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Abstract

The G protein-coupled estrogen receptor (GPER) is a seven transmembrane receptor that
mediates estrogen signals in both normal and malignant cells, including breast cancer. In
particular, GPER activation triggers diverse transduction pathways prompting transcriptional
and biological pro-tumorigenic responses. In this context, we aimed to perform in-silico
analysis that show a correlation of GPER expression levels with worse clinical-pathological
features of breast cancer. By gene expression correlation, gene set enrichment analysis (GSEA)
and KEGG pathway enrichment analysis on the transcriptomics data of ER-negative breast
tumors provided by TCGA and METABRIC datasets, we also ascertained that the levels of
GPER are associated with pro-migratory and metastatic genes. In particular, a strong
association was found between the expression of GPER and that of genes belonging to cell
adhesion molecules (CAMs), extracellular matrix (ECM)-receptor interaction and focal
adhesion (FA) signaling pathways. Accordingly, we found that high GPER levels are predictive
of a shorter disease-free interval (DFI) in ER-negative and HER2-negative breast cancer
patients. Overall, our results may pave the way to further dissect the network triggered by GPER
in breast malignancies lacking ER. Next, starting from a further bioinformatics analysis on
TCGA and METABRIC triple negative breast cancer (TNBC) cohorts of patients, we
determined that the expression of the pro-inflammatory cytokine interleukin-1p (IL-B)
correlates with the levels of the hypoxia inducible factor-1a (HIF-1a) as well as with a hypoxia
related gene signature. Then, through gene and protein expression studies, immunofluorescence
analysis, co-immunoprecipitation, ChiP and ELISA assays we demonstrated that hypoxia
triggers a functional liaison among HIF-1a, GPER and the IL-1B/IL1R1 signaling toward a
metastatic gene signature and a feed-forward loop of IL-1PB. Cell spreading, invasion and
spheroid formation assays showed that IL-1B/IL1R1 axis leads to proliferative and invasive
responses in TNBC cells. Furthermore, we found that the IL-1p released in the conditioned
medium of TNBC cells exposed to hypoxic conditions promotes an invasive phenotype of
breast cancer-associated fibroblasts (CAFs). Together, these findings may contribute to unveil
the mechanisms involved in the hypoxic activation of the IL-1B/IL1R1 signaling toward
aggressive features of both TNBC cells and CAFs, suggesting novel targets needed for

innovative and more comprehensive therapeutic strategies in TNBC patients.
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1 Introduction

1.1 Breast tumor

Breast cancer is the most frequent malignancy among the female population worldwide: one in
eight to ten women will get breast cancer during their lifetime (Harbeck et al., 2017). As aresult
of the early detection and improved treatments, breast cancer mortality is decreasing in
developed countries (Britt et al., 2020). Nevertheless, the incidence of this malignancy is
gradually increasing likely due to an implementation of mammographic screening (Britt et al.,
2020). Breast cancer is a complex heterogeneous disease comprising biologically different
entities with distinct pathological features and clinical implications (Yeo et al., 2017).
Accumulating evidence has suggested that breast cancer displays a large degree of inter- and
intra- tumoral heterogeneity, thus the stratification of tumors is essential to achieve tailored
approaches toward better clinical outcomes (Yeo et al., 2017). Two major categories of breast
cancer are:

e Non-invasive breast cancer: carcinoma (in situ) characterized by the proliferation of
malignant epithelial cells that cannot pass the basal membrane, thus not reaching lymph
nodes. This event can occur at lobular level (lobular carcinoma in situ: it is a sign of
increased risk of forming tumors in both breasts) or can involve the duct of the gland
(ductal carcinoma in situ: it is an initial form of breast cancer limited to cells that form
the wall of the ducts. If not cured, it can become invasive). This type of breast cancer
can be additionally subdivided into: intraepithelial ductal neoplasia (DIN) (carcinoma

in situ) and lobular intraepithelial neoplasia (LIN).

e Invasive breast cancer: infiltrating carcinoma characterized by the crossing of the basal
membrane and the presence of stromal invasion and diffusion at the lymphatic level. It
is possible to distinguish infiltrating ductal carcinoma (it passes the duct wall and
represents the largest percentage of all forms of breast cancer) and infiltrating lobular
carcinoma (the tumor surpasses the lobule wall; it can simultaneously attack both

breasts or appear in multiple spots in the same breast).



Introduction

Several risk factors drive breast cancer development, including:

Gender/sex: epidemiological data showed that women present a risk of developing

breast cancer 100 times higher than men (Leon-Ferre et al., 2018).

Age: in industrialized countries the risk become higher as the age increases, ranging
from 1:5900 to 1:290 between the third and the eighth decade of life. The frequency of
breast carcinoma seems to be progressively reaching a peak at the age of 50, which
corresponds to the beginning of menopause. From 60 to 65 years there is a stasis and

from 65 on the incidence rises again. (De Carli et al., 1993).

Age of the first pregnancy: the risk is double for women who deal with their first
pregnancy in advanced age and for women who have not completed any pregnancy. A
pregnancy carried out before the age of 30 is a protective factor for breast carcinoma.

(Hulka and Moorman, 2001).

Ovulation span: a weak increase of risk has been recorded in case of early menarche

(before the age of 12) and late menopause (age of onset after 55) (Bernstein, 2002).

Hormone replacement therapy: several studies reported an increase of the risk of breast
cancer in women subjected to hormone replacement therapy based on estrogen or
estrogen-progesterone combination in post-menopausal age. In the process of neoplastic
transformation of the breast gland, an important role is played by hormones as estrogens
as well as further mitogenic growth factors (e.g., insulin-like growth factor, epidermal
growth factor) that activating the cognate receptors stimulate tumorigenic cellular

signals (Dickson and Lippman, 1996).

Ionizing radiation: their carcinogenic effect is directly linked not only to the cumulative
dose but also to the age of exposure (Helm and Rudel, 2020). In addition, women who
have been subjected to radiotherapy during young age have a greater risk of developing

breast tumor (Biglia et al., 2004).

Familiarity: first-degree family members of women who have been affected by breast
cancer have nearly twice the risk of developing breast cancer over those who have no

affected family members (Thompson, 1994).
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e Personal history: the risk to develop a breast carcinoma is particularly high for a woman
who previously suffered from it. Moreover, women who have been subjected to breast
biopsy, even with a positive outcome, present a higher risk of developing breast tumor

(Armstrong et al., 2000).

e QGenetic factors: about 5-10% of breast cancer cases is attributable to hereditary factors
such as pathogenic mutations in cancer-related genes (i.e. BRCA1, BRCA2, checkpoint
kinase 2 (CHEK2)) and breast cancer-associated common single-nucleotide
polymorphisms (SNPs) (Britt et al., 2020). The risk of developing breast cancer for
people who carry a mutation on BRCA1 is between 36% and 87%, whereas mutations
of BRCA2, which are present in most dominant transmissible breast carcinomas, are
associated with a risk ranging between 45 and 84% (Fodor et al., 1998; Antoniou et al.,

2003; Zografos et al., 2004).

e Dietary and metabolic factors: it has been demonstrated that a high-lipid diet can
promote the development of different spontaneous, transplanted or chemically induced
neoplasms in laboratory animals (Kushi et al., 1992; Lubin et al., 1996; van der Brandt

et al., 1993; Byrne et al., 2002).

e Smoking: it represents a risk factor for the majority of malignancies, including breast

cancer (Baron et al., 1996; Marcus et al., 2000; Egan et al., 2002).

Breast cancer can be diagnosed with mammography and breast ultrasound, while in specific
circumstances magnetic resonance imaging may be a further option. The potential identification
of nodules and suspicious formations may suggest a biopsy that allows establishing the nature
of the disease and its biological features. Almost every woman with breast cancer, regardless
of the stage, undergoes surgery in order to remove the neoplastic tissues. Surgery has to be
followed by radiotherapy, necessary to protect the remaining mammary gland both from the
risk of local recurrence and from the appearance of a new breast cancer. Several advanced breast
tumors are treated removing the whole breast: the technique used (radical mastectomy) is based
on the removal of the gland, the sentinel lymph node and/or all the axillary lymph nodes, rarely
part or all of the pectoral muscle and often also the overlying skin. After the surgery, an accurate
histological and biological evaluation is necessary to define precautionary therapies in order to

minimize the risk to affect other organs (remote metastases). Chemotherapy is helpful, but not
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always necessary and it has to be prescribed after a personalized evaluation. It is also prescribed
for the initial forms for precautionary purposes and the benefit, in terms of years of survival, is
greater than the most advanced tumor forms. In the last few years it became diffused the use of
neoadjuvant chemotherapy, administered before the surgery to reduce the dimension and the

aggressiveness of the tumor.

Breast tumors are classified in five stages (Figure 1.1.1).

e Stage 0: also called carcinoma in situ comprising lobular carcinoma in situ and ductal
carcinoma in situ.

e Stage I: it is a tumor at the initial phase; it has a diameter less than 2 ¢cm and it do not
involve lymph nodes.

e Stage II: it is a tumor at the initial phase with less than 2 cm of diameter but it already
reached axillary lymph nodes; it could also be a tumor bigger than 2 cm without the
implication of lymph nodes.

e Stage III: it is a locally advanced tumor of variable dimensions that already got to the
axillary lymph nodes or that involves the tissues near the breast (for example the skin).

e Stage IV: Is a metastatic cancer that has involved other organs outside the breast.
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Figure 1.1.1 Breast tumor staging.

Whether the tumor is identified at stage 0, the survival percentage in five years of treated women
is approximately 98%, even if the relapses may vary between 9 and 30% of the cases depending
on the therapy chosen. If lymph nodes include neoplastic cells, the survival in five years is 75%.
For metastatic diseases (cancers that have already affected organs outside the breast), the

average survival of patients treated with chemotherapy is generally around two years. However,
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this time can be longer as in some cases the survival time is higher, even up to ten years. The
recent advancement and extensive application of high-throughput and cost-effective ‘omics’
technologies (for instance genomics, transcriptomics or proteomics) has provided extraordinary
insights and novel understanding of breast cancer molecular portraits (Bianchini et al., 2016).
The pioneer studies conducted by Serlie et al. classified breast tumors into five intrinsic
subtypes, based on variations in gene expression patterns derived from cDNA microarrays:
luminal A, luminal B, human epidermal growth factor receptor 2 (HER2) over-expression, basal
and normal-like, (Serlie et al., 2001). In spite of this complexity, patient prognosis and
management mostly rely on the immunoistochemical evaluation of the endocrine receptors for
estrogen and progesterone (ER and PR, respectively), and HER2 (Bianchini et al., 2016).
Tumors that lack the expression of all the aforementioned receptors are defined triple negative
breast cancers (TNBC). Due to a more aggressive clinical behavior and the lack of recognized
therapeutic molecular targets, TNBC patients are characterized by high rates of tumor
recurrence and poor overall compared to those with other breast cancer subtypes (Bianchini et

al., 2016; Garrido-Castro et al., 2019).

1.2 The tumor microenvironment

The tumor microenvironment (TME), also known as tumor stroma, represents an intricate
network of non-cancer components that surround cancer cells, including cancer associated
fibroblasts (CAFs), both innate immune (macrophages, mast cells, neutrophils, dendritic cells,
myeloid derived suppressor cells, and natural killer cells) and adaptive immune cells (T and B
lymphocytes), adipocytes, ECM, endothelial cells and pericytes (Hinshaw and Shevde, 2019;
Chen and Song, 2018) (Fig. 1.2.1). Despite extensive efforts have been dedicated on targeting
tumor cells, recent advances in immunotherapy revealed that targeting the TME is a potent tool
to hamper cancer development and progression (Houthuijzen and Jonkers, 2018). The strong
interaction existing between cancer cells and the TME makes the latter the supportive essential
‘soil” for the development of metastasis by the ‘seeds’ (malignant cells) (Chen and Song, 2018).
Notably, upon stimulation the stromal cells can be recruited to a secondary site, distant from
the primary tumor, in order to foster malignancy through metastasis development (Chen and
Song, 2018). In fact, stromal cells influence the behavior of cancer cells by producing and
secreting ECM proteins, chemokines, cytokines and growth factors, thus aberrantly activating

autocrine and paracrine loops (Mittal et al., 2018).
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Figure 1.2.1 The major components of the tumor microenvironment.
(Mittal et al., 2018)

Immune cells may influence the tumor behavior and its response to treatments by interacting
with malignant cells through direct contact or through the release of chemokines and cytokines
(Mittal et al., 2018). In this vein, immune cells can either support or hamper therapeutic
effectiveness. In this regard, tumor-associated macrophages (TAMs) are key regulators of
therapeutic response in the TME and orchestrate tumor-associated inflammation (Chen and
Song, 2018; Chang et al., 2005; Farmer et al., 2009). TAMs originate from monocytes that
spread to the tumor site and differentiate into M1 or M2 macrophages subtypes based on their
polarization status. M1 macrophages seem to have tumoricidal properties, while M2
macrophages stimulate the growth and survival of tumor cells (Chang et al., 2005; Farmer et
al., 2009). In vitro and in vivo evidence demonstrated the ability of TAMs to mediate resistance
to diverse chemotherapeutic agents (5-fluorouracil, doxorubicin, gemcitabine, paclitaxel,
platinum compounds, etc.) as well as anti-angiogenic therapies (Tice et al., 2008; Farmer et al.,
2009).

The ECM comprises an intricate network of diverse components, such as collagen, fibronectin,
laminin, glycoproteins and polysaccharides, among others (Mittal et al., 2018). In solid tumors,
collagens and fibronectin provide the mechanical strength that regulates the different stages of
tumor development and differentiation, whereas proteoglycans exhibit growth factor- and
cytokine-binding properties (Ozbek et al., 2010; Kim et al., 2011). A well-organized
interconnected ECM operates as a physical barrier for drug delivery (Grantab et al., 2006; Netti
et al., 2000), the binding components of the ECM are able to sequestrate drugs, inhibiting the
diffusion to hidden tumor regions (Berk et al., 1997).
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Endothelial cells, which form the lining of tumor blood vessels, have a pivotal role in the
process of tumor angiogenesis (Carmeliet and Jain, 2000). In response to the vascular
endothelial growth factor A (VEGFA), endothelial cells proliferate to form new blood vessels
which are essential for the tumor constant supply of oxygen and nutrients and for the successful
migration and invasion of neoplastic cells (De Palma et al., 2017). Nevertheless, tumor vessels
are abnormal, disorganized, leaky and immature, deficient of pericytes required for vascular
maturation. This may lead to radiation and chemotherapy-enhanced sensitivity, suggesting that
pericytes may endorse therapeutic-resistance (Mittal et al., 2018). In this vein, endothelial cells
release the platelet-derived growth factor-f (PDGFf) necessary to recruit pericytes that ensure
microvessel stabilization (Armulik et al., 2011).

Cancer-associated fibroblasts (CAFs) constitute the largest proportion of stromal cells within
the TME and provide critical signals toward tumor progression, therefore representing a
conspicuous target in many solid tumors (Kalluri and Zeisberg, 2006; Kalluri, 2016). Extensive
evidence indicates that a high amount of CAFs within the TME correlates with poor clinical
prognosis in diverse tumors, including breast cancer (Lappano et al., 2020). Accordingly, CAFs
play a main role in tumor progression by enhancing cell proliferation and survival,
angiogenesis, immune suppression, maintenance of stemness, ECM production and
remodeling, and therapy resistance (Fig.1.2.2) (Chen and Song, 2018; Houthuijzen and Jonkers,
2018; Lappano et al., 2020).

TGF-p1, HGF, PDGF,
IGF2, MMPs, SDF-1, IL-6

TGF-p1, CSF-1
lL'(SS[l)LFﬁSEgE ccLz, tumor cell survival/proliferation SDF-1, FGF2, VEGF
immune suppression T angiogenesis

TGF-B1, TNC, LOX, n IL-6, IL-8, SHH, FN,
FN, MMPs, TIMPs, EcH product!on 4— —— therapy resistance collagens, MMP-1,
fe and remodeling
laminins, collagens HMGB1,exosomes
Cancer-associated fibroblast

altered metabolism l maintenance of stemness
lactate,glutamine, . TGF-p1, CCL2, FGFS5,
ketone bodies migration and metastasis collagen, SDF-1,

HMGB1

EMT, osteopontin, SDF-1, collagens, FN, laminins

Figure 1.2.2 Pro-tumorigenic effects elicited by CAFs.
(Houthuijzen and Jonkers, 2018)

Due to the high heterogeneity of biological, molecular and functional properties of CAFs, their

origin is still under debate (Ishii et al., 2016). CAFs are considered as mesoderm-derived cells
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exhibiting mesenchymal-like features (Kalluri, 2016). Moreover, CAFs are thought to derive
from normal fibroblasts which, evolving with cancer cells, acquire a pro-tumorigenic phenotype
contributing to the growth and evolution of the tumor mass (Ohlund et al., 2014). CAFs are
spindle-shaped blast-like cells similar to their normal counterparts, but are larger, harbor
multiple branches of cytoplasm and have indented nuclei (De Wever et al., 2008). In particular,
it has been shown that breast CAFs stem from diverse cell types comprising normal fibroblasts,
vascular smooth cells and pericytes as well as cancer stem cells (Ishii et al., 2016; Kalluri, 2016;
LeBleu and Kalluri, 2018). The identification of unique fibroblast markers has enabled live-cell
sorting for CAFs subpopulations as well as in vivo mechanistic studies (Su et al., 2018). For
instance, markers commonly used for the identification of CAFs are the Fibroblast Activating
Protein (FAP) and the combination of Platelet-Derived Growth Factor Receptor alpha (PDGFR-
a) and alpha-Smooth Muscle Actin (a-SMA) (LeBleu and Kalluri, 2018). Furthermore, single
cell high throughput analysis of CAFs, isolated from breast cancer patients, revealed a deeper
layer of complexity of these cells, showing peculiar features such as loss of Caveolin-1 (Cav-
1), increased a-SMA, Snaill, Tenascin-C and ALDH1A3 (Aldehyde Dehydrogenase 1 A3)
(Busch et al., 2017). In this scenario, further investigations aimed to define each subpopulation
at the molecular and functional levels are warranted. CAFs produce and secrete various ECM
proteins (collagens I, 111, IV), proteoglycans (fibronectin, laminin, TN), chemokines (CXCL
and CCL), cytokines (interleukin (IL)-6 and IL-8) and other tumor-promoting factors which
affect vascularization (PDGF, vascular endothelial growth factor (VEGF), stromal-derived
factor-1 (SDF-1), matrix metalloproteinase (MMPs)), proliferation, invasiveness and survival
(TGF-B, EGF, hepatocyte growth factor (HGF) or FGF) (Shimoda et al., 2010; Paraiso and
Smalley, 2013; Bremnes et al., 2011; Gonda et al., 2010). Recent advances in immunotherapy
demonstrate that targeting CAFs represents a powerful tool in controlling tumor progression
and predicting therapeutic responses (Torre et al., 2015). For instance, tumor infiltration by
CAFs expressing the zinc-dependent metalloproteinase CD10 and the G protein-coupled
receptor 77 is predictive of chemotherapy response and patient survival of ER-negative and
HER2-negative breast tumors (Torre et al., 2015; Su et al., 2018). The expression of Snaill
together with myofibroblast markers was shown to be a requisite for CAFs activation and
paracrine effects toward breast tumor invasiveness (Stanisavljevic et al., 2015). In this scenario,
various preclinical studies tempting to hamper the pro-tumorigenic function exerted by CAFs

have been reported, some of which have moved into the clinic (Chen and Song, 2018).
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1.3 Hypoxia in the tumor microenvironment

Hypoxia is a low non-physiological level of oxygen (O2) tension within a tissue. This condition
has been recognized as one of the hallmarks of cancer, including breast tumor, altering cell
metabolism, leading to the acquisition of epithelial-to-mesenchymal transition phenotype and
contributing to therapy resistance by inducing cell quiescence (Schito and Semenza, 2016;
Gilkes et al., 2014 A). O availability decreases as the distance from the nearest blood vessel
increases. Rapidly dividing cancer cells, which outgrow the vascular network, require a
constant O» uptake that cause an advanced but dysfunctional vascularization and an imbalance
of Oz supply and demand (Gilkes et al., 2014 A). Malignant cells are able to adapt to the hypoxic
environment through the transcriptional action of the hypoxia-inducible factors (HIFs) that
regulate the expression of several genes involved in angiogenesis, metabolism, cancer cell
invasion and metastasis (Hubbi and Semenza, 2015). HIFs function as heterodimers and consist
of an O; regulated HIF-a subunit and a stable HIF-1P subunit. Mammals possess three diverse
HIF-a isoforms: HIF-1a, HIF-2a and HIF-3a. The most well characterized are HIF-1a and HIF-
2a which are structurally similar (Hubbi and Semenza, 2015; Semenza, 2019). HIF-1a is
expressed in all cells, while HIF-2a is expressed only in certain cell types, including vascular
endothelial cells, renal interstitial cells and cells of the myeloid lineage (Hubbi and Semenza,
2015). HIF-2a shares 48% amino acid sequence identity with HIF-1a and binds to HIF-1p to
form HIF-2, which activates the transcription of some, but not all, HIF-1 target genes (Tian et
al., 1997; Wiesener et al., 1998), furthermore, in breast cancer, HIF-1a is the predominantly
(over)expressed isoform (Schodel et al., 2013; Smythies et al., 2019). HIF-3a exists as multiple
splice variants, some of which heterodimerize with HIF-1P and others that bind to and inhibit
the activity of HIF-1a and HIF-2a, though HIF-3a role in cancer progression remains to be
elucidated (Yang et al., 2015). HIF transcription factors exert their transcriptional activity by
binding to hypoxia responsive elements (“HRE”) consensus sequence, 5'-RCGTG-3’, located

within or near their target genes (Fig. 1.3.1) (Semenza et al., 1996).
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Figure 1.3.1 Transcriptional responses to reduced O: availability
are mediated by hypoxia-inducible factors (HIFs).
(Semenza, 2019)

HIF-1 consists of an oxygen-regulated HIF-1a subunit and a constitutively expressed HIF-13
subunit, which are basic-helix-loop-helix-PER-ARNT-SIM homology domain (PAS) domain
proteins (Wang et al., 1995; Wang and Semenza, 1995; Prabhakar and Semenza, 2015). Under
normoxic condition, HIF-1a is synthetized at basal rate and undergoes rapid proteasomal
degradation. In particular, HIF-1a subunits are modified by the prolyl hydroxylase domain-
containing protein (PHD) 1, PHD2 and PHD3 enzymes (also termed EGLN2, EGLNI and
EGLN3, respectively), and the asparaginyl hydroxylases (FIH1) that are dependent on O> and
a-ketoglutarate as substrates to hydroxylate proline and asparagine residues (P402, P564, and
N804 in human HIF-1a) (Samanta and Semenza, 2018). The asparagine hydroxylation blocks
the recruitment of the co-activator protein P300 whereas the proline hydroxylation prompts the
interaction with the von Hippel-Lindau (VHL) tumor suppressor protein. Subsequently, VHL
recruits an E3 ubiquitin-ligase (BCCRE2) consisting of Elongin B, Elongin C, Cullin 2, RBX1,
and an E2 ubiquitin ligase that targets HIF-1a subunits for proteasomal degradation Samanta
and Semenza, 2018). Under hypoxic conditions, hydroxylation is inhibited, PHD and FIH-1
activities are diminished, thus leading to HIF-1a accumulation, translocation into the nucleus
and heterodimerization with HIF-1p (Semenza, 2003). The HIF-1 complex is able to bind to
the HREs of target genes, thus prompting their transcriptional upregulation (Fig.1.3.2) (Vito et
al., 2020).

10
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Figure 1.3.2 Hypoxia-inducible factor (HIF) signaling pathway.
(Samanta and Semenza, 2018)

It has been widely reported that high HIF-1a protein levels correlate with decreased survival
rates in diverse malignancies including bladder, brain, breast, cervix, colon, endometrium,
esophagus, head and neck, larynx, oropharynx, ovary, liver, lung, pancreas, prostate, and
stomach cancers, as well as melanoma and acute lymphoid and myeloid leukemias (Semenza,
2010; Deeb et al., 2011; Frolova et al., 2012; Morine, 2011; Zheng et al., 2013). Moreover, in
breast tumors, HIF-1a levels strongly correlate with tumor grade and invasion (Bos, 2001) and
its accumulation is prevalent around necrotic areas such as the hypoxic tumor core. In breast
cancers cells an increase of HIFa activity may also be caused by common genetic mutations
and oncogenic alterations, including the loss of the tumor suppressors PTEN, p53, BRCAI or
VHL, as well as hyper-activation of the PI3K- pathway (Maxwell et al., 1999; Zundel et al.,
2000; Akakura et al., 2001; Zhong et al., 2000; de Heer et al., 2020). Likewise, the over-
expression of HIF-1a in breast malignancies and the consequent hyperactivation of its target
genes have been indicated as key drivers especially in the TNBC aggressive subtype (Samanta
et al., 2014). In this regard, it is well acknowledged the transcriptional activity of HIFa toward
the activation of a large battery of genes involved in tumor vascularization and growth, stromal
cell recruitment, extracellular matrix remodeling, cell motility, local tissue invasion and
metastasis in breast and other tumors (Schito and Semenza, 2016). For instance, vascular pro-
angiogenic factors such as VEGF-A, the chemokine CXCL-12, angiopoietin (ANGPT)2,
placental growth factor (PGF), PDGFP and stem cell factor (SCF) are up-regulated by HIFa in
response to hypoxia thus altering extra- and intra-cellular responses by binding to their cognate
receptors (Schito and Semenza, 2016; Zhang et al., 2021). In addition, HIFa coordinates several
other signaling pathways involved in the transition from mesenchymal to epithelial phenotype

(EMT) of cancer cells which drives clonal expansion and metastatic colonization (Schito and

11
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Semenza, 2016). HIFo down-regulates E-cadherin, the major component of the adherents
junctions (Schito and Semenza, 2016), up-regulates EMT genes (SNAIL1, SNAIL2, ZEB1,
ZEB2, TWIST, and TCF3), MMP (MMP2, MMP9, and MMP14), procollagen prolyl-4-
hydroxylases (P4HA1 and P4HAZ2), lysyl hydroxylases (PLOD1 and PLOD?2), and lysyl
oxidases (LOX, LOXL2, and LOXL4), which are required for cancer invasion and metastasis
(Inoue et al., 1989; Gilkes et al., 2013 A; Gilkes et al., 2013 B; Wong et al., 2011). Additionally,
it has been widely reported that in a persistent hypoxic condition, healthy cells undergo
programmed cell death, whereas tumor cells succeed in surviving (Zhang et al., 2021; Schito
and Semenza, 2016). Some of the mechanisms through which cancer cells adapt to low O:
tension are mediated through VEGF and include the decrease of BAX/BCL-2 factors ratio, the
reduction of cytochrome C release and the inhibition of caspase 3 activity (Baek et al., 2000).
The ability to escape apoptosis leads to a dramatic loss of response to radiotherapy and
chemotherapy in cancer patients (Zhang et al., 2021). Of note, advances in cancer metabolomic
studies revealed that HIF-1-mediated transcriptional activity is essential for the shift of cell
metabolism from oxidative phosphorylation to glycolysis in order to increase the ATP
production under low O> tension. Both the maximal glucose uptake and its utilization lay the
basis for glycolytic respiration, which enables tumor cells to adapt and proliferate under such
conditions (Schito and Semenza, 2016). HIF-1 boosts the efficiency of glycolysis, up-regulating
the expression of glycolytic enzymes as SLC2A1 and SLC2A3 that encode for the glucose
transporters GLUT1 and GLUTS3, required for increased uptake of glucose (Schito and
Semenza, 2016), hexokinases (HK1 and HK2), phosphofructokinases (PFKL and PFKP),
aldolases (ALDOA and ALDOC), phosphoglycerate kinase 1 (PGK1), enolases (ENO1 and
ENO2), pyruvate kinase M (PKM), and lactate dehydrogenase A (LDHA) that catalyzes the
conversion of pyruvate to lactate, the terminal product of glycolysis (Duan, 2016; Lee et al.,
2009; Carmeliet and Jain, 2011; Rapisarda and Melillo, 2012; Luo et al., 2011). Furthermore,
HIF-1 down-regulates the oxidative phosphorylation enhancing the expression of genes
encoding pyruvate dehydrogenase kinase 1 (PDK1) (Pescador et al., 2010; Favaro et al., 2012)
and the BCL2/adenovirus E1B 19-kDa interacting protein 3 (BNIP3) in order to reduce the O
request by tumor cells within hypoxic tissues (Chiche et al., 2010;; Favaro et al., 2012).

1.4 G protein-coupled estrogen receptor (GPER)
Estrogens regulate diverse physiological processes in several tissues throughout the body, such
as development, reproduction and homeostasis. On these bases, they have a pivotal role in the

development of hormone-sensitive tumors, including breast cancer (MacGregor and Jordan,
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1998; Ruggiero and Likis, 2002; Liang and Shang, 2013). The multiple biological effects
exerted by estrogens are mainly mediated by the activation of the classical estrogen receptor
(ER)a, identified in the 1960s (Jensen and Jacobson, 1962; Jensen and DeSombre, 1973), and
ERp, a second highly homologous estrogen receptor discovered in 1996 (Béttner et al., 2014).
Upon ligand activation, ERa and ER[} translocate to the nucleus where they can act as
transcriptional factors (Marino et al., 2006). In particular, by binding to estrogen responsive
elements (EREs), ERs regulate the expression of target genes involved in cell growth, invasion
and survival (Bjornstrom and Sjoberg, 2005). Beyond the aforementioned “genomic” signaling,
that is characterized by changes in gene transcription occurring in the frame of hours, it has
been reported the capability of 17p-Estradiol (E2) to trigger rapid “non-genomic” effects
(Prossnitz and Maggiolini, 2009). In this scenario, it has been recognized the involvement of
the G-protein-coupled estrogen receptor (GPER, formerly known as GPR30) in the rapid
estrogen effects (Maggiolini and Picard, 2010). GPER is a seven transmembrane receptor firstly
identified in the 1990s (Carmeci et al., 1997; Takada et al., 1997) that belongs to the rhodopsin-
like receptor superfamily (Carmeci et al., 1997), its gene is mapped to chromosome 7p22.3
(Albanito et al., 2007). GPER has a peculiar cellular distribution pattern as it localizes on the
plasma membrane, but also in the endoplasmic reticulum, Golgi apparatus and in specific
cellular contexts also in the nucleus (Filardo et al., 2007; Madeo and Maggiolini, 2010; Sandén
et al., 2011; Revankar et al., 2019). GPER has been shown to mediate estrogenic signals in
diverse normal and malignant contexts, including breast cancer, by activating a network of
transduction pathways and transcriptional changes involved in tumor progression
(Rouhimoghadam et al., 2020). These rapid cellular effects include the activation of the
epidermal growth factor receptor (EGFR) and multiple kinases, such as extracellular signal-
regulated kinase (ERK) and phosphoinositide 3-kinase (PI3K), the production of cyclic
adenosine monophosphate (cCAMP), the mobilization of intracellular calcium, as well as the
activation of ion channels and endothelial nitric oxide synthase (eNOS) (Maggiolini and Picard,
2010). In particular, previous studies on breast cancer cells showed that GPER-mediated
ERK1/2 activation results from the Gy subunit-dependent transactivation of EGF receptor
(EGFR), which occurs through the cleavage and the release of heparan-bound EGF (HB-EGF)
by metalloproteinases (MMPs) (Prossnitz and Maggiolini, 2009). The stimulation of this
pathway leads to diverse cellular responses such as the activation of the phospholipase C (PLC),
PI3K and AKT, as well as MAPK (Maggiolini and Picard, 2010). As a result of GPER
activation, a specific downstream gene signature has been characterized and has been shown to

contribute to the stimulation of aggressive features in breast cancer cells. Of note, transcription
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factors including SRF, CREB, JUN, FOS, CTGF, EGR1, C/EBPd and NR4A2 are prompted
by estrogenic GPER signaling in breast cancer cells (Pandey et al., 2009) toward the
upregulation of several target genes such as cyclin A, DI and E, EGR-1, HIF-1, VEGF
(Fig.1.4.1) (De Francesco et al., 2013; Lappano et al., 2014).

GPER ligands
Fibrils

*

Erk activation

PI3K/AKT

26s Proteasome

Endoplasmic Reticulum

Figure 1.4.1 GPER trafficking and signaling.
(Rouhimoghadam et al., 2020)

GPER exhibits many of the expected characteristics of an estrogen receptor, including the
capability to bind to a variety of estrogens, phyto- and xeno-estrogens as well as to the ERa
antagonists 4-hydroxytamoxifen (OHT) and fulvestrant (ICI 182 780) (Thomas et al., 2005;
Revankar et al., 2005; Thomas et al., 2006; Lappano et al., 2010; Rouhimoghadam et al., 2020;
Maggiolini et al., 2004; Dong et al., 2011; Pupo et al., 2012). Nevertheless, it should be
mentioned that these compounds may exert equal or opposite functions through the action of
these receptors. For instance, in ER-negative breast cancer cells, E2 and two major
phytoestrogens, genistein and quercetin, induced in a GPER-dependent manner the rapid up-
regulation of c-fos (Maggiolini et al. 2001; Maggiolini et al. 2004), whereas the well-known
ERa agonist estriol elicits inhibitory effects on GPER-mediated signaling (Lappano et al.,
2010). Furthermore, the ERa antagonist OHT and ICI 182 780 have a strong binding affinity
for GPER and act as GPER agonists (Filardo et al., 2000; Revankar et al., 2005; Vivacqua et
al., 2006; Pandey et al., 2009). In particular, the most strongly GPER target gene, namely
connective tissue growth factor (CTGF), has been implicated in pro-tumorigenic features of

ER-negative breast cancer cells upon both E2 or OHT stimulation through GPER transduction
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pathway (Pandey et al., 2009). In order to better characterize the role of GPER in both normal
and breast cancer cells, selective ligands that specifically bind to this receptor, such as the
agonists G-1, GPER-L1 and GPER-L2 and the antagonists G15 and G36 have been discovered
(Bologa et al., 2006; Ariazi et al., 2010; Lappano et al., 2010; Lappano et al., 2012 A). Of note,
a further GPER antagonist, the indole derivative compound named MIBE, has shown the
peculiar property to inhibit both GPER and ERa-mediated signaling (Lappano et al., 2012 B).
Recently, diverse indole-thiazole derivates have been identified to elicit selective GPER
agonism (O'Dea et al., 2018). Importantly, the activities exerted by GPER ligands provided the
opportunity to deeply characterize the role of GPER in biological responses driving breast
cancer progression including proliferation, migration and invasion (Pandey et al., 2009; De
Francesco et al., 2013; Lappano et al., 2014; Marjon et al., 2014; Barton et al., 2018). For
instance, it has been reported that GPER activation stimulates breast cancer cell migration
through the up-regulation of CTGF (Pandey et al., 2009), cyclin E (Li et al., 2013), the notch
pathway (Pupo et al., 2014) and the CXC receptor-1 (CXCRI1) (Jiang et al., 2013). In this
regard, we recently found that the GPER-mediated activation of the FA kinase (FAK) stimulates
the formation of FA in TNBC cells (Rigiracciolo et al., 2019). Furthermore, in vivo data derived
from breast cancer mouse models demonstrated a positive correlation between GPER
expression and the metastatic process (Filardo et al., 2006), whereas GPER-deficiency has been
shown to revert this effect (Marjon et al., 2014). The role of GPER has also been assessed in
CAFs derived from breast tumor samples, suggesting that the pro-tumorigenic actions of GPER
may also be elicited through these key players of the TME (Prossnitz and Maggiolini, 2009;
Barton et al., 2018). In particular, GPER mediates the up-regulation of VEGF expression in
breast CAFs through a HIF-1a-dependent mechanism (De Francesco et al., 2014; De Francesco
et al., 2017). Moreover, the role of GPER in mediating a feedforward FGF2/FGFR1 paracrine

loop involving CAFs and breast cancer cells has been recently reported (Santolla et al., 2019).

1.5 Omics approaches in breast cancer research

Cancer is considered a highly heterogenous disease, so far more than 200 forms of cancer,
characterized by different molecular features, have been described (Tomczak et al., 2015). This
heterogeneity inevitably leads to the requirement of tailored strategies aimed to face the tumors
dynamic changes (Tomczak et al., 2015). Indeed, each type of tumor present unique genetic
aberrations such as somatic mutations, copy number variations (CNVs), changed gene and
protein expression profiles, and diverse epigenetic alterations. Recently, ‘omics approaches and

computational science became powerful tools in handling and extracting meaningful
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information from large multiomic datasets (Gao et al., 2017; Parsons and Francavilla, 2020). In
particular, multi-dimensional data are increasingly being generated in routine care, high
throughput techniques and big data analysis methods have allowed deep investigations of the
whole genome, epigenome, transcriptome, proteome and metabolome of different types of
samples, shedding new light on cancer molecular insights (Vamathevan et al., 2019; Parsons
and Francavilla, 2020). In this framework, genomic approaches based on next generation
sequencing (NGS) technologies played a pivotal role in redefining breast cancer subtypes
(Cancer Genome Atlas Network, 2012), helped to identify genetic alterations as single
nucleotide polymorphisms (SNPs) or driver mutations (Nik-Zainal et al., 2016), served as
screening for clinical trials patients (Curtis et al., 2012), provided novel markers for breast
cancer prognosis (Davalos et al., 2017) and for metastasis detection (Lim et al., 2020).
Transcriptome analyses were first enabled by microarray technologies, nevertheless with some
limitations only to known genes and cross-hybridization problems (Soon et al., 2013). NGS has
thereafter facilitated the global mapping of the transcriptome through RNA-sequencing (RNA-
seq), providing a comprehensive profile of cellular phenotypes through the examination of the
genes expressed in specific physiological and pathological conditions with very high precision
(Chambers et al., 2019). Transcriptomics approaches allowed the classification of breast cancer
molecular subtypes in cell lines (Neve et al., 2006) as well as the comparison of normal breast
and tumor or primary breast cancers and their metastases expression landscapes (Vareslija et
al., 2018), potentially paving roads to tailored individualized therapies. Data generated from
patients and sophisticated machine learning are revolutionizing breast health care allowing the
extraction of patterns and correlations that leads to ultimately produce valuable insights
(Ibnouhsein et al., 2018). For instance, genomic driver alterations, that can be targeted with
matched drugs, arise from the sequencing of patient's tumors, in this vein, targeted therapies
directed against identified driver events are often successful in inducing tumor regression
(Birkbak and McGranahan, 2020). Data are produced in any number of settings: by individual
investigators or labs, by charities or philanthropies that host and may curate data, by national
projects and by international consortia (Clare and Shaw, 2016).

The Cancer Genome Atlas (TCGA) is a public funded project that aims to collect and uncover
the major cancer-causing genomic alterations in order to create a comprehensive “atlas” of the
diverse cancer genomic profiles. The Cancer Genome Atlas (TCGA) is a project, initiated in
2005 by the National Cancer Institute that includes over 2.5 petabytes of genomic, epigenomic,
transcriptomic, and proteomic data from matched tumors and normal tissues of about 11.000

patients representing 33 diverse human cancer types. TCGA data extended current knowledge
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of tumorigenesis, helped improving diagnostic methods, treatment standards, and cancer
prevention. Diverse centers, responsible for the advanced bioinformatics data analyses,
cooperate in diverse steps, as the collection and the processing of samples as well as high-
throughput sequencing, to obtain TCGA well-structured data. Required biospecimens (blood,
tissue) from eligible cancer patients are collected by the Diverse Tissue Source Sites (TSSs)
and thereafter catalogued, processed, and verified by the Biospecimen Core Resource (BCR),
which guarantee the quality and quantity of samples. The clinical data and metadata generated
is then submitted to the Data Coordinating Center (DCC) that provide molecular analytes for
the Genome Characterization Centers (GCCs) and Genome Sequencing Centers (GSCs) for
further genomic characterization and high-throughput sequencing and next it is deposited in the
DCC. The Genome Characterization Centers also submit trace files, sequences, and alignment
mappings to NCI’s Cancer Genomics Hub (CGHub) secure repository. The generated data is
made public and easy to manage by the Genome Data Analysis Centers (GDACs) that generate
new processing, analysis, and visualization methods. The information provided are entered into
public free-access datasets (TCGA Portal, NCBI’s Trace Archive, CGHub, UCSC Xena,
cBioportal). The breast cancer cohort of TCGA provides integrated information of array-based
messenger RNA (mRNA) expression, sequencing-based mRNA expression, DNA methylation,
single-nucleotide polymorphisms, array-based microRNA expression, and
protein/phosphoprotein expression along with the clinical data of the patients (Cancer Genome
Atlas Network, 2012).

The Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) is a
Canada-United Kingdom project integrating genomic, copy number variations and
transcriptomic profiles as well as SNP genotypes of over two thousand primary breast tumors
along with long-term clinical follow-up (Curtis et al., 2012). A large body of evidence denotes
the fundamental contribution of TCGA and METABRIC datasets in defining new insights into
the molecular portraits of breast cancer patients (Shimizu et al., 2019; Craven et al., 2021).
Notably, a comprehensive analysis of the TCGA data, carried out by Ciriello and colleagues,
profiled 817 breast tumors with the aim to discover peculiar features of invasive lobular
carcinomas (ILC) (Ciriello et al., 2015). METABRIC dataset analysis contributed to a definitive
framework for understanding how gene copy number aberrations affect gene expression in
breast cancer and reveals novel subgroups that should be the target of future investigations
(Curtis et al., 2012). Furthermore, a recent functional analysis of dysregulated genes (DEGs) of

TCGA breast cancer patients led to the development of a stromal and immune signatures,
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toward a better understanding of the potential genes behind the regulation of tumor

microenvironment and cells infiltration (Xu et al., 2020).

1.6 Aim of the study

We aimed to analyze the GPER-associated gene expression network as well as its prognostic
value in large cohorts of ERa-negative breast cancer patients. In particular, performing in silico
analysis we evaluated the association of GPER levels with pro-tumorigenic genes and clinical
outcomes in the aforementioned subset of patients. Subsequently, further bioinformatics
analyses and in vitro studies were carried out in order to establish the involvement of GPER,
along with HIF-1la, in mediating the IL-1B/IL1R1-dependent pro-metastatic phenotype in
hypoxic TNBC cells and CAFs.
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2 Materials and Methods

2.1 Publicly available molecular datasets

Gene expression analyses were performed using the publicly available The Cancer Genome
Atlas (TCGA) and Molecular Taxonomy of Breast Cancer International Consortium
(METABRIC) datasets (Curtis et al., 2012; Ciriello et al., 2015). The clinical information of
the patients along with the mRNA expression data (RNA Seq V2 RSEM) reported in the
Invasive Breast Cancer Cohort of the TCGA project (n. 1247) were downloaded from UCSC
Xena (https://xenabrowser.net/). The clinical information and the microarray gene expression
data (Log2 transformed intensity values) of the METABRIC cohort (n. 2509) were retrieved
from cBioPortal for Cancer Genomics (http://www.cbioportal.org/). Samples of the TCGA
cohort were filtered by the “sample type” in order to exclusively obtain the tumor tissues (n.
1101). Thereafter, patients of both TCGA and METABRIC were classified on the basis of the
presence or absence, detected by immunohistochemistry, of the estrogen receptor (ER), the
progesterone receptor (PR) and HER2. Gene expression and clinical information were also
filtered for missing values. The final filtering resulted in 771 patients of TCGA and 1904
patients of METABRIC.

2.2 Correlation analysis

The Pearson correlation coefficients (r-values) between the expression levels of GPER and the
other genes of the TCGA (n. 20,530) and METABRIC (n. 24,367) datasets were assessed in
ER-negative BC patients using the cor.fest() function and setting the method as “Pearson” in R
Studio (version 3.6.1). The first 1000 most correlated genes of each dataset were intersected
with the intersect() function in order to obtain the most correlated genes shared by the two
datasets. Thereafter, the r-values between the mRNA levels of HIF-1a and the other genes of
the TCGA dataset in the TNBC cohort of patients were calculated. The first 250 HIF-1a most
correlated genes were selected for the next evaluations. The statistical analyses were performed

by using the t-tests, considering significant the coefficients obtained with p < 0.001.
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2.3 Pathway enrichment analysis
Aiming to cluster the selected genes in pathways, we uploaded the lists obtained on the
Database for Annotation, Visualization and Integrated Discovery (DAVID) functional

annotation analysis website (https://david.ncifcrf.gov/). We analyzed the genes selecting the

functional annotation tool and the option Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways, choosing the official gene symbol as “select identifier” and gene list as “list type” in

the upload options and selecting a limit species of “Homo sapiens” in the background.

2.4 Gene Set Enrichment Analysis (GSEA)

GSEA was performed wusing the gsea() function of the phenoTest package
(https://bioconductor.org/packages/release/bioc/html/phenoTest.html) in R Studio in order to
test the association between the predefined groups of genes and a specific phenotype. The gene
lists used for the analysis concerning GPER expression, derived from DAVID functional
annotation tool, are the CAM pathway (KEGG entry = hsa04514), the ECM-receptor
interaction pathway (KEGG entry = hsa04512), and the FA signaling pathway (KEGG entry =
hsa04510). The genes belonging to the aforementioned pathways were ranked in accordance
with the differential expression within GPER high and low (median expression value as
threshold assessment) samples in the ER-negative subgroup of BC patients, verifying if the
selected set of genes were enriched at the bottom or the top of the ranked list. Considering the
subsequent analyses on HIF-1a and IL-1p, the KEGG “Cytokine-cytokine receptor interaction”
pathway (KEGG entry = hsa04060) and “HIF-1 signaling” pathway (KEGG entry = hsa04066)
were selected as the reference genes sets. We ranked the genes of the “Cytokine-cytokine
receptor interaction” pathway in accordance with the differential expression within HIF-1a high
and low (median expression value as threshold assessment) samples, and the “HIF-1 signaling”
pathway genes in accordance with the differential expression within IL-1 high and low
(median expression value as threshold assessment) samples. The HIF-1o/ IL-1 analyses were
performed in the TNBC subgroup of patients, verifying if the selected genes sets were enriched
at the bottom or the top of the ranked lists. For all the aforementioned analyses we calculated
the enrichment score (ES) that reflects the degree to which a set of genes is overrepresented at
the extremes of the entire ranked list. The score was calculated by walking down a list of genes
ranked by their correlation with the selected phenotype (high or low GPER/HIF-1a and IL-1f
levels), increasing a running-sum statistic when a gene of the gene set is encountered (each
vertical line underneath the enrichment plot) and decreasing it when a gene that isn’t in the gene

set is encountered. The magnitude of the increment depends on the correlation of one gene with
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the phenotype. In these analyses, 20,000 simulations were used (B = 20,000). p < 0.05 was

considered significant.

2.5 Survival Analysis

Comprehensive survival analysis was conducted using TCGA gene expression data of GPER
along with the disease-free interval (DFI) information. Patients were filtered for missing values,
and the ER and the HER2 statuses were used to divide the population. The survivALL package
was employed to examine Cox proportional hazards for all possible points-of-separation (low-
high cut-points), selecting the cut-point with the lowest p-value (Pearce et al., 2018) and
separating the patients into high (n. 27) and low (n. 93) GPER expression levels. The Kaplan—

Meier survival curves were generated using the survival and the survminer R packages.

2.6 Reagents

The ROS scavenger N-acetyl-L-cysteine (NAC) (used at a 300 uM concentration) and the
proteasome inhibitor MG132 (used at a 10 uM concentration) were purchased from Merck Life
Science (Milan, Italy). PD98059 (PD) and LY?294,002 (LY) (both used at a 1 uM concentration)
were obtained from Calbiochem (Milan, Italy). All compounds were dissolved in DMSO,
except NAC that was solubilized in water. Recombinant human IL-1p (used at a 10 ng/mL
concentration) was purchased from Thermo Fisher Scientific (Life Technologies Italia, Monza,
Italy) and solubilized in PBS with 1% BSA. The ILIRI antagonist (IL1R1a) human
recombinant protein (used at a 50 ng/mL concentration) was purchased from Thermo Fisher
Scientific and solubilized in 20mM TBS, pH 8, with 50% glycerol. Anti-IL-1p neutralizing
antibody (MAB601) was purchased from R&D Systems (Bio- Techne, Milano, Italy).

2.7 Cell cultures

The TNBC MDA-MB 231 breast cancer cells were provided by ATCC (Manassas, VA, USA),
used less than 6 months after resuscitation, routinely tested and authenticated according to the
ATCC suggestions. MDA-MB 231 cells were maintained in DMEM/F12 (Dulbecco’s modified
Eagle’s medium) with phenol red, supplemented with 5% fetal bovine serum (FBS) and 1%
penicillin/ streptomycin (Thermo Fisher Scientific). CAFs were isolated, cultured and
characterized as previously described (Cirillo et al., 2019) from 10 invasive mammary ductal
carcinomas and pooled for the subsequent studies. Briefly, specimens were cut into 1-2mm
diameter pieces, placed in a digestion solution (400 IU collagenase, 100 IU hyaluronidase, 10%

FBS, antibiotics and antimycotics) (Thermo Fisher Scientific) and incubated overnight at 37
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°C. Cells were then separated by differential centrifugation at 90xg for 2 min. The supernatant
containing fibroblasts were centrifuged at 485xg for 8 min, the pellet obtained was suspended
in fibroblasts growth medium (Medium 199 and Ham’s F12 mixed 1:1 and supplemented with
10% FBS and 1% penicillin) (Thermo Fisher Scientific) and cultured at 37 °C, 5% CO,. CAFs
were then expanded into 10-cm Petri dishes and stored as cells passaged for three population
doublings within total 7 to 10 days after tissue dissociation. Primary cell cultures of fibroblasts
were characterized by immunofluorescence with human anti-vimentin (V9; 1:500) and human
anti-cytokeratin 14 (LLOO1) (Santa Cruz Biotechnology, DBA, Milan, Italy; 1:250). FAPa
antibody (H-56; Santa Cruz Biotechnology, DBA, Milan, Italy; 1:500) was used to assess
fibroblast activation (data not shown). We used CAFs passaged for up to 10 population
doublings for the experiments, to minimize clonal selection and culture stress, which could
occur during extended tissue culture. All cell lines were grown in a 37 °C incubator with 5%
CO» and switched to medium without serum and phenol red the day before treatments to be

processed for immunoblot and RT-PCR assays.

2.8 Gene expression studies and PCR arrays

Total RNA was extracted, and cDNA was synthesized by reverse transcription as previously
described (Lappano et al., 2012 B). The expression of selected genes was quantified by real-
time PCR using platform Quant Studio7 Flex Real-Time PCR System (Thermo Fisher
Scientific). Gene-specific primers were designed using Primer Express version 2.0 software
(Applied Biosystems) and are as follows: 5-ACCTATGACCTGCTTGGTGC-3" (HIF-1a
forward) and 5'-GGCTGTGTCGACTGAGGAAA-3' (HIF-1a reverse); 5'-

TTAAAGCCCGCCTGACAGA-3’ (IL-1B forward) and 5'-
GCGAATGACAGAGGGTTTCTTAG-3' (IL-1B reverse); 5'-
TTACAGAGGGAAAACGACACCT-3' (GPER forward) and 5'-

GTGGGTCTTCCTCAGAAGGG-3' (GPER reverse); 5-AGTCCCTGAGCATCTACGGT-3’
(COX2 forward) and 5-CATCATCAGACCAGGCACCA-3' (COX2 reverse), 5'-
AAGCCACCCCACTTCTCTCTAA-3' (ACTB forward) and 5'-
CACCTCCCCTGTGTGGACTT-3' (ACTB reverse). Assays were performed in triplicate and
the results were normalized for actin beta (ACTB) expression and then calculated as fold
induction of RNA expression. PCR arrays were performed using a TagqMan™ Human Tumor
Metastasis Array (Thermo Fisher Scientific) according to the manufacturer’s instructions. The
amplification reaction and the results analysis were carried out using platform Quant Studio7

Flex Real-Time PCR System (Thermo Fisher Scientific).
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2.9 Gene silencing experiments and plasmids

Cells were transfected using X-treme GENE 9 DNA Transfection Reagent (Roche Diagnostics,
Merck Life Science) for 24 h before treatments with a control vector and a specific shRNA
sequence or antisense vector for each target gene. The short hairpin (sh) RNA constructs to
knock down the expression of HIF-1a and the control shRNA construct were purchased form
SABioscience Corporation. Antisense vector for GPER (AsGPER), which was generated by
cloning of the entire open reading frame of the receptor cDNA in the reverse orientation in
pcDNA3.1 Hygro (—), was a kind gift from Eric R Prossnitz (University of New Mexico Health
Science Center, Albuquerque, USA). The plasmid DN/c-fos, which encodes for c-fos mutant
that heterodimerizes with c-fos dimerization partners but does not allow DNA binding, was a

kind gift from Dr. C. Vinson (NIH, Bethesda, MD, USA).

2.10 Chromatin Immunoprecipitation (ChIP) assay

Cells were grown in 10-cm dishes, exposed to treatments for 16 h, and then cross-linked with
1% formaldehyde and sonicated. Supernatants were immuno-cleared with salmon DNA/protein
A-agarose (Merck Life Science) and immunoprecipitated with anti-HIF-1a or anti-GPER
antibody or nonspecific IgG. Pellets were washed, eluted with a buffer consisting of 1%SDS
and 0.1 mol/L NaHCO3, and digested with proteinase K. DNA was obtained by
phenol/chloroform extractions and precipitated with ethanol. The yield of target region DNA
in each sample after ChIP was analyzed by real-time PCR. The primers used to amplify a region
containing a HRE site located into the GPER promoter sequence were: 5'-
TGCAGCACTTCAAAACAATAACC - 3’ (Fw) and 5'-
GGGTTTGAGTTGTTTTTCCTTTGG-3" (Rv); the primers used to amplify a region
containing a HRE site located into the IL-1B promoter sequence were: 5'-
ACAGACAGGGAGGGCTATTG-3' (Fw) and 5-GGGCAAGGAGTAGCAAACTA-3' (Rv).
Data were normalized to the input for the immunoprecipitation and the results were reported as

fold changes respect to nonspecific IgG.

2.11 Western blot analysis

Cells were grown in 10-cm dishes, exposed to treatments, and then lysed as previously
described (Santolla et al., 2018). Equal amounts of whole-protein extract were resolved on a
10% SDS-polyacrylamide gel and transferred to a nitrocellulose membrane (Amersham
Biosciences, Sigma-Adrich, Milan, Italy), which were probed with primary antibodies (1:1000)
against HIF-1a and IL-1B (R&D Systems, Bio-Techne, Milano, Italy), GPER (AB137479)
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(Abcam, DBA, Milan, Italy), phosphorylated ERK1/2 (E-4), ERK2 (C-14), p-1/2/3 (Ser 473)-
R, /1/2/3 (H-136), c-fos (E-8) and B-actin (AC-15; 1:4000) (Santa Cruz Biotechnology, DBA,
Milan, Italy) and then revealed using the chemiluminescent substrate for western blotting
Westar Nova 2.0 (Cyanagen, Biogenerica, Catania, Italy). For nuclear extracts, cells were lysed
using 300 pl of cytosolic buffer (50mM HEPES pH 7.5, 150 mM NaCl, 1% Triton X-100,
1.5mM MgCL, ImM EGTA, pH 7.5, 10% glycerol) with protease inhibitors (1.7 mg/ml
aprotinin, 1 mg/ml leupeptin, 200 mmol/liter phenylmethylsulfonyl fluoride, 200 mmol/liter
sodium orthovanadate and 100 mmol/liter sodium fluoride). Following centrifugation (14,000
g, 4 °C, 10 min), the supernatant was referred to as cytoplasmic fraction and the pellet
containing nuclei was resuspended in high salt buffer (20mM HEPES pH 7.9, 25% [v:v]
glycerol, 420 mM NaCl, 1.5mM MgCL, 0.2mM EDTA and protease inhibitors). For the
extraction of nuclear proteins, the obtained solution was vortexed thoroughly, incubated
overnight with agitation and centrifugated at 14000 g, 4 °C for 10 min. Equal amounts of the
collected supernatant, which represent the nuclear fraction, were then run on 10% SDS-PAGE
and western blot analysis was performed as described above. The purity of the nuclear fraction
was confirmed by immunoblotting with primary antibodies against B-actin (AC-15; 1:4000)
and anti- LMNB/Lamin (M-20; 1:2000) (Santa Cruz Biotechnology, DBA, Milan, Italy).

2.12 Co-immunoprecipitation assay

After exposure to treatments, cells were washed and lysed using 500 pl RIPA buffer with
protease inhibitors (1.7 mg/ml aprotinin, 1 mg/ml leupeptin, 200 mmol/liter
phenylmethylsulfonyl fluoride, 200 mmol/liter sodium orthovanadate and 100 mmol/liter
sodium fluoride). Samples were then centrifuged at 13,000 rpm for 10 min and protein
concentrations were determined using Coomassie (Bradford) protein assay. Proteins (200 pg)
were then incubated for 2 h with 900 pl of immunoprecipitation buffer with inhibitors, 2 pg of
anti-c-fos or anti- GPER antibodies and 20 pl of Protein A/G agarose immunoprecipitation
reagent (Santa Cruz Biotechnology, DBA, Milan, Italy). Samples were then centrifuged at
13,000 rpm for 5 min at 4 °C to pellet beads. Pellets were washed four times with 500 pl of
PBS and centrifuged at 13,000 rpm for 5 min at 4 °C. Supernatants were collected, resuspended
in 20 pl RIPA buffer with protease inhibitors, 2X SDS sample buffer and heated to 95 °C for 5
min. Samples were then run on 10% SDS-PAGE, transferred to nitrocellulose and probed with
primary antibodies. Western blot analysis and ECL detection were performed as described

above.

24



Materials and Methods

2.13 Immunofluorescence microscopy

Cells were grown on a cover slip, serum deprived for 18 h and then exposed to treatments for
16 h. Next, cells were fixed in 4% paraformaldehyde in PBS, permeabilized with 0.2% Triton
X-100, washed 3 times with PBS and incubated at 4 °C overnight with a primary antibody
(1:250) against GPER (AB137479) (Abcam, DBA, Milan, Italy) or Phospho-Myosin Light
Chain 2 (Ser19) (p-MLC) (Cell Signaling, Euroclone, Milan, Italy). After incubation, the slides
were extensively washed with PBS, probed with alexa Fluor 594 goat anti-rabbit IgG (1:300,
Thermo Fisher Scientific) and 4',6-diamidino-2-phenylindole dihydrochloride (DAPT) (1:1000;
Sigma-Aldrich). Then, the images were obtained using the Cytation 3 Cell Imaging Multimode
reader (BioTek, AHSI, Milan Italy) and analyzed by the Gen5 software (BioTek, AHSI, Milan
Italy).

2.14 Phalloidin staining

Cells were exposed to treatments for 16 h, washed twice with PBS, fixed in 4%
paraformaldehyde in PBS for 10 min, washed briefly with PBS, then incubated with Phalloidin-
Fluorescent Conjugate (Santa Cruz Biotechnology). The images were obtained using the
Cytation 3 Cell Imaging Multimode reader (BioTek, AHSI, Milan Italy) and analyzed by the
Gen5 software (BioTek, AHSI, Milan Italy).

2.15 Enzyme-linked Immunosorbent assay

The concentrations of IL-1f in supernatants from hypoxia-treated MDA-MB-231 cells were
measured using human IL-1B ELISA Kit (Thermo Scientific, Monza Italy), according to the
manufacturer’s instructions. The plates were read at 450 nm on a Microplate Spectrophotometer

Epoch™ (BioTek, AHSI, Milan Italy).

2.16 DCFDA fluorescence measurement of ROS

The non-fluorescent 2’,7'-dichlorofluorescin diacetate (DCFDA) probe was used to evaluate
intracellular ROS production. Briefly, cells were incubated with 10 uM DCFDA (Sigma-
Aldrich) at 37 °C for 30 min, washed with PBS, and then exposed to treatments for 15 min, as
indicated. Cells were then washed with PBS, and the images were obtained using the Cytation
3 Cell Imaging Multimode reader (BioTek, AHSI, Milan Italy) and analyzed by the Gen5
software (BioTek, AHSI, Milan Italy).
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2.17 Conditioned medium
MDA-MB-231 cells were cultured under normal or low oxygen tension (2%) for 16 h.
Thereafter, the supernatants were collected, centrifuged at 3500 rpm for 5 min to remove cell

debris and used as conditioned medium (CM) in the appropriate experiments.

2.18 Cell spreading assay

Cells were treated for 16 h, trypsinized and seeded onto fibronectin (5 pg/ml) coated 96-well
plate at a density of 2 x 10° cells/ml and incubated at 37 °C in a humidified incubator containing
5% CO». Phase-contrast images were captured after 15 min and 60 min. As previously reported
(Pijuan et al., 2019), round bright cells were considered unspread, whereas spread cells were
defined as those cells that had lost their phase-bright appearance and had readily distinguishable
nucleus and cytoplasm and quantified by counting six randomly selected fields in each well

under a phase-contrast microscope.

2.19 Invasion assay

Transwell 8 um polycarbonate membrane (Costar, Sigma-Aldrich, Milan, Italy) was used to
evaluate in vitro cell invasion. 5 x 10* cells in 300 puL serum-free medium were seeded in the
upper chamber, coated with Corning® Matrigel® Growth Factor Reduced (GFR) Basement
Membrane Matrix (Biogenerica, Catania, Italy) (diluted with serum-free medium at a ratio of
1:3). For invasion assays in MDA-MB-231 cells, complete medium was added to the bottom
chambers in the presence of treatments where required, then cells were cultured under normoxia
or hypoxia for 16 h. For invasion assays in CAFs, CM collected from MDA-MB-231 cells
previously exposed to hypoxia for 16 h was added to the bottom chambers in the presence of
treatments, where required. Cells on the upper surface of the membrane were then removed by
wiping with Q-tip, and invaded cells were fixed with 100% methanol, stained with Giemsa
(Sigma-Aldrich, Milan, Italy), photographed using Cytation 3 Cell Imaging Multimode Reader
(BioTek, AHSI, Milan Italy) and counted using the WCIF ImageJ software.

2.20 Spheroid formation assay

For spheroid generation, 100 pL/well of MDA-MB 231 cell suspensions (1 x 10%) were
dispensed into 2% agar-coated 24-well plates. Three days after seeding, tumor spheroids (a
single spheroid per well) were exposed to treatments and a 50% medium and treatment
replenishment was performed every 2 days. Images were obtained on day 20 using a

conventional inverted microscope, thereafter cell number per spheroid was determined by
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trypsinizing three different spheroids, mixing the cell suspension with trypan blue and counting
the number of viable cells. The total number of cells obtained was divided by the number of

trypsinized spheroids.

2.21 Statistical analysis

The statistical analysis was performed using ANOVA followed by Newman-Keuls’ test to
determine differences in means. The bioinformatics analyses, including t-tests, box plots scatter
plots, were performed using the R tidyverse package (https://www.tidyverse.org/packages/).
Heatmaps were performed with the R pheatmap package. Gene expression values of both
TCGA and METABRIC datasets were normalized by calculating their respective normalized

z-scores. p < 0.05 and p < 0.01 were considered statistically significant.
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3 Results

3.1 GPER expression correlates with pro-metastatic pathways in ER-negative breast
cancer patients

GPER and ER are considered to act as estrogen receptors on the basis of their genetic,
biochemical, biological and pharmacological properties. Indeed, these receptors possess
estrogen binding characteristics and employ different intracellular signaling mechanisms
(Filardo, 2018). Considering that GPER-mediated signaling has been involved in breast cancer
development and aggressiveness (Lappano et al., 2014; Marjon et al., 2014; Filardo, 2018), we
aimed to deepen the role of this receptor in breast malignancies lacking ER, which are
characterized by a worse prognosis (Eroles et al., 2012; Bray et al., 2018). We began our
investigations by correlating the expression levels of GPER and the genes of TCGA and
METABRIC datasets in ER-negative breast tumor patients. Next, we ranked the genes by their
Pearson correlation coefficient, listing the first 1000 genes positively correlated with GPER
either in TCGA or METABRIC cohorts. Hence, we obtained 277 shared genes between the two
datasets, as shown in figure la. In order to investigate the biological significance of the
aforementioned 277 genes, we then performed KEGG (The Kyoto Encyclopedia of Genes and
Genomes) pathway analysis using the online Database for Annotation, Visualization and

Integrated Discovery (DAVID, http://david.abcc.nciferf.gov), founding that the 277 genes were

enriched in a number of pathways schematically reported in figure 1b.

28



Results

1CGA WETABRIC

723 277 723

Cell adhesion molecules (CAMs) 4

ECM-receptor interaction -

Focal adhesion +

Dilated cardiomyopathy +

Protein digestion and absorption 4

Axon guidance +

Complement and coagulation cascades -

Hypertrophic cardiomyopathy (HCM) 4

D

PI3K-Akt signaling pathway

(-]

Glutamatergic synapse

Leukocyte transendothelial migration 4

Il

=Y

Ovarian steroidogenesis

(4]

Morphine addiction -
Regulation of lipolysis in adipocytes 4

Adrenergic signaling in cardiomyocytes

-]

I

2 3 4
-log10 adj p-value

(==
-

Figure 1. (a) Intersection of the top 1000 G protein-coupled estrogen receptor (GPER) correlated genes in estrogen
receptor (ER)-negative breast cancer patients querying The Cancer Genome Atlas (TCGA) and Molecular
Taxonomy of Breast Cancer International Consortium (METABRIC) datasets. (b) GPER expression is correlated
with pro-metastatic pathways in ER-negative breast cancer samples, as evaluated by The Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis of the 277 genes shared by the TCGA and METABRIC
datasets and their positive correlation with GPER in ER-negative breast cancer patients. The —logl0 adjusted
values are displayed along the x-axis, while the different KEGG pathways are shown along the y-axis. The number

of the genes included in the identified pathways is plotted on the right of each bar.

Notably, transduction pathways that characterize aggressive features of cancer cells, such as
CAM, ECM-receptor interaction and FA appeared to be the most significantly correlated with
GPER expression levels, as indicated by their respective -logl0 adj p-value. Thereafter, we
performed GSEA in order to explore the expression profile of the genes belonging to the CAMs,
ECM-receptor interaction, and the FA pathways in high and low GPER phenotypes of the
TCGA and METABRIC cohorts of ER-negative breast cancer patients. It is worth noting that
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the genes included in these signaling pathways were found enriched in the subgroup of patients

displaying high GPER expression levels (Fig. 2 a-f).
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These results are in accordance with previous findings showing the engagement of FAK by
GPER signaling toward the migration and invasion of TNBC cells (Rigiracciolo et al., 2019).
Moreover, we assessed the profile of the most GPER-correlated genes shared by the TCGA and
METABRIC datasets. In this regard, we identified pro-tumorigenic genes belonging to the
CAMs pathway like cell adhesion molecule 3 (CADM3), CD34, cadherin 5 (CDHS), claudin 5
(CLDNS), endothelial cell-selective adhesion molecule (ESAM) and the junctional adhesion
molecules JAM2 and JAM3 (Fig. 3a). Additionally, we evidenced further pro-tumorigenic
genes belonging to the ECM-receptor interaction and FA pathways including for instance
caveolin 1 (CAV1), alpha(a)1(VI) and the alpha(a)2(VI) chain of type VI collagen (COL6A1
and COL6A2, respectively), insulin like growth factor 1 (IGF1), the integrin subunits alpha 5
and alpha 7 (ITGAS and ITGA7, respectively), the laminin subunit beta 2 (LAMB2), PDGFR},
PGF and von Willebrand factor (VWF) (Fig. 3b).
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Figure 3. GPER correlates with the expression of cell adhesion molecules (CAMs), extracellular matrix (ECM)-
receptor interaction, and focal adhesion (FA) pathway genes as determined querying the TCGA and the
METABRIC datasets. The heatmaps, ranked from left to right, show the most GPER correlated genes belonging
to the CAMs pathway (a) and to the ECM-receptor interaction and FA molecular pathways (b) in ER-negative

breast tumor samples. Colors are z-score normalized values, red indicates high and blue indicates low.
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3.2 High GPER expression levels are associated with a worse outcome in ER-negative
breast cancer patients

Previous immunohistochemical studies on breast tumors have shown that the expression levels
of GPER are associated with increased tumor size, distant metastasis, recurrence and poor
prognosis of patients (Filardo et al., 2006; Liu et al., 2009; Ye et al., 2020). Conversely, Martin
and co-workers showed that low expression levels of GPER are associated with aggressive

features in a large cohort of primary invasive breast cancer patients (Martin et al., 2018).
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Figure 4. Clinical outcome on the basis of GPER expression in ER-negative and HER2-negative breast cancer
patients. (a) ER-negative and HER2-negative breast cancer patients of the TCGA cohort divided into high and low
expression levels of GPER on the basis of the established cut-point. The color bar gradient stands for the range of
the most significant points-of-separation of the population (low-high significance = blue-yellow gradient) based
on GPER expression and survival of each patient. The x-axis represents the patients ordered by the increasing
expression of GPER. (b) Correlation between GPER expression and disease-free interval (DFI) of ER-negative

breast cancer patients in the TCGA cohort.

On these bases, we aimed to evaluate whether GPER expression would be a prognostic indicator
for the outcome of the aggressive breast cancer subtype lacking the expression of both ER and
HER2. Taking advantage of the disease-free interval (DFI) data, a significant cut-point was
predictable only from the TCGA cohort. Ranking the gene expression data according to the low
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and high GPER levels, all possible points-of-separation and their significance were reported in
the survivALL plot by which the most significant cut-point was calculated (Fig. 4a). Afterward,
the Kaplan-Meier survival curve revealed that a worse DFI characterizes breast cancer patients

exhibiting high GPER levels (Fig. 4b).

3.3 The expression levels of HIF-1a and IL-1p are correlated in TNBC

A large body of evidence indicate that malignant cells may adapt to hypoxia mainly through
the action of the HIF-1a (Semenza, 2012 A; Semenza, 2012 B), which has been largely involved
in tumor growth and vascularization, stromal cell recruitment, remodeling, premetastatic niche
formation, invasion and metastasis (Semenza, 2016). In this regard, high expression levels of
HIF-1a have been associated with the aggressiveness and poor clinical outcomes of breast
cancer (Semenza, 2012 A; Semenza, 2012 B). Likewise, the over-expression of HIF-1a and the
consequent hyperactivation of its target genes have been indicated as key drivers in TNBC
(Cancer Genome Atlas Network, 2012; Samanta et al., 2014). Hence, we evaluated the gene
signature associated with HIF-1a in TNBC patients characterized by a poor prognosis (Waks
and Winer, 2019). Exploring the TCGA cohort of TNBC patients, the 250 genes mostly
correlated with HIF-1a were first ranked by their Pearson correlation coefficient. Aiming to
explore the biological implication of these genes, KEGG pathway analysis was then performed
using DAVID. The top 250 HIF-1a correlated genes were enriched in a set of pathways, as
schematically reported in figure 5a. The “Cytokine-cytokine receptor interaction” transduction
pathway, which includes the IL1B, IL1A, ILIR, IL6, IL6ST, IL7R, ILIRAP, INHBA, OSMR
and TGFBR2 genes that are strongly associated with breast cancer progression (Jin et al., 2018;
Weng et al., 2019; Tulotta and Ottewell, 2018; Qin et al., 2018; Lei et al., 2020; Nagaraja et
al., 2017; Salamanna et al., 2019), was found significantly correlated with HIF-1a. Next, we
performed GSEA in order to investigate the “Cytokine-cytokine receptor interaction”
expression profile in accordance with the high and low HIF-1a phenotypes of both TCGA and
METABRIC cohorts of TNBC patients. Of note, the genes included in the “Cytokine-cytokine
receptor interaction” pathway were found enriched in the subgroup of patients showing high
HIF-1a levels (Fig. 5b). As IL-1B may have a role in breast cancer development and metastasis
(Tulotta and Ottewell, 2018) and may contribute to the migratory phenotype of TNBC cells
through the action of HIF-1a (Naldini et al., 2010; Filippi et al., 2015) we sought to assess
whether IL-1p could be involved in the activation of a hypoxia-related gene signature in TNBC

patients. Hence, we ascertained that the genes included in the “HIF-1 signaling pathway” of the

33



Results

KEGG database are significantly enriched in the TNBC cohorts displaying high IL-1B
expression of both TCGA and METABRIC datasets (Fig. 5¢).
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Figure 5. (a) The “Cytokine-cytokine receptor interaction” signaling is a prominent transduction pathway
associated with the expression of HIF-1a in TNBC patients. The top 250 genes correlated with HIF-1a in the
TCGA dataset were clustered using the KEGG pathway enrichment analysis. The x-axis and the y-axis indicate
respectively the —log10-adjusted p-value and the different KEGG pathways. The number of the genes represented
in the identified pathways is plotted on the right of each bar. The genes belonging to the “Cytokine-cytokine
receptor interaction” pathway (listed in the pink box) were ordered by their HIF-1a correlation coefficients (from
high to low). (b) GSEA confirms an enrichment of the genes belonging to the “Cytokine-cytokine receptor
interaction” pathway in the TNBC patients with high HIF-1a levels, as indicated. The patients of the TCGA and
METABRIC datasets were ranked in accordance with the differential HIF-1a expression levels. (¢) GSEA reveals
an enrichment of the “HIF-1 signaling” genes in the TNBC patients with high IL-1B expression. Patients of the
TCGA and METABRIC datasets were ranked in accordance with the differential IL-1p expression levels.

Enrichment scores (ES) and relative p-values are plotted.

In line with these findings, we found in TNBC patients of both datasets a positive correlation
between IL-1p and HIF-1a expression (Fig. 6a). Furthermore, we assessed that the levels of IL-
1B are significantly higher in TNBC compared to non-TNBC (Fig. 6b). Overall, the
aforementioned data suggest that IL-1p may be engaged by HIF-1a toward the development of
the aggressive TNBC.
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Figure 6. (2) Scatter plots depicting the correlation between HIF-1a expression and IL-1f levels in TNBC patients
of'the TCGA and METABRIC cohorts. The Pearson correlation coefficients (r) and the relative p-values are shown
in each panel. (b) Box plots showing the differential IL-1p expression levels in non-TNBC and TNBC patients, as
found in the TCGA and METABRIC datasets. The number of patients and p-values are reported in each panel.

3.4 HIF-10 and GPER cooperate toward the regulation of IL-1p upon hypoxic conditions
On the basis of the aforementioned findings and in order to provide novel insights on the
regulation of IL-1B by hypoxia in TNBC, we ascertained that a low oxygen tension (2% Oa,
thereafter mentioned as hypoxia) up-regulates the mRNA (Fig. 7a) and protein (Fig. 7b) levels
of IL-1B in MDA-MB-231 cells, which are a well-recognized model system of TNBC. Upon
hypoxic conditions, the mRNA levels of HIF-1a did not show any modification (Fig. 7a)
whereas an accumulation of the protein was observed (Fig. 7b), in accordance to the known
ability of hypoxia to decrease the HIF-1a ubiquitination and degradation (Semenza, 2012 A).
Then, ELISA confirmed an increased IL-1p secretion in the medium of MDA-MB-231 cells

36



Results

exposed to hypoxia (Fig. 7¢). Remarkably, the silencing of HIF-1a abrogated the expression of
IL-1B driven by hypoxia, suggesting the involvement of HIF-1a in the up-regulation of 1L-1
in MDA-MB-231 cells under hypoxia (Fig. 7d).

Previous studies have demonstrated that GPER may contribute to HIF-1a action in breast tumor
growth and angiogenesis prompted by hypoxia (Recchia et al., 2011; De Francesco et al., 2013;
De Francesco et al., 2014; Rigiracciolo et al., 2015; De Francesco et al., 2017). In this
framework, we assessed in MDA-MB-231 cells that hypoxia up-regulates the mRNA (Fig. 7¢)
and protein (Fig. 7f) levels of GPER in a time-dependent manner. By ChIP assay, we next
ascertained the recruitment of HIF-1a to the GPER promoter region in MDA-MB-231 cells
exposed to hypoxia (Fig. 7g). Accordingly, the silencing of HIF-1a prevented the protein
induction of GPER upon a 16 h exposure to hypoxic conditions (Fig. 7h), indicating that HIF-
la is required for the transcription of GPER in MDA-MB-231 cells exposed to hypoxia. Next,
the silencing of GPER did not alter the hypoxia-induced HIF-1a levels, while it abolished IL-
1B induction (Fig. 71). Overall, these findings suggest the involvement of HIF-1a in the hypoxic
up-regulation of GPER, which in turn cooperates with HIF-1a toward the regulation of IL-1p3.
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Figure 7. The HIF-10/GPER signaling is involved in the expression of IL-1f induced by hypoxia. mRNA (a) and
protein (b) expression of HIF-1a and IL-1f evaluated respectively by real-time PCR and immunoblotting in MDA-
MB-231 breast cancer cells cultured upon normoxia or hypoxia (2% O2). In RNA experiments, values are
normalized to the actin beta (ACTB) expression and shown as fold changes of mRNA expression induced by
hypoxia compared to normoxic cells. (c) IL-1p levels evaluated by ELISA in the supernatants collected from
MDA-MB-231 cells cultured upon normoxia or hypoxia. (d) The up-regulation of IL-1p observed in MDA-MB-
231 cells cultured upon hypoxia is no longer evident silencing HIF-1a. mRNA (e) and protein (f) expression of
GPER evaluated in MDA-MB-231 cells cultured upon normoxia or hypoxia, as evaluated by real-time PCR and
immunoblotting, respectively. (g) Recruitment of HIF-1a to the HRE site located within the GPER promoter
sequence in MDA-MB-231 cells cultured upon hypoxia. In control samples nonspecific [gGs were used instead of
the primary antibody. The amplified sequences were evaluated by real-time PCR. (h) The up-regulation of GPER
observed in MDA-MB-231 cells exposed to hypoxia was abrogated silencing HIF-1a. (i) Immunoblots of HIF-1a
and IL-1B from GPER-silenced MDA-MB-231 cells exposed to hypoxia. Side panels show densitometric analysis
of the blots normalized to B-actin. Values represent the mean + SD of three independent experiments performed

in triplicate. (*) and (o) indicate p < 0.05 for cells cultured under normoxia versus cells cultured under hypoxia.

Then, we sought to evaluate the transduction mechanism mediating the aforementioned
responses. We assessed that a short exposure of MDA-MB-231 cells to hypoxia does increase
the levels of reactive oxygen species (ROS) (Fig. 8a), which are required for the stabilization
of HIF-1a and the subsequent transduction of the hypoxia-mediated signaling (Bell et al., 2007).
In the aforementioned experimental conditions, we next ascertained that the activation of two
main transduction regulators of HIF-1a, namely ERK1/2 and AKT (Sutton et al., 2007; Yang
et al., 2009), is prevented in the presence of the ROS scavenger NAC (Fig. 8b). As c-fos
expression is a suitable molecular sensor of both GPER and HIF-1a transduction signaling
(Maggiolini et al., 2004; De Francesco et al., 2014; Rigiracciolo et al., 2019), we also
determined that the induction of c-fos protein levels observed upon a 4 h exposure to hypoxia
1s no longer evident in the presence of the MEK inhibitor PD, the PI3K inhibitor LY (Fig. 8c)
and NAC (Fig. 8d). Likewise, the increase of HIF-1a, GPER and IL-1p protein levels upon a
16 h exposure to hypoxia using either NAC (Fig. 8¢) or PD and LY (Fig. 8f), suggested that the
ROS activity triggers the ERK1/2//c-fos transduction signaling toward the hypoxic regulation
of HIF-1a, GPER and IL-1pB expression. In line with these results, the transfection of MDA-
MB-231 cells with a plasmid encoding a for a mutant dominant/negative form of c-fos (DN/c-
fos), abolished the up-regulation of HIF-1a, GPER and IL-1p triggered by a 16 h exposure to
hypoxia (Fig. 8g). Aiming to evaluate whether the reduction of HIF-1a protein levels prompted
in the aforementioned experimental condition by the DN/c-fos construct is associated with the

HIF-1a proteasome-dependent degradation, MDA-MB-231 cells were treated for 16 h with the
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proteasome inhibitor MG132. Notably, MG132 rescued the effects of the DN/c-fos construct
on HIF-1a protein levels (Fig. 8h), suggesting the involvement of c-fos in the complex HIF-1a
biological regulation at the proteasomal level. By co-immunoprecipitation studies, we also
ascertained that low O> tension stimulates a direct interaction between c-fos and HIF-1a in
MDA-MB-231 cells (Fig. 81), suggesting that the action of c-fos on HIF-1a stabilization may
occur, at least in part, through a physical interaction between these two proteins. Next, taking
into account previous findings showing that the functional cooperation between HIF-1a and
GPER triggers the expression of certain genes in hypoxic conditions (De Francesco et al.,
2013), we first determined that HIF-1a co-immunoprecipitates with GPER in MDA-MB-231
cells exposed to hypoxia (Fig. 8j). Thereafter, we evidenced the accumulation of GPER in the
nuclear compartment of MDA-MB-231 cells exposed to hypoxia, as evidenced by both
immunofluorescence (Fig. 8k) and subcellular fractionation studies (Fig. 81). Intriguingly, by
ChIP assays we then demonstrated that the exposure of MDA-MB-231 cells to hypoxia induces
the recruitment of both HIF-1a and GPER to an HRE site located within the IL-1p promoter
sequence (Fig. 8m). Overall, these data suggest that a functional interplay between HIF-1a and
GPER may be stimulated by hypoxia toward the transcription of IL-1p in MDA-MB-231 cells.
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min hypoxia (2% Oz2) in the presence or absence of the free radical scavenger NAC, as evaluated using the
fluorescent probe DCF-DA. Scale bar 200 uM. Side panel shows the quantitative measurement of intracellular
ROS (DCF fluorescence obtained in normoxic cells was set as one-fold induction upon which ROS Ilevels induced
by hypoxia was calculated). Values represent the mean = SD of three independent experiments performed in
triplicate. (b) The ERK1/2 and activation induced by 15 min hypoxia in MDA-MB-231 cells is no longer evident
in the presence of NAC. Side panels show densitometric analysis of the blots normalized to ERK2 and that served
as loading control, as indicated. (¢) Immunoblot of c-fos from MDA-MB-231 cells cultured upon normoxia or
hypoxia and in the presence of MEK inhibitor PD98059 (PD) or PI3K inhibitor LY294,002 (LY). Immunoblots
of c-fos (d), HIF-10, GPER and IL-1B (e) in MDA-MB-231 cells upon normoxia or hypoxia in the presence or
absence of NAC. (f) Immunoblots of HIF-1a, GPER and IL-18 in MDA-MB-231 cells upon normoxia or hypoxia
and in the presence of PD or LY. (g) Immunoblots of HIF-1a, GPER and IL-1p in MDA-MB-231 cells transfected
with a scramble or a dominant-negative c-fos construct (DN/c-fos) and thereafter exposed to normoxia or hypoxia.
(h) The 26S proteasome inhibitor MG132 rescued the HIF-1a repression observed in MDA-MB-231 cells
transfected for 24 h with the DN/c-fos construct and exposed to low oxygen tension (2%). Side panels show
densitometric analysis of the blots normalized to B-actin. Values represent the mean + SD of three independent
experiments performed in triplicate. (i-j) Co-immunoprecipitation assays performed in MDA-MB-231 cells
cultured in normoxia or hypoxia, as indicated. Cell lysates were immunoprecipitated with anti-c-fos (i) or anti-
GPER (j) antibodies. Immunocomplexes were analyzed by immunoblot with antibodies against the indicated
proteins. In control samples, nonspecific IgG was used instead of the primary antibody. An equal amount of the
total lysates (input) was blotted for B-actin as loading control. k GPER expression evaluated by
immunofluorescence assays in MDA-MB-231 cells cultured upon normoxia or hypoxia. Nuclei were stained by
DAPI (blue signal). Fluorescence intensities were quantified in 20 random fields for each condition and results are
expressed as fold change of relative fluorescence units (RFU) over cells cultured upon normoxia (set as one-fold
induction). Enlarged details are shown in the separate box. (I) Immunoblots of nuclear fraction lysates derived
from MDA-MB-231 cells cultured upon normoxia or hypoxia. Side panel shows densitometric analysis of the blots
normalized to laminin, which served as a nuclear marker. B-actin served as a cytoplasmic marker. (m) Recruitment
of HIF-10 and GPER to the HRE site located within the IL-1f promoter sequence in MDA-MB-231 cells exposed
to hypoxia. In control samples nonspecific IgG was used instead of the primary antibody. The amplified sequences
were evaluated by real-time PCR. Values represent the mean + SD of three independent experiments performed

in triplicate. (*), (©) p < 0.05 for cells cultured upon normoxia versus cells cultured upon hypoxia.

3.5 Hypoxia triggers a functional cooperation among HIF-1a, GPER and IL-1/IL1R1
axes toward a metastatic gene expression profile

Considering accumulating evidence that recognize IL-1P as a cytokine with a key role in
angiogenesis, tumor growth and metastasis (Elaraj et al., 2006; Wu et al., 2018) and in order to
provide further insights into the metastatic gene expression profile triggered by hypoxia through
the IL-1B/IL1R1 axis, we performed a TagMan Gene Expression Assay consisting of a Human

Tumor Metastasis Array. In particular, MDA-MB-231 cells were exposed for 16 h either to
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hypoxic conditions (Fig. 9a) or the recombinant human IL-1f protein (Fig. 9b), in the presence

or absence of IL1R1a.
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Figure 9. Consistent expression changes of metastasis-related genes are induced by hypoxia and IL-1p in MDA-
MB-231 cells, as evaluated by TagMan™ Human Tumor Metastasis Array. (a) MDA-MB-231 cells were cultured
upon normoxia or hypoxia (2% O2) in the presence or absence of the ILIR1 antagonist ILIR1a. (b) MDA-MB-
231 cells were treated with vehicle or IL-1p alone or in combination with IL1R1a. Values were normalized to the
Glucuronidase Beta (GUSB) expression, the colors indicate the log2 fold changes of gene expression upon the

indicated conditions.

Considering the genes resulting with at least a 0.25 log2 fold change upon either hypoxia with
respect to normoxia-exposed cells (Fig. 9a) or IL-1f3 with respect to vehicle-treated cells (Fig.
9b), we identified 31 and 15 metastatic genes induced respectively by hypoxia and IL-1f3 (Fig.
10a). Among the 11 genes up-regulated by either hypoxia or IL-1f3 as portrayed in the Venn
diagram (Fig. 10a), we then focused on the regulation of IL-I1f3 and its target gene
cyclooxygenase 2 (COX?2) considering that their increase was abrogated using IL1R1a (Fig.9a-
b). First, we found that a positive correlation does exist between IL-13 and COX2 expression
levels in TNBC patients of the METABRIC dataset (Fig. 10b). Subsequently, we confirmed by
real-time and western blotting assays that IL1R1a prevents the mRNA (Fig. 10c) and protein
(Fig. 10d-e) inductions of both IL-1 and COX2 upon a 16 h exposure to either hypoxia or IL-
1P treatment, in accordance with previous evidence revealing that IL-13 may auto-regulate its
own production (Manson et al., 1989). Furthermore, we demonstrated that the COX2 protein
induction by a 16 h hypoxic condition is abrogated by silencing GPER (Fig. 610f), suggesting
the involvement of GPER not only in the above described IL-1f3 expression but also in the

increase of COX2 upon hypoxia.
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Figure 10. (a) Venn diagram of metastatic genes up-regulated in MDA-MB-231 cells in an exclusive and shared
manner upon hypoxia (2% O,) and IL-1[3. The genes up-regulated by both hypoxia and IL-1p are listed in the box
according to the gene expression changes induced by hypoxia (from high to low). (b) mRNA expression of IL-1[3
and COX2 in MDA-MB-231 cells cultured upon normoxia and hypoxia or vehicle and IL-1p in the presence or
absence of the ILIR1 antagonist IL1R1a, as evaluated by real-time PCR. Values are normalized to the actin beta
(ACTB) expression and shown as fold changes of the mRNA expression induced by hypoxia respect to normoxic
cells. (c) Scatter plot depicting the correlation between the expression of COX2 and IL-1f3 in TNBC patients of
the METABRIC cohort of patients. The Pearson correlation coefficient (r) and the relative p-value are indicated.
(d) Immunoblots of IL-1 and COX2 in MDA-MB-231 cells cultured upon normoxia or hypoxia in combination
with IL1R1a, as indicated. (¢) Immunoblots of IL-1f3 and COX2 in MDA-MB-231 cells treated with vehicle or
IL-1P and in combination with IL1R1a. (f) Immunoblots of COX2 in MDA-MB-231 cells upon normoxia and
hypoxia silencing GPER. Side panels show densitometric analysis of the blots normalized to 3-actin. Values
represent the mean + SD of three independent experiments performed in triplicate. (*) p < 0.05 for cells cultured

under normoxia versus cells cultured under hypoxia or cells treated with IL-13 versus vehicle-treated cells

3.6 HIF-10/GPER and IL-1f/IL1R axes are involved in invasive and metastatic properties
of hypoxic TNBC cells through IL-1f} auto-regulatory loop

A hypoxic milieu may lower cell-ECM adhesion encouraging cell motility and EMT toward
aggressive breast cancer phenotypes (Petrova et al., 2018; Liu et al., 2015). Therefore, we
evaluated the involvement of GPER and IL-1/IL1R1 mediated signaling in the metastasis-
related responses induced by IL-1f under hypoxia. In this regard, we demonstrated that MDA-
MB-231 cells cultured under hypoxic conditions present a reduced spreading ability on
fibronectin 60 min after seeding respect to cells grown under normoxic conditions (Fig. 11a-b).
Of note, this effect was no abrogated silencing GPER as well as using IL1R1a (Fig. 11a-b).
Similar results were observed by treating cells with IL-1 (Fig. 11c-d). Together, these findings
indicate that both GPER and IL-1B/ILIR axis contribute to hypoxia decreased cancer cell
spreading on the ECM protein fibronectin, according to previous data correlating the hypoxia-
lowered cell-ECM adhesion to an increased invasion, intravasation and metastasis (Misra et al.,
2007; Gilkes et al., 2014 A). Of note, the invasive effects prompted by both hypoxia and IL-1(3
treatment were no longer evident by either silencing GPER or using IL1R1a, as evaluated by
Transwell Matrigel invasion assays (Fig. 1le-f). Moreover, IL1IR1a reduced the spheroid
expansion observed upon hypoxia and IL-1f treatment (Fig. 11g). Overall, these findings may
suggest that the signaling network of both HIF-10/GPER and IL-1f/ IL1R may lead to an auto-

regulatory loop of IL-1f3, toward invasive and metastatic properties of hypoxic TNBC cells.
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Figure 11. The IL-1B/IL1R1 system is involved in the invasive and proliferative features induced by hypoxia in
MDA-MB-231 cells. (a-b) Cell spreading was evaluated in MDA-MB-231 cells transfected with scramble or
AsGPER and exposed to normoxia or hypoxia (2% O:) in the presence or absence of IL1R1a. Cells were then
trypsinized, plated onto coverslips coated with fibronectin and the morphology was recorded after 15 min (a) or
60 min (b). (c-d) Cell spreading was evaluated in MDA-MB-231 cells treated with vehicle and IL-1f alone or in
combination with IL1R1a, as indicated. Cells were then trypsinized, plated onto coverslips coated with fibronectin
and the morphology was recorded after 15 min (c) or 60 min (d). Scale bar 50 uM. Side panels show quantification
of cell spreading, as indicated. Data are representative of three independent experiments performed in triplicate.
(e-f) Transwell Matrigel invasion assay in MDA-MB-231 cells transfected with scramble or AsGPER and then
cultured in normoxia or hypoxia (e) or treated with vehicle or IL-1p (f) alone or in combination with IL1R1a, as

indicated. Cells were counted in at least 10 random fields in three independent experiments performed in triplicate,
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as quantified in the side panels. Scale bar 200 uM. (g) Spheroid formation assay in MDA-MB-231 cells exposed
to hypoxia and IL-1f alone or in combination with IL1R1a. Scale bar 100 um. Side panel shows the quantification
of cell growth. Values represent the mean + SD of three independent experiments performed in triplicate. (*), (0),
(o) p <0.05 for cells cultured under normoxia versus cells cultured under hypoxia or treated with IL-1p versus

vehicle-treated cells.

3.7 The hypoxic regulation of the IL-1B/IL1R1 signaling in TNBC cells promotes an
invasive phenotype of CAFs

It 1s well acknowledged that the strong interaction existing between cancer cells and the
component of the TME contributes to worse patient outcomes (Chen and Song, 2019). Indeed,
cancer cells through the release of various factors educate fibroblasts toward their activation
and acquisition of a pro-tumorigenic phenotype (Hanahan and Coussens, 2012; Balkwill and
Mantovani, 2012; Yoshida, 2020). In particular, CAFs sustain the malignant properties of
cancer cells by synthesizing ECM components, cytokines and growth factors, which in turn
contribute to the metastatic cascade (Zhang et al., 2013). Moreover, the dynamic network
occurring between breast cancer cells and CAFs relies on the production of many effectors,
such as diverse chemokines exerting tumor-promoting effects (Mishra et al., 2011). In this
scenario, we aimed to provide insights into the paracrine IL-1p feedback on CAFs as key
components of the TME. Thus, CAFs were exposed to CM collected from MDA-MB-231 cells,
which were previously cultured under hypoxia. Interestingly, the up-regulation of both IL-1f3
and COX2 occurring in CAFs at the protein level upon these experimental conditions (Fig. 12a)
was abrogated using IL1R1a (Fig. 12a). Similar findings were observed treating CAFs with
IL1B (Fig. 12b). Since hypoxia may stimulate breast cancer cells toward invasive features as
cell motility, formation of stress fibers and matrix contraction (Gilkes et al., 2014 B), the CM
from MDA-MB-231 cells exposed to hypoxia promoted in CAFs the phosphorylation of the
myosin light chain (MLC) on serine-19 (pMLCS19) (Fig. 12c¢), which is known to be required
for the coordination of the actin-myosin contractility (Kimura et al., 1996). In accordance with
these results, an increased MLC phosphorylation was observed in CAFs treated with IL1 (Fig.
12d). Moreover, immunofluorescent staining of polymerized actin (F-actin) using FITC-
conjugated phalloidin revealed an enhanced formation of stress fibers upon exposure of CAFs
to the CM from hypoxia-stimulated MDA-MB- 231 cells (Fig. 12¢) as well as upon treatment
with IL-1P (Fig. 12f). Notably, both pMLCS19 phosphorylation and the increased formation of
actin stress fibers triggered in CAFs by the CM from hypoxic MDA-MB-231 cells (Fig. 12c, )
and IL-1p treatment (Fig. 12d, f) were abolished in the presence of IL1R1a. Then, we observed
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that the invasive capacity of CAFs promoted by the CM from hypoxia-exposed MDA-MB-231
cells (Fig. 12g) or by IL-1p treatment (Fig. 12h) was impaired in the presence of IL1R]1a.
Altogether, these results show that the production of IL-1p by hypoxic TNBC cells may trigger

a paracrine feed-forward signaling that stimulates malignant features in main components of

the breast TME as CAFs.
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Figure 12. The paracrine action of the IL-1B/IL1R1 axis promotes the actin-myosin contractility and the invasion

of CAFs. (a-b) Immunoblots of IL-1p and COX2 in CAFs exposed to conditioned medium (CM) collected from
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MDA-MB-231 cells cultured upon normoxia or hypoxia (2% O2) (a) and in CAFs treated with vehicle or IL-1§
(b), in the presence or absence of IL1R1a. (c-d) Phosphorylation of MLC in CAFs cultured with CM collected
from MDA-MB-231 cells exposed to normoxia and hypoxia (c) or IL-1B (d), in the presence or absence of the
IL1R1 antagonist IL1R1a. Nuclei were stained by DAPI (blue signal). (e-f) CAFs exposed to CM from MDA-
MB-231 cells grown upon normoxia and hypoxia (e) or treated with IL-1p (f), in the presence or absence of ILIR1a
were stained with FITC-phalloidin to detect F-actin stress fibers (green) and with DAPI to detect nuclei (blue).
Fluorescence intensities of pMLC and the number of stress fibers/cell was quantified based on F-actin staining in
20 random fields for each condition; results are expressed as fold change of relative fluorescence units (RFU).
Enlarged details are shown in the separate boxes. Scale bar 100 uM. (g-h) Transwell Matrigel invasion assay in
CAFs exposed to CM collected from MDA-MB-231 cells grown upon normoxia or hypoxia (g) or treated with IL-
1B (h), in the presence or absence of IL1R1a. Cells were counted in at least 10 random fields in three independent
experiments performed in triplicate, as quantified in side panels. Scale bar 200 uM. Values represent the mean +

SD of three independent experiments performed in triplicate. (*) p < 0.05.
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4 Discussion

The great amount of data on cancer-related molecular networks and gene expression patterns
have challenged the use of comprehensive information highlighting the multifaceted functions
driving tumor progression. In this vein, big data analysis methods and large-scale computational
studies have allowed to handle and analyze open-source multi-omics biological datasets. As a
better understanding of key regulatory networks involved in cancer biology may strongly boost
the identification of new targets and innovative therapeutic approaches, the use of multi-
dimensional data regarding the gene expression landscape in large cohorts of cancer patients
could represent a promising perspective. By querying the TCGA and METABRIC cohorts of
patients, the first aim of our study was to analyze the GPER-associated gene expression network
as well as its prognostic significance in breast cancer. In particular, we focused on the gene
expression profile and signaling pathways associated with GPER in ER-negative breast cancer
patients. Of note, the correlation and pathway analyses revealed an association of GPER with
the expression of pro-metastatic CAMs, ECM-receptor interaction and FA genes in breast
cancer patients lacking ER, suggesting the potential contribution of GPER to the metastatic
outgrowth of breast cancer cells, as previously reported (Marjon et al., 2014; Filardo et al.,
2018; Deng et al., 2018; Castillo Sanchez et al., 2016; Zhou et al., 2015; Filardo et al., 2008).
CAMs are cell surface glycoproteins implicated in the establishment of normal tissue structure
and function, hence contributing to several physiological processes as morphogenesis,
embryogenesis, organogenesis, immunological function, wound healing, and inflammation
(Makrilia et al., 2009). CAMs are classified in four major groups, cadherins, integrins, selectins,
and members of the immunoglobulin superfamily, mainly involved in signal transduction,
cytoskeletal organization, and gene regulation upon cell-to-cell and cell-to-ECM interactions
(Theocharis et al., 2016; Humphrey et al., 2014). Hence, alterations in CAMs expression may
lead to processes related to neoplastic transformation, as the loss of cellular morphology and
tissue architecture (He et al., 2016; Bonnans et al., 2014) as well as cell invasion, migration,
EMT, trans-endothelial migration, intra- and extra-vasation, tumor angiogenesis and organ-
specific metastasis (Li and Feng, 2011). FAs are protein complexes that connect the
cytoskeleton to the ECM, thus acting as scaffolds in outside-in transduction signaling (Shen et

al., 2018; Nardone et al., 2017; Katoh, 2020). In particular, the FAs-mediated intracellular

50



Discussion

pathways cooperate with receptor tyrosine kinases toward the regulation of cell shape, polarity,
adhesion, migration, differentiation, survival and proliferation (Stutchbury et al., 2017). As far
as tumorigenesis is concerned, an altered expression and function of both ECM and FAs is
critical for the motility of breast cancer cells and the acquisition of further malignant features
(Rigiracciolo et al., 2019; Nardone et al., 2017; Montagner and Dupont, 2020; Lin et al., 2020;
Raab-Westphal et al., 2017). The association of GPER expression with clinicopathological
determinants of breast cancer progression, including survival, tumor size, number of positive
lymph nodes and vascular invasion, still remains to be fully clarified (Liu et al., 2009; Martin
etal.,2018; Aiad et al., 2014; Broselid etal., 2013; Ye etal., 2019; Ignatov et al., 2013; Ignatov
et al., 2014). Here, we determined that the subgroup of ER and HER2-negative breast cancer
patients displaying high expression levels of GPER are characterized by a worse DFI, in line
with our previous findings showing the association of GPER with a pro-invasive gene
expression landscape. To date, controversial findings on the prognostic role of GPER in breast
cancer have been reported. For instance, a recent survival analysis demonstrated an association
of high expression of GPER with low overall survival of breast cancer patients (Ye et al., 2019).
Moreover, the expression of GPER was indicated as an independent unfavorable factor for
relapse-free survival in breast cancer patients treated with tamoxifen (Ignatov et al., 2014).
Accordingly, the involvement of GPER in the resistance to tamoxifen was suggested in previous
studies (Catalano et al., 2014; Ignatov et al., 2010). Moreover, immunohistochemical
investigations related the lack of GPER in the plasma membrane to an improved long-term
prognosis of tamoxifen-treated patients (Sjostrom et al., 2014). Overall, these findings indicate
the requirement for a better understanding of the role exerted by GPER in breast cancer.

Previous findings suggested that hypoxia may regulate the expression levels of GPER in breast
cancer as well as in CAFs obtained from breast cancer biopsies (De Francesco et al., 2013).
Accordingly, it has been demonstrated that GPER activation may induce the up-regulation and
secretion of VEGF toward neo-angiogenesis and tumor progression (De Francesco et al., 2013).
In the framework of these findings, we provided novel evidence regarding the involvement of
GPER into the hypoxia-mediated regulation of the IL-1B/IL1R1 signal transduction in TNBC
cells and CAFs derived from breast cancer patients. First, we found an association of the genes
belonging to the “Cytokine-cytokine receptor interaction” pathway with HIF-1a expression in
human TNBC samples. Then we ascertained that the genes belonging to the aforementioned
pathway were enriched in TNBC patients showing high HIF-1a levels. Next, we assessed that
the genes included in the “HIF-1 signaling pathway” are enriched in the TNBC cohort

displaying high levels of IL-1f, which is a main component of the “Cytokine-cytokine receptor
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interaction” pathway. Thereafter, we found that IL-1P expression levels are significantly higher
in TNBC respect to non-TNBC samples and are positively correlated with HIF-1a in TNBC
patients. Mechanistically, we then assessed the involvement of the HIF-1o0/GPER signaling in
the hypoxic regulation of IL-1p, which triggers a metastatic gene signature as well as invasive
features in TNBC cells. Aiming to characterize the functional interaction occurring between
tumor cells and the surrounding stroma, we found that hypoxic TNBC secrete 1L-1p, which in
turn may promote a feed-forward loop by binding to the cognate receptor IL1R1 in CAFs.
Accordingly, we then determined that the CM collected from TNBC cells, previously exposed
to hypoxia, stimulates in CAFs the actin polymerization and the MLC phosphorylation, which
are both implicated in the attainment of invasive phenotypes. Intra-tumoral hypoxia is a
common feature in solid cancers including breast tumor and is associated with an increased risk
of distant metastasis and worse clinical outcomes (Semenza, 2016). Notably, malignant cells
may adapt to hypoxia through the activation of hypoxia-inducible factors that mainly prompt a
peculiar gene expression signature implicated in critical aspects of cancer biology as
angiogenesis, stemness, metabolic reprogramming, EMT, invasion, metastasis and quiescence,
leading to therapy resistance (Semenza, 2010; Semenza, 2012 A; Semenza 2012 B Farina et al.,
2020). Hypoxia-activated HIF-1a plays a role in the tumor-related inflammation leading to
worse clinical outcomes in diverse cancers including breast tumors (DiGiacomo and Gilkes,
2018). These events may occur through the HIF-1a dependent regulation of signaling mediators
and inflammatory genes in both cancer and neighboring cells within the tumor
microenvironment (DiGiacomo and Gilkes, 2018). Moreover, the pro-tumorigenic action of
HIF-1a may occur through its interaction with various signaling pathways like transforming
growth factor-f3, Wnt/B-catenin, Notch and GPCRs (Lappano et al., 2016; Mallikarjuna et al.,
2019; Kaufman, 2010; De Francesco et al., 2018). In this regard, it has been previously reported
that both GPER and HIF-1a are involved in the cell adaptation to low oxygen tension in diverse
tumors including breast cancer (De Francesco et al., 2013; De Francesco et al., 2014). In
particular, the hypoxia-induced stabilization of HIF-1a was shown to cooperate with GPER in
breast cancer cells and CAFs toward gene expression changes and relevant biological responses
(De Francesco et al., 2013). Interestingly, GPER activation was also shown to prompt the IL-
1B/IL1R1 transduction signaling in CAFs, which in turn promoted inflammatory responses and
aggressive features of breast cancer cells (De Marco et al., 2016). In line with these findings,
we demonstrated that a functional interplay between HIF-a and GPER regulates the expression
levels of IL-1P in TNBC cells exposed to hypoxia. In this framework, we first ascertained that
the recruitment of HIF-1a to the HRE site, located within the GPER promoter sequence, is
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involved in the up-regulation of GPER levels in hypoxic TNBC cells. Then, we found that HIF-
la and GPER are both recruited to the HRE site located within the IL-1p3 promoter sequence.
Aiming to identify the transduction mechanisms involved in the aforementioned findings, we
demonstrated that the ROS-dependent ERK1/2 and AKT activation, together with the
subsequent c-fos induction, contribute to the stabilization of HIF-1a as well as the up-regulation
of GPER and IL-1p in hypoxic TNBC cells. Co-immunoprecipitation assays revealed that c-fos
interacts as well as protects HIF-1a from the proteasomal degradation.

Corroborating previous data showing the role of IL-1B as an important effector of the
transduction pathways linking inflammation to cancer (Wu et al., 2018; Tulotta and Ottewell,
2018; Naldini et al., 2010; Mantovani et al., 2008; Mantovani et al., 2019; Holen et al., 2016;
Kaplanov et al., 2019), we provided novel evidence on the hypoxia-induced regulation of IL-
1B expression toward growth and invasive properties of TNBC cells. In particular, by gene
expression assays we demonstrated that either hypoxia or IL-1p are able to induce a strong
increase of COX2, which was abrogated in the presence of a specific inhibitor of ILIR1. COX2
is the key enzyme involved in the biosynthesis of pro-inflammatory eicosanoids such as the
prostaglandin E2 (PGE-2) (Funk, 2001). Worthy, the constitutive expression of COX2 and the
sustained biosynthesis of PGE-2 are both linked to breast cancer development due to their
stimulatory actions on mitogenesis, invasion, metastasis, angiogenesis and immunosuppression
(Subbaramaiah and Dannenberg, 2003; Harris et al., 2014; Gupta et al., 2007). Additionally,
previous evidences pointed out that high expression levels of COX2 characterize approximately
50% of breast cancers and are associated with reduced disease-free and overall survival as well
as the primary tumor size (Howe, 2007; Denkert et al., 2003). In line with previous studies
showing that MDA-MB-231 cells display a lipidomic profile characterized by high levels of
polyunsaturated fatty acids that are known to contribute to breast cancer progression, we
demonstrated that hypoxia-dependent activation of the IL-1B/COX2 signaling facilitates pro-
tumorigenic features of TNBC cells (Giudetti et al., 2019; Vona-Davis and Rose, 2013;Rose,
1997).

In the breast TME, the bidirectional communication of neoplastic cells with CAFs, tumor-
associated macrophages, endothelial and immune infiltrating cells, may support tumor
progression by stimulating tumor cell proliferation, invasion, angiogenesis and metastasis
(Hanahan and Coussens, 2012; Balkwill and Mantovani, 2012). In particular, CAFs may
facilitate the establishment of a conducive microenvironmental niche for the recruitment and
maintenance of disseminated tumor-initiating cells (De Francesco et al., 2018; Wels et al., 2008;

Joyce and Pollard, 2009). Likewise, malignant features as proliferative, migratory and invasive
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potential of tumor cells may be endorsed by CAFs (Lappano et al., 2020). In this respect, it has
been shown that [L-1B may be involved in the intricate network connecting breast cancer cells
and mesenchymal stem cells (MSCs), which are considered an additional source of CAFs
beyond fibroblasts (Mishra et al., 2008; Escobar et al., 2015). Worthy, the IL-1B-dictated
cellular interaction may stimulate the production of diverse chemokines by MSCs as well as an
increased motility of TNBC cells (Escobar et al., 2015). Nicely reminiscing these observations,
we have demonstrated that TNBC cells exposed to low oxygen tension activate IL-1B/IL1R1-
mediated paracrine signals that prompt cytoskeletal changes like the MLC-driven formation of
actin stress fibers toward pro-invasive properties of breast CAFs. Overall, these results provide
novel evidence on the mechanisms through which hypoxia may trigger the IL-1B/IL1R1
signaling, which in turn generates a feed-forward stimulatory loop in both TNBC cells and
CAFs. Therefore, our findings may be considered in more comprehensive therapeutic strategies

targeting TNBC progression.
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