarkers (progression, metastasis, recurrence, therapy resistance) (100,110—
114), or they can exert a functional effect in neighbor or distant recipient cells in
the organism (115-120). All this offers the possibility of using sEV-miRs as

biomarkers and/or therapeutic targets (direct or indirect) to treat cancers (121).

2.5.1 seV-miRs as promotors of EMT, tumorigenesis and metastasis

Recent evidence suggests a fundamental role of EVs (including seVs and
exosomes) as “EMT-promoters” (122—-125). Furthermore, some studies have
shown that exosomes secreted by invasive tumor cells are capable of inducing
EMT in healthy recipient cells (123). To date, most studies have focused on the
analysis of the EVs proteome during the EMT process (126—129). On the other
hand, references in the literature focused on the analysis and identification of SEV-
miRs and their effect on this process are scarce, despite the biological importance
of these oligonucleotides (and also that of sEVS) in tumor progression and
metastasis development. Recently, exosomes from melanoma cells have been
shown to promote EMT in melanocytes through a miR-191 and let-7a-dependent
mechanism (125). In another study published in 2018, the authors identify the
exo-miRs profile of lung cancer cells before and after undergoing EMT, induced
by TGF-B. The profile of exo-miRs secreted by A549 lung cancer epithelial cells
was found to be different from that of these same cells after EMT. Furthermore,

these exosomes (M-exosomes; from mesenchymal exosomes) were capable of

11



inducing EMT in tumor and non-tumor epithelial recipient cells, which

demonstrates the importance of SEV-miRs in this process (71).

2.5.2 seV-miRs as promotors of EMT in BC

In the context of BC, the results are quite scant. Although there are reports that
show the action of sEVs on the EMT of a tumor recipient cell, only a few
molecules, mostly proteins, have been directly involved in this process (for
example TGF-B). In the case of miIRNAs, recent studies suggest the participation
of miR-137 in the induction of EMT in BC models (130), however the participation
of EVs in this phenomenon was not directly addressed in that study. Other reports
suggest the participation of other cells of the tumor microenvironment as
exosomes or EVs-producers, such as endothelial cells, immune cells or
fibroblasts (117,119,131,132). For instance, Donnarumma and coworkers
showed the participation of EV-miR-21, -378 and -143 secreted by cancer-
associated fibroblast as promoters of EMT in BC tumor cells was described (119).
Finally, Singh et al., reported an increase in the invasion capacity of mammary
epithelial cells (one of the typical EMT characteristics) mediated by EV-miR-10b

secreted by metastatic BC cells (133).

In summary, it has recently been suggested that specific molecules in the cargo
of EVs could function as markers of tumorigenicity and metastasis in BC

(15,113,134,135), however, most are focused on the proteome of these
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nanovesicles. Research focused on the effects and specific roles of SEV-miRs on
the phenotypic changes, from their involvement in EMT to the development of
metastasis, are scarce. Existing studies are limited to the characterization of the
sSEV-miRs profile of metastatic cells, but they do not go deep investigating the
specific role of different sEV-miRs on the EMT of a tumor recipient cell in the
context of BC. Therefore, this thesis seeks to identify and characterize the
complete seV-miRs profile of metastatic BC cells and assess their role on EMT
and the enhancement of metastatic potential of non-metastatic, less aggressive

BC cells.

3. HYPOTHESIS AND AIMS

3.1 Hypothesis
The promotion of epithelial-mesenchymal-related pro-metastatic capacities in
non-metastatic recipient cells is favored by specific miRNAs present in metastatic

MDA-MB-231 breast cancer cell-secreted small extracellular vesicles.

3.2 General aim
To identify specific miRNAs in metastatic BC cell-secreted sEVs and to evaluate
their role in the promotion of EMT-related pro-metastatic capacities in non-

metastatic recipient cells.
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3.3 Specific aims
1. To evaluate the effect of metastatic sEV-MDA231 over the
acquisition/promotion of tumorigenic and pro-metastatic capacities of non-

tumorigenic and non-metastatic recipient cells.

2. To characterize the miRNA profile of SEVs (SEV-miRs) secreted by metastatic

and non-metastatic BC cells and to define candidate EMT-promoters.

3. To evaluate the role of candidate sEV-miRs overrepresented/enriched in

metastatic SEV-MDA231 on the expression of EMT molecular markers in non-

metastatic BC cells.

4. To evaluate the role of candidate sEV-miRs overrepresented/enriched in

metastatic SEV-MDA231 on the migration capacity of non-tumorigenic and non-

metastatic BC cells (as a surrogate of the EMT).

4. METHODOLOGY

4.1 Antibodies
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4.1.1 Primary antibodies

Rabbit anti-human CD63 (Abcam ab68418), mouse anti-human TSG101 (Santa
Cruz sc-7964), rabbit anti-human Flotillin 1 (Cell Signaling #18634S), mouse anti-
human Calnexin (Santa Cruz sc-46669), rabbit anti-human Vimentin (Cell
Signaling #5741S), mouse anti-human E-Cadherin (Santa Cruz sc-8426), mouse
anti-human N-Cadherin (Santa Cruz sc-8424), rabbit anti-human Zebl (Cell
Signaling #70512S), rabbit anti-human Twistl (Cell Signaling #69366S), rabbit
anti-human Snaill/Slug (Abcam ab85931), mouse anti-human GAPDH (Santa

Cruz sc-47724), mouse anti-human (-actin (Santa Cruz sc-47778).

4.1.2 Secondary antibodies
Anti-mouse IgG-HRP (Cell Signaling #7076), anti-rabbit IgG-HRP (Cell Signaling
#7074), goat anti-mouse 680LT (Licor #925-68020) and goat anti-rabbit 800CW

(Licor #92532211).

4.2 Cell lines and cell culture

Human BC cell lines T47D, ZR75 and MDA-MB-231 were obtained from ATCC
(ATCC® HTB133TM, ATCC® CRL1500TM, and ATCC® HTB-26TM,
respectively) and cultured in DMEM/F12 medium (Gibco #12400-024),
supplemented with 10% fetal bovine serum (FBS; Capricorn Scientific #FBS-HI-

12A) and 100 UI/mL penicillin, 0.1 mg/mL streptomycin and 0.05 mg/mL
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gentamicin. MCF10A immortalized normal mammary epithelial cell line were
kindly donated by Dr. Flavia Bruna (Instituto de Medicina y Biologia Experimental
de Cuyo (IMBECU), CONICET, CCT-Mendoza, Argentina), and cultured in
DMEM/F12 medium supplemented with Brain Pituitary Extract, hEGF, Insulin,
Hydrocortisone, and GA-1000 according with the instructions (MEGM™
Mammary Epithelial Cell Growth Medium SingleQuots™ Kit; Lonza #CC-4136).

All cell lines were cultured/incubated at 37 °C, 5% COs..

4.3 Animals

Animal studies were conducted in accordance with the guidelines of the Ethical
Committee of Clinica Alemana Universidad del Desarrollo. Immune-compromised
NOD/SCID mice were obtained from Jackson Laboratories (Bar Harbor, ME).
Mice were maintained in the animal facility of Facultad de Medicina, Clinica
Alemana Universidad del Desarrollo, in an exclusive, temperature-controlled
environment, conditioned with HEPA filters, with a 12/12 h light/dark schedule,

and sterile food and water ad libitum.

4.4 Statistical analyses
Graphs and statistical analysis were performed in GraphPad Prism v8 software.
Parametric student t test was used to compare 2 groups. Two tailed parametric

ANOVA or non-parametric Kruskal-Wallis test were used when comparing 3 or
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more groups. Tukey’s or Dunn’s correction were used for multiple comparisons

as correspond. All differences were considered statistically significant if p < 0.05.

4.5 Specific aim 1 materials and methods
To evaluate the effect of metastatic SEV-MDA231 over the acquisition/promotion
of tumorigenic and pro-metastatic capacities of non-tumorigenic and non-

metastatic recipient cells.

4.5.1 Isolation of SEVs

Cell culture conditioned medium was used for SEVs isolation. When used for this
purpose, FBS was previously depleted of extracellular vesicles (EV-depleted
FBS) by ultracentrifugation at 100,000 x g for 16 h at 4 °C. The supernatant was
then filtered through 0.22 um syringe filters (GE Healthcare) and use to prepare
complete culture medium. For sEVs isolation, 1.5-2.0 x 10° cells were seeded in
complete culture medium (supplemented with 10% regular FBS and antibiotics as
described). *Twenty-four hours later, cell culture medium was discarded, the cells
were washed 1-2 times with 1X sterile PBS and culture medium was replaced with
EV-depleted FBS-supplemented DMEM/F12 (plus antibiotics) cell culture medium
until it reached 80-90% confluence. After 48 h, the supernatants were collected.
Conditioned medium obtained from each cell line was centrifuged first at 3,000 x
g for 10 min to eliminate cell debris and then at 10,000 x g for 15 min to eliminate

bigger vesicles (mainly apoptotic bodies). The supernatants were then filtered
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through 0.22 um filters and centrifuged at 100,000 x g for 2 h at 4 °C
(Ultracentrifuge Hanil 5, Korea; fixed rotor #9). seVs pellets were washed,
suspended in cold PBS and stored at -80 °C until use. Note: As an alternative
protocol, twenty-four hours after cell seeding, cell culture medium was discarded
and replaced with 10 mL Optimem (Gibco #22600-050) per 100 mm plate and
supplemented with antibiotics as described. Cell culture supernatant was
collected 48 h later to isolate sEVs. Cell culture supernatants were centrifuged
first at 3,000 x g for 10 min to eliminate cell debris and then at 10,000 x g for 15
min to eliminate bigger vesicles (mainly apoptotic bodies). The supernatants were
then filtered through 0.22 um filters and concentrated using Amicon 100 MWCO
tubes (Merck Millipore #UFC910024). Finally, sEVs were obtained through
precipitation and size-exclusion columns using Exo-Spin™ exosome purification

kit according to manufacturer instructions (Cell Guidance #EX01-25).

4.5.2 Characterization of SEVs

sEVs were characterized through three different techniques: nanotracking
analysis (NTA), transmission electron microscopy (TEM), and western blot (WB).
For NTA, cell culture supernatant-isolated seVs were diluted 1:100 with filtered
sterile PBS and injected into Nanosight NS300 instrument (NanoSight NTA 2.3
Nanoparticle Tracking and Analysis Release Version Build 0033; Malvern
Instruments. Fondequip EQM160157) to measure particle concentration and size

distribution. Camera was set to capture three videos of 30 s each per sample.
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Videos were then analyzed to determine the size distribution plus an
approximation to the quantity of particles (Camera level 11-12; Gain 5). Note: for
a more reliable quantification, samples should be diluted to show >10 particles
per frame in every video. If there are less particles, it is not recommended to use
those concentration values. For TEM characterization, SEVs were deposited on
Formvar-carbon coated grids (TED Pella. Mountains Lake, CA, USA). After 1-2
min of adsorption, the excess was removed with absorbent paper and contrasted
with uranyl acetate pH 7.0 for 1 min; excess was removed and dried for 1-2
additional min at room temperature. The samples were observed using a Talos
F200C G2 electron microscope at 80 kV (Unidad de Microscopia Avanzada UC
(UMA). Pontificia Universidad Catdlica de Chile, Santiago, Chile). Finally, for WB
analysis, 15 ug of seEVs total protein extracts were lysed with RIPA buffer and
sonicated twice in a bath sonicator (Power Sonic 405; LabTech) for 10 min at
medium potency. Total protein extracts were mixed with Laemmli loading buffer
(BioRad #1610747), heated at 95 °C for 5 min and loaded in 10-12% SDS-
acrylamide gels. Proteins were transferred to nitrocellulose membranes which
were blocked (Intercept TBS blocking buffer; Licor #927-70001) for 1 h and
probed with antibodies against EV markers (CD63, TSG101) and negative
markers (Calnexin) to evaluate possible cellular contamination. Finally, bound
antibodies were detected with anti-lgG 680LT/800CW secondary antibodies

(1:10,000 dilution) and revealed in an Odyssey Clx imaging system (Licor).
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4.5.3 Transwell migration assay

To evaluate the effect of SEV-MDA231 over the 3D migration capacity of BC cells
we used transwell assay. Briefly, Boyden chambers were previously hydrated with
DMEM/F12 culture medium for 1 h. 2.5 x 10* cells were seeded on the upper
chamber of 24-well transwell plates. After that, ~5,000 particles per seeded cell
(generally 5 pg total protein) were added to the cells to evaluate the effect over
3D migration capacity of BC cells. After 16 h, transwell inserts/membranes were
collected, fixed with 4% PFA and stained with DAPI (Sigma Aldrich D9542). Cells
on the other side of the inserts were visualized on an inverted fluorescence

microscope and counted in at least 10 fields.

4.5.4 Anchorage-independent growth evaluation. Colony formation

Anchorage-independent cell growth capacity was determined by colony formation
in soft agar as previously described (136). Briefly, MCF10A (5.0 X 10%), MCF7
(7.5 X 10%), T47D (5.0 X10%), ZR75 (5.0 X103) and MDA-MB-231 (3.5-4.0 X 103)
cells were seeded in 12-well plates suspended in soft agar (UltraPure™ Agarose
Invitrogen™:; #16500-100) and incubated for 24 h. After that time, cells were
treated with 10 pg of total protein sEVs (or the equivalent to ~5,000 particles/per
cell), 2 ug of anti-lactadherin antibody or left untreated. Formation of colonies >50
gm or >100 uym in diameter was scored 1 and 2 weeks respectively, after
treatments under a phase-contrast microscope at 10X as described (136). At least

10 fields per condition were counted (Duran-Jara, E. et al., 2023. In revision).
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4.5.5 Tumoroid formation assay

BC cells (5.0 x 10° MCF10A, 7.5 x 10* MCF7 or MDA-MB-231) were seeded on
sterile 2% agar-covered plates (6 well-plates), supplemented with Mammary
Epithelial Cell Growth culture medium (at least 1.5 mL of MEGM™ (Lonza, cat.
CC-3151) supplemented with EGF 25 ng/mL, hydrocortisone 0.5 g/mL, insulin 5
pug/mL (Lonza, cat. CC-4136) and bFGF 25 ng /mL (Invitrogen; cat PHG0026). To
evaluate the effect of SEV-MDA231 on tumoroid/spheroid formation, 5 pg of sEV-
MDA231 were added to each well at the same day of cell seeding.
Tumoroids/spheroids were grown at 37 °C, 5% CO:2 for 14 d. Cell culture medium
was not renewed during the 14 d of the experiment and the formation of spheres
was visually recorded by photography using Micrometrics SE Premium 4 software
in a Nikon Eclipse TS100 inverted microscope. After 14 d, cell culture medium
with the spheres was extracted from the well and passed through a 70 um filter
(BD Falcon, cat.352350). The spheres retained on the filter were recovered and
plated onto a 12-well adhesion plate (Corning, cat. 3512). After 24 h, the adhered
spheres were fixed with 4% PFA in 1X PBS for 10 min, washed and stained with
DAPI 1:300 for 10 min. Finally, spheres were washed 3 times with 1X PBS and
visualized and recorded under the same microscope to confirm that the recovered

spheres remain viable.

4 5.6 Peritoneal carcinomatosis murine model
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Two groups of seven NOD/SCID mice (two separate experiments) were
inoculated intraperitoneally (ip) with 2.0 x 108 MDA-MB-231 cells in 200 pL saline,
either alone (saline group) or together with seV-MDA231 (10 pg seEV-MDA231,
1st dose). Seven days after tumor cell inoculation, the mice were treated again
with sEV-MDA231 (2nd dose). The mice were treated on days 7, 9, 11, 15, 17,
and 19 (six doses). The animals were euthanized 21 days after cell injection. The
mesenteric tissue and retroperitoneal tumor masses were excised and fixed in 4%
PFA. Malignant ascites were collected and the total cell number was determined
by trypan blue exclusion assay. For tumor micronodule measurements, the tumor
tissues were fixed and paraffin-embedded. Histological sections of mesenteric
tissue were first stained with hematoxylin and eosin (HE). Images of the HE-
stained sections were gray-scale-transformed to define a hyperdense area. The
number of tumor micronodules in the mesenteric tissues of the peritoneal cavity
was evaluated using purple hyperchromia. Tumor area was also measured by
gray range density/intensity, which coincides with denser nuclear staining of

tumor cells. The final in vivo evaluation was performed in a double-blind manner.

4.6 Specific aim 2 materials and methods

To characterize the miRNA profile of SEVs (SEV-miRs) secreted by metastatic

and non-metastatic BC cells and to define candidate EMT-promoters.
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4.6.1 miRNA-enriched RNA purification

Cellular and seEV-RNA were purified using miRNeasy kits (Qiagen #217004)
according to the manufacturer instructions. As the obtained sEV-RNA is a very
small amount, the final elution volume for sEV-RNA was 10-15 pL. On the other

hand, for cellular RNA, the elution volume was 30 -40 pL.

4.6.2 small RNA sequencing
The sequencing of sRNAs was carried out by the company Novogene

(https://en.novogene.com/). Basically, miRNA-enriched RNA samples (both cells

and sEVs) were subjected to quality control prior to the sequencing. Cellular RNA
samples had to have a RIN >7.5 and seEVs RNA samples had to have a sharp
peak of small RNAs between 25-200 nt and no peaks >2,000 nt. Library
preparation was performed using the NEBNext kit (New England Biolabs®, UK).
Sequencing was performed on the NovaSeq6000 (lllumina. San Diego, CA, USA)
with the following specifications: single-end 50 bp and >20 million reads per

sample. The adapters used were:

5 adapter: 5-GTTCAGAGTTCTACAGTCCGACGATC-3’

3’ adapter: 5'-AGATCGGAAGAGCACACGTCT-3

23


https://en.novogene.com/

4.6.3 miRNA alignment and annotation
To perform the alignment and annotation of miRNAs, the fastq files obtained after
the sequencing were uploaded to the sRNAbench (137,138)

(https://arn.ugr.es/srnatoolbox/) web platform and aligned against the

GRCh38_p10 version of the human genome. The parameters were set as follow:

5" adapter: 5-GTTCAGAGTTCTACAGTCCGACGATC-3

3' adapter: 5'-AGATCGGAAGAGCACACGTCT-3

Library preparation: NEBnext protocol (preloaded, matches the 3' adapter)
Phred score threshold: 33

Low quality reads filter method: minimum mean quality score (a read is accepted
if the average Phred score is above a certain threshold)

Low quality reads filter threshold: 20

Alignment type: bowtie seed alignment (only mismatches in seed region)
Seed length for alignment: 20 nt

Minimum read count: 10 nt

Minimum read length: 16 nt

Allowed mismatches: 1 nt

Maximum number of multiple mapping: 10 nt

Reference annotation database: human miRBase v22
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4.6.4 “Differential expression” analysis of SEV-miRs

For differential expression (DE) analysis, the sRNAtoolbox platform was also
used, using the sRNAde tool (138). sSRNAde allows DE analysis to be performed
through different known software/packages such as DESeg2, edgeR and
NOISeq. As we do not have biological replicates, the edgeR package was used
for this analysis. We performed the DE analyzes comparing miRNA profiles of
MDA-MB-231 vs MCF10A cells (metastatic vs non-tumorigenic) and between
different sEVs, i.e SEV-MDA231 vs sEV-MCF10A (metastatic vs non-tumorigenic)
and seV-MDA231 vs seEV-T47D/sEV-ZR75 (metastatic vs tumorigenic but non-
metastatic). DE was defined as a fold change <0.5 and =2, with a significant p
value <0.05. More information about edgeR statistical analysis can be found here

(139).

4.6.5 Definition of candidate “EMT-promoter” sEV-miRs

As MDA-MB-231 breast cancer cells are highly metastatic and have a marked
mesenchymal phenotype, we used sEVs secreted by this cell line to identify
candidate seV-miRs that could be implicated in the promotion of EMT. We
compared the overrepresented DE sEV-miRs (fold change 22, p value <0.05) in
SEV-MDAZ231 versus every other cell line-secreted sEVs (sEV-MCF10A, sEV-
T47D, SEV-ZR75). We used the venny v2.0.2 tool

(https://bicinfogp.cnb.csic.es/tools/venny/index2.0.2.html) to generate lists and

Venn diagrams to find sEV-miRs overrepresented always in sEV-MDA231,
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independent of the comparison made. We also included seV-miRs only detected
in SEV-MDA231 as candidates (not detected in the other sEVs). Subsequently,

using webtools such as miRWalk (140,141) (http:/mirwalk.umm.uni-

heidelberg.de/), STRING (142) (https://stringdb.org/), and Panther (143-145)

(http://www.pantherdb.org/), candidate “EMT-promoter” sEV-miRs secreted by

SEV-MDA231 were subjected to mRNA target prediction, interaction, gene
ontology (GO) and pathway analyses to evaluate their possible biological,

oncogenic and metastatic function.

4.6.6 Validation of candidate “EMT-promoter” sEV-miRs through miQPCR

In order to validate the presence and levels of the candidate “EMT-promoter” sEV-
miRs we used a specific gRT-PCR approach called miQPCR, developed by
Benes and coworkers (146) with minor modifications. Briefly, the protocol/method
includes a first step of universal ligation at the 3’ end of a miLinker oligonucleotide
and the elongation of all miRNAs present in the sample. Then, a reverse
transcription step of all elongated miRNA in the sample is performed to obtain
cDNA. Finally, a qPCR step, where a specific forward primer is used to amplify
the desired miRNA. Briefly, 10 ng of RNA (or miRNA), quantified by Qubit™
fluorometric assay (Invitrogen #Q32881), was used to link the miLinker
oligonucleotide and reverse transcribed to prepare the cDNA. In the first step, the
RNA was mixed and incubated with miLinker (final concentration 0.05 mM) and

50% PEG 8000 (final concentration 3.875%) (Table 1; mix 1). The second step
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consist of the ligation of the miLinker using the T4 RNA ligase 2, truncated K227Q
(T4 Rnl2tr K227Q) from bacteriophage T4 (New England Biolabs® UK #M0351S)
(Table 1; mix 2). The T4 RNA ligase 2 specifically ligates the pre-adenylated 5
end of DNA or RNA to the 3 OH end of RNA. The enzyme does not use ATP for
ligation, but requires pre-adenylated linkers, so the miLinker oligo is synthesized
to be adenylated at their 5’ end. Finally, the elongated miRNAs are reverse
transcribed using a universal miQRT primer against a miLinker region and the
Superscript 1l reverse transcriptase enzyme (Invitrogen #18064022) in the
presence of DTT (final concentration 16.5 mM) (Table 3; mixes 3 and 4). Tables
1 and 2 show the complete program and reagent concentrations, besides the list

of all primers and sequences used to the preparation of the cDNA.

Table 1: Method for cDNA preparation from miRNA-enriched RNA from BC cells

and sEVs

Mix 1 Volume for 1 rx (uL) 1X Conc
miLinker (stock 5 mM) 0.2 0.05 mM
50% PEG 8000 1.55 3.875%

Total volume 1.75

1.5 per tube
Step 1: 3 min at 75 °C, then hold at 10 °C

Mix 2 Volume for 1 rx (uL) 1X Conc

NEB 10X T4 ligase buffer 0.60

MgCI2 (stock 50 xM) 1.60 4 mM
RNase Inhibitor (40 U/uL) 0.11 4.4 Ulrx
T4 RNA ligase 2 (200000 U/mL) 0.11 22000 U/rx
Nuclease-free ddH20 0.30
Total volume 2.72
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2.75 per tube

Step 2: 30 min at 25 °C, 3 min at 85 °C, then hold at 10 °C

Mix 3 Volume for 1 rx (uL) 1X Conc
dNTPs (stock 10 pM) 0.50 0.25 uM
mMiQRT primer (stock 10 pM) 0.25 0.125 uM
Nuclease-free ddH20 4.50 -
Total volume 5.25 -
5.1 per tube
Step 3: 3 min at 75 °C, then hold at 10 °C
Mix 4 Volume for 1 rx (uL) 1X Conc
5X RT buffer 4.40 -
DTT (stock 0.1 M) 3.30 16.5 mM
Nuclease-free ddH20 2.20 -
Total volume 9.80 -

9.60 per tube

Step 4: 3 min at 45 °C, then add 0.3 pL of Superscript Il RT (or water)

Step 5: 30 min at 45 °C, 5 min at 85 °C, then hold at 10 °C

Finally, each cDNA sample was diluted until 250 pL with nuclease-free ddH20 to
reach a final concentration of 0.04 ng/uL. For the gPCR step, the starting material
was normalized according to the number of SEVs, not the amount of cDNA. So,
considering the initial volume of sEVs required to have 10 ng of RNA, the initial
sample volume of cDNA for gPCR reaction was adjusted to the volume
corresponding to 1.0 x 10° sEVs, determined by NTA. The method and the

concentrations of all reagents of the gPCR reaction are shown in Table 3.

Table 2: Primers and oligonucleotides sequences used for miQPCR reaction

Oligonucleotide Sequence (5’ 2 3’)
miLinker pp (r) A. GGCCGAACTACGACCTGCATAAACGG. ddC
miQ-RT primer CCCAGTTATGGCCGTTTATGCAGGT
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Table 3: gPCR protocol and method

enriched/overrepresented sEV-miRs

for the detection

of

gPCR mix preparation

Reagent

Volume for 1 rx (uL)

2X Brilliant Il SYBR Green MasterMIx
Forward specific miRNA primer (stock 10 puM)
Reverse universal primer (stock 10 pM)
Nuclease-free ddH20

10
0.5
0.5
Variable (to reach 20 pL)

Total PCR volume: 20 pL

gPCR method

1. Polymerase activation
2. cDNA denaturation

3. Primer annealing and extension

10 min at 95 °C
10sat95°C
35sat60°C

Steps 2 and 3 - 50 cycles

4. Melting curve

The list of specific miRNA primers is shown in Table A in the annexes.

4.6.7 Determination of sEV-miRs normalizers

As there are no housekeeping or standard miRNAs to normalize the detection in

sEV-miRs, we needed to empirically define the best unique or best combination

of SEV-mIiR to normalize our data using our own samples. According to the

literature at that date, seven miRNAs were acquired and evaluated as possible

normalizers for our samples. The miRNAs evaluated were miR-16-5p, miR-21-5p,

miR-25-3p, miR-125a-5p, miR-148a-3p, MiR-423-3p, miR-451a and miR-484

(Table A). NormFinder Microsoft Excel complement/add-in was used to
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determine which unique sEV-miR or combination of SEV-miRs was/were the best

normalizers of our sV samples (https://moma.dk/normfinder-software) (147).

4.7 Specific aim 3 materials and methods
To evaluate the role of candidate sEV-miRs overrepresented/enriched in
metastatic SEV-MDA231 on the expression of EMT molecular markers in non-

metastatic BC cells.

4.7.1 Transfection of candidate SEV-miRs mimics

The mature sequence of candidate sEV-miRs mimics were acquired from Thermo
Fisher Scientific (mirVvana® miRNA mimic #4464066) and transfected with
Lipofectamine 2000 reagent (Thermo Fisher Scientific #11668019) according to
the manufacturer instructions with slight modifications. In brief, SEV-miRs mimics
stocks were diluted with nuclease-free ddH20 to reach a concentration of 100 yuM.
A 10 uM, 1 pM or 0.1 uM working solution for each mimic was then prepared with
nuclease-free ddH20. One day before transfection, 5.0 x 10° MCF10A or 7.0 x
10° T47D cells were seeded on 6-well plates in complete DMEM/F12 culture
medium. Twenty-four hours later (the day of transfection), cells had acquired
~70% confluence. Each seEV-miR mimic (or scramble control) was mixed with 125
puL of Optimem medium (mMiRNA volume varies depending on each miRNA). On a
separate tube, 2.5-5.0 pL of Lipofectamine 2000 transfection reagent was also

mixed with 125 pL of Optimem medium (for each well) at room temperature. After
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that, mimics and transfection reagent were mixed by pipetting and incubated for
20 min at room temperature. In the meantime, cell culture medium was discarded;
cells were washed with 1X PBS and replaced with 1.75 mL of fresh Optimem.
After 20 min, 250 pL of mimic/Lipofectamine 2000 mix was added to each well
drop by drop to reach a final volume of 2 mL per well. Based on the results of the
sRNA-seq (read counts for each seV-miR), the quantity of each sEV-miR mimic
was calculated stoichiometrically proportional. So, SEV-miRs mimics
concentration in each well varies depending on the miR transfected and are
shown in Table 4. Non-transfected cells, transfection reagent-treated cells, and
scramble mimic transfected cells were included as controls. Mimic transfection
efficiency was evaluated after 24-48 h by miQPCR as described. In addition, we
checked transfection efficiency by co-transfecting a fluorescently labeled
antisense oligo (ASO-AF594). To optimize the level of over-expression after sEV-
miR mimic transfection and to better reflect the over-expression acquired after the
incubation of recipient cells with the entire SEV-MDA231, decreasing amounts of
SEV-miR mimics were used to transfect MCF10A/T47D cells. Each candidate
sSEV-miR mimic was transfected from 25-10-5-2.5.1.0 pmol per well as described
previously. sSEV-miRs overexpression was evaluated through miQCR as

described and compared against cells incubated with sEV-MDA231.
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Table 4: Final concentration of sSEV-mIRs mimics transfected in MCF10A and

T47D cells
SEV-miR Read RPM adjusted Proportion Volume Final Conc
(MDA231) count (total) (vs RPM) (WS 10 uM) (nM)
miR-100-5p 31758 5579.14 1.000 2.5puL 12.5
miR-122-5p 14949 2629.92 0.471 1.2 L 6.0
miR-146a-5p 2329 406.13 0.073 1.8 pL (1 pM) 0.9
miR-223-3p 568 99.93 0.018 4.5 (0.1 uM) 0.225
miR-760 317 55.77 0.010 2.5 (0.1 pm) 0.125
let-7d-5p 116 20.41 0.004 1.0 (0.1 uMm) 0.05

RPM: reads per million; WS: working solution

4.7.2 Evaluation of EMT markers in recipient cells treated with sEV-MDA231

or transfected with sEV-miR mimics

4.7.2.1 Evaluation of gene expression of EMT-associated genes

For mRNA evaluation (genes associated with EMT), transfected cells (or
incubated with sEV-MDA231) were carefully washed twice with 1X PBS and
detached from the well using trypsin (Gibco #25200-056). Cell suspensions were
collected in 15 mL conical tubes and centrifuged at 500 x g for 5 min. Cell pellets
were lysed using 400 L of TRIzol™ Reagent (Invitrogen #15596026) for each
well (6-well plate) and RNA was isolated for each condition according to the
manufacturer instructions. Briefly, lysed cells were incubated for 5 min at room
temperature to allow complete dissociation of the nucleoproteins complex. Then,

0.2 mL of chloroform per 1 mL of TRIzol™ Reagent used for lysis were added to
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each tube, securely cap the tube and thoroughly mix by vigorous shaking. After a
3 min incubation, tubes were centrifuged for 15 min at 12,000 x g at 4°C. The
mixture separated into a lower red phenol-chloroform, an interphase, and a
colorless upper aqueous phase. Transfer the agueous phase containing the RNA
to a new tube. To precipitate RNA, 0.5 mL of isopropanol was added to the
agueous phase, per 1 mL of TRIzol™ Reagent used for lysis. We incubated the
tubes for 10 min at 4 °C and then centrifuged them for 10 min at 12,000 x g at 4
°C. Total RNA pellets were washed/suspended with 1 mL of 75% ethanol per 1
mL of TRIzol™ Reagent used for lysis, then centrifuged for 5 min at 7,500 x g at
4 °C. Finally, the supernatant of each tube was discarded and RNA pellets were
air-dried the for 5—10 min. RNA pellets were suspended in nuclease-free H20 and
incubated in a water bath or heat block set at 55-60 °C for another 10-15 min.
Finally, each RNA sample was quantified in a Nanodrop equipment and stored at
-80 °C until use. For cDNA preparation, 1 ug of RNA was treated with DNAse |
(Invitrogen #18068-015) and then reverse transcribed using M-MLV reverse
transcriptase (Invitrogen #28025-013) according to the manufacturer's
instructions. The cDNA (20 uL final volume each sample) was diluted 1:2 — 1:10
with nuclease-free H20 and 1-2 pL of diluted cDNA was used for each qPCR
reaction. The gPCR reaction and program are detailed in Tables 5 and 6. Specific

primers for each gene are detailed in Table B in the annexes.

33



Table 5: gPCR reagents and concentration used

Reagent Volume for 1 rx (uL) Final Conc
2X Brilliant Il SYBR® Green QPCR Master Mix 10 1x
(#600828 Agilent Technologies)
Forward specific primer (10 puM) 0.5 0.25 uM
Reverse specific primer (10 uM) 0.5 0.25 uM
Nuclease-free water 7
cDNA template 2.0

Final PCR volume: 20 pL

Table 6: qPCR program, performed in a StepOne Plus or QuantStudio 12K

thermocycler

gPCR method

1. Polymerase activation 10 min at 95 °C
2. cDNA denaturation 15sat95°C
3. Primer annealing 45 s at 60 °C
4. Extension 60sat72°C

Steps 2 and 3 - 40 cycles

5. Melting curve

4.7.2.2 Evaluation of proteins associated with EMT

Non-tumorigenic MCF10A or tumorigenic non-metastatic T47D BC cells were
incubated with sEV-MDAZ231 or transfected with sEV-miRs mimics as described
in previous sections. For protein markers evaluation, after 24-48 h cell culture
medium was discarded, cells were washed twice with 1X PBS and then lysed with
RIPA buffer (150-200 pL per well in a 6-well plate). Lysed cells were collected
with a cell scraper in 1.5 eppendorf tubes and 1X protease inhibitor cocktail

(Pierce. Thermo Scientific #78430) was added to each tube. Cell lysates were
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sonicated (three 5 s pulses with 5 s between each pulse in a stem sonicator)
carefully in order to not generate bubbles or foam (or two 10 min incubations in a
bath sonicator). After that, resuspensions were centrifuged for 15 min at 14,000 x
g and 4 °C and supernatants were collected in new tubes. Total protein extracts
were quantified using the microBCA kit (Pierce. Thermo Fisher Scientific #23252)
according to the manufacturer instructions and stored at -80 °C until use. Twenty
ug total protein extract of each sample was mixed with Laemmli loading buffer
(Biorad) and denatured at 95 °C for 5 min. Denatured proteins were loaded in 10-
12% acrylamide gels and SDS-PAGE electrophoresis was performed. Before
transfer, gels were washed and incubated/activated with Trans-blot turbo 5X
transfer buffer (Biorad #10026938) briefly. Separated proteins were transferred
from the gel to a nitrocellulose membrane (GE) in a semi-wet transfer blot system
(Biorad) for 20-25 min at 25 V, 2.5 A. Membranes were washed once with 1X
PBS, blocked with Intercept TBS blocking buffer (Licor #927-70001) for 1 h at
room temperature with agitation and probed with antibodies against EMT markers
(e.g. Vimentin, E-Cadherin, N-Cadherin, Snail, Slug, Zeb1, Twist). Finally, bound
antibodies were detected with anti-lgG 680/800 GW secondary antibodies

(1:10,000 dilution) and revealed in an Odyssey Clx imaging system (Licor).
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4.8 Specific aim 4 materials and methods
To evaluate the role of candidate sSEV-miRs overrepresented/enriched in
metastatic SEV-MDA231 on the migration capacity of non-tumorigenic and non-

metastatic BC cells (as a surrogate of the EMT).

4.8.1 Evaluation of 3D migration mediated by “EMT-promoter” sEV-miRs
mimics transfection by transwell assay

Twenty-four hours before the assay, MCF10A cells and T47D BC cells were
transfected with “EMT-promoter” sEV-miRs mimics as described or treated with 3
pug proteins seV-MDA231 (~3000 particles per seeded cell). The day of the
experiment, Boyden chambers were hydrated with DMEM/F12 culture medium for
1 h. Twenty-four hours after the transfection, 2.5 x 10* MCF10A or T47D cells
previously transfected with “EMT-promoter” sEV-miRs mimics or treated with
SEV-MDAZ231 were seeded on the upper chamber of 24-well transwell plates to
evaluate the effect over 3D migration capacity of BC cells. Cells previously treated
with sEV-MDA231 were re-incubated (or not) with sEV-MDA231. After 16 h,
transwell inserts/membranes were carefully collected, fixed with 4% PFA for 10
min, and stained with DAPI (1:300 dilution). Cells on the other side of the inserts
were visualized on an inverted fluorescence microscope and counted in at least

10 fields.
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5. RESULTS

5.1 Specific aim 1 results
To evaluate the effect of metastatic SEV-MDA231 over the acquisition/promotion
of tumorigenic and pro-metastatic capacities of non-tumorigenic and non-

metastatic recipient cells.

5.1.1 Isolation and characterization of sEVs secreted by MDA-MB-231
metastatic BC cells (sEV-MDA231)

The first step to test our hypothesis was to isolate and characterize sEV-MDA231.
SEVs secreted by these cells were isolated using differential centrifugation and
UC and characterized by NTA, TEM and WB. NTA showed that sEV-MDA231 had
a narrow distribution, with a peak at ~112 nm and a mean size of ~130 nm (Figure
la; left). TEM analysis showed round and cup-shaped structures/vesicles,
characteristic of enveloped nanovesicles, with sizes ranging that of seVs (Figure
1a; right). Evaluation of markers using WB showed the presence of CD63, and
TSG101 as characteristic markers of EVs. All sEVs isolated also contained the
EV marker Flotillin-1, however there is a marked difference in the abundance of
that protein between the different sEVs, being much more abundant in sEV-T47D
and seV-MDAZ231 than seV-MCF10A and seV-ZR75 (Figure 1b). The negative
markers Calnexin was not detected, discarding RER contamination in our sEVs

(Figure 1b). The presence of these makers, along with their size distribution and
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structure strongly suggest that the isolated sEV-MDA231 are mainly composed

by exosomes.
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Figure 1: Characterization of sSEVs secreted by MDA-MB-231 metastatic TNBC cells (SEV-
MDA231).

SEVs secreted by MDA-MB-321 TNBC cell line were obtained through cell culture conditioned
medium ultracentrifugation and the number, size and integrity were analyzed by (a) Nanotracking
analysis (left), transmission electron microscopy (right); (b) Detection of SEVs markers in human
BC cell-secreted sEVs by western blot. Total protein extracts were loaded in 10-12% acrylamide
gels and transferred to nitrocellulose membranes. CD63, TSG101 and Flotillin-1 were used as
SEVs markers. Calnexin was used as intracellular contamination protein. Human normal
mammary epithelial MCF10A cells was used as control. (a) In TEM image, the white size bar

indicates 500 nm.
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5.1.2 seV-MDA231 enhance in vitro 3D migration of tumorigenic non-
metastatic BC cells

We used transwell Boyden chambers to evaluate the effect of SEV-MDA231 over
the migratory capacity of normal mammary epithelial MCF10A cells and different
BC cell lines. MCF7 (breast adenocarcinoma; luminal A-like; ER+/PR+/HER2-),
T47D (infiltrating ductal carcinoma; luminal A-like; ER+/PR+/HER2-), ZR75
(ductal carcinoma; luminal B-like; ER+/PR-/HER2-) and triple-negative MDA-MB-
231 (breast adenocarcinoma; basal-like; ER-/PR-/HER2-) were seeded in
transwell Boyden chambers with an 8 um pore PET-membrane inserts, and
treated or not with seV-MDA231 for 16 h. Despite the different phenotype and
aggressiveness inherent of each cell line, the incubation with sEV-MDA231
promoted approximately a two-fold increase in their migratory capacity (Figure
2). However, when multiple comparison analyses were performed, only, MCF7,
T47D and ZR75 BC cells increased their migratory capacity when
incubated/treated with seV-MDA231 (Figure 2b-d). Remarkably, the use of
sonicated (disrupted) seEV-MDA231 did not promote the migration of these cells,
suggesting the need of the complete undisrupted seVs. On the other hand,
although a small increase was observed, treatment of MCF10A and MDA-MB-231
BC cells with sEV-MDAZ231 did not increase their migration capacity statistically

(Figure 2a and e).
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Figure 2: Effect of sEV.MDA231 treatment on the migratory capacity of different BC
recipient cells.

Different human BC cells were incubated with metastatic SEV-MDA231 to evaluate its role in their
migratory capacity by a transwell migration assay. (a) MCF10A, (b) MCF7, (c) T47D, (d) ZR75
and (e) MDA-MB-231 recipient cells were seeded on PET-membrane Boyden transwell chambers
and treated once with SEV-MDA231 for 16 h. After that, membranes were collected, fixed with 4%
PFA and stained with DAPI. Cells into the membrane were counted in 10 fields on an inverted

fluorescence microscope and then quantified. Graphs show box plots displaying all points and
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whiskers showing minimum and maximum. Each point represents mean FC of one experiment.

(*) p < 0.05; (***) p < 0.001; (****) p < 0.0001.

5.1.3 seEV-MDAZ231 increase the anchorage-independent growth potential of
ductal carcinoma-derived BC cells

The anchorage-independent growth assay, also known as clonogenic assay,
evaluates the capacity of cells to survive without a solid surface, therefore
extrapolating the results with their capacity to growth and survive in the
bloodstream. We evaluated the clonogenic potential of the same previously
mentioned BC cell lines (MCF7, T47D, ZR75 and MDA-MB-231), as well as of
MCF10A normal mammary epithelial cells after their incubation with SEV-
MDAZ231. Similar to what we saw in the transwell migration assay, sEV-MDA231
promotes the anchorage-independent growth potential only of some BC cell lines
but not in others (Figure 3). First, SEV-MDA231 did not improve anchorage-
independent growth of normal breast epithelial MCF10A cells (Figure 3a).
Interestingly, sEV-MDA231 did promote the clonogenic potential of ductal
carcinoma-derived BC cell lines, i.e. T47D and ZR75 BC cells (Figure 3b,c),
however, the increment was just 25-40% approximately. On the other hand,
neither MCF7 nor MDA-MB-231 BC cells increased their anchorage-independent

growth capacity after their incubation/treatment with sEV-MDA231 (Figure 3d,e).
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Figure 3: Effect of sEV-MDA231 treatment on the anchorage-independent growth potential
of different BC recipient cells.

Anchorage-independent growth (clonogenic assay) was evaluated in recipient cells incubated with
sEV-MDAZ231. 3.0-7.5 x 108 recipient cells were seeded in semisolid cell culture medium. Next
day cells were treated with sEV-MDA231 (D1). Another supplement was added at day 8 (D8). The
number of clones formed were evaluated at day 14 (D14), visualized under inverted optic
microscope. Each condition was tested in duplicates and at least 10 fields per condition were
evaluated. (a) MCF10A, (b) T47D, (c) ZR75, (d) MCF7 and (e) MDA-MB-231 recipient cells.

Graphs show box plots displaying all points and whiskers showing minimum and maximum. All
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data is representative of at least 3 independent experiments. Each point represents mean

percentage of one experiment. (***) p < 0.001.

5.1.4 seV-MDAZ231 enhance tumoroid formation of non-tumorigenic and BC
cells in vitro

Tumoroids formation evaluates the stemness properties of a specific population
of tumor cells. We evaluated the capacity of SEV-MDA231 to improve tumoroid
formation of two BC cell lines (MCF7 and MDA-MB-231) and an immortalized,
non-tumorigenic mammary epithelial cell line (MCF10A). The incubation of each
BC cell line with sEV-MDA231 improve tumoroid formation by approximately 2-4-
fold. First, sEV-MDA231 promoted spheroid formation in non-tumorigenic
MCF10A cells (Figure 4a), On the other hand, despite the difference in total
tumoroid numbers for each cell line (MDA-MB-231 cell line is much more
aggressive than MCF7, and also have a high metastatic potential), SEV-MDA231
incubation slightly promoted tumoroid formation compared with untreated cells by
almost 2-fold (Figure 4b,c). However, those changes were not statistically
significant. Interestingly, we could not test the tumoroid formation capacity of
T47D and ZR75 ductal BC cells since they were not able to form tumoroids with
our protocol. Representative images of MDA-MB-231 tumoroids are shown in

figure 4d (Figure 4d).
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Figure 4: Effect of SEV-MDAZ231 treatment on the tumoroid formation capacity of different
BC recipient cells.

Different human BC cells were incubated with metastatic SEV-MDA231 to evaluate its role in
promoting spheroid/tumoroid formation. After 14 days, spheroids/tumoroids were visualized and
photographed under an inverted microscope. Spheroids/tumoroids with a size = 100 ym were
quantified in (a) MCF10A cells, (b) MCF7 BC cells and (c) MDA-MB-231 TNBC cells.
Representative images of spheroids/tumoroids formed in the different conditions after 14 days are
shown (d). Graphs show mean + SD. All data is representative of 3 independent experiments.

Each point represents mean FC of one experiment. (****) p < 0.0001.
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5.1.5 seV-MDAZ231 greatly promotes the formation of malignant ascites and
tumor micronodules in a peritoneal carcinomatosis mice model

To evaluate whether the sEV-MDA231 plays a role in promoting metastasis in
vivo, we used a peritoneal carcinomatosis mouse model in which we injected
tumor cells directly into the peritoneal cavity of mice. We injected 2.0 x 10° highly
metastatic MDA-MB-231 breast tumor cells on day 0 and, on the same day,
treated mice with sEV-MDA231 (10 ug total protein (Figure 5a). With this model,
we can evaluate metastasis by directly detecting tumor growth in retroperitoneal
organs such as the spleen, liver, kidneys, and mesentery, and evaluate the
formation of malignant ascites and the number of tumor nodules formed. We
observed that treatment with sEV-MDA231 increased tumor growth; the total
tumor mass was higher in mice treated with sEV-MDA231 versus those inoculated
only with tumor cells (not shown). In addition, SEV-MDA231 treatment significantly
promoted the formation of malignant ascites in the peritoneal cavity of mice
(Figure 5b,c). In the same way, mice that received sEV-MDA231 developed more
and larger mesenteric tumor nodules than untreated mice (Figure 5d,e). These
results strongly suggest that sEV-MDA231 play an important/a major role in the

development of peritoneal metastasis in our in vivo model.
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Figure 5: Effect of sEV-MDA231 treatment on the formation of malignant ascites and tumor
micronodules in a peritoneal carcinomatosis mouse model.

NOD/SCID mice (two separated experiments) were inoculated intraperitoneally (ip) with 2.0 x 108
MDA-MB-231, either alone (saline group) or together with SEV-MDA231. Seven days after tumor
cells inoculation, mice were treated again with sEV-MDA231 on days 7, 9, 11, 15, 17 and 19 (7
total doses). Mice were euthanized on day 21 post-cell injection and organs were collected in the
necropsy (a). When present, malignant ascites were also collected and total cell number was
determined by trypan blue exclusion assay (b,c). For tumor micronodules measurement, tumor
tissues were fixed and paraffin-embedded. Histologic sections of mesenteric tissue were first
stained with HE. Images of HE-stained sections were gray scale-transformed to define a
hyperdense area. Tumor micronodules number in mesenteric tissues in the peritoneal cavity were
evaluated by purple hyperchromia. Tumor area was also measured by gray range
density/intensity, which coincides with the denser nuclear staining of tumor cells (d,e). The final in
vivo evaluation was performed in a double-blinded fashion and corroborated by

anatomopathological analysis.

46



In summary, all these results suggest that SEVs secreted by a highly aggressive
and metastatic BC cell line (sEV-MDA231) can promote tumorigenic and pro-
metastatic capacities of less aggressive (tumorigenic, non-metastatic) recipient
BC cell lines, such as migration, tumoroid formation and clonogenic potential.
Moreover, sEV-MDA231 can even increase some of these capacities in an
immortalized, normal mammary epithelial cell line (migration and spheroid
formation) highlighting their tumorigenic and pro-metastatic effect. Interestingly,
the treatment with SEV-MDA231 in a peritoneal carcinomatosis (metastatic) in
vivo model have a striking effect promoting the formation of malignant ascites and

tumor peritoneal micronodules.

5.2 Specific aim 2 results
To characterize the miRNA profile of SEVs (SEV-miRs) secreted by metastatic

and non-metastatic BC cells and to define candidate promoters of the EMT.

Before starting, it is important to mention prior studies and preliminary results from
our research group regarding the effect of sEVs secreted by “normal” and non-
metastatic BC cells. It has been shown that sEVs secreted by non-tumorigenic
mammary epithelial MCF10A cells (sEV-MCF10A) seems to have no pro-
metastatic effects in recipient cells (148-150). Similarly, preliminary results from
our lab have shown that sEV-MCF10A does not promote the tumoroid formation

capacity of MCF7 and MDA-MB-231 recipient cells (Figure Sla,b). Moreover,
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SEVs secreted by MCF7 BC non-metastatic cells (SEV-MCF7) does not promote
the invasion and colony formation capacity of MDA-MB-231 recipient cells (Figure
Sic,d). These literature and results support our experimental approach analyzing
the effect of SEVs secreted by metastatic BC cells, and comparing them versus

SEVs secreted by normal and non-metastatic BC cells.

5.2.1 Characterization of BC cells-secreted sEVs

In order to get insights on which molecules in SEVs cargo could be associated
with the promotion of those tumorigenic and pro-metastatic capacities, more
precisely, which miRNAs could be involved, we performed RNA sequencing of
the small RNA fraction (small RNA-seq) present in SEVs secreted by the different
BC cell lines used, with emphasis in the subsequent analysis of SEV-miRs. The
NTA showed that both, the mean size and mode size of SEVs seemed to be
similar in all isolated sEVs (Figure 6a). In addition, their size distributions were
similar to those evaluated by NTA and TEM (Figure 6b). Finally, WB analysis
showed that all SEVs contained typical SEVs markers such as CD63 and TSG101
(and Flotillin-1 in two out of four sEVs). Moreover, the isolated sEVs did not
contained the endoplasmic reticulum marker calnexin, thus showing no
contamination with RER components, but they contained the Golgi marker
GM130, which suggest contamination with Golgi proteins in our sEVs

preparations (Figure 6c¢).

48



[

SEV-MCF10A = SEV-T47D
ean:

Mean: 168 nm

Mode: ~150 nm

Concentration
_ (particles/mL)
Concentration
) (particles/mL)

A R B PR

¥ gfze (:lm)m Size (nm)

SEV-ZR75 - sEV-MDA231
Mean: ~160 nm " Mean:~130 nm
Mode: 140 nm 7 Mode: ~112 nm

Concentration
(particles/mL) =«
Concentration

, (particles/mL)

Size (nm) e ey

|——--—- — '—H St ¥ | Calnexin

Figure 6: Characterization of SEVs secreted by different BC cell lines.

SEVs secreted by different human BC cell lines were obtained through cell culture conditioned
medium ultracentrifugation and the number, size and integrity were analyzed by (a) nanotracking
analysis and (b) transmission electron microscopy (representative images of SEV-MCF10A (up)
and seV-MDA231 (down)). (c) Detection of SEVs markers in human BC cell-secreted sEVs. Total
protein extracts (~10 pg) were loaded in 10-12% acrylamide gels and transferred to nitrocellulose
membranes. CD63, TSG101 and Flotillin-1 were used as sEVs markers. Calnexin was used as
intracellular contamination protein. Human normal mammary epithelial MCF10A cells was used

as control. (b) In TEM images, the white size bar indicates 500 nm.
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5.2.2 sRNA-seq analysis of BC cell-secreted sEVs shows different SRNAs
profiles

After the purification of miRNA-enriched RNA of sEVs secreted by T47D, ZR75
and MDA-MB-231 BC cell lines and of MCF10A normal/non-tumorigenic
mammary epithelial cell line, we aimed to characterize their miRNA profile using
a small RNA-seq approach. Due to the Covid 19 pandemics, the company
Novogene performed the small RNA-seq, however, we did an in-house analysis
of all the raw data using the sRNAbench web platform

(https://arn.ugr.es/srnatoolbox/). As shown in Table 7, after the QC analysis and

filtering, the total reads for subsequent analyses were between 11M-20M (54.1-
96.3% of total initial reads). Filtering parameters include quality of reads, minimum
number of a single read and minimum length of individual read. The alignment
analysis against the human genome showed a differential composition of SRNAs
in cells against sEVs, being mainly composed of miRNAs in cells and for tRNA

fragments in seVs (Figure 7).

Table 7: Quality control and filtering of the raw data (input reads) of the sSRNA-

seq of BC and BC cells-secreted sEVs

Quality Reads Reads

N° raw ] ] Total, Reads in
) filter below min below . )
Sample input ) filtered analysis
reads count min
reads reads (%)
(>20) (>=10) length
16166798
MCF10A_cells 21557602 4060 2298621 3005904 5390804 (75.0)
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11111355
(54.1)
17496477
(81.6)
18896536
(91.7)
18486718
(91.0)
20089066
(96.3)

MDA231_cells 20540061 3876 2785144 6591096 9428706

SEV-MCF10A 21440856 38425 2197596 1643262 3944379

SEV-T47D 20617889 37781 1131359 340095 1721353

SEV-ZR75 20319662 36725 1262640 447488 1832944

sEV-MDA231 20858146 38388 498608 177277 769080

As shown in figure 7, miRNAs are the main component of the sRNA profile of
MCF10A and MDA-MB-231 cells (Figure 7a), ranging between 40-60% of all
SRNAs. On the other hand, the main component of SEVs sRNAs are tRNAs,
fragments of transfer RNAs in BC cell-secreted seEVs and yRNAs particularly in
SEV-MCF10A. Interestingly, miRNAs correspond approximately to 1-3% of total
SRNAs of BC cell-secreted sEVs, while are most abundant in MCF10A non-
tumorigenic cells, reaching almost 20% of all SRNAs (Figure 7b). In addition, at
the time of analysis, an important proportion of SRNA reads were unable to be
aligned, resulting in unassigned reads. These sRNAs could correspond to
piwiRNAs and other that were not included in the web-tool database. Other
SRNAs detected and correctly aligned corresponded to sSnRNA, snoRNAs, VRNAs

and other less abundant sRNA species.

After the characterization of the sSRNA profile of the sEVs secreted by each cell

line, we aimed to characterize specifically the miRNA profile of those vesicles.
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mMiRNA annotation and analysis showed that 70.22% and 57.35% of all reads
correctly mapped correspond to miRNAs in MCF10A cells and MDA-MB-231 cells
respectively. On the other hand, when we analyzed sEVs, we saw that just 1.57,
2.86 and 2.46% of all reads correspond to SEV-miRs in SEV-T47D, sEV-ZR75
and seV-MDA231, respectively. Interestingly, nearly 22% of the reads correspond
to miRNAs in sEV-MCF10A, which are a nhon-tumorigenic breast epithelial cell line

(Table 8).

mm MCF10A == MDA-MB-231
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mRNAs

rRNA
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Figure 7. Characterization of the smallRNA profile of sEVs secreted by BC cells.

The fastq files after small RNA-seq were uploaded to the sRNAbench web platform and aligned
against the GRCh38 p10 version of the human genome. The adapters used in the preparation of
the library and the protocol setting parameters are detailed in the Methodology section. (a) Cellular
sRNA profiling in “normal” MCF10A (blue) and MDA-MB-231 TNBC cells (red). (b) sSRNA profiling
in sEVs secreted by different BC cells. SEV-MCF10A (blue), seV-T47D (light grey), SEV-ZR75
(grey), sEV-MDA231 (red). Y-axis denotes different SRNA species. X-axis indicates percentage

abundance of each sRNA specie in y-axis.

52



Table 8: Reads aligned corresponding to mature or hairpin sequences of human

miRNAs annotated

] Detected mature miRs  Detected hairpin miRs
Reads mapped to miRs (%)

(% total) (% total)
MCF10A_cells 8376242 (70.22) 461 (17,35) 394 (20.55)
MDA231_cells 4793737 (57.35) 410 (15,44) 346 (18.05)
SEV-MCF10A 2448403 (22.36) 400 (15,06) 379 (19.77)
SEV-T47D 183284 (1.57) 212 (7,98) 212 (11.06)
SEV-ZR75 356776 (2.86) 275 (10,35) 266 (13.88)
SEV-MDA231 137516 (2.46) 153 (5,76) 167 (8.71)

We were able to detect less miRNAs in sEVs than in the cells of origin. Total
mMiRNAs detected 400 in MCF10A and MDA-MB-321 cells; however, in BC cell-
secreted sEVs we detected just 212, 275 and 153 miRNAs in sEV-T47D, sEV-
ZR75 and seV-MDAZ231, respectively. Again, as total reads mapped to miRNAs
are higher in seV-MCF10A than in the others, we could detect 400 different
mMiRNAs in these sEVs (Table 8). Interestingly, we also detected many reads
corresponding to the hairpin (immature) sequence of miRNAs in sEVs, which
indicate that both, the mature and immature sequences of each miRNAs can be
loaded and delivered by sEVs (Table 8). In addition, we saw that most of the
mMiRNAs detected in cells were common between the two cell lines, reaching
70.5%. One hundred and one miRNAs were only detected in MDA-MB-231 BC
cells and 50 of them were only detected in MCF10A non-tumorigenic cells (Figure
8a). sEV-miRs analysis also showed that most of the sEV-miRs were common

between the four different sEVs included. Other sEV-miRs were in 2-3 out of 4
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SEVs. As we can see in figure 8b, just a small number of the detected SEV-miRs
were unigue in one sV (only detected in one SEV). For example, just 5 SEV-miRs
were only detected in SEV-MDA231, just 2 SEV-miRs were only detected in SEV-
T47D and 22 sEV-miRs were only detected in sEV-ZR75. Particularly in sEV-
MCF10A, as we detected 4 times more sEV-miRs than in the other sEVs, we
could see that the unique sEV-miRs are also much more, reaching 155. This can
also be attributable to the fact that, in contrast to the other cells of origin, which
are tumorigenic, this cell line is “normal” (non-tumorigenic) (Figure 8b). Table 9

showed the unigque sEV-miRs detected in each of the sEVs analyzed in this work.
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MCF10A MDA-MB-231

EVs-T4TD EVs-ZRT75

miR-126-5p

miR-145-5p
miR-3689a-5p
miR-3689b-5p

miR-368%e

EVs-MCF10A

Figure 8: Identification of unique and common miRNAs in BC cell-secreted sEVs (sEV-
miRs).

Annotated miRNAs of each sample (cell or sEVS) were separated in lists and organized in Venn
diagrams. (a) Cellular miRNAs detected in “normal” MCF10A cells (blue) and MDA-MB-231 TNBC
cells (yellow). (b) sEV-miRs detected in sEVs secreted by different BC cell lines. MCF10A “normal”

cells-secreted seEVs (SEV-MCF10A; blue), seV-T47D (yellow), SEV-ZR75 (green) and SEV-
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MDAZ231 (red). The 5 sEV-miRs uniquely detected in sEV-MDA231 are indicated in the red dashed

line box. Numbers inside figures indicate absolute numbers of SEV-miRs detected and percentage
of total.

Table 9: Unique sEV-miRs detected in SEV-MCF10A, seV-T47D, seV-ZR75 and
SEV-MDAZ231

SEVs sample

SEV-miR

miR-2682-5p, -1298-5p, -185-3p, -548a0-3p, -3064-5p, -34c-5p, -6786-3p, -3918, -
6745, -4755-5p, -1262, -708-3p, -216b-5p, -1226-3p, -335-3p, -6741-5p, -541-5p, -
450a-5p, -3118, -1294, -18a-5p, -4665-5p, let-7a-2-3p, -6819-3p, -450b-5p, -4683,
-31-5p, -4488, -493-3p, -935, -4743-5p, -299-3p, -3605-3p, -3138, -4677-3p, -
4797-3p, -4669, -4684-5p, -6765-5p, -6511a-5p, -139-3p, -1248, -1306-3p, -4429,
-6515-5p, -7976, -493-5p, -221-5p, -3173-5p, -4443, -2116-3p, -598-3p, let-7f-2-
3p, -6511a-3p, -486-3p, -10401-3p, -487b-3p, -182-3p, -28-5p, -323a-3p, -215-5p,
-138-5p, -1237-3p, let-7b-3p, -11400, let-7f-1-3p, -3124-5p, -199b-5p, -504-5p, -
SEV-MCF10A 191-3p, -3679-5p, -411-3p, -27b-5p, -19a-3p, -6741-3p, -6787-3p, -642a-3p, -
1284, -3929, -132-5p, -370-3p, -23a-5p, -4435, -29¢c-3p, -1910-5p, -19b-3p, -6764-
5p, -4745-5p, -6511b-5p, -34a-5p, -335-5p, -10526-3p, -141-3p, -550a-5p, -18a-
3p, -3605-5p, -6747-3p, -129-1-3p, -369-5p, -3150a-5p, -338-5p, -135a-5p, -505-
5p, -766-5p, -10b-3p, -29b-3p, -4721, -485-5p, -9985, -454-3p, -6089, -641, -382-
5p, -4473, -26b-3p, -6866-5p, -3120-5p, -4775, -495-3p, -4516, -942-5p, -1910-3p,
-129-2-3p, -204-5p, -1249-3p, -4492, -212-5p, -323b-3p, -1273h-3p, -944, -378f, -
6780a-5p, -15a-5p, -369-3p, -365b-3p, -214-3p, -877-3p, -208b-3p, -155-5p, -24-2-
5p, -34b-3p, -21-3p, -4661-5p, -345-3p, -2355-3p, -7854-3p, -548u, -142-3p, -

5697, -433-3p, -1293, -511-5p, -34c¢-3p, -365a-3p, -141-5p
SEV-T47D miR-374a-5p, 3135b
MiR-3127-5p, -1323, -1224-5p, -516b-5p, -148b-5p, -483-3p, -3174, -6834-5p, -
SEV-ZR75 12554, -494-3p, -449a, -766-3p, -3127-3p, -203b-3p, -1266-5p, -4741, -483-5p, -
195-3p, -6873-3p, -628-3p, -326, -187-5p
SEV-MDA231

miR-126-5p, -145-5p, -3689a-5p, -3689b-5p, -3689e
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5.2.3 Different/Several miRNAs are enriched in sEVs compared with parental
cells

After the identification of SEV-miRs uniquely detected in each of the BC cells-
secreted SEVs, we analyzed the possible enrichment of miRNAs on sEVs versus
the parental cell of origin. As mentioned, we only could perform this analysis on
MCF10A and MDA-MB-231 cells and sEVs as we lost, because of QC issues, the
samples of T47D and ZR75 BC cells RNA. To do that, we compared the
normalized read count of each sEV-miR vs their counterpart in the parental cell.
miRNAs enriched in sEVs were considered when the ratio SEV-miR norm. read
count / cell norm. read count was > 2, i.e. a 2-fold enrichment in SEVs. As we can
see in Table 10, several miRNAs were identified as enriched in SEVs vs cells,
both in sEV-MCF10A and seV-MDA231. Forty-eight percent of SEV-miRs were
enriched in seVs derived from MCF10A and MDA-MB-231 cells (12 out of 25).
For example, miR-122-5p was enriched 11.97 times in SEV-MCF10A (vs MCF10A
cells) and 13.45 times in sEV-MDA231 (vs MDA-MB-231 BC cells). On the other
hand, 52% (13 out of 25) were enriched either in sEV-MCF10A or in sSEV-
MDA231, compared with the respective producing cell. This suggest that the
enrichment of miRNAs in sEVs to be secreted could be both, a passive or
unspecific process (common enriched seV-miRs), but also it could be an active,
selective or specific process, in which some miRNAs are enriched in sEVs

depending on the cell type (cell-specific enriched sEVS) (Table 10).
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Table 10: Enriched miRNAs loaded in sEVs compared with their parental cell of

origin
MCF10A cells vs EVs MDAZ231 cells vs EVs

miRNA ID  log2FC Adjusted p value miRNA ID log2FC Adjusted p value
-375-3p 14.96 0.00E-00 -122-5p 13.45 0.00E-00
-3168 12.50 0.00E-00 -10b-5p 10.66 0.00E-00
-122-5p 11.97 0.00E-00 -3168 9.54 0.00E-00
-6529-5p 11.06 0.00E-00 -1246 8.89 0.00E-00
-206 10.78 0.00E-00 -6529-5p 8.67 4.31E-88
-412-5p 10.62 0.00E-00 -105-5p 8.47 1.08E-76
-409-3p 10.59 0.00E-00 -543 7.74 2.07E-46
-204-3p 8.92 2.30E-230 -199a-5p 7.46 9.66E-38
-1468-5p 8.76 6.60E-207 -432-5p 7.46 9.66E-38
-1908-5p 8.67 5.58E-194 -412-5p 7.29 1.40E-33
-320d 8.25 0.00E-00 -203a-3p 7.24 1.16E-32
-204-5p 8.19 1.17E-138 -499a-5p 6.75 2.11E-23
-432-5p 8.13 2.99E-133 -760 6.20 0.00E-00
-10b-5p 8.08 0.00E-00 -143-3p 6.10 0.00E-00
-1246 7.89 0.00E-00 -145-5p 5.77 8.69E-12
-323a-3p 7.86 8.48E-110 -1468-5p 5.77 8.69E-12
-937-3p 7.67 2.83E-96 -522-3p 5.77 8.69E-12
-199a-5p 7.56 2.33E-89 -891a-5p 5.77 8.69E-12
-320c 7.43 0.00E-00 -320b 5.36 0.00E-00
-370-3p 7.41 2.39E-80 -615-3p 5.29 7.21E-212
-1910-3p 7.38 7.53E-79 -320c 5.11 7.09E-319
-433-3p 7.31 6.07E-75 -320d 4.95 1.59E-147
-543 7.18 0.00E-00 -328-3p 4.84 6.54E-45
-216b-5p 7.14 7.86E-67 -320a-3p 4.82 0.00E-00
-190b-5p 6.97 2.49E-59 -126-5p 4.36 2.47E-25

sEV-miRs ordered by FC. Bold indicates sEV-miRs enriched in SEV-MCF10A and in SEV-MDA231

compared with the parental cells.
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5.2.4 Several seEV-miRs are differentially enriched in sEV-MDA231

After the characterization of the sSRNA profile of SEVs secreted by the different BC
cells lines and the identification of the miRNAs in their cargo, we aimed to look for
sEV-miRs enriched or overrepresented in the different sEVs. As we did not have
biological replicates, we used the edgeR software (package), included in the
sRNAde web-tool to perform the “differential expression” (DE) analysis. As we
were interested in the metastatic potential of MDA-MB-231 BC cells and the
possibility of SEV-MDA231 to induce EMT, we took all sEV-miRs detected in each
of the sEVs (sEV-MCF10A, seV-T47D, seV-ZR75 and seEV-MD231) and use
edgeR to identify enriched sEV-miRs present in sEV-MDA231 against all of the
other seEVs. This analysis showed 44, 63 and 50 sEV-miRs enriched in sEV-
MDA231 vs sEV-MCF10A, seV-T47D and seV-ZR75, respectively (Table 11). Of
those enriched seV-miRs, 22 of them were commonly enriched in sEV-MDA231,
regardless of the sEVs with which they were compared (Table 12). Interestingly,
Venn diagram shown in figure 9 show 24 seV-miRs enriched in sEV-MDA231
(Figure 9), this is because, oddly, miR-126-5p and miR-145-5p, were also
included in the DE analysis although they were only detected in sEV-MDA231 and
not in the other seVs. This was the first step to define the possible “EMT-
promoter” sEV-miRs. The next step was to evaluate whether those sEV-miRs only
detected and enriched in sEV-MDA231 had an association or were implicated with
the process of EMT or other tumorigenic/oncogenic or metastatic process, such

as cell migration. To do that, we used miRWalk (http://mirwalk.umm.uni-
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heidelberg.de/) and DianaTools, specifically the miRPath v3 tool

(https://dianalab.e-ce.uth.gr/html/mirpathv3/index.php?r=mirpath), to look for

overrepresented biological processes or pathways favored by the sEV-miRs
enriched in sEV-MDA231. KEGG analysis using miRPath (filtering by TarBase
v7.0) showed that several oncogenic processes were overrepresented or favored
by those 27 seEV-miRs such as fatty acid biosynthesis and metabolism (p < 1E-
325; p 7.49E-5), ECM-receptor interaction (p < 1E-325), Hippo signaling pathway
(p = 8.04E-9), cell cycle (p = 2.75E-6), TGF- signaling (p = 1.15E-8), adherens
junctions (p = 4.72E-12) and focal adhesion (p = 3.45E-3). In terms of
overrepresented GO biological processes, the analysis showed that cellular
extracellular matrix disassembly and organization, growth factors signaling,
mitotic cell cycle, immune processes, neurotrophin TRK receptor signaling,
membrane organization and mRNA metabolic process could be favored by those
sEV-miRs. In addition, molecular function GO analysis showed
overrepresentation of functions like ion binding, RNA binding, cytoskeletal protein
binding, transcription factor binding and histone binding; all functions that could
regulate tumor progression and metastasis. Tables 13 and 14 show the more
significant pathways (KEGG) and processes (GO) overrepresented by the 27
SEV-miRs enriched in sEV-MDAZ231. It is noteworthy that if we first use miRWalk
to look for possible sEV-miRs targets (predicted and experimentally validated),
and then do the GO analysis using Panther, the possible oncogenic

overrepresented processes and pathways are increased and include interesting
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processes such “miRNA processing”, “response to hypoxia”, “positive regulation

of cell migration” (enriched GO_BP; Bonferroni corrected. Experimentally

validated targets), “SMAD protein complex assembly”, “DNA damage response,
signal transduction by p53”, “negative regulation of cell-matrix adhesion”
(enriched GO_BP; FDR corrected. Experimentally validated targets); “RNA
binding”, “transcription coactivator binding”, “DNA binding”, “Ubiquitin protein
ligase binding”, “chromatin binding”, “protein kinase activity” (GO_MF; FDR
corrected. Experimentally validated targets), “p53 pathway”, “Insulin/IGF PKB

” o«

signaling”,

Ras pathway”, TGF- signaling pathway”, “PDGF signaling pathway”,
“angiogenesis” (GO _Pathways; FDR corrected. Predicted targets) and “signaling

by TGF-beta receptor complex in cancer”, “DNA methylation”, “oncogene induced

senescence”, “MAP kinase activation”, “FOXO-mediated transcription of cell cycle
genes” (GO_Reactome; FDR corrected. Experimentally validated targets). The
most relevant results of these analysis are listed in Table C-F in Annexes. In
summary, the 27 possible “EMT-promoter” sEV-miRs candidates that are
enriched or selectively present in sEV-MDA231 could promote and stimulate
several oncogenic and pro-metastatic processes and signaling pathways related
with the EMT (Figure 10). Specifically, the reported role of those 27 sEV-miRs
enriched in sEV-MDA231 in the regulation of the EMT is also listed in Table G in

the annexes. The table show that there is evidence supporting both, an EMT-

promoter and EMT-suppressing role for most of the sEV-miRs, which is interesting
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because it suggests that their specific role may be cancer-dependent or even

sEV-dependent (Table G in annexes).

Table 11: Total number of dysregulated sEV-miRs. Enriched and decreased sEV-

miRs between each sEVs secreted by the different cell lines are indicated

SEV-MDA231 vs SEV-ZR75 vs SEV-T47D vs
Total Enriched Decreased Total Enriched Decreased Total Enriched Decreased
sEV-MCF10A 337 44 293 370 128 242 355 83 272
SEV-T47D 194 63 131 161 110 51
SsEV-ZR75 226 50 176

Table 12: List of the twenty-two sEV-miRs identified as enriched in sEV-MDA231

compared with every other BC cells-secreted sEVs analyzed

Fold Change
auresevmin MORZSTvS WOzt ve  MOAZL s
miR-1-3p 118,2 1335,7 2719
miR-10a-3p 3,2 28,6 82,1
miR-100-5p 381,9 28,3 2,7
miR-122-5p 41,5 115,0 6,2
miR-125b-1-3p 1248,3 931,1 3,2
miR-133a-3p 55,7 41,7 19,0
miR-143-3p 20,3 7,0 10,9
miR-146a-5p 57,5 51,6 148,8
miR-199a-3p 5,7 2,6 2,8
miR-199a-5p 4,0 3,7 4.4
miR-199b-3p 4,9 2,6 2,6
miR-218-5p 29,2 22,0 2,7
miR-223-3p 3,7 23,4 66,7
miR-432-5p 9,7 48,3 3,0
miR-499a-5p 39,8 3,2 3,2
miR-503-5p 207,2 154,7 3,6
miR-522-3p 2,6 15,5 10,8
miR-760 31 48,6 2,6
miR-891a-5p 20,4 15,5 9,6
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miR-1307-5p 3,2 9,3 3,2
let-7d-5p 2,5 2,3 4,4
let-7i-5p 4,6 2,3 2,7

EVs EVs
MDA231vs MCF10A MDA231vs TATD

EVs
MDA231vs ZR75

Figure 9: Identification of SEV-miRs differentially enriched in sEV-MDA231.

Annotated enriched miRNAs of each sEVs sample were separated in lists and organized in a Venn
diagram. sEV-miRs enriched in SEV-MDA231 compared with every other BC cells-secreted sEVs
are compared (blue: sSEV-MDA231 vs seEV-MCF10A,; yellow: SEV-MDA231 vs SEV-T47D; green:
SEV-MDA231 vs sEV-ZR75). Twenty-four sEV-miRs were always differentially enriched in sEV-
MDA231 and are indicated in the red dashed line circle. Numbers inside figures indicate absolute

numbers of SEV-miRs detected and percentage of total.
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Table 13: KEGG analysis of the 27 sEV-miRs enriched or selectively present in

SEV-MDAZ231
KEGG pathway Adj. p-value  #genes  #sEV-miRs

Fatty acid biosynthesis p < 1E-325 2 5
ECM-receptor interaction p < 1E-325 31 7
Proteoglycans in cancer p < 1lE-325 126 11
Pathways in cancer 1.53E-13 182 10

Fatty acid metabolism 1.71E-13 6

Adherens junction 4.72E-12 48

Viral carcinogenesis 1.91E-11 83
Hippo signaling pathway 8.04E-9 75 7
TGF-beta signaling pathway 1.15E-8 46 10
Hepatitis 3.36E-7 70 9
Cell cycle 2.75E-6 65 6
Colorectal cancer 7.06E-5 31 9
Chronic myeloid leukemia 7.71E-5 43 5
Glioma 1.51E-4 36 8
P53 signaling pathway 2.67E-4 36 5
Transcriptional misregulation in cancer 6.31E-4 59 4
Focal adhesion 3.45E-3 69 4
FoxO signaling pathway 4.83E-3 63 5
Lysine degradation 5.30E-3 18 5
Thyroid hormone signaling pathway 3.03E-2 58 6

Table 14: GO analysis of the 27 sEV-miRs enriched or selectively present in SEV-

MDA231

GO biological process Adj. p-value  #genes  #sSEV-miRs

Extracellular matrix disassembly p <1E-325 49 7

Transcription initiation from RNA pol Il promoter p < 1E-325 92 8

Fibroblast growth factor receptor signaling pathway p < 1lE-325 80 8

RNA metabolic process p <1E-325 117 9

Extracellular matrix organization p < 1E-325 135 9

Epidermal growth factor receptor signaling pathway p < 1E-325 100 10

Cell death p <1E-325 362 10

Protein complex assembly p < 1E-325 282 11
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MRNA metabolic process p < 1E-325 115 11

Platelet activation p < 1E-325 86 11

Mitotic cell cycle p < 1E-325 228 12

Immune system process p <1E-325 493 12

DNA metabolic process p < 1E-325 317 12

Blood coagulation p < 1lE-325 193 13

Cellular component assembly p < 1E-325 514 13

Macromolecular complex assembly p < 1E-325 366 13

Fc-epsilon receptor signaling pathway p < 1E-325 89 14

Cellular protein metabolic process p <1E-325 250 14

Small molecule metabolic process p < 1E-325 919 14

Neurotrophin TRK receptor signaling pathway p < 1E-325 146 15
GO molecular function Adj. p-value  #genes  #sSEV-miRs

Cytoskeletal protein binding p <1E-325 283 12

Nucleic acid binding transcription factor activity p < 1E-325 392 13

Protein binding transcription factor activity p <1E-325 255 14

RNA binding p < 1E-325 798 17

lon binding p <1E-325 2282 21

Poly(A) RNA binding p < 1E-325 644 17
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Figure 10: GO and pathway (KEGG) analysis summary of enriched seV-miRs present in
SEV-MDAZ231.

The 27 “EMT-promoter” candidate sEV-miRs enriched in SEV-MDA231 were used to perform
KEGG (a) and GO analyses (b,c) using the miRPath v3 webtool. Parameters were set as default
and false discovery rate (FDR) correction was used to evaluate statistical significance (adjusted p
value < 0.05). The top 25 (a), 20 (b) and 10 (c) overrepresented pathways, processes and
functions are shown in each graph. Numbers next to each bar indicates the number of SEV-miRs

involved in each process.

5.2.5 Validation of candidate “EMT-promoter” sEV-miRs using miQPCR

Finally, to validate the enrichment of those 27 sEV-miRs in SEV-MDA231 after the
analysis of sRNA-seq data, we used a particular format of RT-gPCR, called
mMiQPCR, developed by Benes and coworkers (146). miQPCR primers and oligos
sequences can be found in the original article and in Table A in Annexes. As there
are no validated housekeeping sRNAs regarding to sEVs, we first needed to found
the best sEV-miR (or combination of SEV-miRs) to normalize our results. Eight
mMiRNAs previously used as normalizers in the literature (110,114,151-156) were
tested as possible normalizers of our data. The possible normalizer miRNAs
tested were miR-16-5p, miR-21-5p, miR-25-3p, miR-125a-5p, miR-148a-3p, miR-
423-3p, miR-451a and miR-484. We used the NormFinder add in of Microsoft
Excel to analyze the individual Ct of each miRNA and found the best normalizer/s
according to their expression stability (variability) in a given sample set and given

experimental design (147). We saw that, among all the possible miRNAs tested
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as normalizers, miR-16-5p, miR-21-5p, miR-148a-3p and miR-484 were the ones
with the least variability (Table H in Annexes). Among them, the combination of
miR-16-5p and miR-148a-3p was the best normalization combination. Therefore,
this combination was used as normalizer for subsequent analyses. With the best
normalizers defined, we sought to validate the enriched sEV-miRs detected in
SEV-MDA231 after the sRNA-seq analysis. Using the miQPCR assay, we
standardize the assay using an amount of cDNA corresponding to the same
number of particles, as quantified by NTA (1.0 x 10° total particles). According to
the sRNA-seq analysis, among the 27 seEV-miRs enriched in sEV-MDA231, we
were able to validate the detection of 8 sEV-miRs. Of them, six out of eight
validated sEV-miRs were detected as enriched in sEV-MDA231, thus agreeing
with the sRNA-seq (Figure 11). The 6 validated enriched sEV-miRs were miR-
100-5p (17.8-fold vs SEV-MCF10A), miR-122-5p (36.7-fold vs SEV-MCF10A),
miR-146a-5p (9748.3-fold vs sEV-MCF10A) (Figure 1la-c), and despite not
being statistically significant against sEV-ZR75, let-7d-5p (12-fold vs SEV-
MCF10A), miR-223-5p (4.9-fold vs seEV-MCF10A), and miR-760 (12.4-fold vs
SEV-MCF10A) (Figure 11d-f). Interestingly, we also saw in the process of
enrichment validation that, in contrast of the SRNA-seq data, let-7i-5p behaved as
a suitable endogenous control (Figure S2a in Annexes). Thus, we also normalize
MiIQPCR data against let-7i-5p expression to have a comparison against defined

normalizers and we saw similar results (Figure S2b,qg).
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Figure 11: Validation of the presence and levels of “EMT-promoter” sEV-miRs in sEV-
MDA231 through miQPCR.

The twenty-seven candidate sEV-miRs enriched in sEV-MDA231 through the sRNA-seq analyses
were experimentally tested by miQPCR. Eight of them were correctly detected and six were
effectively validated as enriched in SEV-MDA231. (a) miR-100-5p; (b) miR-122-5p; (c) miR 146a-
5p; (d) let-7d-5p; (e) miR-223-3p and (f) MmiR-760. Graphs shows mean + SD. Each miRNA
expression was normalized against RNU6b. All data is representative of 3 independent

experiments. (*) p < 0.05; (**) p <0.01; (***) p <0.001; (****) p < 0.0001.
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Interestingly, pathway analysis (KEGG) (Figure 12a) and GO (Biological
processes) (Figure 12b) showed that these 6 SEV-miRs are implicated in several
oncogenic processes related with cell migration and EMT, such as TGF-p
signaling pathway, adherens junction, FoxO signaling pathway, ECM-interaction,
regulation of locomotion and cell motility, among others (Figure 12). These 6

validated sEV-miRs were used in the next co-transfection experiments.
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Figure 12: Pathway (KEGG) and GO analysis summary of the six experimentally validated

SEV-miRs present and enriched in SEV-MDA231.
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The six miRNAs were listed in the web server DianaTools to use mirPath tool (https://dianalab.e-

ce.uth.gr/html/mirpathv3/index.php?r=mirpath). (a) KEGG (up) and (b) GO Biological processes

(down) analyses were performed with default settings using TarBase v7.0 database as interaction
database. P-value was set at 0.05 and adjusted p-value was calculated with FDR correction. Bars

in purple (KEGG) and blue (GO-BP) indicate pathways and processes closely related with EMT.

In summary, the smallRNA and miRNA profile of different BC cells-secreted sEVs
were characterized. Interestingly, tRNA fragments, and not miRNAs are the most
abundant sRNA species in BC seVs. On the other hand, after sSRNA-seq, several
SEV-miRs were detected as enriched in metastatic SEV-MDA231 versus other BC
cells-secreted sEVs. They could participate in several oncogenic processes
related with the EMT, most notably cell migration, locomotion, and the TGF-

pathway.

5.3 Specific aim 3 results
To evaluate the role of candidate SEV-miRs overrepresented in metastatic SEV-

MDAZ231 on the expression of EMT molecular markers in non-metastatic BC cells.

5.3.1 Evaluation of EMT-related genes in MCF10A and T47D cells after co-
transfection of validated “EMT-promoter” sEV-miRs

Validated candidate “EMT-promoter” sEV-miRs were co-transfected in MCF10A
mammary epithelial non-tumorigenic and T47D non-metastatic BC cells according

to Table 15 using Lipofectamine 2000 reagent. According to sSRNA-seq data of
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sEV-MDAZ231, i.e. normalized read count, we aimed to transfect each seV-miR
proportionally. So, Table 15 show the stoichiometry of the co-transfection

experiment.

Table 15: Stoichiometry and final concentration of each sEV-miR for the co-

transfection assays

SEV-miR Read RPM adj. Ratio Volume Final Conc Ratio
(MDAZ231) count (total) (vs RPM) (WS 10 pM) (nM)
miR-100-5p 31758 5579,14 1 25uL 12.5 250
miR-122-5p 14949 2629,92 0.471 1.2uL 6.0 120
miR-146a-5p 2329 406,13 0.073 1.8 uL (1 um) 0.9 18
miR-223-3p 568 99,93 0.018 4.5 (0.1 uM) 0.225 4,5
miR-760 317 55,77 0.010 2.5 (0.1 um) 0.125 2,5
let-7d-5p 116 20,41 0.004 1.0 (0.1 uM) 0.05 1

First, we aimed to evaluate co-transfection efficiency using an anti-sense
oligonucleotide (ASO) conjugated with Alexa Fluor 594 fluorophore as a witness
of transfection. We evaluated the transfection of the ASO alone, or in combination
with one sEV-miR mimic as a test (let-7d-5p). With this strategy, we saw that
transfection efficiency was near 100%, since almost all cells present AF594
fluorescence 24 and 48 h post-transfection (MCF10A cells) (Figure 13a).

Moreover, miRNA overexpression was maintained at least for 48 h (Figure 13b).
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Figure 13: Evaluation of miRNA mimic transfection efficiency in MCF10A cells.

To evaluate mimic transfection efficiency, let-7d-5p mimic was co-transfected with a fluorescently-
conjugated antisense oligonucleotide (ASO-AF594), and efficiency was assessed by red
fluorescence due to ASO expression 24 and 48 h post-transfection. (a) Fluorescence and images
were recorded in a Nikon Eclipse Ti epifluorescence microscope and analyzed with the NIS-

elements AR v4.30.01 software. (b) miQPCR analysis to valuate let-7d-5p expression after co-
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transfection with ASO-AF594. Let-7d-5p expression was normalized against RNU6b. Images

shown are 20X magnified and size bar represents 30 um.

Considering that almost all the cells were transfected with our setting, the next
step was the co-transfection of the six validated sEV-miRs in MCF10A and T47D
cells. The setting of the co-transfection is shown in Table 15, as previously
mentioned. In parallel, both cell lines were incubated with sEV-MDA231 for 24 or
48 h. Five out of six co-transfected SEV-miRs mimics were overexpressed in both
cell lines after mimic co-transfection; miR-100-5p, miR-122-5p, miR-146a-5p,
miR-223-5p and miR-760. The incubation of MCF10A mammary epithelial cells
and T47D BC cells with sEV-MDAZ231 also increase the levels of those sEV-miRs.
However, the co-transfection of SEV-miRs mimics results in even higher levels of
these sEV-miRs (Figure 14-15). Transfection of let-7d-5p mimic result in just a
slight increase of its expression in MCF10A cells and no increase in transfected
T47D BC cells. This was expected as the amount of let-7d-5p mimic transfected
was very small, (final concentration in the pmol order) and the basal level of this
mMiRNA was higher in T47D than in MCF10A cells. With these results, we showed
that co-transfection of “EMT-promoter” sEV-miRs mimics results in an
overexpression of those miRs in recipient cells. This overexpression was even
greater than that achieved after incubation of these cells with sEV-MDA231

(Figures 14-15).
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Figure 14: Evaluation of SEV-miRs overexpression after co-transfection of “EMT-promoter”
SEV-miRs mimics and treatment with SEV-MDA231 in MCF10A cells.

The six “EMT-promoter” sEV-miRs were co-transfected in MCF10A cells using lipofectamine 2000
and their overexpression was evaluated 24 h later. Treatment of cells with sEV-MDA231 was used
as control/comparison. Graphs show mean + SEM. All data is representative of 3 independent

experiments. (**) p < 0.01; (***) p < 0.001; (****) p < 0.0001.
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Figure 15: Evaluation of SEV-miRs overexpression after co-transfection of “EMT-promoter”
SEV-miRs mimics and treatment with sSEV-MDA231 in T47D BC cells.

The six “EMT-promoter” sEV-miRs were co-transfected in MCF10A cells using lipofectamine 2000
and their overexpression was evaluated 24 h later. Treatment of cells with SEV-MDA231 was used

as control/comparison. Graphs show mean + SEM. All data is representative of 3 independent

experiments. (**) p < 0.01; (****) p < 0.0001.

5.3.2 Analysis of EMT-related markers after co-transfection of MCF10A and

T47D BC cells with “EMT-promoter” sEV-miRs mimics
After the confirmation of overexpression of the co-transfected “EMT-promoter”
sEV-miRs, we aimed to analyze gene expression and protein levels of some

characteristic EMT-related markers. mRNA levels of the following EMT-related
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markers were measured in SEV-miRs mimics co-transfected or sEV-MDA231-
treated MCF10A and T47D cells: E-Cadherin (CDH1), N-Cadherin (CDH2),
Vimentin (VIM), Zebl (ZEB1), Twistl (TWIST1), Snail (SNAI1), Fibronectin (FN),
Oct4 (OCT4), Sox2 (SOX2) and Nanog (NANOG). In MCF10A cells, sEV-miRs
mimics co-transfection slightly increase the expression of CDH1, CDH2, FN, VIM,
and NANOG (Figure 16a-d — Figure 17a), analyzed 24 h after transfection. On
the other hand, the expression of the other stem-related transcription factors
SOX2 and OCT4 was the same in all conditions (Figure 17b,c). Interestingly, the
expression of the EMT transcription factors (EMT-TFs) TWISTL1, ZEB1 and SNAI1
were also not different than that of untreated cells (Figure 17d-f), despite the
apparent increase (yet not significant) in SNAIL1 expression after co-transfection
of the sEV-miRs mimic mix (Figure 17f). These results suggest that the co-
transfection of these 6 “EMT-promoter” sEV-miRs promote/stimulate some kind
of “partial EMT”, increasing the levels of some characteristic EMT-markers, but

not that of the EMT-TFs.
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Figure 16: Evaluation of the expression of EMT-markers after the co-transfection of “EMT-
promoter” sEV-miRs mimics in MCF10A cells.

The six “EMT-promoter” sEV-miRs were co-transfected in MCF10A cells using lipofectamine 2000
and their effect on EMT-markers expression was evaluated 24 h later. (a) E-Cadherin (CDH1), (b)

N-Cadherin (CDH2), (c) Fibronectin (Fn) and (d) Vimentin (Vim) expression were quantified.
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Graph shows mean £ SD. All data is representative of 3-4 independent experiments. (*) p < 0.05;

(**) p < 0.01; (***) p < 0.001; (***¥) p < 0.0001.
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Figure 17: Evaluation of the expression of stemness and EMT-TFs after the co-transfection

of “EMT-promoter” sEV-miRs mimics in MCF10A cells.
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The six “EMT-promoter” sEV-miRs were co-transfected in MCF10A cells using lipofectamine 2000
and their effect on stemness- (a-c) and EMT-related transcription factors (TFs) (d-f) expression
was evaluated 24 h later. Graphs show mean + SD. All data is representative of 2-3 independent

experiments. (*) p < 0.05.

In the case of T47D BC cells, co-transfection of the “EMT-promoter” sEV-miRs
caused contradictory results. On one hand, let-7d-5p mimic transfection, co-
transfection of SEV-miRs mimics cocktail and SEV-MDA231 treatment increased
the expression of CDH1 (E-Cadh) and Fn (Fibronectin). On the other hand, they
did not change Vim (Vimentin) expression (Figure 18). CDH2 (N-Cadherin) could
not be detected. In terms of stem-TFs, let-7d-5p mimic transfection, co-
transfection of SEV-miRs mimics cocktail and seV-MDA231 treatment did not
change the expression of Nanog or Six2, but they seemed to decreased the
expression of Oct4. However, transfection of the scramble miRNA caused similar
results (Figure 19a-c), thus, this result needs to be taken with caution.
Interestingly, co-transfection of the “EMT-promoter” sEV-miRs significantly
increased the expression of Snail (Snail) EMT-TF (Figure 19d). However, they
did not change the expression of the other Zeb1 or Twistl (Figure 19e,f). Despite
the fact that some genes tested changed their expression in response to the
mimics transfected, these results could suggest that the EMT itself is not

promoted in these BC cells after the co-transfection of those miRNAs.
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Figure 18: Evaluation of the expression of EMT-markers after the co-transfection of “EMT-
promoter” seV-miRs mimics in T47D BC cells.

The six “EMT-promoter” sEV-miRs were co-transfected in T47D cells using lipofectamine 2000
and their effect on EMT-markers expression was evaluated 24 h later. Treatment of cells with sEV-
MDA231 was used as control/comparison. (a) E-Cadherin (CDH1), (b) Vimentin (Vim) and (c)
Fibronectin (Fn) expression were quantified Graph shows mean + SD. All data is representative
of 3 independent experiments. (*) p < 0.05; (**) p < 0.01; (***) p < 0.001. (#) p <0.01 vs NT; ($) p

< 0.01 vs Lipo; (&) p < 0.01 vs Scramble; (%) p < 0.05 vs Scrambile.
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Figure 19: Evaluation of the expression of stemness and EMT-TFs after the co-transfection
of “EMT-promoter” sEV-miRs mimics in T47D BC cells.

The six “EMT-promoter” sEV-miRs were co-transfected in T47D cells using lipofectamine 2000
and their effect on stemness- (a-c) and EMT-related (d-f) transcription factors (TFs) expression
was evaluated 24 h later. Treatment of cells with SEV-MDA231 was used as control/comparison.

Graphs show mean + SD. All data is representative of 2-3 independent experiments. (*) p < 0.05;

(**) p < 0.01; (***) p < 0.001.
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In a similar way, we tried to evaluate protein levels of some of the EMT-related
genes in co-transfected MCF10A and T47D cells. Protein samples were obtained
24 and 48 h after co-transfection or after incubation with sEV-MDA231. Despite
de fact that gene expression was just slightly affected, both, co-transfection of
“‘EMT-promoter” sEV-miRs mimics or seV-MDA231 treatment increase the
presence of some EMT characteristic proteins in MCF10A non-tumorigenic
mammary epithelial cells 24 h post-treatment. First, E-Cadherin (~130 kDa;
epithelial marker) levels seemed to increase 24 h after transfection of let-7d-5p
mimic alone and after co-transfection of “EMT-promoter” sEV-miRs mimics
cocktail. Also, incubation of these cells with SsEV-MDA231 for 24 and 48 h caused
a ~5-fold increase in the expression of this protein, however, it was not statistically
significant (Figure 20a,b). N-Cadherin (~130 kDa), a more mesenchymal marker
seemed to slightly (but not significant) increase 48 h post-transfection with the
combination of sSEV-miRs mimics. Interestingly, sEV-MDA231 caused a
significant effect 48 h post-treatment (Figure 20a,c). On the other hand, Vimentin
(~55 kDa) protein levels were increased 24 h post-transfection (and at a lesser
extent 48 h post-transfection) with either, let-7d-5p mimic alone, and with the
combination of SEV-miRs mimics. Incubation with SEV-MDA231 for 24 and 48 h
also increased Vimentin protein levels (-3 and ~5-fold increase). Noteworthy,
Vimentin levels stayed high after 48 h post-incubation with sEV-MDA231,
however, none of those changes were statistically significant (Figure 20a,d). In

the case of EMT-TFs, Snail/Slug and Twistl levels seemed to be higher in co-
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transfected and sEV-MDA231-treated MCF10A cells 24 h after either of the
interventions (Figure 20e,f). Transfection with let-7d-5p mimic alone achieved the
higher increase in Twistl at 24 h (p < 0.01). Co-transfection of SEV-miR mimics
cocktail also increased Twistl protein levels, but at a lesser extent (yet not
significant). Interestingly, this tendency was maintained 48 h after co-transfection.
Treatment with sEV-MDA231 also seemed to increase Twistl, but only at 24 h
post-treatment (Figure 20e). In the case of Snail/Slug, a tendency to increase
was obtained 24 h after each treatment, however, protein levels were normalized
at 48 h. This could suggest that sEV-miRs mimics co-transfection have a short-
time effect over EMT-characteristic proteins levels, and that seV-MDA231
treatment have a longer effect than the co-transfection. However, these results
need to be taken with caution as some of these consider just two repetitions of
the experiment. Besides, other EMT-related proteins/markers (such as those
evaluated through gPCR) should be evaluated to draw conclusions that are more

reliable.
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Figure 20: Co-transfection of “EMT-promoter” seV-miRs mimics in MCF10A cells. EMT-

proteins evaluation by Western blot.

The six “EMT-promoter” sEV-miRs were co-transfected in MCF10A cells using lipofectamine 2000

and their effect on EMT-markers protein levels were evaluated 24 and 48 h later. (a)

Representative blot of EMT proteins. (b-f) Quantification of each EMT-related protein. E-Cadherin

(b), N-Cadherin (c), Vimentin (d), Twistl (e) and Snail/Slug (f). Treatment of cells with SEV-

MDAZ231 was used as control/comparison. 3-actin was used as housekeeping protein to normalize

the data. Horizontal dashed line at y=1 indicates NT normalization. Graphs show mean + SEM.

All data is representative of 2-3 independent experiments. (*) p < 0.05; (**) p < 0.01.
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On the other hand, T47D cells seems to be less responsive after any of the
treatments given (either transfection of let-7d 5p mimic alone, co-transfection of
SEV-miRs mimics cocktail or incubation with sEV-MDA231 (Figure 21a). Only let-
7d-5p mimic transfection seemed to cause a decrease in E-Cadherin protein 48
h post-transfection (Figure 21a,b); no other changes were achieved compared
with the non-treated cells. N-Cadherin protein levels seems to decrease 48 h after
transfection with let-7d-5p mimic and 24 h after co-transfection with sEV-miRs
mimics cocktail or treatment with sEV-MDA231, however, those apparent
changes are not statistically significant (Figure 21a,c). On the other hand,
Vimentin levels seemed to increase only after the co-transfection with the sEV-
miRs mimics cocktail and with the treatment with sEV-MDA231, both at 24 and
48 h. However, this result needs to be taken with caution because scramble
MiRNA transfection also caused an increase of this protein (Figure 21a,d). In the
case of EMT-TFs, only Twistl seemed to increase its expression after incubation
with sEV-MDA231 for 48 h, although this effect was not statistically significant

(Figure 21a,e). Other treatments have protein levels similar to untreated cells.

In summary, co-transfection of “EMT-promoter” sEV-miRs mimics promote the
expression of several EMT proteins in MCF10A “normal” non-tumorigenic
mammary epithelial cells but just in short times (24 h after transfection). Treatment
of MCF10A cells with one dose of SEV-MDA231 increase and maintain their

overexpression for at least 48 h. On the contrary, it seems that neither the co-

87



transfection of “EMT-promoter” sEV-miRs mimics, nor the incubation with sEV-
MDAZ231 promote the expression of EMT-characteristic protein markers in T47D

non-metastatic BC cells (Figure 20-21).
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Figure 21: Co-transfection of “EMT-promoter” sEV-miRs mimics in T47D BC cells. EMT-
proteins evaluation by Western blot.

The six “EMT-promoter” sEV-miRs were co-transfected in T47D cells using lipofectamine 2000
and their effect on EMT-markers protein levels were evaluated 24 and 48 h later. (a)
Representative blot of EMT proteins. (b-f) Quantification of each EMT-related protein. E-Cadherin

(b), N-Cadherin (c), Vimentin (d), Snail/Slug (e) and Twistl (f). Treatment of cells with SEV-
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MDA231 was used as control/comparison. GAPDH was used as housekeeping protein to
normalize the data. Horizontal dashed line at y=1 indicates NT normalization. Graphs show mean

+ SEM. All data is representative of 2-3 independent experiments. (*) p < 0.05; (**) p < 0.01.

5.3.3 Evaluation of the expression of direct mRNA targets of co-transfected
“EMT-promoter” sEV-miRs mimics

To have a deeper notion on the effect of SEV-miRs mimics and seV-MDA231 on
transfected cells/recipient cells, we evaluated the expression of several predicted
MRNA targets of co-transfected SEV-miRs. Predicted targets for the co-
transfected SEV-miRs were obtained using KEGG (negative regulation of EMT),
GO (GO 0010719; negative regulation of EMT)

(https://www.informatics.jax.org/vocab/gene ontology/G0:0010719) and then

miRWalk associate sEV-miRs with the genes involved in negative regulation of
EMT. The idea behind was that if a SEV-miR inhibit the expression of an EMT
inhibitor, then the EMT process would be promoted. Table 16 shows a list of
predicted targets (using miRWalk) of the co-transfected sEV-miRs which
negatively regulates the EMT. It also shows which sEV-miRs could potentially

target the expression of that gene.

Table 16: Predicted mRNA targets for the six "EMT-promoter” seV-miRs enriched

in SEV-MDA231

Predicted target N° of SEV-miRs

KCTD16 6 (MIiR-100-5p, -122-5p, -146a-5p, -223-3p, -760, let-7d-5p
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ILA7RD 4 (miR-100-5p, -122-5p, -146a-5p, -223-3p)

PCDH9 4 (MiR-100-5p, -122-5p, -223-3p, -760)
TXN2 4 (miR-146a-5p, -223-3p, -760, let-7d-5p)

DAB2IP 3 (MiR-100-5p, -760, let-7d-5p)
PTEN 2 (miR-100-5p, let-7d-5p)
SPRY1 2 (miR-146a-5p, -760)

SPRED1 2 (miR-122-5p, let-7d-5p)

SFRP1 2 (MiR-122-5p, let-7d-5p)

Firstly, in MCF10A normal mammary epithelial cells, KCTD16 expression tended
to be downregulated 24 h after transfection with let-7d-5p mimic alone, after co-
transfection with the whole sEV-miRs cocktail and after incubation with SEV-
MDAZ231 (more than 50% versus the NT condition, but not statistically significant).
Those changes were normalized 48 h after let-7d-5p transfection and sEV-miRs
mimics co-transfection, but not after treatment with sEV-MDA231 (Figure 22a).
PTEN expression, which is a well-known tumor suppressor does not change after
treatments, compared with the NT condition, however let-7d-5p mimic transfection
and seV-MDAZ231 treatment for 24 h seems to downregulate its expression when
compared with the lipofectamine condition (Figure 22b). Similar changes were
observed with IL17RD expression. There were no changes as compared versus
the NT cells. However, IL17RD expression was downregulated 24 h after
transfection with let-7d-5p mimic alone, after co-transfection with the whole seV-
miRs cocktail and after incubation with sEV-MDA231 compared with
lipofectamine and miRNA scramble transfection conditions; changes that were

normalized 48 h after each of the treatments (Figure 22c). On the other hand, the

90



only gene which expression was downregulated versus the NT cells was DAB2IP.
The expression of DAB2IP, which is a member of the Ras GTPase-activating
protein family, regulating cell proliferation, survival, apoptosis and metastasis
(157), was decreased almost by half 24 h after transfection with let-7d-5p mimic
alone, after co-transfection with the whole sEV-miRs cocktail and after incubation
with sEV-MDA231. Of note, complete mix of SEV-miRs almost maintained
DAB2IP downregulation for 48 h, in contrast to let-7d-5p alone or treatment with
SEV-MDAZ231. It also should be noted that both, lipofectamine treatment alone
and scramble miRNA transfection seemed to cause a small decrease in DAB2IP
expression (Figure 22d). In the cases of other genes (TXN2 and SPRY1), all
interventions caused a slight decrease in gene expression, however, they were
not statistically significant and were normalized at 48 h post-treatments (Figure
22e,f). Strikingly, despite the fact that two sEV-miRs could target SFRP1 mRNA
(Table 16), co-transfection of the 6 SEV-miRs mimics caused a 2-fold increase of
gene expression 48 h post-transfection (Figure 22g). Finally, there were no
changes in PCDH9 and SPRED1 expression with any of the stimuli (Figure

22h,).
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Figure 22: Effect of “EMT-promoter” sEV-miRs mimic co-transfection on the expression of
predicted mRNA targets in MCF10A cells.

The six “EMT-promoter” sEV-miRs were co-transfected in MCF10A cells using lipofectamine 2000
and their effect on the expression of some mRNA predicted targets were evaluated 24 and 48 h
later. KCTD16 (a), PTEN (b), IL17RD (c), DAB2IP (d), TXN2 (e), SPRY1 (f), SFRP1 (g), PCDH9
(h) and SPRED1 (i) expression was quantified using the AACt method. Treatment of cells with
SEV-MDA231 was used as control/comparison. GAPDH was used as housekeeping gene to
normalize the data. Graph shows mean + SEM. All data is representative of at least 3 independent

experiments. (*) p < 0.05; (**) p <0.01; (***) p < 0.001.
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On the other hand, transfection of let-7d-5p mimic or sEV-miRs mimic cocktail
seemed to have an opposite effect in T47D BC cells 24 h post-transfection. For
instance, PTEN and SPRY1 expression was increased after transfection with
either let-7d-5p mimic alone or the combination of sEV-miRs mimics (Figure
23a,d). Transfection with let-7d-5p mimic also increased the expression of
DAB2IP, but co-transfection of the sEV-miRs mimics cocktail did not (Figure 23c).
Finally, both let-7d-5p mimic alone and the combination of SEV-miRs mimics
caused a tendency to increase the expression of IL17RD and PCDH9, however
the results were not statistically significant (Figure 23b,e). In summary, the six
“EMT-promoter” sEV-miRs enriched in sEV-MDA231 cause a downregulation of
some tumor suppressor predicted mRNA targets in MCF10A cells. On the
contrary and interestingly, they cause an upregulation of some of those targets in

T47D BC cells.
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Figure 23: Effect of “EMT-promoter” sEV-miRs mimic co-transfection on the expression of
predicted mRNA targets T47D cells.

The six “EMT-promoter” sEV-miRs were co-transfected in T47D cells using lipofectamine 2000
and their effect on the expression of some mRNA predicted targets were evaluated 24 h later.
PTEN (a), IL17RD (b), DAB2IP (c), SPRY1 (d), and PCDH9 (e) expression was quantified using
the AACt method. Treatment of cells with sEV-MDA231 was used as control/comparison. GAPDH
was used as housekeeping gene to normalize the data. Graphs show mean + SEM. All data is

representative of at least 3 independent experiments. (*) p < 0.05; (**) p <0.01; (***) p < 0.001.

5.4 Specific aim 4 results
To evaluate the role of candidate sEV-miRs overrepresented/enriched in
metastatic SEV-MDA231 on the migration capacity of non-tumorigenic and non-

metastatic BC cells (as a surrogate of the EMT).

94



5.4.1 “EMT-promoter” sEV-miR mimics promote the 3D migration capacity
of “normal” mammary epithelial MCF10A cells and tumorigenic non-
metastatic T47D BC cells

Finally, to evaluate the functional consequence of the co-transfection of the “EMT-
promoter” sEV-miRs mimics cocktail, we performed a transwell migration assay
in co-transfected or sEV-MDA231-treated MCF10A cells and in T47D BC cells.
We co-transfected the cells for 24 h, treated with 5 ug sEV-MDA231/cell (15t dose)
or left untreated. Then, we detached the cells and seeded 2.5 x 10% in the upper
well of a Boyden chamber. Previously non-transfected MCF10A/T47D cells were
then incubated with another 5 pg of SEV-MDA231 (2" dose) and the migration
assay was performed for 16 h (Figure 24a). As we previously showed, the
treatment with sEV-MDA231 increased the migratory capacity of MCF10A cells.
Interestingly, the co-transfection of the “EMT-promoter” sEV-miRs mimics cocktail
24 h before the assay itself increased their migratory potential even more (Figure
24b), suggesting that, even slight increases in some EMT-related markers could
be associated with the increased migration of these cells. Similar results were
obtained in transfected or sEV-MDA231-treated T47D BC cells. Co-transfection
of the cocktail of SEV-miRs mimics and treatment with 2 doses of SEV-MDA231

generates a 2.2-fold increase in their migratory capacity (Figure 24c).
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Figure 24: Evaluation of MCF10A and T47D cell migration after co-transfection with “EMT-

promoter” seV-miRs.

The six “EMT-promoter” sEV-miRs were co-transfected in MCF10A or T47D cells using

lipofectamine 2000 and their effect on their migration capacity was evaluated by a transwell

migration assay. (a) Schematics of the assay. Cells were previously transfected with the mix of

SEV-miRs mimics or treated with one dose of SEV-MDA231. Twenty-four hours later, cells were

detached and seeded on PET-membrane Boyden transwell chambers. At this point, SEV-
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MDAZ231-treated cells were treated with a second dose of SEV-MDA231. After 16 h, the membrane
inserts were collected, fixed and DAPI-stained to quantify migratory cells. (b) Quantification of co-
transfected MCF10A cells migration. (c) Quantification of co-transfected T47D cells migration.
Cells into the reverse side of the membrane were counted in at least 10 fields on an inverted
fluorescence microscope and then quantified. Graphs show mean + SD. All data is representative

of at least 2-3 independent experiments (different transfections). (*) p < 0.05.

6. DISCUSSION AND CONCLUSIONS

6.1 sEV-MDA231 promotes pro-metastatic capacities of recipient cells and
greatly enhance the metastatic behavior of MDA-MB-231 TNBC cells in vivo
Tumor-secreted sEVs are well-known players in intercellular communication in
the tumor microenvironment, promoting tumor growth, migration, invasion,
survival and angiogenesis, and in distant tissues, preparing the metastatic niche
and promoting metastasis (16,22,129,158,159). MDA-MB-231 TNBC cells are
commonly used as a model metastatic TNBC cell line. In addition, the role of their
secreted sEVs (sEV-MDA231) has been widely studied regarding the promotion
of tumorigenic and pro-metastatic capacities when incorporated in a recipient cell
(37,38,160-162). In this thesis, we showed that SEV-MDA231 promotes different
oncogenic capacities in different BC recipient cells characterized to be less
aggressive than MDA-MB-231 BC cells (Figures 1-5). First, we isolated sEV-
MDA231 TNBC cells using ultracentrifugation and characterized them by NTA,

TEM and WB (Figure 1). sEV-MDA231 have a narrow size distribution with a
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mode size of ~112 nm evaluated by NTA. They also presented characteristic cup-
shaped structures evaluated by TEM (Figure 1a), which evaluates the integrity of
the isolated sEVs and the presence of EV protein markers such as CD63, TSG101
and Flotillin-1 (Figure 1b). We aimed to evaluate the effect of SEV-MDA231 on
cell migration using several BC cell lines with different degrees of aggressiveness
and representing different BC subtypes as recipient cells. We used tumorigenic,
non-metastatic MCF7 adenocarcinoma BC cells (luminal A-like; ER+/PR+/HER2-
), tumorigenic, non-metastatic T47D ductal carcinoma BC cells (luminal A-like;
ER+/PR+/HER2-) and tumorigenic, non-metastatic ZR75 ductal carcinoma
(luminal B-like; ER+/PR-/HER2-). We also used the same sEV-producer cell line,
metastatic TNBC MDA-MB-231 (basal-like; ER-/PR-/HER2-) and normal non-
tumorigenic mammary epithelial MCF10A cells as control. On the other hand, the
limited basal migration of MCF10A cells (Figure 2a) could explain, in part, why
the treatment with sEV-MDA231 did not increase their migration capacity (not
shown). On the other hand, the treatment with sEV-MDA231 increased the basal
migratory capacity of MCF7, T47D and ZR75 BC cells, but not that of metastatic
MDA-MB-231 (also just a tendency to increase) (Figure 2b-e). These variable
results could be attributable to the intrinsic cell variability, i.e. differences in the
response depending on BC cell subtype, basal migratory machinery capacity or
SEV uptake, which was not directly evaluated in this study. It can also be possible
that differences in sEV-MDA231 batch preparation could exists/occur, because

we used different batches of sSEV-MDA231 along this study. It is also important to
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mention that responding cells just increase their basal migration by ~2-3 fold,
according with other results by our research group (37,38) (Duran-Jara, E. et al.,

2023. In revision).

Then, we aimed to evaluate the clonogenic potential (or colony formation
potential) of BC recipient cells stimulated by seEV-MDA231. This assay, also
known as anchorage-independent growth assay (because it is performed using a
semi-solid scaffold), evaluates the capacity of cells to survive without a solid
surface to adhere, therefore extrapolating the results with their capacity to growth
and survive in the in circulation (163-165). Similar to what we saw in the
evaluation of cell migration, seV-MDA231 did not improve anchorage-
independent growth of normal breast epithelial MCF10A cells (Figure 3a). sEV-
MDA231 treatment only stimulates the anchorage-independent growth of some
BC recipient cells. Interestingly, these responding BC cells correspond to ductal
carcinomas (Figure 3b-c). Neither MCF7 nor MDA-MB-231 BC cells increased

their colony formation potential after treatment with sEV-MDA231 (Figure 3d-e).

In the same line, we evaluated the effect of SEV-MDA231 on the tumoroid
formation capacity of recipient BC cells. Tumoroids are 3D structures composed
of an enriched population of cancer stem cells (CSCs), thus this assay evaluates
directly the effect of SEV-MDA231 over those tumor cells and their metastatic

capacity in a 3D environment, and no in 2D as a monolayer (166,167). Opposite
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that what we obtained in the other assays, sEV-MDA231 given in one dose did
increase the tumoroid formation capacity of MCF10A normal mammary epithelial
cells almost by 4.5-fold (Figure 4a). On the other hand, they just slightly increased
this potential in tumorigenic MCF7 and metastatic MDA-MB-231 BC cells (Figure
4b-c; ~2-fold increase, not significant), which suggest that more seV-MDA231 are
needed to improve this capacity in tumor cells than in non-tumor cells. We could
not evaluate tumoroid formation potential in T47D and ZR75 ductal carcinoma
cells because, in our hands, they were not able to form tumoroids/spheroids
structures. Of note, we were not able to evaluate the differential incorporation or
uptake of the metastatic SEV-MDA231 into each BC recipient cell. In this context,
differences in the uptake of those metastatic SEVs by each recipient cell may
contribute to the differences in the results observed between different cell lines
(12). So, our results need to be taken with caution and the incorporation of SEV-
MDAZ231 into each of the BC recipient cells tested need to be performed in order

to draw better conclusions.

It is important to mention that in these in vitro assays evaluating the promotion of
pro-metastatic capacities mediated by the metastatic SEV-MDA231 we used the
same sEVs but previously sonicated. This control gave us information about the
need of the entire undisrupted sEVs to mediate those pro-metastatic changes. In
this case, we saw that sonicated sEV-MDA231 did not promote the pro-metastatic

changes that the undisrupted sEVs did generate (Figure 2 and 4). Thus, the

100



changes promoted by the metastatic SEV-MDA231 on non-metastatic recipient
cells are mediated by the complete undisrupted sEVs (12). Of note, despite the
fact that mild sonication is used to disrupt SEVs (168), or even to improve miRNA
or siRNA loading into seVs (169-171), it seems that can disrupt proteins or
miRNAS, thus we cannot rule out that the loss of effect observed with sonicated
sSEV-MDAZ231 was due to the partial disruption of miRNAs or proteins inside their

cargo (172,173).

Finally, we evaluated the effect of the sEV-MDAZ231 in vivo, in a peritoneal
carcinomatosis murine model. As shown, peritoneal co-injection of MDA-MB-231
TNBC cells plus seV-MDA231 greatly and clearly increase the metastatic
capacity of the injected tumor cells, promoting the formation of malignant ascites
and peritoneal/mesenteric metastatic foci (Figure 5). This notable difference
between the in vivo and in vitro effects could be explained by the intercellular
communication within a living organism, in which several cell types coexist and
influence each other. It could be possible that sEV-MDA231 have a more
important effect in cell types other than tumor cells (even when they were the
same sEVs producer cells), for instance, fibroblasts or endothelial cells (174—
177). seV-MDA231 could be incorporated by these cells and mediate functional

and gene expression changes that finally promotes metastasis formation.

101



In summary, these results suggest that SEVs secreted by a highly aggressive and
metastatic TNBC cell line (SEV-MDA231) can promote tumorigenic and pro-
metastatic capacities of less aggressive (tumorigenic, non-metastatic) recipient
BC cell lines in vitro, such as migration, tumoroid formation and clonogenic
potential. Moreover, SEV-MDA231 can even increase some of these capacities in
an immortalized, normal mammary epithelial cell line (migration and spheroid
formation) highlighting their tumorigenic and pro-metastatic effect. Notably, SEV-
MDAZ231 can greatly promote malignant ascites and metastatic tumor nodules

formation in vivo.

6.2 Characterization of the sRNA profile of sgeV-MDA231 show the
enrichment of several oncomiRs, participating in processes related with cell
migration and EMT

To better understand the molecules in sEV-MDA231 responsible (or mediating)
these functional changes, we aimed/focused to/on characterize the miRNA profile
of those sEVs (sEV-miRs). miRNAs are an important component of seVs, and
several studies have demonstrated functional roles of sEV-miRs promoting
oncogenic and pro-metastatic changes in recipient cells (111,113,115,132,178).
Thus, we isolated and characterized sEVs secreted by different BC cell lines
(characterized by different aggressiveness) (Figure 6) and performed RNA
sequencing of the small RNA fraction (small RNA-seq) present in those sEVs,

with emphasis in the subsequent analysis of SEV-miRs. The aim of using sEVs
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secreted by several and biologically different BC cell lines was that these cell lines
represents different BC subtypes (179), express different miRNA molecular
signatures (180), and also have different aggressiveness profiles, both in vitro and
in vivo. The QC filtering of each sample left between 11-20M reads to perform
subsequent bioinformatic analyses (Table 7). For miRNA-seq analysis, it is well-
recommended that at least 5M reads should be include to perform alignment and

mapping (www.illumina.com; www.novogene.com), so, our samples fulfill that

requisite. Unfortunately, due to QC issues, two cellular RNA samples were lost
previous to the small RNA-seq and could not be included in this work (T47D_cells
and ZR75 cells). Cellular miRNAs corresponded to 40-60% of all SRNAs in
MCF10A and MDA-MB-231 cells, which make them the most abundant cellular
sRNAs. Importantly, almost a ~20% of cellular reads could not be assigned at the
moment of the analysis, which could be attributable to an outdated webpage and
database used (GRCh38 p10 genome version) (Figure 7a). On the other hand,
sEV-miRs are far less abundant compared with cellular miRNAs, corresponding
to 1-3% of total SRNAs reads). Notably, SEV-miRs correspond to almost 20% of
sRNAs in seV-MCF10A, which are “normal”, non-tumorigenic mammary epithelial
cells. This is interesting as it is described that tumor cells have a dysfunctional
MiRNA and EVs biogenesis machinery, which can partially explain in why a non-
tumor cell line can secrete more sEV-miRs (13,57,180-184).
Interestingly/Strikingly, we found that the main sSRNA component in BC cell-

secreted sEVs were tRNA fragments (Figure 7b). A few recent studies have
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shown this behavior, and demonstrated that tRNAs are a main component of
SEVs, being one, even the most abundant sSRNA specie (185-188). Also, at the
time of analysis, an important proportion of SRNA reads were unable to be
aligned, resulting in unassigned reads. These sRNAs could correspond to
piwiRNAs and other sRNA species that were not included in the web-tool
database. Other sRNAs detected and correctly aligned corresponded to SnRNA,

snoRNAs, VRNASs and other less abundant sSRNA species (Figure 7b).

As we show in Table 8, we were able to detect more than 400 mature miRNAs in
MCF10A and MDA-MB-231 cells, of which 360 were common between cells, 50
were MDA-MB-231 expressed-only, and 101 were MCF10A expressed only
(Figure 8a). Among those MDA-MB-231 uniquely-expressed miRNAs, there are
several miRNAs widely associated with oncogenic (oncomiRs) and metastatic
(metastamiRs) processes (189,190). On the other hand, we detected between
153-400 seV-miRs, of which 126 were common between the four different SEVs
analyzed. Interestingly, five SEV-miRs were only detected in sEV-MDA231: miR-
145-5p, miR-126-5p, MiR-3689a-5p, MiR-3689b-5p, miR-3689¢e (Figure 8b —
Table 9). Some of these sEV-miRs such as miR-145-5p and miR-126-5p have
been widely studied. Interestingly, most of the studies have shown antitumor
(tumor-suppressor) roles for these miRs (191-195). This is very interesting
because it would suggest that a metastatic and highly aggressive TNBC cell line

such as MDA-MB-231 actively secrete miRNAs in sEVs that could be detrimental
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for tumor cell biology. On the other hand, there are no studies regarding miR-
3689, and it was just detected in high-throughput studies (196,197). However,
those 5 sEV-miRs were very rare; they are less abundant, with a small number of

reads detected. Thus, this finding must be carefully taken into consideration.

Next, we asked whether there was specific enrichment of some miRs in the
secreted sEVs. As we saw in Table 10 several SEV-miRs were enriched in SEVS,
both in sEV-MCF10A (vs MCF10A cells) and seV-MDA231 (vs MDA-MB-231
cells). As we mentioned, tumor cells-secreted SEVs can actively participate in
intercellular communication and can deliver their cargo, including sEV-miRs into
a recipient cell. Interestingly, this loading, transport and delivery may be relevant
in two different contexts; i) cells can use secreted sEVs as disposal structures to
eliminate detrimental molecules, including miRNAs (120,198-202), and ii) cells
can use secreted sEVs to transport oncogenic molecules that could transform
neighbor cells and promote the tumorigenic and metastatic processes (17—
19,25,178,203,204). We saw that almost half of the enriched sEV-miRs are
shared between MCF10A normal mammary and MDA-MB-231 TNBC cells, which
could suggest some kind of non-specificity in the loading of those sEV-miRs (bold
in Table 10). On the other hand, the other half of SEV-miRs are specifically loaded
in SEV-MCF10A or seV-MDA231. In the case of SEV-MDA231, 13 out of 25 SEV-
miRs are enriched most than 2-fold in SEVs compared with the producing cells.

Those sEV-miRs are involved in several oncogenic processes such as ECM-
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interaction, fatty acid biosynthesis, adherens junction, Hippo and TGF-3 signaling,
blood coagulation and mitotic cell cycle (mrPath v3 — DianaTools. Not shown),
which suggest that MDA-MB-231 cells can specifically encapsulate these miRs to
promote oncogenic and pro-metastatic processes in recipient cells. On the other
hand, we analyzed and compared the sEV-miRs profile from different cell lines in
search of possible candidate sEV-miRs, promoters of pro-tumorigenic and pro-
metastatic processes such as cell migration and EMT. We used the sRNAde web-
tool (part of the sSRNAbench tools), which allowed us to use edgeR as software to

analyze differential expression without the need for replicates (139,205).

As mentioned before, we were interested in the metastatic potential of MDA-MB-
231 BC cells and, as MDA-MB-231 are poorly differentiated and have a more
mesenchymal phenotype (206—208), in the possibility of SEV-MDA231 to induce
EMT. Thus, we took all SEV-miRs detected in each of the sEVs (SEV-MCF10A,
SEV-T47D, seV-ZR75 and seV-MD231) and use edgeR to identify enriched sEV-
miRs present in SEV-MDA231 against all of the other sEVs. As shown in Figure
9 and Table 12, we found 24 seEV-miRs enriched specifically in sEV-MDA231,
which added to the 3 other specifically-contained seEV-miRs (miR-3689a-5p, miR-
3689b-5p, miR-3689e¢), gives us a total of 27 sEV-miRs enriched sEV-MDA231.
Notably, GO and KEGG analysis of those sEV-miRs (themselves and their
predicted targets) showed that they are involved in several oncogenic processes,

including some closely related with cell migration and EMT promotion (Tables 13-
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14 and Figure 10). We further validated the enrichment of 6 of those sEV-miRs
in sEV-MDA231 by miQPCR (Figure 11), which went from a ~5-fold enrichment
for miR-223-3p to an almost 10,000-fold enrichment for miR-146a-5p (versus
SEV-MCF10A). Notably as mentioned, pathway analysis (KEGG) and GO
(biological processes) showed that these 6 sEV-miRs are implicated in several
oncogenic processes related with cell migration and EMT, such as TGF-p
signaling pathway, adherens junction, FoxO signaling pathway, ECM-interaction,
regulation of locomotion and cell motility, among others (Figure 12). Thus, these
6 validated sEV-miRs were used as candidate “EMT-promoter” sEV-miRs in co-
transfection experiments to further evaluate their role in the promotion EMT
molecular markers and cell migration as a surrogate and initial functional

parameter (marker) of the EMT process per se.

6.3 The “EMT-promoter” sEV-miRs slightly promotes the expression of
some EMT-markers in MCF10A “normal” mammary epithelial cells but not
in T47D tumorigenic BC cells

After the validation of the enrichment of the 6 SEV-miRs in SEV-MDA231, we
aimed to evaluate their role in the promotion of cell migration and the EMT
process. To do that, we co-transfected sEV-miRs mimics (mature sequence) in
MCF10A “normal” mammary epithelial and T47D tumorigenic and non-metastatic
BC cells. We also treated these cells with sEV-MDA231 to compare the effect of

the complete cargo of the sEVs, including the role of the protein cargo. Table 15
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show the stoichiometry of the co-transfection experiment. As we do not have the
absolute abundance of each seEV-miR, to get closer to the abundance of each
SEV-miR in SEV-MDAZ231, we needed to the use the read count of the small RNA-
seq assay as an approximation. So, we used different amounts of each miRNA
mimic relative to the abundance of that miRNA in sEV-MDA231 according to the
small RNA-seq data. In a quick test, we used a fluorescently-conjugated ASO,
together with a sEV-miR mimic to demonstrate that we were able to efficiently
transfect our target cell lines. We saw that almost 100% of MCF10A cells were
fluorescently-labeled, indicating that they were transfected with the ASO and the
mimic. Overexpression of the mimic transfected (let-7d-5p) was also achieved
and demonstrated by miQPCR (Figure 13). After that, we co-transfected all 6
SEV-miRs mimics in MCF10A or T47D cells and we saw an overexpression of
almost all sEV-miRs, the only exception was let-7d-5p, which was expected as
the amount used was very low (Table 15; 0.05 nM; Figures 14-15). We also
incubated the cells with sEV-MDA231; the treatment with these sEVs did clearly
increase the expression of 4 out of 6 “EMT-promoter” sEV-miRs, however, it was
less than that reached by mimic co-transfection (Figures 14-15). This was
expected as we didn’t know the absolute concentration of each SEV-miR in sEV-
MDAZ231 and the overexpression also depends on basal levels of each miRNA in

each cell line.
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Subsequently, we saw that SEV-miRs mimics co-transfection increased mRNA
and protein levels of some of the EMT-related markers evaluated, while others
remain unaltered in MCF10A “normal” mammary epithelial cells (Figures
16,17,20), which can be indicative of some sort of partial or hybrid EMT
(76,80,209). “EMT-promoter” sEV-miRs increased the expression of CDH1 (E-
Cadherin), CDH2 (N-Cadherin), Fn (Fibronectin), and Vim (Vimentin), molecules
that can be considered as “effectors” (Figure 16). On the other hand, mimics co-
transfection did not increase the expression of either, the Stemness-TFs
evaluated, nor the EMT-TFs (Figure 17), except for a tendency of an increase of
Nanog expression. This is interesting and relevant because at least one EMT-TF
should be increased for this process to be considered as an EMT (76,80). In line
with gPCR, WB analysis showed a small but not significant overexpression of
EMT protein levels such as N-Cadherin, Vimentin, Twist and Snail/Slug in
MCF10A cells (Figure 20). Analysis of EMT-associated markers in co-transfected
T47D BC cells showed similar and more confusing results. While Fn expression
was increased after co-transfection, it was also accompanied by CDH1
overexpression (also seen in MCF10A cells). No changes were seen in Vim
(Figure 18), CDH2 (not shown), Stem-TFs or EMT-TFs (Figure 19), with the
exception of a small increase in Snail expression. Protein levels of EMT-markers

almost did not change (Figure 21).
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MiRNAs are master regulators of gene expression, which functions as tumor
suppressors or oncomiRs depending of several aspects (56,65,210-214). A
single miRNA can target several mRNAs. Similarly, one mRNA can be targeted
by several miRNAs. This versatility or promiscuity regarding miRNAs function
could, in part, explain our results. As the 6 candidate “EMT-promoter” sEV-miRs
have both anti-tumor and oncogenic functions reported (Table G in annexes), it
is possible that they could be competing intracellularly to regulate both processes
at the same time. For instance, most studies have demonstrated that let-7d-5p
have a tumor-suppressing role (215-218). However, in some contexts it also acts
as an oncomiR (217-219). Our results showed that some of the changes
evidenced by the co-transfection of all 6 SEV-miRs could also be obtained by the
transfection of let-7d-5p mimic alone. This is relevant because it shows the
complexity of functions this miRNA has, but most importantly, it remarks the need
to evaluate each miRNA separately, to better dissect the contribution of each one

in the regulation of the EMT.

Finally, focused on negative regulators of the EMT according with the GO and
KEGG databases, we aimed to evaluate the effect of the cocktail of 6 SEV-miRs
and seV-MDA231 on the expression of some genes that are predicted targets of
those miRNAs. In MCF10A non-tumorigenic cells, we saw a downregulation of
most of the genes tested, however significant difference versus the NT condition

was achieved just in DAB2IP expression (Figure 22). Both, let-7d-5p transfection
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alone and the co-transfection of the mix of mimics results in a ~50%
downregulation of several mRNA targets at 24 h (KCTD16, PTEN, IL17RD,
SPRY1, DAB2IP) but not at 48 h post-transfection. Treatment with SEV-MDA231
showed similar temporal results. This show an early effect of the miRNA
transfection, which could be even higher at earlier times; this needs further
evaluation. It is also possible that the combination/accumulation of effects could
have a greater effect when compared with each gene separately. Future analysis
are also needed to assess/demonstrate the direct interaction between each
mMiRNA and their predicted mRNA targets. On the contrary, opposite to what we
saw in MCF10A cells, the co-transfection of the 6 sEV-miRs mimics did not
downregulated the expression of the predicted mRNA targets in T47D BC cells.
Moreover, it seemed to cause the opposite effect; the co-transfection of the mix
of SEV-miRs mimics caused a ~2-fold overexpression of some of the predicted

MRNA targets (Figure 23).

In summary, the 6 “EMT-promoter” sEV-miRs slightly regulated gene and protein
levels of some EMT-related markers. They also downregulated the expression of
some predicted targets that inhibit the EMT process in MCF10A “normal”
mammary epithelial cells, which subsequently may result in the promotion of the
EMT. Transfection of let-7d-5p mimic alone have similar effects. This strongly
suggest that a separate evaluation need to be done for each transfected miRNA

to have better, more reliable and cleaner results regarding their participation in

111



the modulation of the EMT. On the other hand, it seems that neither the co-
transfection of the “EMT-promoter” sEV-miRs, nor the treatment with sEV-
MDAZ231 have clear effects regulating the expression of EMT-markers in T47D

BC cells in our experimental setup.

6.4 The “EMT-promoter” sEV-miRs increase the migration capacity of
MCF10A and T47D cells

The EMT is a complex, dynamic and non-categorical process in which a cell
(mainly epithelial) lose basal-apical polarity, gain mesenchymal properties or
characteristics, and/or lose epithelial markers (76—78,80). As a consequence,
functionally those cells suffering or entering the EMT increase their motility and
migratory capacity, enhance their invasive potential, among other characteristics
(76,80,220,221). Thus, as a functional consequence of the co-transfection of the
“EMT-promoter” sEV-miRs mimics cocktail, we evaluated the migration capacity
of co-transfected or sEV-MDA231-treated MCF10A and T47D BC cells as a
characteristic and surrogate marker of the EMT. In line with what we saw in aim
1 and 3, the treatment with SEV-MDA231 increased the migratory capacity of
MCF10A cells. Moreover, the co-transfection of the “EMT-promoter” sEV-miRs
mimics cocktail 24 h before the assay itself increased their migratory potential
even more (Figure 24b), suggesting that, even slight increases in some EMT-
related markers could be associated with the increased migration of these cells.

It also suggests that other signaling pathways may be involved in the increase of
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migration in co-transfected/treated MCF10A cells, such as focal adhesion kinase
(FAK/pFAK) (222), small GTPases (Racl/Cdc42) (223,224) or Wnt signaling
pathways (225,226). Further analysis evaluating these pathways are needed to
better understand their role promoting cell migration in our experiments. On the
other hand, the combination of all 6 sEV-miRs mimics as well as the treatment
with sEV-MDA231 increased the migration capacity of T47D BC cells in our
setting by almost 2.2-fold (Figure 24c). However, as lipofectamine and miRNA
scramble transfection also slightly increase T47D cells migration, the results are
only statistically significant against the non-treated cells and conclusions needs

to be taken with caution.

Nowadays, several studies have allowed us to understand that the EMT is not
black and white; there are several hybrid or partial states of EMT, in which cells
not necessarily abrogate the expression of epithelial makers, or where not all
EMT-TFs need to be overexpressed or active (80,92). A recent and interesting
report using MDA-MB-231 TNBC cells have shown that there is a hybrid EMT in
migratory and invasive tumor cells. The authors also showed that migratory and
invasive cells require Vimentin overexpression to correctly migrate and invade,
and not necessarily downregulate E-Cadherin expression (92). Moreover, this
work demonstrated different EMT programs regulating invasion/migration and
colony formation, with different EMT-TFs involved, which could be associated with

distant tissue colonization. In the case of sEV-miRs, nowadays several studies
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have demonstrated a role regulating the EMT in different contexts, including BC,
However, most studies usually evaluate the effect of a miRNA on sEVs or
exosomes by overexpressing the miRNA in the EVs-producing cell (e.g. by mimic
transfection), then obtaining those EVs (115,118,227-229). This strategy does
not always evaluate or compare the pro-EMT or pro-metastatic effect of the WT
EVs, nor the effect of basal miRNA on these EVs; meaning that NT vs WT-EVs
vs EVs-mimic comparisons are not made. Thus, the observable effect is clearly
forced. Our results did consider the effect of a mix of possible “EMT-promoter”
sEV-miRs and compared it with the effect of the complete sEVs (considering their
complete cargo). Being a complex process, EMT can be induced by multiple
molecules or stimulus besides miRNAs or sEV-miRs. EMT can also be studied by
multiple approaches; from a cellular, molecular, morphological, or even spatial
point of view (76,80,209). Each approach has different processes, molecules or
changes that can be evaluated to have a better idea of the EMT as a whole.
However, this complexity in the study of EMT is, at the same time, a blessing and
a curse, as it is not often possible to go deeper in every field. In summary, our
results showed that: i) SEVs secreted by a highly mesenchymal, metastatic, TNBC
cell line, i.e. MDA-MB-231 (seV-MDA231), can promote pro-metastatic
functional changes in less aggressive recipient cells in vitro, such as
migration, colony formation (anchorage-independent growth), and tumoroid
formation. They also greatly promote the formation of malignant ascites and

tumor micronodules in vivo, in a metastatic peritoneal carcinomatosis model
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(specific aim 1); ii) SEV-MDA231 have a characteristic SEV-miRs profile, different
from that of sEVs secreted by other BC cell lines, composed of several oncomiRs.
Twenty-seven sEV-miRs were enriched or selectively present in sEV-
MDAZ231, which were associated with oncogenic and metastatic processes
and pathways, such as TGF-B, Hippo and estrogen signaling pathways, as well
as adherens junction, cell cycle regulation, Wnt signaling, signaling by Rho
GTPases and EMT. Of those twenty-seven, six were experimentally validated
to investigate their role as candidate “EMT-promoter” sEV-miRs, which are
strongly associated with positive regulation of cell migration and EMT
(specific aim 2); iii) the transfection of those 6 “EMT-promoter” seV-miRs
increase the expression of some EMT-markers in MCF10A “normal” non-
tumorigenic mammary epithelial cells, but notin T47D BC cells. Additionally,
they also downregulate the expression of some predicted target genes in
MCF10A cells, but they have opposite effects in T47D BC cells. These findings
suggest that MCF10A cells, being non-tumorigenic, seems to be more responsive
than T47D to the effect of the transfection of SEV-miRs. It may also suggest that
each seV-miR should be also analyzed separately to better dissect their role in
the regulation of EMT-related markers expression (specific aim 3); iv) despite not
having a great effect over the expression of EMT-related markers, the co-
transfection of the 6 “EMT-promoter” sEV-miRs increase the migration
capacity of MCF10A normal cells and T47D BC cells at levels even higher than

that achieved by the incubation with sEV-MDA231. This suggest that other
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pathways or processes than the EMT may be involved in that effect such as the
mentioned above (e.g. Racl/Cdc42, focal adhesion kinase, Wnt/beta-catenin,

among others), which need further evaluation (specific aim 4).

In summary:

- SEVs secreted by metastatic, highly mesenchymal MDA-MB-231 TNBC cells
(sEV-MDA231) promotes enhance pro-metastatic capacities in less aggressive
recipient cells such as migration, anchorage-independent growth and tumoroid
formation. Co-injection/inoculation/administration of MDA-MB-231 TNBC cell and
SEV-MDA231 greatly promotes the formation of malignant ascites and tumor
micronodules in mice.

- Twenty-seven candidate sEV-miRs enriched in sEV-MDA231 were identified as
possible promoters of the EMT. Of those, the six miQPCR-validated “EMT-
promoter” sEV-miRs enriched in sEV-MDA231 could participate in the regulation
of cell migration, locomotion and cell junction.

- The co-transfection of the six “EMT-promoter” sEV-miRs slightly increased the
expression of some EMT-related markers, both at the gene and protein levels in
MCF10A “normal” mammary epithelial cells but not in T47D tumorigenic BC cells.
They also caused a downregulation of some tumor suppressor predicted mRNA
targets in MCF10A cells. Interestingly, they seemed to have opposite effects in
T47D BC cells, causing an overexpression of some of the predicted targets

evaluated.
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- Despite not having an important effect over the expression of EMT-related
markers, the co-transfection of “EMT-promoter” sEV-miRs increase the migration
capacity of MCF10A and T47D cells, reaching similar levels than that achieved

by two doses of SEV-MDA231 (Figure 25).

miR-100-5p, miR-122-5p, miR-146a-5p, miR-223-3p, miR-760, let-7d-5p
(GO and KEGG: cell migration, locomotion and TGF- and FoxO pathway)
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Figure 25: Research graphical summary.
The co-transfection of the 6 “EMT-promoter” sEV-miRs enriched in SEV-MDA231 increase the
migration capacity of MCF10A normal mammary epithelial cells and T47D BC cells, but they

caused different molecular changes in each cell line. (left) The co-transfection of the 6 “EMT-
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promoter” sEV-miRs in MCF10A cells slightly increase gene expression and protein levels of some
EMT-markers such as N-Cadherin (CDH2), Vimentin (VIM), Fibronectin (FN) and Twistl and
Snail/Slug EMT-TFs. Interestingly, they caused a simultaneous upregulation in the expression of
E-Cadherin (CHD1). They also tend to decreased the expression of DAB2IP, IL17RD and KCTD16
(yet, not statistically significant), which are tumor suppressor inhibitor of the EMT. (right) On the
other hand, co-transfection of the six “EMT-promoter” sEV-miRs in T47D cells almost not alter the
expression of EMT-related markers. Moreover, the expression of mRNA predicted targets such as
DAB2IP, PTEN and SPRY1 increased after the co-transfection. Despite this, they increased the
migratory capacity of T47D BC cells. In both cell lines, the co-transfection of the 6 “EMT-promoter”
sEV-miRs increased the migration capacity at levels similar to that achieved by two doses of SEV-
MDA231. Thus, it suggests that other signaling pathways may be involved in the increase of
migration in co-transfected/treated MCF10A and T47D cells, such as focal adhesion kinase
(FAK/pFAK), small GTPases (Racl/Cdc42) or Wnt signaling pathways, which need to be

evaluated. Image created in Biorender.
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ANNEXES

Table A. List of specific miRNA primers used

miRBase ID Specific primer (Tm adj)

hsa-let-7d-5p GAGGTAGTAGGTTGCATAGTTGGC
hsa-let-7i-5p TGAGGTAGTAGTTTGTGCTGTTGG
hsa-miR-1-3p TGGAATGTAAAGAAGTATGTATGGC

hsa-miR-10a-3p
hsa-miR-100-5p
hsa-miR-122-5p
hsa-miR-125b-1-3p
hsa-miR-126-5p
hsa-miR-1307-5p
hsa-miR-133a-3p
hsa-miR-143-3p
hsa-miR-145-5p
hsa-miR-146a-5p
hsa-miR-199a-3p
hsa-miR-199a-5p
hsa-miR-199b-3p
hsa-miR-218-5p
hsa-miR-223-3p
hsa-miR-3689a-5p
hsa-miR-3689b-5p
hsa-miR-3689e
hsa-miR-432-5p
hsa-miR-499a-5p
hsa-miR-503-5p
hsa-miR-522-3p

CAAATTCGTATCTAGGGGAATAGG
AACCCGTAGATCCGAACTTGTGG
GAGTGTGACAATGGTGTTTGG
GGTTAGGCTCTTGGGAGCTG
CATTATTACTTTTGGTACGCGG
GGACCTCGACCGGCTG
CCCCTTCAACCAGCTGG
TGAGATGAAGCACTGTAGCTCG
AGTTTTCCCAGGAATCCCTG
GAGAACTGAATTCCATGGGTTG
ACAGTAGTCTGCACATTGGTTAGG
CCAGTGTTCAGACTACCTGTTCG
ACAGTAGTCTGCACATTGGTTAGG
TTGTGCTTGATCTAACCATGTG
TGTCAGTTTGTCAAATACCCCAG
TGATATCATGGTTCCTGGGAG
TGATATCATGGTTCCTGGGAG
TGATATCATGGTTCCTGGGAG
GGAGTAGGTCATTGGGTGGG
TTAAGACTTGCAGTGATGTTTGG
CGGGAACAGTTCTGCAGG
AAAATGGTTCCCTTTAGAGTGTG

Candidate EMT-promoters sEV-
miRs enriched in sEV-MDA231

hsa-miR-760 CGGCTCTGGGTCTGTGGGGAG
hsa-miR-891a-5p AACGAACCTGAGCCACTGAG
hsa-miR-16-5p AGCACGTAAATATTGGCGG
hsa-miR-21-5p GCTTATCAGACTGATGTTGAGGC
hsa-miR-25-3p TGCACTTGTCTCGGTCTGAG
hsa-miR-125a-5p ~ CCTGAGACCCTTTAACCTGTGAG Candidate SEV-miRs
hsa-miR-148a-3p  CAGTGCACTACAGAACTTTGTGG normalizers
hsa-miR-423-3p GTCTGAGGCCCCTCAGTG
hsa-miR-451a AAACCGTTACCATTACTGAGTTGG
hsa-miR-484 TCAGTCCCCTCCCGATG
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Upm2A CCCAGTTATGGCCGTTTA Universal miQPCR primer

SEV-miRs in italic indicates selectively detected only in SEV-MDA231 and not in

the other sEVs.

Table B. List of specific primers used for EMT-markers gene expression

evaluation
Genes Forward (5’2>3’) Reverse (5'23)
ZEB1 AAGTGGCGGTAGATGGTAATG AGGAAGACTGATGGCTGAAATAA

SNAIL (SNAI1) CTTCCAGCAGCCCTACGAC GACAGAGTCCCGATGAGCA
TWIST1 GCATCACTATGGACTTTCTCTATT GCCAGTTTGATCCCAGTATT
E-CADHERIN (CDH1) CGAGAGCTACACGTTCACGG GGGTGTCGAGGGAAAAATAGG
N-CADHERIN (CDH2) AGCCAACCTTAACTGAGGAGT GGCAAGTTGATTGGAGGGATG
VIMENTIN (VIM) CGGGAGAAATTGCAGGAGGA AAGGTCAAGACGTGCCAGAG
FIBRONECTINA (Fn) CGGTGGCTGTCAGTCAAAG AAACCTCGGCTTCCTCCATAA

OCT4
SOX2
NANOG
GAPDH

AGGTATTCAGCCAAACGACCA
AGCTACAGCATGATGCAGGA
CATGAGTGTGGATCCAGCTTG
CTGGGCTACACTGAGCACC

TCGATACTGGTTCGCTTTCTC

GAGTAGGACATGCTGTAGGT

CCTGAATAAGCAGATCCATGG
AAGTGGTCGTTGAGGGCAATG

Table C. GO biological processes overrepresented by the targets (predicted and

validated; miRWalk) of the 27 seEV-miRs enriched or selectively present in SEV-

MDA231

GO Biological process

FC enrichment

Adjusted p value (FDR)

SMAD protein complex assembly 16.34
Regulation of cardiac muscle cell differentiation 9.53
DNA damage response, signal transduction by 8.58
p53 class mediator resulting in cell cycle arrest

Positive regulation by host viral transcription 8.41
miRNA processing 8.41
Small regulatory ncRNA processing 7.53

1.97E-2
2.38E-2

1.18E-2

3.32E-2
2.26E-4
4.50E-4
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DNA damage response, signal transduction by
p53 class mediator
Glandular epithelial cell development
Negative regulation of cell-matrix adhesion
Regulation of phosphatidylinositol 3-kinase

activity

6.50

5.92
5.56

5.52

1.16E-3

4.35E-2
2.75E-2

1.54E-3

GO Biological process

FC enrichment

Adjusted p value (Bonferroni)

miRNA processing
Regulation of lipid kinase activity
Response to hypoxia
Mesenchyme development
Apoptotic signaling pathway
Gland development
Positive regulation of cell migration
Regulation of growth
Positive regulation of cell motility
Regulation of kinase activity

8.41
5.39
3.1
2.99
2.71
2.57
231
2.28
2.20
2.19

1.48E-2
3.25E-2
1.95E-3
3.50E-2
2.42E-2
4.94E-3
1.44E-2
2.11E-3
4.58E-2
4.82E-4

Table D. GO molecular functions overrepresented by the targets (predicted and

validated; miRWalk) of the 27 sEV-miRs enriched or selectively present in SEV-

MDA231

GO Molecular function

FC enrichment

Adjusted p value (FDR)

RNA polymerase Il CTD heptapeptide
repeat kinase activity
Transcription coactivator binding
Transcription coregulator binding
RNA polymerase lI-specific DNA-binding
transcription factor binding
Transcription factor binding
Ubiquitin protein ligase binding
mRNA binding
DNA-binding transcription factor binding
Ubiquitin-like protein ligase binding
Chromatin binding
DNA-binding transcription activator activity

11.00

6.65
3.76

2.40

2.39
2.38
2.37
2.34
2.32
2.08
2.05

2.73E-2

2.26E-3
5.33E-3

4.75E-3

2.75E-5
1.77E-2
1.15E-2
7.98E-4
2.38E-2
2.69E-3
1.95E-2
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DNA-binding transcription activator activity,

RNA polymerase ll-specific
Protein domain specific binding
Protein kinase activity
Phosphotransferase activity, alcohol group
as acceptor
Kinase activity
Protein kinase binding
RNA polymerase I cis-regulatory region
sequence-specific DNA binding
Cis-regulatory region sequence-specific
DNA binding
Transferase activity, transferring
phosphorus-containing groups

2.00

1.95
1.86

1.82

1.79
1.78

1.75

1.72

1.68

3.78E-2

6.61E-3
4.11E-2

2.69E-2

2.42E-2
4.05E-2

1.78E-3

2.66E-3

3.73E-2

Table E. Panther pathways overrepresented by the targets (predicted and

validated; miRWalk) of the 27 sEV-miRs enriched or selectively present in SEV-

MDA231

Panther pathway

FC enrichment

Adjusted p value (FDR)

Insulin/IGF pathway-protein kinase B
signaling cascade
lonotropic glutamate receptor pathway
p53 pathway feedback loops 2
Alzheimer disease-amyloid secretase
pathway
Ras pathway
p53 pathway
Alzheimer disease-presenilin pathway
TGF-beta signaling pathway
Angiogenesis
PDGF signaling pathway

3.36

3.35
3.22

2.90

2.75
2.52
2.51
2.49
2.39
2.37

3.79E-2

2.59E-2
2.40E-2

2.71E-2

2.48E-2
3.71E-2
1.10E-2
2.20E-2
3.79E-3
1.51E-2
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Table F. Reactome pathways overrepresented by the targets (predicted and

validated; miRWalk) of the 27 sEV-miRs enriched or selectively present in sEV-

MDA231
Reactome pathway FC enrichment  Adjusted p value (FDR)
SMAD2/3 MH2 domain mutants in cancer 28.60 4.67E-2
SMAD4 MH2 domain mutants in cancer 28.60 4 55E-2
Loss of function of SMAD4 in cancer 28.60 4.44E-2
Signaling by TGF-beta receptor complex in
9 9y P P 20.43 4.14E-3
cancer
Loss of function of TGFBRI in cancer 19.06 2.50E-2
Loss of function of SMAD2/3 in cancer 19.06 2.40E-2
RUNXS3 regulates CDKN1A transcription 16.34 3.38E-2
SMAD2/SMAD3:SMAD4 heterotrimer
o 9.83 8.12E-5
regulates transcription
Oncogene induced senescence 8.67 2.88E-4
FOXO-mediated transcription of cell cycle
8.41 4.78E-2
genes
Transcriptional activity of
7.46 1.80E-4
SMAD2/SMAD3:SMAD4 heterotrimer
Signaling by TGF-beta receptor complex 5.80 1.38E-4
Intrinsic pathway for apoptosis 4.95 2.23E-2
Nuclear events (kinase and transcription factor
o 4.22 4.01E-2
activation)
Signaling by TGFB family members 4.16 1.65E-3
MAP kinase activation 4.09 4.80E-2
TP53 regulates transcription of DNA repair
3.96 4.70E-2
genes
FOXO-mediated transcription 3.96 4.60E-2
Signaling by FGFR2 3.96 4.50E-2
Interleukin-4 and interleukin-13 signaling 3.61 1.12E-2

Table G. EMT-regulating role of the 27 sEV-miRs enriched in metastatic sEV-

MDA231

137



Fold Change

MDAZ231 vs

MDA231 vs

MDA231 vs

Mature sEV-miR ZR75 T47D MCFE10A Role in EMT
miR-1-3p 118,2 1335,7 2719 Supp
miR-10a-3p 3,2 28,6 82,1 Supp
miR-100-5p 381,9 28,3 2,7 Prom/Supp
miR-122-5p 41,5 115,0 6,2 Prom
miR-125b-1-3p 1248,3 931,1 3,2 Not reported (NR)
miR-126-5p 39,8 29,9 86,0 Prom/Supp
miR-133a-3p 55,7 41,7 19,0 Supp
miR-143-3p 20,3 7,0 10,9 Supp
miR-145-5p 20,4 15,5 43,6 Supp
miR-146a-5p 57,5 51,6 148,8 Prom/Supp
miR-199a-3p 57 2,6 2,8 Prom/Supp
miR-199a-5p 4,0 3,7 4.4 Supp
miR-199b-3p 4,9 2,6 2,6 Supp
miR-218-5p 29,2 22,0 2,7 Supp
miR-223-3p 3,7 23,4 66,7 Prom
miR-3689a-5p NA NA NA NR
miR-3689b-5p NA NA NA NR
miR-3689%e NA NA NA NR
miR-432-5p 9,7 48,3 3,0 Supp-like
miR-499a-5p 39,8 3,2 3,2 Prom/Supp
miR-503-5p 207,2 154,7 3,6 Supp
miR-522-3p 2,6 15,5 10,8 Prom-like
miR-760 31 48,6 2,6 Supp
miR-891a-5p 20,4 15,5 9,6 NR
miR-1307-5p 3,2 9,3 3,2 NR
let-7d-5p 2,5 2,3 4.4 Supp
let-7i-5p 4,6 2,3 2,7 Supp

Table H. Variability among the candidate normalizers sEV-miRs evaluated by the

NormFinder algorithm

Sample MCF10A T47D ZR75 MDA231
SEV-miR
miR-16-5p 22.77 18.60 23.12 23.69
miR-21-5p 23.17 19.23 25.42 23.10
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miR-25-3p 25.75 20.16 24.12 24.32
miR-148a-3p 25.09 20.62 25.88 24.79
miR-423-3p 25.52 20.57 24.44 24.54

miR-484 26.15 21.35 26.61 26.26
Best sEV-miR: miR-16-5p
SEV-miR Stability value #
miR-16-5p 45478300905 3
miR-21-5p 37599177506 1
miR-25-3p 57187726640 4
miR-148a-3p 41000873062 2
miR-423-3p 73506652537 5
miR-484 154902779894 6
Best sEV-miR: miR-21-5p
sEV-miR Stability value #
miR-16-5p 0.023 3
miR-21-5p 0.042 5
miR-25-3p 0.032 4
miR-148a-3p 0.017 2
miR-423-3p 0.029 6
miR-484 0.003 1
Best sEV-miR: miR-484
SEV-miR Stability value Std. error

miR-16-5p 0.023 0.013

miR-21-5p 0.045 0.019

miR-25-3p 0.035 0.016
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miR-148a-3p 0.004 0.022 1
miR-423-3p 0.025 0.013 4

miR-484 0.006 0.014 2

Best sEV-miR: miR-148a-3p
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Figure S1. Effect of sEVs secreted by normal or non-metastatic BC cells over pro-
metastatic capacities in BC recipient cells.

sEVs secreted by a normal MCF10A mammary epithelial cells or tumorigenic but non-metastatic
BC does not promote pro-metastatic capacities in recipient cells. (a,b) sEVs secreted by a normal

MCF10A mammary epithelial cells does not promote the tumoroid formation capacity of recipient
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d) sEVs secreted by MCF7 non-metastatic BC cells does not

’

231). (c

cells (MCF7 and MDA-MB

promote the invasion and colony formation capacity of recipient cells (MDA-MB-231) (preliminary

results).
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Figure S2. Validation of the presence and levels of “EMT-promoter” sEV-miRs in sEV-
MDAZ231 through miQPCR using let-7i-5p as normalizer.

The twenty-seven candidate sEV-miRs enriched in sEV-MDA231 through the SRNA-seq analyses
were experimentally tested by miQPCR and normalized against let-7i-5p levels. (a) Levels of let-
7i-5p in the different BC cells-secreted sEVs. (b) miR-100-5p; (c) miR-122-5p; (d) miR 146a-5p;
(e) let-7d-5p; (f) miR-223-3p and (g) miR-760. Graphs shows mean + SD. All data is representative

of 2-3 independent experiments.
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