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ABSTRACT
It has become clear that non-tumor cells in the microenvironment, especially fibroblasts, actively
participate in tumor progression. Fibroblasts conditioned by tumor cells become “activated” and, as
such, are identified as CAFs (cancer-associated fibroblasts). These CAFs remodel the tumor stroma to
make it more favourable for cancer progression. The aim of this work was to verify whether EVs
(extracellular vesicles - whose role as mediators of information between tumor and stromal cells is well
known) released from human ovarian cancer cells were able to activate fibroblasts. EVs isolated from
SKOV3 (more aggressive) and CABA I (less aggressive) cells were administered to fibroblasts. The
consequent activation was supported by morphological and molecular changes in treated fibroblasts;
XTT assays, zymographies, wound healing tests and invasion assays also highlighted higher proliferation,
motility, invasiveness and enzyme expression. The secretome of these “activated” fibroblasts was, in
turn, able to modulate the responses (proliferation, motility and invasion) of fibroblasts, and of tumor
and endothelial cells. These findings support the idea that ovarian cancer cells can modulate fibroblast
behaviour through the release of EVs, activating them to a CAFs-like state; the latter are able, in turn, to
stimulate the surrounding cells. EVs from SKOV3 rather than from CABA I seem to be more efficient in
some processes.
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Introduction

The term “extracellular vesicles” is used to describe spherical
and membrane-enclosed particles that are released by essen-
tially any type of normal or tumor cell into the extracellular
space.1-3

EVs have been the subject of intensive studies in the
last few years, once it was understood that they were not
merely inert cellular debris or artefacts but, instead, bioac-
tive molecular shuttles packaged with proteins, lipids and
nucleic acids, that cells use to interact with neighbouring
cells to modulate their environment.4,5 Moreover, in vivo,
EVs can travel in almost any biological fluid, exchanging
functional information at distant sites and thus represent-
ing potential novel biological markers for several patholo-
gies.6-8

As such, EVs are involved in the regulation of many
physiological processes, as well as pathological ones;9-14

among the latter, cancer represents the most studied pro-
cess, since EVs contribute to all cancer-related processes,
including angiogenesis, invasion, motility promotion and
drug resistance.15-18 EVs are also able to convey messages
to stromal cells in order to create a microenvironment sup-
portive of cancer growth, progression and metastasis.19

The role of the tumor microenvironment has been more
strongly appreciated over the last few years, as its ability to

create a loop of intercellular communications that strengthen
cancer progression has been highlighted; this is also true for
human ovarian cancer, which is is one of the leading causes of
death due to gynecological malignancy.20,21

The tumor stroma, indeed, accounts for a large percent-
age of the tumor tissue in ovarian cancer, and is composed
of both extracellular matrix components and several cell
types, such as endothelial cells, pericytes, immune cells, adi-
pocytes and also fibroblasts, that have been proven to be
extremely important in supporting cancer progression.22

Fibroblasts conditioned by tumor cells within the tumor
microenvironment acquire specific morphological and
molecular features and, as such, these “activated” fibroblasts
are identified as cancer-associated fibroblasts (CAFs).22-25

The CAF secretome, in turn, remodels tumor stroma to
make it more favorable for tumor progression. In particular,
they release tumor-promoting growth factors and chemo-
kines, enhancing the invasive properties of cancer cells, and
also molecules that strongly induce angiogenesis and further
support the proliferative, migratory and invasive abilities of
cancer cells.23-30

Thus, in light of the fundamental role of CAFs in tumor
progression, and with consideration of the role of EVs as
mediators of information between tumor and stromal cells,

CONTACT Vincenza Dolo vincenza.dolo@univaq.it Department of Life, Health and Environmental Sciences, University of L’Aquila, Via Vetoio, Coppito 2, 67100
L’Aquila, Italy.
§contributed equally to this work
© 2018 Taylor & Francis Group, LLC

CANCER BIOLOGY & THERAPY
2018, VOL. 19, NO. 8, 722–734
https://doi.org/10.1080/15384047.2018.1451286

https://crossmark.crossref.org/dialog/?doi=10.1080/15384047.2018.1451286&domain=pdf&date_stamp=2018-05-10
mailto:vincenza.dolo@univaq.it
https://doi.org/10.1080/15384047.2018.1451286
http://www.tandfonline.com


we speculated whether EVs released from ovarian cancer
cells were able to activate fibroblasts.

Therefore, the aim of this work was to verify whether extra-
cellular vesicles released from human ovarian cancer cells were
able to activate fibroblasts.

Results

Normal fibroblasts treated with EVs acquire CAF
morphological features and exhibit their typical markers

Both CABA I and SKOV3 human ovarian cancer cell lines
release EVs with intact membrane and various size (Fig. 1).
NHDF (normal human dermal fibroblasts) treated with
ovarian cancer EVs underwent a morphological change at
72 hours after the beginning of treatment (Fig. 2a); all
untreated fibroblasts exhibited the typical elongated and
spindle-shaped morphology, while some of the treated
fibroblast were widely spread and showed clearly visible
stress-contractile fibers, as the typical morphology of acti-
vated fibroblasts.

At the end of treatment with tumor EVs, both untreated and
treated fibroblasts were lysed as described and the protein
extracts were analyzed to detect the expression of some typical
markers of CAFs, such as a-SMA (Fig. 2b) and TIMP-2
(Fig. 2c).

Quantitative analysis detected a significant increase in the
expression of a-SMA (calculated molecular weight: » 42 kDa)
in both NHDFCI (0.5-fold increase, 1.51 § 0.14, p < 0.01) and
NHDFSK (at least 3-fold increase, 3.32 § 0.10, p < 0.01), when
compared with untreated fibroblasts (Fig. 2b). The increase in
a-SMA expression induced by the treatment with SKOV3 EVs
was statistically significantly higher compared with the increase
induced by CABA-I EVs (p < 0.01). The expression of TIMP-2
(calculated molecular weight: » 24 kDa) was significantly
reduced both in NHDFCI and NHDFSK (respectively, 0.68 §
0.25, p < 005 and 0.62 § 0.16, p < 0.05), while the difference
between the two treatments was not statistically significant
(Fig. 2c).

Effect of ovarian cancer cell-derived EVs on fibroblast
proliferation, motility, invasiveness, enzyme expression
and microvesicle release

Proliferation rate was tested at 96, 168 and 264 hours after
the start of the EV-administration (Fig. 3a). At shorter
durations, CABA I- and SKOV3-derived EVs did not stimu-
late the fibroblast growth rate, while after 264 h, the
proliferation rate significantly increased and decreased,
respectively, in NHDFSK and NHDFCI, compared with
untreated fibroblasts.

The motility induced by the EV treatment was tested by
scratch wound assay (Fig. 3b); migration was repeatedly
observed, and the most significant changes were captured at
different time intervals (24, 32 and 48 hours) after the starting
point (0 hours).

It was clear that, as time went on, more and more cells
moved from the wound margins to the center and that, in
treated samples, more cells migrated into the wound than in
untreated samples (Fig. 3b). To quantify the ability of the cells
to close the wound, the wounded area (i.e. the area uncovered
from the cells) was measured. The analysis was conducted on
images obtained after 32 h and, by convention, the 100% value
was assigned to the wound area at time 0; after the considered
time interval, the area not yet covered was 57% in untreated
fibroblasts (control), whilst it was significantly reduced in EV-
treated fibroblasts [40% NHDFCI (p < 0.01) and 35% in
NHDFSK (p < 0.01)] (Fig. 3c).

The invasion assay performed with the modified Boyden
chamber showed that fibroblasts treated with EVs had a greater
invasive capacity (about 2.5 fold) compared with untreated
fibroblasts (Fig. 3d). However, no statistically significant differ-
ence was appreciable between the invasive capacities of
NHDFCI and NHDFSK.

To estimate whether EV treatment could affect the ability of
fibroblasts to secrete proteolytic enzymes, conditioned medium
(CM) from EV-treated fibroblasts was normalized according to
the same volume and the same cell number, and assayed to
evaluate its gelatinolytic and the plasminogen activator activity
using zymographies (Fig. 4).

Figure 1. TEM analysis. Transmission electron microscopy images of vesicles isolated from conditioned medium of CABA I (a) and SKOV 3 (b) cells. Displayed vesicles mea-
sure 150 nm and 300 nm in Fig. 1a and 300 nm in Fig. 1b. Bar D 500 nm.
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This assay highlighted the presence in the CM of pro-MMP2
(inactive form of MMP-2), whose secretion was markedly
higher in fibroblasts incubated with ovarian cancer cell-derived
EVs in comparison to untreated fibroblasts (Fig. 4a); the
amount of pro-MMP-2 was almost 2-fold higher (1.71§0.05)
in the CM of NHDFCI, while it was almost 4-fold higher
(3.90§0.04) in CM of NHDFSK, and this difference was statisti-
cally significant (p < 0.01).

Casein-plasminogen zymography also demonstrated the
secretion in the CM of high-molecular weight urokinase-type
PA (HMW-uPA), the levels of which were increased in fibro-
blasts after the treatment with EVs (Fig. 4b) The increase was
almost 0.5 fold (1.51§0.03) in the CM of NHDFCI, and it was 2
fold (2.02§0.05) in the CM of NHDFSK. The difference in

HMW-uPA expression between the fibroblasts treated with
EVs was determined to be statistically significant (p < 0,01).

Fibroblasts (treated and untreated) were also observed to
assess whether treatment induced microvesicle (MV) release
from the cell surface; the shedding of MVs was very sporadic in
control fibroblasts and was limited to small membrane areas,
whilst in EV-treated fibroblasts, the extent of the MV release
was higher and involved larger membrane areas (Fig. 5).

Secretome of EV-treated fibroblasts affects neighbouring
cells

After the end of the treatement with EVs, fibroblasts
were grown in DMEMC0.2% LEH for 24 hours, and the

Figure 2. Morphological and markers’ expression changes of treated fibroblasts. (a) Representative images of cell morphology: first column from the left shows untreated
fibroblasts (NHDF), the second and third ones display NHDFCI and NHDFSK, respectively. The 5X objective of an optical inverted microscope was used to capture images of
the first two rows, while pictures of the third row were captured with the 10X objective. The scale bar, which is barely visible, has a size of 1000 nm in all the images. (b-
c) Western Blot analysis of a-SMA (b) and TIMP-2 (c); molecular weights (kDa) are reported on the left of each image. Densitometric analysis of the signals were perfomed
with the program Image J and using GAPDH for the normalization. The values of the ratios are shown at the bottom of each panel and the ratio value was conventionally
attributed as 1 in untreated fibroblasts.
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conditioned media (CM) containing molecules secreted by
untreated and EV-treated fibroblasts were used as stimuli to
evaluate their effect on cells normally present in the tumor
microenvironment, such as fibroblasts, endothelial cells and
tumor cells.

Fibroblast proliferation assays showed that the CM from
untreated and EV-treated fibroblasts did not increase the
growth rate of normal fibroblasts (Fig. 6a) but, instead, pro-
moted significant migration of normal fibroblasts (Fig. 6b);
migration of fibroblasts toward the medium conditioned by
EV-treated fibroblasts was about 50% increased with respect to
their migration toward the medium conditioned by untreated

fibroblats, although no differences were appreciable between
medium conditioned by NHDFCI or NHDFSK.

To analyze the effects induced by fibroblasts exposed to
ovarian cancer cell-derived EVs on the same ovarian cancer
cells, their migratory and invasive abilities were tested, in addi-
tion to their proliferative capacity, in response to the CM.

The proliferative ability of CABA I and SKOV3 cells was not
affected by CM (Fig. 7a and 7b, respectively). On the contrary,
the migratory abilities of ovarian cancer cells were significantly
promoted; they were higher in response to the CM of fibro-
blasts treated with EVs than in response to the CM of untreated
fibroblasts. In particular, while CABA I cells migrated at a

Figure 3. Effects on fibroblasts’ proliferation, motility and invasion capabilities. (a) Proliferation test: graphs show proliferation after 96, 168, 264 h; data originated in trip-
licate and are expressed as mean§SD; the value 100% was assigned to untreated fibroblasts. The statistical significance for each sample was calculated compared to
untreated fibroblasts (NHDF), while the horizontal line refers to the statistical significance between NHDFCI and NHDFSK (

�p < 0,05; ��p < 0,01). (b) The effects of CABA I
and SKOV3 derived EVs on fibroblasts’ migration determined by wound-healing assay: a summary panel showing fibroblasts’ migration in untreated and EVs-treated fibro-
blasts (rows) after 24, 32 and 48 hours (columns). Images at 0 h represent the initial wound area; dotted lines define the size of the original scratch. (c) Graph shows the %
of wounded area 32 hours after the beginning of the assay; the original scratch area was conventionally assumed as 100%. The area of the scratch was measured through
the software Image J and values were shown as mean§SD of three independent experiments. (d) The number of invaded fibroblasts through the Matrigel coated filter
was counted in 5 random fields per each well of the modified Boyden chamber with the objective 20X of an inverted optical microscope. Data are reported as mean§SD;
the statistical analysis was referred to untreated fibroblasts (NHDF), whose invasion was conventionally set as 100%. (��p< 0,01).
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Figure 4. Zymography assays. (a) Gelatin zymography was performed for MMP-2 and MMP-9 detection. (b) casein-plasminogen zymography was performed for Plasmino-
gen Activators (PAs) detection. Levels of pro-MMP-2 (»72 kDa) and HMW-uPA(»50 kDa) were quantified by densitometric analysis in all samples. Values are reported on
the bottom of figures, and are in proportion to the band of untreated fibroblast (NHDF) that was set conventionally at 1.

Figure 5. Scanning Electron Microscopy (SEM). The first upper row is composed of low-magnification images, the second one shows some details of the cell surface at
higher magnification, clearly exhibiting the phenomenon of the shedding of microvesicles. Reported images are representative of the experiments that evidenced in
NHDFCI and NHDFSK an abundant microvesicles release on the cell surface, while in untreated fibroblasts (NHDF) shedding of microvesicles was extremely sporadic.

Figure 6. Effects of the CM from untreated and treated fibroblasts on neighbouring fibroblasts (a): proliferation of fibroblast treated with CM NHDF, CM NHDFCI and CM
NHDFSK. Data (means§SD) were represented as percentage and the proliferation of fibroblasts treated with CM NHDF was set 100%. (b): fibroblasts migration assay in
presence of CM from untreated and EVs treated fibroblasts. Data (means§SEM) were represented as percentage and the migration of fibroblasts treated with CM-
untreated was set 100%. (��p < 0,01).
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similar rate toward both types of CM (from NHDFCI or
NHDFSK) (Fig. 7c), SKOV3 cells seemed to migrate preferen-
tially in response to the CM of NHDFSK over the CM of
NHDFCI (Fig. 7d).

CM from fibroblasts exposed to EVs induced further modu-
lation in cancer cells, by affecting their invasive behaviour.
Ovarian cancer cells, exposed in vitro to the CM of fibroblasts
treated with EVs, showed an enhanced invasive capacity, of
which the trend was the opposite of the one observed for motil-
ity. CABA I cell invasion was more stimulated by the CM of
NHDFSK than by the CM of NHDFCI (Fig. 7e), while SKOV3
cells migrated similarly toward both types of CM (Fig. 7f).

HUVECs were stimulated with CM to assess their motil-
ity response. HUVEC migration was identified via scratch

wound healing assay, and the most marked changes were
captured at different time intervals (7, 9 and 24 hours) after
the beginning point (0 hours) (Fig. 8a). CM from NHDFCI
more efficiently stimulated wound closure, as confirmed by
quantification of the scratch area at 24 hours; the scratch
area decreased to 71% (where 100% was assigned to the
original scratch area) in HUVECs treated with the CM of
untreated fibroblasts and, significantly, to 53% in HUVECs
treated with the CM of NHDFCI (p < 0.01), while no sig-
nificant decrease in the scratch area was identified in
HUVECs exposed to the CM of NHDFSK, in which the per-
centage of the still wounded area was 79% (Fig. 8b).

In addition to HUVEC migratory capacity, we also tested
whether CM from fibroblasts treated with ovarian cancer cell-

Figure 7. Effects of the CM from untreated and treated fibroblasts on neighbouring cancer cells. (a-b) The proliferation of CABA I (a) and SKOV3 (b) was tested in presence
of the CM NHDF, CM NHDFCI and CM NHDFSK. Data are shown as mean§ SD and were representative of three independent experiments. 100% proliferation was assigned
to ovarian cancer cells treated with CM NHDF. (c-d) Migration ability of ovarian cancer cells, CABA I (c) and SKOV3 (d) cells, following exposure to CM NHDF, CM NHDFCI
and CM NHDFSK, through a modified Boyden chamber. Data are expressed as mean § SEM and the value 100% migration was assigned to cells migrating in response to
the CM NHDF. (e-f) The in vitro cell invasion assay, performed with the modified Boyden chamber, of CABA I (e) and SKOV3 (f) cells. Data, expressed as mean § SEM,
were shown as percentage of invading cells and 100% invasion was attributed to fibroblasts invading towards CM NHDF (�p < 0,05; ��p < 0,01).
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derived EVs could promote proliferation. Stimulation by the
CM from EV-treated fibroblasts induced proliferation in
HUVEC cells, but only with the CM of NHDFCI was the
increase statistically significant (Fig. 8c).

Discussion

Some studies have already reported the role of EVs in the acti-
vation of tumor stromal cells,31-36 while little is known of the
mechanisms used by ovarian cancer cells to transform normal
fibroblasts into CAFs.37 To the best of our knowledge, none
of the aforementioned works considered human ovarian can-
cer-derived EVs and their eventual contribution to the activa-
tion of normal fibroblasts. CAFs, indeed, can originate via
several mechanisms: they may be derived from epithelial or
endothelial cells, from pericytes, adipocytes and circulating
mesenchymal stem cells.38-40 CAFs, however, can also origi-
nate from the activation of resident fibroblasts mediated by
growth factors released from tumor cells.23,38-40

The aim of the present study was to characterize the conti-
bution of ovarian cancer cell-derived EVs in inducing the tran-
sition of normal fibroblasts into CAFs.

For this purpose, we isolated EVs from two human ovarian
cell lines, CABA I and SKOV3, characterized by differing
aggressiveness in terms of invasive capabilities and

proangiogenic capacities (lower in CABA I and higher in
SKOV3),15,41 and evaluated their effect on normal human
dermal fibroblasts (NHDF), cells already used as model of
stromal fibroblasts in other studies.42,43

EVs isolation was carried out by mean of differential centri-
fugation/ultracentrifugation that is one of the most used meth-
ods for EVs isolation;44 by Trasmission Electron Microscopy
we also verified the structural integrity and purity of EVs
samples.

Along with many other molecules, TGF-b is the main factor
responsible for the recruitment of activated fibroblasts in many
types of cancer;38,40 in light of this, preliminarily, the presence
of TGF-b was verified in CABA I and SKOV3 EVs through
western blotting, and was demonstrated to be associated with
both of them, with a higher level in SKOV3 EVs (data not
shown).

To reproduce, in vitro, the continuous stimulation of fibro-
blasts by cancer cell EVs that we suppose takes place in vivo,
the NHDF were administered with 1 mg CABA I or SKOV3-
derived EVs/ml daily for up to 5 days, in a cumulative way
(adding the new dose of EVs to the previous one without
replacing the medium throughout the treatment).

Upon exposure to ovarian cancer cell EVs, amidst nor-
mal fibroblasts, easily recognizable for their typical elon-
gated and spindle-like shape, some cells exhibited a very

Figure 8. Effects of the CM NHDF, CM NHDFCI and CM NHDFSK on motility and proliferation of neighbouring HUVEC cells. (a): The scratch area was monitored at multiple
times over a 24 hours-period. Images of the most significant time intervals (beginning point D 0 hour, 7 hours later, 9 hours later and 24 hours) were captured. Dotted
lines represent the size of original scratch. (b): Graph showing the % of wound area of the scratch at 24 hours after the creation of the scratch (0 h) (original wounded
area was set, for each condition, as 100%). The percentages of the scratch area were calculated as mean§SD of three independent experiments (��p < 0,01). (c): The pro-
liferation was measured and expressed as percentage of proliferating HUVECs. The value 100% proliferation was assigned to CM NHDF-treated HUVEC (�p < 0,05).
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large shape characterized by visible contractile stress fibers,
which is the typical morphology of activated fibroblasts;
indeed, CAFs typically display a “spread” phenotype similar
to that of myofibroblasts involved in wound healing pro-
cesses.23,25 The identity of treated cells as activated fibro-
blasts was confirmed by marker analysis; common markers
for CAFs include a-SMA, along with SDF-1, FSP-1, vimen-
tin, desmin, tenascin and FAPa.22,24,25,38 We identified
a-SMA expression to be increased compared with untreated
fibroblasts. The expression of TIMP-2 was also assessed (it
was demonstrated that the loss of the TIMP gene family is
sufficient for the acquisition of the CAF-like cellular
state);45 its expression decreased both in NHDFCI and
NHDFSK. For the expression of both molecules, NHDFSK
showed the most pronounced change.

Such morphological and molecular changes supported the
idea that ovarian cancer-derived EVs can induce an activation-
like state in fibroblasts.

Since CAFs have enhanced proliferative, migratory and
invasive abilities23 we tested whether EV-activated fibro-
blasts shared these features, and confirmed the ability of
EVs to induce NHDF proliferation, motility and invasive-
ness. No differences in proliferation rate were evident
shortly after EV treatment (96 and 168 hours), while after
264 hours, the growth rate of fibroblasts treated with EVs
from SKOV3 was higher than both untreated cells and
NHDFCI. On the contrary, no statistically relevant differen-
ces were evident between the NHDFCI and NHDFSK with
respect to migratiory and invasive capacities, even if both
these processes were statistically significantly stimulated in
treated fibroblasts; they were probably sustained by the
increased amount of proteolytic enzymes (gelatinases and
PAs) released from treated fibroblasts compared with
untreated ones. It is already known, in fact, that CAFs pro-
duce MMPs that, in degrading the extracellular matrix,
facilitate cancer cell migration and invasion.23,24,26

Ovarian cancer EV-treated fibroblasts also displayed an
increased release of MVs from the cell surface, confirming their
activated state; it was already demonstrated that the extensive
production of MVs by CAFs is used as a means to move lipids
and proteins to target cancer cells in order to support tumor
growth.47 The release of MVs from the cell surface of treated
fibroblasts more closely resembled what is observed in tumors
than in normal cells: MVs were released in higher numbers
than in untreated fibroblasts, and the release was not restricted
to specific membrane areas (as is usually the case in normal
cells3 and, indeed, was visible in untreated cells), but involved
large areas (NHDFSK) if not the whole surface (NHDFCI and
NHDFSK).

Some studies have already suggested that fibroblasts and,
particularly, CAFs can actively modulate neighbouring cells
in the tumor microenvironment; crosstalk between ovarian
cancer cells and CAFs is known to promote the motility
and invasion of cancer cells and is mediated, at least partly,
by TGF-b.22 This crosstalk could rely also on the release of
exosomes: fibroblast-derived exosomes, for example, stimu-
late motility in breast cancer cells,48 while CAF-derived exo-
somes can lead to increased drug resistance by modulating
the percentage clonogenicity and tumor growth of cancer

stem cells in colorectal cancer.49 Therefore, based on the
knowledge of the role of CAFs in modulating the surround-
ing cells, knowing that fibroblasts activated by tumor-
derived EVs induced an increased release of MVs, and
being aware of the role of EVs in the crosstalk between
cells, we evaluated whether our activated fibroblasts were
actually able to modulate the response of some cells usually
present in the tumor microenvironment, such as fibroblasts
themselves, and tumor and endothelial cells.

For purely technical reasons, due to a material shortage, we
did not use the EVs isolated from the fibroblasts, but instead
their conditioned medium (which, however, contains the EVs
too).

These conditioned media contain all soluble and EV-
associated molecules released by untreated and EV-treated
fibroblasts, and were used to evaluate their effect on cells
normally present in the tumor microenvironment, such as
normal/stromal fibroblasts (autocrine effects), ovarian
cancer cells and endothelial cells (paracrine effects). The
secretome of fibroblasts and CAFs has been already proven,
in vitro, to be involved in tumor-microenvironment cross-
talk in several cancers,50,51 but no studies, to the best of our
knowledge, have assessed its effects in human ovarian
cancer.

The conditioned medium from fibroblasts treated with EVs
did not significantly affect the proliferation of normal stromal
cells, such as fibroblasts, nor of tumor cells, with the latter dis-
agreeing with some studies reported in literature on different
types of cancer cells,52,53 but did slightly increase the prolifera-
tion of endothelial cells; on the other hand, the conditioned
medium significantly affected the motility and invasiveness of
all these cells.

Curiously, even though EVs isolated from both ovarian
cancer cell lines were able to activate fibroblasts, EVs
released from the more aggressive cells (SKOV3) seemed to
be more efficient in some processes (higher marker expres-
sion, proliferation, enzyme release) than the less aggressive
cells (CABAI). Similarly, even though the conditioned
media from NHDFCI and NHDFSK was able to stimulate
cancer cell motility and invasiveness, SKOV3 motility and
CABA I invasiveness were more induced by NHDFSK con-
ditioned medium. With endothelial cells, the opposite effect
was observed: NHDFCI conditioned medium was more effi-
cient at motility and proliferation induction. These data,
overall, led us to hypothesize that EVs with different mes-
sages derive from different cells; but, also, that the specific
response to different stimuli strongly depends on the iden-
tity of the target cells.

Our findings support the idea that ovarian cancer cells can
modulate fibroblast behaviour, through the release of EVs that
induce phenotypic and functional changes in normal stromal
fibroblasts, activating them to a CAF-like state; these CAF-like
cells are able, in turn, to stimulate some abilities in the sur-
rounding normal and tumoral cells. EVs released from a more
aggressive cell line (SKOV3), moreover, seem to be more effi-
cient in the stimulation of some processes compared with EVs
released from a less aggressive cell line (CABA I). EV-associ-
ated TGF-b could be one of the molecules responsible for these
processes.

CANCER BIOLOGY & THERAPY 729



Materials and methods

Cell cultures

The CABA I is an ovarian carcinoma cell line,54 while SKOV3
cells derived from malignant ascites of ovarian adenocarcinoma
patients and were purchased from the ATCC (American Type
Culture Collection). Cells were grown as monolayers in RPMI-
1640 containing, respectively for CABA I and SKOV3 cells, 5%
(v/v) and 10% (v/v) heat-inactivated FBS (fetal bovine serum),
supplemented with 1X penicillin/streptomycin and 2 mM
L-glutamine.

The human normal fibroblast cell line NHDF (normal
human dermal fibroblasts), obtained from adult skin, were pur-
chased from Lonza Group, Ltd. (Basel, Switzerland) and grown
in DMEM C 10% FBS, 2 mM glutamine, penicillin and strepto-
mycin. Cells were subcultured and used within the 15th passage,
as suggested by Lonza’s protocols.

HUVECs (human umbilical vein endothelial cells) were pur-
chased from Lonza Group, Ltd. and were grown at 37�C with
5% CO2 in 1% gelatin-coated flasks, in DMEM supplemented
with 10% FBS, 10% NCS (newborn calf serum), 20 mM HEPES
[N-(2-hydroxyethyl)piperazine-N0-(2-ethanesulfonic acid)], 6
U/mL heparin, 2 mM glutamine, 50 mg/mL ECGF (endothelial
cell growth factor), penicillin and streptomycin. The cells were
used between the third and fifth passage.

All cell lines were cultured at 37�C in a humidified atmo-
sphere with 5% CO2. All the experiments were carried out
when the cells were sub-confluent and mycoplasma-negative.

FBS, RPMI, DMEM, glutamine, penicillin and streptomycin
were purchased from Euroclone (Euroclone SpA); Hepes and
ECGF from Sigma-Aldrich (Merck KGaA); and NCS from
Gibco (Thermo Fisher Scientific).

EV isolation from culture media

To isolate EVs, CABA I and SKOV3 cells were grown in 5%
40 nm-filtered FBS HyClone (GE Healthcare) in RPMI-1640;
the medium was centrifuged at 600 £ g for 15 minutes, and
then at 1500 £ g for 30 minutes to remove cells and large
debris, respectively. The supernatants were centrifuged at
100000 £ g for 2 hours at 4�C in a Beckman ultracentrifuge.
Pelleted EVs were resuspended in Dulbecco’s phosphate-buff-
ered saline (EuroClone). Two repeat EV quantifications were
carried out by measuring the EV-associated protein amounts
using the Bradford method (Bio-Rad) with BSA (bovin serum
albumin; Sigma-Aldrich; Merck KGaA) as the standard.

Electron microscopy

Transmission electron microscopy (TEM) was performed on
isolated vesicles, resuspended in PBS, to analyze their ultra-
structural morphology. According to proper dilutions, the sam-
ples were adsorbed to 300 mesh carbon-coated copper grids
(Electron Microscopy Sciences, Hatfield, PA, USA) for
5 minutes in a humidified chamber at room temperature.
Vesicles on grids were then fixed in 2% glutaraldehyde (Elec-
tron Microscopy Sciences, Hatfield, PA, USA) in PBS for
10 minutes and then briefly rinsed in milli-Q water. Grids with
adhered vesicles were examined with a Philips CM 100

transmission electron microscope TEM at 80 kV, after negative
staining with 2% phosphotungstic acid, brought to pH 7.0 with
NaOH. Images were captured by a Kodak digital camera.

Scanning electron microscopy (SEM) analysis was per-
formed on fibroblasts that were treated with EVs for up to
5 days. 48 hours after the end of this treatment, untreated and
EV-treated fibroblasts were detached and allowed to grow to
subconfluence on coverslips for an additional 96 hours, then
samples were prepared for SEM analysis by fixing in 2% glutar-
aldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) in
phosphate-buffered saline (PBS) for 3 minutes.

After being critically dehydrated with a graded scale of etha-
nol (30% to 100%) and point-dried, the samples were glued
onto stubs, coated with gold in a SCD040 Balzer Sputterer, and
detected with a Philips 505 SEM at 20 kV.

Fibroblast treatments with ovarian cancer cell derived-EVs

NHDFs were treated with EVs from CABA I or SKOV3 cells,
supplying 1 mg EVs/ml every day up to 5 days in a cumulative
manner. EVs were added every 24 hours without replacing the
medium for the entire duration of the treatment with EVs, in
order to mimic the continuous release of EVs from cancer cells
within the tumor microenvironment and the persistent expo-
sure of fibroblasts to EVs.

Treatments were performed by adding EVs to the culture
media supplemented with a reduced percentage of FBS (2%), in
order to decrease the stimulatory effect of the serum while
ensuring fibroblast survival.

NHDFs treated with EVs from CABA I or SKOV3 cells are
respectively indicated as NHDFCI and NHDFSK throughout
the text.

Collection of fibroblast conditioned medium (CM)

To verify whether treated NHDFs modify their secretome, after
the 5-day cumulative treatment with 1 mg EVs/ml, cells were
washed with serum-free DMEM and then incubated for 24 h in
complete medium in which the FBS was replaced with 0.2%
LEH (lactalbumin enzymatic hydrolysate; Sigma-Aldrich;
Merck KGaA), to remove the effect of enzymes/growth factors
from the serum. In parallel, CM was prepared from untreated
fibroblasts (controls) in the same manner. In all the collected
CM, cells and cell debris were discarded. Then, CM was used
for cellular tests such as proliferation, migration and invasion
assays, in addition to gelatin zymography assays, or was con-
centrated using Centricon Ultracel YM-10 filters (Amicon Bio-
separations; Millipore Corporations; cutoff, 10 kDa) to be
analyzed via casein-plasminogen zymography assays.

Western blots

48 hours after the end of the 5-day treatment with EVs, NHDFCI
or NHDFSK were washed three times with PBS and lysed in Ripa
Lysis Buffer, containing 50 mM Tris-HCl, pH 7.5; 150 mM NaCl;
0,5% sodium deoxycholate; 1% Triton-X; 0.1% sodium dodecyl
sulfate (SDS); 5 mM EDTA; 100 mM sodium fluoride (NaF);
2 mM sodium orthovanadate (Na3VO4); 10 mM sodium
pyrophosphate (NaPPi); 1 mM phenylmethylsulfonyl fluoride
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(PMSF); and a classical protease-inhibitor cocktail (Sigma-
Aldrich; Merck KGaA). The protein content was determined via
Bradford protein assays. Samples containing 15 mg protein were
resolved by SDS-PAGE on a 12.5% gel to identify the expression
of a-SMA (a-smooth muscle actin) under reducing conditions
and with heating, and of TIMP-2 (tissue inhibitor of metallopro-
teinase-2) under non-reducing conditions and without heating.

Separated proteins were then blotted on nitrocellulose mem-
brane (Whatman-GE Healthcare Life Sciences). Non-specific
binding sites were blocked for 2 hours in 10% non-fat dried
milk in TBS containing 0.5% Tween-20 (TBS-T) at room
temperature.

Subsequently, the blots were probed with specific primary
Abs at 4�C overnight: a-SMA (rabbit monoclonal, 1:5000 dilu-
tion, cat. no. ab32575-100, Abcam) and TIMP-2 (mouse mono-
clonal, 1:200 dilution, cat. no. MA5-13603, Thermo Fisher
Scientific, Inc.). GAPDH (mouse monoclonal, 1:500 dilution;
cat. no. MA5-11114; Thermo Fisher Scientific, Inc.) staining
was used for normalization.

After several washes in TBS-T, the membranes were incu-
bated in corresponding horseradish peroxidase (HRP)-conju-
gated secondary Abs: goat anti-mouse IgG-HRP, dilution
1:10000 and goat anti-rabbit IgG-HRP, dilution 1:7500 (both
Santa Cruz Biotechnolog, Inc.) for 1 h.

All the antibodies were diluted in blocking buffer (TBS-T
containing 1% non-fat dry milk).

After washing in TBS-T, the reactive bands were visualized
with a chemiluminescence detection kit (Super Signal West
Femto Chemiluminescent Substrate, Thermo Fisher Scientific,
Inc. for all bands, except for GAPDH, which was visualized
with SuperSignal West Pico Chemiluminescent Substrate,
Thermo Fisher Scientific, Inc.).

Images were recorded and analyzed with the gel documenta-
tion system Alliance LD2 (Uvitec).

Proliferation assays

NHDF (1000 cells/well) were seeded onto a 96-well plate and
incubated for 24 h in complete medium at 37�C and 5% CO2,
to facilitate cell adhesion and spreading. Then, fibroblasts were
treated, as specified above, with CABA I or SKOV3 EVs, 1 mg/
ml/day for 5 days. The effects on proliferation were evaluated
by XTT assay at 96, 168 and 264 hours after the beginning of
the EV treatment. Untreated fibroblasts, grown in the same
medium but without EVs, were used as the control.

For experiments with conditioned medium (CM), NHDF
(1000 cells/well), HUVECs (1000 cells/well) and the CABA I
and SKOV3 ovarian cancer cells (1500 cells/well) were seeded
into 96-well plates (gelatin-coated for HUVECs), and allowed
to adhere and spread for 24 hours at 37�C and 5% CO2, then
cultured for 96 hours (NHDF) or 72 hours (HUVECs, CABA I,
SKOV3) with the CM obtained from NHDFCI or NHDFSK; at
the end of each specified interval, the proliferation was assessed
via XTT assay. During the experiments on NHDFs, CM was
supplemented with 1% FBS, in order to ensure fibroblast sur-
vival without stimulating their growth, whereas the CM for the
HUVEC experiments was supplemented with 5% FBS, 5%
NCS, HEPES, Eparin and ECGF, in order to guarantee HUVEC
survival without encouraging their growth; CABA I and

SKOV3 cells were incubated with non-supplemented CM. Cells
incubated with CM from untreated fibroblasts were used as
controls.

For the XTT (2,3-Bis (2-methoxy-4-nitro-5-sulfophenyl)-
2H-tetrazolium-5-carboxanilide) assay, 1 mg/ml XTT (Sigma-
Alrich; Merck KGaA) and 1,53 mg/ml phenazine methosulfate
(PMS, Sigma-Aldrich; Merck KGaA) were mixed, and 50 mL of
this solution was added to each well. Plates were incubated for
4 hours at 37�C with 5% CO2; after this interval, the optical
density (OD) was measured using an ELISA (enzyme-linked
immunosorbent assay) reader at 450 nm. XTT tests were per-
formed before the cells reached confluence to prevent possible
artifact decreases in the results due to contact inhibition.

Each experiment was performed in triplicate and repeated at
least twice. The data are expressed as the means § standard
deviations (SD).

In vitro scratch wound healing assay

The wound healing assay is one of the earliest developed tests to
study directional cell migration in vitro, and is based on the
observation of cell migration into a scratch “wound” created on
a cell monolayer; this assay was used to study both HUVEC
and NHDF migration.

Cells were cultured in 24-well microplates under normal
culture conditions and allowed to reach confluence. A previ-
ously-sterilized 200 ml plastic tip was drawn across the cellular
stratum to produce a wound, floating cells were removed, and
wells were washed 3 times with PBS to remove debris and
smooth the edge of the wound.

For NHDFs, the scratch was performed at 48 hours after the
end of the 5-day treatment with EVs, and cells were subse-
quently grown in FBS-reduced culture medium (2% FBS),
avoiding scratch closure due to cell growth. The scratch was
monitored for 48 hours.

HUVECs were cultured in the CM of untreated and
EV-treated fibroblasts, supplemented with 1% FBS (in order to
guarantee cell survival but, in the meantime, avoiding the clou-
sure of the wound due to cell proliferation) Hepes, Eparin and
ECGF, for 24 hours.

The status of the scratch wounds was monitored using a
phase-contrast microscope at the beginning of the assay and at
regular intervals, and representative images were collected.

Invasion assays

For the study of cell invasiveness, modified Boyden chambers
were used, dividing the upper and the lower compartments
with filters (8-mm pore size polycarbonate polyvinylpyrroli-
done-free Nucleopore filters) coated with a thin layer of
Matrigel� Growth Factor-reduced (BD Biosciences) and
diluted in serum-free medium to a concentration of 0.5 mg/ml.

Briefly, untreated and EV-treated fibroblasts (1000 cells/
well) were added to the upper chamber in 45 mL serum-free
medium, and medium containing 10% FBS was added into the
lower chamber as a chemoattractant; untreated invading
fibroblasts were used as controls.

In the experiments with ovarian cancer cells, CABA I or
SKOV3 cells (1000 cells/well) were added to the upper chamber
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in 45 mL serum-free medium, while in the lower chamber, as
the chemoattractant, the serum-free CM of NHDFCI or
NHDFSK was used; cells invading in response to the CM of
untreated fibroblasts were used as controls.

The cells were allowed to invade the Matrigel� for 24 h at
37�C in a 5% CO2 atmosphere. The non-invading cells on the
upper surface of the membrane were removed with a cotton
swab. Cells were fixed in 1% crystal violet in methanol. Invad-
ing cells in three adjacent microscope fields for each membrane
were counted at x20 magnification.

Zymography assays

Serum-free CM of NHDFCI or NHDFSK was nomalized by
equal volume and equal cell number to perform both gelatin
and casein-plasminogen zymography assays. Gelatin zymogra-
phy was performed using 7.5% SDS-PAGE that was copolymer-
ized with 1 mg/mL gelatin type B (Sigma-Aldrich; Merck
KGaA); the CM was diluted in SDS-PAGE sample buffer under
nonreducing conditions without heating. After electrophoresis,
the gels were washed three times, for 15 minutes each, in
50 mM Tris-HCl (pH 7.4) containing 2.5% Triton X-100
(Sigma-Aldrich; Merck KGaA) under agitation at room tem-
perature, and then incubated overnight in Tris buffer (50 mM
Tris-HCl, pH 7.4, containing 5 mM CaCl2 and 120 mM NaCl)
at 37�C. The gels were then stained with Coomassie Blue R 250
(Bio-Rad Laboratories, Inc.) dissolved in a mixture of metha-
nol:acetic acid:water (4:1:5) for 30 minutes, and were destained
in the same solution without dye.

The PAs (plasminogen activators) in the CM were examined
by casein-plasminogen zymography. The CM under non-
reducing conditions and without heating, was separated by
electrophoresis via 10% SDS- PAGE, which was copolymerized
with 0.2% casein (Sigma-Aldrich; Merck KGaA) and 10 mg/mL
human plasminogen (Sigma-Aldrich; Merck KGaA). After elec-
trophoresis, the gel was washed three times for 30 minutes in
Tris 50 mM pH 7.4 with 2.5% Triton X-100 and incubated for
48 h at 37�C in Tris-HCl 50 mM pH 7.4 C 0.02% NaN3. The
gels were stained and destained as described previously. The
activity of gelatinases and PAs appeared as clear and distinct
bands, which indicated proteolysis of the substrate, on a blue
background. Digestion bands were quantified with Image J soft-
ware (National Institutes of Health, Bethesda, MD, USA).

Migration assays

The migration of normal fibroblasts and of both ovarian cell
lines was tested in response to the CM of EV-treated fibroblasts
(set in the lower chambers, same volume for each sample). Cells
migrating in response to the CM from untreated fibroblasts
were used as controls.

Briefly, cells were detached, washed three times in serum-
free DMEM, and seeded on the upper wells/chambers (5000
cells/well in 55ml serum-free DMEM medium) of the modified
Boyden chambers. Gelatin-coated polycarbonate membranes
with 8-mm pores were used to separate the upper wells from
the lower ones. Each condition to be tested was analyzed in
triplicate. The chambers were incubated for 24 hours at 37�C
in a CO2 incubator, then migrated cells were fixed with pure

methanol and stained with 1% crystal violet in methanol. The
number of cells migrating to the lower surface of the
polycarbonate membrane was counted in five random x20
fields within each well under a microscope. The mean number
of cells per field was calculated as the cell count.

Statistical analysis

Data are expressed as the mean and standard deviation (SD) or
standard error of the mean (SEM). The use of either SD or
SEM is specifically indicated in the figure legends. Errors were
derived from at least 3 independent replicates. Comparisons
between the means of control groups and treated groups were
performed using 2-tailed Student’s t-tests and the results were
considered to be statistically significant when p < 0.05 (�), p <

0.01 (��), p < 0.005 (���) or p < 0.001 (����).
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