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Abstract

High levels of hyaluronan (HA), a major extracellular matrix (ECM) glycosaminoglycan, have been correlated
with poor clinical outcome in several malignancies, including breast cancer. The high and low molecular
weight HA forms exert diverse biological functions. Depending on their molecular size, HA forms either
promote or attenuate signaling cascades that regulate cancer progression. In order to evaluate the effects of
different HA forms on breast cancer cells' behavior, HA fragments of defined molecular size were synthesized.
Breast cancer cells of different estrogen receptor (ER) status — the low metastatic, ERa-positive MCF-7
epithelial cells and the highly aggressive, ERB-positive MDA-MB-231 mesenchymal cells — were evaluated
following treatment with HA fragments. Scanning electron microscopy revealed that HA fragments critically
affect the morphology of breast cancer cells in a molecular-size dependent mode. Moreover, the HA
fragments affect cell functional properties, the expression of major ECM mediators and epithelial-to-
mesenchymal transition (EMT) markers. Notably, treatment with 200 kDa HA increased the expression levels
of the epithelial marker E-cadherin and reduced the expression levels of HA synthase 2 and mesenchymal
markers, like fibronectin and snail2/slug. These novel data suggest that the effects of HA in breast cancer cells
depend on the molecular size and the ER status. An in-depth understanding on the mechanistic basis of these
effects may contribute on the development of novel therapeutic strategies for the pharmacological targeting of

aggressive breast cancer.
© 2019 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Breast cancer, a heterogeneous and complex
malignancy is the second most commonly reported
type of cancer worldwide [1,2]. Estrogens and their
receptors (ERa and ER) play pivotal roles in breast
cancer development and progression. ERs are

principal signaling molecules that regulate the
expression of several biological effectors that mod-
ulate breast cancer properties and progression
[3=7]. The majority of breast cancer cells are ERa
positive, which have been correlated with epithelial
characteristics and a low metastatic potential [8—10].
Epithelial-to-mesenchymal transition (EMT) is a crucial
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step for breast cancer invasion and metastasis [1].
Mesenchymal markers, such as snail2/slug, fibronectin
and zeb1/zeb2 are overexpressed, whereas the
epithelial marker E-cadherin is downregulated. As a
result, the cell-to-cell junctions are lost, cells lose their
polarity and their migratory capacity is increased. In
addition, the expression of several matrix metallopro-
teinases (MMPs), which are critical mediators of the
extracellular matrix (ECM), is altered. Under certain
conditions, the opposite process, i.e. mesenchymal-to-
epithelial transition (MET) is also possible [11,12].

ECM is a well-organized, multitasking, three-
dimensional network, providing a physical scaffold
for the cells and regulates their growth, differentiation
and migration. ECM consists of a variety of macro-
molecules, such as collagen, proteoglycans and
glycosaminoglycans [13-16]. Hyaluronan (HA) is a
linear glycosaminoglycan composed of disaccharide
repeating units of D-glucuronic acid (GIcA) and N-
acetyl-pD-glucosamine (GlcNAc). Despite its simple
structure, HA plays a crucial role in several biological
processes, such as tissue hydration and maintenance
of the viscoelasticity of liquid connective tissues,
whereas it has been correlated with tumor develop-
ment, fibrotic wound healing and inflammation [17,18].
HA is synthesized by three enzymes, the HA
synthases (HASs): HAS1, HAS2 and HASS3. The
latter is the most active of the three enzymes and can
produce high molecular weight HA (HMW HA) and low
molecular weight HA (LMW HA). HAS2 produces
HMW HA and it is responsible for the increased HA
synthesis as stress response. HAS1 is able to
synthesize LMW HA and HMW HA and its upregula-
tion has been correlated to inflammation [19]. The
enzymes that are responsible for HA degradation are
HYAL 1-4, HYALP and PH20. HYAL 2 is located at
the cell surface and hydrolyzes HMW HA to LMW HA
(approximately 20 kDa). HYAL 1 is located at the
lysosomes and hydrolyzes LMW HA to HA oligomers
[13,19,20]. HA binds to several receptors initiating a
variety of biological responses. The most well-known
HA receptors are CD44 and receptor for HA-mediated
motility, RHAMM. CD44 regulates a plethora of cell-
cell and cell-matrix interactions as well as cell survival
and proliferation. Itis overexpressed in several cancer
types; thus, it is considered as a desirable therapeutic
target [21-24].

HA exhibits different biological properties and
functions depending on its molecular size. HMW
HA (1000-6000 kDa) is able to regulate cellular
behavior in a different mode of action as compared
to LMW HA (10-250 kDa) and HA oligomers (o-HA).
HMW HA seems to promote anti-inflammatory, anti-
proliferative and anti-angiogenic effects. It is also a
key regulator of wound healing and embryogenesis
[19,25-27]. On the other hand, HA fragments (2—-10
disaccharides) initiate signaling cascades that lead
to a variety of cellular responses, such as inflamma-
tion, endothelial cell proliferation and angiogenesis

[28-32]. Even though increased levels of endoge-
nous HA have been correlated to several types of
cancer, LMW HA (100-300 kDa) and o-HA (3-12
disaccharides) are able to attenuate signaling
pathways that regulate cancer cell proliferation,
migration and metastasis [33—41]. This phenomenon
could possibly occur due to the ability of HA fractions
to compete with the endogenous HA for binding to
HA receptors. These observations indicate that HA
effects on cancer cells are size-dependent
[26,42—-46]. It also indicates that HA fractions could
be used as therapeutics depending on their molec-
ular size. Several studies have proven that LMW HA
and o-HA are able to attenuate cell growth, migration
and invasion [33,38,45,47] and can sensitize cancer
cells to chemotherapy as well [34,35].

The aim of this study was therefore to evaluate the
biological effects on breast cancer cells with different
ER status. For this purpose, HA fractions of defined
molecular size were synthesized, characterized for
their molecular size and used to treat two breast
cancer cell lines of different ER status; the low
invasive MCF-7 and the highly aggressive MDA-MB-
231 cells. Here, we demonstrate that HA fractions
are able to regulate breast cancer cells' functional
properties and affect their morphology depending on
their molecular size. HA can also affect EMT and
modify the expression of a variety of genes, such as
MMPs, syndecan-4 and heparanase, in a molecular
size-dependent mode. The obtained data suggest
that the molecular size of HA is a critical regulator of
breast cancer cells behavior opening a new area for
intensive research for future pharmacological target-
ing approaches in mammary cancer.

Results

HA of different molecular size affects breast cancer
cells' functional properties

HA fractions of different molecular size were
synthesized (supplementary Table 1) in order to
evaluate their biological effects in two breast cancer
cell lines with different ER status and aggressive-
ness: MCF-7 and MDA-MB-231. First, the effect of
HA fractions on the proliferation of breast cancer
cells was studied. Three different HA concentrations
(12.5, 25, 200 pg/mL) were tested. The obtained
results demonstrate that the HA fragments of 30 and
200 kDa reduced cell proliferation at the higher
concentrations tested for both cell lines. According to
the pilot experiments, the functional properties were
further examined for all three fractions, <10, 30 and
200 kDa (provided by Fidia Farmaceutici S.p.A.) ata
final concentration of 200 pg/mL. At a next step, we
determined whether HA fractions could affect cell
migratory potential by conducting wound healing
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assay. Notably, all of the HA fractions tested could
decrease the migration (from 22% to 37%) of both
cell lines (Fig. 1C and D).

Cancer cells in order to invade and metastasize
alter cell-cell and cell-matrix interactions [11]. There-
fore, the next step was to evaluate the effects on
cancer cell adhesion ability and invasiveness. The
obtained data demonstrated that the three HA
fractions tested significantly increased cell adhe-
siveness on collagen type |. MCF-7 adhesion ability
increased by 45%, 50% and 27% following a 24 h
treatment with <10, 30 and 200 kDa HA fractions,
respectively (Fig. 1E). As shown in Fig. 1F, MDA-
MB-231 adhesion ability was also increased (46%,
56% and 37%, respectively). These results could be
correlated with the HA-mediated decreased migra-
tory potential of the cells. Evaluation of cancer cells
invasiveness showed that only the 200 kDa HA
fraction significantly decreased the invasiveness of
both cell lines in collagen type | gels (Fig. 1G and H).

HA fragments competition with endogenous HA
affects cell migration

The results described above could possibly occur
due to competitive effects between the HA frag-
ments and endogenous HA. In order to investigate
this possibility, breast cancer cells were treated with
hyaluronidase at a final concentration of 1 U/mL for
1 h to remove pericellular HA coating. Following
treatment with hyaluronidase, 200 kDa HA was
added, since it affected the cellular functional
properties the most. Wound healing assay was
conducted for both cell lines tested. According to
the obtained data even though 200 kDa could
reduce cellular migration, pretreatment with hyal-
uronidase attenuated this effect (Fig. 2). Notably,
similar results were observed in both cell lines
although MCF-7 cells produce low amounts of HA
(Fig. 2A). Consequently, the effects of the HA
fragments on cell migration partly occur due to
competition with endogenous HA.

Evaluation of the HA size-dependent functional
properties

The observed effects of the various HA molecular
sizes on the functional properties of both cancer cell
lines raised the question whether their morphology is
also affected. Moreover, we found of importance to
evaluate the invasiveness of cancer cells using a
matrix mimetic environment. For this purpose, breast
cancer cells were cultured on Matrigel and were
analyzed using scanning electron microscopy (SEM).
The patterns of lamellipodia and filopodia, known to
contribute to migration, invasion and metastasis of
cancer cells [48,49], were also evaluated by SEM.

Almost all of MCF-7 cells (control group in culture
flasks) showed an ovoidal flattened shape with few

and short cytoplasmic microvilli and no microvesi-
cles (epithelial phenotype). Very rare globular and
elongated fusiform cells were detectable. Even
though all cells created cell-cell contacts, gaps
between adjacent cells were still observable. Isolat-
ed cells were not observed (Fig. 3A, E, I). Cells
treated with <10 kDa HA mainly included isolated
groups of less than ten large stem-like shaped cells,
with few microvilli and no microvesicles. Rare
isolated flattened ovoidal cells were observed (Fig.
3B and F). Isolated fusiform/elongated cells compa-
rable to mesenchymal shaped cells were also
detectable (Fig. 3F and L). MCF-7 cells treated
with 30 kDa HA showed groups of many polygonal
flattened cells with cell-cell contacts, filopodia, few
microvilli and no microvesicles (Fig. 3C, G, M). Rare
elongated cells and very few globular cells were also
detectable. All cells exhibited few microvilli and no
microvesicles (Fig. 3G, M). Most of MCF-7 cells
treated with 200 kDa HA were extremely flattened
polygonal cells, with very few microvilli and no
microvesicles. Very rare stem-like cells and elongat-
ed ones were also present (Fig. 3D, H, N). The
flattened polygonal cells had a tight cell-cell contact
that makes it difficult to distinguish the interface
between the adjacent cells (Fig. 3N).

In contrast to MCF-7, MDA-MB-231 cells (control
group in culture flasks) appeared as isolated cells
with no cell-cell contacts. Most of the cells showed
globular and spindle-like shapes (mesenchymal
phenotype). All cells exhibited both cytoplasmic
microvilli and microvesicles which were particularly
distributed on the surface of the globular shaped
cells (Fig. 4A, E, 1). When the cells were treated with
<10 kDa HA, the cell culture included isolated and
very elongated spindle-like shaped cells, which
showed very long filopodia (mesenchymal pheno-
type) and very rare cell-cell contacts (Fig. 4B, F, L).
Most of the MDA-MB-231 cells treated with 30 kDa
HA appeared in groups of three to five stem-like cells
with cell-cell contacts, very few isolated globular
shaped cells and rare spindle-like shaped cells (Fig.
4C, G, M). MDA-MB-231 cells treated with 200 kDa
HA included only a few spindle-like cells, more
numerous stem like cells and globular cells. Cell-cell
contacts were more frequently observed compared
to those of the previous groups and the number of
globular shaped cells was significantly increased
compared to the control cells (Fig. 4D, H, N).
Microvilli on flattened cells and microvesicles on
the globular ones were still observable (Fig. 4N).

Cultures of MCF-7 cells on Millipore filter coated by
Matrigel (control group) showed groups of flattened
polygonal cells with short filopodia and globular cells
with no microvesicles. Many cell-cell contacts
among all cells were detectable (Fig. 5A, E, I).
MCF-7 cells treated with <10 kDa HA showed the
same globular cells with few microvilli and no
microvesicles however the number of the flattened
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Fig. 2. Effects of 200 kDa HA on cell migration after treatment with hyaluronidase. (A) MCF-7 cell migration after
hyaluronidase treatment (1 h) and 200 kDa HA treatment (24 h) at a final concentration of 200 pg/mL. (B) MDA-MB-231
cell migration after 1 h of hyaluronidase treatment and 24 h of 200 kDa HA treatment at a final concentration of 200 pg/mL.

polygonal cells was increased compared to the control
group. Most of the cells exhibited cell-cell contacts and
groups (Fig. 5B, F, L). The MCF-7 cells treated with
30 kDa HA appeared also as flattened polygonal
cells. A slight increase in the number of the globular
ones, growing on the flattened cells, if compared to the
control group, was observed. All cells were grouped
and demonstrated cell-cell contacts (Fig. 5C, G and
M). The MCF-7 cells treated with 200 kDa HA
included few flattened polygonal cells and many
globular cells as compared to all of the previous
groups. All cells exhibited cell-cell contacts, few
microvilli and no microvesicles (Fig. 5D, H, N).

Most of the MDA-MB-231 cells cultured on a
Millipore filter coated by Matrigel (control group)
appeared grouped and formed cell-cell contacts.
Globular cells with microvilli and microvesicles were
more numerous than spindle-like cells (Fig. 6A, E, 1).
The cells after treatment with <10 kDa HA exhibited
the same globular and spindle-like shape with the
control group. However, the mesenchymal cells
were increased in number in comparison to the
globular ones. Most of cells formed cell-cell contacts
and many isolated cells passing through the pores of
Matrigel-coated Millipore were also observed (Fig.
6B, F, L). The cultures of MDA-MB-231 cells that
were treated with 30 kDa HA included very thin and
flattened polygonal cells with no filopodia, very few
microvilli and no microvesicles. In these cell cultures,
globular cells with microvilli and microvesicles were
also detectable. Cell-cell contacts were observed

among all the cells (Fig. 6C, G, M). Most of the MDA-
MB-231 cultures treated with 200 kDa HA included
globular cells with microvilli, microvesicles and a few
elongated cells (Fig. 6D, H). Most of the cells
exhibited cell-cell contacts even though very few
isolated cells were detectable (Fig. 6N).

HA fractions evokes size-dependent changes in
the expression of EMT markers

During EMT process, the expression patterns of
characteristic molecules are altered. E-cadherin is
an epithelial marker, which is suppressed during
EMT process, while mesenchymal markers, such as
fibronectin and snail2/slug are overexpressed [50].
Notably, following treatment with HA, E-cadherin
expression was increased in both cell lines (Fig. 7A
and B). Treatment of MCF-7 cells with 30 and
200 kDa HA resulted in increased expression of E-
cadherin (ca. 27% and 31%), as compared to control
cells. These results also confirmed by immunofluo-
rescence (Fig. 7F). More interestingly, the expres-
sion levels of E-cadherin in MDA-MB-231 cells
were increased upon treatment with 30 kDa and
200 kDa HA (ca. 34% and 47%). MDA-MB-231
control cells exhibit mesenchymal phenotype and
express low levels of E-cadherin. Considering
the upregulation of E-cadherin after HA treatment,
the expression levels of major mesenchymal
markers were evaluated. Although the expressions
of snail2/slug and fibronectin were increased with

Fig. 1. Effects of different HA molecular sizes on breast cancer cells. (A, B) Cell proliferation after 24 h of HA treatment
(concentrations: 12.5 pyg/mL, 25 pg/mL and 200 pg/mL). (C, D) Cell migration after 24 h of HA treatment at a final
concentration of 200 pg/mL. (E, F) Cell adhesion on collagen type I. (G, H) Cell invasion after 24 h of HA treatment at a
final concentration of 200 pg/mL. Each experiment was conducted three times. Each bar represents mean + S.D. values
from triplicate samples. Asterisks (*), (**) indicate statistically significant differences (p < 0.05 and p < 0.01, respectively).
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Fig. 3. Impact of HA molecular sizes in morphology of MCF-7 cells. (A, E, 1) MCF-7 cultured in flasks. Cells show an
ovoidal flattened shape with few and short cytoplasmic microvilli and no microvesicles (epithelial phenotype) (bar 0.1 mm
for A, E and 10 pm for I). Very rare globular and elongated fusiform cells are also detectable (A, E). Even though all cells
create cell-cell contacts by thin cytoplasmic protrusions, gaps between adjacent cells are observable (I). No isolated cells
are present. (B, F, L) MCF-7 cells treated with <10 kDa HA at a final concentration of 200 pg/mL (bar 0.1 mm for B, F and
10 pm for L). The culture mainly includes isolated groups of less than ten large stem-like cells with few microvilli and no
microvesicles. (F) An isolated flattened ovoidal cell is observed in the center. (L) An isolated fusiform/elongated cell
comparable to mesenchymal shaped cells is visible (red arrow). (C, G, M) MCF-7 cells treated with 30 kDa HA at a final
concentration of 200 pg/mL (bar 0.1 mm for C, G and 10 pm for M). The culture includes many grouped polygonal
flattened cells with cell-cell contacts, filopodia, few microvilli and no microvesicles. Some elongated cells and very few
globular cells are also detectable. All these cells exhibit few microvilli (yellow arrow) and no microvesicles (G, M). (D, H, N)
MCEF-7 cells treated with 200 kDa HA at a final concentration of 200 pg/mL (bar 0.1 mm for D, Hand 10 pm for N). Most of
the cells appear with extremely thin flattened polygonal pattern with very few microvilli (yellow arrow) and no microvesicles.
Very rare stem like cells and elongated ones (red arrow) are also present (D, H). When the very thin and flattened
polygonal cells exhibit tight cell-cell contacts, it is difficult to distinguish the interface between the adjacent cells (N).

<10 and 30 kDa HA (Fig. 7C and D), the treatment
with 200 kDa HA downregulated the expression
levels of the two EMT markers (ca. 46% and 55%),
demonstrating the crucial role of this HA molecular
size to affect EMT. In addition, the expression of
vimentin (Fig. 7E) was also reduced with 200 kDa
HA (ca. 22%).

HA modulates the expression of HASs, CD44
and ECM regulators

Taking into consideration that breast cancer cells
functional properties and morphology are affected

upon treatment with HA of various molecular sizes,
we prompted to further examine whether these
changes could be correlated to modifications of the
expression patterns of ECM effectors, such as HA
synthases (HAS2 and 3) and MMPs, known to play
crucial role for cell survival, motility and EMT.
Elevated expression of HAS2 has been correlated
to breast cancer cells invasiveness, EMT, increased
migratory ability and metastasis [51-58], whereas
downregulation of HAS2 has been correlated to less
aggressive cellular behavior [59-61]. HAS2 is the
major HAS expressed in MDA-MB-231 cells [62,63]
and therefore the effects of the HA fractions were
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Fig. 4. Impact of HA molecular sizes in morphology of MDA-MB-231 cells. (A, E, I) MDA-MB-231 cultured in flasks
appear as isolated cells with no cell-cell contacts or in groups of few cells (bar 0.1 mm for A, E and 10 pm for I). Most of the
cells show globular and spindle-like shape (mesenchymal phenotype). Rare polygonal flattened cells are observed. All
cells show both cytoplasmic microvilli (yellow arrow) and microvesicles (green arrow), which are particularly located on the
surface of the globular shaped cells. (B, F, L) MDA-MB-231 cells treated with <10 kDa HA at a final concentration of
200 pg/mL (bar 0.1 mm for B, F and 10 pm for L). Most of the cells are isolated and appear like very elongated spindle-like
shaped cells showing very long filopodia (mesenchymal phenotype) and very rare cell-cell contacts. (C, G, M) MDA-MB-
231 cells treated with 30 kD HA at a final concentration of 200 pg/mL (bar 0.1 mm for C, G and 10 pm for M). The cells
appear in groups of three to five stem-like cells (red arrow) with cell-cell contacts. Isolated globular shaped cells and rare
spindle like shaped cells are observable. (D, H, N) MDA-MB-231 cells treated with 200 kDa HA at a final concentration of
200 pg/mL (bar 0.1 mm for D, H and 10 um for N). The cultures include few spindle-like cells, more numerous stem like
cells and globular cells. Cell-cell contacts are frequently observable if compared to those of the previous groups and the
globular shaped cells are increased in comparison to the control group. Microvilli (yellow arrow) on flattened cells and

microvesicles (green arrow) on the globular ones are observable (N).

evaluated in this cell line. Interestingly, HAS2
expression in MDA-MB-231 cells was increased
following treatment with <10 and 30 kDa HA (ca.
96% and 60%, respectively). However, as shown in
Fig. 8A, HAS2 expression was remarkably de-
creased (ca. 40%) upon treatment with the
200 kDa HA. HAS3 is overexpressed in a variety
of tumors [18,19]. A similar pattern was obtained for
the mRNA level of HASS in the MDA-MB-231 cells
with an increment upon <10 and 30 kDa HA
treatment (ca. 78% and 56%) as compared to control
(Fig. 8B). The obtained data clearly suggest that the
different molecular sizes of HA play crucial role in the
expression of HAS2 and -3. It is worth noticing that

the 200 kDa HA fraction has a beneficial anticancer
effect for the highly aggressive MDA-MB-231 cells
as it suppressed the expression of the HAS2, which
in turn has been correlated with the invasiveness of
these cells.

CD44 is one of the major HA receptors. CD44
interactions with pericellular HA lead to breast
cancer cells migration, invasion, EMT and metasta-
sis [64—67]. The disruption of these interactions
could inhibit the above processes [68,69]. Immuno-
fluorescence revealed that upon HA treatment CD44
signal is attenuated in cellular protrusions as
compared to the control cells. This is more profound
after treatment with 200 kDa HA in MDA-MB-231
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Fig. 5. Impact of HA molecular sizes in morphology of MCF-7 cells in Millipore filter coated with Matrigel. (A, E, 1) MCF-7
cells control group on Matrigel coated Millipore filters (bar 0.1 mm for A, E and 10 pm for I). The cultures include groups of
flattened polygonal cells with short filopodia and globular cells with no microvesicles growing also on the flattened ones.
Many cell-cell contacts among all cells are observed. (B, F, L) MCF-7 cells treated with <10 kDa HA at a final concentration
of 200 pg/mL (bar 0.1 mm for B, F and 10 pm for L). The cultures include groups of globular cells with few microvilli (yellow
arrow) and no microvesicles. In addition, a higher number of flattened polygonal cells in comparison to the control group
are observed. Most of the cells are grouped and show cell-cell contact. (C, G, M) MCF-7 cells treated with 30 kDa HA at a
final concentration of 200 pg/mL (bar 0.1 mm for C, G and 10 pm for M). The cultures include flattened polygonal cells and
a slight increase in number of the globular ones in comparison to the control group is observed. The globular cells are
growing on the flattened ones. All the cells are grouped and create cell-cell contacts. (D, H, N) MCF-7 cells treated with
200 kDa HA at a final concentration of 200 pg/mL (bar 0.1 mm for D, H and 10 pm for N). The cultures include few
flattened polygonal cells and many globular cells in comparison to all cells of the previous groups. The numerous globular
cells grow also on the flattened ones. All cells show cell-cell contacts, few microvilli (yellow arrow) and no microvesicles.

cells that express high levels of CD44. Moreover,
CD44 signal is slightly reduced (Fig. 8D). This result
is well correlated with the morphological changes
observed in the cells after the addition of 200 kDa
HA. On the other hand, the signal seems to be
slightly increased following treatment with 30 kDa
HA in both cell lines. These data are also confirmed
by gqPCR (Fig. 8C). The expression of CD44 was
increased after treatment with 30 kDa HA and
slightly decreased after treatment with 200 kDa HA
(ca. 30% and 18% respectively).

MMPs are major ECM regulators, since they
degrade the matrix macromolecules thus altering
the cell-cell or cell-matrix interactions. These chang-
es could promote cell migration, invasion and

angiogenesis [11,70]. Generally, MMPs and their
natural inhibitors, tissue inhibitors of metalloprotein-
ases (TIMPs), are upregulated in breast cancer
[71-73]. MMPs, like MMP9, are able to form
complexes with HA receptor, CD44, triggering
signaling pathways that increase cancer cells
invasiveness. Moreover, endogenous HA-CD44
interactions lead to upregulation of MMPs expres-
sion, like MT1-MMP promoting cells invasion
[74,75]. Thus, as next step we evaluated the effects
of HA fractions on MMPs and TIMPs expression in
the highly aggressive MDA-MB-231 cells. Notably,
MT1-MMP (MMP14) expression was decreased
upon treatment with 30 and 200 kDa (ca. 46% and
68%, respectively) (Fig. 9A). Although the
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Fig. 6. Impact of HA molecular sizes in morphology of MDA-MB-231 cells in Millipore filter coated with Matrigel. (A, E, 1)
MDA-MB-231 cells control group on Matrigel coated Millipore filters (bar 0.1 mm for A, E and 10 pm for I). The cells appear
grouped with cell-cell contacts. Globular cells with microvilli (yellow arrow) and microvesicles (green arrow) are more
numerous than spindle like shaped cells (red arrows) (mesenchymal phenotype). (B, F, L) MDA-MB-231 cells treated with
<10 kDa HA at a final concentration of 200 pg/mL (bar 0.1 mm for B, F and 10 ym for L). The cultures include globular and
spindle like shaped cells. The elongated mesenchymal-like cells are more numerous than the globular ones (B, F). Most of
the cells show cell-cell contacts. However, many isolated cells passing through Millipore pores are also visible (L). (C, G,
M) MDA-MB-231 cells treated with 30 kDa HA at a final concentration of 200 pg/mL (bar 0.1 mm for C, G and 10 pm for M).
Very thin and flattened polygonal cells with no filopodia, very few microvilli and no microvesicles are observed. On this
culture, globular cells with microvilli (yellow arrow) and microvesicles (green arrow) are also detectable. Cell-cell contacts
are observed among all the cells. (D, H, N) MDA-MB-231 cells treated with 200 kDa HA at a final concentration of 200 pg/
mL (bar 0.1 mm for D, H and 10 pm for N). The cultures include globular cells with microvilli, microvesicles and fewer
elongated cells (D, H). Most of the cells show cell-cell contacts even though very few isolated cells are present. Grouped

globular cells with microvilli (yellow arrow) and microvesicles (green arrow) are also visible (N).

expression of MMP1 increased with <10 and 30 kDa
(Fig. 9B), it was decreased following treatment with
200 kDa HA (ca. 40%). The expression of MMP7
increased after treatment with <10 kDa HA (ca.
31%), whereas it decreased after treatment with 30
and 200 kDa HA (ca. 25% and 45%, respectively)
(Fig. 9C). Concerning the MMP9 expression, al-
though an increment was noted with <10 and 30 kDa
HA, as shown in Fig. 9D, it was downregulated after
treatment with 200 kDa HA (ca. 47%).

In addition, the expression levels of TIMPs were
evaluated in MDA-MB-231 cells. The expression
levels of TIMP1 were increased after treatment with
30 kDa HA (ca. 63%), while suppressed after

treatment with 200 kDa HA (ca. 68%) (Fig. 9E).
The expression levels of TIMP2 of these cells were
increased after treatment with <10 and 30 kDa HA
(ca. 2-fold and 68% respectively). However, the
mRNA levels of TIMP2 were downregulated after
treatment with 200 kDa HA (ca. 51%), as shown in
Fig. 9F.

Plasminogen activation system also plays an
important role in ECM remodeling and cancer cells
migration, invasion and metastasis [76—78]. Endog-
enous HA-CD44 interactions promote the expres-
sion of plasminogen activation system molecules
leading to the increment of cancer cells invasiveness
[74]. Plasminogen activation system molecules are
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Cells were treated with HA fragments of different molecular size for 24 h. Nuclei are shown in blue (DAPI). Scale bars ~20 pm.
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231 cells after treatment with HA fragments at a final concentration of 200 pg/mL for 24 h. (C) gRT-PCR analysis of MMP7 mRNA levels of MDA-MB-231 cells after
treatment with HA fragments at a final concentration of 200 ug/mL for 24 h. (D) gRT-PCR analysis of MMP9 mRNA levels of MDA-MB-231 cells after treatment with HA
fragments at a final concentration of 200 pg/mL for 24 h. (E) qRT-PCR analysis of TIMP1 mRNA levels of MDA-MB-231 cells after treatment with HA fragments at a final
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overexpressed at high invasive MDA-MB-231 cells
[76]. For this purpose, the HA fractions effects were
evaluated on the expression of these molecules (Fig.
9G and H). Notably, urokinase plasminogen activa-
tor (UPA/PLAU) expression levels were downregu-
lated after HA treatment (ca. 30%, 45% and 62%).
Furthermore, the mRNA levels of tissue plasmino-
gen activator (tPA/PLAT) were increased after
treatment with 30 kDa HA (ca. 10%), while its gene
expression was downregulated after treatment with
200 kDa (ca. 45%).

As mentioned above, breast cancer cell behavior
depends on their microenvironment. ECM compo-
nents are able to modify cellular properties, influ-
ence cell signaling and enhance or inhibit cancer
progression. Syndecans (SDCs) are cell surface
heparan sulfate proteoglycans that play pivotal role
to the regulation of cellular responses. SDC-4 is
ubiquitously expressed. Elevated levels of SDC-4 in
breast cancer are correlated to ERs and PgR
expression. SDC-4 promotes cell adhesion and
inhibits the cellular invasion into collagen as well
[79-83]. Heparanase is a matrix degradation en-
zyme that is involved in the shedding of SDCs.
Elevated levels of heparanase are associated with
tumor aggressiveness, angiogenesis and metasta-
sis [84—87]. Notably, as shown in Fig. 10A and B,
treatment with all HA fractions of different molecular
sizes increased the expression of SDC-4 in both cell
lines (62%, 59% and 80% in MCF-7 and 67%, 80%
and 65% in MDA-MB-231 cells following treatments
with <10, 30 and 200 kDa HA, respectively). The
above results are also confirmed by immunofluo-
rescence (Fig. 10E). On the other hand, the
expression of heparanase decreased in both cells
lines (Fig. 10C and D).

Discussion

HA is one of the major ECM components, which
plays pivotal role in several biological processes.
Recent reports demonstrated that HA molecular
size is a key regulator of its properties and functions
[26,88,89]. HA binding to its receptor, CD44,
triggers various signaling pathways promoting
cancer cells proliferation, migration and invasive-
ness [64-66,90-93]. On the other hand, the
interruption of HA-CD44 interactions can attenuate
these signaling cascades [37,38,94-96]. Several
studies indicated that HA fragments, depending
on their molecular size are able to compete
with the endogenous HA for binding to the HA
receptors [26,45,88]. As a result they are able to
inhibit the signaling pathways that are initiated by
the HA binding to CD44 [42,44,89]. This ability of the
HA fractions has been proven to reduce the
aggressiveness of various types of cancer cells
[33-36,39,40,47,97].

In the present study, HA fragments of defined
molecular size were synthesized. The effects of HA
fragments were further evaluated on breast cancer
cells with different ER status; the epithelial ERa-
positive, MCF-7, and the aggressive ERB-positive,
MDA-MB-231 breast cancer cells. HA fragments of
<10, 30 and 200 kDa were evaluated in terms of their
effects on breast cancer cells' functional properties,
morphology and gene expression.

The obtained data demonstrated that the adhesion
of breast cancer cells on collagen type | was
increased after HA treatment (Fig. 10A and B).
These results may be correlated to the increased
expression levels of SDC-4 that were observed
following HA treatment. SDCs play crucial role in
cellular growth, spreading, adhesion and signaling
by acting as co-receptors with integrins and cell-cell
adhesion molecules such collagen type | and
fibronectin [98,99]. SDC-4 in particular has been
correlated with better cancer prognosis and it is
mainly present and concentrated in focal adhesions
[79,81,82,100].

Our data revealed that among the tested HA
fragments, the 200 kDa HA fraction exhibited signif-
icant effects on breast cancer cells. Even though all
the synthesized fractions were able to inhibit breast
cancer cell migration, only this fraction was able to
inhibit cellular invasion and evoked significant
morphological changes in both cell lines leading to
a less aggressive phenotype. This phenomenon
may depend on different signaling pathways and the
partial competition with endogenous HA for CD44
binding.

In breast cancer, MMPs and TIMPs are over-
expressed. Elevated levels of MMPs are associated
to poor prognosis, EMT, cancer cells' invasion and
aggressiveness [11,72,74,101—-109]. CD44 interac-
tions with the endogenous HA upregulate the
expression of MMPs like MT1-MMP, which is
necessary for MMPs activation. MMP9 forms com-
plexes with CD44 leading to cellular invasion
[110,111]. Furthermore, MT1-MMP and MMP9 are
associated with the formation of invadopodia.
Several studies have proven that the downregulation
of these molecules expression can reduce migration,
invasion and angiogenesis [112-117]. Treatment
with 200 kDa HA could reduce invasiveness and
cellular protrusions evoking morphological changes
by significantly decreasing the expression levels of
MT1-MMP, MMP1, MMP7 and MMP9. In addition,
the expression levels of TIMP2 which activates
MMP2 promoting cellular aggressiveness, were
downregulated upon treatment [118-121].

The morphological changes that were triggered by
the addition of 200 kDa HA are supported by
differentiated mRNA levels of major EMT markers
in both cell lines. E-cadherin is the main epithelial
marker that is normally expressed in very low levels
in mesenchymal type cells like MDA-MB-231
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Fig. 10. HA fragments change the expression patterns of SDC-4 and heparanase. (A) qRT-PCR analysis of SDC-4 mRNA levels of MCF-7 after 24 h of HA treatment
at a final concentration of 200 ug/mL. (B) gRT-PCR analysis of SDC-4 mRNA levels of MDA-MB-231 cells after 24 h of HA treatment at a final concentration of 200 ug/
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[12,122,123]. Notably, our data indicate that the
mRNA levels of E-cadherin were increased in both
cell lines. On the contrary, mesenchymal markers
that are upregulated during EMT process and highly
expressed in MDA-MB-231 [1,12,50] were
downregulated.

Moreover, treatment with this 200 kDa HA led to
significant changes of the expression profile of
important ECM regulators in MDA-MB-231. The
expression levels of HAS2 are significantly upregu-
lated in breast cancer cases and are associated with
bad prognosis [51-56,124,125], whereas their
downregulation leads to the reduction of cancer
cells' aggressiveness [59-61]. Our data indicate that
after treatment, the levels of HAS2 expression were
significantly downregulated (Fig. 8A). This observa-
tion can be correlated to the reduction of MDA-MB-
231 aggressiveness. Furthermore, the immunofluo-
rescence data demonstrate that after the treatment
CD44 signal was attenuated, in particular in MDA-
MB-231 protrusions. CD44-HA interactions lead to
cancer cells proliferation, migration, invasiveness
and chemotherapy resistance [65,67,90,126—131].

Plasminogen activation system is essential for
ECM remodeling. It is also correlated to breast
cancer cells invasion and metastasis. Expression of
uPA has been associated with ERK expression
[76-78,132,133] and can be triggered by HA-CD44
interactions [74]. Our data demonstrate that the
expression levels of uPA and tPA in MDA-MB-231
were downregulated after treatment (Fig. 9G and H).
Furthermore, the expression levels of heparanase
that are highly correlated with increased cancer cells
aggressiveness and bad prognosis [84,86,134] were
decreased in both cell lines (Fig. 10C and D).

In conclusion, our findings demonstrate that the
HA fragments could regulate mammary cancer cells
functional properties, morphology and gene expres-
sion. Treatment with 200 kDa HA not only downreg-
ulated the expression levels of molecules that are
correlated to cellular aggressiveness but also
reduced breast cancer cell invasion, proliferation
and migration and led to a less aggressive pheno-
type. The exact mechanism by which the HA
fragments drive these actions is still to be elucidated.
However, our novel data indicate that 200 kDa HA
fragment could be useful in the development of
therapeutic strategies for aggressive mammary
cancer.

Materials and methods

Synthesis of HA fractions

LMW HA fraction (30 kDa) was obtained by chemical
hydrolysis. Solution of 15 mg/mL of 200 kDa HANa
(Fidia Farmaceutici S.p.A.) in 0.1 M NaOH was

prepared. The mixture was split into two batches (A-
B) and stirred at 45 °C for 44 h (batch A) and 66 h
(batch B). Then, the solutions were transferred into
new flasks and 1.0 M HCI was added dropwise for pH
neutralization (final pH = 7.0 £ 0.5). Milli-Q water
(15% of the total solvent amount) and NaCl (0.55 g
for 100 mL of solvent) were added. Then, both the
solutions were precipitated with two volumes of cold
ethanol 96% v/v. Afterwards the solutions were
filtered, washed three times with EtOH/water 9:1 and
vacuum dried overnight. The products were dissolved
in PBS (phosphate buffer saline) 0.1 M, pH =7, at a
concentration of 30 mg/mL, then dialyzed (membrane
cut-off: 20 kDa) against PBS for 2 days and against
milli-Q water for 1 day. The final step was the freeze-
drying. Viscotek analysis was carried out in order to
evaluate the MW of each fraction (Table 1). Batch B
(30 kDa HA) was used for biological evaluation.

HA oligomer (<10 kDa) was obtained by enzymat-
ic hydrolysis. 200 kDa HANa (Fidia Farmaceutici S.
p.A.) was added to 0.1 M acetate buffer pH = 5 (final
HA concentration: 20 mg/mL), and stirred until total
HA dissolution. Afterwards, bovine testes hyaluron-
idase — BTH (Fidia Farmaceutici S.p.A., 800 U/mg,
55 kDa, code: 3506500) was added, under stirring at
37 °C. The reaction was split into two parts (batches
C and D). Batch C was terminated after 72 h: in order
to deactivate the enzyme, the solution was heated at
98 °C for 10 min under stirring. The solution was
ultra-filtrated using a 30 kDa cut-off cassette (Milli-
pore), in order to obtain products with a MW < 30
kDa. Following, the solution was ultra-filtrated using
a 10 kDa cut-off cassette, in order to separate two
polymer fractions, one with MW up to 10 kDa (10—
30 kDa HA) and a second one with MW < 10 kDa
(<10 kDa HA). Finally, the samples were freeze-
dried. The <10 kDa fraction was used for biological
evaluation.

Cell cultures and reagents

MCF-7 (ERa-positive, low metastatic potential)
and MDA-MB-231 (ERB-positive, high metastatic
potential) breast cancer cells were obtained from the
American Type Culture Collection (ATCC). Breast
cancer cell lines were cultured in complete medium
[Dulbecco's Modified Eagle's Medium (DMEM,
LMD1110/500, Biosera)] supplemented with 10%
fetal bovine serum (FBS, FB-1000/500, Biosera), a
cocktail of antimicrobial agents (100 IU/mL penicillin,
100 pg/mL streptomycin, 10 pg/mL gentamycin sul-
fate and 2.5 pg/mL amphotericin B), 1.0 mM sodium
pyruvate and 2 mM L-glutamine. All of the above
were obtained from Biosera LTD. (Courtaboeuf
Cedex, France). The cell lines were routinely
cultured at 37 °C, in 95% humidified atmosphere
air in 5% CO,. When the cell confluency was
approximately 80-85%, cells were harvested with
trypsin-EDTA 1x in PBS (LM-T1706/500, Biosera).
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All experiments were conducted in serum-free condi-
tions. The cytostatic agent cytarabine was purchased
from Sigma Chemical Co. (St Louis, MO, USA).
200 kDa HA was supplied by Fidia Farmaceutici S.p.
A. All the other HA fractions were synthesized at Fidia
Farmaceutici S.p.A. (Abano Terme, ltaly) as de-
scribed above. All other chemicals used were of the
best commercially available grade.

Proliferation assay

MCF-7 and MDA-MB-231 cells were seeded on
96-well plates at a density of 7500 and 5000 cells
per well, respectively. The cells were incubated in
complete medium for 24 h and were serum starved
overnight. Then, serum-free medium containing the
HA fractions at the following concentrations:
12.5 pg/mL, 25 pg/mL, 50 pg/mL, 100 pg/mL and
200 pg/mL, was added and the cells were incubated
for 24 h. In order to evaluate the HA fractions effect
on breast cancer cells proliferation, a crystal violet
assay was used, as described in previous study
[135]. Briefly, cells were washed twice with PBS and
stained with 0.5% w/v crystal violet solution in 20%
methanol/distilled water. The cells were incubated
with the dye at 37 °C for 20 min with 150 oscillations
on a bench rocker. Then, the staining solution was
removed and the cells were washed three times with
distilled water. The cells were left at room temper-
ature overnight in order to dry. The next day,
methanol was added in order to retrieve the dye
that had been bounded to the cells. For this purpose,
the plate was incubated at 37 °C for 20 min with 150
oscillations on a bench rocker. After incubation, the
optical density of each well was measured at 570 nm
(TECAN photometer).

In vitro wound healing assay

MCF-7 and MDA-MB-231 cells were seeded on
12-well plates at a density of 30 x 10* and
25 x 10* cells per well, respectively. Cells were
cultured in complete medium for 24 h and serum
starved overnight. The next day, the cell layer was
wounded by scratching with a sterile 100 pL pipette
tip. The cell layer was washed twice with PBS in
order to remove the detached cells. Then serum-free
medium containing the cytostatic cytarabine (10 pM)
was added, as to minimize possible contribution of
cell proliferation, and it remained until the end of
experiment. After 40 min of incubation, the HA
fractions were added at a final concentration of
200 pg/mL. The wound closure was monitored at 0
and 24 h using a digital camera connected to a
phase-contrast microscope. In order to evaluate the
HA fractions effect on breast cancer cells migration,
the wound surface area was quantified by image
analysis (Image J 1.50b Launcher Symmetry
Software).

Cell adhesion assay

Breast cancer cells were seeded in 6-well plates.
MCF-7 were seeded at a density of 30 x 10* cells
per well and MDA-MB-231 were seeded at a density
of 25 x 10* cells per well. Cells were cultured in
complete medium for 24 h; afterwards, they were
serum starved overnight. The next day, HA fractions
were added for 24 h at a final concentration 200 pg/mL
in serum-free medium. Cells were then harvested
using 4 mM EDTA in PBS, centrifuged and resus-
pended in serum-free medium containing 0.1% BSA.
Then, the cells were counted and seeded in 96-well
plates that were pre-coated with 40 pg/mL collagen
type lin PBS, at4 °C overnight. MCF-7 were seeded at
a density of 2 x 10* cells per well. MDA-MB-231 were
seeded at a density of 1 x 10* cells per well. The next
day the solution was removed, and the plate was
washed twice with PBS and blocked with 1% BSA in
PBS for 30 min. After seeding, the cells were incubated
at 37 °C for 30 min in order to adhere to the surface.
Then the cells were washed twice with PBS in order to
remove the non-adherent ones. The adherent cells
were stained with 0.5% w/v crystal violet in 20%
methanol/distilled water and incubated for 20 min at
37 °C, at 150 oscillations on a bench rocker. The
optical density of each well was measured following the
crystal violet assay, as described above.

Collagen type | invasion assay

In order to evaluate the HA fractions effect on
breast cancer cells invasive capacity, a collagen
type | invasion assay was used, as described in
previous study [136]. Briefly, breast cancer cells
were cultured in complete medium for 24 h and then
serum starved overnight. A collagen type | solution
was prepared as following: 5 volumes of CMF-HBSS
were mixed with 2.65 volumes of complete medium,
1 volume of MEM 10x, 1 volume of 0.25 M NaHCOs,
0.3 volumes of 1.0 M NaOH and 4 volumes of
collagen type | (stock concentration 5 mg/mL). The
final concentration of collagen type | was 1 mg/mL.
The solution was spread homogeneously in 12-well
plates and the plates were left to gelify at 37 °C, 5%
CO, for 1 h. Then, breast cancer cells were seeded
in the plates at a density of 6 x 10* cells per well and
the HA fractions were added at a final concentration
of 200 pg/mL. Cells were incubated for 24 h.
Afterwards, images were taken using a digital
camera connected to a phase-contrast microscope.

In vitro wound healing assay after hyaluronidase
treatment

MCF-7 and MDA-MB-231 cells were seeded on
12-well plates at a density of 30 x 10* and
25 x 10* cells per well, respectively. Cells were
cultured in complete medium for 24 h and serum
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starved overnight. The next day the cell layer was
wounded by scratching with a sterile 100 pL pipette
tip. The cell layer was washed twice with PBS in order
to remove the detached cells. Then hyaluronidase
from Streptomyces hyalurolyticus (Sigma, H1136-
1AMP) was added in serum free-medium at a final
concentration of 1 U/mL and the cells were incubated
at 37 °C, 5% CO, for 1 h. Following the medium was
removed, fresh serum-free medium containing the
cytostatic cytarabine (10 pM) was added and the cells
were incubated for 40 min. Afterwards, the HA fraction
was added at a final concentration of 200 ug/mL. The
wound closure was monitored at 0 and 24 h using a
digital camera connected to a phase-contrast micro-
scope. In order to evaluate the HA fraction effect on
breast cancer cells migration, the wound surface area
was quantified by image analysis (Image J 1.50b
Launcher Symmetry Software).

Scanning electron microscopy

MCF-7 and MDA-MB-231 breast cancer cells were
previously treated with HA fractions of different
molecular size (<10 kDa, 30 kDa and 200 kDa)
and then cultured for 5 h on polystyrene flasks in
order to obtain different HA treated groups of cells.
Untreated MCF-7 and MDA-MB-231 breast cancer
cells were used as control groups. MCF-7 and MDA-
MB-231 breast cancer cells were also cultured for
5 h on a “Isopore Membrane Filter” with pore size of
8.0 ym (Millipore, Milan, ltaly) coated by 50 pL of
Matrigel solution (0.18 pg/pL) (BD Biosciences,
Milan, Italy) as control groups. Furthermore, MCF-7
and MDA-MB-231 breast cancer cells were first
treated with HA fragments of different molecular size
(<10 kDa, 30 kDa and 200 kDa) and then cultured
for 5 h on Millipore filter plus Matrigel to collect
different HA treated groups of breast cancer cells.

All of the MCF-7 and MDA-MB-231 cells cultured
on flasks and on Millipore filter coated by 50 pL of
Matrigel solution were fixed in a Karnovsky's solution
for 20 min. The flasks and the Millipore filters with
adhering cells were rinsed three times with 0.1%
cacodylate buffer, dehydrated with increasing con-
centrations of ethanol, and finally dehydrated with
hexamethyldisilazane (Sigma-Aldrich Inc.) for
15 min. Portions of the flasks and the hole Millipore
filters were mounted on proper stubs, coated with a
5 nm palladium gold film (Emitech 550 sputter-
coater) to be observed under a scanning electron
microscope (SEM) (Philips 515, Eindhoven, the
Netherlands) operating in secondary-electron mode.

RNA isolation, cDNA synthesis and real-time gPCR

Cells were cultured in petri dishes at a density of
80 x 10 cells for 24 h and were serum starved
overnight. HA fractions were added to the cultures at
a final concentration 200 pg/mL and incubated for

24 h. Cells were collected, RNA isolation was
conducted using the NucleoSpin® RNA Il Kit
(Macherey-Nagel, Duren, Germany). In order to
quantify the isolated RNA, the absorbance of each
sample was measured at 260 nm. For the cDNA
synthesis, the PrimeScript™ 1st strand cDNA
synthesis kit perfect real time (Takara Bio Inc.,
Japan) was used. Real-time PCR was conducted
using KAPA Taq ReadyMix DNA Polymerase (KAPA
BIOSYSTEMS, Wilmington, Massachusetts). All the
experiments were carried out according to the
manufacturer's instructions. Real-time gPCR analy-
sis was conducted in 20 pL reaction mixture. The
amplification was performed utilizing Rotor Gene Q
(Qiagen, USA). All the reactions were performed in
triplicate and a standard curve was always included
for each pair of primers for assay validation. In
addition, a melting curve analysis was always
performed for detecting the SYBR Green-based
objective amplicon. To provide quantification, the
point of product accumulation in the early logarith-
mic phase of the amplification plot was defined by
assigning a fluorescence threshold above the
background, defined as the threshold cycle (Ct)
number. Relative expression of different gene
transcripts was calculated by the AACt method.
The Ct of any gene of interest was normalized to the
Ct of the normalizer (GAPDH). Fold changes
(arbitrary units) were determined as 2 22°'. Genes
of interest and the primers that were used are
presented in Table 2.

Immunofluorescence

Cells were seeded on glass cover slips inside a
12-well cell culture plate; MCF-7 at a density of
10 x 10 cells per well and MDA-MB-231 at a
density of 5 x 10* cells per well. Cells were cultured
in complete medium for 24 h and then serum starved
overnight. The next day the HA fractions were added
at a final concentration of 200 pg/mL and the cells
were incubated for 24 h. Cells were washed twice
with 1x PBS and fixed in 4% paraformaldehyde in 1x
PBS. For E-cadherin staining, the cells were fixed in
cold methanol for 5 min and cold acetone for 5 min.
Then, cells were washed three times with 1x PBS-
Tween 0.01% and permeabilized with 0.05% Triton
X-100/PBS-Tween 0.01%. Cells were washed again
with PBS-Tween 0.01% and the specimens were
blocked with 5% BSA in PBS-Tween 0.01% for 1 h.
Coverslips were stained with the primary antibodies
in 1% BSA/PBS-Tween 0.01%, overnight at 4 °C.
The appropriate secondary antibodies in 1% BSA/
PBS-Tween 0.01% were used for 1 h in the dark,
and the coverslips were mounted with DAPI on
microscope slides. Stained slides were observed
using a fluorescent phase contrast microscope
(OLYMPUS CKX41, Qlmaging Micro Publisher
3.3RTV) through a 60x objective. The following
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antibodies were used: E-cadherin (Takara, ECCD-2,
1:200), Hermes-3 (1 pg/mL), SDC-4(sc-12766,
1:50), Alexa Fluor-594 or -488 anti-mouse (Biotium,
PSF006, 1:2000).

Statistical analysis

Reported values are expressed as mean =
standard deviation (SD) of experiments in triplicate.
Statistically significant differences were evaluated
using the analysis of variance (ANOVA) test and
were considered statistically significant at the level
of at least p < 0.05. Statistical analysis and graphs
were made using GraphPad Prism 6 (GraphPad
Software).
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