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Abstract

Hyaluronan (HA) is a ubiquitous extracellular matrix component playing a crucial role in the regulation of cell
behaviors, including cancer. Aggressive breast cancer cells tend to proliferate, migrate and metastatize.
Notably, triple-negative breast cancer cells lacking the expression of estrogen receptor (ER) as well as pro-
gesterone receptor and HER2 are more aggressive than ER-positive ones. As currently no targeted therapy
is available for triple-negative breast cancer, the identification of novel therapeutic targets has a high clinical
priority. In ER-negative cells, tumoral behavior can be reduced by inhibiting HA synthesis or silencing the
enzymes involved in its metabolism, such as HA synthase 2 (HAS2). HAS2-AS1 is a long non-coding RNA
belonging to the natural antisense transcript family which is known to favor HAS2 gene expression and HA
synthesis, thus bolstering malignant progression in brain, ovary, and lung tumors. As the role of HAS2-AS1
has not yet been investigated in breast cancer, in this work we report that ER-positive breast cancers had
lower HAS2-AS1 expression compared to ER-negative tumors. Moreover, the survival of patients with ER-
negative tumors was higher when the expression of HAS2-AS1 was elevated. Experiments with ER-negative
cell lines as MDA-MB-231 and Hs 578T revealed that the overexpression of either the full-length HAS2-AS1
or its exon 2 long or short isoforms alone, strongly reduced cell viability, migration, and invasion, whereas
HAS2-AS1 silencing increased cell aggressiveness. Unexpectedly, in these ER-negative cell lines, HAS2-
AS1 is involved neither in the regulation of HAS2 nor in HA deposition. Finally, transcriptome analysis
revealed that HAS2-AS1 modulation affected several pathways, including apoptosis, proliferation, motility,
adhesion, epithelial to mesenchymal transition, and signaling, describing this long non-coding RNA as an
important regulator of breast cancer cells aggressiveness.

© 2022 Elsevier B.V. All rights reserved.
Introduction

Breast cancer is the most diagnosed cancer in
women with over 2.3 million new cases in 2020 [1].
Based on the expression of specific markers (i.e.,
r B.V. All rights reserved.
PAM50), breast cancer can be classified into four
subtypes in which the growth of transformed cells
can be driven by the activation of receptors as
human epidermal growth factor receptor 2 (HER2),
estrogen receptor (ER) and progesterone receptor
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(PR) as well as the presence of BRCA mutations.
The therapeutic strategies change in function of the
cancer subtypes. As ER-expressing breast cancers
can be specifically treated using estrogen antago-
nists (i.e., tamoxifen) in combination with aromatase
inhibitors, they show a good prognosis and survival
rate [2], whereas triple-negative breast cancers
(TNBC, lacking the expression of HER2, ER, and
PR), having no specific targets to point drugs, prog-
nosis is poor [3].
Metastases are the most critical aspect of breast

cancers representing the first cause of death for
patients [4]. TNBC cells are highly aggressive with an
elevated capability to disseminate to distant organs.
The acquisition of an invasive phenotype is far to be
fully understood. Critical factors supporting cancer
cells spreading are the secretion of a complex cock-
tail of degradative enzymes aimed to disassemble
the extracellular matrix (ECM) surroundings the tumor
cells, as well as the synthesis of particular ECM com-
ponents able to modulate cellular pathways, thus
enhancing the hallmarks of cancer, such as prolifer-
ative signaling, evading growth suppressors, resisting
cell death, enabling replicative immortality, inducing
angiogenesis, activating invasion and metastasis,
inducing abnormal metabolic pathways and evading
the immune system [5,6].
ECM is so noteworthy not only because it deter-

mines the mechanical properties of tissues but also
because cells can recognize ECM components, for
example via integrins or other receptors, triggering a
plethora of cellular responses [7]. ECM is composed
of a mesh of structural proteins and glycosaminogly-
cans, which are attached to core proteins to form
proteoglycans [8]. Hyaluronan (HA) is an unusual
glycosaminoglycan as it is unsulphated and free
from core proteins. It is composed of a huge number
(i.e., 2000�25,000) of repeating disaccharide units
of N-acetyl-glucosamine (GlcNAc) and glucuronic
acid (GlcUA), with molecular mass ranging from 105

to 107 Da [9]. HA modulates cell motility, prolifera-
tion, differentiation, and inflammation by interacting
with several membrane receptors like CD44 and
receptor for HA-mediated motility (RHAMM) trigger-
ing protein tyrosine kinases, focal adhesion kinase
and extracellular signal-regulated kinases (ERK)
activation [10].
HA is one of the major matrix molecules accumu-

lating in human breast malignancies [11,12], and the
amount of HA in the tumor stroma or the neoplastic
cell compartment impacts the overall outcome [13].
HA is associated with invasion, lymphangiogenesis,
angiogenesis, epithelial to mesenchymal transition
(EMT), metastases, and multidrug resistance [14,15].
Interestingly, as many tumors express high levels of
CD44, HA can be also employed in functionalizing
drug carriers (i.e., liposomes and nanoparticles) to
target the treatment of neoplastic cells [16].
In mammals, HA metabolism depends on the activ-
ity of three different synthetic enzymes called HA syn-
thases (HAS1, 2 and 3) located on the plasma
membrane, as well as on different degrading
enzymes called hyaluronidases [17]. Little is known
about the specific role of HAS isoenzymes in patho-
physiology. Among all HASes, the most important in
humans is HAS2, which is widely expressed and
finely regulated from transcriptional to post-transla-
tional level [18]. In ER-positive cancer cells as MCF-
7, the expression of HASes and HA production is low
[19]; interestingly, it was described that enhanced HA
degradation, as well as HAS2 overexpression,
decrease the expression of estrogen receptor favor-
ing tumor growth [20,21]. Contrary to ER-positive
tumor cells, in TNBC cell lines such as MDA-MB-231,
HAS2 is dramatically upregulated leading to an
abnormal HA accumulation and favoring tumors
spreading [19,22�24]. The rapid HA turnover in
TNBC leads to the production of low molecular mass
HA that sustains invasive phenotypes [25,26]. The
synthesis of HA in tumor cells is also supported by
other pathways as the metabolic reprogramming of
cancer cells that leads to an increase of anabolic pre-
cursors availability [27], altered O-GlcNAcylation
which stabilizes HAS2 [28,29], vitamin D availability
and vitamin D receptor expression [30] and pharma-
cological treatments [31]. Additionally, recent findings
suggest that breast cancer cells secrete the new pro-
tein C10orf118 that induces stromal cells, like fibro-
blasts, to produce HA [32].

The crucial role of HA and HAS2 in breast cancers
is demonstrated by the inhibition of HASes by using
4-methylumbelliferone (4-MU) and knocking down
HAS2 which reduced both the spreading and growth
of cancer cells [23,33�35]. However, 4-MU is not
specific and inhibits all the HASes; moreover, by
reducing the availability of UDP-GlcUA to form 4-MU
glucuronide [36], 4-MU could affect other biochemi-
cal reactions as glucuronidations [14]. Further, 4-MU
could cause potential detrimental effects as
described for glycocalyx alteration in an animal
model for atherosclerosis [37]. Therefore, other spe-
cific pathways involving HAS2 and regulating HA
production should be identified, to find a potential
target for new pharmacological treatments.

HAS2 possesses a complex and specific epige-
netic regulation [38] that involves the long non-cod-
ing RNA (lncRNA) HAS2-AS1. lncRNAs are
functional RNA molecules that are transcribed from
DNA but not translated into proteins, although
recently it has been described that some micropepti-
des can be translated from lnRNAs’ short open read-
ing frame [39,40], being able to regulate gene
expression [41]. Specifically, the natural antisense
transcript HAS2-AS1 is located on the opposite
DNA strand of the HAS2 gene on human chromo-
some 8, and we demonstrated that HAS2-AS1
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regulates the chromatin structure around the HAS2
promoter in human aortic smooth muscle cells by
interacting with p65 and allowing an efficient HAS2
messenger transcription [42]. lncRNAs can also
interact with proteins, mRNA, or microRNA (miRNA)
in the cytosol and, indeed, HAS2-AS1 has been
described to form a duplex with HAS2 transcript in
renal cells favoring its stability [43]. Interestingly,
HAS2-AS1 has two main isoforms due to alternative
splicing on exon 2, generating exon 2 long (L) and
short (S) isoforms of 174 and 257 bp, respectively
[44], both sharing complementarity with exon 1 of
HAS2 mRNA. The physiological role of these two
isoforms is completely unknown.
The role HAS2-AS1 has been described in sev-

eral malignancies where it generally increases
aggressiveness. In fact, HAS2-AS1 favors invasive-
ness of oral squamous cell carcinoma [45], pro-
motes tumor progression in glioblastoma [46�48],
and induces epithelial ovarian cancer proliferation
and invasion [49]. Further, HAS2-AS1 has been
also described to accelerate non-small cell lung can-
cer chemotherapy resistance [50]. Surprisingly, the
role of HAS2-AS1 in breast cancers is not yet deeply
investigated although it is involved in mouse mam-
mary gland epithelial cells transformation by Trans-
forming growth factor-beta [51]. Therefore, this work
aims to investigate the role of HAS2-AS1 in human
cellular models of ER-positive and negative breast
cancers.
Results
HAS2-AS1 expression is higher in TNBC and
breast cancer tissues and is correlated with
better overall survival

Although the expression of HAS2-AS1 was
already demonstrated in aggressive breast cancers
[51], the aim of this work was to investigate the
effects of HAS2-AS1 overexpression or silencing in
regulating breast cancer cell line aggressiveness (i.
e., viability, migration, and invasion).
Firstly, we decided to study the expression of

HAS2-AS1 in a panel of three ER/PR positive and
four triple-negative breast cancer cell lines and
HBL100, which was used as a non-cancerous con-
trol cell line. As shown in Fig. 1A, HAS2-AS1 tran-
script levels, tested through quantitative RT-qPCR,
were higher in TNBC cell lines with respect to ER/
PR/HER2 positive cell lines. We obtained similar
results taking advantage of the Cancer Cell Line
Encyclopedia from the Broad Institute and Novartis,
2019 update [52]. We downloaded the HAS2-AS1
expression values from the cBioPortal database and
analyzed the data using GraphPad Prism Software,
finding a higher expression in ER-negative to
ER-positive invasive breast cancer cell lines (Sup-
plemental Fig. 1A).

We also investigated HAS2-AS1 expression in
breast cancer tissues by using data from the Cancer
Genome Atlas (TCGA) Breast Invasive Carcinoma
Project [52]. We found that the HAS2-AS1 transcript
levels were significantly higher in ER-negative com-
pared to ER-positive samples (Fig. 1B). Additionally,
survival analysis of the same TCGA dataset showed
no statistically significant correlation between
HAS2-AS1 expression and overall survival in
patients with ER-positive breast cancer (Fig. 1C). In
contrast, HAS2-AS1 expression was found to be
positively correlated with overall survival of ER-neg-
ative breast cancer patients (Fig. 1D).

These results suggest that there was a different
expression of HAS2-AS1 in breast cancer cell lines
and tissues highlighting a higher expression in
TNBC cell lines and ER-negative cancer tissues.
Moreover, an elevated HAS2-AS1 expression in
ER-negative cancer tissues was correlated to higher
survival of patients.

HAS2-AS1 modulates cell viability in TNBC cell
lines but not in ER-positive cell lines

To investigate the possible effect of HAS2-AS1
modulation on cell viability, we measured cell viabil-
ity by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay comparing four breast
cancer cell lines that are routinely used as a model
of aggressive TNBC (MDA-MB-231 and Hs 578T) or
non-aggressive ER-positive cancers (MCF-7 and T-
47D). In MCF-7 cells the transient HAS2-AS1 siRNA
silencing obtained by transfecting 50 nM siRNA
against HAS2-AS1 (Fig. 2A), did not affect cell viabil-
ity. Similar results were obtained by overexpressing
the full length (FL) or the short (S) and long (L) iso-
forms of HAS2-AS1 (Fig. 2B and C). Comparable
data on cell viability were observed on the other
non-aggressive ER-positive cell line T-47D (Supple-
mental Fig. 2A, B).

When testing cell viability on the aggressive triple-
negative MDA-MB-231 cell line, we found that the
transient silencing of HAS2-AS1 doubled cell viabil-
ity with respect to the control cells transfected with
scrambled siRNA (Fig. 2D). Interestingly, MDA-MB-
231 cells transfected to overexpress HAS2-AS1 FL
(Fig. 2E) or the S or L isoforms of exon 2 (Fig. 2F)
showed a statistically significant reduction of viability
with respect to the control cells transfected with the
empty vectors. Interestingly, this biological effect
seems to be dependent on the length of the two iso-
forms, as the transfection of the construct coding for
the L isoform has a stronger inhibitory effect than the
S isoform.

We also tested the aggressive ER-negative cell
line Hs 578T, finding that the viability after HAS2-
AS1 silencing was unaltered with respect to MDA-



Fig. 1. HAS2-AS1 is highly expressed in triple-negative breast cancer cells and associated with a good progno-
sis in ER-negative breast cancer. (A) Absolute quantification of HAS2-AS1 copy numbers in triple-negative (blue) and
ER/PR positive (red) breast cancer cell lines. The white bar represents the transformed but non-tumoral cell line HBL
100. Data are expressed as mean § SEM of triplicates of three independent experiments. (B) Unpaired analysis of
HAS2-AS1 gene expression in patient samples derived from invasive breast carcinomas (TCGA-BRCA gene expression
data, cBioPortal.org), stratified for ER expression. ****, p < 0.0001. Data are expressed as mean§S.E.M. Kaplan Meier
survival analysis of either ER-positive (C) or ER-negative (D) TCGA-BRCA breast cancer tissues. A cut off of HAS2-AS1
expression at the 25th percentile was applied.
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MB-231. Interestingly, after HAS2-AS1 overexpres-
sion cell viability decreased, as in MDA-MB-231,
althought to a lower extent.
These results suggest that the modulation of

HAS2-AS1 expression levels affected the viability
only of aggressive TNBC cell lines. Further, HAS2-
AS1 transient silencing or overexpression in ER-
negative cell lines induced an increase or a
decrease of cell viability, respectively.

HAS2-AS1 influences motility and polarity of
aggressive TNBC cell lines

The evaluation of cell migration was performed in
the T-47D, MDA-MB-231, and Hs 578T cell lines by
a 2D scratch assay, known also as wound healing
assay, in the presence of 0.1% fetal bovine serum
(FBS) to reduce cell proliferation. Fig. 3A shows that
the transient silencing of HAS2-AS1 in the aggres-
sive TNBC MDA-MB-231 cell line increased cell
migration to a confluent monolayer compared to
control cells. On the contrary, the transient overex-
pression of the FL isoform of HAS2-AS1 or the tran-
sient overexpression of S or L isoforms of exon 2 of
HAS2-AS1 significantly decreased cell migration
(Fig. 3B, C). Similar results were obtained on the
other aggressive TNBC Hs 578T cell line (Supple-
mental Fig. 3A, B).

The modulation of HAS2-AS1 expression in the
non-aggressive ER-positive cell line T-47D, instead,
did not significantly alter the migratory properties of
the cells (Supplemental Fig. 3C, 3D).

Considering the lack of effects on the migration of
ER-positive cell lines upon HAS2-AS1 modulation,
to evaluate 3D cell motility we focused on MDA-MB-
231 and performed a Matrigel cell invasion assay.
As shown in Fig. 3D, the transient silencing of
HAS2-AS1 dramatically increased cell invasive
capabilities. As a control, we transiently silenced
HAS2 by transfecting 50 nM of siRNA against



Fig. 2. HAS2-AS1 selectively inhibits cell viability in ER-negative breast cancer cells. (A) MTT assay performed
in MCF-7 upon the transfection for 48 h of 50 nM HAS2-AS1 siRNA or relative scrambled control, or the transfection of 2
mg of (B) plasmid overexpressing HAS2-AS1 full-length or (C) pcDNA3 vector overexpressing exon 2 of HAS2-AS1 short
(S) or long (L) isoforms with relative control empty vector (CNTR). MDA-MB-231 viability tested through MTT assay after
the (D) transfection of 50 nM HAS2-AS1 siRNA or the transfection of 2 mg of plasmid overexpressing HAS2-AS1 (E) full
length or (F) the S or the L isoforms of exon 2 with relative empty control vectors. All the experiments were conducted four
times in triplicates. Data are expressed as mean§S.E.M. **,p < 0.01; ***,p < 0.001.
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HAS2, which is known to promote motility and, as
expected, the invasion capabilities of the cells were
significantly reduced. On the contrary, when MDA-
MB-231 cells were transiently transfected with con-
structs overexpressing the S or L isoforms of exon 2
of HAS2-AS1 their invasive capabilities were signifi-
cantly reduced (Fig. 3E).
Since cell shape is related to the ability of a cell to

move, we performed morphometric analyses of
MDA-MB-231 cells that were in scratch area 24 h
after the removing of the cell with a pipette tip. Cells
were stained with DiI (Fig. 4A, B, C) and the long
and the short axis of cells were measured via NIH
ImageJ software (Fig. 4D). As expected HAS2-AS1
silenced cells, that showed high migratory capabili-
ties, had a greater long:short axis ratio, whereas
HAS2-AS1 overexpressing cells had a lower long:
short axis ratio, suggesting a roundish shape typical
of non-moving cells similar to those silenced for
HAS2 (Fig. 4 E, F, and G).
These results indicate that the modulation of
HAS2-AS1 influenced the motility of TNBC cell
lines.

HAS2-AS1 does not alter HA levels and HAS2
expression in MDA-MB-231 cells

HAS2-AS1 is known to regulate HAS2 expression
and, consequently, HA deposition which is often
associated with cancer progression and metastasis
[41,53]. To test whether HAS2-AS1 modulation
could alter HA production in MDA-MB-231 cells, we
measured the levels of HA released in the culture
medium by ELISA and quantified HA contained in
the pericellular matrix by particle exclusion assay
and flow cytometry. As shown in Fig. 5A, the tran-
sient silencing of HAS2-AS1 did not alter the amount
of HA released in the culture medium. As a control
experiment, we transiently silenced HAS2 and found
a significant reduction of HA released in the



Fig. 3. HAS2-AS1 inhibits breast cancer cell motility and invasiveness. (A) Scratch assay performed in MDA-MB-
231 after the transfection of 50 nM HAS2-AS1 siRNA or scrambled control for 48 h. (B) Scratch assay upon MDA-MB-
231 transfection for 48 h with 2 mg of plasmid overexpressing HAS2-AS1 full length or (C) the S or the L isoforms of exon
2 or relative control empty vectors. Data were analysed using the free software TScratch and represented as mean §
SEM of five independent experiments. Bars represent the % of wound closure after 24 h of migration in absence of serum
and are normalized on the initial wound area at time 0. *,p < 0.5. (D) Matrigel invasion assay performed in MDA-MB-231
after the transfection of 50 nM siRNA against HAS2-AS1 or HAS2 or scrambled control for 48 h. (E) Matrigel invasion
assay upon MDA-MB-231 transfection for 48 h with 2 mg of vectors overexpressing HAS2-AS1 S or L isoforms of exon 2
or relative empty control vector. As a control, MDA-MB-231 cells were silenced for HAS2 using 50 nM of target siRNA.
Data are represented as relative invasiveness of control and displayed as mean § SEM of eight independent experi-
ments. *,p < 0.5; **,p < 0.01;***,p < 0.001; ****,p < 0.0001.
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conditioned medium. Similarly, also the transient
transfection of the S or L isoforms of exon 2 of
HAS2-AS1 did not alter the amount of HA released
into the conditioned medium (Fig. 5B). Further,
HAS2-AS1 transient silencing did not change HA
associated with the cell layer (i.e., pericellular
matrix) as measured in Fig. 5C. As a control experi-
ment, we transiently silenced HAS2 and degraded
the HA with hyaluronidase, finding significant reduc-
tions of the pericellular matrix suggesting that the
method we used was reliable. To further confirm
these data, we stained pericellular HA with FITC
labelled HA binding protein (HABP) and quantified
fluorescence by flow cytometry. As shown in
Fig. 5D, E, F, and G the mean fluorescence intensity
did not change after the transient silencing HAS2-
AS1 or the overexpression of the S or L isoform of
exon 2 of HAS2-AS1.

These data are quite surprising as it is known that
HAS2-AS1 can regulate the expression of HAS2
which is responsible for HA production. Therefore,
we measure by quantitative RT-qPCR the expres-
sion of HASes after HAS2-AS1 modulation in MDA-
MB-231. In untreated MDA-MB-231 cells, HAS1
was not detectable whereas HAS2 was about 35-
fold more expressed than HAS3 (Supplemental Fig.



Fig. 4. HAS2-AS1 reduces the tumorigenic phenotypes of ER-negative breast cancer cells. (A)MDA-MB-231 cell
morphology 24 h after scratch assay. Cells were transfected with 50 nM siRNA against HAS2-AS1 or HAS2 or scrambled
control for 48 h. Magnification 200X. (B) MDA-MB-231 cell morphology 24 h after scratch assay. Cells were transfected
for 48 h with 2 mg of plasmid overexpressing HAS2-AS1 full length or (C) pcDNA3 vector overexpressing exon 2 of
HAS2-AS1 S or L isoforms, with relative empty control vectors. Magnification 200X. (D) Scheme representing how the
cell morphology measures (i.e., short and long axis) were taken from images in panels A, B, and C by using ImageJ soft-
ware . (E) Quantification of cell morphology changes measuring long axis:short axis ratio in MDA-MB-231 cells in A pan-
els. (F) Quantification of cell morphology changes measuring long axis:short axis ratio in MDA-MB-231 cells in B panels.
(G) Quantification of cell morphology changes measuring long axis:short axis ratio in MDA-MB-231 cells in C panels.
Data are expressed as mean§S.E.M. *,p < 0.5; ***,p < 0.001.
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Fig. 5. HAS2-AS1 expression does not alter HA synthesis in the TNBC model cell line MDA-MB-231. (A) Deter-
mination by ELISA assay of the HA content in culture media of MDA-MB-231 transfected for 48 h with 50 nM siRNA
against HAS2, HAS2-AS1 or scrambled siRNA. Results are expressed as mean of three independent experiments §
SEM. **,p < 0.01. (B) HA quantification by ELISA assay of MDA-MB-231 culture media after the transfection with 2 mg of
a plasmid encoding for HAS2-AS1 S or HAS2-AS1 L isoforms of exon 2 or relative empty control vector. Results are
expressed as mean of three independent experiments § SEM, normalized to the mg of extracted proteins and reported as
% of the control. (C) Particle exclusion assay of MDA-MB-231 pericellular space. Cells were transfected for 48 h with
50 nM siRNA against HAS2, HAS2-AS1,scrambled siRNA or treated with 2 U/ml bovine hyaluronidase. Data are shown
as mean § SEM of three independent experiments. Results are expressed as the ratio between the area of ECM delim-
ited by red blood cells and the area of the cell by using ImageJ software. ***,p < 0.001. (D) Pericellular amount of HA
detected by flow cytometry using the FITC labelled hyaluronan binding protein (HABP) in MDA-MB-231 transfected with 2
mg of a plasmid coding for HAS2-AS1 full length (blue histogram) or empty control vector (red histogram). Cells were also
treated with 1 mM 4-MU as a control (grey histogram). (E) Pericellular amount of HA detected by flow cytometry using the
FITC labelled HABP in MDA-MB-231 transfected with 2 mg of a plasmid coding for HAS2-AS1 S (light blue histogram),
HAS2-AS1 L (green histogram) or empty control vector (red histogram). Cells were also treated with 1 mM 4-MU as a con-
trol (grey histogram). (F) Quantified mean fluorescence intensity of histogram D. (G) Quantified mean fluorescence inten-
sity of histogram E. (H) Quantitative RT-PCR showing HAS2 expression in MDA-MB-231 silenced for 48 h with 50 nM
siRNA against HAS2-AS1 or siRNA scrambled control. Data are displayed as mean § SEM of four independent experi-
ments. (I) Quantitative RT-PCR analysis of HAS2 mRNA levels upon transfection of 2 mg of plasmids coding for HAS2-
AS1 full length or (L) HAS2-AS1 S and HAS2-AS1 L. Bars represent mean § SEM of four independent experiments. (M)
Scratch assay performed on MDA-MB-231 cells after the transfection of 50 nM of siRNA against HAS2-AS1, HAS3, both
HAS2-AS1 and HAS3 or scrambled control for 48 h. Bars represent the % of wound closure after 24 h of migration in
absence of serum and are normalized on the initial wound area at time 0. Data were analysed using the free software
TScratch and represented as mean § SEM of four independent experiments. *, p < 0.5; **,p < 0.01; ***, p < 0.001.
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4A). After the transient silencing of HAS2-AS1
(Fig. 5H) or overexpression of the FL (Fig. 5I), S or L
isoforms of exon 2 of HAS2-AS1 (Fig. 5L), the
amount of transcript coding for HAS2 remained at
control levels. The overexpression of the FL or S or
L isoforms of exon 2 of HAS2-AS1 did not alter the
expression of HAS3 (Supplemental Fig. 4B, C). The
transient silencing HAS2-AS1 induced a significant
increase of about 3-fold of HAS3 (Supplemental Fig.
4D). However, as shown in Fig. 5M, no alteration in
migration capabilities was detected upon HAS3
silencing. Moreover, after simultaneous silenging of
HAS3 and HAS2-AS1, the observed increase in cell
mobility is comparable to that of HAS2-AS1 silenc-
ing alone and, on the other hand, significantly differ-
ent from HAS3 silencing. These results surprisingly
indicate that in MDA-MB-231 the modulation of
HAS2-AS1 neither altered the accumulation of HA
nor the expression of HAS2.

Characterization of stable clones
overexpressing the L isoform of exon 2 of HAS2-
AS1

All the previous results have been obtained with
transient transfections that can induce undesired
effects as cellular stress due to the massive overex-
pression of the target gene or membrane damage
due to lipofection. Therefore, we decided to produce
stable MDA-MB-231 clones overexpressing the L
isoform of exon 2 of HAS2-AS1. In fact, the transient
transfection of this fragment of 256 bp (Supplemen-
tal Fig. 5) was able to significantly reduce MDA-MB-
231 viability, migration, and invasion, showing a
length-dependent stronger effect compared to the S
isoform.
We selected two clones overexpressing L isoform

of exon 2 of HAS2-AS1 (cl. LONG 1 and cl. LONG
2) and two control clones overexpressing the empty
pcDNA3 cloning vector (cl. CNTR 3 and cl. CNTR
4). Both cl. LONG 1 and 2 expressed higher levels
of HAS2-AS1 exon 2 compared to CNTR clones.
Notably, cl. LONG 2 expressed almost twice as
much HAS2-AS1 exon 2 transcript levels as cl.
LONG 1 (Supplemental Fig. 6A).
During the preliminary characterization of the sta-

ble clones, we confirmed that, as observed after
HAS2-AS1 L isoform transient overexpression
(Fig. 5), cl. LONG 1 and 2 showed no differences in
the amount of pericellular HA, even though a slight
increase in HAS2 mRNA expression levels was
seen in cl. LONG 1 and 2 with respect to control
clones (Supplemental Fig. 6B, C). However, western
blot analysis confirmed that no significant increase in
HAS2 protein level was detectable among the four
stable clones (Supplemental Fig. 6D, E).
Interestingly, cl. LONG 1 and 2 confirmed that

HAS2-AS1 L isoform overexpression significantly
reduces MDA-MB-231 motility compared to control
clones (Supplemental Fig. 6F), showing even a
more roundish epithelial-like phenotype with respect
to the elongated mesenchymal-like phenotype of cl.
CNTR 3 and 4 (Supplemental Fig. 6G, H).

The stability of HAS2-AS1 exon 2 L isoform over-
expression in the selected clones allowed us to per-
form growth experiments spanning from seven to
twenty days. Firstly, we evaluated the clonogenic
abilities performing a 10 days 2D colony formation
assay. Interestingly, cl. LONG 2 produced signifi-
cantly fewer and smaller colonies than cl. CNTR 3
and 4 (Fig. 6A, Supplemental Fig. 6I). cl. LONG1,
which expressed lower levels of HAS2-AS1 exon 2
with respect to cl. LONG 2, gave colonies similar to
control clones.

Secondly, we tested the anchorage-independent
cell growth abilities in soft agar. Again the cl. LONG
2 showed to be less prone to generate colonies,
which also resulted significantly smaller in respect to
cl. CNTR 3 and 4 (Fig. 6B, C). Further, cl. LONG 1
resulted to behave more similarly to cl. CNTRs than
cl. LONG 2.

Eventually, to evaluate the effects of HAS2-AS1 L
overexpression on cell proliferation, cell numbers for
each stable clone were counted every 24 h for seven
days, and live-cell numbers were used to generate a
cell growth curve. As depicted in Fig. 6D, cl. LONG 2
appeared to be much less proliferative in compari-
son to control clones and even cl. LONG 1. Indeed,
cl. LONG 2 had a mean population doubling of 3,12
compared to cl. LONG 1 with 4,85, cl. CNTR 3 with
4,68 and cl. CNTR 4 with 4,62 (data not shown).

These results on stable clones confirmed that high
levels of HAS2-AS1 exon 2 reduced the tumorigenic
phenotypes of MDA-MB231 cells, including migra-
tion, cell polarization, clonogenicity and growth.
Interestingly, it appeared that the higher the overex-
pression levels of HAS2-AS1 L, the better the results
in terms of tumor suppression, as cl. LONG 2
expressed almost twice as much HAS2-AS2 exon
2 L as cl. LONG 1.

Affymetrix microarray analysis of stable clones
overexpressing the L isoform of exon 2 of HAS2-
AS1

Given our discovery found that HA synthesis in
MDA-MB-231 cells is not regulated by HAS2-AS1
(Fig. 4), we sought to investigate further into mecha-
nistic pathways that may be effectively altered and
regulated by this antisense transcript, cl. LONG 2
(the clone expressing higher levels of HAS2-AS1
exon 2 L isoform) and cl. CNTR 4 by transcriptome
analysis using Affymetrix Clariom S microarrays.
Genes that may be regulated by HAS2-AS1 were
identified using the Transcriptome Analysis Control
4.0 software, applying the filtering criteria of fold



Fig. 6. Impact of HAS2-AS1 clone LONG2 on colony formation and cell viability. (A) Clonogenic assay of MDA-
MB-231 stable clones overexpressing HAS2-AS1 L or empty vector at 10 days after seeding. (B) Soft-agar colony forma-
tion assay of MDA-MB-231 stable clones overexpressing HAS2-AS1 L or empty vector at 20 days after seeding. Magnifi-
cation, 400X. (C) Quantification of soft-agar colony areas measured via ImageJ. Data are displayed as mean § SEM. *,
p < 0.5; ***,p < 0.001 (D) Growth curve of MDA-MB-231 stable clones overexpressing HAS2-AS1 L or empty vector. Val-
ues are reported as the average of three triplicates § SEM. *,p < 0.5; **,p < 0.01.
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change of 4-fold or higher and FDR p-value of below
0.05. In total, 366 unique genes were found to sat-
isfy these criteria, of which 146 were upregulated
and 220 were downregulated (Fig. 7A, Supplemen-
tal Table 1). The list of 366 genes were then
uploaded into Database for Annotation, Visualiza-
tion, and Integrated Discovery (DAVID) v6.8 for cat-
egorization according to their GOTERM BP
functions (Fig. 7B, C). The lists of upregulated and
downregulated genes with their corresponding func-
tional categories are provided in Supplemental
Tables 2 and 3, respectively.
We further analyzed the list of differentially

expressed genes using the Kyoto Encyclopedia of
Genes and Genomes (KEGG) to identify possible
pathways that may be regulated by overexpres-
sion of HAS2-AS1. The pathways that were identi-
fied amongst the downregulated genes include
(Fig. 7D): Transforming growth factor (TGF)-beta
and chemokine signaling pathways, focal adhe-
sion, ECM-receptor interaction, pathways in can-
cer and Phosphatidylinositol-3-Kinase and Protein
Kinase B (PI3K-Akt) signaling pathway. In con-
trast, Jak-Stat signaling (with five associated
genes) was the only pathway of upregulated
genes found by KEGG analysis of the upregulated
genes (data not shown).

Numerous genes associated with tumour-sup-
pressive functions were identified in the upregulated
list, as teneurin transmembrane protein 1 (TENM1),
NCK associated protein 1 like (NCKAP1L), Cadherin
18 (CDH18) and interleukin 24 (IL24).

Among the most downregulated genes, we found
the mRNAs coding for trefoil proteins (TFF1, 2 and
3) and epiregulin (EREG), the well-known Epidermal
Growth Factor Receptor (EGFR) agonist. As this lat-
ter gene has a central role in tumorigenesis, we con-
firmed its expression via RT-qPCR finding that both
HAS2-AS1 overexpressing clones, at different
extent, showed decreased EREG levels (Fig. 7E).

Interestingly, raw Affymetrix Clariom S microarray
data (data not shown) revealed a small but signifi-
cant decrease of CD44 mRNA levels in cl. LONG 2
over cl. CNTR 4, with a fold change of -1.7
(p < 0.0016, FDR 0.0103), while no significant
change were detected for RHAMM. CD44 downre-
gulation in cl. LONG 2 was also confirmed via RT-
qPCR analysis, as shown in Fig. 7F.



Fig. 7. Analysis of differentially expressed genes in cl. LONG 2 or control cl. CNTR 4. (A) Volcano plot of tran-
scriptome comparison. Genes that were significantly up- or downregulated by at least 4-fold are shown in red or green,
respectively. Statistical significance is defined as a false discovery rate (FDR) adjusted p-value of below 0.05. (B) Upregu-
lated and (C) downregulated genes were uploaded onto DAVID and functionally sorted. (D) Several pathways were identi-
fied among the downregulated genes from KEGG analysis. (E) Quantitative RT-PCR analyses measuring EREG
expression levels in in cl. LONG 1, cl. LONG 2 or control clones cl. CNTR 3 and cl. CNTR 4. Data are reported as mean §
S.E.M of three independent triplicates. ***, p < 0.001; ****, p < 0.0001. (F) Quantitative RT-PCR analyses measuring
CD44 expression levels in in cl. LONG 1, cl. LONG 2 or control clones cl. CNTR 3 and cl. CNTR 4. Data are reported as
mean § S.E.M of three independent triplicates. ***, p < 0.001. * Represent significance with respect to cl. CNTR
4; þ represent significance with respect to cl. CNTR 3.
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HAS2-AS1 regulates EMT markers in MDA-MB-
231 cells

The microarray results reported in Fig. 7 and in
Supplemental Tables 2 and 3 clearly show that
several genes involved in proliferation and motility
were altered in agreement with our results on cell
viability and invasivity. Moreover, the microarray
identified many genes involved in adhesion; this
finding is also supported by the alteration of cell
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morphology induced by HAS2-AS1 overexpression
(Fig. 4 and Supplemental Fig. 6). Further, HAS2-
AS1 is known to regulate EMT via the TGFb path-
way in mouse mammary cells [51]. Therefore, to val-
idate microarray data, we investigated the
expression of EMT markers as vimentin, fibronectin,
ZO-1 and Snai1 in the stable clones by qRT-PCR. In
the two clones overexpressing the L isoform of exon
2 of HAS2-AS1 (cl. LONG 1 and 2) the expression
of transcripts coding for vimentin, fibronectin and
Snai1 was about 50% lower than in control clones
(Fig. 8A). The expression of ZO-1 was slightly higher
in the two exon 2 overexpressing clones respect to
controls (Fig. 8A). Interestingly, the immunostaining
of ZO-1 revealed the typical membrane localization
of this tight junction marker in cl. LONG 1 and 2,
whereas in control clones such membrane localiza-
tion was not detectable (Fig. 8B). On the other hand,
the mesenchymal marker fibronectin accumulated in
control clones whereas cl. LONG 1 and cl. LONG2
showed a weak signal for fibronectin (Fig. 8B). Fur-
ther, Western blotting analyses confirmed the lower
fibronectin expression in the two clones that stably
overexpress the L isoform of exon 2 of HAS2-AS1
respect to control clones (Fig. 8C).
These data confirm the microarray result on adhe-

sion showing that the overexpression of the L iso-
form of exon 2 of HAS2-AS1 was able to alter the
expression and localization of EMT markers favoring
the less aggressive epithelial phenotype and thus
promoting mesenchymal to epithelial transition
(MET).
Discussion

Non-coding transcripts play a pivotal role in con-
trolling gene expression. For example, miRNAs are
known to interact with several target mRNAs with
the consequence of deeply altering the landscape of
gene expression [41]. Although belonging to the
non-coding transcripts, up to now HAS2-AS1 was
known to finely tune only the expression of its “cog-
nate” gene HAS2. As HAS2 is the critical enzyme for
HA synthesis, HAS2-AS1 has been described to
profoundly affect ECM composition which, in turn,
impacts many pathophysiological mechanisms as
inflammation, cell motility, growth and survival. In
fact, HAS2-AS1 has already been described in
cumulus cell migration [43,54] hypoxic pulmonary
hypertension [55], cardiovascular diseases [56�58]
as well as in several cancers as brain tumors
[46�48,59,60], lung cancers [50], ovarian cancer
[49], oral carcinoma[45], osteosarcoma [44] in
which, favoring HA deposition or interacting with
miRNAs, enhances aggressiveness.
Breast cancer is one of the most prevalent malig-

nancies in the world and it is widely described that
its aggressiveness depends on ECM composition
and HA [61]. Indeed, inhibition of HA synthesis or
reduced HAS2 expression are known to decrease
tumor aggressiveness, which is usually defined as
the ability of a tumor cell to proliferate and migrate in
the surrounding areas as well as to invade the base-
ment membrane to originate metastasis. As aggres-
sive breast tumors express high levels of HAS2-AS1
and this latter is known to modulate EMT in mouse
mammary cells [51], our work aimed to investigate
the role of this antisense transcript in two breast can-
cer subtypes, namely ER-positive and ER-negative.
The TCGA-BRCA database showed that biopsies
for patients with ER-positive cancers had a lower
HAS2-AS1 expression with respect to ER-negative
samples. This result was confirmed in silico on a
panel of several breast cancer cell lines as well as in
our experiments on well-known cellular models of
ER-positive (ie., MCF-7 and T-47D) and ER-nega-
tive (i.e., MDA-MB-231 and Hs 578T) breast cancer
cells. These results were somehow expected as a
low HAS2-AS1 expression in low aggressive ER-
positive samples could be responsible for the low
HAS2 expression described in this type of breast
cancer.

We further correlated HAS2-AS1 expression and
the survival rate finding no correlation between the
antisense expression and survival probability in ER-
positive breast cancer. Surprisingly, in ER-negative
tumors high HAS2-AS1 expression correlated with a
high survival rate. This latter result was unexpected,
as literature highlights that HAS2-AS1 facilitates
HAS2 expression thus correlating with poor survival
in several cancers [6]. However, it has to be consid-
ered that functional analyses of HAS2-AS1 were
mainly based on studies in tumor cell lines, while the
dataset analysis contains expression data from
whole tumors which contain tumor cells, and stromal
constituents (cancer-associated fibroblasts, tumor-
infiltrating leukocytes, blodd vessels), which may
have acted as a confounder. Furthermore, as dis-
cussed below, our transcriptomic analysis points out
pathways different from HA synsthesis that could be
mechanistically linked to novel functions of HAS2-
AS1.

To better elucidate this point, we decided to inves-
tigate the role of HAS2-AS1 in well-known cellular
models of ER-positive and ER-negative cancers, in
which we easily manipulated the antisense expres-
sion by transient or stable transfections. In the two
tested ER-positive cell lines neither the silencing nor
the overexpression of HAS2-AS1 altered cell viabil-
ity or migration, suggesting that the antisense was
not involved in the control of cell aggressiveness.
These data agree with cell survival rates, which are
not affected by HAS2-AS1 in ER-positive breast
cancer cell lines. Interestingly, in the two tested ER-
negative cell lines the silencing of HAS2-AS1
increased cell viability, whereas the overexpression
of the FL HAS2-AS1 or the isoforms L and S of the



Fig. 8. Role of stable HAS2-AS1 exon 2 L isoform overexpression on MET. (A) RT-qPCR analyses measuring
vimentin, fibronectin, ZO-1 or SNAI1 expression in MDA-MB-231 stable clones overexpressing the L isoform of HAS2-
AS1 exon 2 (cl. LONG 1, cl. LONG 2) or empty control vectors (cl. CNTR 3 and cl. CNTR 4). Values are reported as the
average of three independent triplicates § SEM. (B) Representative confocal microscopy images of ZO-1 and fibronectin
deposition in stable clones overexpressing the L isoform of HAS2-AS1 exon 2 (cl. LONG 1, cl. LONG 2) or empty control
vectors (cl. CNTR 3 and cl. CNTR 4). Magnification 400X. (C) Representative Western blots of immunoreactive bands for
fibronectin and tubulin from total protein extracts obtained from cl. LONG 1, cl. LONG 2 or control clones cl. CNTR 3 and
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exon 2 of the antisense caused a significant
decrease of cell viability, which is in line with the
observed positive impact of HAS2-AS1 on patient
prognosis. At this point, we decided to focus our
attention on exon 2 of HAS2-AS1 as, being comple-
mentary to exon 1 of HAS2 gene [43], we hypothe-
sized having crucial functions to regulate HAS2
transcription and HAS2 mRNA stability, as previ-
ously reported [42,43]. However, in the MDA-MB-
231 cell line, HAS2-AS1 seems to regulate neither
HAS2 expression nor HA deposition. This finding
may serve to explain the initially surprising observa-
tion of improved survival of patients with high HAS2-
AS1 expression as the beneficial effect may not be
due to altered HA synthesis, but rather to indepen-
dent mechanisms. Another possibility could be that
HAS2-AS1 has effects on HA synthesis and HAS2
expresion (that may be not measurable with the
techniques we employed) and that HAS2-AS1 may
still have direct effects on other pathways.
Notably, the effects of the overexpression of the L

isoform of exon 2 of HAS2-AS1 decreased cell
aggressiveness to a higher extent than the S iso-
form. Even if we did not further investigate this point,
we could speculate that the two isoforms of exon 2
of HAS2-AS1 could interact with different modula-
tors as miRNAs. We performed in silico analyses to
identify putative miRNAs interacting with the S or the
L isoforms of exon 2 finding that the miRNA186-3p
could have an additional binding site on the L iso-
form respect to the S isoform. As it has been already
described that HAS2-AS1 could work as an endoge-
nous competitor (ceRNA or sponge effect) for miR-
466 [49] and miR-137 [47,62], the different effects of
L and S isoforms could be ascribed to a different effi-
ciency to sponge miRNA186-3p which is known to
modulate cancer cell growth, motility and EMT
[63�65].
The 2D migration (i.e., scratch assay), and the 3D

invasion (i.e., through Matrigel) capabilities of the
cells were also reduced after HAS2-AS1 overex-
pression. As motility is a characteristic of mesenchy-
mal-like cells, which are characterized by a spindle-
like aspect [66], we found that HAS2-AS1 overex-
pression in the tested ER-negative cell lines induced
a change in the morphology from the spindle-like
one of untreated MDA-MB-231 cells to a more
roundish shape of HAS2-AS1 overexpressing cells.
This spherical morphology is typical of epithelial
cells that possess limited migratory capabilities [67].
This alteration could be a related to MET. Indeed
our transcriptome analysis of KEGG pathways
cl. CNTR 4. Numbers at the margins of the blots indicate relat
Relative band intensity of fibronectin immunoblotting. Values a
centage variation of the normalized O.D. obtained from each
p< 0.5; **, p< 0.01 ***, p < 0.001; ****, p < 0.0001. þ represe
icance in respect to cl. CNTR 4.
identified a downregulation of the TGF-beta pathway
�a master regulator of EMT - in cl. LONG2 vs con-
trol cells, which may have induced a shift towards a
less invasive, epithelial phenotype, as reported for
glioma and mouse mammary epithelial cells [48,51].
Further, the experiments on stably transfected cells
overexpressing the L isoform of exon 2 of HAS2-
AS1 still confirmed that such overexpressing cells
grew slowly and had a lower potential to form clones
with respect to controls. Moreover, also CD44, a crit-
ical factor for stemness, is reduced in HAS2-AS1
overexpressing MDA-MB-231 clones, suggesting
lower tumorigenic properties of the cells [68]. All
these results clearly showed that HAS2-AS1 overex-
pression reduced the aggressiveness of ER-nega-
tive breast cancer cells. Moreover, this data agrees
with the observed increased survival of patients
affected by ER-negative breast cancers expressing
high levels of HAS2-AS1.

We next started to explore the molecular mecha-
nisms involved in the reduction of aggressiveness
due to HAS2-AS1 (or only exon 2) overexpression in
MDA-MB-231 cells, firstly checking HA and HAS2
expression. Surprisingly, all the three methods we
used to quantify HA (i.e., ELISA, pericellular matrix
measurement, and flow cytometry) indicated that
HAS2-AS1 was not able to alter HA content in both
stably transfected and transient overexpressing
cells. Further, neither the mRNA expression nor the
protein levels of HAS2, the main synthetic enzyme
in MDA-MB-231, were affected by alterations of
HAS2-AS1 expression levels. These results were
surprising as it is well-known the strict relationship
between HAS2-AS1 and its cognate gene product
HAS2 that, in turn, regulates HA deposition [41]. Our
research team was the first to characterize the role
as chromatin organizer of HAS2-AS1 in the nucleus
of human smooth muscle cells, describing its ability
to modulate chromatin accessibility of HAS2 pro-
moter probably acting on histone post-translation
modification as O-GlcNAcylation [42].

Although in different other tumor cell lines HAS2-
AS1 sustains HAS2 expression [45,46,49,50], in
MDA-MB-231 we found a different story suggesting
the existence of different pathway(s) able to
enhance HA synthesis, probably controlling directly
the HAS2 promoter or HAS2 protein, which is known
to have fine transcriptional and post-translational
regulations [9,69,70]. The HAS2-AS1-independent
HAS2 expression could be driven by the constitutive
activation of several tyrosine kinase receptors, thus
leading to the triggering of different intracellular
ive molecular weights of the respective protein in kDa. (D)
re expressed as mean§SEM of 2 experiments of the per-
sample with respect to values obtained in cl. CNTR 4. *,
nt significance in respect to cl. CNTR 3; * Represent signif-
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pathways as JAK-STAT, which, according to the
microarray data, was found active in our HAS2-AS1
stable clones [71,72].
Since our results excluded that HAS2-AS1 could

work via the canonical HAS2-HA axis, we decided to
investigate via microarray analyses which mRNAs
had an altered expression in stably transfected cells,
to characterize the cellular pathways under the con-
trol of HAS2-AS1. We used the stable cl. LONG 2
that, having a higher exon 2 expression, showed
reduced aggressiveness with respect to cl. LONG 1,
whose behavior, instead, is more similar to control
clones. Among the identified genes, several belong
to the pathways modulating cell migration and prolif-
eration, which agrees with the altered aggres-
siveness we observed in cl. LONG 2. Additionally,
genes involved in cell adhesion have been enriched,
which could justify the altered epithelial-like mor-
phology of such cells. Interestingly, these analyses
confirmed that no gene involved in HA synthesis (i.
e., HASes) is regulated by HAS2-AS1 with the
exception of the transcript coding for Cell Migration
Inducing Hyaluronidase 1 (CEMIP) that has been
identified to be significantly downregulated. As
CEMIP is known to favor breast cancer cells growth
and spreading [73], its reduced expression could
contribute to the limited motility and viability of
HAS2-AS1 overexpressing cells. Similarly, also the
EREG messenger, which is well known to be
involved in tumorigenesis and metabolic reprogram-
ming [74,75], is downregulated in HAS2-AS1 over-
expressing cells. Further, mRNAs coding for TFF1,
2 and 3 are among the most downregulated tran-
scripts and these proteins are known to greatly
induce breast cancer cell motility [76]. On the other
hand, among the genes reported to be upregulated
genes we found TENM1 transcripts involved in
breast cancer better survival outcome [77] and
NCKAP1L inhibiting breast cancer metastasis [77].
Interestingly, CDH18 has still a debated role in
breast cancer but has been already demonstrated to
be involved in the suppression of glioma cell inva-
siveness and correlate with prognosis of glioma
patients [78]. Further, IL24, a well-studied tumor
suppressor, is involved in diverse functions, includ-
ing apoptosis, autophagy and suppression of metas-
tasis [79�81].
These findings indicate for the first time that, at

least in MDA-MB-231 cells, HAS2-AS1 can control
several genes (not involved in HA synthesis) able to
modulate different cellular pathways. Different
hypotheses for further studies should be considered;
first, the effect of this non-coding transcript to work
as an epigenetic regulator in the nucleus allowing a
reorganization of large portions of DNA forming
peculiar looping interactions that have been impli-
cated in gene regulation [82]. On the other hand,
HAS2-AS1 could work as an endogenous competi-
tor for miRNAs, as already described.
These new scenarios suggest that HAS2-AS1 can
be involved in a more complex network of interac-
tions that are critical for several cellular pathways.
Nowadays lncRNAs are considered pivotal factors
able to alter the landscape of gene expression in
many tissues and several of them,such as
EPB41L4A-AS2 and EGOT, have been described to
inhibit breast cancer tumorigenesis [83]. In our opin-
ion, HAS2-AS1 could be considered a new tumor
suppressor specific for ER-negative breast cancer.
Materials and methods
Cell culture

MDA-MB-231, Hs 578T, BT-549 (high metastatic,
triple-negative breast cancer cell lines) and HBL 100
cell lines (not diseased breast cells) were purchased
by American Type Culture Collection (ATCC), grown,
and maintained in complete Dulbecco's Modified
Eagle Medium (DMEM) medium supplemented with
10% of FBS. SUM149 (high metastatic, triple-nega-
tive breast cancer cell lines) were purchased by
ATCC, grown, and maintained in complete F-12
Nutrient Medium (Ham’s F12) supplemented with 5%
of heat-inactivated FBS, 10 mM HEPES, 1 mg/ml
Hydrocortisone and 5 mg/ml Insulin. BT-474 (low met-
astatic, ERa-positive) were purchased by ATCC,
grown, and maintained in complete DMEM:Ham’s
F12 (1:1 mixture) medium supplemented with 5% of
FBS and 5 mg/ml Insulin. MCF-7 and T-47D (low met-
astatic, ERa-positive) breast cancer cell lines were
obtained from ATCC and grown in complete Roswell
Park Memorial Institute (RPMI) 1640 medium with
10% FBS. All cell lines were routinely harvested in a
humidified 95% air/5% CO2 incubator, at 37 °C.

Absolute HAS2-AS1 quantification via Real-Time
qPCR

For the generation of the standard curve,
pcDNA3.1-HAS2-AS1 L was obtained using Zymo-
PURE II Plasmid Kits (#D4200, Zymo Research). A
ten-fold dilution series over nine points were pre-
pared from the plasmid DNA, starting from a dilution
of 1.000.000 copies/ml to 1 copy/ml; then each dilu-
tion was used as a template for RT-qPCR, and
amplified using HAS2-AS1 (Hs03309447_m1) Taq-
Man gene expression assays from Thermo Fisher
Scientific. Each point was performed in triplicate.
The standard curve was constructed by plotting Cq
values against the logarithmic concentration of the
calibrator plasmid.

Total RNAs were extracted and retrotranscribed
as described below (see “RNA extraction and gene
expression analysis”). The cDNA was analyzed for
HAS2-AS1 expression via Taq Man gene
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expression assays from Thermo Fisher Scientific
(Hs03309447_m1) on Quantstudio 5 instrument
(Applied Biosystems). The copies of HAS2-AS1
RNA molecules/mg of total RNA in the cell lines
were obtained by interpolating the Cq values in the
standard curve.

Bioinformatics analysis of HAS2-AS1
expression in breast cancer patients

Breast cancer data was extracted from the TCGA
Research Network (https://www.cancer.gov/tcga) on
11th March 2021. Kaplan Meier survival analysis
was conducted using SPSS version 22.0 (IBM
Corp., Armonk, NY, USA). Eight of the 1,085 female
patient datasets were excluded from the analysis as
the HAS2-AS1 expression data was not available.

Cell transfection

Cells were plated in a 6-well plate and transfected
with Lipofectamine 2000 Transfection Reagent
(#11668027, ThermoFisher Scientific) following the
manufacturer’s instructions. Briefly, to transiently
silence HAS2-AS1 expression, cells were trans-
fected with 50 nM siRNA against HAS2-AS1
(Silencer� Select HAS2-AS1, #N265529, Thermo-
Fisher Scientific), HAS2 (Silencer Pre-designed
siRNA, #AM16708, ThermoFisher Scientific), HAS3
(HAS3, #AM16708, Thermo Fisher Scientific) or a
scrambled siRNA (Silencer Negative Control #1,
#AM4611, Thermo Fisher Scientific).
For subsequent determinations, 24�48 h after the

transfections, cells were tested for silencing effi-
ciency, by means of RT-qPCR, and only cells with a
residual expression of the target genes lower than
25%, were used. To transiently overexpress the FL
isoform of HAS2-AS1, 2 mg of the pLenti-GIII-CMV-
GFP-2A-Puro overexpressing the sequence
NR_002835 corresponding to human HAS2-AS1
(Abm) and, as a control, the same amount of pLenti-
CMW-CMW-GFP-2A-Puro- Blank vector (Abm)
were transfected for 48 h. To transiently overexpress
the exon 2 L or S isoforms (Supplemental Fig. 6) of
HAS2-AS1, 2 mg of a pcDNA3-HAS2-AS1 S or
pcDNA3-HAS2-AS1 L [42] were transfected. As a
control, the same amount of a pcDNA3 empty vector
was transfected. Cells were used for subsequent
determination 24�48 h after overexpression. At the
end of each experimental determination, we confirm-
aed a reduced expresson of silenced genes (about
25% respect to controls) or an increased expression
of overexpressed genes (at least 10-fold respect to
controls).

Cell viability assay

To study cell viability upon HAS2-AS1 silencing or
overexpression, a MTT (#20395, SERVA) assay
was performed. Briefly, 8 £ 103 cells were plated in
a 96-well plate and transfected with lipofectamine
following the manufacturer’s instructions. 48 h after
the transfection, cell culture medium was replaced
with fresh medium supplemented with 50 ml of 5 mg/
ml MTT and incubated at 37 °C for 5 h. The reaction
was stopped by adding 200ml of DMSO and 25 ml of
Sorensen glycine buffer per well. The plate was
read at 570 nm.
Wound healing assay

To determine cell migration via bi-dimensional
support, a wound-healing assay (also known as
scratch assay) was performed. Twenty-four hours
after the transfection, three scratches per well were
done with a 20 ml pipette tip. Cells were washed
twice with PBS and fresh medium with 0.1% FBS
was added to each well, to minimize the proliferation
component of cell migration. Pictures were taken at
0 and 24 h through light microscopy and analyzed
by the TScratch software [84]. Results are presented
as a percentage of wound closure.
Matrigel invasion chamber assay

The Matrigel invasion assay was performed to
mimic tri-dimensional migration. Forty-eight hours
after the transfection, 2,5 £ 105 cells were seeded in
each invasion filter (#354480, BD Biosciences) with
complete medium. The day after, the medium was
replaced with a free serum medium in the upper part
of the chamber. The bottom of the well was filled
with DMEM 10% FBS as a chemoattractant. After
18 h, the cells in the upper chamber were removed
with a cotton swab and the ones on the lower sur-
face were fixed and stained with Diff-Quik dye
(#726443, Medion). Excised and mounted filter
membranes were photographed using a Zeiss Axio-
vert microscope equipped with Axiovision software
(Zeiss) at 100X magnifications. Five fields per image
were counted. Relative invasiveness was expressed
as a percentage of the number of cells versus the
control.
Determination of cellular shape and polarity

Cells were stained with 5 mM 1,10-Dioctadecyl-
3,3,30,30-tetramethylindocarbocyanine perchlorate
(DiI; #468495, SIGMA), kept 10 min at 37 °C, and
finally 5 min at 4 °C. Subsequently, after washing
the wells 5 times with PBS, pictures of the cells were
taken through light microscopy and cell morphology
was evaluated by measuring the long axis:short axis
ratio of the cells by using Image J software [85].

https://www.cancer.gov/tcga


Role of HAS2-AS1 in breast cancer cells156
HA quantifications

To detect the amount of HA after HAS2-AS1
silencing and overexpression, cell culture media
were collected 48 h after the transfections and
diluted 1:100. The quantification of HA was per-
formed with the Hyaluronan quantikine ELISA kit
(#DHYAL0, R&D Systems) according to the manu-
facturer’s instructions.
To evaluate the pericellular coat of HA, a particle

exclusion assay was performed. Briefly, 48 h after
cells transfection, 1 £ 106 fixed human red blood
cells were washed in PBS and added to each well.
After an incubation time of 30 min, cells were exam-
ined by contrast microscopy and 10 pictures per well
were taken. As a control, cells were treated with 2U/
ml of Hyaluronidase from Streptomyces hyalurolyti-
cus (#H1136, SIGMA) or were transiently trans-
fected with 50 nM siRNA against HAS2. The
analysis of the images and the relative quantification
was performed using the image analysis software
ImageJ [85].
Cell surface HA was determined by cytofluorimet-

ric analysis as described by Vitale et al. [86]. Briefly,
24 h after the transfection cells were detached and
counted. 5 £ 105 cells were washed 3 times in PBS
and incubated with 5 mg of biotinylated hyaluronan
binding protein (bHABP, # BC41, Hokudo) in 100 ml
of cold PBS for 1 h at 48C. Cells were then washed
3 times with 1 ml of PBS and centrifuged 5 min at
0.8g at 48C. The supernatant was discarded, and
cells were incubated with 1:100 FITC-streptavidin
(#405202, Biolegend Campoverde) in cold PBS for
45 min at 48C. After 3 washes, MDA-MB-231 were
resuspended in 400 ml of PBS and analyzed by flow
cytometry. As a control, cell were treated with
0,5 mM 4-MU.
RNA extraction and gene expression analysis

Total RNA was extracted by NucleoSpin RNA
(#740955, MACHEREY-NAGEL), an RNA isolation
kit containing a DNA digestion step. RNA samples
were quantified with a NanoDrop (ThermoFisher,
Life Technologies) and run on an agarose gel for
quality control. Two mg of total RNA were then retro-
transcribed using the High Capacity cDNA synthesis
kit (#4368814, Applied Biosystems) and amplified
on an ABI Prism 7000 instrument (Applied
Biosystems). The cDNA was then analyzed
using the following Taq Man gene expression
assays from Thermo Fisher Scientific: HAS2-AS1
(Hs03309447_m1); HAS2 (Hs00193435_m1);
HAS3 (Hs00193436_m1); CD44
(Hs01075861_m1); EREG (Hs00914313_m1) and
b-actin (Hs99999903_m1). RT-qPCR was per-
formed on a QuantStudio 3 Real-Time PCR Instru-
ment (Thermo Fisher Scientific).
For stable clones screening and EMT determian-
tions, the SYBR Green PCR Master Mix (#4309155,
Thermo Fisher Scientific) was used. The expression
levels of target L isoform of exon 2 of HAS2-AS1 (FW:
5’ TCTTGACTTCTCCTTCCCCG 3’; RV: 5’ AAGTTG-
GAGGAGGCAGAAGG 3’), vimentin (FW: 5’ TCGCA-
GAAAGGCACTTGAAAGC 3’; RV: 5’
TCAGCATCACGATGACCTTGAA 3’), fibronectin (FW:
5’ ACCGTGGGCAACTCTGTCAA 3’; RV: 5’ CCCACT-
CATCTCCAACGGCA 3’), ZO-1 (FW: 5’ GAT-
GATGCCTCGTTCTAC 3’; RV: 5’
GTGTTGTGGATACCTTGT 3’) and SNAI1 (FW: 5’
CCCGACAAGTGACAGCCATT 3’; RV: 5’ CGAGCC-
CAGGCAGCTATTTC 3’) were normalized to the
expression levels of the reference gene b-actin (FW: 5’
ACCAGTTCGCCATGGATGAC 3’; RV: 5’
TGCCGGAGCCGTTGTC 3’) and relative normalized
expression was calculated based on the DDCt method.

Stable cell lines generation

MDA-MB-231 cells were plated onto 6-well plates
and cultured for 24 h at a final confluence of 85%.
On the next day, cells were transfected using Lipo-
fectamine 2000 Transfection Reagent (#11668027,
Thermo Fisher Scientific) with 2 mg of pcDNA3-
HAS2-AS1 L or pcDNA3 empty vector. Twenty-four
hours after transfection, cells were split into five 96-
well plates at a concentration of 0,4 cells/well,
selected in 800 mg/ml G-418 (#G8168, Sigma-
Aldrich) and expanded. Clones were then screened
for their exon 2 of HAS2-AS1 L isoform expression
levels, via RT-qPCR (see “RNA extraction and gene
expression analysis” for details).

Western immunoblot analyses

Cells were lysed in RIPA buffer (50 mM Tris-HCl,
pH 8.0, 150 mM NaCl, 1% NP-40, 0.1% sodium
dodecyl sulfate, 0.5% sodium deoxycholate), sup-
plemented with Protease/Phopsphatase inhibitor
(#5872, Cell Signaling Technology) and protein con-
centration was measured by Quantum Protein BCA
assay (#EMP014500, Euroclone). Equal amounts of
protein samples were subjected to SDS-polyacryl-
amide gel electrophoresis, followed by semi-dry
transfer to nitrocellulose membrane using Trans-
Blot Turbo Transfer System (Biorad) and blocking in
4% bovine serum albumin in Tris-buffered saline,
supplemented with 1% Tween-20. Subsequently,
the membranes were incubated with HAS2 (1:700;
#34067, Santa Cruz Biotechnology) or fibronectin
(1:20000; #F3648, Sigma-Aldrich) primary antibody
at 4°C overnight, followed by incubation with anti-
horseradish peroxidase-conjugated secondary anti-
bodies (1:10000; #2354, Santa Cruz Biotechnology)
for 1 h at room temperature. The antibody/substrate
complex was visualized by chemiluminescence
using a chemiluminescence kit (LiteAblot TURBO,
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#EMP012001, Euroclone). Images were taken by
Alliance Q9 Mini instrument (Uvitec) and signal
intensity was evaluated using NineAlliance software
(Uvitec). Tubulin (#135659, Santa Cruz Biotechnol-
ogy) was used as the protein loading control. HAS2
or fibronectin protein levels were expressed as the
percentage variation of the optical density
(expressed in arbitrary units) of the signal normal-
ized to the respective tubulin in treated cells com-
pared to the controls.
Clonogenic formation assay

MDA-MB-231 stable clones overexpressing exon
2 of HAS2-AS1 L isoform or pcDNA3 empty vector
were seeded in 60 mm plates (500 cells/well) and
cultured for 10 days. The culture medium was
replaced with fresh medium every 3 days. The colo-
nies were fixed and stained with 0,1% crystal violet,
washed extensively to remove excess dye, and
imaged.
Anchorage-independent colony formation assay
in soft agar

Soft agar plates were prepared by pouring in a 12
multi-well plate a feeding underlay layer and a
growth overlay. To prepare the underlay, complete
DMEM added with 20% FBS and 800 mg/ml G418
was mixed with Difco Noble Agar (#214230, BD Bio-
science) at a final concentration of 0,6%. The plate
was kept for 1 h at room temperature and then over-
night at 37 °C to solidify and equilibrate. The day
after, 1000 cells/well were resuspended in complete
DMEM added with 20% FBS and 800 mg/ml G418
(#G8168, Sigma-Aldrich) and mixed with Noble
Agar, at a final concentration of 0,3%. The plate was
kept for 1 h at room temperature and then overnight
at 37 °C to solidify and equilibrate. Cells were let
grow for 20 days, and then images of colonies were
taken under a light microscope (Olympus) at 400X
magnification. Colonies areas were measured with
ImageJ software [85].
Growth curve

The growth curve was characterized by measur-
ing the number of cells for 7 consecutive days at
24 h intervals. MDA-MB-231 stable clones overex-
pressing HAS2-AS1 L or pcDNA empty vector were
seeded in a 6-well plate at an initial concentration of
5 £ 104 cells/well and cultured in complete DMEM
with 10% FBS and 800 mg/ml G418 (#G8168,
Sigma-Aldrich). The culture medium was replaced
with fresh one every day. Every 24 h, cells were har-
vested using 0,5% trypsin, diluted with a 0,4% try-
pan blue working solution and counted with a B€urker
counting chamber. Each sample was measured
three times, in triplicates. Cell-growth curves were
drawn from living cells numbers.
Transcriptome analysis of stable MDA-MB-231
cells overexpressing HAS2-AS1 exon 2 L

Total RNA was extracted from cultured cells using
the Direct-zol RNA Kit (Zymo Research Corporation,
Irvine, CA, USA) and processed for hybridization to
the Affymetrix Clariom S Human Arrays (Affymetrix.,
Santa Clara, CA., USA) according to the respective
manufacturers’ protocols. The CEL files were ana-
lyzed using the Transcriptome Analysis Console 4.0
Software (Affymetrix). After Robust Multiarray Aver-
age (RMA) normalization, differentially expressed
genes with 4-fold or greater changes were identified
with statistical significance defined by a false discov-
ery rate (FDR) adjusted p-value of below 0.05. The
list of genes was further analyzed using DAVID v6.8
and classified into associated functional groups and
KEGG pathways.
Immunofluorescence staining

For immunofluorescence staining, MDA-MB-231
stable clones overexpressing exon 2 of HAS2-AS1
L isoform or pcDNA3 empty vector were seeded in a
12-well plate upon glass microscopy dishes and
allowed to settle for 24 h at 37 °C. Then, cells were
fixed for 30 min in 4% paraformaldehyde, followed
by 15 min permeabilization in 0.1% Triton X-100,
blocking for 60 min in 1% BSA in PBS, and incuba-
tion overnight at 4 °C with the primary antibodies
against ZO-1 (1:200, #33-9100, Life Technologies)
or fibronectin (1:1000, # F3648, Sigma-Aldrich).

Then cells were incubated with secondary FITC-
conjugated antibodies (1:1000) for 1 h at room tem-
perature in the dark. Extensive washes with 1%
BSA in PBS were performed between the afore-
mentioned steps. Subsequently, coverslips were set
onto glass slides and mounted by using 10 ml of
VectaShield HardSet mounting medium containing
40,60-diamidino-2-phenylindole (DAPI, Vector Labo-
ratories) for nuclear visualization. Finally, images
were taken using a confocal microscope (Leica TCS
SP5, Wetzlar, Germany).
Statistical analysis

All experiments were repeated at least three times
in duplicates, if not differently indicated. Data are
shown as the mean values §SEM. The data were
tested for significance employing the one-way Anal-
ysis of Variances (ANOVA) test followed by Tukey’s
post hoc test to identify differences between the
means. Statistical comparison between two groups
was made using an unpaired Student’s t-test. The
level of significance was set at p < 0.05.
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