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ABBREVIATIONS

4-MU, 4-methylumbelliferone;

AKT, protein kinase B;

AMPK, adenosine monophosphate-activated protein kinase;
AoSMC, aortic smooth muscle cells;

ATCC, American Type Culture Collection;
CCND1, cyclin D1

CD44s, CD44 standard isoform;

CD44v, CD44 variant;

CEMIP, cell migration inducing hyaluronidase 1;
ceRNA, competing endogenous RNA;

c-Src, tyrosine kinase pp60;

DMEM, Dulbecco’s modified Eagle’s medium;
ECM, extracellular matrix;

EMT, epithelial-to-mesenchymal transition;
ER, oestrogen receptor;

EREG, epiregulin;

ERK, extracellular signal-regulated kinases;
FAK, focal adhesion kinases;

FBS, foetal bovine serum;

GlcNAc, N-acetyl-glucosamine;

GlcUA, glucuronic acid,;

HA, hyaluronan;

HABP, hyaluronan binding protein;

HAS1, 2, 3, hyaluronan synthase 1, 2, 3;

HAS2-AS1 L, exon 2 of HAS2-AS1 long isoform;




HAS2-AS1 S, exon 2 of HAS2-AS1 short isoform;

HAS2-AS1, hyaluronan synthase 2 antisense 1;

HER2, epidermal growth factor receptor 2;

HMWHA, high molecular weight hyaluronan;

HYAL, hyaluronidase;

KEGG, Kyoto Encyclopedia of Genes and Genomes;

IncRNA, long non-coding RNA,;

MET, mesenchymal-to-epithelial transition;

MET, mesenchymal-to-epithelial transition;

miRNA, microRNA;

MRE, miRNA responsive element;

MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-lium bromide;
ncRNA, non-coding RNA;

NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells;
PBS, phosphate buffered saline;

PI3K, phosphoinositide 3-kinase;

PR, progesterone receptor;

RHAMM, receptor for HA-mediated motility;

SEM, standard error of the mean;

SiRNA, silencing RNA;

TCGA, Cancer Genome Atlas;

TGFB, transforming growth factor §;

TLR, tool-like receptor;

TNBC, triple-negative breast cancer;

TSG-6, TNF-stimulated gene 6;

TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labelling;

UTR, untranslated region.
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ABSTRACT

One of the most abundant constituents of the extracellular matrix is hyaluronan (HA). Being
distributed almost in all vertebrates’ tissues, it plays a crucial role in the regulation of cell
behaviours in both physiological and pathological conditions, including cancer.

Tumour progression occurs through the crosstalk between cancer cells signalling networks and
host stroma factors such as TGFB, PDGF-BB and bFGF, all stimulating HA synthesis and creating an
HA-rich stroma. Carcinoma cell-associated microenvironment is characterized by aberrant HA
levels of a polydisperse size altering the composition and organization of the ECM and playing a
key role in creating an environment in which enhanced inflammation and increased angiogenesis
sustain cell growth, survival, and metastasis. HA influences cell behaviours through the interaction
with CD44 and RHAMM, eventually triggering protein tyrosine kinases, Src, focal adhesion kinase
and Erk kinases.

The most aggressive breast cancers are called triple-negative (TNBC), as they lack the expression
of oestrogen, progesterone and HER2 receptors. Currently, no efficient targeted therapy is
available for TNBCs. Thus, the identification of novel therapeutic targets is of critical importance.

HA and hyaluronan synthase 2 (HAS2) play a crucial role in regulating ER-negative breast cancer
cells, as HAS2 silencing or HA synthesis inhibition both reduce tumour aggressiveness.

The natural antisense transcript HAS2-AS1, a long non-coding RNA, is critical to epigenetically
control HAS2 transcription and HA synthesis. Since HAS2-AS1 favours cell growth, invasion, and
chemotherapy resistance in several cancers, including among others brain, ovary, and lung
tumours, its high expression levels generally correlate with a poor tumour prognosis. However,
the role of HAS2-AS1 in breast cancers has not yet been thoroughly investigated and the results
of this thesis seem to tell a different story.

First, we observed that ER-positive breast cancers had lower HAS2-AS1 expression compared to
ER-negative tumours. Moreover, the survival of patients with ER-negative tumours 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.
Transcriptome analysis revealed that HAS2-AS1 modulation affected several pathways, including
apoptosis, proliferation, motility, adhesion and signalling, describing this long non-coding RNA as
an important regulator of breast cancer cells aggressiveness.

In deep investigation of the molecular mechanisms driving HAS2-AS1 modulation of diverse
cancer-related pathways, revealed that HAS2-AS1 can bind and sequestrate miR-186-3p, working
as a competing endogenous RNA (ceRNA; sponge effect), thus altering the expression of thousand
genes.

Finally, we found a strict involvement of HAS2-AS1 in modulating apoptosis in MDA-MB-231 cells,
probably via miR-186-3p sponging, as its target mRNA of the P2RX7 gene was found profoundly
induced upon HAS2-AS1 overexpression. Interestingly, also involvement in mesenchymal-to-
epithelial transition and cell cycle regulation was suggested by some preliminary results we
obtained.

These new scenarios suggest that HAS2-AS1 can be involved in a more complex network of
interactions that are critical for several cellular pathways. Nowadays IncRNAs are considered
pivotal factors able to alter the landscape of gene expression in many tissues and several of them
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have been described to inhibit breast cancer tumorigenesis. In this light, HAS2-AS1 could be
considered a new tumour suppressor specific for ER-negative breast cancer.
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BREAST CANCER

Breast cancer is a major public health issue worldwide. According to the 2020 estimates, female
breast cancer has surpassed lung cancer as the most commonly diagnosed tumour, with 2.3
million new cases (11.7%) of all cancer cases, closely followed by lung (11.4%), colorectal (10.0%),
prostate (7.3%), and stomach (5.6%) cancers. Moreover, accounting for 1 in 6 cancer deaths in
women, breast cancer ranks first not only for incidence in the vast majority of countries (159 of

185 countries) but also for mortality in 110 countries worldwide [1].

The quite recent decrease in mortality rates both in North America and European Union can be
mostly attributable to early detection and efficient systemic therapies. Indeed, after the spreading
of mammographic screening, between the 1980s and 1990s it was observed a rapid and uniform
increase in breast cancer incidence rates, highlighting the power of such screening method. Its
combination with a reduction in the use of menopausal hormone therapy led to an important
drop in female breast cancer incidence during the early 2000s [2—4]. However, even if population-
wide breast cancer screening programs aim to reduce breast cancer mortality through early
detection and effective treatments, establishing primary prevention programs for breast cancer
remains a great challenge. Nevertheless, efforts to decrease excess body weight and alcohol
consumption and to encourage physical activity and breastfeeding may have an impact in

stemming the incidence of breast cancer worldwide [1].

Breast cancer is a very heterogeneous disease, consisting of different entities affecting the same
anatomical organ and originating in the same anatomical structure (i.e., the terminal duct-lobular
unit). Heterogeneity represents the primary challenge in treating breast cancer [5] —
understanding the critical biomarkers, together with their role in carcinogenesis, drug resistance
and their use for diagnosis and therapy, is crucial for an effective breast cancer treatment.

The traditional histological classification of breast carcinomas, based on the diversity of the
morphological features of the tumours, has as the main drawback that about 80% of all breast
cancers will eventually belong to either one of the two major histopathological classes, namely
invasive ductal carcinomas, or invasive lobular carcinoma [6]. This implies that tumours having
very different biological and clinical profiles are grouped, resulting in minimalised prognostic and
predictive capabilities and modest clinical utility.

To compensate for the limited prognostic and predictive power of such histopathological
classification of breast carcinomas, in 2000 Perou and colleagues introduced a new way of

clustering breast tumours, depending on their gene expression profiles and the presence or
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absence of oestrogen receptors (ER), progesterone receptors (PR), and human epidermal growth
factor receptor 2 (HER2). In such a way, breast carcinomas can be classified into four main
molecular subtypes: luminal A (ER* and/or PR*; HER2"), luminal B (ER* and/or PR*; HER2*), basal-
like (ER", PR, and HER2") also called triple-negative breast cancer (TNBC), and HER2-enriched (ER
, PR", and HER2*) [7,8] (Fig. 1).

Best
prognosis

Luminal A (~40%)
HR+ (ER+ and/or PR+), HER2-

Luminal B (~20%)
HR+ (ER+ and/or PR+), HER2+

Triple Negative (~15-20%)
HR- (ER-, PR-), HER2-

Worst
prognosis

Figure 1. Molecular subtypes of breast cancer and relative prognosis.

While surgery is the primary treatment for breast cancer, and chemotherapy and radiation are
well established adjuvant therapies, endocrine therapy has revolutionized the general
management of breast cancer. Indeed, ER and HER2 are the major targets for breast cancer
treatment (using for example tamoxifen and trastuzumab); otherwise, oestrogen synthesis can be
blocked using aromatase inhibitors.

Due to the lack of hormone receptors, TNBCs show a more aggressive cellular phenotype and a
poorer outcome in terms of survival to ER-positive tumours. Their treatment mainly relies on
cytotoxic chemotherapy, which however is inadequate. Therefore, it is essential to concentrate
and identify molecular targets for the development of more efficient targeted therapies against

TNBC.

1 HYALURONAN

It is well accepted that tumours are not solely made by autonomous cells developing
independently. On the contrary, they are cellular masses having strict and complex interactions

with their microenvironment [9,10].
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Apart from the cancer cells themselves, the tumour niche is composed of both stromal cells, such
as fibroblasts, vascular cells, and infiltrating immune cells and of non-cellular compartments,
including secreted soluble factors and solid-state structural extracellular matrix (ECM). ECM is a
complex yet well-organized three-dimensional architectural network having critical structural and
functional roles in many physiological as well as pathological processes [11-17]. It greatly varies
among different tissues and consists of a mixture of macromolecules, including collagens,
proteoglycans (PGs) and glycosaminoglycans (GAGs), elastin and elastic fibers, laminins,
fibronectin, and other proteins/glycoproteins [18]. Moreover, the ECM is rich in a numerous
variety of secreted molecules, including growth factors, that through binding to specific ECM
molecules and membrane receptors may activate signalling pathways that control or alter cell
behaviours. In such a way, the ECM can coordinate multiple inside-out or outside-in commands
between cells in organs and tissues [17]. Even in the tumour microenvironment, ECM mediates
the communication between cancerous cells and host stromal cells. During cancer progression,
these cellular communications dramatically alter the cellular and molecular composition of the

tumour niche, to sustain cancer cell proliferation, migration, invasion, and metastasis [19-21].

Hyaluronic acid (HA), a prominent component of the ECM, is an atypical unbranched GAG, as it is
not covalently bound to any PG, lacks any chemical modification and is the only one produced
outside the Golgi. Indeed, the enzymes involved in HA synthesis are located on the cellular
membrane and directly extrude the nascent HA molecule outside of the cells, in the ECM. HA
polymer is constituted by repeating disaccharide units of D-glucuronic acid (GIcUA) and N-acetyl-
D-glucosamine (GIcNAc), linked together by alternating -1,4 and B-1,3 glycosidic bonds (Fig. 2)
[22].

OH OH
~0 ° 1o o

o)
oH B(1-4)  NH
0

—in

Figure 2. HA chemical structure, highlighting the 8-1,4 and 8-1,3 glycosidic bonds connecting the repeating
disaccharide units of GIcUA (in red) and GIcNAc (in green).

Under homeostatic conditions, HA is synthesised as a high molecular weight polymer (HMWHA),
with a mass ranging from 1 to 6 MDa. When, instead, the ECM is disrupted due to a pathological

condition (i.e., cancer, inflammation, oxidative stress, tissue remodelling, etc.), HMWHA can be



INTRODUCTION

quickly degraded by hyaluronidases (HYALs), cell migration-inducing and hyaluronan-binding
protein (CEMIP), transmembrane protein 2 (TMEM?2) and reactive oxygen species (ROS), thus
generating low molecular weight HA (LMWHA), with a mass even lower than 250 kDa [23,24].
Due to its negative charge at neutral pH, HA attracts water, being capable of containing up to
10,000 times its weight of water, which contributes to the formation of loose and elastic matrices
facilitating cellular migration [25]. Therefore, HA plays a key role in promoting tumorigenesis, as
it can influence cell behaviours and cancer progression, not only by modulating the hydration and
osmotic balance in the tumour environment but also by inducing intracellular signal transductions
that can promote the malignant phenotype [14].

HA production is increased in many cancers, most notably in pancreatic carcinomas [26,27] but
also in breast [28], colorectal [29], prostate [30], and brain tumours [31] and it is strongly
associated with tumour aggressiveness and an unfavourable disease outcome. However, some
contradictory observations made in both clinical and experimental studies, suggest that HA may
regulate tumour progression in opposite ways, in a context-dependent manner. In fact, it has been
observed that reduced levels of HA in patients affected by oral squamous cell carcinoma and stage

| melanoma correlated with poor survival [32,33].

1.1  Hyaluronan metabolism

HA is synthesized by three transmembrane isoenzymes, called hyaluronan synthases
(HAS1, 2 and 3), sharing about 60-70% identity at the amino acid level [34,35].

An important feature of all HASes is their capability of synthesising HA starting from two UDP-
sugar precursors, exploiting the great energy content of the two substrates and, thus, avoiding
the need for ATP [34].

Although all three HASs are found in various tumour cell types [36], and both HAS2 and HAS3
expression is correlated with malignant transformation [37], HAS2 is the most efficient HA
synthesizing enzyme [38]. Itano and colleagues demonstrated the essential role exerted by both
HAS2 expression and stromal HA in sustaining mammary tumour progression: high HAS2 and HA
levels were shown to induce the recruitment of tumour-associated macrophages (TAMs) and
tumour neovascularization [39,40]. In TNBC cell lines (i.e., MDA-MB-231 and Hs578T) HAS2 mRNA
levels are significantly higher with respect to cell lines with less aggressive phenotypes (i.e., MCF-
7) [41]. Furthermore, HAS2 has also a pivotal role in regulating cell motility and invasion, as its
expression levels are increased in bone metastases compared to parental MDA-MB-231 cells.

Finally, breast tumour biopsies showed enhanced angiogenesis and recruitment of inflammatory

10
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cells when HAS2 expression was elevated. In support of these findings, HAS2 suppression by
interfering RNA or by 4-methylubelliferone (4-MU) administration reduces tumorigenesis and
progression of breast cancer cells [42-45]. These phenomena were accompanied by a reduced
HAS2 expression and HA accumulation, induced HYALs activity and substantial loss of the HA

receptor CD44.

HAS2 activity is tightly regulated at both transcriptional and post-transcriptional levels. First, the
availability of UDP-sugar precursors (i.e., UDP-GIcUA and UDP-GIcNAc) is critical to modulate HAS2
activity and HA deposition. Indeed, 4-MU selectively inhibits HA synthesis by depleting the
cytoplasmic GIcUA reservoir [46,47]. To sustain rapid cell growth and division, cancer cells
metabolism is not focused on increasing ATP availability. Instead, highly proliferating cells need to
focus on the synthesis of cellular building blocks, meaning macromolecules, nucleotides, proteins,
lipids and glycans. So, rather than ATP, cancer cells need more carbon skeletons, nitrogen, and
NADPH for anabolic reactions [48]. Because of the metabolic reprogramming that cancerous cells
undergo during tumour progression (Warburg effect), glycogen metabolism is very efficient in
tumour cells, rapidly converting glucose in UDP-glucose. Thanks to UDP-glucose 6-dehydrogenase
(UGDH), UDP-glucose is used to finally produce UDP-GIcUA. Similarly, UDP-GIcNAc is derived from
another glycolytic intermediate, glucose-6-phosphate via the Hexosamine biosynthetic pathway.
These pieces of evidence could provide a possible link between high glucose uptake and excessive
accumulation of HA that are observed in several tumours [49-51]

More than being solely a precursor for HA synthesis, GIcNAc is also the substrate for O-GIcNAc
transferase (OGT), which has a central role in the regulation of metabolism in response to nutrient
availability. OGT transfers GIcNAc moieties to serine 221 of HAS2 protein, increasing its stability
in the plasma membrane (up to 5 hours) and thus HA synthesis [52]. Interestingly, O-
GIcNAcylation of the NF-kB subunit p65 has a critical function in the induction of HAS2
transcription, involving HAS2-AS1 long non-coding RNA (IncRNA) as a mediator of chromatin

remodelling [53].

Interestingly, HAS2 functionality also strictly depends on the energy status of the cells —indeed,
adenosine monophosphate-activated protein kinase (AMPK), the sensor of cellular energy level,
induces the phosphorylation of HAS2 threonine 110, blocking its enzymatic activity [54]. AMPK
generally activates catabolic processes, to restore ATP levels and inhibit ATP consuming pathways
(i.e., anabolism). As in tumours, anabolic pathways are preferred to catabolic ones, it is not

surprising that AMPK is often found blocked in malignancies. Indeed, liver kinase B1 (LKB1), the

11
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upstream activator of AMPK, has been found mutated in numerous malignancies, thus blocking

the AMPK pathway, and favouring HA synthesis [36,55] (Fig. 3).

Other kinases like extracellular-signal-regulated kinases (ERKs) [56] and protein kinase C (PKC) [57]
seem to have a role in regulating HAS2 activity. Finally, HAS2 can also form dimers or oligomers
upon mono-ubiquitination K190 residue, which has a key role in its activity and, indeed,

dimerization [58].

Interestingly, even numerous pro-inflammatory stimuli are involved in the regulation of HA
synthesis, among which oxidized low-density lipoprotein (ox-LDL), tumour necrosis factor-alpha
(TNFa) [59,60], vitamin D [61] and salicylate [62] have been proved to have a critical role.
Moreover, infiltration of inflammatory cells into tumour stroma causes the release of several
soluble factors including fibroblast growth factor (FGF), transforming growth factor B (TGFB),
Platelet-Derived Growth Factor-BB (PDGF-BB), hepatocyte growth factor (HGF) that all induce
HAS2 expression and, consequently, HA deposition [63].

Notably, in vascular endothelial cells, HAS2 can be degraded via autophagy evoked by nutrient

deprivation or mammalian target of rapamycin (mTOR) inhibition [64].

TUMOR MICROENVIRONMENT

Growth factors
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Figure 3. Overview of HA metabolism and interaction with membrane receptors. Glc, glucose; G6P, glucose-

6-phosphate; F6P, Fructose-6-phosphate.
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1.2 Hyaluronan catabolism

The length of HA polymers can vary from the disaccharide unit to thousands of disaccharides
[24,65]. This polydisperse sizing of HA mainly depends on the catalytic abilities of HYALs, which
are hydrolases that cleave the B-(1,4) linkage between GIcNAc and GIcUA. There are six known
HYALs in humans: HYALs 1-4, HYALP and PH-20 [66]. HYALs’ degrading activity is not only related
to HA - HYAL4, for example, is able to cleave chondroitin sulphate, with no evidence of HA
catabolic activity. Among all HYALs, HYAL1 and HYAL2 are the predominant isoforms to cleave HA
[67]. At the plasma membrane, HYAL2 chops HMWHA into small fragments that are soon after
internalised into the cells via endocytosis and further degrade in the lysosomes by HYALL. Inside
the cells, the complete degradation of HA is completed by the coordinate action of HYALs, B-
glucuronidase and hexosaminidase, leading to free GIcUA and GIcNAc [67,68] (Fig. 3). Eventually,
GIcUA is converted into xylulose-5-phosphate, which sustains the hexose monophosphate
pathway for the synthesis of NADPH and ribose.

Recently, other HA degrading enzymes have been described to have hyaluronidase activity: the

hyaluronan binding protein involved in hyaluronan depolymerization (HYBID) and TMEM?2 [69,70].

HA catabolism results in the generation of bioactive fragments having contrasting size-dependent
functions [71,72]. For instance, HMWHA is known to have anti-angiogenic, anti-proliferative and
immunosuppressive features. On the other hand, LMWHA induces inflammation, angiogenesis,
had immune-stimulatory functions and induces tissues reparative processes as described in
wound healing [24,73]. As proof, naked mole-rat, have been proved to possess HA chains longer
than 12 million Da. As a consequence, these animals have an unusually long life, about ten times
longer than other rodents, and an incredible resistance to tumour development and spreading,
when cancer cells are injected into the dermis [74]. Recently, it was demonstrated that these

animals also express very low levels of HYAL1 and HYAL3 [75].

Contrary to what happens in the naked mole rat, tumours typically express high levels of HYALs.
Via actively degrading HA, HYALs also contribute to sustaining cancer metabolism and metabolic
reprogramming, both providing support to the pentose pathway to obtain reducing equivalents
and ribose for anabolism and increasing the glycolytic rate to produce ATP [76].

Combined overexpression of HAS and either HYAL1 [77] or HYAL2 [78] is characteristic of the
invasive front of human breast cancer. Similarly, high expression of HYAL2 is significantly increased

in premalignant and malignant melanomas [79].

13
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1.3 HAreceptors and interactors

The multiple and even contradictory effects that HA polymers of different sizes have can be
ascribed by the presence of several HA receptors on the cell surface, that can trigger specific and
differential signalling cascades. These receptors are CD44, receptor for hyaluronan-mediated
motility (RHAMM), lymphatic vessel endothelial receptor 1 (LYVE-1), HA receptor for endocytosis
(HARE), and Toll-like receptors 2 and 4 (TLR2 and 4) [80]. The engagement of these binding
partners explains the perturbation of the tissue homeostasis observed during pathological

situations, as it derives unbalanced cell motility, proliferation, apoptosis, and tissue remodelling.

The most prominent and almost ubiquitous HA receptor is CD44, which is particularly abundant
on inflammatory and cancer cells [81]. CD44 is a single-span transmembrane glycoprotein
involved not only in mediating both cell-cell and cell-matrix interactions but is also a key player in
transmitting HA signalling in tumour progression [82].

In humans, CD44 is encoded by a single gene that contains 20 exons and generates about 20
variants (CD44v) and possesses different levels of glycosylation. The standard isoform of CD44
(CD44s) is ubiquitously expressed, whereas CD44v are expressed mainly during inflammation and
cancer [83] — CD44v6 is highly expressed in lung, breast, ovarian and colon cancer [84-87].
Notably, the switching between CD44s to CD44v exerts a key role in regulating epithelial to
mesenchymal transition (EMT) and plasticity of cancer cells [88].

Different breast cancer subtypes express peculiar CD44v — this diversity in CD44v expression has
been ascribed to specific clinical markers (i.e., HER2, ER, PR), suggesting the involvement of CD44v
in specific oncogenic signalling pathways [89]. Moreover, CD44"/CD24 breast cancer cells
subpopulation, typically identified as cancer stem cells, is associated with invasive properties and
poor prognosis [90]. In fact, HA/CD44 interaction promotes cytoskeletal remodelling, thus

favouring cell growth, survival, invasion and metastasis.

HA/CD44 interaction involves the BX7B HA-binding motif on the N-terminal region of the CD44
receptor which is common to other HA-binding proteins, including RHAMM. HA interaction with
CD44 triggers receptor clustering and interaction with other transmembrane proteins, including
receptor tyrosine kinases, serine/threonine kinase receptors, tumour necrosis factor receptor
(TNFR)-like receptors, G-protein coupled receptors, the Wnt receptor LRP5/6, CD147, and ATP-
binding cassette transporters [88,91]. In such a way, the CD44 cytoplasmic domain could be
phosphorylated to transduce signals when the ligand binds the extracellular domain. The

signalling cascade triggered by HA/CD44 interaction mainly stimulates phosphoinositide 3-kinase/

14
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phosphoinositide-dependent kinase-1/ protein kinase B (PI3K/PDK1/Akt) pathway, Ras
phosphorylation cascade involving RAF1, mitogen-activated protein kinase kinase (MEK) and
ERK1/2, as well as Wnt/b-catenin and focal adhesion kinases (FAK). Consequently, HA/CD44
interaction stimulates several oncogenic pathways and microRNA (miRNA) functions related
mainly to cell adhesiveness, migration, and infiltration [92].

CD44 intracellular domain (CD44ICD) can undergo cleavage and then translocate into the nucleus,
acting, at least in part, as a transcriptional regulator [93,94]. In breast cancer, CD44ICD induces
the transcription of stemness factors such as Nanog, Sox2 and Oct-4, thus contributing to breast

cancer aggressiveness and tumorigenesis [95].

The second most important HA receptor is RHAMM (also known as CD168), a coiled-coil protein
that can be found on cell membranes, in the cytoplasm, nucleus or extracellular space. High
RHAMM expression has been reported in several tumours, including breast, colon, brain, prostate,
and endometrial [96—99]. When binding HA, RHAMM can interact with other receptors such as
PDGF receptor (PDGFR), TGFB receptor | (TGFBRI), and CD44 [83]. As a result, several pathways
are induced, including Ras, FAK, ERK1/2, PKC, tyrosine kinase pp60 (c-Src), NF-kB, and PI3K,
eventually leading to cell migration, wound healing, tumorigenesis, and EMT [100,101].

A large body of evidence supports the role of TLR2 and 4 in HA signalling. TLRs are membrane
receptors typical of the immune system, that are mainly related to inflammation during viral
infection and tumorigenesis [102—104]. Recently, it has been demonstrated that HA interaction
with both CD44 and TLR4 sustains colon tumorigenesis, via promoting tumour growth in mice
[105]. Similarly, HA/TLR4 interaction in glioblastoma provoked cell differentiation via activating

NF-«B [106].

Another interesting HA-binding protein is TNF-stimulated gene 6 (TSG-6), which yields the
formation of cross-links between HA and the heavy chains of the serine protease inhibitor inter-
alpha-inhibitor (lal), thus stabilizing the structural integrity of ECM. In general, TSG-6 is not a
constitutively expressed protein in normal adult tissues, but its expression is upregulated during
inflammation and cancer progression [107,108].

In breast cancer, HA TSG-6—crosslinked levels are significantly decreased and associated with
tumour malignancy [109]. Moreover, the interaction between HMWHA and TSG-6 affects

monocytes/macrophages angiogenic behaviours [108].
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2 NON-CODING RNAs

The transcriptional landscape of all organisms is far more complex than what was thought — only
2% of the total 80% transcribed genome is effectively translated into proteins [110]. All the
remaining non-translated portion of the genome, the once so-called “junk-DNA”, has now been
proved to represent the class of non-coding RNAs (ncRNAs), including housekeeping ncRNAs and
regulatory RNAs. Depending on their sizes, regulatory ncRNAs can be clustered into small ncRNAs,
with less than 200 bp, and IncRNAs, with a length comprised between 200 bp and ~100 kb
[111,112] (Fig. 4).

[ non-coding RNAs ]

tRNAs
IRNAS [ |
S”Fg\l'\ﬁf small non-coding long non-coding
snol s RNAs RNAs
miRNAs
piRNAs
siRNAs

Figure 4. Classification of non-coding RNAs.

2.1 MicroRNAs

miRNAs are small ncRNAs, with a length comprised between 19 and 25 nucleotides, which are
involved in the regulation of a plethora of target genes/mRNAs. They are involved in almost all
biological processes, including those that are essential for cancer progression (i.e., proliferation,
differentiation, apoptosis, energetic metabolism, immune response) [113].

miRNA biogenesis begins with the transcription of long primary transcripts (pri-miRNA, up to
several kilobases) by polymerase II. pri-miRNAs are subsequently processed in the nucleus by type
Il RNase Drosha, into shorter stem-loop precursors (pre-miRNA, ~80nt). After being exported
from the nucleus into the cytoplasm by Ran/GTP/exportin 5 complex, pre-miRNAs are processed
by another RNase Il enzyme, called DICER, generating a 20-22nt miRNA/miRNA duplex. At this
point, the duplex is unwound into single strands by the action of helicase. Thus, two different
miRNAs are generated, called either miR-3p or miR-5p, depending on which pre-miRNA strand
they came from. Even if historically miR-5p has been considered the one invested with the mRNA-
degrading task, in the last few years more and some miR-3p sequences were reported as guide

miRNAs with abundant expression [114-117]. Indeed, the RNA strand with lower stability at the
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5-end will be integrated into the RNA-induced silencing complex (RISC), eventually becoming a
mature miRNA. Conversely, the strand having higher stability at the 5’-end is normally degraded.
As a final result, the mature miRNA-RISC complex binds to the 3-untranslated region (UTR) of the

target mRNA, thus inhibiting its translation [118,119] (Fig. 5).
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Figure 5. schematic representation of miRNA biogenesis.

miRNAs are crucial for normal animal development and, indeed, are involved in a variety of
biological processes. Altered miRNA expression is associated with many human diseases, including
cancer [120]. As miRNAs are also secreted into extracellular fluids, they have been widely reported
as potential biomarkers for cancer types [121,122].

The first evidence of miRNA involvement in human cancer was provided by Croce’s group — they
found that miR-15a and miR-16-1 were deleted or downregulated in the majority of chronic
lymphocytic leukaemias [123]. Further investigations revealed that miR-15 and miR-16-1 act as
tumour suppressors to induce apoptosis by repressing Bcl-2, an anti-apoptotic protein

overexpressed in malignant non-dividing B cells and other solid tumours [124,125].

Interestingly, the HA/HAS2/CD44 axis has been reported to be involved in the regulation of
different miRNAs, thus influencing tumour progression and disease prognosis. As an example,
HA/CD44 interaction upregulates miR-21 expression, which, in turn, is found upregulated in
diverse cancer types and is currently considered officially an oncogene [126]. Similarly, HA/CD44
interaction has a role in regulating the expression levels of several other miRNAs, including miR-
10b and miR-302, finally tunning important oncogenic pathways as chemotherapy resistance,

apoptosis, migration, invasion, and metastasis [127].

Notably, an emerging body of evidence highlights the involvement of miRNAs in ECM synthesis —
the list includes miR-21, miR-10b, miR-23 and many others [128].
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2.2 Long non-coding RNAs

IncRNAs share many features with mRNAs: they are transcribed by polymerase Il from genomic
loci with similar chromatin state and their transcription require the canonical factors of the
transcription machinery; they can have a multi-exonic composition and undergo alternative
splicing (although they contain fewer exons compared to mRNA); are capped at the 5’ end and
polyadenylated [129,130]. However, differently from mRNAs, IncRNAs generally contain fewer but
significantly longer codons [131] and lack significant and classical open reading frames (ORFs),
initiation and termination codons and 3’-UTR. However, recent advanced technologies have
revealed that several IncRNAs encode small peptides (<100 amino acids), which are now becoming
appreciated as a new class of functional molecules contributing to multiple cellular processes, and

deregulated in different diseases, including breast cancer [132—-134].

INcRNAs are less evolutionary conserved compared to mRNAs — indeed, their primary structure
seems to be less important when considering their secondary and tertiary structures, instead
[135]. Notably, even if IncRNAs are much less expressed than mRNAs, they are more tissue-
specific, and their promoters undergo a massive selective pressure [136,137].

According to their location with respect to the nearest protein-coding sequence, IncRNAs can be
classified into five subgroups: sense, antisense, bidirectional, intronic and intergenic (Fig. 6).

I protein-coding gene
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Figure 6. Schematic representation of IncRNAs classification according to their genomic position relative to a
protein-coding gene. Arrows indicate transcription direction.
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The function of IncRNAs is strictly related to their subcellular localization, mostly being situated in

the nucleus (in part due to inefficient splicing and polyadenylation) or cytoplasm, but some have

been found also in mitochondria and extracellular vesicles [138].

Intriguingly, in the last years, an increasing number of publications is describing that IncRNAs
functioning is related to the synthesis and degradation of many components of the ECM (i.e.,
collagen, integrins, laminins, metalloproteases and others), being key regulators of cell
proliferation, invasion and metastasis in lung and breast tumours, and squamous cell carcinomas.
[139-142]. Numerous studies underline that IncRNAs can regulate gene expression at different
levels (Fig. 7), starting from epigenetics and chromatin structure, transcriptional modifications,

and even at translational and post-translation levels [130,143].

As a consequence, their overexpression or deficiency has a direct impact on the physiology of
tissues and organs, determining cellular state, differentiation and development, thus being
involved in the onset of different pathologies, including cancer [144,145]. When considering
breast cancer, several INcRNAs show different expression patterns in cancer tissue compared to
the normal breast tissue. Moreover, differential expression patterns are observed within different
breast cancer subtypes — some are associated with ER signalling [146], others to triple-negative

status [147,148].
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Figure 7. Nuclear vs cytoplasmic regulatory mechanisms associated with IncRNAs.

2.2.1 HAS2-AS1

The IncRNA hyaluronan synthase 2 antisense 1 (HAS2-AS1) was first described by Chao and Spicer
in 2005 as the natural antisense of HAS2 sequence, as it is located on chromosome 8g24.13 and
transcribed from the opposite strand of HAS2 gene locus. HAS2-AS1 transcript consists of four
exons, flanked by a consensus splice acceptor and donor sequences. The four exons are
distributed as follows with respect to HAS2 gene structure: exon 1 is encoded by sequences
located within intron 1 of HAS2, exon 2 is complementary to a portion of HAS2 exon 1 and exons

3 and 4 are encoded by sequences within HAS2 proximal promoter [43] (Fig. 8).

HAS2-AS1 exon 2 contains a splicing site, which allows the generation of two splicing variants,
called long (L) and short (S) depending on their nucleotide length, of 257nt and 174nt respectively
(Fig. 8). These two isoforms show perfect complementarity with a region starting about 70 bp
from the presumed transcription initiation site of human HAS2, allowing HAS2 mRNA and HAS2-
AS1 natural antisense to form an RNA/RNA heteroduplex at the cytoplasmic level which stabilises

HAS2 transcript. In 2011, Michael and colleagues proved for the first time that under the
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stimulation of interleukin-1 B (IL-1B) and TGFB, HAS2 mRNA physically interacts with HAS2-AS1 in

proximal tubular epithelial cells, finally stabilising and promoting HAS2 expression [149].

Remarkably, the HAS2-AS1 effect seems to be different and specific depending on the cell type.
Indeed, HAS2-AS1 overexpression in osteosarcoma cells reduces HAS2 transcript [43], while its
overexpression in oral squamous cell carcinoma is crucial for HAS2 stabilisation and transcription

and hypoxia-induced invasiveness [150].
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Figure 8. Schematic representation of the genomic organization of human HAS2 and HAS2-AS1 loci on
chromosome 8.

IncRNAs functions greatly depend on their subcellular localization. As regards HAS2-AS1, it can be
located either in the nucleus or in the cytoplasm [151]. In 2014, Vigetti and colleagues
demonstrated that in aortic smooth muscle cells (AoSMCs) nuclear HAS2-AS1 works as a cis
epigenetic regulator of HAS2, being essential to induce HAS2 transcription by facilitating
chromatin remodelling and opening around HAS2 promoter [53] (Fig. 9). Interestingly, in AoSMCs
the same NF-kB/HAS2-AS1/HAS2 pathway is also involved in Sirtuin 1 (SIRT1) response to
inflammatory stimuli (i.e., TNFa). In particular, the activation of SIRT1 prevents NF-kB/p65
acetylation and, consequently, its nuclear translocation. As a result, there is a decrease in HAS2-

AS1 transcription, which in turn regulates HAS2 and HA deposition [60] (Fig. 9).
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An interesting aspect of HAS2-AS1 is its connection with hypoxia - an aberrant expression of HAS2-
AS1 was observed in squamous cell carcinomas under hypoxic conditions. HAS2 expression and
HA deposition are both stimulated under hypoxic conditions, since HAS2-AS1 responds to hypoxia-

inducible factor-1a (HIF-1a) via the hypoxia-responsive element (HRE) included in its promoter

[152] (Fig. 9).
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Figure 9. Schematic illustration of HAS2-AS1 functions in cells.

More than being solely an epigenetic regulator for the HAS2 gene, HAS2-AS1 can also be found in
the cytoplasm. Different studies reported the intriguing ability of HAS2-AS1 to interact with other
RNAs, which is acting as competing endogenous RNAs (ceRNAs) for miRNAs (sponge effect) (Fig.
9). An increasing number of studies report that HAS2-AS1/miRNAs interaction is functional mainly

in cancer. As an example, high levels of HAS2-AS1 have been reported in glioma, where it sponges
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miR-137 and eventually correlates with a lower overall survival rate [153]. Similarly, HAS2-AS1 can
function as an oncogene sponging miR-608 and propelling invasion and proliferation of
glioblastoma multiforme cells [154]. Finally, HAS2-AS1 has been associated with increased cell
proliferation and invasion in ovarian cancer, via sequestrating miR-466 and reliving RUNX2

function [155].

As miRNAs landscape is very different between different tissues and cells, it would not be
surprising if the effects of HAS2-AS1 are specific and restricted to a particular cell type or cancer
histotype. Accordingly, HAS2-AS1 could be considered a potential pharmacological target to
modulate not only HAS2 expression without altering the other HASes but also other malignant

phenotypes, including EMT, proliferation and invasion.

3 HYALURONAN AND ITS IMPLICATION IN CANCER HALLMARKS

According to Hanahan and Weinberg, tumorigenesis consists of a multistep process reflecting the
numerous genetic alterations that normal cells progressively accumulate, thus evolving into highly
malignant cells. As a result, cells acquire a set of distinct characteristics that enable tumour growth
and metastatic dissemination, that Hanahan and Weinberg summarized in eight distinct
hallmarks: self-sufficiency in growth signals, insensitivity to anti-growth signals, evading apoptosis,
limitless replicative potential, sustained angiogenesis, tissue invasion and metastasis,

reprogramming of energy metabolism and evading the immune response [156].

In the last years became clear that the biology of tumours can no longer be understood simply by
investigating the traits of cancer cells — instead, it is essential to focus also on the tumour

microenvironment and, thus, the contribution of ECM to tumorigenesis and cancer progression.

3.1 Sustaining proliferative signalling

One of the most important mechanisms by which cells undergo tumour transformation and
sustain cancer progression is their ability to escape growth regulation. Tumour cells establish their
de-regulated ability to proliferate via two processes: by enhancing cell proliferation itself or by
inhibiting the suppressive regulation of the surrounding environment on cell proliferation. ECM
plays a key role in this context, as it modulates the presentation or sequestration of growth factors

to receptors, thus contributing to the regulation of cell fate.
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Notably, CD44/HA interaction activates the Rho GTPase signalling, which eventually yields to the
reorganisation of the cytoskeleton, chemoresistance, cell growth and proliferation, via induction
of the PI3K/Akt pathway [157]. Similarly, PI3K/Akt also activates mTOR, which is known to promote
cell proliferation and metabolism [158]. In breast cancer it has been observed that Akt is
constantly activated by CD44, via a positive feedback loop involving HAS2 and HA production,

finally sustaining cell survival [159].

Interestingly, also RHAMM has been described to boost cancer cell proliferation [160]. Its
expression increases during G2/M progression, and contributes to the formation of the mitotic

spindle, the regulation of proper chromosomal segregation and genomic stability [161].

In the last years, the interest in ncRNAs involvement in tumorigenesis and cancer progression is
significantly increasing, as demonstrated by the crescent number of papers published on the topic
[162]. As an example, in ovarian cancer cells, HOTAIR increases the expression of cyclin D1
(CCND1) and cyclin D2 (CCND2) via sponging miR-206 [163]. Similarly, the oncogenic IncRNA
MALAT1 regulates cell cycle progression at G1 phase through the regulation of p53, p16, p21 and
p27 cell cycle inhibitors [164].

3.2 Tissue invasion and metastasis

Invasion and metastasis of tumour cells are processes closely related to poor prognosis. Plenty of
studies demonstrated the active role of ECM in affecting primary tumour cells adhesion and

penetration to metastasise target tissues [165].

Regarding breast cancer, two major models are explaining how metastasis happens: the first
suggests that only cancer stem cells can metastasise and form a new tumour into a distant organ;
according to the second model, instead, primary tumour cells can undergo multiple changes due
to increased genomic instability and eventually acquire the ability to invade and metastasise to
distant organs [166,167]. This second theory is strictly based on the EMT pathway that allows
tumour cells to delaminate from the primary tumour mass.

During EMT, the epithelial-like cancer cells lose contact with each other due to a progressive loss
of adherence junction proteins, such as E-cadherin, and a concomitant gain of mesenchymal
markers, as N-cadherin, thus acquiring a mesenchymal migratory phenotype [63].

EMT and its reverse process, called mesenchymal-to-epithelial transition (MET), allow the transit
of cells between mesenchymal and epithelial states, representing vital processes involved not only

in cancer metastasis but also in physiological processes like embryogenesis and development.
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Thus, it is not surprising the high intra-species conservation of EMT-MET associated pathways, like

Snail/Slug, Twist, Six1, TGFB, and Wnt/B-catenin [168].

A lot of evidence demonstrates that HA, CD44 and HAS2 are master regulators of EMT pathways.
In breast tumours, high HA levels and their interaction with CD44s support EMT boosting zinc
finger E-box-binding homeobox 1 (ZEB1) expression levels in an autocrine manner [169]. Instead,
HAS2 depletion in murine mammary epithelial cells significantly inhibited the TGFB-induced EMT
via decreasing the expression of fibronectin, Snail and ZEB1 [170]. Similarly, HAS2-AS1 has a key
role in TGFB- and HAS2-induced breast cancer EMT, migration and acquisition of stemness, as it
was demonstrated that its abrogation suppressed TGFB induction of EMT markers, including
Snail, Hmga2 and fibronectin [151].

Remarkably, in breast cancer cells there is a switch in the expression of CD44v isoforms to the
CD44s isoform due to inhibition of splicing activity when cells acquire a mesenchymal phenotype
and undergo EMT, highlighted by a decrease in E-cadherin via activated PI3K/Akt pathway [171].
Moreover, in hepatocellular carcinoma CD44s but, not CD44v, has a key role in regulating TGFj-
mediated mesenchymal phenotype, regulating vimentin expression, mesenchymal spindle-like

morphology, and eventually tumour invasiveness [172].

Notably, in the first stages of growth, tumours cells proliferate at such a high rate, that vasculature
is not able to sustain the growth itself. So, tumour cells find themselves in a tumour niche that is
depleted of oxygen and start to undergo a switch to anaerobic metabolism, promote
angiogenesis, activate invasive growth and EMT pathways. Therefore, it can be assumed that HIF-

1a/HAS2-AS1/HAS2 pathway plays an important role in promoting EMT.

3.3 Evading apoptosis

Cancer cells accomplish their uncontrolled growth not only by boosting their proliferative abilities

but also by escaping apoptosis.

Depending on the type and origin of pro-apoptotic signals (i.e., intracellular, or extracellular
signals), apoptosis can be induced via two different pathways, called intrinsic and extrinsic
pathways, or mitochondrial and death receptor pathways, respectively (Fig. 10). Caspases are the
key players in apoptosis, as being cysteine aspartyl-specific proteases, they can cleave hundreds
of different proteins. They are typically classified into initiator (caspases-2, -8, -9 and -10) and
executioner caspases (caspase-3, -6, and -7). The latter, are the ones that directly cleave target

proteins, thus yielding cell death [173].
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Typically, in cancer cells is inhibited the intrinsic pathways. Blockade of apoptotic pathways allows
cancer cells to survive longer, thus favouring the accumulation of mutations which can eventually
increase invasiveness during tumour progression, stimulate angiogenesis, deregulate cell
proliferation, and interfere with differentiation [174]. In this light, HA appears to be a suitable
candidate for the regulation of apoptosis. As an example, HA/CD44 interaction up-regulates miR-
21 which, in turn, leads to the production of Bcl-2 anti-apoptotic protein, up-regulation of survival

proteins, and doxorubicin chemoresistance [175].

By targeting CD44/RHAMM lung cancer cell growth is inhibited both in vitro and in vivo [176].
Evidence also depicts HA as a regulator of mitochondrial apoptosis through the p53 pathway, both
in normal chondrocytes [177] and pancreatic cancer cells [178].

An interesting observation derives from a study by Vigetti et al., demonstrating that upon HA
depletion via 4-MU administration, AoSMCs undergo apoptosis [179]. Supporting this finding, 4-
MU treatment enhanced apoptosis and eventually decreased malignancy in peripheral nerve

sheath tumours [180], pancreatic [181] and bladder cancer [182], enhancing cell apoptosis.

With regards to ncRNAs, there is a growing interest in investigating miRNAs and IncRNAs roles in
tumorigenesis and tumour progression. As an example, miR-466 is significantly downregulated in
osteosarcomas and negatively correlated with osteosarcoma severity. On the contrary, its
overexpression inhibited cell proliferation and induced cellular apoptosis [183]. In prostate
cancer, instead, PIncRNA-1 IncRNA silencing yielded apoptosis by increasing Poly(ADP-ribose)
polymerase 1 (PARP-1) expression, which is a key element of the DNA damage response [184].

Lastly, overexpression of TUG1 IncRNAs in glioma cells induced intrinsic apoptosis, by regulating

caspase-3 and -9 and Bcl-2-mediated anti-apoptotic pathways [185].

Intriguingly, HAS2 is targeted and negatively regulated by miR-26b, resulting in the stimulation of

apoptosis mediated by caspase-3 and CD44 [186].
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Figure 10. Diagram depicting the intrinsic and extrinsic pathways of apoptosis.
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This thesis project is fitted in a bigger framework that aims at studying the role of HA, HAS2 and
HAS2-AS1 in breast tumorigenesis and aggressiveness since both HA deposition and HAS2

expression are generally found dysregulated in numerous malignancies.

In particular, previous experiments conducted in our laboratory demonstrated that HAS2-AS2
overexpression modulates cell viability, motility and invasion in TNBC cells (i.e., MDA-MB-231) but
not in ER+/PR+/HER2+ cell line (i.e., MCF-7), suggesting that HAS2-AS1 could have a role in
decreasing TNBC aggressiveness.

As it is well known that HAS2-AS1 IncRNA has a role in epigenetically regulating HAS2 expression
at least in AoSMCs and since Heldin and colleagues already demonstrated that HAS2-AS1
expression is elevated in aggressive breast cancers, this work aimed at understanding the
molecular mechanism by which HAS2-AS1 overexpression regulates TNBC cell lines
aggressiveness.

In particular, a new cytoplasmic regulatory function has been proposed for HAS2-AS1, as ceRNA

for miR-186-3p.

Moreover, thanks to the production of TNBC derived cellular models ectopically overexpressing
HAS2-AS1, it was possible to perform a microarray analysis to better investigate the pathways that
were altered upon HAS2-AS1 overexpression. Thus, further functional analyses were done to

investigate some of these pathways (i.e., apoptosis and EMT).

29



MATHERIALS AND METHODS



MATHERIALS AND METHODS

1 Cell culture

MDA-MB-231, Hs 578T, BT-549 (high metastatic, TNBC 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 fetal bovine serum (FBS). SUM149 (high metastatic, TNBC 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 pug/ml Hydrocortisone and 5 ug/ml Insulin. BT-474
(low metastatic, ER-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 pg/ml Insulin. MCF-
7 and T-47D (low metastatic, ER-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.

2 Absolute HAS2-AS1 quantification via RT-gPCR

For the generation of the standard curve, pcDNA3-HAS2-AS1 L construct was obtained using
ZymoPURE Il Plasmid Kits (#D4200, Zymo Research). A ten-fold dilution series over nine points
were prepared from the plasmid DNA, starting from a dilution of 1.000.000 copies/ul to 1 copy/ul;
then each dilution was used as a template for RT-gPCR, and amplified using HAS2-AS1 TagMan
gene expression assays from Thermo Fisher Scientific (Table 1). 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 from the breast cancer cell lines and retrotranscribed as described
below (see “RNA extraction and gene expression analysis”). The cDNA was analyzed for HAS2-AS1
expression via Tag Man gene expression assays from Thermo Fisher Scientific (Table 1) on
Quantstudio 5 instrument (Applied Biosystems). The copies of HAS2-AS1 RNA molecules/ug of

total RNA in the cell lines were obtained by interpolating the Cq values in the standard curve.

3 Bioinformatics Analysis of HAS2-AS1 expression in breast cancer patients

Breast cancer data was extracted from the Cancer Genome Atlas (TCGA) Research Network

(https://www.cancer.gov/tcga) on 11" 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.
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4  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 transfected with 50 nM siRNA against HAS2-
AS1 (Silencer® Select HAS2-AS1, #N265529, ThermoFisher Scientific), HAS2 (Silencer Pre-designed
SiRNA, #AM 16708, ThermoFisher Scientific) or a scrambled siRNA (Silencer Negative Control #1,
#AM4611, Thermo Fisher Scientific). For subsequent determinations, 24-48 hours after the
transfections, cells were tested for silencing efficiency through RT-gPCR, and only cells with a
residual expression of the target genes lower than 25%, were used. To transiently overexpress the
exon 2 L or S isoforms of HAS2-AS1, 2 ug of a pcDNA3-HAS2-AS1 S or pcDNA3-HAS2-AS1 L [53]
were transfected. As a control, the same amount of a pcDNA3 empty vector was transfected. Cells

were used for subsequent determination 24-48 hours after overexpression.

5 Cell viability assay

To study cell viability upon HAS2-AS1 silencing or overexpression, a 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay (#20395, SERVA) was performed. Briefly, 9x103 cells
were plated in a 96-well plate and transfected with lipofectamine following the manufacturer’s
instructions. 48 hours after the transfection, the cell culture medium was replaced with fresh
medium supplemented with 50ul of 5 mg/ml MTT and incubated at 37 °C for 5 h. The reaction
was stopped by adding 200ul of DMSO and 25ul of Sorensen glycine buffer per well. The plate

was read at 570 nm.

6 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 ul pipette tip. Cells were washed twice with phosphate buffered saline (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 hours through light microscopy and

analyzed by the TScratch software [187]. Results are presented as a percentage of wound closure.

7 Determination of cellular shape and polarity

Cells were stained with 5 uM 1,1'-Dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate

(Dil; #468495, SIGMA), kept 10 minutes at 37 °C, and finally 5 minutes at 4 °C. Subsequently, after
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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 [188].

8 HA pericellular coating quantification

Cell surface HA was determined by cytofluorimetric analysis as described by Vitale et al [108].
Briefly, 24 hours after the transfection cells were detached and counted. 5x10° cells were washed
three times in PBS and incubated with 5 ug of biotinylated hyaluronan binding protein (bHABP,
#BC41, Hokudo) in 100ul of cold PBS for 1 hour at 4°C. Cells were then washed three times with
1 ml of PBS and centrifuged 5 minutes at 0.8g at 4°C. The supernatant was discarded, and cells
were incubated with 1:100 FITC-streptavidin (#405202, Biolegend Campoverde) in cold PBS for 45
minutes at 4°C. After three washes, MDA-MB-231 were resuspended in 400 ul of PBS and analyzed
by flow cytometry.

HA pericellular coat was also evaluated via a particle exclusion assay. Briefly, 48 hours after cells
seeding, 1x10° fixed human red blood cells were washed in PBS and added to each well. After an
incubation time of 30 minutes, cells were examined by contrast microscopy and 10 pictures per
well were taken. As a control, cells were treated with 2U/ml of Hyaluronidase from Streptomyces
hyalurolyticus (#H1136, SIGMA) or were transiently transfected with 50 nM siRNA against HAS2.
The analysis of the images and the relative quantification was performed using the image analysis

software Image)J [188].

9 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 pg of total RNA were then
retrotranscribed using the High Capacity cDNA synthesis kit (#4368814, Applied Biosystems) and
amplified on QuantStudio 3 Real-Time PCR Instrument (Applied Biosystems). The cDNA was then
analyzed using the Tag Man gene expression assays from Thermo Fisher Scientific reported in
Table 1. For stable clones screening, the SYBR Green PCR Master Mix (#4309155, Thermo Fisher
Scientific) was used. The expression levels of target genes were analysed using primer pairs
reported in Table 2. In both TagMan and SYBR Green assays, the expression of target genes was
normalized to the expression levels of the GAPDH reference gene and relative normalized

expression was calculated based on the AAC: method.
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Table 1. Tagman assays used for quantitative RT-PCR

Gene/miRNA ASSAY ID
CD44s Hs01081473_m1
GAPDH Hs99999905_m1
HAS2 Hs00193435_m1
HAS2-AS1 Hs03309447 m1
HAS3 Hs00193436_m1
p21 Hs00355782_m1
P2RX7 Hs00175721_m1
TGFBR3 Hs00234259 m1
hsa-miR-186-3p | 002105
hsa-miR-186-5p | 002285
U6 snRNA 001973

Table 2. Sybr green assays used for quantitative RT-PCR

MATHERIALS AND METHODS

TARGET GENE FORWARD PRIMER REVERSE PRIMER
AKT1 CCATGGACAGGGAGAGCAAA TGGCCACAGCCTCTGATG
BAX CCAAGGTGCCGGAACTGA CCCGGAGGAAGTCCAATGT
Bcl-2 TGCGGCCTCTGTTTGATTTC GGGCCAAACTGAGCAGAGTCT
CCND1 ATCAAGTGTGACCCGGACTG CTTGGGGTCCATGTTCTGCT
E-cadherin GAAAACAGCAAAGGGCTTGGA TGGGGGCTTCATTCACATCC
EREG ACAACTGTGATTCCATCATGTATCC | CTACACTTTGTTATTGACACTTGAGC
Fibronectin ACCGTGGGCAACTCTGTCAA CCCACTCATCTCCAACGGCA
GAPDH CGTATTGGGCGCCTGGTCAC ATGATGACCCTTTTGGCTCC
HAS2-ASlexon2L | TCTTGACTTCTCCTTCCCCG AAGTTGGAGGAGGCAGAAGG

HAS2-AS1 CTGGCTTCGAGCAGATGTTTGAACC | GGGGCTGTTTCAAGTCTCTGGTTCAA
mutagenesis AGAGACTTGAAACAGCCCC ACATCTGCTCGAAGCCAG

NOXA GAGCTGGAAGTCGAGTGTGCTA TGCCGGAAGTTCAGTTTGTCT

PUMA TGGAGGGTCCTGTACAATCTCA TCTGTGGCCCCTGGGTAA

SNAI1 CCCGACAAGTGACAGCCATT CGAGCCCAGGCAGCTATTTC
Vimentin TCGCAGAAAGGCACTTGAAAGC TCAGCATCACGATGACCTTGAA

XIAP TGGCATTTCCAGATTGGGGC TGTCCACCTTTTCGCGCC

Z0-1 GATGATGCCTCGTTCTAC GTGTTGTGGATACCTTGT
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10 Western immunoblot analysis.

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), supplemented with Protease/Phopsphatase
inhibitor (#5872, Cell Signaling Technology) and protein concentration was measured by Quantum
Protein BCA assay (#EMP014500, Euroclone). Equal amounts of protein samples were subjected
to SDS-polyacrylamide 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 0.1% Tween-20. Subsequently, the
membranes were incubated with primary antibodies (Table 3) at 4 °C overnight, followed by
incubation with anti-horseradish peroxidase-conjugated specific secondary antibodies (1:10,000;
Santa Cruz Biotechnology) for 1 h at room temperature. The antibody/substrate complex was
visualized by chemiluminescence using a chemiluminescence kit (LiteAblot TURBO, #EMP012001,
Euroclone). Images were taken by Alliance Q9 Mini instrument (Uvitec) and signal intensity was
evaluated using NineAlliance software (Uvitec). Tubulin or GAPDH were used as the protein

loading control.

Table 3. Primary and secondary antibodies used for immunoblotting (I1B) and immunofluorescence (IF)

TARGET USE SUPPLIER DESIGNATION | DILUTION
Cleaved caspase-3 | IB Cell Signaling Technology | 9661 1:1000
Cleaved caspase-8 | IB Cell Signaling Technology | 9746 1:1000
Cleaved caspase-9 | IB Cell Signaling Technology | 9502 1:1000
Fibronectin IF Sigma-Aldrich F3648 1:1000
GAPDH B Santa Cruz Biotechnology | 20357 1:1000
HAS2 B Santa Cruz Biotechnology | 34067 1:700
HDAC2 1B Santa Cruz Biotechnology | 7899 1:1000
Zo-1 IF Life Technologies 33-9100 1:200
a-Tubulin B Santa Cruz Biotechnology | 135659 1:1000

11 Stable cell lines generation

MDA-MB-231 cells were plated onto 12-well plates and cultured for 24 hours at a final confluence
of 85%. On the next day, cells were transfected using Lipofectamine 2000 Transfection Reagent
(#11668027, Thermo Fisher Scientific) with 2 pg 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
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0,4 cells/well, selected in 800 pg/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).

12 Colony 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 colonies were fixed and stained with 0,1% crystal

violet, washed extensively to remove excess dye, and imaged.

13 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 ug/ml
G418 was mixed with Difco Noble Agar (#214230, BD Bioscience) at a final concentration of 0,6%.
The plate was kept for 1 hour at room temperature and then overnight at 37 °C to solidify and
equilibrate. The day after, 10° cells/well were resuspended in complete DMEM added with 20%
FBS and 800 ug/ml G418 (#G8168, Sigma-Aldrich) and mixed with Noble Agar, at a final
concentration of 0,3%. The plate was kept for 1 hour at room temperature and then overnight at
37 °Cto 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 Image) software [188].

14 Growth curve

The growth curve was characterized by measuring the number of cells for 7 consecutive days at
24 hours intervals. MDA-MB-231 stable clones overexpressing exon 2 of HAS2-AS1 L isoform or
pcDNA3 empty vector were seeded in a 6-well plate at an initial concentration of 5x10* cells/well
and cultured in complete DMEM with 10% FBS and 800 pg/ml G418 (#G8168, Sigma-Aldrich). The
culture medium was replaced with fresh one every day. Every 24 hours, cells were harvested using
0,5% trypsin, diluted with a 0,4% trypan blue working solution and counted with a Biirker counting
chamber. Each sample was measured three times, in triplicates. Cell-growth curves were drawn

from living cells numbers. Population doublings was also estimated according to the following

logY-logX

formula: PDL =
log2

, Where X is the number of cells seeded at day 0, and Y is the number

of confluent cells at day 7.
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15 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 incubation overnight at 4 °C with the primary antibodies against ZO-1 or Fibronectin (Table
3).

Then cells were incubated with secondary FITC-conjugated antibodies (1:1000) for 1 h at room
temperature 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 pl of VectaShield HardSet mounting medium containing 4',6'-diamidino-2-phenylindole (DAPI,
Vector Labora-tories, Burlingame, CA) for nuclear visualization. Finally, images were taken at 630x

magnification using a confocal microscope.

16 Transcriptome analysis of stable MDA-MB-231 cells overexpressing HAS2-
AS1 exon 2 Lisoform

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’
instructions. The CEL files were analyzed using the Transcriptome Analysis Console 4.0 Software
(Affymetrix). After Robust Multiarray Average (RMA) normalization, differentially expressed genes
with 4-fold or greater changes were identified with statistical significance defined by a false
discovery 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.

17 Nucleus-Cytoplasm Separation Assay

The nucleus and cytoplasm RNA fractions of MDA-MB-231 cells were separated by using the RNA
and protein isolation (PARIS) Kit (#AM1921, Invitrogen). The RNA and protein in the nucleus and
cytoplasm were extracted according to the manufacturer’s instructions. Further, HAS2-AS1T mRNA
was detected by RT-qgPCR. HDAC2 and GAPDH proteins detection via Westernblot were used as

the nucleus and cytoplasm controls, respectively.
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18 Bioinformatic prediction of miRNA binding sites on HAS2-AS1

To determine predicted miR-186-3p binding sites on HAS2-AS1, we used RNA hybrid

bioinformatics tool (https://bibiserv2.cebitec.uni-bielefeld.de/rnahybrid) [189], miRanda

(www.microrna.org) [190,191] and DIANA-microT-CDS (http://diana.imis.athena-innovation.gr)
[192].

19 Dual-luciferase reporter assays

The wild-type (WT) or mutant (MUT) binding sites sequences for miR-186-3p from HAS2-AS1 exon
2 L or S isoforms was cloned into the pMIR-GLO plasmid (#£1330, Promega). To establish the 3'-
UTR of MUT HAS2-AS1 L, the binding sites were mutated via QuikChange Lightning Site-Directed
Mutagenesis Kit (#210519, Agilent Technolgies), according to the manufacturer’s instructions.
The luciferase plasmids WT or MUT were co-transfected with 100 pmol of miR-SCR, miR-186-3p
or miR-186-5p mimics into MDA-MB-231 cells. After 48 hours, luciferase activity was measured
using a Dual-Luciferase® Reporter Assay System (#£1910, Promega) according to the

manufacturer’s instructions. Data were normalized to Renilla luciferase activity.

20 miRNA extraction and transcript quantification

miRNA extraction was performed using the mirVana™ miRNA Isolation Kit (#AM1561, Invitrogen,
Thermofisher Scientific), following the manufacturer’s instructions. RNA quality was evaluated
with spectrophotometer (Nanodrop, Thermo Fisher Scientific) - A260/A280 ratios between 1.8
and 2.0 were deemed appropriate for further miRNA usage. Reverse transcription was performed
using the High Capacity cDNA synthesis kit (#4368814, Applied Biosystems) added with RNase
inhibitor (#N8080119, Applied Biosystems). Specific stem-loop RT primers were used to
retrotranscribe miR-186-3p, miR-186-5p and U6 snRNA as a control, as part of Tagman MicroRNA
Assays (#4427975, Thermo Fisher Sceintific).

RT-qPCR analysis was performed using a standard TagMan PCR protocol on a QuantStudio 3 Real-
Time PCR Instrument (Applied Biosystems). The cDNA was then analyzed using the TagMan gene
expression assays from Thermo Fisher Scientific (#4427975) reported in Table 1. Relative

guantification was performed on U6 snRNA expression levels.
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21 Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL
Assay)

For apoptosis detection, MDA-MB-231 cells were cultured in 12-well plates upon glass microscopy
dishes and allowed to settle for 24 h at 37°C. pcDNA3-HAS2-AS1 L or S, or empty pcDNA3 vector
were then transfected into MDA-MB-231 cells as previously described. Twenty-four hours after
transfection, cells were fixed for 30 min in 4% paraformaldehyde and then permeabilized with
0.2% Triton X-100 for 5 min. TUNEL staining (DeadEnd™ Fluorometric TUNEL System, # G3250,
Promega) was then performed according to the manufacturer’s instructions. Finally, images were
taken at 630x magnification using a confocal microscope. Similarly, MDA-MB-231 stable clones
overexpressing exon 2 of HAS2-AS1 L isoform or pcDNA 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,

permeabilized and stained as for transiently transfected MDA-MB-231 cells.

22 Caspase 3/7 activity assay

Caspase activity was detected by using Caspase-Glo 3/7 assay kit (#G8091, Promega). Briefly,
MDA-MB-231 cells were seeded in 96-well white luminometer assay plates at a density of 11x10°
cells/well and allowed to settle for 24 h at 37°C. Cells were then transfected with either pcDNA3-
HAS2-AS1 S, pcDNA3-HAS2-AS1 L or pcDNA3 empty vector. Twenty-four hours after transfection,
100 ul of caspase 3/7 reagents were added to each well and incubated for 3 hours at room

temperature. The luminescence intensity was measured using a plate-reading luminometer.

23 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 Analysis 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<0.5.
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1. HAS2-AS1 expression is higher in ER-negative breast tumours and TNBC cell
lines and correlates with better survival.

Even though it was already reported that invasive breast carcinomas express high levels of HAS2 -
AS1 [151], we wanted to better enucleate which type of correlation existed between HAS2-AS1
expression and breast tumours by stratifying them depending on their ER status. Taking advantage
of data from the TCGA Breast Invasive Carcinoma Project [193], we analysed HAS2-AS1 expression
levels in breast cancer tissues. As shown in figure 11A, we observed that HAS2-AS1 transcript
levels were significantly higher in ER-negative compared to ER-positive breast cancer samples.
Interestingly, this data was also supported by the RT-gPCR analysis we did on HAS2-AS1 expression
levels in a panel of breast cancer cell lines, comprising three ER/PR/HER2-positive, four TNBC cell
lines and HBL10O, which was used as a non-cancerous control cell line. By the analysis, we found
that HAS2-AS1 transcript levels were higher in TNBC cell lines compared to ER/PR/HER2-positive
cell lines (Fig. 11B). Similarly, cBioPortal in silico analysis using data from the Cancer Cell Line
Encyclopedia from the Broad Institute and Novartis, confirmed that ER-negative invasive breast

cancer cell lines express higher levels of HAS2-AS1 with respect to ER-positive ones (Fig. 11C).

Survival analyses of the same TCGA dataset that we used for the previous analysis [193],
highlighted that HAS2-AS1 expression was positively correlated with the overall survival of
patients affected by ER-negative breast cancer (Fig. 11D). On the contrary, no significant
correlation between HAS2-AS1 expression and survival was observed in ER-positive breast cancer

patients (Fig. 11E).

Summing up, all these results suggest a differential HAS2-AS1 expression in invasive breast cancer
cell lines, highlighting a higher expression in TNBC cell lines and ER-negative cancer patients’

tissues. Notably, high HAS2-AS1 expression levels were correlated with longer survival.
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Figure 11. HAS2-AS1 expression is higher in TNBC cells and breast tumour samples and correlates with a good
prognosis in ER-negative patients.

(A) 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 + SEM. (B) Absolute quantification of HAS2-AS1 copy numbers in triple-negative
(blue) and ER/PR/HER2-positive (red) breast cancer cell lines. HBL100 (white) was used as non-tumoral
control. Data are expressed as mean + SEM of triplicates of three independent experiments. (C) HAS2-AS1
MRNA expression levels in invasive breast cancer cell lines, subdivided according to their ER status (ER-positive
cell lines in red, ER-negative cell lines in blue). Values are from the Cancer Cell Line Encyclopedia from the
Broad Institute and Novartis, updated 2019 [194]. Data were downloaded via cBioportal and analysed with
Prism software. Kaplan Meier survival analysis of either (D) ER-negative or (E) ER-positive TCGA-BRCA breast
cancer tissues. A cut off of HAS2-AS1 expression at the 25th percentile was applied.
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2. HAS2-AS1 modulates cell viability, motility, and polarity of TNBC cell lines.

Experiments previously performed in our laboratory showed that HAS2-AS1 is involved in the
regulation of cell motility, invasiveness, and vitality of the MDA-MB-231 TNBC cell line, but not of
ER/PR/HER2-positive breast cancer cell line (MCF-7). In particular, transient silencing of HAS2-AS1
doubled cell viability with respect to control cells, whereas transient overexpression of the S or L
isoforms of the exon 2 of HAS2-AS1, showed a statistically significant reduction of cell viability, of
~26% and ~38% respectively, compared to control cells (data not shown).

We decided to perform the same experiment on cell viability exploiting MTT assay on two other
breast cancer cell lines that are routinely used as models for either aggressive TNBC (namely Hs
578T) or non-aggressive ER-positive cancers (namely T-47D). As shown in figure 12, T-47D cell
viability was altered neither by HAS2-AS1 silencing (Fig. 12A) nor by HAS2-AS1 overexpression (Fig.
12B), similarly to what was previously observed in MCF-7 cells. Instead, when performing MTT
assay on Hs 578T TNBC cell line, even though no significant alteration was observed when
silencing HAS2-AS1 via interfering RNA (Fig. 12C), we observed a small but significant decrease of
cell viability when overexpressing either S or L isoforms of exon 2 of HAS2-AS1, compared to

control cells (Fig. 12D).

Taken together, these results suggest that the modulation, and in particular the overexpression

of HAS2-AS1 expression levels affected the viability only of aggressive TNBC cell lines.

Similarly, to what was done with cell viability, also cell migration abilities were assayed in both
MDA-MB-231 and MCF-7 cells (preliminary data not shown) and in Hs 578T and T-47D cell lines.
Cell motility was evaluated exploiting a two-dimensional scratch assay, known also as wound
healing assay, in the presence of 0.1% FBS to reduce cell proliferation. Particularly, the modulation
of HAS2-AS1 expression in the non-aggressive ER-positive cell lines MCF-7 (data not shown) and
T-47D (Fig. 12E, 12F) did not significantly alter the migratory properties of the cells. In both MCF-
7 and T-47D cell lines, indeed, migratory abilities are physiologically lacking, as they are non-
aggressive breast tumour cell lines. On the other hand, HAS2-AS1 silencing increased cell
migration to a confluent monolayer compared to control cells in both MDA-MB-231 (data not
shown) and Hs 578T cells (Fig. 12G). Ectopic overexpression of either L or S isoforms of HAS2-AS1
exon 2, instead, induced a significant decrease of cell migration in both MDA-MD-231 (data not
shown) and Hs 578T (Fig. 12H) compared to control cell transfected with the empty pcDNA3

vector. Thus, for the further experiment, we decided to concentrate only on the MDA-MB-231
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TNBC cell line, which showed to be the more responsive in terms of both cell viability and motility

upon modulation of HAS2-AS1 expression.

As cell shape is an important factor related to cell motion, we performed morphometric analyses
of MDA-MB-231 cells that were in the scratch area 24 hours after starting the wound healing
assay. Cells were stained with Dil dye (Fig. 13A, 13B) and the ratio between the long and short axis
of the cells was evaluated using NIH ImageJ software (Fig. 13C). As expected from the scratch
assay experiments, HAS2-AS1 silenced cells, which showed increased motility, had a greater
long:short axis ratio (Fig. 13D), whilst HAS2-AS1 L or S isoforms overexpressing cells showed a
lower long:short axis ratio, which is explanatory of a more roundish shape typical of non-moving

epithelial-like cells (Fig. 13E).

These results indicate that the modulation of HAS2-AS1 influenced the motility of TNBC cell lines,
in which the overexpression of either one of the isoforms of HAS2-AS1 yielded a less aggressive

phenotype of the cells.
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Figure 12. HAS2-AS1 selectively inhibits cell viability and motility in ER-negative breast cancer cells, thus
reducing their aggressive phenotype.

(A) MTT assay performed on T-47D cells after the transfection for 48 hours of HAS2, HAS2-AS1 or scrambled
SIRNA, or the transfection of (B) pcDNA3 vector overexpressing exon 2 of HAS2-AS1 S or L isoforms with
relative control empty vector (CNTR). (C) Hs 578T viability tested through MTT assay upon the transfection of
HAS2, HAS2-AS1 or scrambled siRNA or (D) the transfection of pcDNA3 plasmid overexpressing HAS2-AS1 S
or L isoforms of exon 2 with relative empty control vector. (E) Scratch assay performed on T-47D cells after
the transfection for 48hours of HAS2, HAS2-AS1 or scrambled siRNA or (F) the transfection of pcDNA3 vector
overexpressing HAS2-AS1 exon 2 S or L isoforms, with relative empty control vectors. (G) Scratch assay
performed on Hs 578T cells after the transfection for 48hours of HAS2, HAS2-AS1 or scrambled siRNA or (H)
the transfection of pcDNA3 vector overexpressing HAS2-AS1 exon 2 S or L isoforms, with relative empty
control vectors. Bars represent the % of wound closure after 24 hours 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. All
the experiments were conducted four times in triplicates. Data are expressed as mean + SEM. **, p<0.01.
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Figure 13: HAS2-AS1 reduces the tumorigenic phenotypes of ER-negative breast cancer cells.

(A) MDA-MB-231 cell morphology 24 hours after scratch assay. Cells were transfected with 50 nM siRNA
against HAS2-AS1 or HAS2 or a siRNA scrambled for 48 hours. siHAS2 was used as a negative control.
Magnification 200X. (B) MDA-MB-231 cell morphology 24 hours after scratch assay. Cells were transfected
for 48 hours with 2 ug of pcDNA3 vector overexpressing exon 2 of HAS2-AS1 S or L isoforms, or with pcDNA3
empty control vector. Magnification 200X. (C) Representative scheme explaining how cell morphology
measures (i.e., short and long axis) were taken from images in panels A and B by using ImageJ software. (D)
Quantification of cell morphology changes measuring long axis:short axis ratio in MDA-MB-231 cells in A
panels. (E) Quantification of cell morphology changes measuring long axis:short axis ratio in MDA-MB-231
cells in B panels. All the experiments were conducted four times in triplicates. Data are expressed as mean +
SEM. ** p<0.01; *** p<0.001.
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3. HAS2-AS1 does not alter HAS2 expression and HA levels in MDA-MB-231 cells.

It is well accepted that HAS2-AS1 regulates HA expression and, thus, HA deposition [53],
eventually negatively influencing cancer progression [36,130]. In previous experiments, we
already demonstrated that in MDA-MB-231 cells HAS2-AS1 modulation altered neither HA
released in the culture medium (quantified by ELISA) nor pericellular HA (measured via particle
exclusion assay) (data not shown). As a further confirmation, we stained pericellular HA with FITC-
conjugated HABP and measured the fluorescence by flow cytometry of MDA-MB-231 cells
overexpressing either HAS2-AS1 L or S isoforms of exon 2 or empty pcDNA3 vector, as a control.
As shown in figures 14A and 14B, the mean fluorescence intensity did not change upon transient

overexpression of the S or L isoform of exon 2 of HAS2-AS1.

As it was quite surprising finding that HAS2-AS1 seems to not be involved in the regulation of HA
synthesis, we decided to measure by RT-gPCR the expression of HASes after HAS2-AS1
overexpression. In MDA-MB-231 untreated cells, HAS2 was found to be the more expressed HAS,
about 35-fold more expressed than HAS3 (Fig. 14C). HASI1, instead, was non-detectable.
Moreover, upon overexpression of the S or L isoforms of exon 2 of HAS2-AS1, both HAS2 (Fig.

14D) and HAS3 (Fig. 14E) transcripts remained at control levels.

These results suggest that in MDA-MB-231 cells, HAS2-AS1 is involved neither in the regulation of

HASes expression nor in HA accumulation.
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Figure 14. HAS2-AS1 overexpression does not alter HA synthesis in TNBC cell line MDA-MB-231.

(A) Flow cytometric quantification of pericellular HA using FITC labelled HABP in MDA-MB-231 transfected
with 2 ug of pCDNA3 plasmid coding for HAS2-AS1 S (light blue histogram), HAS2-AS1 L (green histogram) or
empty control vector (red histogram). (B) Quantified mean fluorescence intensity of histogram A. As a control,
4-MU 0,5uM was used. Bars represent mean + SEM of three independent experiments. (C) Relative HAS2 and
HAS3 gene expression levels quantified via RT-qPCR. (D) RT-gPCR of HAS2 expression in MDA-MB-231 48
hours after transfection with pcDNA3 vector coding for HAS2-AS1 S or L isoforms of exon 2 or empty control
vector. (E) RT-gPCR of HAS3 expression in MDA-MB-231 transfected for 48 hours with pcDNA3 vector coding
for HAS2-AS1 S or L isoforms of exon 2 or empty control vector. Data are reported as mean + SEM of four

independent experiments. ***, p< 0.001.
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4. Establishment and characterization of a TNBC cellular model stably
overexpressing ectopic L isoform of exon 2 of HAS2-AS1.

All the experiments described above have been obtained by transiently transfecting cells. The
main problem related to this method derives from the possible arising of undesirable effects as
cellular stress due to massive overexpression of the gene of interest, or even membrane damages
due to lipofection. Hence, we decide to produce stable MDA-MB-231 clones overexpressing the L
isoform of exon 2 of HAS2-AS1. In such a way, we were also able to perform experiments requiring
lengthy cell cultivation. We concentrated on producing HAS2-AS1 L clones because the transient
transfection of this 256 bp fragment (Fig. 15) was able to significantly reduce cell viability and
motility in both MDA-MB-231 and Hs 578T cells, showing a length-dependent stronger effect
compared to the S isoform in the MDA-MB-231 cell line (data not shown).

We managed to select two HAS2-AS1 L overexpressing clones (namely, cl. LONG 1 and cl. LONG
2) and two control clones overexpressing the empty pcDNA3 vector (namely, cl. CNTR 3 and cl.
CNTR 4). As shown in figure 16A, both cl. LONG 1 and cl. LONG 2 expressed significantly higher
levels of HAS2-AS1 exon 2 L isoform compared to cl. CNTRs. Interestingly, cl. LONG 2 expressed
almost twice as much HAS2-AS1 L transcript levels as cl. LONG 1, providing us with the opportunity

to investigate dose-dependent effects of HAS2-AS1 overexpression.

During the preliminary characterization of the clones, we confirmed that, as we observed with
transient HAS2-AS1 L or S overexpression, HAS2-AS1 modulation has no implications in regulating
HA deposition. Indeed, pericellular coating assay highlighted that the two cl. CNTRs had a
significantly higher amount of pericellular HA compared to cl. LONG 1 and 2 (Fig. 16B), even
though a slight increase in HAS2 mRNA expression levels was seen in cl. LONG 1 and 2 with respect
to control clones (Fig. 16C). However, western blot analysis confirmed that, effectively, no
significant increase in HAS2 protein level was detectable between LONG and CNTR clones (Fig.

16D, 16E).

At this point, we wanted to investigate deeper the ability of HAS2-AS1 in regulating MDA-MB-231
cell viability. As the stability of HAS2-AS1 exon 2 L isoform overexpression in the selected clones
allowed us to perform growth experiments spanning from seven to twenty days, we firstly decided
to evaluate the clonogenic abilities of LONG clones compared to CNTR clones, performing a 10-
days two-dimensional colony formation assay. Interestingly, cl. LONG 2 generated significantly

fewer and smaller colonies with respect to both cl. CNTRs (Fig. 16F, 16H). On the other hand, cl.
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LONG 1, which expressed almost half as much HAS2-AS1 L exon 2 as cl. LONG 2, produced a
number of colonies similar to cl. CNTRs.

In support of these data, we tested the anchorage-independent cell growth abilities in soft agar
of the stable clones. Also in this case, cl. LONG 2 showed to be less prone to produce colonies,
which were even significantly smaller than those of cl. CNTR 3 and 4 (Fig. 16G, 16l). Similarly, to
the previous clonogenic experiment, cl. LONG 1 behaved more similarly to cl. CNTRs than cl. LONG

2.

As a final evaluation of the effect of HAS2-AS1 L overexpression on TNBC cell proliferation, cell
numbers for each clone were counted each 24 hours, for a total of 7 days — live-cells numbers
were eventually used to generate a cell growth curve. cl. LONG 2 appeared the less proliferative
clone among all, even compared to cl. LONG 1 (Fig. 16L). 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.

We concluded the characterization of the HAS2-AS1 L overexpressing cellular model looking at
their cellular shape and motility (Fig. 17A). Interestingly, both cl. LONG 1 and 2 confirmed that
HAS2-AS1 L isoform overexpression induces a significant change in cellular shape, as they were
more roundish and epithelial-like compared to the elongated mesenchymal-like cl. CNTR 3 and 4
(Fig. 17B). As a confirmation, upon scratch assay, both LONG clones showed even a significantly

reduced motility compared to CNTR clones (Fig. 17C).

All these results on stable clones confirmed that high levels of HAS2-AS1 exon 2 reduced the
tumorigenic phenotypes of MDA-MB231 cells, including migration, cell polarization, clonogenicity
and growth. Interestingly, it appeared that the higher the overexpression levels of HAS2-AS1 L,
the better the results in terms of tumour suppression, as cl. LONG 2 expressed almost twice as

much HAS2-AS2 exon 2 L as cl. LONG 1.
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Long GCTTATCGAAATTAATACGACTCACTATAGGGAGACCCAAGCTGGCTAGCTCTTTCTGCC

Short GCTTATCGARATTAATACGACTCACTATAGGGAGACCCAAGCTGGCTAGCTCTTTCTGCC
R B b & & TR R R U CRr Uiy

Long CCCGATAACAGAAAATCTCTTTTTCGTCTTAAAAAAAAAAAAAAAAAAAAAAAAGCCTGT

Short CCCGATAACAGAAAATCTCTTTTTCGTCTTAAAAAAAAAAA - -AAAAAAAAAAAGCCTGT
L T e e Iy

Long GGAAGACTCAGCAGAACCCAGGAAGCGCAGAATTGGGAGAAAAGTCTTTGGCTGGGGCTG
Short GGAAGACTCAGCAGAACCCAGGAAGCGCAGAATTGGGAGAAAAGTCTTTGGCTGGGGCTG
Ihkkkkhhhkkrhkkhhhdhhk kb hbk bk hhkddhkrrhdhhkkdrkkddkddd

Long TTTCAAGTCTCTGGTTCAATGGGCTGCTCGAAGCCAGGACTGGGTAATTCTTTCCAGACG

Short TTTCAAGTCTCTGGTTCAATGGGCTGCTCGAAGCCAGGACTGG—————————————————
hhk kR kR h Ak kR kR A ARk Ak ko khkkk ko kkhkkkhkkhkkk*

Long TCTTGACTTCTCCTTCCCCGCCGTTGTTGCCCTTCTGCCTCCTCCAACTTAAGGGGGTCT
short ~~~ ----—-—-----—--—-"-"""""""""""""""""""—""—"—"—\—\—"—(————————————————
Long TAACAAGTTTARACCCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTT
Short  -—————- GTTTAAACCCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTT

dhkkdkdkdkdkhhrrrrddhbrhrrrdrdrdrrrrrrdrddrrrrrdrdrdrdrrrrhbrdrdr oot it

Figure 15. HAS2-AS1 S and L sequences.
Alignment of inserts of pcDNA3-HAS2-AS1 exon 2 long (L) and pcDNA3-HAS2-AS1 exon 2 short (S), a kind gift
of Timothy Bowen (Cardiff University, UK). In black the vector sequence, in blue HAS2-AS1 exon 2 long, and in
red HAS2-AS1 exon 2 short. The two AA missing in the short isoform are likely due to technical error due to
the long poly-adenine string sequencing.
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Figure 16. Impact of HAS2-AS1 L stable clones on cell growth, clonogenicity, and migration.

(A) RT-gPCR analyses measuring HAS2-AS1 exon 2 L expression levels in MDA-MB-231 cl. LONG 1 and cl. LONG
2 orcl. CNTR 3 and cl. CNTR 4. Data are reported as mean + SEM of three independent triplicates. (B) Particle
exclusion assay of cl. LONG 1, cl. LONG 2 or control clones cl. CNTR 3 and cl. CNTR 4. Cells were also treated
with 2U/ml Hyaluronidase from Streptomyces hyalurolyticus, as a control for HA presence in the ECM. Results
are expressed as the ratio between the area of ECM delimited by red blood cells and the area of the cell by
using ImageJ. Data are shown as mean + SEM of three independent experiments. (C) RT-gPCR analyses
measuring HAS2 expression in cl. LONG 1 and cl. LONG 2 or control clones cl. CNTR 3 and cl. CNTR 4. Data are
reported as mean + SEM of three independent triplicates. (D) Representative blot of immunoreactive bands
for HAS2 and tubulin from total protein extracts obtained from cl. LONG 1 and cl. LONG 2 or control clones cl.
CNTR 3 and cl. CNTR 4. Numbers at the margins of the blots indicate relative molecular weights of the
respective protein in kDa. (E) Relative band intensity of HAS2 immunoblotting. Values are expressed as
mean+SEM of 2 experiments of the percentage variation of the normalized optical density (O.D.) obtained
from each sample with respect to values obtained in cl. CNTR 4. (F) Representative images of clonogenic assay
of MDA-MB-231 stable clones overexpressing HAS2-AS1 L or empty vector at 10 days after seeding. (G) Soft-
agar colony formation assay of MDA-MB-231 stable clones overexpressing HAS2-AS1 L or empty vector at 20
days after seeding. Magnification 400X. (H) Numbers of colonies of MDA-MB-231 stable clones cl. LONG 1,
cl. LONG 2 or control clones cl. CNTR 3 and cl. CNTR 4 at 10 days after seeding, from panel F. Data are shown
as mean *+ SEM of three independent experiments. (1) Quantification of soft-agar colony areas from panel G
measured via Imagel. Data are displayed as mean + SEM of three independent duplicates. (L) Growth curve
of MDA-MB-231 stable clones overexpressing HAS2-AS1 L or empty vector. Values are reported as the average
of three triplicates + SEM. *, p<0.5; ** p<0.01 *** p<0.001; **** p<0.0001. + represent significance with
respect to cl. CNTR 3; * Represent significance with respect to cl. CNTR 4.
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Figure 17. Impact of HAS2-AS1 L stable clones on cell polarity.

(A) Representative images of cl. LONG 1 and cl. LONG 2 or control clones cl. CNTR 3 and cl. CNTR 4 24 hours
after scratch assay, used to measure long axis:short axis ratio. Magnification 200X. (B) Quantification of cell
morphology changes measuring long axis:short axis ratio in cl. LONG 1, cl. LONG 2 or control clones cl. CNTR
3andcl. CNTR 4, from panel A. Data are expressed as mean + SEM of three independent triplicates. (C) Scratch
assay performed on cl. LONG 1, cl. LONG 2 or control clones cl. CNTR 3 and cl. CNTR 4. Bars represent the %
of wound closure after 24 hours of migration in presence of 0,1% 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<0.0001. + represent significance with respect to cl. CNTR 3; *
Represent significance with respect to cl. CNTR 4.
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5. HAS2-AS1 regulates mesenchymal-to-epithelial transition in TNBC cells.

Cells transitioning between epithelial and mesenchymal status because of EMT or MET, undergo
conformational changes, which are related to the acquisition or loss of migratory capabilities
[195]. As we observed a conformational switch of stable clones from the elongated shape of cl.
CNTRs to the more roundish one of cl. LONGs (see Fig. 17), we decided to investigate deeper into
the possibility of HAS2-AS1 regulating MET.

Immunofluorescence analysis of cl. CNTR 3 and 4, showing a mesenchymal-like morphology,
displayed increased staining of Fibronectin and cytoplasmic ZO-1. On the contrary, cl. LONG 1 and
2 showed a decreased Fibronectin staining, but increased membrane-localised ZO-1, with cl.
LONG 2 having a more marked difference compared to CNTR clones (Fig. 18A). As a validation, cl.
LONG 1 and 2 showed a drop in transcript levels of mesenchymal markers Vimentin (Fig. 18B) and
Fibronectin (Fig. 18C), but an increment in mRNA amounts of epithelial markers E-cadherin (Fig.

18D) and to some extent ZO-1 (Fig. 18E), compared to control clones.

HAS2-AS1 involvement in EMT regulation has already been demonstrated to function through the
TGFB pathway in mouse mammary cells [151]. In HAS2-AS1 overexpressing clones, and, in
particular, in cl. LONG 2, receptor 3 for TGFP (TGFBR3) expression was downregulated to cl. CNTR
3 and 4 (Fig. 18F). Similarly, the mRNA levels of the well-known EMT regulator and TGFf-
controlled Snail were significantly lower in cl. LONG 1 and 2 compared to cl. CNTR 3 and 4 (Fig.
18G).

Finally, we wanted to look at CD44s, whose expression is related to EMT and metastasis in breast
cancer. As shown in figure 18H, cl. LONG 2 had a lower expression of CD44s with respect to cl.

CNTRs and even cl. LONG 1.

All these data taken together suggest that HAS2-AS1 overexpression induces a switch of MDA-
MB-231 cells from an aggressive mesenchymal phenotype (visible in cl. CNTR 3 and 4) to an

epithelial one, thus prompting through a MET transition.
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Figure 18. Impact of HAS2-AS1 L overexpression on MET.

(A) Confocal microscopy images of Fibronectin deposition and the tight junction protein ZO-1 in HAS2-AS1 L
overexpressing clones cl. LONG 1 and 2 or control clones cl. CNTR 3 and 4. Magnification 400X. RT-qPCR
analyses measuring (B) Vimentin, (C) Fibronectin, (D) E-cadherin, (E) ZO-1, (F) TGFBR3, (G) SNAI1 or (H) CD44s
expression in MDA-MB-231 stable clones overexpressing HAS2-AS1 L 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. * p<0.5; ** p<0.01 *** p<0.001; **** p<0.0001. + represent significance in respect to cl. CNTR 3;
* Represent significance in respect to cl. CNTR 4.

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

Due to our previously described discovery, that in MDA-MB-231 cells HAS2-AS1 does not regulate
HA deposition (Fig. 14, 16B), we sought to investigate further into mechanistic 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 were subjected to 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
the fold change of 4-fold or higher and FDR p-value of below 0.05. In total, 366 unique genes were
found to satisfy these criteria, of which 146 were upregulated and 220 were downregulated (Fig.
19A). The list of 366 genes was then uploaded into Database for Annotation, Visualization, and
Integrated Discovery (DAVID) v6.8 for categorization according to their GOTERM BP functions (Fig.
19B, 19C). The lists of upregulated and downregulated genes with their corresponding functional

categories are provided in Supplemental tables 1 and 2.

We further analysed the list of differentially expressed genes using the Kyoto Encyclopedia of
Genes and Genomes (KEGG) to identify possible pathways that may be regulated by
overexpression of HAS2-AS1. The pathways that were identified amongst the downregulated
genes include (Figure 19D): TGFB and chemokine signalling pathways, focal adhesion, ECM-
receptor interaction, pathways in cancer and PI3K/Akt signalling pathway. In contrast, Jak/Stat
signalling (with five associated genes) was the only pathway of upregulated genes found by KEGG

analysis of the upregulated genes (data not shown).

To validate data obtained from the microarray analysis, we measured via RT-qPCR the mRNA
levels of some genes involved in regulating cell proliferation and, thus, cancer progression.
Epiregulin (EREG) (Fig. 19E), CCND1 (Fig. 19F) and AKT1 (Fig. 19G) transcripts, coding for three
master inducers of the cell cycle, showed to be significantly downregulated in HAS2-AS1

overexpressing cl. LONG 1 and 2 with respect to the control clones. Similarly, the transcript for
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p21 (Fig. 19H) cell cycle inhibitor was upregulated in cl. LONG 1 and 2 compared to cl. CNTR 3 and
4. Notably, all the four analysed genes were found to be similarly deregulated by HAS2-AS1 exon

2 L isoform overexpression when microarray analysis was performed. Specifically, they all had a

fold change > of 1.3, with a p-value<0.5.
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Figure 19: Analysis of differentially expressed genes in cl. LONG 2 or control cl. CNTR 4.

(A) Volcano plot of transcriptome 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) Upregulated and (C) downregulated genes uploaded onto DAVID and
functionally sorted. (D) Several pathways identified among the downregulated genes from KEGG analysis. RT-
gPCR analyses measuring (E) EREG, (F) p21, (G) AKT1, (H) CCDND1 expression in MDA-MB-231 stable clones
overexpressing HAS2-AS1 L 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. *, p<0.5; ** p<0.01 ***
p<0.001; **** p<0.0001. + represent significance in respect to cl. CNTR 3; * Represent significance in respect
tocl. CNTR 4.
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7. HAS2-AS1 acts as a ceRNA for miR-186-3p in MDA-MB-231 cells.

Given that the functions of IncRNAs are associated with their subcellular localization, we
performed a nuclear/cytoplasmic fractioning to look at HAS2-AS1 relative abundance in the two
cellular compartments. The analysis revealed that HAS2-AS1 is localized almost equally in both

the nucleus and cytoplasm (Fig. 20A).

Therefore, as it seems that HAS2-AS1 is not involved in the regulation of HA deposition (Fig. 14D),
we started investigating possible cytoplasmic functions of HAS2-AS1. In particular, we focused on
the sponge effect, as a lot of studies have shown that IncRNAs can function as ceRNAs modulating

miRNA expression [130,196—-198].

The combined usage of different online tools (namely miRanda, DIANA-microT-CDS and
RNAhybrid), allowed us to investigate possible miRNAs binding HAS2-AS1 sequence. We
concentrated on exon 2 of HAS2-AS1, as all our previous experiments exploiting exon 2 L or S
isoforms already demonstrated that it has significant effects in modulating cancer aggressiveness.
According to the predicted results, HAS2-AS1 exon 2 showed to contain two putative binding sites

for miR-186-3p, with a medium free energy (MFE) of -14.9 kcal/mol and -23.2 kcal/mol.

Thus, as a first confirmation, we measured miR-186-3p transcript levels in MDA-MB-231 cells via
RT-qPCR, after HAS2-AS1 exon 2 S or L isoforms overexpression. In both cases, the overexpression
of HAS2-AS1 exon 2 isoforms yielded a significant reduction of miR-186-3p levels (Fig. 20B), but
not miR-186-5p (used as a control) (Fig. 20C), showing a stronger effect when overexpressing the
L isoform. Moreover, a luciferase assay demonstrated that when overexpressing miR-186-3p in
MDA-MB-231 cells, the luciferase expression of pmirGLO carrying HAS2-AS1 exon 2 S or L miRNA
responsive element (MRE) was significantly decreased (Fig. 20D, 20E). Contrariwise, miR-186-5p
overexpression did not affect luciferase expression (Fig. 20D, 20E). When mutating HAS2-AS1
exon 2 MRE (Fig. 20F) and overexpressing miR-186-3p, instead, luciferase expression was not

affected, and its value was comparable to that of the control (Fig. 20G).

These data suggest that HAS2-AS1 can exert its functions as a regulator of gene expression both
in the nucleus and in the cytoplasm, and that exon 2 can bind miR-186-3p, but not its companion

miR-186-5p.
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Figure 20. HAS2-AS1 can sponge miR-186-3p in TNBC cells.

(A) Subcellular localization of HAS2-AS1. RNA fractionation was performed in MDA-MB-231 cells and the
subcellular distribution of HAS2-AS1 transcripts is indicated. Corresponding immunoblotting against HDAC
and GAPDH served as markers for nuclear and cytoplasmic, respectively. Values are reported as the average
of three independent triplicates + SEM. RT-gPCR analyses measuring (B) miR-186-3p and (C) miR-186-5p
expression in MDA-MB-231 overexpressing HAS2-AS1 exon 2 L or S or empty pcDNA3 vector as a control.
Values are reported as the average of three independent triplicates + SEM. Dual-luciferase activity assay on
MDA-MB-231 cells cotransfected with 2 ug of pMIR-GLO plasmid coding for HAS2-AS1 (D) S, (E) L or (F)
mutated L MRE and 100 pmol of miR-SCR, miR-186-3p or miR-186-5p mimics. Luciferase activity was
normalised on Renilla. Data are reported as the average of six independent triplicates + SEM. *, p<0.5; **,
p<0.001; **** p<0.0001. (G) Sequence alignment of the WT and MUT HAS2-AS1 exon 2 L isoform, indicating
the potential binding sites for miR-183-3p.
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8. miR-186-3p sponging by HAS2-AS1 affects TNBC cell migration and viability

To confirm that miR-186-3p binding by HAS2-AS1 exon 2 was the explanation for the changes in
cell behaviours we observed (see Fig. 12), we tested miR-186-3p ability to regulate cell migration
and viability. Hence, we transfected MDA-MB-231 cells with either a mimetic or an antagonist of
miR-186-3p, the latter to simulate the sponging of miR-186-3p by HAS2-AS1. As shown in figure
21A, miR-186-3p mimic induced a significant increase in two-dimensional cell migration, which
was reverted when overexpressing the miR-186-3p antagonist, instead. Similarly, miR-186-3p
overexpression induced a significant increase in MDA-MB-231 cell viability, which instead was
significantly reduced compared to the control cells after miR-186-3p antagonist transfection (Fig.

21B).

In the same way, we also conducted scratch and MMT assays on MDA-MB-231 cells
overexpressing either HAS2-AS1 exon 2 L in its wild-type (WT) or mutated (MUT) form. While
HAS2-AS1 L overexpression caused a decrease in both cell motility and viability, the transfection
of HAS2-AS1 L bearing mutations in the MRE for miR-186-3p, retrieved cell viability and motility

almost at the control levels (Fig. 21C, 21D).

These results suggest that the manipulation of miR-186-3p expression, hypothetically via HAS2-

AS1 overexpression, regulates both migration and viability of TNBC cells.
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Figure 21. miR-186-3p involvement in regulating viability and migration of MDA-MB-231 TNBC cell line.

(A) Scratch assay performed on MDA-MB-231 cells after the transfection for 24 hours of miR-186-3p mimic,
antagonist or miR-SCR. Bars represent the % of wound closure after 24 hours 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.
(B) MTT assay performed on MDA-MB-231 cells after the transfection for 24 hours of miR-186-3p mimic,
antagonist or miR-SCR. (C) Scratch assay performed on MDA-MB-231 cells after the transfection for 48 hours
of HAS2-AS1 exon 2 L isoform WT or MUT, with relative pcDNA3 empty control vector. Bars represent the %
of wound closure after 24 hours 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. (D) MTT assay performed on MDA-MB-
231 cells upon the transfection for 48 hours of HAS2-AS1 exon 2 L isoform WT or MUT, with relative pcDNA3
empty control vector. All the experiments were conducted three times in triplicates. Data are expressed as
meanz SEM. **, p<0.01; ***, p<0.001.
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9. HAS2-AS1 overexpression induces apoptosis in MDA-MB-231 cells.

Among the pathways found altered with the DAVID analysis performed on microarray results of
MDA-MB-231 L overexpressing clone, there was apoptosis (Fig. 198, 19C). As it is a pathway
greatly altered in tumours and, since MDA-MB-231 HAS2-AS1 overexpressing stable clones
showed reduced proliferation capabilities with respect to cl. CNTRs (see Fig. 16L), we felt it was
necessary to investigate deeper into the regulation of apoptosis upon HAS2-AS1 modulation.
Therefore, as a starting point, we performed a TUNEL assay, which allowed us to directly visualise
apoptotic cells via confocal microscopy. Both transient and stable HAS2-AS1 overexpression gave
promising results in terms of apoptosis induction. Indeed, when transiently overexpressing HAS2 -
AS1 either S or L isoforms, we observed an increase in the percentage of TUNEL-positive cells
compared to control cells, with a stronger effect of L isoform (Fig. 22A, 22B). Moreover,
overexpression of HAS2-AS1 exon 2 L bearing a mutation in miR-186-3p MRE, showed no
induction of apoptosis with respect to the control, suggesting involvement of miR-186-3p in
regulating apoptosis in TNBC cells. Similarly, both cl. LONG 1 and 2 showed a significantly higher
number of TUNEL positive cells over the cl. CNTR 3 and 4, with cl. LONG 2 having a significantly

stronger apoptotic-inducing effect compared to cl. LONG 1 (Fig. 22C, 22D).

RT-gPCR analysis of transcript levels of several apoptosis regulators confirmed the TUNEL assay
data. mRNA levels of apoptosis inhibitors Bcl-2 (Fig. 23A) and XIAP (Fig. 23B) were not altered in
any of the stable clones. PUMA (Fig, 23C), BAX (Fig. 23D) and NOXA (Fig. 23E) inducers, instead,

were significantly upregulated in cl. LONG 2 and to some extent also in cl. LONG 1.

Interestingly, the pro-apoptotic gene P2RX7 was also significantly upregulated in cl. LONG 1 and
2 (Fig. 23F). This gene has been already described in the literature to be under the control of miR-

186 [199].

Validating this data, caspase-3 and -7 activity was evaluated via a luminescence assay — HAS2-AS1
L or S overexpression provoked an increase in caspase activity compared to control cells (Fig. 24A).
Viaimmunoblotting, we confirmed caspase-3 activation, as the amount of active cleaved caspase-

3is higherin cl. LONG 1 and 2 to cl. CNTR 3 and 4 (Fig. 24B, 24C).

To understand if apoptosis was promoted via the intrinsic or extrinsic pathways, we look at both
caspase-8 and -9 activations. While no active cleaved caspase-8 was detected in none of MDA-

MB-231 stable clones (i.e., neither cl. LONGs nor cl. CNTRs) (Fig. 24D), a significantly higher
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amount of active cleaved caspase-9 was observed in Cl. LONG 2 (Fig. 24E, 24F), suggesting that

the intrinsic pathway is the one upregulated via HAS2-AS1 modulation.

All these data suggest that HAS2-AS1 is involved in the regulation of apoptosis, inducing the
intrinsic mitochondrial pathways. Moreover, at least the P2RX7 gene is involved, also providing

proof that apoptosis in MDA-MB-231 could be regulated via miR-186-3p sponging by HAS2-AS1.

cl. LONG 1

ha w
=1 =1

=]

% of TUNEL-positive cells

HAS2-AS1 S cl. LONG 2

HAS2-AS1 L ¢ cl. CNTR3

% of TUNEL-positive cells

HAS2-AS1 mut cl. CNTR 4

Figure 22. HAS2-AS1 overexpression induces apoptosis in MDA-MB-231 cells.

(A) Apoptosis evaluation with TUNEL assay in MDA-MB-231 cells after the transfection for 48 hours of HAS2-
AS1exon 2 Sor L WTisoforms or MUT L, with relative pcDNA3 empty control vector. (B) Quantification of the
percentage of TUNEL-positive cells from panel A. (C) Apoptosis evaluation with TUNEL assay in MDA-MB-231
stable clones overexpressing HAS2-AS1 exon 2 L isoform (cl. LONG 1 and 2) or empty pcDNA3 vector (cl. CNTR
3 and 4). (D) Quantification of the percentage of TUNEL-positive cells from panel C. All the experiments were
conducted three times in triplicates. Data are expressed as mean + SEM. *, p<0.5; **, p<0.001; ***, p<0.001;
**** p<0.0001. + represent significance with respect to cl. CNTR 3; * Represent significance with respect to
cl. CNTR 4.
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Figure 23. HAS2-AS1 regulates apoptosis in MDA-MB-231 cells via boosting the activity of apoptosis inducers.
RT-gPCR analyses measuring (A) Bcl.2, (B) XIAP, (C) PUMA, (D) BAX, (E) NOXA and (F) P2RX7 expression in
MDA-MB-231 stable clones overexpressing HAS2-AS1 L 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.
* p<0.5; ** p<0.01 *** p<0.001; **** p<0.0001. + represent significance in respect to cl. CNTR 3; *
Represent significance in respect to cl. CNTR 4.
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Figure 24. HAS2-AS1 induces apoptosis in TNBC cells via stimulating the intrinsic mitochondrial
pathway. (A) Caspase-Glo 3/7 assay analysis on MDA-MB-231 cells after the transfection for 48
hours of HAS2-AS1 exon 2 S or L WT isoforms or MUT L, with relative pcDNA3 empty control vector.
(B) Representative blot of immunoreactive bands for Cleaved Caspase-3 and GAPDH from total
protein extracts obtained from cl. LONG 2 or cl. CNTR 4. Numbers at the margins of the blots
indicate relative molecular weights of the respective protein in kDa. (C) Relative band intensity of
Cleaved Caspase-3 immunoblotting. Values are expressed as mean+SEM of 2 experiments of the
percentage variation of the normalized O.D. obtained from each sample with respect to values
obtained in cl. CNTR 4. (D) Representative blot of immunoreactive bands for Cleaved Caspase-8
and GAPDH from total protein extracts obtained from cl. LONG 1 and 2 or controls, cl. CNTR 3 and
4. Numbers at the margins of the blots indicate relative molecular weights of the respective protein
in kDa. (E) Representative blot of immunoreactive bands for Cleaved Caspase-9 and GAPDH from
total protein extracts obtained from cl. LONG 1 and 2 or controls, cl. CNTR 3 and 4. Numbers at
the margins of the blots indicate relative molecular weights of the respective protein in kDa. (F)
Relative band intensity of Cleaved Caspase-9 immunoblotting. Values are expressed as mean+SEM
of 3 experiments of the percentage variation of the normalized O.D. obtained from each sample
with respect to values obtained in cl. CNTR 4. ** p<0.01; *** p<0.001; **** p<0.0001. +
represent significance in respect to cl. CNTR 3; * Represent significance in respect to cl. CNTR 4.
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Non-coding transcripts play a pivotal role in controlling gene expression at different levels, from
transcription to post-translational modifications. Being a IncRNA, HAS2-AS1 is no exception — it
finely tunes the expression of its cognate gene HAS2, eventually regulating ECM composition and
affecting many pathophysiological mechanisms, such as inflammation and cancer. Indeed, HAS2-
AS1 has already been described to be involved in cumulus cell migration [149,200] hypoxic
pulmonary hypertension [201], cardiovascular diseases [60,202,203] as well as in several cancers
as brain tumours [154,204], lung cancers [205], ovarian cancer [155], oral carcinoma [150] and
osteosarcoma [43] in which, increasing HAS2 expression and favouring HA deposition, enhances
cancer aggressiveness. Surprisingly, the role of HAS2-AS1 in breast cancers has not yet been
deeply investigated, apart from its involvement in TGFB-induced EMT in mouse mammary cells
[151]. As HAS2-AS1 is highly expressed in invasive breast tumours, this work aimed to investigate

the role of HAS-AS1 IncRNA in two breast cancer 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 (namely, MCF-7, T-47D and BT-474) and ER-negative (namely, MDA-MB-
231, Hs 578T, SUM149 and BT-549) breast cancer cells. These results could be explained by the
fact that downregulation of HAS2-AS1 transcript in low aggressive ER-positive samples could be
responsible for the low expression of HAS2 described in this type of breast cancer.

These preliminary data made us hypothesise that by downregulating HAS2-AS1 expression in
TNBC cells, we would be able to lower cell aggressiveness of ER-negative cells, thus obtaining a
phenotype more similar to that of ER-positive cell lines. However, our experiments on HAS2-AS1
silencing showed even a worsening of TNBC cell aggressiveness, thus proving our theory wrong.
On the contrary, we observed that overexpression of the full-length sequence of HAS2-AS1 in

MDA-MB-231 cells lowered their aggressive phenotype.

Therefore, we further correlated HAS2-AS1 expression with the survival rate of breast cancer
patients, finding no correlation in ER-positive breast cancer samples. Surprisingly, in ER-negative
tumours high HAS2-AS1 expression correlated with a higher survival probability. This latter result
was unexpected, as literature highlights that HAS2-AS1 facilitates HAS2 expression thus
correlating with poor survival in several cancers [48], but concordant with the preliminary results
we obtained via HAS2-AS1 full-length overexpression in MDA-MB-231 cells. It must be considered
that functional analyses of HAS2-AS1 were mainly based on studies made in tumour cell lines,

while the dataset analysis contains expression data from whole tumours which comprise tumour
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cells and stromal constituents (such as cancer-associated fibroblasts, tumour-infiltrating
leukocytes, and blood vessels), which may have acted as a confounder. Furthermore, as discussed
below, our transcriptomic analysis points out pathways different from HA synthesis that could be

mechanistically linked to novel functions of HAS2-AS1.

Taking into consideration these preliminary results, we decided to investigate deeper how HAS2-
AS1 is involved in invasive breast cancer progression, exploiting ER-negative versus ER-positive
breast cancer cell lines. Previous experiments already conducted in our laboratory demonstrated
that alterations in HAS2-AS1 expression in the MCF-7 cell line affected neither cell viability nor
migration. Similar results were also obtained in T-47D cells, which we analysed as a confirmation
of what we observed in MCF-7 cells. It can therefore be affirmed that HAS2-AS1 was not involved
in the control of cell aggressiveness in ER-positive cell lines. Indeed, these data agree with ER-
positive breast cancer patients survival rates, which were not affected by HAS2-AS1 expression
levels.

On the other hand, when manipulating HAS2-AS1 expression levels in ER-negative breast cancer
cell lines, alterations in both cell viability and migration were observed. Specifically,
overexpression of HAS2-AS1, caused a significant drop in cell viability and migration, with a
stronger effect visible in MDA-MB-231 cells. These results are in line with the observed positive
impact of HAS2-AS1 on ER-negative patient prognosis. Thus, altogether these data indicate that
HAS2-AS1 IncRNA could have a protective role on TNBC cells and that only these cells could

stimulate its expression as a salvage mechanism.

As motility is distinctive of mesenchymal-like cells, which are characterized by a spindle-like aspect
[206], we did a morphometric analysis of ER-negative breast cancer cells upon manipulation of
HAS2-AS1 expression. We observed a switch from a more aggressive spindle-like phenotype of
HAS2-AS1 silenced or untreated MDA-MB-231 cells, to a less aggressive roundish phenotype of
HAS2-AS1 overexpressing cells. As spherical morphology is typical of epithelial cells that possess
limited migratory capabilities [207], this change in cell morphology suggests a possible correlation
between HAS2-AS1 and MET induction. Indeed, our transcriptome analysis of KEGG pathways
identified downregulation of the TGFB pathway — a well-known master regulator of EMT [208] —
in cl. LONG2 vs control cells, which may have induced a shift towards a less invasive, epithelial
phenotype, as reported for glioma and mouse mammary epithelial cells [151,209]. Interestingly,
HAS2-AS1 has already been demonstrated to be a key regulator of HAS2 expression in TGFf3-
induced EMT in mouse mammary epithelial cells [151]. However, we confirmed in our cell lines

that HAS2-AS1 overexpression is correlated with a significantly decreased expression of both
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TGFBR3 and SNAI1, a well-known TGFB-controlled EMT inducer [210,211], suggesting that HAS2-
AS1 is not involved in EMT induction in ER-negative breast tumours.

Further, the experiments on stably transfected cells overexpressing the L isoform of exon 2 of
HAS2-AS1 still confirmed that such overexpressing led to a lower potential of MDA-MB-231 cells
to form anchorage-independent clones compared to controls. As a consequence, these TNBC cells
may be less prone to invade adjacent tissues and disseminate through the body to generate
metastases. As a confirmation, we also observed both at transcriptional and protein levels, a
reduction of mesenchymal markers but an upregulation of epithelial ones, with increased ZO-1-

mediated tight-junction generation and less fibronectin deposition, validating our hypothesis.

Interestingly, HAS2-AS1 overexpression also downregulated the expression of the CD44s receptor.
Several lines of evidence demonstrated the involvement of CD44 in breast carcinogenesis and
metastasis, via activating a protein kinase cascade involving for example ERK, Akt, FAK, RAC and
c-Src [63,89,212]. Indeed, CD44 has been described as a stimulator of cell proliferation and
invasion [213] and, specifically, high expression of CD44s is essential for cells to undergo EMT
[212] and metastasize to the liver when injected into immunodeficient mice [214]. Thus, is not
surprising that cl. LONG 2, which was demonstrated to behave more similarly to epithelial than

mesenchymal cells, expressed significantly lower levels of CD44s.

All these data together suggest that in TNBC cells HAS2-AS1 could induce a reversion from the
mesenchymal to an epithelial phenotype, via inducing MET-related pathways, rather than being

involved in EMT induction, as previously reported [151].

It is important to note that the exon 2 L isoform of HAS2-AS1 showed better results in terms of
reduction of cell aggressiveness, compared to HAS2-AS1 S isoform. Therefore, we generated
MDA-MB-231 L isoform overexpressing clones, as we demonstrated that it is a critical sequence
involved in regulating ER-negative breast cancer cell aggressiveness. Moreover, being
complementary to exon 1 of HAS2 gene [149], we hypothesized having crucial functions to
regulate HAS2 transcription and HAS2 mRNA stability, as previously reported [53,149]. However,
in the MDA-MB-231 cell line, HAS2-AS1 regulates neither HAS2 expression nor HA deposition.
Indeed, all the methods we used to quantify both HA secreted in the culture medium and the
pericellular coat of HA, indicated that HAS2-AS1 was not able to alter HA content in both stably
transfected and transient overexpressing cells. Further, even if in HAS2-AS1 L stable clones a slight
increase in HAS2 transcript was observed, no significant alterations were detected at the protein

level. These results were surprising as it is well-known the strict relationship between HAS2-AS1
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and its cognate gene product HAS2 that, in turn, regulates HA deposition [215]. 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 promoter
probably acting on histone post-translation modification as O-GIcNAcylation [53]. Although in
different other tumour cell lines HAS2-AS1 sustains HAS2 expression [150,154,155,205], in MDA-
MB-231 we found a different story suggesting the existence of different pathway(s) able to
enhance HA synthesis in wild-type cells, probably controlling directly the HAS2 promoter or HAS2
protein, which is known to have fine transcriptional and post-translational regulations
[68,216,217]. As an example, 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 pathways as jak/stat, which, according to the microarray data, was found

active in our HAS2-AS1 stable clones [218,219].

Moreover, it must be kept in mind that HAS2-AS1 is able to regulate HAS2 expression and activity
differentially in distinct cell lines. Indeed, if our group demonstrated a positive correlation
between HAS2-AS1 and HAS2 expression in AoSMCs [53], Chao and Spicer found that HAS2-AS1
overexpression in osteosarcoma cells induced a reduction of HAS2 expression and HA synthesis
[43]. This different regulation of HAS2 could be explained by the strict tissue-specific action of
IncRNAs. Indeed, their expression is much more cell-, tissue- and developmental specific than
those of mRNAs. This accounts also for breast cancer, where IncRNAs expression is differential
depending on breast cancer subtypes [220,221]. Thus, speculations regarding IncRNAs functions

and target gens would not be meaningful if transferred from one cancer type to the other.

Since our results excluded that HAS2-AS1 could work via the canonical HAS2-HA axis, we decided
to characterise the cellular pathways under the control of HAS2-AS1, via performing microarray
analysis on HAS2-AS1 stably transfected MDA-MB-231 cells. We used the stable cl. LONG 2 that,
having a higher exon 2 expression, showed to be more promising due to its reduced
aggressiveness with respect to cl. LONG 1, whose behaviour, instead, was more similar to control
clones. Among the identified genes, several belong to the pathways modulating cell migration and
proliferation, which agrees with the altered aggressiveness we observed in cl. LONG 2.
Additionally, genes involved in cell adhesion have been enriched, which could justify the altered
epithelial-like morphology of such cells, thus corroborating our hypothesis of MET induction by
HAS2-AS1 overexpression.

Interestingly, these analyses confirmed that no gene involved in HA synthesis (i.e., HASes) is

regulated by HAS2-AS1 apart from the transcript coding for CEMIP that has been identified to be
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significantly downregulated. As CEMIP is known to favour breast cancer cells growth and
spreading [222], its reduced expression could contribute to the limited motility and viability of
HAS2-AS1 overexpressing cells. Similarly, also the EREG messenger, the well-known Epidermal
Growth Factor Receptor (EGFR) agonist involved in tumorigenesis and metabolic reprogramming
[117,223], is downregulated in HAS2-AS1 overexpressing cells. Further, mRNAs coding for trefoil
proteins (TFF1, 2 and 3) are among the most downregulated transcripts and these proteins are
known to greatly induce breast cancer cell motility [224].

Additionally, numerous genes associated with tumour-suppressive functions were identified in
the upregulated list. Teneurin transmembrane protein 1 (TENM1) is among the most upregulated
transcripts in HAS2-AS1 cells. Although its role in breast cancer is still debated, TENM1 has been
reported to correlate with a better survival outcome [225]. NCK associated protein 1 like
(NCKAP1L) has been implicated in inhibiting breast cancer metastasis [225]. Although the role of
Cadherin 18 (CDH18) has not been identified in breast cancer, it is known to suppress glioma cell
invasiveness and correlate with the prognosis of glioma patients [226]. Hence, it may play a similar
role in reducing breast cancer aggressiveness. Interleukin 24 (IL24), a well-studied tumour
suppressor, is involved in diverse functions, including apoptosis, autophagy, and suppression of
metastasis. Transcripts of IL24 were also found to be elevated in our analysis [227-229].

These data suggest for the first time that, at least in MDA-MB-231 TNBC cells, HAS2-AS1 can
control several genes able to modulate different cellular pathways, which surprisingly are not

related to HA.

Among all the altered genes, EREG attracted our attention as it was one of the most
downregulated genes upon HAS2-AS1 L overexpression and due to its well described involvement
in carcinogenesis and metastasis [230-232]. The RT-qPCR analysis confirmed that both stable
clones overexpressing HAS2-AS1 L showed a significantly decreased EREG expression, with cl.
LONG 2 expressing almost a fifth of EREG compared to control clones. EREG is known to stimulate
the EGFR/ErbB receptors, activating downstream signalling pathways including MEK/ERK and
PI3K/Akt pathways through an autocrine loop mechanism. As a final result, it is involved in
regulating cell proliferation, invasion and also metastases [233]. Finding EREG downregulated by
HAS2-AS1 L overexpression could explain at least part of the altered less-aggressive behaviours
that we observed in HAS2-AS1-manipulated TNBC cell lines. Indeed, one of the main
characteristics of cancer cells is their limitless replicative potential and their self-sufficiency in
secreting growth signals [156]. EREG could act as an autocrine growth signal in TNBC cell, as

already demonstrated in glioma [234]. Newsworthy, HAS2-AS1 overexpressing clones, and in
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particular the cl. LONG 2, shown to be less proliferative and less prone to generating clones
compared to control cells. Moreover, HAS2-AS1 has already been demonstrated to be involved in
the regulation of cancer cell proliferation, via PI3K/Akt pathway [204], which is also shared by
EREG [235]. Interestingly, also Akt1 transcript was found to be downregulated in cl. LONG 2 via
both microarray analysis and RT-qPCR experiments, supporting the hypothesis that HAS2-AS1
could downregulate EREG transcription, blocking the downstream PI3K/Akt pathway and

eventually slowing down cell growth.

Continuing looking at the cell cycle, we validated other two genes that were altered in the
microarray analysis, after HAS2-AS1 overexpression: p21 and CCND1. Our RT-qPCR data agreed
with the microarray results, validating that the cell cycle inhibitor p21 was upregulated when
HAS2-AS1 was overexpressed, whereas CCND1 coding for cyclin D1, was downregulated in cl.
LONG 2. Specifically, p21 is known to promote p53-dependent G1 cell cycle arrest or apoptosis
[236]; on the other hand, its abrogation has been associated with cellular proliferation and
tumorigenicity [237]. Thus, its upregulation could concur in the slowed cell growth of cl. LONG 2
compared to the control clones. Similarly, cyclin D1 is one of the major regulators of cell cycle
progression in the G1 phase [238]. Interestingly, the literature reports that suppression of CCND1
expression in TNBC cells resulted in a rounded and epithelial-like phenotype and prevented TGFj-
induced EMT [239]. Thus, CCND1 downregulation resulting from HAS2-AS1 overexpression could
explain not only the reduced proliferation of cl. LONG 2, but also the switch from a mesenchymal-

to an epithelial-like phenotype of MDA-MB-231 cells.

During clonal selection, we encountered several problems regarding the number of viable and
culturable clones overexpressing the exon 2 L isoform of HAS2-AS1. Indeed, even though a great
number of clones overexpressing the IncRNA was initially selected, a lot of them started to die
after about four weeks of cultivation. One of the reasons we started questioning was that maybe
those clones stably expressed very high levels of HAS2-AS1, which would eventually lead them to
death. And in fact, DAVID annotation revealed that the expression of several genes related to
apoptosis was altered.

TUNEL assay confirmed that in both transiently and stably transfected MDA-MB-231 cells, HAS2-
AS1 overexpression induced apoptosis of a greater number of cells compared to controls.
Interestingly, the L isoform of exon 2 induced a stronger effect compared to the S isoform.
Although we did not further investigate this point, we could speculate that a longer sequence of
exon 2 of HAS2-AS1 could interact with more modulators compared to the S isoform. In fact, our

data demonstrated that HAS2-AS1 could work as an endogenous competitor for miR-186-3p.
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On the other hand, the TUNEL assay on stable clones highlighted that cl. LONG 2 presents a
greater number of apoptotic cells, which is in line with all the previous experiments, describing cl.
LONG 2 behaving quite differently from cl. LONG 1. This difference could be explained by the fact
that HAS2-AS1 expression levels are almost twice as much as in cl. LONG 2 with respect to cl.
LONG 1.

A deeper investigation into apoptosis induction by HAS2-AS1 overexpression in TNBC cell lines
revealed that if mRNA levels of Bcl-2 and XIAP apoptosis inhibitors remained unchanged between
the HAS2-AS1 overexpressing and control clones, several apoptosis inducers (namely, PUMA, BAX
and NOXA), instead, were significantly upregulated in cl. LONG 1 and 2. These results suggest that
HAS2-AS1 overexpression could be implied in apoptosis induction via stimulating the activity of
apoptosis induced, instead of downregulating inhibitors of apoptosis. Conforming the effective
activation of apoptosis pathway in MDA-MB-231 cells consequently to HAS2-AS1 L
overexpression, we observed an induction of caspase-3, whose protein levels resulted significantly
higher in cl. LONG 1 and 2 compared to control clones. As caspase-3 is the key downstream
element being eventually activated either by the intrinsic or extrinsic pathways of apoptosis [240],
we focused on the activation of upstream caspases (i.e., caspase-8 and -9). As shown in the results,
HAS2-AS1 overexpression induced the activation of caspase-9, but not of caspase-8, suggesting
that the designated pathway activating apoptosis in those TNBC cells is the intrinsic one, involving
the mitochondria. Evasion of apoptosis is one of the major problems in dealing with breast cancer
treatment. Preclinical studies showed that anti-apoptotic Bcl-2 family proteins promoted
resistance to standard breast cancer therapies, including endocrine inhibitors [241], HER2

inhibitors [242] and chemotherapy [243].

IncRNAs can modulate gene expression through a variety of mechanisms, from transcription to
post translational levels. Recently, an increasing number of studies are focusing on an intriguing
regulatory mechanism identifying IncRNAs as modulators of mRNA translation into protein, via
competing for the interaction with target shared miRNAs [244]. Interestingly, HAS2-AS1 has been
found to work both as an epigenetic regulator in the nucleus [53,150] other and as an endogenous
competitor for miRNAs, as already described for miR-466 [155] and miR-137 [153,245].
Kolliopoulos and collaborators found the murine ortholog of human HAS2-AS1 in the nucleus as
well as in the cytosol [151]. Similarly, our RNA fractioning experiment confirmed that also in MDA-
MB-231 cells, the full-length transcript for HAS2-AS1 could be fund in almost equivalent amounts
in both nucleus and cytoplasm. This data allowed us to pursue our hypothesis that, since in our

cellular models HAS2-AS1 seems to not be involved in regulating HAS2/HA pathway, it can work
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into the cytoplasm, eventually sponging some miRNAs. Indeed, in silico analysis revealed that
HAS2-AS1 exon 2 transcript contains several putative binding sites for different miRNAs. Among
them miR-186-3p showed to have two binding sites on HAS2-AS1 exon 2 sequence with

thermodynamic properties that convinced us to focus our attention on this miRNA.

We confirmed that effectively, HAS2-AS1 overexpression significantly reduced miR-186-3p levels
in MDA-MB-231 cells, and not miR-186-5p, used as a control. Luciferase assay evaluating the
effective binding of miR-186-3p on HAS2-AS1 MRE sequences (wild-type or mutated), confirmed
that only miR-186-3p and not -5p could bind to HAS2-AS1 S and L isoforms. It is of considerable
importance that among the two possible miRNAs arising from the miR-186 locus, is the -3p form
that resulted to be effectively sponged by HAS2-AS1 IncRNA. Indeed, historically has been thought
that the main functionalities of miRNAs resided in the -5p arm. However, at the time being the
exact mechanism underling the miRNA arms fate remains still unclear. However, increasing
evidence is reporting that miR-5p and -3p selection is strictly dependent on tissues,

developmental stages, species, and pathologies, including cancer [246—248].

The role of miR-186 in cancer is still debated and controversial [249] — it inhibits tumour growth
and metastasis in cervical and non-small cell lung cancers [250,251], while it stimulates
tumorigenesis in breast cancer [252]. These variations could be explained by the differential
expression of INcRNAs, whose interaction with miRNAs is tissue- and cell line-specific, eventually
generating a plethora of possible IncRNA/miRNA interactions.

To corroborate that miR-186-3p interaction with HAS2-AS1 is the explanation for the changes in
cell behaviours we observed upon manipulation of HAS2-AS1 overexpression, we transfected
MDA-MB-231 cells with either a miR-186-3p mimetic, which induced its overexpression, or
antagonist, which reduced miR-186-3p expression and mimicked HAS2-AS1 sponge effect. The
results we obtained, that is a significant upregulation of cell viability and motility upon miR-186-
3p overexpression, that were reverted when transfecting an antagonist for miR-186-3p,
confirmed our starting hypothesis. Moreover, restoration of migration and vitality of MDA-MB-
231 cells to control levels when overexpressing HAS2-AS1 bearing mutation in MRE sequence,
finally validated that the miR-186-3p sponging via HAS2-AS1 is at least one of the causes leading

to less tumorigenic and aggressive phenotype of MDA-MB-231 cells that we observed in this work.

A final connection that could be made between HAS2-AS1 and miR-186-3p expression, is the

decreased P2RX7 transcript levels that we observed. Interestingly, the purinergic receptor P2X7
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has already been demonstrated to regulate cell growth and apoptosis in breast cancer, through
the interaction with miR-186 and miR150 [199].

TNBC cells, in general, can hardly be induced to die, as one of the major tracts of aggressive
tumours is their ability to evade apoptosis. Therefore, finding a mechanism able to finally induce
apoptosis in TNBC cells and tumours, could be a turning point in the treatment of such breast
cancers. In the light of this premise, our data indicate that HAS2-AS1 could be considered as a
novel tumour suppressor gene, as we demonstrated that its overexpression is implied at least in
apoptosis and MET induction in MDA-MB-231 cells. In addition, our findings report for the first
time that HAS2-AS1 could function as a sponge for miR-186-3p, thus modulating its effects in
breast cancer cells.

As a conclusion, these findings could explain how increased HAS2-AS1 expression in ER-negative
breast cancer patients correlated with better survival rate - the beneficial effect of HAS2-AS1 may

not be the consequence of altered HA synthesis, but rather depend on independent mechanisms.
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SUPPLEMENTAL TABLES

Supplemental table 1. Functional classification of upregulated genes in MDA-MB-231 stable clone 2
overexpressing the exon 2 long isoform of HAS2-AS1.

Functional Fold
e Gene
classification change
Invasion / migration | Matrix metallopeptidase 1 (MMP1) 116.63
NCK associated protein 1 like (NCKAP1L) 18
Epithelial cell adhesion molecule (EPCAM) 12.43
Semaphorin 3E (SEMA3E) 11.91
Interleukin 24 (1L24) 9.53
Wnt family member 5A (WNT5A) 9.45
Matrilin 2 (MATN2) 6.95
Protein tyrosine phosphatase, non-receptor type 22 (PTPN22) 5.33
Doublecortin like kinase 1 (DCLK1) 5.29
Ectonucleotide pyrophosphatase/phosphodiesterase 2 (ENPP2) 4.37
Adhesion G protein-coupled receptor L3 (ADGRL3) 4.05
Adhesion Teneurin transmembrane protein 1 (TENM1) 305.35
Matrix metallopeptidase 1(MMP1) 116.63
FAT atypical cadherin 3(FAT3) 39.77
Thrombospondin 2(THBS2) 31.91
Cadherin 18 (CDH18) 23.78
Transmembrane protein 47 (TMEM47) 18.63
NCK associated protein 1 like (NCKAP1L) 18
Neurexin 1 (NRXN1) 12.97
Epithelial cell adhesion molecule (EPCAM) 12.43
Semaphorin 3E (SEMA3E) 11.91
Dystrophin (DMD) 11.52
Collagen type XVIl alpha 1 chain (COL17A1) 11.49
Wnt family member 5A (WNT5A) 9.45
Membrane palmitoylated protein 7 (MPP7) 6.33
CYLD lysine 63 deubiquitinase (CYLD) 4.34
Collagen type Xl alpha 1 chain (COL11A1) 4.16
Adhesion G protein-coupled receptor L3 (ADGRL3) 4.05
Proliferation Teneurin transmembrane protein 1 (TENM1) 305.35
Cholinergic receptor muscarinic 3 (CHRM3) 46.95
NCK associated protein 1 like (NCKAP1L) 18
Cytidine deaminase (CDA) 15.82
ADAM metallopeptidase with thrombospondin type 1 motif 1 (ADAMTS1) 15.29
KiSS-1 metastasis-suppressor (KISS1) 15.05
Epithelial cell adhesion molecule (EPCAM) 12.43
Dynactin associated protein (DYNAP) 11.46
Family with sequence similarity 83 member A (FAM83A) 9.94
Interleukin 24 (1L24) 9.53
Whnt family member 5A (WNT5A) 9.45
Nik related kinase (NRK) 9.3
Cyclin D2 (CCND2) 7.65
ArfGAP with GTPase domain, ankyrin repeat and PH domain 2 (AGAP2) 6.79
Dopachrome tautomerase (DCT) 6.46
TSPY like 5 (TSPYL5) 6.41
Serpin family B member 7 (SERPINB7) 6.28
Retinoic acid receptor beta (RARB) 5.56
Protein tyrosine phosphatase, non-receptor type 22 (PTPN22) 5.33
Nuclear protein 1, transcriptional regulator (NUPR1) 5.17




Ornithine decarboxylase 1 (ODC1) 5.12
Inhibin beta A subunit (INHBA) 4.7
Pellino E3 ubiquitin protein ligase 1 (PELI1) 4.36
CYLD lysine 63 deubiquitinase (CYLD) 4.34
Activating transcription factor 3 (ATF3) 4.33
Ribosomal protein S6 kinase A1 (RPS6KA1) 4.12
Interleukin 23 subunit alpha (IL23A) 4.03
Angiogenesis Thrombospondin 2(THBS2) 31.91
Neurexin 1(NRXN1 12.97
Semaphorin 3E (SEMA3E) 11.91
Wnt family member 5A (WNT5A) 9.45
Ectonucleotide pyrophosphatase/phosphodiesterase 2 (ENPP2) 4.37
Signal transduction | Teneurin transmembrane protein 1 (TENM1) 305.35
Cholinergic receptor muscarinic 3 (CHRM3) 46.95
Phosphodiesterase 1C (PDE1C) 38.83
Transmembrane phosphatase with tensin homology (TPTE) 17.69
Neurexin 1 (NRXN1) 12.97
Dedicator of cytokinesis 3 (DOCK3) 8.6
RAS guanyl releasing protein 3 (RASGRP3) 7.3
ArfGAP with GTPase domain, ankyrin repeat and PH domain 2 (AGAP2) 6.79
Rho GTPase activating protein 28 (ARHGAP28) 4.76
Apoptosis Epithelial cell adhesion molecule (EPCAM) 12.43
Dynactin associated protein (DYNAP) 11.46
MAGE family member A3 (MAGEA3) 9.96
Interleukin 24 (1L24) 9.53
Cyclin D2 (CCND2) 7.65
Serpin family B member 2 (SERPINB2) 7.45
ArfGAP with GTPase domain, ankyrin repeat and PH domain 2(AGAP2) 6.79
Retinoic acid receptor beta (RARB) 5.56
Nuclear protein 1, transcriptional regulator (NUPR1) 5.17
CYLD lysine 63 deubiquitinase (CYLD) 4.34
Ribosomal protein S6 kinase A1 (RPS6KA1) 412
Inflammation Proteolipid protein 1 (PLP1) 10.76
Interleukin 24 (1L24) 9.53
Wnt family member 5A (WNT5A) 9.45
Sphingomyelin phosphodiesterase acid like 3B (SMPDL3B) 6.11
Nuclear protein 1, transcriptional regulator (NUPR1) 5.17
Lipoic acid synthetase (LIAS) 4.05
Interleukin 23 subunit alpha (IL23A) 4.03
Differentiation Thymocyte expressed, positive selection associated 1 (TESPA1) 23.58
NCK associated protein 1 like (NCKAP1L) 18
ADAM metallopeptidase with thrombospondin type 1 motif 9 (ADAMTS9) 13.89
Neurexin 1 (NRXN1) 12.97
Dystrophin (DMD) 11.52
Fli-1 proto-oncogene, ETS transcription factor (FLI1) 9.79
Whnt family member 5A (WNT5A) 9.45
Retinoic acid receptor beta (RARB) 5.56
Protein tyrosine phosphatase, non-receptor type 22 (PTPN22) 5.33
Nuclear protein 1, transcriptional regulator (NUPR1) 5.17
Inhibin beta A subunit (INHBA 4.7
Activating transcription factor 3 (ATF3) 4.33
Proteolysis ADAM metallopeptidase with thrombospondin type 1 motif 1 (ADAMTS1) 15.29
ADAM metallopeptidase with thrombospondin type 1 motif 9 (ADAMTS9) 13.89
Carboxypeptidase A3 (CPA3) 7.81
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Supplemental table 2. Functional classification of downregulated genes in MDA-MB-231 stable clone 2
overexpressing the exon 2 long isoform of HAS2-AS1.

Functional Fold
e Gene
classification change
Invasion / migration | Trefoil factor 1 (TFF1) -258.07

Trefoil factor 3 (TFF3) -57.74
Trefoil factor 2 (TFF2) -47.11
Shroom family member 2 (SHROOM?2) -20
C-C motif chemokine ligand 20 (CCL20) -17.92
C-C motif chemokine ligand 28( CCL28) -14.34
Delta/notch like EGF repeat containing (DNER) -13.12
C-X-C motif chemokine ligand 1 (CXCL1) -11.99
Cell migration inducing hyaluronan binding protein (CEMIP) -10.65
Secretogranin Il (SCG2) -10.44
Enah/Vasp-like (EVL) -10.17
5100 calcium binding protein A2 (S100A2) -7.79
Dedicator of cytokinesis 2 (DOCK2) -7.78
Collagen type V alpha 1 chain (COL5A1) -7.69
Interleukin 6 (IL6) -6.75
Myb like, SWIRM and MPN domains 1 (MYSM1) -6.66
Phospholipid phosphatase 3 (PLPP3) -6.61
Guanylate binding protein 1 (GBP1) -6.36
Brain abundant membrane attached signal protein 1 (BASP1) -5.99
Collagen type IV alpha 1 chain (COL4A1) -5.89
C-X-C motif chemokine ligand 8 (CXCLS8) -5.85
Integrin subunit beta 3(ITGB3) -5.5
Fuzzy planar cell polarity protein (FUZ) -5.47
Epiregulin (EREG) -5.42
Spectrin repeat containing nuclear envelope protein 2 (SYNE2) -5
Integrin subunit alpha 1 (ITGA1) -5.05
Angiotensinogen (AGT) -4.86
C-X-C motif chemokine ligand 11(CXCL11) -4.47
Calcium/calmodulin dependent protein kinase ID (CAMK1D) -4.44
Fibronectin 1 (FN1) -4.41
Laminin subunit alpha 3 (LAMA3) -4.34
Selectin P ligand (SELPLG) -4.34
Podocalyxin like (PODXL) -4.26
Semaphorin 4B (SEMA4B) -4.26
Semaphorin 6B (SEMA6B) -4.26
Serum amyloid A1 (SAA1) -4.11
Laminin subunit alpha 4 (LAMA4) -4.08
CD74 molecule (CD74) -4.01

Adhesion Protocadherin gamma subfamily B, 7 (PCDHGB7) -31.37
Transforming growth factor beta induced (TGFBI) -24.13
Collectin subfamily member 12 (COLEC12) -23.76
C-C motif chemokine ligand 28 (CCL28) -14.34
SMAD family member 6 (SMAD6) -9.61
Collagen type V alpha 1 chain (COL5A1) -7.69
Cathepsin S (CTSS) -7.43
Transglutaminase 2(TGM2) -6.94
Tubulointerstitial nephritis antigen like 1 (TINAGL1) -6.94
Inhibitor of DNA binding 1, HLH protein (ID1) -6.89
Phospholipid phosphatase 3 (PLPP3) -6.61
Guanylate binding protein 1 (GBP1) -6.36
Pleiotrophin (PTN) -6.09
Protocadherin 7 (PCDH7) -5.86
C-X-C motif chemokine ligand 8 (CXCL8) -5.85
Protocadherin beta 14 (PCDHB14) -5.6




Integrin subunit alpha 1 (ITGA1) -5.05
Integrin subunit beta 3 (ITGB3) -5.5
Contactin associated protein-like 3 (CNTNAP3) -4.54
Protocadherin beta 13 (PCDHB13) -4.75
Collagen type VI alpha 1 chain (COL6A1) -4.59
Adhesion molecule with Ig like domain 2 (AMIGO2) -4.45
Protocadherin beta 10 (PCDHB10) -4.42
Fibronectin 1 (FN1) -4.41
Protocadherin beta 9 (PCDHB9) -4.4
Collagen type IV alpha 2 chain (COL4A2) -4.36
Laminin subunit alpha 3 (LAMA3) -4.34
Selectin P ligand (SELPLG) -4.3
Protocadherin 1 (PCDH1) -4.3
Podocalyxin like (PODXL) -4.26
Serum amyloid A1 (SAA1) -4.11
Laminin subunit alpha 4 (LAMA4) -4.08
Proliferation Trefoil factor 1 (TFF1) -258.07
Transforming growth factor beta induced (TGFBI) -24.13
Lipase G, endothelial type (LIPG) -21.1
NADPH oxidase 5 (NOX5) -19.76
Scinderin (SCIN) -15.43
MX dynamin like GTPase 2 (MX2) -14.07
Retinoic acid receptor responder 3 (RARRES3) -13.89
Egl-9 family hypoxia inducible factor 3 (EGLN3) -12.56
C-X-C motif chemokine ligand 1 (CXCL1) -11.99
Interferon regulatory factor 1 (IRF1) -11.56
Vasoactive intestinal peptide receptor 1 (VIPR1) -11.39
Echinoderm microtubule associated protein like 1(EML1) -11.14
PBX homeobox 1 (PBX1) -10.79
Secretogranin Il (SCG2) -10.44
Prostaglandin E synthase (PTGES) -9.73
SMAD family member 6 (SMAD6) -9.61
Sushi, nidogen and EGF like domains 1 (SNED1) -8.56
Collagen type VI alpha 2 chain (COL6A2) -8.5
Indoleamine 2,3-dioxygenase 1 (IDO1) -8.22
Transglutaminase 2(TGM?2) -6.94
Inhibitor of DNA binding 1, HLH protein (ID1) -6.89
Interleukin 6 (IL6) -6.75
Tumor necrosis factor superfamily member 13b (TNFSF13B) -6.27
Transcription factor AP-2 gamma (TFAP2C) -6.1
Pleiotrophin (PTN) -6.09
Transforming growth factor alpha (TGFA) -5.86
C-X-C motif chemokine ligand 8 (CXCL8) -5.85
Integrin subunit alpha 1 (ITGA1) -5.05
Integrin subunit beta 3 (ITGB3) -5.5
Fuzzy planar cell polarity protein (FUZ) -5.47
Epiregulin (EREG) -5.42
Oncostatin M receptor (OSMR) -5.26
Cyclin A1 (CCNA1) -5.04
Angiotensinogen (AGT) -4.86
Coiled-coil domain containing 8 (CCDC8) -4.7
Leucine rich repeat containing G protein-coupled receptor 4 (LGR4) -4.66
Aldo-keto reductase family 1 member C3 (AKR1C3) -4.56
C-X-C motif chemokine ligand 11 (CXCL11) -4.47
Adrenomedullin (ADM) -4.47
Fibronectin 1 (FN1) -4.41
Actin filament associated protein 1 like 2 (AFAP1L2) -4.11
CD74 molecule (CD74) -4.01
Angiogenesis Complement C3(C3) -56.6
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Transforming growth factor beta induced (TGFBI) -24.13
Inhibitor of DNA binding 1, HLH protein (ID1) -6.89
TNF alpha induced protein 2(TNFAIP2) -6.47
Pleiotrophin (PTN) -6.09
Transforming growth factor alpha (TGFA) -5.86
Integrin subunit beta 3 (ITGB3) -5.5
Epiregulin (EREG) -5.42
Angiotensinogen (AGT) -4.86
Fibronectin 1 (FN1) -4.41
Collagen type IV alpha 2 chain (COL4A2) -4.36
Signal Transduction | ATP binding cassette subfamily C member 3 (ABCC3) -32.8
C-C motif chemokine ligand 20 (CCL20) -17.92
Phosphodiesterase 7B (PDE7B) -16.28
C-X-C motif chemokine ligand 1 (CXCL1) -11.99
PBX homeobox 1 (PBX1) -10.79
Secretogranin Il (SCG2) -10.44
Prostaglandin E synthase (PTGES) -9.73
Connector enhancer of kinase suppressor of Ras 2 (CNKSR2) -9.6
Chloride intracellular channel 3 (CLIC3) -7.76
linhibin beta B subunit (INHBB) -7.53
Tumor necrosis factor superfamily member 13b (TNFSF13B) -6.27
C-X-C motif chemokine ligand 8 (CXCL8) -5.85
Ras related dexamethasone induced 1 (RASD1) -5.73
Killer cell lectin like receptor C2 (KLRC2) -5.31
Guanylate cyclase 1 soluble subunit beta (GUCY1B3) -5.26
FYN binding protein (FYB) -5.23
Bone morphogenetic protein 1 (BMP1) -4.99
Phospholipid phosphatase 4 (PLPP4) -4.86
Phosphodiesterase 8A (PDE8A) -4.8
Killer cell lectin like receptor C3 (KLRC3) -4.74
C-X-C motif chemokine ligand 11 (CXCL11) -4.47
Adrenomedullin (ADM) -4.47
MX dynamin like GTPase 1 (MX1) -4.46
ADAM metallopeptidase domain 32 (ADAM32) -4.29
CD74 molecule (CD74) -4.01
Basic leucine zipper ATF-like transcription factor (BATF) -4.01
Apoptosis Complement C3 (C3) -56.6
C-C motif chemokine ligand 20 (CCL20) -17.92
Egl-9 family hypoxia inducible factor 3 (EGLN3) -12.56
Interferon regulatory factor 1 (IRF1) -11.56
Secretogranin Il (SCG2) -10.44
Prostaglandin E synthase (PTGES) -9.73
SMAD family member 6 (SMAD6) -9.61
Indoleamine 2,3-dioxygenase 1 (IDO1) -8.22
linhibin beta B subunit (INHBB) -7.53
Transglutaminase 2(TGM?2) -6.94
Interleukin 6 (IL6) -6.75
Pleiotrophin (PTN) -6.09
Transforming growth factor alpha (TGFA) -5.86
C-X-C motif chemokine ligand 8 (CXCL8) -5.85
Integrin subunit alpha 1 (ITGA1) -5.05
Zinc finger matrin-type 4 (ZMAT4) -5.39
NAD(P)H quinone dehydrogenase 1 (NQO1) -5.27
SAM pointed domain containing ETS transcription factor (SPDEF) -5.05
Bone morphogenetic protein 1 (BMP1) -4.99
Toll like receptor 3 (TLR3) -4.9
Interferon induced protein with tetratricopeptide repeats 2 (IFIT2) -4.62
Aldo-keto reductase family 1 member C3 (AKR1C3) -4.56
Caspase recruitment domain family member 6 (CARD6) -4.48
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Adrenomedullin (ADM) -4.47
CREB binding protein (CREBBP) -4.45
Adhesion molecule with Ig like domain 2 (AMIGO?2) -4.45
Calcium/calmodulin dependent protein kinase ID (CAMK1D) -4.44
Ubiquitin D (UBD) -4.21
DnaJ heat shock protein family (Hsp40) member C3 (DNAJC3) -4.14
CD74 molecule (CD74) -4.01
Inflammation Complement C3 (C3) -56.6
C-C motif chemokine ligand 20 (CCL20) -17.92
Delta/notch like EGF repeat containing (DNER) -13.12
Serpin family A member 3 (SERPINA3) -11.94
C-type lectin domain family 2 member B (CLEC2B) -10.95
Arachidonate 5-lipoxygenase activating protein (ALOX5AP) -10.54
Indoleamine 2,3-dioxygenase 1 (IDO1) -8.22
Transient receptor potential cation channel subfamily V. member 4 (TRPV4) -7.4
Transglutaminase 2 (TGM?2) -6.94
Interleukin 6 (IL6) -6.75
Oncostatin M receptor( OSMR) -5.26
G protein-coupled receptor class C group 5 member B (GPRC5B) -4.93
Toll like receptor 3 (TLR3) -4.9
Calcium/calmodulin dependent protein kinase ID (CAMK1D) -4.44
Actin filament associated protein 1 like 2 (AFAP1L2) -4.11
Differentiation Trefoil factor 1 (TFF1) -258.07
ATP binding cassette subfamily G member 1 (ABCG1) -36.91
solute carrier organic anion transporter family member 4C1 (SLCO4C1) -15.79
Scinderin (SCIN) -15.43
C-X-C motif chemokine ligand 1 (CXCL1) -11.99
Echinoderm microtubule associated protein like 1(EML1) -11.14
Collagen type V alpha 1 chain (COL5A1) -7.69
Inhibin beta B subunit (INHBB) -7.53
transient receptor potential cation channel subfamily V. member 4(TRPV4) -7.4
Inhibitor of DNA binding 1, HLH protein (ID1) -6.89
Interleukin 6 (IL6) -6.75
Phospholipid phosphatase 3 (PLPP3) -6.61
TNF alpha induced protein 2 (TNFAIP2) -6.47
Pirin (PIR) -6.4
Pleiotrophin (PTN) -6.09
Brain abundant membrane attached signal protein 1 (BASP1) -5.99
Collagen type IV alpha 1 chain (COL4A1) -5.89
Integrin subunit beta 3 (ITGB3) -5.5
Epiregulin (EREG) -5.42
Leucine rich repeat containing G protein-coupled receptor 4(LGR4) -4.66
Collagen type VI alpha 1 chain (COL6A1) -4.59
Fibronectin 1 (FN1) -4.41
Tribbles pseudokinase 2 (TRIB2) -4.4
Collagen type IV alpha 2 chain (COL4A2) -4.36
Laminin subunit alpha 3 (LAMA3) -4.34
Ubiquitin D (UBD) -4.21
Basic leucine zipper ATF-like transcription factor (BATF) -4.01
Proteolysis Complement C3 (C3) -56.6
Complement C1s (C1S) -8.18
ADAM metallopeptidase domain 28 (ADAM?28) -8.07
Complement C1r (C1R) -7.19
Protease, serine 23 (PRSS23) -6.8
Bone morphogenetic protein 1 (BMP1) -4.99
ADAM metallopeptidase domain 32 (ADAM32) -4.29
Complement factor B (CFB) -4.01
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