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Abstract

The oncogenic role of hyaluronan in several aspects of tumor biology has been well established. Recent
studies by us and others suggest that inhibition of hyaluronan synthesis could represent an emerging
therapeutic approach with significant clinical relevance in controlling different breast cancer subtypes,
including triple-negative breast cancer. Epidemiological and preclinical studies have revealed the therapeutic
potential of aspirin (acetyl salicylate), a classical anti-inflammatory drug, in patients with cancer. However, the
underlying molecular mechanisms remain unknown. The present study demonstrates that salicylate, a break
down product of aspirin in vivo, alters the organization of hyaluronan matrices by affecting the expression
levels of hyaluronan synthesizing (HAS1, 2, 3) and degrading (HYAL-1, -2) enzymes, and that of hyaluronan
receptor CD44. In particular, salicylate was found to potently activate AMPK, a kinase known to inhibit HAS2
activity, and caused a dose-dependent decrease of cell associated (intracellular and membrane-bound) as
well as secreted hyaluronan, followed by the down-regulation of HAS2 and the induction of HYAL-2 and CD44
in metastatic breast cancer cells. These salicylate-mediated effects were associated with the redistribution of
CD44 and actin cytoskeleton that resulted in a less motile cell phenotype. Interestingly, salicylate inhibited
metastatic breast cancer cell proliferation and growth by inducing cell growth arrest without signs of apoptosis
as evidenced by the substantial decrease of cyclin D1 protein and the absence of cleaved caspase-3,
respectively. Collectively, our study offers a possible direction for the development of new matrix-based
targeted treatments of metastatic breast cancer subtypes via inhibition of hyaluronan, a pro-angiogenic, pro-
inflammatory and tumor promoting glycosaminoglycan.
© 2020 The Authors. 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, the second leading cause of cancer
deaths in women, exists in multiple subtypes
including ER-positive (luminal A, luminal B) and
ER-negative (HER2 positive, basal-like/triple nega-
tive) tumors according to gene expression patterns
and molecular markers. Metastatic breast cancers
(such as triple negative breast cancer, TNBC) have
the worst prognosis due to lack of effective targeted
therapies [1]. Therefore, there is an urgent need for
thors. Published by Elsevier B.V. This is
ses/by-nc-nd/4.0/).
new treatment schemes that can completely and
selectively ablate metastatic breast cancers with
little or no side effects.
Excessive amounts of hyaluronan due to deregu-

lation of hyaluronan-synthesizing enzymes (mainly
HAS2) are often correlated to poor outcome of
patients with metastatic breast cancer (including
TNBC) [2–4]. Hyaluronan, one of the principal
constituents of the tumor microenvironment, is a
linear glycosaminoglycan found predominately in the
extra- and pericellular spaces of most animal tissues
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2 Salicylate regulates HAS2/hyaluronan in breast cancer
[5,6], but it is also detected intracellularly under
specific developmental and pathological conditions,
including inflammation and cancer [7,8]. Hyaluronan
interacts with specific proteins, like TSG6, and cell
membrane receptors, like CD44, RHAMM, HARE
and toll-like receptors (TLR) 2/4, which mediate its
cellular effects [6,9–14]. Notably, hyaluronan and
CD44 are prominent components of stem cell niches
and their interactions play a critical role in the
maintenance of cancer stem cell phenotype and
the promotion of the metastatic potential of multiple
types of cancer [15].
Hyaluronan is distinct from the other glycosami-

noglycans in size and length, site of biosynthesis,
and lack of core protein and sulfate esters [5,16].
The synthesis and degradation of hyaluronan are
tightly regulated in a cell- and context-dependent
manner [17,18]. Hyaluronan is synthesized by three
plasma membrane integrated hyaluronan-
synthesizing isoenzymes (HAS1, HAS2 and
HAS3), which are controlled in multiple ways. Apart
from their regulation at the transcriptional level as a
response to growth factors [19] and a specific natural
antisense transcript HAS2-AS [20], recent reports
have demonstrated that HASs (in particular HAS2)
are also subject to post-translational modifications
that critically control their stability and activity
[4,21–24]. Specifically, monoubiquitination at Lys190

and O-GlcNAcylation at Ser221 enhance the stability
and enzymatic activity of HAS2 and thus stimulate
hyaluronan synthesis [25,26]. In contrast, phosphor-
ylation of HAS2 at Thr110, a residue located on a
cytosolic loop of the enzyme, by the adenosine
monophosphate-activated protein kinase (AMPK)
suppresses HAS2 enzymatic activity and hyaluro-
nan production [27]. AMPK, a major cellular meta-
bolic sensor and regulator, is a heterotrimeric kinase
formed by a catalytic α subunit and two regulatory β
and γ subunits [28]. In response to metabolic stress,
AMPK is activated by phosphorylation at Thr172 in
the α subunit and phosphorylates target proteins that
switch on catabolic pathways generating ATP, while
switching off ATP-consuming processes at the same
time [29].
Numerous epidemiological and preclinical studies

have shown that aspirin (acetyl salicylate), a widely
used nonsteroidal anti-inflammatory drug (NSAID),
exhibits anticancer effects, while recent clinical trials
have revealed the potential of aspirin for cancer
prevention and therapy [30–33]. Despite the wide
appreciation of the beneficial effects of aspirin in
patients with cancer, the underlying molecular
mechanisms remain unclear. In vivo, aspirin is
rapidly broken down to salicylate by endogenous
esterases, which remove the acetyl group [34,35].
Accumulating evidence suggest that salicylate and
aspirin can both exert anti-inflammatory functions by
interfering with prostaglandin synthesis through
inhibition of cyclooxygenases (COX) enzymes
through, however, different mechanisms. For exam-
ple, aspirin inhibits COX activity by acetylation, while
salicylate blocks COX expression at the transcrip-
tional level [36,37]. Recent studies have revealed
additional targets of these compounds, such as
histones [38], cell cycle regulators [39], heparanase
[40], uPA [41], and AMPK [42].
The finding that salicylate can directly activate

AMPK together with the inhibitory action of AMPK on
hyaluronan synthesis through HAS2 phosphoryla-
tion and inactivation, led us to investigate whether
hyaluronan could be a potential target of salicylate.
Our findings suggest that salicylate inhibits the
synthesis of hyaluronan through activation of
AMPK and potently suppresses the aggressiveness
of MDA-MB-231 cells, a widely used breast cancer
cell model for metastatic TNBC subtype.

Results

Salicylate activates AMPK in breast cancer cells

It has been reported that salicylate activates
AMPK in human embryonic kidney cells and this
was associated with increased phosphorylation of
Thr172 on AMPK [42]. To explore this possibility in
breast cancer cells, MDA-MB-231 cells were sub-
jected to a 24 h treatment with 10 mM salicylate in
the absence or presence of fetal bovine serum (FBS,
10%). Indeed, the results showed that salicylate
induced the phosphorylation of AMPK on Thr172 also
in breast cancer cells under both culture conditions
(Fig. 1A). In serum-cultured cells, phosphorylated
AMPK was nearly undetectable or at low levels,
while salicylate treatment resulted in a robust
phosphorylation of AMPK at levels similar to those
observed after incubation with AICAR (5-amino-1-β-
D-ribofuranosyl-imidazole-4-carboxamide), an AMP
analog that is known to stimulate AMPK activity (Fig.
1A). In addition, 4-methylumbelliferone (4-MU), an
established inhibitor of hyaluronan synthesis, also
induced AMPK phosphorylation in serum-cultured
cells in a moderate manner (Fig. 1A). We further
examined AMPK phosphorylation by treating cells
with 10 mM salicylate for different time periods
(5 min, 30 min, 3 h, 6 h, 12 h, 24 h) in the absence
or presence of serum. In both culture conditions, we
found that salicylate activated AMPK within the first
5 min and this activation maintained for at least 24 h
(Fig. 1B). These results suggest that salicylate
rapidly induces AMPK activation in metastatic breast
cancer cells.

Salicylate inhibits hyaluronan biosynthesis and
accumulation in breast cancer cells

AMPK phosphorylates and inactivates HAS2 [27].
We therefore investigated whether salicylate inhibits



Fig. 1. Salicylate activates AMPK in metastatic breast cancer cells. Immunoblot analyses (n = 4) of phosphorylated
AMPK at Thr172 in the α subunit and total AMPKα after (A) treatment with AICAR (1 mM), salicylate (10 mM) and 4-MU
(1 mM) for 24 h, and (B) treatment with salicylate (10 mM) for various time periods (0 min, 5 min, 30 min, 3 h, 6 h, 12 h,
24 h), in the absence (0%) or presence (10%) of serum (FBS). Statistical differences with untreated cells are indicated with
black asterisks (***p b 0.001).
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hyaluronan biosynthesis through activation of
AMPK. We first performed immunofluorescence
analysis for cell-associated (i.e. intracellular and
membrane-bound) hyaluronan. Under baseline con-
ditions, different subcellular distributions of hyalur-
onan were observed depending on the absence or
presence of serum. In the serum-starved cells,
intracellular hyaluronan was found condensed in
the perinuclear zone while in the presence of serum
it appeared more diffuse in the cytosol (Fig. 2A).
Regarding the membrane-bound hyaluronan, it was
present throughout the cell in the absence of serum
but showed a patchy pattern when cells were
cultured with serum (Fig. 2A). Notably, salicylate
caused a significant re-distribution and reduction of
cell-associated (intracellular and membrane-bound)
hyaluronan in serum-starved cells which was,
however, less obvious in cells cultured in 10% FBS
(Fig. 2A). These changes were associated with
significant cellular morphological alterations since
salicylate-treated cells appeared more elongated
(Fig. 2A).
To further explore the effect of salicylate on
hyaluronan production, we quantified total hyalur-
onan secreted by MDA-MB-231 cells following a 6 h,
12 h and 24 h incubation with increasing concentra-
tions (5, 10 and 20 mM) of salicylate in the absence
or presence of serum. The results showed that
serum-starved cells synthesized lower hyaluronan
amounts compared to those cultured with serum
(Fig. 2B). Interestingly, salicylate caused a dose-
dependent decrease of hyaluronan production at all
time points, which was more obvious when cells
were cultured in the presence of serum (Fig. 2B). To
evaluate the effect of salicylate on non-malignant
cells, we quantified hyaluronan secreted by normal
skin fibroblasts treated with salicylate in the absence
or presence of serum. The results revealed that
salicylate caused a significant dose-dependent
decrease of hyaluronan production under both
culture conditions also in these cells (Supplementary
Fig. 1A).
Overall, these results suggest that salicylate

suppresses hyaluronan synthesis, secretion and

Image of Fig. 1


Fig. 2. Salicylate inhibits hyaluronan biosynthesis and secretion in metastatic breast cancer cells. (A) Immunofluorescence analysis of intracellular and membrane-
bound hyaluronan was performed with biotin-HABP (green) in MDA-MB-231 cells treated for 24 h with PBS (0 mM, control) or salicylate (10 mM) in the absence (0%) or
presence (10%) of serum (FBS). Nuclei are shown in blue (DAPI). Scale bars ~40 μm. (B) Quantification of secreted hyaluronan amounts by a microtiter-based assay in
conditioned media of MDA-MB-231 breast cancer cells treated for 6, 12 and 24 h with salicylate (5, 10 and 20 mM) in the absence (0%) or presence (10%) of serum
(FBS). The values represent the mean ± SD of 3 independent experiments run in triplicate. Statistical differences (*p b 0.05, **p b 0.01, ***p b 0.001) between salicylate-
treated and control (0 mM) cells, and between different treatments are indicated with black and red asterisks, respectively. Statistical differences between serum-
starved cells (0% FBS) and cells cultured in the presence of serum (10% FBS) are indicated with hashtag (#p b 0.001).
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5Salicylate regulates HAS2/hyaluronan in breast cancer
accumulation in metastatic breast cancer cells as
well as in non-malignant cells.

Salicylate affects hyaluronan metabolizing en-
zymes (HASs, HYALs) and CD44 receptors in
breast cancer cells

The significant decrease in cell-associated and
secreted hyaluronan, led us to examine whether
salicylate also affects the expression of hyaluronan
metabolizing enzymes, i.e. hyaluronan synthases
(HAS1, HAS2 and HAS3) and the two key
hyaluronan-degrading enzymes (HYAL-1 and
HYAL-2), as well as various isoforms of the main
hyaluronan receptor CD44 (CD44s, CD44v3,
CD44v6, and CD44v9). As shown in Fig. 3A,
salicylate significantly repressed (about 50%,
pb0.001) HAS2, the main hyaluronan synthase in
MDA-MB-231 cells, and to a lesser extent HAS1
(pb0.05). In contrast, salicylate induced HAS3
(pb0.05). The observed substantial inhibitory effect
of salicylate on HAS2 mRNA levels, prompted us to
monitor the expression of HAS2 in MDA-MB-231
cells following a 6 h, 12 h and 24 h incubation with
salicylate, in the absence or presence of serum. The
results confirmed the significant down-regulation of
HAS2 in serum-starved cells after 24 h treatment
with salicylate, which was also evident at earlier time
point (12h) (pb0.01, Fig. 3B). However, when cells
were cultured in serum, salicylate did not exhibit any
appreciable effect on HAS2 expression (Fig. 3B).
Regarding hyaluronan-degrading enzymes, salic-

ylate was found to induce HYAL-2 (pb0.05, Fig. 3A),
which is the main hyaluronidase in MDA-MB-231
cells, while it reduced HYAL-1 about 40% (pb0.01,
Fig. 3A). However, exposure of the cells to salicylate
did not result in the production of fragmented
hyaluronan in the conditioned medium indicating
no apparent induction of hyaluronidase activity
(Supplementary Fig. 3). Furthermore, treatment
with salicylate caused a strong induction (about
70%) of the main CD44 form (CD44s) in these cells
(pb0.001, Fig. 3A), while it also significantly upreg-
ulated the expression of specific CD44 isoforms
(CD44v3 and CD44v9) (Fig. 3A).
Collectively, our results indicate that salicylate

globally affects hyaluronan-related molecules (i.e.
HASs, HYALs, CD44) at the transcriptional level in
these cells.

Salicylate suppresses breast cancer cell viabili-
ty and proliferation

In order to investigate whether the effect of
salicylate on hyaluronan affects breast cancer cell
functional properties, we exposed cells to increasing
concentrations of the drug for different time periods
and recorded the effects on cell viability and
proliferation. In a short-term (48 h) experiment,
MDA-MB-231 cells were treated with 5, 10 or
20 mM salicylate in the absence or presence of
serum. Under both culture conditions, we found a
significant reduction in cell proliferation and viability,
which was more pronounced in cells cultured in the
presence of serum (Fig. 4A). Serum-starved cells
reacted at 5 mM of salicylate (approx. 40% reduc-
tion, pb0.001) and remained at similar levels also
with higher concentrations (10 and 20 mM) of the
drug (Fig. 4A). On the other hand, when cells were
cultured in the presence of serum, this reduction was
dose-dependent reaching about 80% at the highest
concentration of salicylate (20 mM, pb0.001, Fig.
4A). Similar results on cell viability with regard to
drug concentration and culture conditions were
obtained for the metastatic Hs 578T breast cancer
cell line (Supplementary Fig. 2A). To further examine
the effect of salicylate on cell viability, we performed
a long-term experiment (up to 10 days) with MDA-
MB-231 cells exposed to increasing concentrations
of salicylate in the presence of serum. The results
revealed a significant reduction in cell viability and
proliferation that reached over 90% at all concentra-
tions used (5, 10 and 20 mM) on day 10 compared to
untreated cells (pb0.001, Fig. 4B). However, salic-
ylate did not affect the viability and proliferation of
non-malignant cells (normal skin fibroblasts) at all
concentrations used (5, 10 and 20 mM) in this study
(Supplementary Fig. 1B).
To further investigate these observations, we

performed immunoblotting analyses for cyclin D1
and cleaved caspase-3, which play central roles in
the regulation of cell cycle progression and induction
of apoptosis, respectively. Notably, the results
revealed a substantial decrease of cyclin D1 protein
levels with increasing concentrations of salicylate
(Fig. 4C). On the other hand, salicylate treatment did
not result in any effect on caspase-3 (Fig. 4C).
Altogether, these data suggest that salicylate po-
tently suppresses the growth of metastatic breast
cancer cells by promoting cell cycle arrest rather
than by inducing apoptosis.

Salicylate attenuates breast cancer cell migra-
tion

Next, we performed wound-healing assays with
increasing concentrations of salicylate for different
time periods (6, 12, 24, 48 h) in the absence or
presence of serum in order to evaluate the effect of
the drug on breast cancer cell migration. In the
presence of serum, we found a significant inhibition
in the migratory potential of MDA-MB-231 cells at all
concentrations of salicylate 24 h and 48 h post-
treatment, with the effect becoming evident within
12 h with the highest concentration (20 mM) of the
drug (Fig. 5A). The reduction was less pronounced in
serum-starved cells which, however, already reacted
within 6 h at the higher concentrations (10 and



Fig. 3. Salicylate affects the expression of hyaluronan metabolizing enzymes (HASs, HYALs) and CD44 receptors in metastatic breast cancer cells. (A) Quantitative
qPCR analyses of HAS1, HAS2, HAS3, HYAL-1, HYAL-2, CD44s, CD44v3, CD44v6 and CD44v9 after treatment with 10 mM salicylate for 24 h in the absence (0%) of
serum (FBS). (B) Quantitative qPCR analysis of HAS2 expression after treatment with 10 mM salicylate for 6, 12 and 24 h in the absence (0%) or presence (10%) of
serum (FBS). The values represent the mean ± SD of 3 independent experiments run in triplicate. Statistical differences (*p b 0.05, **p b 0.01, ***p b 0.001) between
salicylate-treated and control (0 mM) cells, and between different treatments are indicated with black and red asterisks, respectively.
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Fig. 4. Salicylate suppresses metastatic breast cancer cell viability and growth. Cell viability after treatment with PBS (0 mM, control) or increasing concentrations of
salicylate (5, 10 and 20 mM) in the absence (0%) or presence (10%) of serum (FBS) for (A) 48 h (short exposure) and (B) 2, 4, 6, 8 and 10 days (long exposure). The
values represent the mean ± SD of 3 independent experiments run in triplicate. (C) Immunoblot analyses (n = 3) of cyclin D1, total and cleaved caspase-3, and GAPDH
in control or salicylate-treated MDA-MB-231 cells in the absence (0%) or presence (10%) of serum (24 h post-treatment). Statistical differences (**p b 0.01, ***p b 0.001)
between salicylate-treated and control (0 mM) cells, and between different treatments are indicated with black and red asterisks, respectively. Statistical differences
between serum-starved cells (0% FBS) and cells cultured in the presence of serum (10% FBS) are indicated with hashtag (#p b 0.001). 7
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Fig. 5. Salicylate induces changes in actin cytoskeleton and CD44 distribution, and inhibits the migration of metastatic breast cancer cells. (A) Migration of MDA-MB-
231 cells treated with PBS (0 mM, control) or increasing concentrations of salicylate (5, 10 and 20 mM) in the absence (0%) or presence (10%) of serum (FBS). The
values represent the mean ± SD of 4 independent experiments run in triplicate. Statistical differences between salicylate-treated and control cells are indicated with
black asterisks (*p b 0.05, **p b 0.01, ***p b 0.001). (B) Immunofluorescence analysis for filamentous actin (F-actin, green) and CD44 (red) in MDA-MB-231 cells
exposed to PBS or 10 mM salicylate for 24 h in the absence (0%) or presence (10%) of serum (FBS). Nuclei are shown in blue (DAPI). Scale bars ~40 μm.
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9Salicylate regulates HAS2/hyaluronan in breast cancer
20 mM) of salicylate (Fig. 5A). The suppressive
effect of salicylate on metastatic breast cancer cell
migration was further supported by the potent
inhibition of Hs 578T cell motility after treatment
with increasing concentrations of the drug (Supple-
mentary Fig. 2B).
Since the migratory potential of the cells is closely

associated with their cytoskeletal changes, we
performed immunofluorescence analysis using
Phalloidin-iFluor488 to visualize actin filaments (F-
actin). Cells cultured in the presence of serum
exhibited a well-organized actin cytoskeleton show-
ing a more intense staining at cell membrane
protrusions compared to serum-starved cells (Fig.
5B). Salicylate induced severe morphological
changes to the cells as they became shrinked and
elongated followed by perturbation of the actin
cytoskeleton (Fig. 5B). Notably, in serum-cultured
cells, the drug reduced filamentous actin staining at
cell membrane protrusions showing a patchy ex-
pression pattern (Fig. 5B).
Next, we used anti-CD44 antibody to visualize the

subcellular distribution of the hyaluronan receptor
CD44, which often contributes to the cell migratory/
invasive potential. While under both culture condi-
tions (0% and 10% FBS) CD44 appeared diffuse in
the cytosol and clustered to actin-rich membrane
protrusions of the tumor cells, serum-starved cells
showed a more patchy expression of the receptor
(Fig. 5B). Of note, CD44 signal remained strong (or
even stronger in some cases) in salicylate-treated
cells, but it was markedly redistributed following the
cell shape changes induced by the drug (Fig. 5B).
Collectively, salicylate markedly induced changes in
actin cytoskeleton organization and overall breast
cancer cell morphology with a concurrent redistribu-
tion of hyaluronan receptor CD44.

Salicylate enhances breast cancer cell adhe-
siveness

The observed inhibitory effect of salicylate on
breast cancer cell motility prompted us to investigate
the adhesive capacity of salicylate-treated MDA-MB-
231 cells to collagen type I matrices in the absence
or presence of serum. To this end, we exposed cells
to increasing concentrations (5, 10, and 20 mM) of
salicylate for 24 h, which were then transferred to
dishes pre-coated with collagen type I and incubated
for 30 min. Counting of adherent cells revealed that
salicylate significantly induced cell adhesion in the
presence of serum (Fig. 6A). However, serum
deprivation resulted in lower tumor cell adhesion,
which was moderately enhanced after treatment with
10 mM salicylate (Fig. 6A).
To further investigate these observations, we

performed immunofluorescence analyses of the
cells grown on collagen type I matrices. In the
presence of serum, cells appeared more rounded
with intense presence of actin filaments at the cell
periphery, which was not the case for serum-starved
cells (Fig. 6B). Salicylate induced cell rounding also
under serum-free conditions, while it evoked actin
cytoskeleton reorganization under both culture
conditions (Fig. 6B). Notably, salicylate appeared
to promote actin-rich cell-cell contacts in serum-
starved cells, which were less obvious in cells
cultured under nutrient-rich conditions (arrows, Fig.
6B). This observation is reinforced by the finding of
the induction of E-cadherin expression solely in
serum-starved cells after salicylate treatment (Fig.
6C). Furthermore, immunofluorescence analysis of
cells grown on collagen type I for CD44 showed a
remarkable redistribution of the receptor after salic-
ylate treatment, which was localized primarily in the
perinuclear zone (mainly in cells cultured in the
presence of serum) (Fig. 6B). Collectively, these
results suggest that salicylate promotes breast
cancer cell adhesiveness via different mechanisms
depending on nutrient availability in the microenvi-
ronment of the cell.
Discussion

Hyaluronan promotes tumorigenesis, cancer me-
tastasis, and chemoresistance. Cell-associated
(pericellular, intracellular) hyaluronan influences
virtually all cell-cell and cell-matrix interactions,
controlling cell growth, apoptosis, motility, differen-
tiation, epithelial to mesenchymal transition, and
stem cell functions [4,6,8,15,17,43]. In breast can-
cer, HAS enzyme levels are related to poor
differentiation, tumor aggressiveness and poor
prognosis for patients [2–4,44]. It has been proposed
that the high expression of HAS2 and CD44 in ER-
negative breast cancer cells might have a significant
clinical relevance in controlling TNBC distant metas-
tasis [2]. Notably, silencing or antisense inhibition of
HAS2 suppressed the malignant phenotype of
invasive breast cancer cells and inhibited the
formation of tumors in vivo [45,46]. In line with this,
we recently reported that 4-MU exhibited tumor-
suppressive functions in mammary carcinoma cells
of distinct malignant phenotypes and estrogen
receptor status suggesting that hyaluronan synthe-
sis inhibition could represent an emerging therapeu-
tic approach with significant clinical relevance in
controlling different breast cancer subtypes [47].
The finding that salicylate, which is rapidly formed

in vivo after aspirin (acetyl salicylate) administration,
can directly activate AMPK [42], a kinase that is
known to phosphorylate and inactivate HAS2 [27],
led us to investigate whether salicylate inhibits
hyaluronan biosynthesis.
The therapeutic effects of aspirin and salicylate in

inflammation and cancer were thought to be exerted
through multiple mechanisms, predominately via



Fig. 6. Salicylate enhances the adhesiveness of metastatic breast cancer cells. (A) Adhesion of MDA-MB-231 cells on
collagen type I matrix after treatment with PBS (0 mM, control) or increasing concentrations of salicylate (5, 10 and 20 mM)
for 24 h in the absence (0%) or presence (10%) of serum. (B) Immunofluorescence analysis of cells treated for 24 h with
PBS or 10 mM salicylate for filamentous actin (F-actin, green) and CD44 (red) in the absence (0%) or presence (10%) of
serum. Nuclei are shown in blue (DAPI). Arrows point at newly formed cell-cell contacts. Scale bars ~40 μm. (C)
Quantitative qPCR analysis of E-cadherin expression after salicylate (10 mM) treatment for 24 h in the absence (0%) or
presence (10%) of serum. The values represent the mean ± SD of 3 independent experiments run in triplicate. Statistical
differences between salicylate-treated and control (0 mM) cells are indicated with black asterisks (*p ≤ 0.05, **p ≤ 0.01).
Statistical differences between serum-starved cells (0% FBS) and cells cultured in the presence of serum (10% FBS) are
indicated with hashtag (#p b 0.001).
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Fig. 7. Proposed model of salicylate-mediated onco-suppressive effects in metastatic breast cancer cells. Salicylate inhibits hyaluronan biosynthesis and
accumulation through: (1) phosphorylation and activation of AMPK, (2) conjugation with precursor substrates (UDP-GlcUA), (3) down-regulation of HAS2 (in nutrient
deprivation conditions) and up-regulation of HYAL-2. These changes are followed by the repression of cyclin D1 and the marked redistribution of actin filaments and
CD44 resulting in inhibition of cell proliferation/growth and cell motility, respectively. For details, see text.

11
S
alicylate

regulates
H
A
S
2/hyaluronan

in
breast

cancer

Image of Fig. 7


12 Salicylate regulates HAS2/hyaluronan in breast cancer
COX inhibition and NF-κB pathway modulation
[48,49]. However, additional mechanisms have
been also proposed, including direct allosteric
activation of AMPK [42,50], mTOR signaling inhibi-
tion and induction of autophagy [50], regulation of
epigenetic effectors like CBP/p300 [38] as well as
tumor microenvironment modulation as evidenced
by the inhibition of the tumor-promoting and angio-
genic matrix-degrading enzymes heparanase [40]
and uPA [41]. These studies suggest that salicylate
and aspirin influence several molecular pathways
and that their anti-cancer activities can be attributed
to multiple targets.
Our study adds to the target spectrum of these

drugs, since we show for the first time that salicylate
affects the hyaluronan molecular network. This
effect was accompanied by a significant repression
of the malignant phenotype of metastatic breast
cancer cells. The observed onco-suppressive prop-
erties of salicylate on breast cancer cells are in line
with the effects of aspirin and salicylate on various
types of malignant tumors [38,40,51–54]. The results
of the present study support a model where
salicylate rapidly activates AMPK and causes a
dose-dependent reduction of cell-associated (i.e.
intracellular and membrane-bound) hyaluronan as
well as in the extracellular space. The inhibitory
effect of salicylate on hyaluronan production in
metastatic breast cancer cells seems to have
occurred at several levels (see Fig. 7). First,
salicylate activated AMPK, as evidenced by the
increased phosphorylation of Thr172 on AMPK-α
(Fig. 1), promoting phosphorylation of HAS2 [27], the
main HAS in MDA-MB-231 cells [47], thereby
inhibiting hyaluronan biosynthesis. Second, salicy-
late modulated the major hyaluronan metabolizing
enzymes (i.e. HAS2 and HYAL-2) in this breast
cancer cell model at the transcriptional level with no,
however, apparent changes in hyaluronidase activ-
ity. The observation of a more obvious decrease of
secreted hyaluronan in cells cultured with serum
compared to serum-starved cells already at 6 h after
treatment with salicylate (Fig. 2B) without remark-
able alterations in HAS2 mRNA levels (Fig. 3B)
supports the hypothesis that salicylate affected the
hyaluronan synthesizing capacity of these cells
mainly through AMPK activation that reached its
highest levels in the same time frame (Fig. 1B). We
would like to note out that the observation that
serum-starved cells synthesized low hyaluronan
amounts could be due to autophagic clearance of
HAS2 evoked by the nutrient deprivation, which is a
novel mechanism for hyaluronan suppression re-
cently demonstrated by Chen and colleagues [55].
As a consequence, the effect of salicylate on
secreted hyaluronan from these cells is moderate.
Third, according to the literature, salicylate could
conjugate with glucuronic acid to form salicyl
phenolic glucuronide and salicyl acyl glucuronide
during its metabolic processing [33,56]. This raises
the possibility that salicylate may interfered with the
generation of the UDP-precursors (i.e. UDP-GlcUA)
needed for hyaluronan synthesis. As a result, UDP-
GlcUA availability was reduced, UDP-GlcUA concen-
tration declined in the cytosol and hyaluronan synthesis
was inhibited. However, this possibility remains to be
elucidated in this breast cancer cell model.
Our findings further suggest that salicylate inhibits

breast cancer cell proliferation and growth by
inducing cell cycle arrest rather than apoptosis.
This is in line with previous observations where
salicylate induced cell cycle changes in MDA-MB-
231 cells [41] and acetyl salicylate inhibited the
proliferation of vascular smooth muscle cells and
colon adenocarcinoma cells by halting cell cycle
progression without inducing apoptosis [57,58].
Interestingly, in ER-positive breast cancer cells,
combined treatment with aspirin and tamoxifen (an
ER antagonist) down-regulated cyclin D1 and
blocked cell cycle in G0/G1 phase [59]. However,
other studies have reported an apoptotic response of
tumor cells to aspirin suggesting cell-type and
context-specific mechanisms [60]. Furthermore, the
altered subcellular topology of hyaluronan and CD44
after salicylate treatment suggests their possible
involvement in cyclin D1 down-regulation, since it
has been shown that the translocation of CD44 to the
nucleus induces STAT3/p300 complex formation
and binding to the cyclin D1 promoter to induce its
expression and cell proliferation [61]. Finally, the
possibility that salicylate-mediated suppression of
proliferation could be also due to the substantial
decrease of cell-associated hyaluronan should not
be excluded given the established promoting roles of
intracellular and membrane-bound hyaluronan in
mitosis and cell proliferation [8,62]. Importantly, the
inappreciable effect of salicylate on non-malignant
cell growth and proliferation further supports its use
in vivo as a potential anti-cancer modality with no or
minimal side effects.
The inhibitory effect of salicylate on the motility of

metastatic breast cancer cells observed within the
first 24 h of treatment could be associated with the
marked decrease of membrane-bound (Fig. 2A) and
secreted hyaluronan (Fig. 2B) as well as the
significant cell morphological changes induced by
the drug in the same time frame (Fig. 5B). Due to
their hydroscopic properties, hyaluronan molecules
are known to create favorable microenvironments for
the cells to proliferate and migrate [63]. Therefore,
their elimination from the pericellular area could
decrease mammary tumor cells' migratory potential.
Moreover, the salicylate-mediated subcellular redis-
tribution of CD44, which showed a diffused pattern
followed by its reduced presence in cell protrusions,
together with the marked disorganization of actin
microfilaments, are compatible with a less motile
phenotype. This concept is also supported by the
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salicylate-evoked inhibition of the activity of certain
components of the plasminogen activation system in
MDA-MB-231 cells, such as uPA [41], which are
known to create a localized microenvironment of
elevated matrix degradation by activating multiple
proteolytic pathways facilitating migration and inva-
sion of cancer cells [64]. The reduced migration of
breast cancer cells after salicylate treatment is
further illustrated by their increased adhesive ca-
pacity on collagen type I matrices (Fig. 6A) and the
appearance of newly formed cell-cell contacts (Fig.
6B, arrows) followed by E-cadherin up-regulation
(Fig. 6C) all of which are associated with a less
motile phenotype. Importantly, the underlying mech-
anisms responsible for the adhesiveness of meta-
static breast cancer cells seem to differentiate
depending on microenvironmental nutrient availabil-
ity. It should be noted that the inclusion of the
cytostatic agent cytarabine in all wound-healing
assays supports the conclusion that the scratch
repopulation was not influenced by cell proliferation.
The fact that cyclooxygenases are major targets of

salicylate and its acetylated derivative, aspirin,
together with the observation that COX-2 is markedly
elevated in cancer cells [65,66] have led to the
assumption that the onco-suppressive potential of
the drugs might be also due to inhibition of COX-2.
However, this is yet unclear and most of the studies
suggest COX-independent anticancer mechanisms
since they have demonstrated that aspirin sup-
presses proliferation and growth of several cancer
cell types regardless of COX-2 expression levels
[51–54,67]. Our finding that salicylate inhibits hya-
luronan biosynthesis could suggest an additional
anticancer mechanism that could involve COX-2,
since it has been shown that hyaluronan-CD44
interactions promote activation of COX-2 signaling
and cancer cell survival [68]. However, this possibil-
ity remains to be elucidated in this breast cancer cell
model.
Although both aspirin and salicylate have been

widely used anti-inflammatory drugs for years,
recent epidemiological and preclinical studies as
well as clinical trials have revealed the therapeutic
potential of aspirin in patients with cancer of various
types (reviewed in [33]). For instance, a retrospec-
tive analysis of TNBC patients showed that aspirin
increased disease-free survival rate and reduced the
risk of metastasis [69].
In conclusion, we discovered that hyaluronan, a

pro-angiogenic, pro-inflammatory and tumor-
promoting glycosaminoglycan, is a target of salicy-
late. Our findings provide new mechanistic insights
that could explain, at least in part, the anticancer
effects of aspirin through modulation of specific
constituents of the tumor cell microenvironment.
One caveat is the high-dose of aspirin required to
activate AMPK in vivo and inhibit endogenous
hyaluronan biosynthesis and accumulation in tumor
cells. Of note, peak plasma concentrations and half-
life of salicylate are orders of magnitude higher than
those of acetyl salicylate [34]. The present study
offers a direction for the development of new matrix-
based therapeutic schemes, utilizing existing low-
cost drugs with beneficial effects in yet incurable
specific breast cancer subtypes. The status of
mutations in oncogenes as well as the expression
levels or activity of aspirin/salicylate targets such as
COX, CDK, uPA, heparanase, hyaluronan/HAS2
may help identify cancer patients who may benefit
from these drugs. Undoubtedly, further studies and
randomized clinical trials are necessary to validate
aspirin/salicylate-included regimens.
Materials and methods

Cell culture and reagents

The MDA-MB-231 and Hs 578T (highly metastatic;
triple negative, ERα-/PR-/HER2-) breast cancer cell
lines were obtained from the American Type Culture
Collection (ATCC). Human normal skin fibroblasts
(AG01523) were kindly provided by Dr. Kletsas
(Laboratory of Cell Proliferation & Ageing, National
Centre for Scientific Research ‘Demokritos’, Athens,
Greece). Cells were routinely cultured in complete
medium [Dulbecco's Modified Eagle's Medium
(DMEM, #LM-D1110/500, Biosera) supplemented
with 10% fetal bovine serum (FBS, #FB-1000/500,
Biosera) and antimicrobial agents cocktail (100 IU/
mL penicillin, 100 μg/mL streptomycin, 10 μg/mL
gentamycin sulfate and 2,5 μg/mL amphotericin B)]
at 37 °C, 95% humidified air/5% CO2. Fresh medium
was added to the cultures every two days. Upon
reaching 80% confluency, cells were detached with
trypsin-EDTA 1× in PBS for 3 min (#LM-T1706/500,
Biosera) and seeded in a new petri dish. Depending
on the experiment, the assays were conducted in the
absence (serum-deprived) or presence of 10% FBS.
Sodium salicylate (#106601) was obtained from
Merck Millipore. All chemicals used in the present
study were of the best commercially available grade.

Secreted hyaluronan quantification with solid
phase assay

The determination of secreted hyaluronan by
breast cancer cells was performed as described
previously [25]. Shortly, 4-5 × 104 MDA-MB-231
cells per well were seeded in a 24-well plate in
complete medium for 24 h. The medium was then
replaced with serum free medium and the cells were
starved overnight (16–18 h). The next day, the cells
were incubated with 0, 5, 10 and 20 mM salicylate
diluted in DMEM with 0% or 10% FBS for 6, 12 and
24 h. Conditioned media were then collected and
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stored at −20 °C until further analysis. Cells were
stained with crystal violet (see below) for cell number
normalization in hyaluronan concentration determi-
nation. Nunc MaxiSorp® flat-bottom 96-well micro-
titer plates (#44-2404, Invitrogen, Thermo Scientific)
were pre-coated overnight with 100 μL per well of
1 μg/mL HABP (Hyaluronan binding protein) diluted
in 50 mM carbonate buffer (pH 9,5) at 4 °C. Subse-
quently, the wells were blocked with 1% BSA/PBS
for 1 h at room temperature at 300 oscillations on a
bench rocker. Following their dilution (1:8 in 1%
BSA/PBS), conditioned media (100 μL) were added
to each well (in triplicates) and were incubated for
1 h at room temperature. Next, 100 μL of bHABP
(biotinylated-HABP) 0.5 μg/mL in 1% BSA/PBS
were added to each well and incubated for 1 h at
room temperature followed by incubation with
100 μL of peroxidase-conjugated streptavidin
(1:1,600 diluted, #SA202, EMD Millipore) for 1 h at
room temperature and, then, incubation with 100 μL
of 3,3′,5,5′-tetramethyl-benzidine (#34028, Thermo
Scientific) for 3–4 min at room temperature. Finally,
50 μL 2 M H2SO4 per well were added to stop the
reaction and the absorbance was measured at
450 nm using a TECAN photometer, utilizing Ma-
gellan 6.

Short-term cell proliferation assay

The assay was carried out as described by
Feoktistova and colleagues [70]. Shortly, 5 × 104

(for 0% FBS) and 4 × 104 (for 10% FBS) MDA-MB-
231 cells were seeded in each well of 24-well plate
and incubated for 24 h. Following an overnight (16–
18 h) incubation with serum free medium, cells were
incubated with 0, 5, 10 and 20 mM salicylate diluted
in DMEM with 0% or 10% FBS for 48 h. Then, the
cells were washed twice with PBS and stained with
200 μL per well 0.5% (w/v) crystal violet solution in
20% methanol/distilled water for 20 min at room
temperature with 150 oscillations on a bench rocker.
Staining solution was removed and the excess dye
was washed away using tap water, followed by two
washes with distilled water. The stained cells were
left to dry at room temperature overnight. Then,
methanol (200 μL) was added to each well and the
cell-bound dye was retrieved after 20 min incubation
of the plate at 150 oscillations on a bench rocker at
room temperature. Optical density of each well was
measured at 570 nm using a TECAN photometer,
utilizing Magellan 6.

Long-term cell proliferation assay

5 × 103 MDA-MB-231 cells were seeded in each
well of 24-well plate and incubated with complete
medium for 24 h. The cells were then incubated
with 0, 5, 10 and 20 mM salicylate diluted in
DMEM with 10% FBS. Every two days, fresh
medium containing salicylate in the appropriate
concentrations was added to the cells. At desired
time periods (2, 4, 6, 8 and 10 days), the cells
were stained with crystal violet solution and
methanol (200 μL) was added to each well to
retrieve the cell-bound dye after 20 min incubation.
Optical density of each well was measured at
570 nm as described above.

Wound healing assay

The assay was performed as described previ-
ously [47]. In brief, 25 × 104 (for 0% FBS) and
20 × 104 (for 10% FBS) MDA-MB-231 cells were
seeded in each well of a 12-well plate in complete
medium. After 24 h incubation, cells were serum
starved overnight (16–18 h). Cell monolayers were
scratched using a pipette tip and washed twice
with Dulbecco's Phosphate Buffered Saline (PBS,
#LM-52041/500, Biosera). The cells were then
incubated with DMEM containing 0, 5, 10, 20 mM
salicylate with or without 10% FBS and 10 μM
cytarabine (Pfizer) for the desired time periods.
Photos were captured at 0, 6, 12, 24 and 48 h
utilizing a color digital camera (CMOS) mounted
on a phase contrast microscope (OLYMPUS
CKX41, QImaging Micro Publisher 3.3RTV)
through a 10× objective. The images were
quantified with Image J 1.50b Launcher Symmetry
Software.

Collagen type I cell adhesion assay and immu-
nofluorescence staining

The assay was performed as described previously
[47]. Shortly, 30 × 104 (for 0% FBS) and 20 × 104

(for 10% FBS) MDA-MB-231 cells were seeded in 6-
well plates in complete medium and incubated for
24 h followed by overnight starvation (16–18 h) with
serum free medium. The cells were incubated with 0,
5, 10 and 20 mM salicylate diluted in DMEM with 0%
or 10% FBS for 24 h. Afterwards, the cells were
dissociated using 5 mM EDTA in PBS (10 min in
room temperature), collected, centrifuged, reconsti-
tuted in serum free medium containing 0.1% BSA
and counted. 25 × 103 cells were seeded and
incubated for 30 min to adhere in a pre-coated
(with 40 μg/mL collagen type I in PBS at 4 °C
overnight) 96-well plate blocked with 1% BSA in PBS
for 30 min. Then, cells that didn't adhere were
removed with two washes with PBS and each well
was stained with 0.5% (w/v) crystal violet in 20%
methanol/distilled water for 20 min at 37 °C at 150
oscillations on a bench rocker. After staining, the
procedure was followed as previously described.
For immunofluorescence, the cells were seeded

on coverslips pre-coated with 40 μg/mL collagen
type I in PBS and the staining was performed as
described below.
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Immunofluorescence studies

The assay was performed as described before
[47]. Briefly, 5 × 104 (for 0% FBS) and 4 × 104 (for
10% FBS) MDA-MB-231 cells were seeded on UV-
sterilized glass coverslips and cultured with com-
plete medium for 24 h. The cells were starved
overnight (16–18 h) with serum free medium. Next,
the cells were incubated with 0, 5, 10 and 20 mM
salicylate diluted in DMEM with 0% or 10% FBS for
24 h. The cells were fixed with 4% para-
formaldehyde in PBS (pH 7.2–7.4) and perme-
abilized with 0.05% Triton X-100/PBS-Tween
0.01% for 1 min, followed by quenching with
200 mM glycine in PBS for 30 min at room temper-
ature and blocking with 5% bovine serum albumin
(BSA)/PBS-Tween 0.01% for 1 h at room tempera-
ture. Afterwards, primary antibody against CD44
(1 μg/mL, Hermes-3 kindly provided by Dr. S.
Jalkanen) and Phalloidin-iFluor™ 488 Conjugate
(1:40, #00042, Biotium CF™488A) in 1% BSA/PBS-
T were added and samples were incubated at 4 °C
overnight. The next day, the appropriate secondary
antibody was added in 1% BSA/PBS-Tween 0.01%
[1:1000, #20110, goat anti-mouse IgG (H + L),
Biotium CF™594] and incubated for 1 h in the
dark. Finally, the cells were washed with distilled
water, stained and mounted with DAPI. Between
each step after fixation cells were washed 3 times
with PBS-Tween 0.01%. Slides remained in dark
overnight and then visualized using a fluorescent
phase contrast microscope (OLYMPUS CKX41,
QImaging Micro Publisher 3.3RTV) at 60×.
For cell-associated hyaluronan staining, the same

protocol with specific modifications was performed.
In particular, for the detection of intracellular hyalur-
onan, fixed cells were treated with 1 U/mL (in PBS)
bovine hyaluronidase PH-20 and then permeabilized
with 0.05% Triton X-100/PBS. For the detection of
membrane-bound hyaluronan, cells were not sub-
jected to any treatment (neither hyaluronidase nor
Triton X-100). All washes were performed with PBS/
10% ethanol and cells were blocked with 5% BSA/
PBS containing blocking solution (4 drops of
streptavidin and 4 drops of biotin) to block the
endogenous biotin and avidin (#E-21390, Molecular
Probes). Hyaluronan was stained with bHABP (4 μg/
mL in 1% BSA/PBS) and detected with streptavidin
Alexa Fluor™ 488-conjugate (1:1,000 in 1% BSA/
PBS, #S11223, Thermofisher Scientific).

RNA isolation, cDNA synthesis, and Real time-
PCR

RNA isolation was carried out using the NucleoS-
pin® RNA, MACHEREY-NAGEL kit according to the
manufacturer's instructions. Isolated RNA was
quantified by measuring absorbance at 260 nm.
cDNA was synthesized using the PrimeScript™ RT
reagent Kit (Perfect Real Time), TAKARA
(#RR037A) kit according to the manufacturer's
instructions. Real time-PCR analysis was conducted
in 20 μL reaction mixture, according to the manu-
facturer's instructions. The amplification was per-
formed utilizing Rotor Gene Q (Qiagen, USA). All
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 Greenbased objective amplicon. To provide
quantification, the point of product accumulation in
the early logarithmic 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 ΔΔCt
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−ΔΔCt. Genes of interest and utilized primers are
presented in Table I.

Western blot analysis

Cells after treatment with the desired agents and
time points were washed twice with PBS and stored
in −80 °C until use or lysed immediately using RIPA
lysis buffer [50 mM Tris-HCl (pH = 8.0), 150 mM
NaCl, 1% NP-40, 0.5% sodium deoxycholate, 2%
sodium dodecyl sulfate and 100× HALT protease
and phosphatase inhibitor cocktail (#1861281, Ther-
mo Fischer Scientific)] at 4 °C for 30 min. Every
10 min the cell pellet was vortexed for 10 s. Then,
the samples were centrifuged at 13,000 rpm for
10 min at 4 °C and the supernatants were collected
in new eppendorf tubes. Next, 6× SDS-sample buffer
[0.5 M Tris-HCl (pH 6.8), 30% (w/v) glycerol, 10%
(w/v) SDS, 0.6 M DTT, 0.012% (w/v) bromophenol
blue] was added and the lysates were boiled at
100 °C for 5 min. The samples were separated by
SDS-PAGE in 10% polyacrylamide gels and trans-
ferred to nitrocellulose membranes (0.45 μM pore
diameter, #10600002, GE Healthcare Life Sci-
ences). The membranes were blocked in 5% (w/v)
BSA or skim non-fat dry milk in TBS (pH 7.4)
containing 0.05% Tween-20 (TBS-T) for 1 h at
room temperature and were then incubated with
primary antibodies against: p-AMPKα (rabbit, 1:500,
#2535, Cell Signaling), AMPKα (rabbit, 1:500,
#2532, Cell Signaling), cyclin D1 (mouse, 1:200,
#sc-8396, SANTA CRUZ Biotechnology), caspase-3
(rabbit, 1:1,000, #9665, Cell Signaling), GAPDH
(rabbit, 1:2,000, #2118, Cell Signaling) in 1% BSA/
TBS-Tween 0.1% + 0.02% NaN3 for 16–18 h at
4 °C. After three 5-min washes in TBS-T, mem-
branes were incubated with goat anti-rabbit HRP
(1:10,000, Thermo Scientific) or goat anti-mouse
HRP (1:10,000, Pierce) in 1% BSA or skim non-fat



Table I. Primer sequences used for qPCR.

Gene Primer sequence Tannealing

CD44s Sense:ATAATAAAGGAGCAGCACTTCAGGA
Anti-sense:ATAATTTGTGTCTTGGTCTCTGGTAGC

60 °C

CD44v3 Sense:ATAATGGCTGGGAGCCAAATGAAGAAA
Anti-sense:ATAATCATCATCATCAATGCCTGATCCAGA

60 °C

CD44v6 Sense:ATAATCAGAAGGAACAGTGGTTTGGCA
Anti-sense:ATAATGTCTTCTTTGGGTGTTTGGCGA

60 °C

CD44v9 Sense:ATAATGAGCTTCTCTACATCACATGAAGGC
Anti-sense: TAATGTCAGAGTAGAAGTTGTTGGATGGTC

60 °C

HAS1 Sense:GGAATAACCTCTTGCAGCAGTTTC
Anti-sense: GCCGGTCATCCCCAAAAG

60 °C

HAS2 Sense:TCGCAACACGTAACGCAAT
Anti-sense:ACTTCTCTTTTTCCACCCCATTT

60 °C

HAS3 Sense:AACAAGTACGACTCATGGATTTCCT
Anti-sense:GCCCGCTCCACGTTGA

60 °C

HYAL-1 Sense:GATTGCAGTGTCTTCGATGTGGTA
Anti-sense:GGGAGCTATAGAAAATTGTCATGTCA

60 °C

HYAL-2 Sense:CTAATGAGGGTTTTGTGAACCAGAATAT
Anti-sense:GCAGAATCGAAGCGTGGATAC

60 °C

E-cadherin Sense: TAC GCC TGG GAC TCC ACC TA
Anti-sense: CCA GAA ACG GAG GCC TGA T

60 °C

GAPDH Sense: AGGCTGTTGTCATACTTCTCAT
Anti-sense: GGAGTCCACTGGCGTCTT

60 °C
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dry milk /TBS-T for 1 h at room temperature.
Subsequently, the membranes were washed three
times for 5 min with TBS-T and detection of the
proteins was performed with ECL (#WBKLS0500,
Immobilon™ Western Chemiluminescent HRP Sub-
strate, Millipore), according to the manufacturer's
instructions.

Molecular size analysis of hyaluronan in super-
natants of MDA-MB-231 breast cancer cells

Analysis of the size of hyaluronan in the cultured
media of MDA-MB-231 cells was performed by
agarose gel electrophoresis as described in the
online protocol (PEGNAC_HA_Size; NHLB1 award
number PO1HL107147). Briefly, 60 × 104 cells were
seeded in 60 mm dishes, cultured with complete
medium for 24 h and starved overnight (16-18 h)
with serum free culture media. Then, cells were
treated with 10 mM salicylate in the absence (0%) of
serum for 24 h and the supernatants were collected.
The conditioned medium was incubated with 0.1 μg/
mL Proteinase K (Ambion, Cat. No. #AM2546) at
60 °C for 4 h. Then, 4 volumes of pre-chilled
(−20 °C) 100% ethanol were added to each sample
followed by incubation at −20 °C, overnight. Next,
the samples were centrifuged at 4,000 RPM for
10 min, at room temperature and the supernatants
were discarded. The pellets were washed by adding
1 mL of pre-chilled (−20 °C) 75% ethanol, vortexing
and centrifugation at 13,000 RPM for 10 min, at
room temperature. The supernatants were dis-
carded, residual ethanol was removed with pipette
and the samples were air-dried for 20 min at room
temperature. The pellets where then diluted in
200 μL of 100 mM ammonium acetate by vortexing
followed by incubation at room temperature for
20 min. Next, the proteinase K was heat inactivated
at 100 °C for 5 min. Samples were left on ice to chill
for 5 min and the nucleic acids were digested with
25 U/μL DNase at 37 °C, overnight. The next day,
the enzyme was heat inactivated at 95 °C for 5 min.
Afterwards, 400 μL of pre-chilled (−20 °C) 100%
ethanol were added to each sample and incubated
overnight at −20 °C. The samples were then
centrifuged at 13,000 RPM for 10 min at room
temperature and the supernatants were discarded.
The pellets were washed with 1 mL of pre-chilled
(−20 °C) 75% ethanol, vortexed and centrifuged at
13,000 RPM for 10 min. The supernatants were
once more discarded, residual ethanol was removed
with pipette and the pellets were air-dried for 20 min.
The pellets were re-suspended in 100 μL of 100 mM
ammonium acetate and lyophilized in centrifugal
vacuum concentrator, re-suspended in 15 μL of
10 M formamide and left overnight at 4 °C. Then,
0.2 μL of sample loading buffer (0.2% bromophenol
blue in 10 M formamide) per 10 μL of sample were
added and the samples were loaded in 2% agarose
gel (SeaKem GTG agarose, made with TAE buffer).
Electrophoresis was run for 45 min at 100 V.
Hyaluronan standard (1000 kDa, Q-Med, Uppsala,
Sweden) was run in parallel. The gel was then
equilibrated for 1 h in 30% ethanol and incubated
with Stains-All solution (Sigma, Cat. No. #E9379,
final concentration 25 μg/mL) in 30% ethanol in
dH2O. After overnight incubation at room tempera-
ture in the dark, the staining solution was discarded
and replaced by dH2O for 1 h to destain. The gel was
scanned using an Epson scanner.
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Statistical analysis

Each experiment was performed at least three
times. Reported values are expressed as mean ±
standard deviation. Significance in experiments with
two groups were determined by unpaired Student's t-
test, whereas statistical analyses for experiments
with more than two groups were calculated via One-
way analysis of variance (ANOVA) (*pb0.05,
**pb0.01, ***p b0.001, #pb0.001).
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