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Abstract

Basal breast cancer is a heterogeneous disease whose unfavourable outcome is
determined by a high risk of tumour relapse and metastasis formation. The potential of
a cancer cell to adapt to foreign environments is favoured by oncogenic cell plasticity,
which is supported by epigenetic reprogramming. It was previously demonstrated that
MYC acts as an oncogenic reprogramming factor by inducing epigenetic rewiring at
enhancers (Poli et al., 2018). This causes the activation of oncogenic pathways and pro-
metastatic transcription factors such as SOX9, but scant pieces of evidence support a

causal link between epigenetic alteration of oncogenic enhancers and cell plasticity.

In the present work, we investigated the establishment of an alternative epigenetic
program during tumorigenesis in a basal breast cancer xenograft derived model. We
found that tumorigenic cells, primary tumour derived cells and metastasis derived cells
showed intrinsically different phenotypic and epigenetic signatures, and that metastatic
derived cells were characterized by the acquisition of pro-metastatic features, such as
migration and invasion, that may increase their metastatic potential. Specifically, we
provided data supporting the notion that changes of the chromatin landscape during
tumour progression increased the responsiveness of cancer cells to environmental cues
that they may encounter during dissemination and colonization of distant organs. We
focused on investigating the role played by putative regulatory elements localized
around the SOX9 locus, whose chromatin accessibility and interaction with the SOX9

promoter were increased in metastatic cells.

We observed that SOX9 expression was responsive to the activation of the retinoic
acid (ATRA) pathway, and our data suggests that this response may be strengthened by
transcriptional memory priming SOX9 regulatory elements after a first exposure, so that
the response is faster and more robust after the second one. SOX9 transcription
modulation and ATRA response were also shown to be linked to the activation of a
guiescence program specific of metastatic cells, which we hypothesise may favour cells

during the dissemination steps of the metastatic cascade.
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1. Introduction
1.1. Breast Cancer

110 Breast carcinoma is among the most frequent invasive cancers in women. It is a group
111 of heterogeneous diseases encompassing different subtypes which are diverse in terms
112 of histology, therapeutic response, dissemination patterns to distant sites and patient
113 outcomes. Implementation of screening, prevention programs and novel treatment
114 strategies decreases breast cancer mortality (Xu et al., 2021). However, it has been
115 estimated that worldwide breast cancer will cause more than 700,000 deaths annually,
116 (Xu et al., 2021).

117 Breast cancers (BCs) evolve from the epithelium of the mammary gland. The normal
118 breast epithelium comprises a bilayer: the inner layer contains luminal cells required for
119 milk production, whereas the outer layer is composed of myoepithelial cells required for
120 milk ejection (Daniel and Smith, 1999). This apparent simplicity hides a more complex
121 cellular hierarchy, which is revealed during carcinogenesis. Moreover, several
122 histological and molecular subtypes of breast cancer have now been defined by the use
123 of immunological, genetic, and gene-molecular profiling.

124 Studies based on global gene expression analyses have provided additional insights
125 into this complex scenario, defining five molecular ‘intrinsic’ subtypes of breast cancer
126 (Luminal A, Luminal B, HER2-enriched, Claudin-low and Basal) and a Normal Breast-like
127 group (Serlie et al., 2001). Luminal A is a low-grade, hormone-receptor-positive, HER2-
128 negative subtype which is usually characterized by good prognosis and has a 63.3%
129 incidence (Parise and Caggiano, 2017); Luminal B cancer subtype is proliferative and
130 hormone receptor-positive, its prognosis is slightly worse than Luminal A, and its
131 incidence is around 8.9% (Plevritis et al., 2018). Both Luminal A and B BCs are treated by
132 long-term hormone therapy over 5-10 years (Yang and Polley, 2019). The normal-like
133 subtype is similar to luminal A disease: hormone-receptor-positive, HER2 negative, low-
134 proliferating; still, its prognosis is slightly worse than luminal A cancer (Liu et al., 2014).
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HER2-enriched breast cancer is hormone receptor-negative and HER2 positive: HER2
positive cancers tend to grow faster than luminal cancers and can have a worse
prognosis, but they are often successfully treated with targeted therapies at the HER2
protein; furthermore, it affects 4.2% of BC patients. Finally, the triple-negative breast
cancer subtype (TNBC) is hormone receptor- and HER2 negative that constitutes 13% of
all breast cancers. It is characterized by the severest prognosis (Harris et al., 2006; Morris
et al., 2007) and it is often used as a surrogate for identifying the aggressive basal breast
cancer subtype, although they are not biologically synonymous (Tischkowitz et al.,
2007); therapy for this BC subtype is managed with chemotherapy only for early-stage
disease (Carey et al., 2007).

Triple-negative breast cancer accounts for about 10— 15% of newly diagnosed breast
cancers (BC) and is associated with lower survival than other BC subtypes (Agostinetto
et al., 2021; Howlader et al., 2019). Furthermore, more than 30% of patients with TNBC
eventually develop metastasis and relapses often occur during the first 2-3 years from
surgery (Dent et al., 2007). This scenario reflects an intrinsic aggressive behaviour: TNBC
is frequently associated with high histological grade and high proliferation index (Ki67)
as well as the lack of oncogenic targets, namely hormone receptors and human

epidermal growth factor receptor-2 (HER2) (Zhu et al., 2020).

The genetic background of the TNBC primary tumour is well understood. Triple-
negative breast cancer is characterized by the low expression of ER/PR/HER2, and
mutations in BRCA1/BRCA2 are commonly associated with the basal subtype of breast
cancer on a genomic level (Chen et al., 2018; Foulkes et al., 2003). Cancers that do not
present BRCA1/BRCA2 mutations but have other causes of homologous recombination
deficiency (HRD) are characterized by high tumour grade, lymphocytic infiltrate, pushing
margins, ER and HER2-negativity, an association with TP53 mutations, c-Myc
amplification, and multiple chromosome abnormalities (Chen et al., 2018). TP53
mutations were found to be the most common somatic aberration, observed in 53.8%
of cases, while the TNBC samples also showed frequent mutations in PIK3CA (10.2%)
(Atchley et al., 2008). The most common copy number alterations were identified for
the PARK2 (Parkinson disease 2) (6%) and RB1 (retinoblastoma gene 1) genes (7.7%)
(Shah et al., 2012).
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The PI3K/AKT/mTOR pathway is one of the key and active pathways involved in the
chemoresistance and survival of TNBC (Khan et al.,, 2019). Dysregulation of the
PI3K/AKT/mTOR pathway causes changes in cell survival, differentiation, and
proliferation that are frequently observed during carcinogenesis of TNBC, but also other

BC tumour types (Khan et al., 2019; Sporikova et al., 2018).
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1.2. Metastasis, seeding and cell plasticity

171 Metastasis accounts for more than 90% of cancer-related deaths. Unlike primary
172 tumours, which can often be treated using local surgery or radiation, metastasis is a
173 systemic disease. Currently, systemic approaches such as screening, chemotherapy,
174 targeted therapy and immunotherapy, are therefore the basis of metastasis prevention
175 and treatment (Ganesh and Massagué, 2021).

176 Although cancer cell dissemination from the primary tumour can start early during
177 tumour progression, the vast majority of cells leaving the primary site fail to colonize
178 distant organs and instead capitulate to various stresses (Harper et al., 2016; Hosseini
179 et al.,, 2016; Hu and Curtis, 2020; Srinivas et al., 2005). In order to form metastases,
180 cancer cells must deal with a series of steps termed the ‘metastatic cascade’: aggressive
181 cancer cells must leave the primary tumour, disseminate through the bloodstream, and
182 eventually reach distant organs to give rise to one or several metastases. By acting on
183 heterogeneous cancer cell populations, these pressures select for cells with increased
184 fitness to colonize distant organs. Intra-tumour heterogeneity can be a consequence of
185 genetic variation, differences in gene regulation, transitions between cellular states, or
186 environmental perturbations (Gupta et al., 2011; Meacham and Morrison, 2013; Nik-
187 Zainal et al,, 2012; Shah et al., 2012).

188 Genomic instability, genetic variation within a tumour and the high phenotypic
189 variability in malignant cells contribute to the heterogeneity of cancer cell populations
190 (Al-Hajj et al., 2003; Ganesh and Massagué, 2021). Stem-like cancer cells can react to
191 both cell-intrinsic developmental programs and external stromal signals through
192 switching between different phenotypic states. This feature, called phenotypic
193 plasticity, allows cancer cells to adjust to particular microenvironments, overcome the
194 difficulties of the metastatic seeding and resist therapy (Fumagalli et al., 2020;
195 Quintanal-Villalonga et al., 2020; Rios et al., 2019). The potential of cancer cells to
196 establish metastatic relapse may arise from the heterogeneity of cancer cell
197 populations, which might be influenced by the composition of the tumour stroma.

16



1.2.1. Metastatic relapse in TNBC

198 For breast cancer, the statistics emphasize the role of metastasis in BC mortality: 5-
199 years survival rates in patients with distant metastasis are only 22% (13% at ten years),
200 compared to 90% for patients with local disease (Nagao et al., 2021). Furthermore,
201 metastatic relapse in BC patients is currently not allowing effective treatment options.
202 Approximately 25% of BC patients will relapse with distant metastasis: the majority of
203 patients, unfortunately, relapse following treatment with curative intent (Yao et al,,
204 2019). TNBC is characterized by a propensity for visceral and brain metastases, absence
205 of bone metastases and typically early relapse (< 3 years).

206 Understanding how BC cells go through the metastatic cascade and the development
207 of therapies to target metastatic processes continues to be a significant clinical
208 challenge. Age, smoking, ethnicity, menopause, endogenous hormones, the histological
209 status of cells, duration of breast feeding, and the underlying biology of the tumour,
210 such as grade and size of the primary tumour, can increase the probability of metastasis
211 occurrence, as described in Shekar et al., 2020.

212 It is widely acknowledged that the outbreak of metastatic lesions is a very inefficient
213 process, and it is considered as the rate-limiting step of breast cancer metastasis
214 (Aguirre-Ghiso, 2007; Luzzi et al., 1998; Valastyan and Weinberg, 2011). During
215 dissemination, breast cancer cells are usually difficult to be detected, as they mainly
216 circulate throughout the body as single rare cells, and only a limited number of genes
217 and markers are used to define the phenotypic and molecular alterations that
218 characterize disseminated tumour cells (DTCs) (Giancotti, 2013). Furthermore, during
219 dissemination, cancer cells exhibit resistance to chemotherapy, due to the low
220 proliferation rate (Marches et al., 1999). DTCs can enter a state of dormancy upon arrival
221 to distant sites, through leaving the proliferative cycle for a certain period or by stalling
222 in an equilibrium between proliferation and death. Reawakening of dormant cells is the
223 result of further evolution of surviving DTCs, that accumulate molecular alterations and
224 interact with the tumour microenvironment (Demicheli et al., 2007; Pantel et al., 2008).
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While considerable progress has been made to investigate the specific processes at
the basis of breast tumour initiation, recent studies have recently been focusing on
elucidating the roles of key genes, the underlying molecular mechanisms and signalling

pathways involved in the lethal late stages of metastatic dissemination.

1.2.2. Metastasis: from intravasation to

macrometastasis

Metastasis is traditionally defined as a linear series of steps, collectively referred to
as the invasion-metastasis cascade (Figure 1) (Fidler, 2003). Firstly, cancer cells at the
primary site of tumour growth detach from one another or adjacent normal cells, digest
the underlying basement membrane and penetrate the underlying interstitial matrix
(invasion). Subsequently, tumour cells encourage tumour vascularization

(neoangiogenesis), exploit its discontinuities to gain access to the vessels (intravasation),

Primary tumor Overt metastasis
Stages - Stage IV

&
r\ &

Invasive mégration AR
EMT, ECM remodeling

Collective migration — Macromeastasta
/ = Immunosuppression
Drug resistance
y / Specific stromal co-option
Circulation ————" |} Massive elimination Treatment
Mcrociustenng l Metabolic stress /
Metabolic adaptation A Stromal lothality
) Immune survediance
——— ? ’
Extravasation — ' t ’ @
Trarsendotelal mxgraton \ T o= P
Capilary disruption Tl . w
Dissemination / / \ “mmmmﬂ

Regenerative trajeciones

ing o ncy entry Dormancy exit immune-medialed peuning

Perivascular migration Immune-evasive quescence MET, spreading
Niche occupation Growth-suppr@ssive signaling Milogenic sgnadng

Overt metastasis

Cryptic metastasis

Figure 1 Steps, biological functions and cancer cell vulnerabilities in the metastasis cascade. The majority of cancer
cells leaving a primary tumour are unable to survive and are cleared. Cancer cells that survive and retain the ability
to regenerate the tumour during the cryptic phase of metastasis are called metastasis-initiating cells (MICs). MICs
launch overt metastatic growth in distant organs, develop along tissue-regenerative trajectories and deploy organ-
specific stromal co-option functions. ECM, extracellular matrix; EMT, epithelial-mesenchymal transition; MET,
mesenchymal—epithelial transition. (Ganesh et al., Nature Medicine 2021)
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and disseminate through the bloodstream (dissemination). Finally, after depositing at
the microcirculatory system of the target organ and infiltrating its stroma
(extravasation), cancer cells take advantage of their plasticity to survive and eventually

outgrow into macroscopic lesions (colonization).

During local invasion, cancer cells detach from primary tumour and enter the stroma
and the adjacent tissue parenchyma. To invade the stroma, carcinoma cells must first
violate the basement membrane (BM), in part by separating their epithelial and stromal
compartments. Degradation of the extracellular matrix (ECM) macromolecules by
matrix metalloproteinases (MMPs) facilitates tumour cell invasion (Gonzalez-Avila et al.,
2019; Justilien et al., 2012). MMPs are zinc-dependent endopeptidases implicated in
basement membrane degradation, angiogenesis and cell migration, contributing to
tumour invasion and metastasis (Balbin et al., 2003; Deryugina and Quigley, 2006).
MMPs are differentially regulated by tumour cells, and their functions are controlled by
their interactions with cellular and extracellular components of the tumour
microenvironment and distant pre-metastatic sites (Lian et al., 2021). Besides playing a
structural role, the BM holds a source of growth factors that can be released by

carcinoma-secreted proteases (Hu et al., 2008).

Once cancer cells have successfully intravasated into the bloodstream, they can
disseminate widely through the venous and arterial circulation; at this stage, tumour
cells are referred to as circulating tumour cells (CTCs). A small percentage of CTCs
successfully enter distant sites and persist as disseminated tumour cells (DTCs)
(Dasgupta et al., 2017). DTCs in the bloodstream must survive a variety of stresses in
order to reach distant organ sites (Gkountela et al., 2019; Yu et al., 2013). Once settled
in the microcirculation of distant organs, DTCs may initiate intraluminal growth and get
in direct contact with the tissue parenchyma through rupturing the walls of surrounding
vessels (Al-Mehdi et al., 2000). Otherwise, cancer cells may extravasate to enter the
tissue parenchyma, through penetrating the endothelial and pericyte layers that

separate vessel lumina from the stroma.

Extravasated cancer cells must survive in the foreign microenvironment they
encounter in distant tissues to form micrometastasis, which usually differs greatly from
that present in the primary tumour site (Hiratsuka et al., 2008; Kaplan et al., 2005; Kiel
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et al., 2005; Psaila and Lyden, 2009). If disseminated cancer cells endure their initial
arrival at the microenvironment of a distant tissue and thrive, they still are not
guaranteed to proliferate and form large macroscopic metastases. Instead, it seems that
the majority of DTCs suffer either slow degradation over time, or persist as
microcolonies in a state of long-term quiescence (Chambers et al., 2002; Demicheli et

al., 1998; Naumov et al., 2002).

1.2.3. Metastatic cell plasticity and dormancy

Once cancer cells successfully penetrate the blood or lymphatic circulatory system,
they can disseminate throughout the body (Ganesh and Massagué, 2021). When
circulating through the bloodstream, cancer cells are likely to enter a state where they
remain latent, characterized by the stalling in the GO-G1 phases of the cell cycle: this
state is termed quiescence. DTCs can remain latent, constantly fluctuating between
guiescent and proliferative states until conditions allow these cells to escape clearance
by the immune system and grow as a metastatic outbreak (Aguirre-Ghiso et al., 2013;
Phan and Croucher, 2020). Quiescence is a reversible state by which under appropriate
environmental cues, DTCs may reawaken by re-entering into the cell cycle and
eventually give rise to metastatic lesions, thus acting as metastasis initiating cells (MICs)
(Yachida et al., 2010). The switch between the proliferative and dormant state depends
on stromal signals, cell contacts, extracellular matrix and metabolic cues, and allows

MICs survival and outbreak (Celia-Terrassa and Kang, 2018) (Oskarsson et al., 2014).

MICs undergo dynamic phenotypic changes, which might be initiated by
hyperactivation of specific signalling pathways (Kocal et al., 2016), a gain of migration
capacity, anoikis evasion and growth reinitiating capacity (Er et al., 2018; Ganesh et al.,

2020).

Dormancy can be defined as either cellular dormancy, where intrinsic or extrinsic
mechanisms drive solitary or small groups of DTCs to enter quiescence; angiogenic
dormancy, where the tumour mass is characterized by an equilibrium between cells that

proliferate and cells that die because of poor vascularization, and immune-mediated
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dormancy, where the immune system keeps a proliferating tumour mass constant via a
persistent cytotoxic activity (Sosa et al., 2014). Of importance, these mechanisms are
not mutually exclusive but they may coexist, thereby underlying the contribution of

multiple players in the onset and maintenance of the dormant state.

Indeed, evidences providing insights into the molecular mechanisms of cellular
dormancy and reactivation are accumulating. Crosstalk between cancer cells and their
microenvironment plays a crucial role in these mechanisms, which is affected by
complex interactions between cancer cells, stromal cells and surrounding extracellular
matrix (ECM) components, and host immunity. After an extended period in the
bloodstream, DTCs ultimately reach distant sites and face a new composition of ECM.
Then, the binding of membrane receptors on DTCs activates various signalling cascades,
pushing cell cycle promotion and escape of dormancy. The host immune system initially
acts as a tumour suppressor but eventually favours cancer progression and promotes
metastatic outgrowth by reactivating DTCs (Cameron et al., 2000; Luzzi et al., 1998; Park
and Nam, 2020).

Recent evidence demonstrates that extracellular signal-regulated kinase (ERK)
activation plays a crucial role in determining the switch between the proliferative and
the dormant state (Aguirre-Ghiso et al., 2003). High levels of the p38 mitogen-activated
protein kinase (MAPK) activity during ERK-induced proliferation function as an inhibitory
regulator of ERK and prevent cell proliferation by inducing GO-G1 arrest or triggering

senescence and apoptosis (Sosa et al., 2011).

Different microenvironments limit or permit cancer progression to metastatic sites,
modulating the composition of dormant DTCs reservoirs. Dormancy activation might
also happen long before the metastatic seeding: chemotherapy targeting the breast
primary tumour was also demonstrated to induce dormancy and facilitating cancer cell
dissemination (Karagiannis et al., 2017). Nevertheless, as recently demonstrated, the
immune system activity plays a central role in the regulation of the dormant milieu:
Correia et al. demonstrated that natural killer (NK) cell population is increased in the
dormant reservoir of basal-like breast cancer and that interleukin-15-based
immunotherapy sustains dormancy, preventing hepatic metastases. Moreover, exit

from dormancy induced by the CXCL12-CXCR4 axis follows a reduction of the NK cell
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compartment, allowing metastatic outgrowth (Correia et al., 2021). In multiple
myeloma, osteoblasts express GAS6, the ligand for AXL, and prostate cancer cells
disseminating to the same endosteal niche bind GAS6 on osteoblasts and thus enter
dormancy (Khoo et al., 2019). Interestingly, exposure of primary tumour cells to hypoxia
was shown to prime subsequent disseminated tumour cells to enter into a dormant
state dependent on NR2F1 expression, indicating that the DTC state might already pre-
exist within the primary tumour (Fluegen et al., 2017). Furthermore, in the work of
Malladi et al., the WNT pathway was highlighted as a regulator of quiescence, which
allows cancer cells to evade innate immunity remaining latent for extended periods. In
this context SOX9 transcription factor was identified in latency competent breast cancer
cells as an essential promoter of survival under immune surveillance and metastatic
outgrowth, under permissive conditions (Malladi et al., 2016). The SOX9-dependent
resistance to NK cells was also pointed out in lung cancer metastases during the

progressive stages of metastatic dormancy outbreak (Laughney et al., 2020).

Furthermore, recent results point towards a role for retinoic acid pathway activation as
a trigger for NR2F1-dependent dormancy induction and maintenance by integrating
guiescence epigenetic programmes and survival in DTCs (Sosa et al., 2015). In addition,
induction of NR2F1 in an HNSCC PDX line resulted in lung metastasis inhibition through
the expression of a dormancy gene signature, which includes the transcription factors

SOX9 and RARB(Khalil et al., 2021).
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1.2.3.1. The retinoic acid pathway and
quiescence

The concept of cancer cells remodelling their epigenetic programs to adapt to
different microenvironments and eventually enter a quiescent state is in line with the
notion of cancer fitness (Yeh and Ramaswamy, 2015). For example, embryonic
environments can reset cellular programmes: axolotl (Ambystoma mexicanum) oocyte
extracts can reprogram breast cancer cells and reverse their tumorigenicity. Oocyte
extract-treated tumour-xenografts gene expression profiling shows that tumour
reprogramming encompasses cell cycle arrest and acquisition of a quiescent state by
induction of the cell-cycle inhibitor p27 and reducing signalling dependent on the
transcription factor JUN and the tumour suppressor Rb86 (N. et al., 2018). These
quiescent breast cancer cells also displayed involvement of epigenetic reprogramming;
this link was previously reported in retinoic acid-induced dormancy: retinoic acid was
found to upregulate the master receptor NR2F1 and to induce the expression of
pluripotency genes SOX9, RARB, and NANOG, leading to quiescence in head and neck

squamous cell carcinoma (HNSCC) cells (Sosa et al., 2015).

All-trans retinoic acid (ATRA) is the active metabolite of vitamin A, and its biological
effects are mediated by the activation of retinoic acid receptors (RARs) (Germain et al.,
2006; Samarut and Rochette-Egly, 2012). Vitamin A is absorbed in the small intestine
and is esterified to retinyl esters, transported in the bloodstream and stored in the liver
(Dawson et al., 2000)(Figure 2). Hydrolysis of retinyl esters results in retinol: peripheral
cells assume retinoids mainly as all-trans-retinol (atROL) bound to retinol-binding
proteins (RBPs) in the plasma through the transporter STRA6 (Chen et al., 2016). After
target organs take up the atROL/RBP complex, atROL is re-esterified into retinyl ester by
the lecithin retinol acyltransferase (LRAT) or binds to the cellular retinol-binding protein
(CRBP) (Batten et al., 2004). AtROL/CRBP complexes are the first substrate in the
metabolic pathway that leads to the production of ATRA: the substrate is oxidised to all-

trans-retinal (atRAL) by the retinol dehydrogenase (RDH) and subsequently oxidised to
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ATRA by various retinaldehyde dehydrogenases (RALDH). Oxidation of atRAL is the rate-
limiting step in ATRA production (Rao et al., 2021; Raverdeau and Mills, 2014).

ATRA is shuttled by cellular retinoic acid-binding protein (CRABP) to the nucleus,
where different RARs are activated (Bourguet et al., 2000). Alternatively, ATRA can be
shuttled by the fatty acid-binding protein (FABP) to bind peroxisome proliferator-

activated receptors (PPARs) in the nucleus (Borland et al., 2011).
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Figure 2 The retinoic acid pathway. Retinoids reach target cells either as retinol bound to the Retinol binding protein
(RBP), or as ATRA, retinyl esters and caroteinoids. Retinol is imported in the cell through the signal receptor and
transporter of retinol STRAG6, then it is oxidized to all-trans-retinal by the alcohol dehydrogenase (ADH) and bound to the
cellular retinol binding protein (CRBP). All-trans-retinal is then oxidized to ATRA by the retinal dehydrogenase (RALDH)
and transported by CRABP to the nucleus where different RARs are activated. Alternatively, ATRA can be shuttled by FABP
to bind PPARs in the nucleus. In addition to RARs and PPARs, ATRA can also bind to RORs to initiate transcription.
(Conoway et al., Endocrine Reviews, 2013)

ATRA is degraded by CYP26 enzymes, which belong to the cytochrome P450
hydroxylase family. Since CYP26 and RALDH are both regulated by ATRA itself, the
metabolism of ATRA forms an auto-regulatory loop; such regulation maintains the
endogenous ATRA level within a normal range and allows the organism to respond to

exogenous ATRA fluctuations (Stevison et al., 2017).

The retinoid receptors are part of the human nuclear receptor superfamily (Errore.
L'origine riferimento non é stata trovata.) and can be divided into four regions. The N
terminal domain (NTD) has a ligand-independent transactivation function, the DNA

binding domain is a cysteine-rich domain and contains two zinc finger structures, the H
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domain contains the nuclear localization sequence, and the ligand (retinoid) binding

domain (LBD) has a region required for dimerization with other receptors (Petkovich et
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Figure 3 NR functional domain organization and most relevant regulatory functions. A) Nuclear receptor (NR) domains
are depicted following the archetypal structure of a NR, including the N-terminal domain (NTD) with the activation
function 1 (AF1), DNA-binding domain (DBD), hinge region (H) and C-terminal ligand-binding domain (LBD) with the
activation function 2 (AF2) and ligand-binding pocket (LBP). All NR domains undergo post-translational modifications
(PTMs), which could regulate protein stability, and multiple domains are involved in interactions with co-regulator
proteins (protein—protein interactions (PPl)). NRs harbour a nuclear localization signal (NLS). B) Typical NR dimer binding
to DNA takes place at cognate DNA response elements featuring (imperfect) palindromic sequences or two hexanucleotide
half-sites organized as direct, everted or inverted repeats. Typical heterodimers are defined here as the well-characterized
heterodimers of which both partners contact DNA, sharing RXR as a common protein partner. LXR: liver X receptor; PPAR:
peroxisome proliferator activated receptor; PXR: pregnane X receptor; RAR: retinoic acid receptor; RXR: retinoid X
receptor; TR: thyroid receptor; VDR: vitamin D receptor. BF3: binding function 3; Ct: C terminus; Nt: N terminus. (De
Bosscher et al., Nature Reviews Endocrinology 2020)

al., 1987).

Two families of retinoid nuclear receptors have been described, the retinoic acid
receptors (RARs) and the retinoid X receptors (RXRs) (Mangelsdorf et al., 1990). The
RARs (a, B, and y) show high affinity for binding to the naturally occurring retinoid ATRA,
whereas the RXRs (a, B, and y) do not bind ATRA. 9-cis-retinoic acid (9cRA) is a naturally
occurring, biologically active isomer of ATRA capable of binding and trans-activating
both the RXRs and the RARs (Mangelsdorf et al., 1991). In the absence of retinoic acid,
RARs are found to be bound to retinoic acid response elements (RAREs) in the form of
heterodimers with retinoid receptors (RXRa, B, and y) and interact with transcriptional
corepressors to create a more condensed state of chromatin and inhibit transcription
(Cordeiro et al.,, 2019). When instead ATRA is available, its binding leads to a

conformational change of the RAR/RXR heterodimers, causing the detachment of
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corepressors and the exposure of binding surfaces to coactivators, which ultimately
leads target gene transcription, such as differentiation-related genes (Hashimoto and

Shudo, 1991; Yoon et al., 2003).

The development and regeneration of tissues and tumours depend on the balance of
different signalling pathways, including the ATRA pathway. Retinoic acid was found to
promote or suppress tumour growth in TNBC depending on the cell context-specific
balance of activation of transcriptional and non-transcriptional pathways involving RARa
(Rossetti et al., 2016). RA was also shown to activate the pro-invasive Src-YAP-
Interleukin 6 axis in MDA-MB-468 cells and increase tumour growth and metastasis of

MDA-MB-231 cells (Marcato et al., 2015; Mezquita et al., 2018).

It was demonstrated that ATRA stimulate SOX9 gene expression in breast cancer cell
lines, giving evidence for a role in retinoid-mediated growth inhibition (Afonja et al.,
2002). Metastasis often develops years after surgical removal of the primary tumour
from a small population of disseminated cancer cells that survived as latent entities. It
is thus conceivable that retinoic acid inhibition of proliferation may in certain settings
not act as a tumour suppressor but instead favour the survival of disseminated cancer
cells under immune surveillance and for metastatic outgrowth under permissive
conditions. Latency competent cancer cells (LCC) isolated from human lung and breast
carcinoma show stem-cell-like characteristics and express SOX2 and SOX9 transcription
factors, which allow LCC cells to enter quiescence and evade innate immunity to remain

latent for extended periods (Malladi et al., 2016).

Furthermore, RA receptors were recently documented as mediators of higher-order
chromatin remodelling: upon ATRA signalling, the RAR/ RXR transcription factor-induced
loss of adjacent CTCF binding and changed the higher-order chromatin conformation of

the overall locus (Ishihara et al., 2016; Wang et al., 2017).
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1.3. Cell plasticity, chromatin rewiring and
transcriptional memory

424 The genome of eukaryotic cells is arranged into chromatin, a viscoelastic polymer
425 comprising DNA, RNA, and associated proteins (Figure 4) (Sitbon et al., 2017). Chromatin
426 shows a hierarchical organization, ranging from the basic repeating unit, the
427 nucleosome, to higher-level structures (van Steensel and Belmont, 2017). A nucleosome
428 is constituted by a core particle with ~147 base pairs of double-stranded DNA draped
429 around histone proteins. Linker DNA joins core nucleosomal units. Next, nucleosomes
430 fold into higher-order chromatin structures, where the chromatin filament further loops
431 and compacts DNA (Furlong and Levine, 2018).

Figure 4 Chromatin organization. Nucleosomes arrange into higher-order chromatin structures, and noncoding RNA
participates in the local organization. Inset (right): the nucleosome is composed of double-stranded DNA draped
around an octamer, consisting of an (H3-H4)2 tetramer lined by two H2A-H2B dimers. Variations of the nucleosome
by dynamic permutations comprise the choice of histone variants, modifications of DNA bases, and reversible post-
translational modifications (PTM) of histone tails, enabling chromatin plasticity. (Yadav et al., Science 2021)

432 Modulation at each level of the genome organization enables chromatin-based
433 information to vary to respond to signals for numerous gene regulatory functions
434 (Wingelhofer et al., 2018). This identifies chromatin plasticity as a tool to produce a
435 variety of features for each cell type (Philip et al., 2017). Regulation of cell destiny
436 decisions and cell identity can make use of chromatin, for example, by limiting access to
437 a particular transcription factor or by providing distinct marks on histones that specific
438 proteins can recognize and can interpret in response to signalling (Adam and Fuchs,
439 2016; Burton and Torres-Padilla, 2014).
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1.3.1. Enhancer function in gene
expression control

The human genome includes about 20,000 protein-coding genes according to
different databases (Farrell et al., 2014; Harrow et al., 2012; O’Leary et al., 2016), which
is less than that in Arabidopsis thaliana (The Arabidopsis Genome Initiative, 2000). There
is a remarkable lack of correspondence between the number of protein-coding genes
and organism complexity. The reason for the higher biological complexity in humans is
due to the precise and complicated transcription regulation. Precise temporal and
spatial gene expressions are achieved by cis-acting regulatory elements such as
promoters, enhancers, and insulators. Enhancers play central roles in controlling
selective gene transcription (Alexander et al., 2019). Enhancers are defined as fragments
of noncoding DNA sequence with multiple transcription factor binding sites, which

regulates gene transcription at a long distance (Carter et al., 2002).

Chromosomes organize spatially into topologically associating domains (TADs),
where intradomain interactions are preferentially selected to interdomain interactions
(Sexton et al., 2012). TAD architecture allows for the reduction of the distance between
regulatory elements within its boundaries, facilitating interactions between them (Chen
et al., 2020a). Definition of interactions within chromosomal compartments is mediated
by the cohesin complex, which associates with CTCF and with active gene regulatory
elements to form long-range interactions between its binding sites (Pugacheva et al.,

2020).

Enhancers and promoters are physically connected by the Mediator complex: the
Mediator complex provides communication between active enhancers and promoters
by interacting with proteins that bind to either of these two classes of regulatory DNA
elements and stimulates the cooperative assembly of a pre-initiation complex (PIC) and

recruitment of RNA Polymerase Il (Pol 1) for gene activation (Quevedo et al., 2019).

Chromatin patterns commonly used for identifying putative enhancers include the

binding of p300, histone H3 acetylated at lysine 27 (H3K27ac) and H3 monomethylated
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at K4 (H3K4me1l), or mapping chromatin accessibility sites by DNAse-seq or ATAC-seq.
Genome profiling has revealed that cell-specific transcription factors and RNA
polymerase Il (Pol Il) are recruited to enhancers (Agrawal et al., 2020); recruitment of
transcription machinery components might be favoured by enhancer-promoter physical
proximity mediated by chromatin looping (Pennacchio et al., 2013). In addition, many
enhancers are bound by RNA polymerase Il and actively transcribed, generating
noncoding enhancer RNAs (eRNA), widely used to indicate enhancer activity and target

gene regulation (Kim et al., 2010).

Enhancers spanning large genomic regions are currently defined as super-enhancers
(SEs). Super-enhancers have a median size generally an order of magnitude larger than
typical enhancers and show enrichment for factors associated with enhancer activity
such as MED1, a component of the Mediator complex and coactivator of transcription

(Whyte et al., 2013).

Enhancers share standard genomic and epigenetic features, such as the enrichment
for binding sites of both lineage-determining and signal-dependent transcription factors
(LDTFs and SDTFs, respectively), which allow for transduction of both internal and
external signals (Calo and Wysocka, 2013). Alteration of signalling pathways is a
common feature of cancer: de-regulated SDTFs can change the transcriptional program,
causing an altered activity of their target enhancers: indeed, oncogenic enhancers are
often enriched in binding sites specific for those TFs (Clevers and Nusse, 2012; Fagnocchi
et al., 2016). Cell identity is established and maintained by LDTFs (also referred to as
‘master TFs’), which bind to super-enhancers to regulate cell-type-specific genes (Hnisz
et al., 2013; Whyte et al., 2013). Many LDTFs possess pioneering DNA-binding ability,
thus engaging silent chromatin and favouring the recruitment of other TFs and co-
factors during cell fate determination (Zaret and Mango, 2016). Accordingly, the
aberrant activity of LDTFs is a significant driver of multiple cancers and has been
demonstrated to modulate binding of oncogenic TFs and activation of tumour-specific

enhancers (Bradner et al., 2017).

Since enhancer activity modulation is highly involved in the maintenance of cell
identity and the control of the adaptive capability of cells, the possibility that genetic

insults affecting the epigenetic landscape may alter regulatory element activity and thus
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subvert cell fate establishment is plausible. Indeed, in T-cell acute lymphoblastic
leukaemia (T-ALL), binding motifs for the MYB transcription factor are introduced
through a somatic mutation in a specific noncoding site, which creates a super-enhancer

upstream of the TAL1 oncogene (Mansour et al., 2014).

Over the last years, million putative enhancers have been annotated in the human
genome, generating complex modular and combinatorial regulatory networks, in which
not only several enhancers influence the expression of a single target gene, but also
single specific enhancers may mediate the synchronous transcriptional bursting of
multiple promoters, in response to developmental and environmental cues (Andersson

et al., 2014; Fukaya et al., 2016).

1.3.1.1. The role of the chromatin
context

While hierarchical levels of chromatin organization ensure the proper packaging of
the genomic material into the cell nucleus, they have an equally important role in
regulating genome function. Gene expression can be regulated at every level of
chromatin organization, from positioning nucleosomes on the DNA to the localization of

chromosome territories within the nucleus (Woodworth and Holloway, 2017).

At the most fundamental level, the chromatin structure influences gene expression
by restricting access of transcription factors and the transcription machinery to the DNA
(Klemm et al.,, 2019). Chromatin exists in two general forms within the nucleus:
heterochromatin and euchromatin. Heterochromatin is nucleosome dense, highly
condensed and tends to be transcriptionally inactive due to the exclusion of
transcriptional regulators from the DNA, while euchromatin shows less nucleosome
occupancy, is less compacted, and is more accessible to transcriptional regulators
(Allshire and Madhani, 2018; Spielmann et al., 2018). However, the chromatin structure
is highly dynamic and can be converted between hetero- and euchromatin states, or a
permutation of intermediate states, in response to intracellular or extracellular signals.
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Such changes in chromatin state have the potential to expose or obscure gene
regulatory elements to the nuclear transcriptional machinery, thus facilitating

alterations in gene expression (Jansen et al., 2012; Sartorelli and Puri, 2018).

The activity of enhancers often depends on their ability to physically interact with the
transcriptional machinery at promoters through DNA looping (Figure 5). Different
molecules play a significant role in bridging transcription factors (TFs) and co-activators
at enhancers with the pre-initiation complex at promoters, among which Mediator,

cohesin, and CCCTC-Binding Factor (CTCF) are the best characterized (Kagey et al., 2010).
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Figure 5 Modality of TF action on 3D genome architecture: A) Direct oligomerization. B) Cofactor oligomerization. C)
Condensate formation. D) Interactions with loop extruders. E) Interactions with nuclear landmarks F) Protein-RNA
contacts. G) Chromatin variations, including histone modifications (left panel) and DNA methylation (right panel). (Kim
et al., Molecular Cell, 2019)

Pioneer TFs bind to enhancers and trigger the recruitment of chromatin-remodelling
enzymes, resulting in open chromatin and a typical pattern of histone modification on

the adjacent nucleosomes, including H3K27ac and H3K4me1 (Long et al., 2016).
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TFs are defined by their capability to bind DNA but generally function via interactions
with other proteins and RNA. The most instinctive example of TF-driven DNA loops
involves the direct oligomerization of TFs, where TFs that bind both promoters and
regulatory elements mediate enhancer-promoter interaction through the formation of
homodimers (Figure 5A)(Lambert et al., 2018; Weintraub et al., 2017). However, TFs can
also participate in DNA looping by recruiting cofactor proteins that, in turn, form

oligomers (Figure 5B) (Wang et al., 2021).

In addition to the solid protein-protein interactions that trigger oligomerization,
evidence shows that weak but multivalent interactions among intrinsically disordered
regions (IDRs) result in condensates or hubs that exhibit properties of liquid-liquid phase
separation (Figure 5C) (Banani et al., 2017; Fasciani et al., 2020). Recently, it has been
shown that TFs can form condensates together with cofactors in an IDR-dependent
manner (Sabari et al., 2018). Furthermore, enhancers enriched for a shared list of TFs
binding sites have been detected nearby in “nuclear microenvironments” or “3D

cliques” that are enriched for those factors (Petrovic et al., 2019; Sabari et al., 2018).

Interaction between TFs and cohesin and other structural maintenance of
chromosomes (SMC) complexes plays a central role in the architectural distribution of
the genome. SMC complexes can encircle DNA and actively pull a loop of DNA through

the ring until they are blocked or unloaded (Figure 5D) (Ganiji et al., 2018).

Nuclear genomic localization can also be affected by interaction with nuclear
landmarks such as nuclear pore components (Nups) and lamins through direct or

indirect interactions with TFs (Figure 5E) (Brickner et al., 2019; Fudenberg et al., 2016).

In addition to protein-protein interactions, protein-RNA binding such as the one
shown for YY1 and CTCF is involved in structuring the 3D genome (Figure 5F) (Kung et
al., 2015).

Ultimately, TFs can alter genome architecture through interaction with other TFs or
proteins (Figure 5G). The recruitment of cofactors that may facilitate DNA methylation,
histone tail modifications, or nucleosome positioning can regulate the interaction with
other TFs or further cofactors, such as the methyl-CpG binding protein 2 (MeCP2) or the

acetyl-lysine binding BRD4; these may induce chromosome reshaping through protein-
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protein or protein-RNA interactions (O’Malley et al.,, 2016; Zhu et al.,, 2018). For
example, BRD4 occupancy on distal oestrogen responsive elements (EREs) enriched for
H3K27ac is required for recruitment and elongation of RNAPII on EREs and the
production of oestrogen-receptor a-dependent enhancer RNAs in ER+ breast cancer

cells (Nagarajan et al., 2014).

It has been shown that the 3D organization of the genome can regulate TF activity by
supporting specificity in coupling enhancers and the genes they target. Nevertheless, at
least in some cases, physical proximity precedes enhancer-promoter activation (Rhie et

al., 2019).
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1.3.2. Cell plasticity and transcriptional
memory

Recent efforts have focused on elucidating the relationship between the time-space
changes in 3D chromatin architecture, transcriptional regulation and human
development and diseases (Vinckier et al., 2020; Zhou et al., 2019). Within the primary
tumour mass, tumour cells are often characterized by a developmentally plastic state
and self-renewal capacity (Friedmann-Morvinski et al., 2012; Gupta et al., 2011).
Transcriptional dysregulation of genes involved in controlling stem cell functions and
stem cell signalling in cancer cells promotes dedifferentiation, inducing the
development of cancer cells with stem cell-like features, such as self-renewal (Feng et
al., 2021). Deregulation of transcription can follow the alteration of structural protein
activity: the loss of insulated neighbourhoods or TADs boundaries through impairment
of CTCF binding was shown to play a role in carcinogenesis (Hnisz et al., 2018). Epigenetic
modulation of gene expression contributes to the dynamic responsiveness of cellular

processes that sustains cellular identity and phenotypic fluidity (Robson et al., 2017).

Moreover, it is increasingly evident that cells can retain a memory of the initial
transcriptional response through epigenetic mechanisms, which “prime” the genome so
that it can respond more quickly to subsequent exposure to the signal (Kerr and Corbett,
2010; Phillips et al., 2019). Epigenetic transcriptional memory was first reported in
inflammatory context: in yeast, epigenetic memory was shown to be initiated by the
binding of transcription factors to promoters and regulatory elements, which repress
gene transcription after exposure to stimuli such as IFN-y (Light et al., 2013). IFNy was
also shown to prime Hela cells changing local chromatin structure at primed genes and
inducing a transcriptional memory that propagates in cells for longer than two weeks
and allows a stronger and faster activation of the interferon response upon re-exposure
to IFNy (Siwek et al., 2020). In addition, the transcription factor FOS was shown to
interact with JUN and to cooperate with STAT3 in the establishment of inflammatory

memory through bookmarking of memory domains (Larsen et al., 2021). Furthermore,
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in HEK293F, TNFa stimulation drives the establishment of a TET-dependent

transcriptional memory (Zhao et al., 2020).

Evidence is accumulating to demonstrate that other processes, besides
inflammation, can drive transcriptional memory establishment: monitoring the
response to wounds, it was shown that stem cells are able to bear memories of their
original niche, migration, encounters with inflammation, and adaptation to the new fate

and tasks (Uy et al., 2021).

The mechanisms of transcriptional regulation have also been suggested to be
implicated in supporting metastatic seeding through the integrated stress response
signalling activation (Nagelkerke et al., 2013). It is thus conceivable that DTCs that have
been primed with certain stimuli and are thus able to respond more efficiently to insults
they may encounter during their challenging journey towards distant sites are more
capable to adapt to the microenvironments they encounter and have thus more chances

to survive the dissemination process.
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1.3.3. Chromatin rewiring and
enhancer reprogramming  drive
cancer

Genome-Wide Association Studies (GWAS) have indicated that a large portion of
genetic variants that predispose to cancer are located in non-coding cis-regulatory
elements (Campbell et al., 2020). Among these, alterations of enhancers play a crucial
role in cancer biology: oncogenic enhancer reprogramming can be defined as cancer-
related alterations that, independently of their origin, cause aberrant oncogenic activity,
leading to de-regulated transcriptional programs, which foster tumour progression and

metastasis dissemination (Bi et al., 2020; Fagnocchi et al., 2018; Huang et al., 2021).

Enhancer reprogramming contribution to cancer development often derives from the
alteration of regular gene expression; both cis- and trans-factors evade the regulation
that maintains cell-type specificity and enforce an alternative, de-regulated enhancer

activity in cancer cells (Errore. L'origine riferimento non e stata trovata.)(Lin et al., 2020).

Cis-acting aberrations include single-nucleotide polymorphisms (SNPs), small
insertions or deletions (INDELs), and more significant structural variants such as focal
amplifications, large deletions, inversions, and translocation of existing enhancers
(Khurana et al., 2016). SNPs that occur in the body of existing enhancers can disrupt TF-
binding sites, directly inactivating enhancers and leading to transcriptional down-
regulation of the original target gene, therefore, favouring tumour onset (Kandaswamy

et al., 2016; Mansour et al., 2014; Oldridge et al., 2015).

Trans-acting chromatin-modifying proteins (CMPs) are the ultimate effectors of cis-
acting regulatory elements: they modulate DNA-histone interaction, change chromatin
conformation, and increase or decrease the binding of functional DNA-regulating
protein complexes. Consequently, their mutation and misexpression/function have
been widely associated with both solid and haematological malignancies, representing

them as significant mediators of cancer disruption and progression. Nonetheless, they
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Figure 6 Aberrant activity of transcriptional enhancers favours cancer cell plasticity. A) Transcriptional enhancers
control cell- and tissue-specific transcriptional programs, integrating lineage-determining and signal-dependent
transcription factors. B) Aberrant functionality of both cis- and trans-acting factors impose disrupted transcriptional
landscapes, which might induce reprogramming and favour cancer cell plasticity. Black crosses: loss of promoter,
enhancer, or trans-factors activity, red crosses: point mutations in cis-regulatory elements. Arched arrows: functional
interaction between enhancers and promoters. LDTF: lineage-determining transcription factors; SDTF: signal-
dependent transcription factors; RNAPII: RNA polymerase Il (Fagnocchi et al., Cellular and Molecular Life Sciences
2018)

typically exert their tumorigenic function combined with mutations of other well-

defined oncogenes or tumour suppressor genes (Morgan and Shilatifard, 2015).

DNA methylation is mediated by DNA methyltransferases (DNMTs). In physiological
conditions, CpG islands throughout the genome are methylated, keeping these regions
silenced, while the promoters of active genes are hypomethylated. Moreover, hypo-
methylation followed by oncogenic TFs binding and methylation plasticity at enhancers
predict metastatic progression and patient mortality, respectively (Fleischer et al., 2017;

Vidal et al., 2017).
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The H3K4me1l histone mark is deposited by MLL3/4 methyltransferases, part of the
COMPASS complex, and characterizes transcriptional enhancers (Bae and Lesch, 2020).
The H3K27ac histone marks identify active enhancers, and it is deposited by p300/CBP
(Sze and Shilatifard, 2016). The H3K27 demethylase UTX is also a subunit of COMPASS
and favours enhancer activation by removing H3K27me3, the repressive histone
modification introduced by Polycomb group proteins (PcG) which identify ‘poised
enhancers’. Given their leading role in shaping transcription, deregulation of all the

above-mentioned chromatin modulating proteins is recurrent in many cancer types.

ATP-dependent chromatin remodelling complexes (CRCs) are responsible for
maintaining and altering chromatin structure by moving, ejecting, or restructuring the
nucleosome. Four distinct families of CRCs are known in eukaryotes: SWI/SNF, ISWI,
CHD, and INO80. Those CRCs families differ for their functional activity, protein domains,
and subunits (St Pierre and Kadoch, 2017). Importantly, SWI/SNF is frequently
implicated in malignant transformation, with more than 20% of human cancers carrying
mutations in components of this CRC, and can act both as a tumour suppressor and

oncogene (Centore et al., 2020).

As mentioned previously, the activity of enhancers depends on their ability to
physically interact with the transcriptional machinery at promoters. Therefore,
alteration of the functionality of the structural factors mediating enhancer-promoter

looping is associated with cancer disruption (Losada, 2014; Soutourina, 2018).

Despite the substantial progress in understanding the genetic and epigenetic changes
driving tumour initiation (Charlton et al., 2020; Pomerantz et al., 2020), the mechanisms
driving cancer progression and metastasis formation are largely unknown. Since
metastasis is the primary cause of death among cancer patients, defining those traits

that characterize metastatic capacity represents an unmet medical necessity.
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1.4. The SOX family of transcription factors

669 The SOX family of transcription factors consists of more than 20 members that
670 mediate DNA binding by the HMG domain (High-Mobility Group box) and have
671 regulatory functions in development, cell-fate decision, and differentiation. These
672 proteins have been classified into eight groups based on HMG domain sequence, protein
673 structure and evolutionary relationships (Errore. L'origine riferimento non e stata
674 trovata.). In humans, members of each of these groups are_SOXA: SRY; SOXB: SOX1,
675 SOX2, SOX3, SOX14 and SOX21; SOXC: SOX4, SOX11 and SOX12; SOXD: SOX5, SOX6 and
676 SOX13; SOXE: SOX8, SOX9 and SOX10; SOXF: SOX7, SOX17 and SOX18; SOXG: SOX15 and
677 SOX20; and SOXH: SOX30 (Lefebvre et al., 2007).
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Figure 7 Domain structures of the human SOX protein family. The human SOX family of transcription factors is
subdivided into eight groups (SoxA through SoxH). The highly conserved and characteristic HMG box is specified
alongside other functional domains, including the transactivation domain. Groups and representative protein
members are indicated to the left. N-terminal (N-ter) and C-terminal (C-ter) domains of SRY are depicted at the top.
The sizes in amino acids (aa) of the various SOX proteins are shown to the right. Domains of SOX family proteins are
shown in the box. (Grimm et al., Seminars in Cancer Biology 2020)

678 SOX2, SOX4, SOX5, SOX8, SOX9, and SOX18 have been shown to be involved in the
679 promotion of different cancer types and to be associated with poor prognosis, while the
680 up-regulation of SOX11 and SOX30 has been demonstrated to be favourable for the
681 outcome in other cancer types (Chen et al., 2020b; Han et al., 2015; Lu et al., 2017; Ma
682 et al., 2020; Miao et al., 2018; Wang et al., 2019; Yao et al., 2015; Zou et al., 2018).
683 Among the SOX family members, SOX2, SOX4, and SOX5 have been shown to be involved
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in tumorigenesis, e.g. SOX2 is markedly up-regulated in chemotherapy-resistant cells
(Mukherjee et al., 2017). In addition, the SoxF family (SOX7, SOX17, SOX18) has been
demonstrated to play an essential role in angio- and lymphangiogenesis, with SOX18

being a potential target for anti-angiogenic therapy (Grimm et al., 2020).

SOX proteins are characterized by the evolutionarily conserved HMG box, which is a
79-amino-acid DNA-binding motif (Stros et al., 2007). The HMG box is responsible for
the mediation of the DNA-binding capacity of SOX proteins on a common consensus site,
(A/T)(A/T)CAA(A/T)G (Grimm et al., 2020). The HMG box comprises two independent
nuclear localization signals (NLSs) and one leucine-rich nuclear export signal (NES),
which control the nucleus-cytosol shuttling of SOX proteins; subcellular distribution of

SOX proteins has been shown to be distinct during development (Malki et al., 2010).

1.4.1. SOX9 as a readout of oncogenic

enhancer activity

It was previously demonstrated that the TF MYC acts as an oncogenic factor by
inducing epigenetic reprogramming in TNBC (Poli et al., 2018). This causes the activation
of oncogenic pathways and the expression of pro-metastatic transcription factors such
as SOX9 (Aldaz et al., 2020; Poli et al., 2018). Based on the recent findings and on the
established role of SOX9 in TNBC, in this thesis, SOX9 is used as a readout of oncogenic

enhancers activity.

SOX family transcription factors are well-established regulators of cell fate decisions
during development. Recent literature documents that these transcription factors play
different roles in adult tissue homeostasis and regeneration. Remarkably, SOX factors
overexpression combined with other synergistic factors reprograms differentiated cells
into somatic or pluripotent stem cells (Malik et al., 2019). Dysregulation of SOX factors
has been further implicated in diseases, including cancer (Sarkar and Hochedlinger,

2013).
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1.4.2. SOX9in TNBC

709 Recent evidence demonstrates that a subset of SOX proteins regulates critical aspects
710 of breast cancer biology, including cancer stemness and multiple signalling pathways
711 leading to altered cell proliferation, survival, tumour development, Epithelial-
712 Mesenchymal Transition, cell migration and metastasis, as well as other tumour-
713 associated characteristics (Christin et al., 2020; Wang et al., 2021a).

714 Many recent studies have shown that multiple members of the SOX transcription
715 factor family are overexpressed and activated in TNBC or basal tumours, and emerging
716 data provide evidence that this family of proteins play an essential role in tumour
717 development and progression (Adam et al., 2015; Jana et al., 2020; Mehta et al., 2019;
718 Panda et al., 2021; Petrovic et al., 2019).

719 SOX9 is oncogenic and has been shown to be essential for lineage commitment,
720 differentiation and EMT during embryonic development, as well as being crucial for
721 oncogenesis through regulation of cancer stem cell population in breast tumours
722 (Chakravarty et al., 2011).

723 In the context of breast cancer, SOX9 nuclear expression was found to be significantly
724 enriched in basal-like tumours compared to ER+ and HER2+ breast cancers, and its
725 overexpression is correlating with lower distant metastasis-free survival in TNBC (Figure
726 8 and Figure 9) (Guan et al., 2019; Pomp et al., 2015; Tang et al., 2020; Tariq et al., 2020).
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Figure 9 SOX9 expression in breast cancer. SOX9 expression correlates with poor prognosis of TNBC patients (left):
Kaplan-Meier plot computed on KMplot.com using data from 272 ER negative (array), PR negative (IHC), HER2
negative (array), basal breast cancer patients Distant Metastasis Free Survival (DMSF). SOX9 expression in basal
subtype of breast cancer (right): Heatmap computed on XenaBrowser.net; RNA expression of 1247 TGCA Breast
Cancer samples classified on the basis of PAM50_mRNA_nature2012 phenotypic classification.

SOX9 stalmng in BC pauents

TMA for SOX9
300+

00‘

g 200+ : AL v .

8 . mEE e verey %

- —_— .’

Tl =W N

anary‘t:l:nors’ f == f?u:enttumors : Lung metastasis ,4,\"} & 6& & &q}

R AR A\RIAR & & & ¥ g

:w-hg WST e el
A3 ST R R L Doy LN
e R (1“ .Q\"
\ "s:' S YENS

\SQ

e

Figure 8 SOX9 IHC analysis of BC patients. Inmunohistochemical analysis of BC samples (n=124) and distal samples
(n=74) in primary tumours, recurrent tumours and lung metastasis (left) and relative quantification (right). SOX9
staining in red/maroon (red to maroon toning follows dye exposure timing). One-tailed t-test; ***: P<<0.0001. In
collaboration with Prof. Bosari, Milan General Hospital, Pathological Anatomy.

Notably, increased SOX9 expression was associated with upregulation of the CD44"

CD24"¥ cancer stem cell phenotype as well as poor prognosis (Ma et al., 2020).

SOX9 is one of the multiple TFs with the ability to induce EMT in multiple types of
tumours. Studies have shown that the EMT process is accomplished by direct binding of
SOX9 to the promoters of SLUG, VIM (Vimentin), CLDN1 (Claudin-1), CTNNB1 (B-

Catenin), and ZEB1 (Zinc finger E-box-binding homeobox 1) in various cancers. In
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addition, SOX9* cells possess a mesenchymal state upon stimulation with TGF, which
shows that SOX9* cells exhibit metastatic potential. Moreover, SOX9+ cells exhibit self-
renewal capacity and differentiate into SOX9+ and SOX9- populations in hepatocellular
carcinoma (Kawai et al., 2016). Furthermore, it was recently demonstrated that Notch
signalling facilitates repositioning of specific enhancers to activate direct Notch target
genes, among which SOX9 belongs to, independently of changes in enhancer H3K27ac

level in TNBC cell lines (Petrovic et al., 2019).

SOX9 gene is located in a gene-desert region of the genome, thus probably enriched
for regulatory elements. In this thesis, SOX9 is used as a readout of oncogenic activity of
regulatory elements proximal to the SOX9 promoter in the context of TNBC metastasis.
SOX9 enhancer dis-regulation during metastasis may be acknowledged as a proof of
concept of chromatin remodelling instructing for metastatic-specific enhancer

response.
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1.5. A xenograft-derived model of basal
breast cancer

746 In order to investigate enhancer reprogramming during tumorigenesis, we
747 characterized a basal breast cancer model previously developed in the laboratory where
748 | worked during my PhD (Figure 10) (Poli et al., 2018).
IMEC WT
IMEC MYC Mammospheres (M2)

PI3K H1047R l
Tumorigenic IMEC (tIMEC)

Primary tumor
Xenografts (XD)

G

&3
Primary tumor

Metastasis derived
cells (MD)

e . gl

Metastasis

Figure 10 The basal breast cancer model derivation scheme. hTERT-immortalized human mammary epithelial cells
(IMEC WT) were transduced with a retroviral vector expressing low levels of the exogenous c-Myc. IMEC-MYC cells
were allowed to grow for subsequent passages in low adherence conditions as mammospheres. IMEC-MYC were then
transduced with an overexpressing PIK3CAH10478 vector. IMEC-MYC-PIK3CAH1047R cells (tIMEC) formed tumours from
which Xenograft cells were derived (XD) which, when re-injected in the mice, gave rise to lung metastasis, which
allowed the derivation of a metastatic cell line (MD). (adapted from Poli et al., Nature Communication 2017)

749 Briefly, hTERT-immortalized human mammary epithelial cells (thereafter named
750 IMEC) were transduced with a retroviral vector expressing low levels of the exogenous
751 c-Myc. IMEC-MYC cells were allowed to grow for subsequent passages in low adherence
752 conditions as mammospheres. IMEC-MYC were then further challenged with an
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additional oncogenic insult by overexpressing PIK3CA"04R which caused hyper-
activation of PI3K pathway. IMEC-MYC-PIK3CAM%47R cells and the corresponding controls
were injected in the sub-renal capsule of immunocompromised mouse hosts. All mice
injected with IMEC-MYC-PIK3CAH947R cells formed tumours composed of highly
proliferative (KI67*) and poorly dedifferentiated cells. Hereafter, we refer to IMEC-MYC-
PIK3CAM047R 35 tumorigenic-IMEC (tIMEC). Primary tumours samples were processed for
genome-wide analysis, and xenograft-derived cells from 4 tumours were derived. To
determine long-term tumorigenic potential, xenograft-derived (XD) cells obtained from
primary tumours were re-injected in the mammary gland of secondary recipient mice.
Serial transplantations showed that the XD cells maintained tumorigenicity, forming
tumours with features resembling the primary one. Notably, XD cells showed
considerable migration and metastatic seeding capacity as, after surgical resection of
secondary tumours, all treated animals developed macro-metastasis in the liver, lung,
and spleen. Xenografts from the lung metastasis allowed a metastatic cell line

derivation, henceforth referred to as metastatic-derived cells (MD).

IMEC WT, IMEC-MYC and mammospheres derived from IMEC-MYC were extensively
characterized in the work from which the project of my PhD started (Poli et al., 2018)
through gene expression profiling (RNA-seq) and histone marks enrichment analysis
(ChIP-seq). From those results, we were already able to assess different histone marks
distribution and enrichment for de-novo accessible regions in the chromatin, so we
hypothesised that the cell types representing tumorigenesis steps derived from IMEC-

MYC might be affected by additional changes at the chromatin level.

As depicted in Figure 11, when comparing IMEC WT to IMEC-MYC and
mammospheres (M2), the distribution of those histone marks that individuate active or
inactive enhancers is quite different between the cell types; in particular, the
distribution of the deposition of H3K27ac and H3K4me1 in M2 highlighted the activation
of the so-called “de novo enhancers” located in the proximity of promoters guiding the

expression of transcription factors, among which, SOX9.
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Figure 11 MYC induces an alternative epigenetic program in mammary epithelial cells. Heatmap showing the
dynamic behaviour of H3K4mel, H3K27ac, and MYC normalized ChIP-seq signals overidentified modulated
enhancers. Expression of associated genes is reported. Key relevant genes associated to different enhancers groups
are indicated on the right. RPM reads per million.

46



2. Aim of the thesis

781 The main aim of this thesis is to elucidate the function of enhancer activity
782 modulation in tumorigenesis and metastasis formation in the context of triple-negative
783 breast cancer. We hypothesise that enhancer increased activity in tumour cells instructs
784 for the acquisition of traits that facilitate the process of dissemination and metastasis
785 formation.

786 To verify our hypothesis, we first aimed to establish a TNBC xenograft derived model
787 system to characterize the phenotypic traits and epigenetic landscape that distinguish
788 metastatic cells from primary tumour derived cells and tumorigenic cells. From the
789 genome-wide analysis, SOX9 emerged as one of the most active transcription factors in
790 metastatic cells, and the SOX9 locus arose as an example of increased accessibility and
791 plasticity during tumour progression. We thus focused on the SOX9 locus as a proof of
792 concept of regulatory elements dysregulation during tumorigenesis in TNBC, increasing
793 cell adaptability and cancer fitness.

794 Secondly, to investigate the establishment of the alternative epigenetic program in
795 metastatic cells, we focused on a specific locus and the augmented accessibility and
796 interaction of putative enhancer elements in its surroundings. We worked towards
797 identifying putative enhancer regions acting on the SOX9 promoter and validating these
798 regions as regulatory elements.

799 Finally, we sought to investigate the features acquired by metastatic cells and the
800 mechanisms activated following induction of the retinoic acid pathway. In particular, we
801 focused on characterizing the activation of a quiescence program specifically by MD cells
802 in response to ATRA and in cooperation with SOX9 levels modulation.

47



3. Materials and methods

3.1. Cell lines

803 All experiments were performed in the following cell lines: hTERT-immortalized
804 human mammary epithelial cells transduced with pMXs-c-Myc, PGK-H2B-mCherry and
805 pBabe-puro-HA-PIK3CAH047R  (tIMEC), primary tumour xenograft derived cell
806 populations from mouse #5, #6, #7 and #8 (XD), lung metastasis derived cell population
807 #6 (MD). Derivation of the cited cell types is described in Poli et al., 2018. MDA-MB-231
808 and MCF7 cells lines were retrieved from ATCC. These cell lines were used as
809 representative of transformed mammary basal and luminal epithelial cells, respectively.
810 All cell lines were tested for mycoplasma contamination and resulted negative.

3.2. Plasmids

811 For Luciferase Assays, pGL4.27[luc2P minP Hygro] and pGL4.75[hRluc/CMV] were
812 kindly provided by Dr. Robert Clarke. To generate the positive control, pGL4_TCF, TCF
813 sequence was amplified by PCR with primers containing Afel and Nhel restriction sites
814 at 5 and 3’ respectively (Fwd: CCGAGCTCTTACGCGAGATCAA; Rev:
815 CAGTACCGGAATGCCAAGCTG). To generate pGL4 _enhancers constructs, enhancers
816 were amplified by PCR from IMEC WT cells genomic DNA with primers containing Afel
817 and Nhel restriction sites at 5’ and 3’ respectively:

EN Fwd Rev

EN 10 GCCAGCGCTGCTGAGGAAAAGACTGTATCTCCAAA GCCGCTAGCCTCCTCTATTAACAACCCTGCTCTA

EN 17 GCCAGCGCTGGGTTAAAACATTTCCGGGACTG GCCGCTAGCTGACAACTTGTCAGCATCCCTACTT

EN 13 CCTTTAGCTAGCTGGTTTCCAGTT GCCGCCAGCGCTGATACCTAGTAAGGATTTTTCTACATAT

EN 15 CTAGCCAGCGCTGAAACATAGATAGACCAGCTAATTGG GCCGCTAGCGCAAAATAAATAAAATCTGCTGT
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For SOX9 knock-down and overexpression, TetO Fuw Sox9 and pLKO shSox9 were

purchased from Addgene (#41080 and #40644 respectively).

For the enhancer reporter system, ppbnl-CAG-mVenus and pCMV-PBase were a kind
gift from Luca Tiberi’s lab; positive control PB-TCF-GFP was constructed by subcloning
TCF-minimal promoter-GFP-Thymidine-kinase through Sall and Notl restriction sites,
added by amplifying the insert by PCR (Fwd:
GCCGTCGACAGCGCTGAAGCTTGCATGCCTGCAGGGTACC; Rev:
GGAAAAAAGCGGCCGCTCAGTTAGCCTCCCCCATCTCCCGG) and subcloning it in place of
the CAG-mVenus. hPGK promoter and Hygromycin resistance were amplified with
primers containing EcoRV and Sall-Agel restriction sites and 5’ and 3’ respectively (Fwd:
GCCGATATCGGGGTTGGGGTTGCGCCTTTTCCA; Rev:
GCCGTCGACCCCCGCCTAACCGGTTTCCTTTGCCCTCGG) and subcloned upstream of TCF;
SNAPtag was amplified by PCR with primers containing Hindlll-Agel and Fsel-Sall
restriction sites at 5’ and 3 respectively (Fwd:
GCCAAGCTTACCGGTATGGACAAAGACTGCGAAAT; Rev:
GCCGGCCGGCCTTAACCCAGCCCAGGCTTGCCCAGTCTGTG) and subcloned downstream
of Hygromycin resistance. For PB-enhancers-GFP, TCF fragment in PB-TCF-GFP was
substituted with enhancers amplified from IMEC WT genomic DNA with the same

primers used for Luciferase Assay plasmids cloning.

3.3. Cell culture, stable cell lines and
transfection

tIMEC, XD and MD cells were cultured at 37 °C and 5% CO2 in 1:1 DMEM/F-12
medium (gibco #11320-074) supplemented with 100 U/mL Penicillin/Streptomycin
(gibco # 15140122), insulin (Clonetics, MEGM SingleQuots #CC4136), EGF (Clonetics,
MEGM SingleQuots #CC-4136), hydrocortisone (Clonetics, MEGM SingleQuots #CC-
4136), B-27 Supplement (Gibco # 17504044) and 20 ng/ml human FGF-basic (PeproTech
#100-18B). Cells were seeded at 20 *103 cells/mL and split every 72-96 hours.
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MCF7, MDA-MB-231 and metastatic derived (LM2 — lung; BrM2 — brain) cells were
cultured at 37 °C and 5% CO2 in DMEM high glucose (Euroclone #ECB7501L)
supplemented with 100 U/mL Penicillin/Streptomycin (gibco # 15140122), 10% fetal
bovine serum (Euroclone #ECS0180L), 1 mM sodium pyruvate (Euroclone #£ECM0542D)
and 2 mM glutamine (Euroclone #ECB3000D).

For enhancer reporter experiments, 100 * 103 cells were seeded in 6W plates
(corning) in 1 mL culture medium. After 24h from seeding, cells were transfected with
Lipofectamine 3000 (#L3000015 ThermoFisher Scientific) following manufacturer’s
instructions with the different enhancer reporter constructs. 12h after transfection,
culture medium was refreshed. 48 hours after transfection, cells were collected for

SNAPtag staining and images were acquired.

Generation of stable sh-SOX9 and tetO-SOX9 cell types was carried out by
transduction at multiplicity of infection (MOI) 1, 3 or 10 with lentiviruses expressing
either shRNA against human SOX9 or the inducible tetO-SOX9 construct. Lentiviral
particles used to transduce TetO Fuw Sox9 and pLKO shSox9 were kindly gifted by Luca

Fagnocchi.

Testing for RARa antibody specificity was performed through transient transfection
of tIMEC cells with 75pmol RARa siRNA (#4392420 Life Technologies). Transfection was
performed using Lipofectamine RNAIMAX transfection reagent (#13778075 Life
Technologies) following manufacturer’s instructions. Cells were fixed with 4% PFA and

immunostained 48h after transfection.

3.4. Sphere-forming assay

Cells were plated in four technical replicates in 24W ultralow attachment plates
(Corning) at a density of 2.5x103 viable cells/ml in 1:1 DMEM/F12 medium
supplemented with insulin (Clonetics, MEGM SingleQuots #CC-4136), EGF (Clonetics,
MEGM SingleQuots #CC-4136), hydrocortisone (Clonetics, MEGM SingleQuots #CC-
4136), B-27 Supplement (Gibco # 17504044), 20 ng/ml human FGF-basic (PeproTech
#100-18B) and 2% Matrigel (BD Biosciences #354230). Formed spheres were analysed
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after 72h; images were acquired with ImageXpress Micro Confocal High-Content
Imaging System (Molecular Devices), and analysed using the MetaXpress 6 software
(Molecur Devices). Objects were segmented using mCherry fluorescent signal and
spheres were defined as round object with an area>500 um?. Sphere forming efficiency
(SFE) was calculated as the ratio between the number of spheres per well and the

number of seeded cells, for at least three biological replicates.

3.5. Migration assay

2x103 cells were plated in medium without growth factors and placed onto Matrigel-
coated (BD Biosciences #354230) transwells of 8-um pore size (Corning #3422). In the
lower part of the transwell the complete medium was placed as a chemo-attractant. The
number of migrated cells on the bottom of the membrane was calculated up to 72 h by
microscope observation: briefly, the upper part of the transwell was cleaned with a
cotton swab after 4% PFA fixation of the membrane; then, cells on the lower part of the
transwell were stained for DAPI and acquired at SP8 Confocal Microscope.
Quantification of migration capacity was calculated as the percentage of migrated cells

over the number of seeded cells, for at least four biological replicates.

3.6. Invasion Assay

Cells were plated as for short-term sphere-forming assay. After 72 hours from
seeding, spheroids were embedded in pepsinized collagen type | from bovine skin
diluted in growth factors depleted culture medium (final concentration 1.6 mg ml-1,
PureCol, Advanced BioMatrix) with vehicle, 1uM ATRA (DBA #10-1138) or 1uM RARa
antagonist BMS614 (Tocris #3660). Fibrillar collagen matrices containing spheroids were
polymerized at 37 °C for 1 hour, and then covered with complete culture medium, as
chemoattractant. Invasion capacity of cells was evaluated 72h after embedding of

spheres, by staining with CellTrace™ Calcein Green, AM (Invitrogen #C34852) 1:2000
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and acquiring six fields of view per cell line with 50-100 2.6um stacks at SP8 Confocal
Microscope, 10X objective with 2X zoom for at least three biological replicates.
Quantification of the spheroid area and perimeter, the number of disseminated cells

and migration distance was performed with Imagel.

3.7. Flow Cytometry analysis (FACS)

Dye retention assay was performed with CellVue Maroon Cell Labelling Kit (Invitrogen
#88-0870-16) on tIMEC, XD and MD cells following manufacturer’s instructions. After
the staining, cells were plated as standard with or without indicated ATRA treatment
and acquired at FACS Canto A after four or eight days. Gating for each experiment was

performed as described in the corresponding figure legends.

3.8. RNA sequencing and differential gene
expression analysis

Cells were seeded at maintenance density four days before collection. Three
biological replicates per condition were collected. Cells were directly lysed on plates,
and tissue collected from primary lung tumours (PT) (Poli et al., 2018) was lysed with
TRIzol (Thermo Fisher cat. #15596026), and total RNAs were extracted according to the
manufacturer’s instructions. Contaminating genomic DNA was removed by DNase
(Qiagen cat. #79254) digestion. RNA quality and concentration were assessed using the
2100 Bioanalyzer (Agilent cat. #62939BA) and the Qubit fluorometer (Thermo Fisher cat.
#Q33226), respectively. RNA-seq libraries were prepared by using the TruSeq® Stranded
Total RNA (lllumina #20020596) supplemented with lllumina Ribo-Zero plus rRNA
Depletion Kit (lllumina #20037135) starting from 500 ng of total RNA.

Libraries were sequenced on an lllumina HiSeq 2500 with SE 50 bp. Quality of the
reads was checked using FastQC and trimmed using Trimmomatic v (Bolger et al., 2014).

Reads were aligned to the human genome hg19 using Tophat2 (Kim et al., 2013). Further
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analysis was performed using HOMER (PMID: 20513432). In brief, Tag Directories were
created for each of the three replicates per cell type and genes were annotated using
analyzeRepeats.pl rna hgl9 —rpkm. For the differential expression analysis, the same
command was used with—raw instead of — rpkm , to count the unnormalized number of

reads needed as an input for edgeR.

Differential expression analyses were undertaken using the edgeR v3.20.9 and limma
v3.34.9 software packages (McCarthy et al., 2012; Ritchie et al., 2015). Lowly expressed
genes were filtered with the filterByExpr function from edgeR. Compositional
differences between libraries were normalized using the trimmed mean of log
expression ratios method (TMM). All counts were then transformed to log2-CPM and
differential expression was assessed using linear models and robust empirical Bayes
moderated t-statistics with a trended prior variance. P-values were adjusted using the
the Benjamini and Hochberg method to control the FDR below 0.05%. Peaks with

absolute fold change > 0.5 were considered differential.

Gene ontology analysis was performed with EnrichR

(https://maayanlab.cloud/Enrichr/) using default settings.

3.9. ATAC sequencing

ATAC-seq was performed as previously described (Buenrostro et al., 2015; Corces et
al., 2017). Briefly, four biological replicates for each cell population were considered.
50000 cells for each replicate were harvested and washed once with PBS; nuclei were
isolated together with homogenized tissues collected from primary lung tumours (PT)
(Poli et al., 2018). Samples were resuspended in 50uL Tn5 transposase mixture: 1x
Tagment DNA Buffer, 0.5ulL Tagment DNA Enzyme (Nextera DNA Library Preparation Kit,
[llumina). Transposition reaction was incubated at 37°C for 45 minutes, followed by DNA
isolation using a Qiagen MinElute PCR purification kit (QIAGEN, Hilden, Germany).
Construction of ATAC-seq libraries included an initial round of PCR in a total volume of
50uL using the NEBNext High-Fidelity 2X PCR Master Mix (New England Biolabs, MA,

USA) with primers (0.5uM each) from (Buenrostro et al., 2015) with the following
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thermal cycles: 5 minutes at 72°C, 30 s at 98°C, followed by 5 cycles [98°C for 10 s, 63°C
for 30 sand 72°C for 60 s] and a final extension at 72°C for 5 minutes. PCR products were
purified and size-selected using Agencourt AMPure XP beads (Beckman Coulter) (0.65x
and 1.8x volume to remove long and short fragments respectively) and eluted in 50ulL
of EB (QIAGEN). To avoid over amplification of libraries which result in GC bias, 2ulL of
the eluted DNA were subjected to qPCR; amplification curves were analyzed and the
optimal number of PCR cycles for each sample were estimated with cycle thresholds
reaching 1/3 of the maximum fluorescent intensity. Upon selecting the cycle threshold,
45ul of the eluted DNA were subjected to a second round of PCR in a volume of 50uL
with NEBNext High-fidelity 2x PCR master mix, respective primers (1.25uM each) and
the following thermal cycles: 30 s hot-start at 98°C, followed by 7-13 cycles [98°C for 10
s, 63°Cfor30sand 72°Cfor 60 s] and a final extension at 72°C for 5 minutes. The libraries
were purified by Agencourt AMPure XP beads (x1.5 vol.), eluted in 30uL Tris HCl 10mM
pH 8 and quantified by qPCR using Power SYBR Green PCR Master mix (ThermoFisher).

Libraries were sequenced on an Illlumina HiSeq2500 with SE 50bp.

3.10. ATAC-seq data pre-processing and
peak calling

Quality of the reads was checked using FastQC and trimmed using Trimmomatic v0.39
(Bolger et al., 2014). Trimmed.fastq files for each cell line were merged for subsequent
steps. Reads were aligned to the human genome hg19 using BowTie2 (Langmead and
Salzberg, 2012). SAM files were processed using samtools v1.10 (Li et al., 2009). Further
analysis was performed using HOMER (Heinz et al., 2010). In brief, Tag directories for
the merged files were created and peaks were called with callPeaks hg19 —peak size 500

—distance 1000 -L 0 —C 3.
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3.11. Analysis of the chromatin accessibility
data

964 Differential accessibility analysis was undertaken using the edgeR v3.20.9 and limma
965 v3.34.9 software packages (McCarthy et al., 2012; Ritchie, M.E., Phipson, B., Wu, D., Hu,
966 Y., Law, C.W,, Shi, W., and Smyth, 2015). Since some of the samples showed high
967 compositional bias, normalization factors were calculated on the filtered counts. For
968 this, lowly accessible peaks were first filtered using the filterByExpr function in edgeR
969 without recomputing the libsize (keep.lib.sizes=TRUE). Normalization factors were
970 calculated with calcNormFactors using the TMM on the filtered object, and then
971 assigned back to the original non-filtered object to obtain TMM-normalized counts (non-
972 filtered). Final filtering was performed in the TMM-normalized counts using the
973 filterByExpr function in edgeR. A mean-dependent trend was fitted to the negative
974 binomial dispersions with the estimateDisp function and, and differential accessibility
975 between all cell types was assessed using the quasi-likelihood (QL) framework of the
976 edgeR package. P-values were adjusted for multiple testing using the Benjamini-
977 Hochberg method. Peaks with a FDR below 0.05% and absolute fold change > 0.5 were
978 defined as differentially accessible regions.

979 Peaks were annotated as Promoter, Downstream promoter, 5° UTR, 3’ UTR, exonic,
980 intronic, or intergenic using the assignChromosomeRegion function in the
981 ChiPpeakAnno (Zhu et al.,, 2010) (v 3.18.2') package in R. Chromatin states were
982 annotated using the ChIP-seq-defined ChromHMM states from the Roadmap
983 Epigenomics Project, where 15 state models were downloaded from the chromatin state
984 learning site for the ‘E028 Breast variant Human Mammary Epithelial Cells’ (E028)
985 (https://egg2.wustl.edu/roadmap/web portal/chr state learning.html).

986 Using the umap function in the umap R package(Konopka, 2020) (v0.2.7.0), tIMEC,
987 XD and MD accessibility data were projected along with publicly available accessibility
988 data on primary human tumours (Cancer Genome Atlas (TCGA)), human primary non-
989 cancerous tissues from different locations (GSE165659) and claudin-low cell line MDA-
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MB-231 and its metastatic subpopulations (Cai et al., 2020). In brief, we downloaded the
TCGA_ATAC_PanCan_Raw_Counts file containing chromatin accessibility profiles of 410
tumour samples spanning 23 cancer types from The Cancer Genome Atlas as well as the
pan-cancer peak calls list (TCGA_ATAC_PanCancer_PeakSet) containing the hg38
coordinates of a list of 562,709 transposase-accessible DNA elements from the GDC

(https://gdc.cancer.gov/about-data/publications/ATACseq-AWG). GSE165659 and

GSE129646 accessibility datasets were downloaded from Gene Expression Omnibus

(GEO) and were pre-processed as per above.

To obtain the number of independent Tn5 insertions in each of the 562,709 peaks,
each end of a fragment of BAM files were counted using “countOverlaps” from the
GenomicRanges (v1.36.1) package(Lawrence et al., 2013) in R. We then built a
RangedSummarizedExperiment object including peaks as GenomicRanges, a counts
matrix, and metadata detailing information for each sample using the
SummarizedExperiment (v1.14.1) package(Morgan M, Obenchain V, Hester J, 2020) in
R. The counts matrix was then normalized using the cpom function of the edgeR (v3.26.8)
package(Robinson et al.,, 2010) followed by a quantile normalization using
normalize.quantiles function in preprocessCore (1.46.0) package(Bolstad, 2019) in R.
For the tIMEC, XD and MD the hgl9 coordinates were first converted to hg38 using
lifttOver from liftOver package (v1.8.0)(2019) and the hg19ToHg38 liftOver chain in R.
For measuring the distance or similarity of chromatin accessibility between the tIMEC,
XD and MD samples and each of the other samples in the study we measured the
Spearman Rank-order correlation between of all samples. Samples were then ranked by
their Spearman coefficients in descendant order such as each pairwise comparison was
attributed a rank number where smaller the rank number the higher the similarity. For
the intersection of the RNA, ATAC and HiChIP dataset we used the GenomicRanges

(v1.36.1)(Lawrence et al., 2013) package in R.
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3.12. Visualization of the data and plots

1016 Plots were performed using the ggplot2 (v 3.3.3) package (Wickham, 2016) in R.
1017 Heatmaps were constructed using the coolmap function in the limma (v3.40.6) package
1018 in R (Ritchie, M.E., Phipson, B., Wu, D., Hu, Y., Law, C.W., Shi, W., and Smyth, 2015).
1019 Multi-dimensional scaling (MDS) plots were constructed using the plotMDS function in
1020 the limma v3.40.6 on the filtered and normalized log2-counts-per-million values for
1021 each library. The removeBatchEffect function of the limma package was used to correct
1022 for sequencing batch effect. RNA-seq and ATAC-seq coverage plots, and bed and bedpe
1023 files were plotted with the plotBedgraph, plotBed and plotBedpe functions, respectively,
1024 from the Sushi (v1.22.0) package (Phanstiel, 2019) in R.

3.13. HiChIP sequencing

1025 HiChIP was performed as described (Mumbach et al., 2016) with some modifications.
1026 Briefly, ChlIP protocol was replaced with the one reported in Crispatzu et al., 2021, using
1027 H3K27ac antibody (Abcam #ab4729), starting from 1*10° cells per condition. Digestion
1028 and ligation were performed overnight (NEB T4 Ligase, #M0202 instead of Invitrogen T4,
1029 15224-041) and DNA was extracted with phenol-chlorophorm. After biotin pull-down,
1030 beads were resuspended in 25 plL of 2X TD Buffer, 0.5uL of Tn5 (lllumina #1503861), and
1031 water to 50 uL. After transposition, beads were resuspended in 50 uL of Phusion HF 2x
1032 (New England Biosciences). Generally, 14 cycles were used for Tn5 Nextera PCR
1033 amplification (lllumina Nextera DNA UD Indexes Kit) with the following PCR program: 72
1034 °C for 5 min, 98 °C for 1 min, then cycle at 98 °C for 15 s, 63 °C for 30 s, and 72 °C for 1
1035 min. 50ul of PCR product were size-selected with 25ul Ampure XP Beads and separated
1036 on a magnet. The supernatant was incubated again with 90ul Ampure XP Beads. The
1037 supernatant was then discarded, beads were combined, washed with Ethanol and
1038 eluted in 30ul of Elution buffer. 1ul was loaded onto D1000 Screen Tape (TapeStation)
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for a second size check, where library size and molarities were extracted. Then, gPCR
was performed with standard Illumina primers in order to quantify the libraries. Finally,
samples were pooled with different Index/Adapter sequences and sequenced on a
NovaSeq 6000, first at shallow depth (1-5 million reads) to judge proximity ligation
efficiency and ChlP signal, then paired-end deep sequenced with read lengths of 75 and

100 million reads.

3.14 HiChlP data pre-processing and loop
identification

HiChIP sequencing reads were pre-processed, aligned and filtered using HiC-Pro
(Servant et al., 2015). We specified the genome assembly (hgl19) and the restriction
fragment coordinates file for the enzyme used in the processing of the samples (Dpnll),
while all the other parameters were kept with default values. Filtered reads where then
used as input to FitHiChIP (Bhattacharyya et al., 2019) for the identification of interacting
regions. Since ChIP-seq peaks were not available for these experiments, we used ATAC-
seq ones as reference to improve accuracy of loop calling. Loops were identified at
different resolutions (bin sizes of 10 and 25 kb) and we used both peak to peak and peak
to nonpeak loops for background modeling together with the coverage bias regression
to assess the significance of identified interactions. We ultimately used interactions at
10 kb resolution for all the downstream analysis; 25kb resolution was used to intersect

HiChlIP bins with ATACseq peaks for looping SOX9 enhancers identification.
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3.15.HiChIP differential analysis, bin hubs
and annotation

1057 To identify changes in 3D conformation between the different samples, we used the
1058 script provided by FitHiChIP (DiffAnalysisHiChIP.r) to compare tIMEC vs XD, XD vs MD
1059 and finally tIMEC vs MD. As for the identification step, we used ATAC-seq reads as
1060 reference and all parameters were kept with default values.

1061 Significant loops (FDR < 0.01) were compared to evaluate the number of loops
1062 identified among samples. To this end, we used Unix shell scripting to compare and
1063 count the interactions either specific to each sample or identified in two or all three of
1064 them.

1065 To evaluate the presence of bin hubs in our three samples, we took all bins included
1066 in the loops individually and counted the number of times each was included into a
1067 significant interaction.

1068 To assess whether the significant loops were bringing into special proximity promoter
1069 regions with regulatory element, we annotated each interacting bin. Promoter regions
1070 were defined as 2.5kb upstream up to 100bp downstream of the transcription start site
1071 (TSS), which were obtained from Ensembl (GRCh37 v. 103). Regulatory elements were
1072 defined as ATAC peaks that do not overlap a promoter region within a window of 1.5 kb.
1073 Bin annotation was then performed using the intersect1D and intersect functions from
1074 pgltools. (Greenwald et al., 2017)
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3.16. Integrated analysis of motif activity and
gene expression changes of transcription
factors (IMAGE)

1075 IMAGE is a recently developed tool that allows precise prediction of causal
1076 transcription factors based on transcriptome profiling and genome-wide maps of
1077 enhancer activity (Madsen et al., 2018). Briefly, IMAGE searches for motifs using
1078 extended PWM database with P-value-based cut-offs using HOMER (Heinz et al., 2010).
1079 Subsequently, motifs without any hits in the supplied sequences and motifs mapping to
1080 transcription factors with low expression are removed. To predict target enhancers,
1081 IMAGE performs ridge regression. The motif matrix is centered, and the user-supplied
1082 enhancer activity matrix of a normalized tag is centered and scaled. The enhancer
1083 activity at a specific position in a particular sample is given by the sum of all motif
1084 activities multiplied by their motif frequency at that site. Target enhancers are identified
1085 by leave-one-out-based analysis. IMAGE defines target enhancers of each motif as sites
1086 where the motif is present and where the accuracy of the IMAGE model decreases upon
1087 leaving out that motif of the analysis. IMAGE uses the predicted sites to calculate motif
1088 activities for gene expression using an integrated model of enhancers using a similar
1089 ridge regression scheme. Target genes are identified by leave-one-out-based analysis:
1090 IMAGE calculates a P-value-like score based on the drop in prediction accuracy
1091 decreases upon leaving out that motif, as well as the predicted presence of binding sites
1092 near the gene. Genes with a score below 0.005 that are differentially regulated, as well
1093 as expressed above 1 normalized reads per kb, are defined as target genes. To analyze
1094 the statistical significance of transcription family enrichment, a hypergeometric t-test
1095 was performed. All TFs included in the IMAGE dataset which were considered a true TF
1096 by (Lambert et al., 2018)were used as input (#840). Identified TFs were subdivided by TF
1097 family and the enrichment of the number of TFs of each family identified in the given
1098 dataset was calculated using the hypergeometric test.
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For TF network analysis, target genes of transcription factors assigned with causal
motifs identified by IMAGE were retrieved and selected for statistically significance of
the target (trueTarget = 1). True targets of each motif were merged with the list of true
transcription factors defined by (Lambert et al., 2018), expressed in MD cells and
showing a higher activity in MD compared to XD and tIMEC samples. If one TF was
assigned multiple motifs with causality, the lists of true target genes were merged and

duplicates were removed. Network was drawn using Cytoscape 3.9.0.

3.17.RNA extraction and expression level
guantification

Cells were seeded as for maintenance and eventually treated with 1uM RARa
antagonist BMS614 (Tocris #3660) or with 1uM ATRA (DBA #10-1138) as indicated in the
relative figure legends. Total RNAs were extracted from log-phase cells with TRIzol
(Ambion #15596018), according to the manufacturer’s instructions. Quantitative real-
time PCR analysis was performed with SuperScript Ill One-Step SYBR Green kit
(Invitrogen #11746) and C1000 Touch termocycler - CFX96 Real Time System (Biorad).
Relative gene expression levels were determined using comparative Ct method,
normalizing data on endogenous GAPDH. Primers used in this thesis are: SOX9 Fwd:
GTACCCGCACTTGCACAAC  Rev:  TCTCGCTCTCGTTCAGAAGTC  GAPDH Fwd:
AGGTGAAGGTCGGAGTCAAC Rev: CCATGTAGTTGAGGTCAATGAAG CXCR4 Fwd:
TGGAACCGATCAGTGTGAGT  Rev:  GGGCAGGAAGATCCTATTGA  RARa  Fwd:
CCCCTGGAGATGGATGATGC Rev: TCCGCACGTAGACCTTTAGC
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3.18.Protein extraction and Western Blot
analysis

1118 Total protein extracts were obtained as follows. Cells were washed twice with cold
1119 PBS, harvested by scraping in 1 ml cold PBS and centrifuged for 5 min at 1500 rpm.
1120 Harvested cell pellets were lysed by the addition of 5x v/v ice-cold RIPA buffer (50 mM
1121 Tris-HCI pH 8.0, 150mM NaCl, 1% NP-40, 0,5% Na-deoxycholate, 2% SDS) plus protease
1122 and phosphatases inhibitors 30 min at 4 °C. Lysates were cleared by centrifugation for
1123 10 min at 14,000 rpm at 4 ° C and supernatant was collected on ice. Protein
1124 concentration of lysates was determined using PierceTM BCA Protein Assay Kit 24
1125 (Thermo Scientific, 574 #23227), according to the manufacturer’s instructions. The
1126 absorbance was measured at A = 595 using SAFAS spectrophotometer (SAFAS, Monaco).
1127 Values were compared to a standard curve obtained from the BSA dilution series. For
1128 western blots analysis, 40 ug of protein samples were boiled and then subjected to SDS-
1129 PAGE in a 12% polyacrylamide gel. After electrophoresis, proteins were transferred to a
1130 nitrocellulose membrane. Membranes were blocked in PBS-Tween containing 5% milk
1131 for one hour at RT with constant agitation and incubated with indicated primary
1132 antibody O/N at 4 °C with agitation. The membrane was then washed three times with
1133 PBS-Tween, each time for 5 min, followed by incubation with secondary antibody HRP-
1134 conjugated for one hour at RT. ECL reagents (GE Healthcare #RPN2232) were used to
1135 initiate the chemiluminescence of HRP. The chemiluminescent signal was captured using
1136 LAS3000 system (GE Healthcare). Primary antibodies used are as follows: SOX9
1137 (#AB5535 Millipore) 1:1000; GAPDH (#sc-32233 Santa Cruz) 1:1000. Relative optical
1138 density was quantified with ImageJ Software.

3.19.Immunofluorescence

1139 tIMEC, XD and MDs were kept in culture from 72 to 96 hours or treated with 1uM
1140 ATRA (#10-1138 Focus Biomolecules) as indicated. Cells were then fixed for 15 min at
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room temperature with 4% paraformaldehyde (Sigma-Aldrich #158127) and washed
three times with PBS, and subsequently trypsinized in order to disaggregate spheres;
trypsin was then inactivated with 10% FBS PBS, and disassociated cells were counted.
100 *103 cells were used for each in-suspension staining. Staining was then performed
in 96W U-bottom plates (corning) according to the following conditions:
permeabilization and blocking with PBS/5% Goat serum (#11475055 Fisher
Scientific)/1% BSA (#126579 Millipore)/0.3% Triton X-100 (blocking solution) for one
hour at room temperature in constant agitation, followed by incubation with primary
antibody (diluted in the blocking solution) in agitation overnight at 4°C, three washes in
PBS 1X and incubation with secondary antibodies and DAPI (diluted in the blocking
solution) for 1 hour at room temperature, in constant agitation. Pelleted cells were then
resuspended in 5uL mounting medium (Fluormount G # 00-4958-02 Life Technologies)
and spotted on support glasses; spotted cells were then covered with coverslips and left
todryinthe dark overnight. Images were acquired using a Leica SP8 confocal microscope
with HCX PL APO x63/1.40 objective. In cases where image analysis was performed,
image acquisition settings were kept constant. Primary antibodies are as follows: SOX9
(#AB5535 Millipore) 1:250, Ki67 (#KI67-MM1-L-CE Leica Microsystems) 1:1000, RARa
(#NB200-322 Novus) 1:250, RXRa (#ab125001 Abcam) 1:250, RARy (#HPA053883 Sigma)
1:100, RXRB (#HPA063653 Sigma) 1:100, p-p38 (#44-684G ThermoFisher) 1:500;
Secondary antibodies were goat-anti-mouse or -rabbit coupled to Alexa-488 or -647

(Invitrogen) and used 1:500.

SNAPtag staining was performed using Janelia Fluor SNAPtag substrate (#6419 Tocris)

following manufacturer’s protocol.

3.20.Confocal imaging data analysis

Confocal imaging data analyses were performed using Imagel) software. For 2D

analysis, DAPI DNA dye was used to identify the nucleus and define the region of
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interest. The fluorescence intensity and physical parameters were determined. The

values of the fluorescence intensity were background subtracted.

To quantify the nuclear mean intensity of each staining, LIF files were converted to

TIFF multichannel images, and then the following macro for ImageJ was applied:

function DAnalyze(input, output, filename, lothresh, hithresh) {
open(input + filename);
run("Duplicate...", "title=[TO MEASURE] duplicate");

run("Duplicate...", "title=C_nuc duplicate channels=1");

run("Median...", "radius=4");
setAutoThreshold("Default dark");
run("Threshold...");
setThreshold(lothresh, hithresh);
setOption("BlackBackground", true);
run("Convert to Mask");

run("Fill Holes");

run("Set Measurements...", "area mean integrated skewness area_fraction limit display redirect=[TO

MEASURE] decimal=2");

run("Analyze Particles...", "size=size range display clear add");
close("Results");

selectWindow("TO MEASURE");
roiManager("Show None");
roiManager("Show All");

Stack.setChannel(x);
roiManager("Measure");

saveAs("Results", output + filename + ".csv");
close();

close();

close();

}

input = "Pathinput/";

output = "PathOutput/";

lothresh = lower threshold,
hithresh = higher threshold;
setBatchMode(true);

list = getFileList(input);

for (i = 0; i < list.length; i++){

64



1203
1204
1205

1206

1207
1208

1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223

1224
1225
1226
1227
1228
1229
1230

DAnalyze(input, output, list[i], lothresh, hithresh);

}
setBatchMode(false);

The hitresh, lotresh, and size range parameters were determined manually for each

set of images.

To quantify the nuclear to cytosolic localization of retinoic acid receptors, we adapted
a MATLAB routine that is deposited in GitHub
(https://github.com/SZambranoS/RoutinesNucCytoYAP). In short, images of the DAPI
and RARs channels were saved as 16-bit TIFF files. To segment the nuclei, we used the
signal from the DAPI channel. The nuclear masking was performed using as a threshold
the mean intensity of the image plus twice the standard deviation. After thresholding,
segmentation was carried out after a watershed transformation, so most of the few
overlapping nuclei could be separated. The segmented nuclei were filtered for their size
to exclude artefacts or improperly segmented clusters of nuclei. To estimate the average
cytosolic intensity per cell, a ring of 30-pixel width (approximately 7 um) around each
segmented nucleus was found. Pixels of the ring with too low intensity of the RARs signal
(below twice the value of the background signal) were discarded. The average cytosolic
signal for each cell was the average intensity of the remaining pixels. We then calculated
for each cell the nuclear to cytosolic intensity as the ratio of the background-corrected

nuclear and cytosolic average RARs intensities.

2D cluster analyses were performed using Imagel) software. For the 2D cluster
analysis of RARa and RXRa, background subtraction was applied. To calculate the
background level, the mean of the minimum level of intensity of the specific staining
was calculated among all of the nuclei analysed. Then, unsharp masking and median
filters were applied. The clusters were identified with the Yen automatic threshold and
the intensity of each cluster was calculated, redirecting the measurement on the

unmodified images.
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3.21.Luciferase Assay

1231 Enhancer activity was determined by luciferase reporter assays. IMEC WT, tIMEC,
1232 MDA-MB-231 and MCF7 cells were nucleofected with 1ug of either the enhancer
1233 luciferase reporter plasmid (pGL4_enhancer), the Wnt pathway luciferase reporter
1234 (pGL4_TCF) or the empty vector (pGL4.27[luc2P/minP/Hygro]) and the pGL4-CMV-
1235 Renilla luciferase vector as a normalization control in a 30:1 ratio. 1x10° cells were
1236 nucleofected using an Amaxa Nucleofector (program U-23, Lonza) and homemade
1237 buffer (KCl 5 mM, MgCl2 15mM, Glucose 1M, K2HPO4 120mM). After 24 hours, Firefly
1238 and Renilla luciferase activity was measured using the Dual-Luciferase® Reporter Assay
1239 System following manufacturer’s instructions.

3.22.Statistical Analysis

1240 Statistical parameters are reported in figure legends and include: number of
1241 replicates analysed (n), dispersion and precision measures (mean = SEM) and statistical
1242 significance (p-value). Data have been statistically assessed by one-tailed Student’s t-
1243 test; for multiple comparison, statistical analysis was conducted by one-way ANOVA
1244 followed by parametric or non-parametric post hoc test according to the distribution of
1245 the data. The use of the specific tests has been reported in each figure legend. In figures,
1246 asterisks mean *p <0.05, **p<0.01, ***p <0.001, ns=not significant. p<0.05 and
1247 lower were considered significant.
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4. Results

1248 In this section of the thesis, | present the results | obtained during my doctoral
1249 studies, that have been carried out at the Department of Cellular, Computational and
1250 Integrative Biology (CIBIO, University of Trento) in the Laboratory of Chromatin Biology
1251 and Epigenetics led by Prof. Alessio Zippo, in collaboration with Dr Alvaro Rada-Iglesias,
1252 who leads the laboratory of Developmental Genomics at the Centre for Molecular
1253 Medicine Cologne (CMMC), University of Cologne, Germany, where | spent a research
1254 period abroad. Of note, as this project required a multidisciplinary approach
1255 encompassing molecular biology, cell biology bioinformatics and cancer cell biology,
1256 some of the experiments and data analyses were performed in tight collaboration with
1257 other members of the team: Dr Sven Beyes and Dr Naiara Garcia Bediaga performed the
1258 bioinformatic analysis of genome-wide experiments including ATAC-seq, RNA-seq and
1259 IMAGE; Dr Martina Dori performed the bioinformatic analysis of HiChIP data. Dr Luca
1260 Fagnocchi prepared sequencing libraries for ATAC-seq and RNA-seq analysis.
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4.1 A xenograft-derived model for basal
breast cancer

1261 In order to study enhancer activity during the steps of tumorigenesis, | characterized
1262 the model developed in our lab (Poli et al., 2018). Since this model is derived from
1263 mammary epithelial cells and is characterized by a genetic background that reflects
1264 TNBC traits, we used this model to address our main research questions. In order to
1265 assess whether the metastatic derived cell line, in particular, would resemble the
1266 phenotypic characteristics of TNBC cells, we proceeded to characterize their sphere-
1267 forming capacity, migration and invasion capacity compared to the primary tumour
1268 derived cells and tumorigenic IMEC.
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4.1.1. Phenotypic characterization of the
model

1269 In order to characterize the model system on which this work is based, we tested the
1270 clonogenic potential, migration and invasion capacity of tIMEC, XD and MD cells,
1271 reflecting different stages of tumour progression.

1272 tIMEC cells are a non-clonal population of immortalized mammary epithelial cells, in
1273 which c-Myc was overexpressed, together with a mutated form of PI3KCA (PI3KCA
1274 H1047R)_

1275 XD cells are cells derived from xenografts of primary tumours obtained upon
1276 xenograft transplantation of tIMEC into the fad pad of the mammary gland of NOD/SCID
1277 mice. We were able to obtain multiple populations of XD cells: cells from 4 independent
1278 tumours were tested for most experiments, however, since characteristics of the
1279 different cell populations did not show any statistically significant difference (Figure 25
1280 and Figure 26), one representative population was chosen for the subsequent
1281 experiments.

1282 MD cells refer to a population of metastasis-derived cells derived from liver
1283 metastasis developed from mice four week after surgical resection of the primary
1284 tumors obtained upon xenograft transplantation of tIMEC cells.

1285 Metastatic cells possess advantageous traits that may originate in the primary
1286 tumour but continue to evolve during dissemination and colonization; specifically, the
1287 hallmarks of metastasis can be identified in four distinguishing features: motility and
1288 invasion, ability to modulate the secondary site or local microenvironments, plasticity,
1289 and ability to colonize secondary tissues (Celia-Terrassa and Kang, 2016; Welch and
1290 Hurst, 2019).

1291 Sphere-forming assays are an in vitro technique to assay both normal and neoplastic
1292 cells for growth capacity in 3D settings that resemble more the primary tumour tissue
1293 microenvironment. Spheroids formed by tIMEC, XD and MD cells were analysed after 72
1294 hours from seeding, at clonal density, in ultra-low attachment conditions. The
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calculation of the sphere-forming capacity (SFE), which represents the percentage of the
seeded cells which were able to form spheroids, indicated that there is not any
statistically significant difference in the sphere-forming capacity of the three cell types,

showing a high SFE (>40%) for all three cell types analysed (Figure 12).

A

Figure 12 Sphere-forming assay of tIMEC, XD and MD cells. A) Sphere-forming efficiency of the indicated cell types.
AVG of 3 biological replicates +/- S.E.M. One-tailed unpaired student’s t-test. Ns:P > 0.05; B) Representative images of
tIMEC, XD and MD cells spheroids mCherry signal at 72h from seeding; 4X objective; scale bar: 250 um. C)
Representative brightflied images of tIMEC, XD and MD cells spheroids at 72h hours from sseding; 10x objective; scale
bar: 250 um.

In order to quantify the motility of tIMEC, XD and MD cells towards a chemo-attractive
agent, a transwell migration assay was performed. Specifically, we monitored and
guantified the number of cells that migrated through Matrigel-coated 8um pores
towards a chemoattractant after 24, 48 or 72 hours from seeding, as shown in Figure 13.
The obtained results indicated that XD and MD cells are characterized by a higher
percentage of migrated cells with respect to seeded cells in comparison with tIMEC,
especially at later time points; MD cells, in particular, were identified by the highest

migration capacity at 72h after seeding.

Invasion of surrounding tissues is generally considered to be a key feature of
malignant tumours. For some cancers, in particular, it is a cause of severe morbidity and
can be life-threatening even in the absence of distant metastases. Therefore, there is an
opportunity to target the invasion process to provide novel therapies that could be

complementary to standard anti-proliferative agents. Until recently, this strategy has
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Figure 13 Migration assay of tIMEC, XD and MD cells at different time points. Migration assay showing the capacity
of tIMEC, XD and MD cells to migrate through Matrigel-coated 8 um pores after 24, 48, or 72 hours. A) Representative
20X confocal images of membrane bottom attached tIMEC, XD and MD DAPI signal; scale bar: 50 um. B) % of cells
attached to the lower part of the membrane relative to the number of seeded cells. AVG of 3 biological replicates (N=3,
+/- S.E.M. One-tailed unpaired student’s t-test. Ns:P > 0.05; *:P < 0.05; **:P < 0.01.

been hindered by the lack of robust, reproducible assays suitable for a detailed analysis
of invasion. In recent times, quantitative assays to assess the invasive capacity of cells
were established (Vinci et al., 2015). Hence, to quantify the capacity of these cells to
invade the surrounding environment, moving through the extracellular matrix towards a
chemo-attractant, we applied a three-dimensional tumour spheroid invasion assay (Vinci

et al.,, 2015).

Images of spheroids formed by tIMEC, XD and MD cells when grown in ultra-low
attachment conditions for 72 hours and subsequently embedded in a collagen matrix
were acquired, and quantification of the spheroids morphological traits was possible
after staining with Calcein AM. Through imaging, we assessed that the three cell types
were able to form spheroids (Figure 14A) when cultured in low-attachment conditions,
and when embedded in a growth-factors deprived collagen matrix, these spheroids
induced the formation of protrusion to reach a chemoattractant-rich area of the culture
plate (Figure 14A). Furthermore, cells detached from the spheroids and moved through
the matrix, migrating towards chemoattractants as single cells (Figure 14A). When
comparing the three cell types, quantification allowed us to assess that the area of the

starting spheroid did not show any statistically significant difference (Figure 14B).
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Nevertheless, the spheroid perimeter was significantly increasing in metastatic cells
when compared to transformed cells and primary tumour xenograft derived cells (Figure
14C), suggesting that MD cells induced the formation of a higher number of protrusions.
We were able to quantify single cells that detached from the spheroids and moved
through the collagen matrix to a certain distance from the starting point: MD cells
presented a significantly higher number of detached cells (Figure 14D) that were also
able to migrate further away from the original spheroids when compared to XD cells and

tIMEC (Figure 14E).
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Figure 14 Invasive capacity of tIMEC, XD and MD cells. A) Confocal 3D imaging of tIMEC, XD and MD spheroids
embedded in a collagen growth-factor depleted matrix. Cells are invading the spheroid-surrounding matrix to reach a
chemo-attractant rich area. Representative images of 3 independent experiments. Maximum intensity projection of 50-
100 2.6um Z-stacks acquired with a 10X objective, 2x zoom on a SP8 confocal microscope. Calcein AM (green); H2B-
mCherry (red) B) Quantification of spheroid area. C) quantification of spheroid perimeter; higher perimeter is linked to
higher number of protrusions. D) quantification of seeding cells (i.e. single cells detached from the originary spheroid
mass and migrated towards chemoattractant); merge of analysis on 18 spheroids per condition, retrieved from 3
biological replicates; AVG +/- S.E.M. E) quantification of distance between seeding cell and originary spheroid mass. 3
biological replicates, student’s t-test; Ns:P > 0.05; *:P < 0.05; **:P < 0.01;***:P < 0.001;****:P < 0.0001. The box plots
in B), D) and E) indicate median values (middle lines), first and third quartiles (box edges) and 10th and 90th percentiles
(error bars) of respectively area and perimeter of the analysed spheroids and distance of seeding cells from analysed
spheroids.
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These results indicated that the model with which we are working reflects some of
the distinguished features characterizing the steps of tumorigenesis. In particular, MD
cells harbored (at least in vitro) the typical characteristics of metastatic cells: an intrinsic
capability of forming spheroids, ability to migrate through small pores and invasion of

surrounding space.
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4.1.2. Epigenetic characterization of the
model

1342 Alteration of the epigenome has been revealed as a significant driver of oncogenic
1343 reprogramming towards enhanced cell plasticity in cancer progression (Wainwright and
1344 Scaffidi, 2017). Furthermore, epigenetic alteration has been shown to favour cancer cell
1345 survival during metastatic dissemination and adaptation to the microenvironments of
1346 the metastatic niche (Khan et al., 2021).

1347 Thus, to understand the genetic and epigenetic background of our xenograft-derived
1348 cellular model, we proceeded to analyse gene expression profiling, chromatin
1349 accessibility and interactome profiling.

4.1.2.1. Chromatin accessibility and gene
expression profiling individuates de-
novo enhancers in MD cells

1350 Thanks to the lab members in which | performed my PhD studies, Dr Luca Fagnocchi,
1351 Dr Sven Beyes and Dr Naiara Garcia Bediaga, we performed and analysed gene
1352 expression profiling (RNA-seq) and the Assay for Transposase-Accessible Chromatin
1353 (ATAC-seq). Dr Fagnocchi prepared sequencing libraries; Dr Beyes and Dr Bediaga
1354 performed the bioinformatic analysis of the sequencing results.

1355 ATAC-seq is a method for mapping chromatin accessibility genome-wide. This
1356 method assesses DNA accessibility with Tn5 transposase, which allows for tagging
1357 accessible regions of chromatin with sequencing adapters. Sequencing reads can then
1358 be used to extrapolate regions of increased accessibility and map nucleosome positions
1359 and regions of transcription factor binding (Buenrostro et al., 2015). In particular, we
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aimed to assess differences in the chromatin landscape in our model and identify

putative regulatory elements that could contribute to gene expression control.

We profiled chromatin accessibility in tIMEC, XD and MD cells, as well as in primary
tumors (PT), which have been retrieved upon xenotransplantation of tIMEC into the fat
pad of the mammary gland of NOD/SCID mice. The assessment of the diversity of the
chromatin accessible regions in these cell populations through principal component
analysis showed that chromatin accessibility of MD cells (Figure 15A) was much distinct
in respect to the other three samples. Of importance, XD cells and primary tumour tissue
(PT) clustered closely, suggesting that the brief in vitro amplification of the xenograft-
derived sample did not affect the chromatin state. Cluster analyses of the differentially
enriched regions showed that MD were characterized by the most distinctive
accessibility pattern that distinguish them from the other cell populations (Figure 15B).
Indeed, this analysis highlighted that MD were characterized by gaining chromatin
accessibility at certain regions (reflected in clusters 1 and 3) as well as by losing
accessibility in a distinct group of regions (clusters 2 and 4). Of note, the tIMEC-enriched
regions showed a progressive reduction of chromatin accessibility, possibly indicating
that these cis-regulatory elements are important to maintain cell identity and/or
counteracting tumor progression (cluster 4). The XD and PT-enriched regions (cluster 1
and 2) showed a diverse behaviour in the MD: one group of regions resulted further-
enriched (cluster 1) while a second group showed a reduction in chromatin accessibility,

similarly to the level retrieved in tIMEC (cluster 2).

Annotation of the genomic features and ChromHMM states revealed that ATAC-seq
peaks were enriched for promoters, (Figure 15C left), active TSS and enhancer
chromatin states (Figure 15C right), in all the analysed cell populations. This analysis
suggested that observed differences in the enriched chromatin accessibility regions

among the cell types are not linked to a diverse genomic localization.
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Figure 15 Characterization of chromatin accessibility and gene expression signatures in tIMEC, XD and MD. A)
Principal component analysis (PCA) plots of log-CPM values with samples coloured by cell type. The log-CPM values
were corrected for sequencing batch. Distances on the plot correspond to the leading fold-change, which is the average
(root-mean-square) log2-fold-change for the 5,000 most divergent peaks between each pair of samples. B) Heatmap
showing chromatin accessibility of differentially accessible regions (DAR) for the MD vs. tIMEC, MD vs. XD, and tIMEC
vs. XD and PT vs XD comparisons (Log2 transformed counts per million, log2CPM). 8965 DARs are represented. DARs
number in each of the 4 major clusters are annotated. C) Barplot showing the distribution of genomic features and
chromHMM annotations across peaks called in tIMEC, XD, MD and PT. ChromHMM annotation abbreviations are as
follows: Row abbreviations as follows: TssA — active TSS, TssBiv — bivalent/poised TSS, EnhBiv — bivalent enhancer,
ReprPC — repressed polycomb, ReprPCWk — weak repressed polycomb, Quies — quiescent/low, TssAFink — flanking
active TSS, TxFInk — transcription at gene 5’ and 3’, Tx — strong transcription, TxWk — weak transcription, EnhG — genic
enhancers, Enh — enhancers, ZNF/Rpts — ZNF genes and repeats, Het - heterochromatin. D) Principal component
analysis (PCA) plots of log-CPM values with samples coloured by cell type. The log-CPM values were corrected for
sequencing batch. Distances on the plot correspond to the leading fold-change, which is the average (root-mean-
square) log2-fold-change for the 500 most divergent genes between each pair of samples. E) Heatmap showing gene
expression (Reads Per Kilobase of transcript, RPKM) of differentially expressed genes (DEG) for the MD vs. tIMEC, MID
vs. XD, and tIMEC vs. XD and PT vs XD comparisons. 9640 DEGs are represented. DEGs number in each of the 4 major
clusters are annotated.

To evaluate the possible contribution of chromatin changes to the gene expression,
we performed RNA-seq analyses on the same group of samples. Principal component
analysis (Figure 15D), indicated that on the basis of component 1, which accounts for
55% of the differences, the primary tumour sample is significantly separated from
tIMEC, XD and MD cells, which cluster closely on the basis of principal component 2. This
may indicate that in vitro culture of xenograft-derived samples is partly introducing
some modifications to the transcriptional landscape of our model. This was confirmed

also when analysing the differentially expressed genes (DEGs) (Figure 15E): the primary

76



1394
1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1412
1413

1414
1415
1416

tumour sample is characterized by the highest number of positively (3396, cluster 1) and
negatively (3953, cluster 4) differential genes in comparison to the three cell
populations. Nevertheless, the cluster analyses showed that the MD cells are
characterized by a distinctive gene expression pattern, with 693 depleted (cluster 2) and
1598 enriched (cluster 3) DEGs, with respect to other samples. In order to investigate
what processes were involved in each of the enriched cluster, Gene Ontology (GO)
analysis was performed (Figure 16). GO analysis underlined the enrichment, in cluster 1,
of pathways involved in the interaction with the microenvironment, such as BM
organization, collagen biosynthesis and ECM assembly. As this cluster corresponds to
genes differentially expressed in the primary tumour tissue, this indication is in line with
the fact that, contrarily to in vitro culture of the other cell populations analysed, this
samples were retrieved from mice. GO analysis of cluster 4, which identifies genes
whose expression is depleted in the primary tissue, highlighted metabolic processes
related to mitochondrial activity and oxidative processes as the most enriched; this is in
line with recent evidences showing the preferential production of energy through
glycolysis than mitochondrial respiration in cancer (Gubern et al., 2016; Sajnani et al.,
2017). Finally, cluster 2, which identifies genes depleted in MD cells, resulted to be
enriched for cell-adhesion, MET and cytoskeleton related pathways, whereas analysis of
cluster 3, which includes MD-enriched genes, revealed enrichment for pathways

associated with migration, polarity and retinol metabolic processes.

Cluster 1 Cluster 3
cell cycle G2/M phase transition (GO:0044839) cell mi; ion, cell ion (GO:0006930)
basement membrane organization (G0:0071711) of or of cell polarity (GO:0032878)

positive ion of collagen biosy ic process (G0:0032967) negative ion of T cell migration (GO:
regulation of hormone secretion (GO:0046883) ion of growth receptor sij ing pathway (GO:0060398)
matrix (GO: retinol metabolic process (GO:0042572)
mammary gland development (GO:0030879) regulation of establishment of cell polarity (GO:2000114)
0 1 2 3 4 0 1 2 3 4
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Cluster 2 Cluster 4
homophilic cell via plasma (GO: 156) acyl-CoA biosynthetic process (G0:0071616)
negative regulation of Wnt signaling pathway (GO:0030178) tRNA transport (GO:0051031)
cytoskeleton organization (GO:0007010) i d i ion (GO:0070125)
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0 1 2 3 4 0 1 2 3 4
-logio(p-val) -log1g{p-val)

Figure 16 Gene ontology on differential gene expression clusters. Gene ontology showing the top six statistically
significant (p-val < 0.05) biological processes enriched in each differential gene expression cluster.

With these results, although a characterization of histone marks distribution is still
missing, we could state that the chromatin landscape of tIMEC, XD and MD cells is

significantly different. Enrichment for chromatin differentially accessible regions
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suggests that MD cells are characterized by the modulation of the activity of multiple

regulatory elements.

This led us to ask whether the enrichment for regulatory elements activity may
represent the metastatic cell state and if it would generally reflect basal breast cancer

traits in patients.

4.1.2.2. Regulatory elements are
conserved in basal BC patients

Since metastatic datasets are not available at this time, we aimed at assessing
whether tIMEC, XD and MD cells epigenetic landscape would reflect the traits of primary
cancer tissues, with a focus on basal breast cancer patient tissues. In order to investigate
this, we performed clustering analysis on publicly available accessibility datasets
representing chromatin accessibility of 410 tumour samples spanning 23 cancer types,
non-cancerous tissues from different locations and the claudin-low cell line MDA-MB-
231 and its lung, brain and adrenal gland metastatic subpopulations (Cai et al., 2020;
Corces et al., 2018; Zhang et al., 2021). Accessibility data of tIMEC, XD and MD were
projected along with publicly available accessibility data (Figure 17A); Uniform Manifold
Approximation and Projection (UMAP) plot of tIMEC, XD and MD cells showed that their

accessibility data cluster along with the other datasets.
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Figure 17 Cluster analysis on Pan Cancer chromatin accessibility dataset. A) Uniform Manifold Approximation and
Projection (UMAP) projections of tIMEC, XD and MD accessibility data along with publicly available accessibility
datasets representing human primary cancer samples from different locations (Corces et al 2018), human primary
non-cancerous tissues from different locations (Zhang et al. 2021) and claudin-low cell line MDA-MB-231 and its
metastatic subpopulations (Cai et al., 2020). B) Boxplot showing Spearman pairwise distance between tIMEC/XD/MD,
and WT-IMEC/tIMEC/M2, MDA-MB-231 samples, and the human primary tumour tissues in the TCGA dataset ordered
by similarity.

We measured the similarity of chromatin accessibility between the tIMEC, XD and
MD samples and each of the other samples in the study by calculating the Spearman
Rank-order correlation between of all samples. Spearman pairwise distance between
tIMEC, XD and MD and the publicly available datasets (Figure 17B) indicated that
metastasis derived cells cluster closest to both primary tumour derived cells and
tumorigenic IMEC, close to samples from various carcinoma, IMEC WT and basal breast
cancer, followed by the other subtypes of breast cancer and the other carcinomas
included in the publicly available datasets. Interestingly, healthy tissue samples showed

one of the lowest degrees of similarity with the "tIMEC-XD-MD” group.
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Altogether these findings suggested that overall, our model’s epigenetic landscape
resembles chromatin accessibility features of human primary cancer tissues and that its

accessibility profile is relatively close to that of basal breast cancer samples.

4.1.2.3. De-novo enhancer interactions
are established in metastasis

Our specific aim was to identify regulatory elements that are hyperactivated in
metastasis: these might be relevant in activating oncogenic pathways that enhance
metastatic cells plasticity and thus favour the seeding process. To reach this goal, we
investigated the connectome of our model and took advantage of the novel HiChIP

technique.

Chromosome conformation capture (3C) combined with sequencing (Hi-C) has been
reframing in our capability to appreciate the 3D organization of the genome at high
resolution (Rao et al.,, 2014). However, because Hi-C assesses all possible proximity
ligations in the genome, deep sequencing is required to identify chromatin architectural
features and to quantify the frequency of chromatin looping. To achieve increased
specificity, enrichment strategies have been developed to target factor-directed
interactions via chromatin interaction analysis by paired-end tag sequencing (ChlA-PET)
and locus-specific interactions via Capture-C and related methods (Dekker and Misteli,
2015). However, despite recent advances, ChIA-PET still requires hundreds of millions of
cells per experiment and results in a modest fraction of informative reads for a given
sequencing depth (Tang et al., 2015). To address these problems, Mumbach et al.
developed HiChlIP, a method that uses in situ Hi-C and transposase mediated on-bead
library construction principles. In HiChIP, long-range DNA contacts are fixed before lysis,
reducing possible false-positive connections and improving efficiency. ChlIP is then
performed on the samples, capturing long-range interactions associated with a protein
of interest. Paired-end sequencing is then needed to detect the two distantly located
segments of the genome (Mumbach et al., 2016).
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To investigate enhancer connectome in tIMEC, XD and MD, | prepared, in
collaboration with the Rada-Iglesias group, the H3K27ac HiChIP samples; libraries were
then prepared by the sequencing facility at the CMMC (Cologne) and sequenced by the
Next Generation Sequencing Facility at CIBIO. The Bicciato group analysed the
sequencing results. Although multiple replicates would surely strengthen the
conclusions that can be driven from this experiment, assessing the variation of
chromatin interaction in one sample might be sufficient to reveal the different
chromatin landscapes in our model, we thus proceeded with the analysis of a single

biological replicate.

H3K27ac HiChIP raw interaction maps indicated that tIMEC, XD and MD cell
populations showed a similar global chromatin interaction pattern, as depicted using a
low resolution (250kb). These observations indicated that genome folding is comparable
in the three cell types and that major genome rearrangements did not occur during
tumor progression. By analysing the retrieved contact matrixes at higher resolutions
(5kb), we could depict the presence of TADs, as highlighted by the occurrence of multiple
interactions in the SOX9 locus. Of note, comparative analyses among the different cell
types showed distinct enhancer interaction patterns, including long-range interactions
(Figure 18). To better define whether the performed HiChIP assays could retrieve
relevant changes in chromatin looping between cis-regulatory elements, we focused on
specific loci encompassing relevant genes involved in breast cancer and metastasis

formation. CXCR4 locus was recently demonstrated to be subjected to enhancer
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rewiring during tumour progression (Cai et al., 2020). We thus analysed CXCR4 locus

enhancer interactions as a potential metastatic-specific reference locus (Figure 19).

tIMEC H3K27ac HiChlP

250kb resolution 5kb resolution
chr17 10 30 50 70 Mb 69.2 70 70.8 71.6 Mb
1 1 1 1 ~ 1 | 1

XD H3K27ac HiChlIP

250kb resolution 5kb resolution
chr17 110 3|0 510 7]0 Mb 69.l2 7? 7?48 7]1.6 Mb

MD-6 H3K27ac HiChIP

250kb resolution 5kb resolution
chr17 10 30 50 70 Mb 69.2 70 70.8 71.6 Mb
1 1 1 1

-4

Figure 18 H3K27ac HiChIP raw interaction maps reveal different enhancer connectome in tIMEC, XD and MD cells:
H3K27ac HiChIP raw interaction maps of SOX9 locus in tIMEC, XD and MD cells (from top to bottom). 250kb to 5kb
resolution (left to right). SOX9 locus (window = 80Mb left, 3 Mb right). Numbers below the interaction maps
correspond to maximum signal in the matrix.

C-Myc is also known to be a reference locus for enhancer connectome alteration
during tumorigenesis in breast cancer (Ahmadiyeh et al., 2010; Zhang et al., 2016), we

thus analysed the enhancer connectome landscape in its locus (Figure 20).
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Figure 19 HiChIP contact matrices reveal different enhancer connectome in tIMEC, XD and MD cells: CXCR4. HiChIP
contact matrices generated with pyGenomeTracks of tIMEC, XD and MD cells (from top to bottom) with gene annotation-
oriented significant (FDR < 0.01) loops (tIMEC = green, XD = blue, MD = purple). Ensembl gene annotation (GRCh37 v.
103). CXCR4 locus (window = 1Mb). 10 kb resolution. Color range 1-50 (blue-red).

In Figure 19 and Figure 20 contact matrices showing the enhancer connectome of
reference loci in tIMEC, XD and MD cells are reported: HiChIP experiment was successful
in identifying enhancer interactions in the three cell types. In the reported example
contact matrices, we were able to identify loci that showed increased interaction in MD
cells with respect to tIMEC and XD (Figure 19), or that showed steady interactions
number between enhancers and promoters, but different interaction anchoring in MD,

XD and tIMEC cells (Figure 20).
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Figure 20 HiChIP contact matrices reveal different enhancer connectome in tIMEC, XD and MD cells: c-Myc. HiChIP
contact matrices generated with pyGenomeTracks of tIMEC, XD and MD cells (from top to bottom) with gene
annotation-oriented significant (FDR < 0.01) loops (tIMEC = green, XD = blue, MD = purple). Ensembl gene annotation
(GRCh37 v. 103). c-Myc locus (window = 1Mb) 10 kb resolution. Color range 1-50 (blue-red).

After verifying reference loci, we were confident that HiChIP data were reliable; we
thus analysed the common and unique enhancer interactions in the three cell types. We
identified a total of 39351 significant interactions in MD cells (Figure 21A), compared to
the 32360 and 11977 in XD and tIMEC, respectively. The distribution of interaction
annotation resulted similar among the three samples. Furthermore, we identified a total
of 57034 unique interactions versus a total of 6466 common interactions across all
samples (Figure 21B), indicating that the three cell types show a very different enhancer
connectome.
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Figure 21 H3k27ac HiChlIP reveals different enhancer connectome in tIMEC, XD and MD cells. A) total interactions in
tIMEC, XD and MD cells. B) Unique and common interaction across all cells. Promoter region were defined as TSS -
2500/+150 bp, Enhancer regions as ATAC-seq peaks not overlapping promoter regions within a 1.5kb window. No
Anno: both interacting bins do not overlap a promoter (P) or a regulatory element (E); P only: bins (either one or both)
are overlapping a P (one or many); E only: bins (either one or both) are overlapping an E (one or many); P-E: one-to-
one P-E interaction (one bin overlaps P, the other overlaps E); P-E*: one-to-many P-E interaction (one P and many E);
P*-E: many-to-one P-E interaction (many P and one E); P*-E*: many-to-many P-E interaction; P/E same bin: single P

and single E overlapped by the same bin.

Unique interactions refer to interactions that have only been detected in one cell
type, whereas common interactions refer to interactions that have been detected in two
or more cell lines. We identified almost ten times more unique interactions with respect
to common interactions; unfortunately, we cannot presume that this is a biologically
relevant result or whether it is a technical bias; globally, unique interactions suggested
that MD cells are associated with a rewiring of the 3D genome, although we cannot
strictly conclude that this is MD specific. Nevertheless, it was clear that MD are
associated with the establishment of a higher number of enhancer-enhancer (E-E) and
enhancer promoter (E-P) interactions in comparison to its XD and tIMEC counterparts.
Altogether, these results indicated that MD cells may be associated with rewiring the 3D
genome at regulatory elements, although an orthologous experiment is needed to

confirm these results.
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4.1.2.4. Metastatic enhancers and TFs
binding

To investigate the link between transcription factors binding and enhancer
hyperactivation, we proceeded with the Integrated analysis of motif activity and gene
expression (IMAGE). IMAGE allows precise prediction of causal transcription factors
based on transcriptome profiling (RNA-seq data) and genome-wide maps of enhancer
activity (enhancer marks ChlIP-seq and DNAse-seq). High accuracy is obtained by the
combination of a near-complete database of 896 position weight matrices (PWM:s),
produced by compiling public databases and systematic calculation of PWMs for
unknown transcription factors, with a state-of-the-art approach for PWM scoring and a
novel machine learning strategy to predict the contribution of motifs to transcriptional

activity (Madsen et al., 2018).

Dr Beyes, part of Dr Zippo group, performed IMAGE analysis combining previously
obtained ATAC-seq and RNA-seq data. IMAGE searches for motifs using an extended
PWM database after removing motifs without any hits in the supplied sequences and

motifs mapping to transcription factors with low expression.

IMAGE analysis allowed for the identification of transcription factors binding motifs
in tIMEC, XD and MD cell types, excluding those motifs that are bound by low-expressed
TFs. Target enhancers of the TFs for which motifs were present were identified, and
target genes of the identified enhancers were predicted. IMAGE uses a machine learning
model for transcriptional regulation that is based on the activity of both enhancers and
promoters, and subsequently, integrates gene expression with motif activity analysis,
thereby allowing for a prediction of causal transcription factors, which identify TFs
important (causal) for the transcriptional network in the analysed cellular context as

described in Rauch et al., 2019.

In Figure 22, the TF binding motifs enriched (FDR>0.01) in enhancers differentially
accessible in MD cells with respect to XD cells are shown. Reported transcription factors

are expressed in MD cells and are causal for enhancer activity. These filtering steps
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allowed to define the 89 most significant binding motifs out of the 992 initial hits.
Clustering analyses grouped a series of TFs which showed a relative low activity level in
the tIMEC that increased in MD cells. Among these, IMAGE analyses retrieved TFs that
have been previously shown to play a major role in epigenome reprogramming during
metastatic progresssion such as NFIB, BACH1, TWIST2, ZEB1 and the homeobox factors
SOX2 and SOX9 (Fang et al., 2011; Liang et al., 2012; Ma et al., 2020; Piva et al., 2014;
Zhang et al., 2018; Zilli et al., 2021). These results underlined the robusteness and the
significance of the obtained results. Of note, IMAGE analysis shows enrichment for EMT-
involved transcription factors, such as TWIST and MECOM, and lineage-specifying
transcription factors such as FOX-, HOX- and SOX- families, and PRDM family (Bleu et al.,
2021; Wang et al., 2016). We also noted enrichment for signalling-responsive TFs such
as BACH1 and NFE2L2, involved in the oxidative stress response and relevant in breast

cancer progression (Lee et al., 2019).

After analysis of TF families for which binding motifs are represented, we could assess
that MD enhancers are enriched for binding sites of TFs belonging to different families.
Specifically, we assessed that the most significantly represented TF family is represented
by the nuclear receptors (p value= 0.0005), primarily enriched for retinoic acid receptor
group. This finding fostered our interest, as it is known that the retinoic acid pathway is
involved in the metastatic process (Sosa et al., 2015). We thus hypothesised that RARs

might play a role in activating a signalling response in the metastatic cells.
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Figure 22 TF motifs enrichment analysis in metastatic derived cells differential enhancers highlights nuclear
receptors and SOX9. Heatmap showing the scaled activity of motifs detected in differential (MD vs XD) ATAC-seq
peaks. Only TFs that are expressed in MD cells and that considered causal for target gene expression modulation are
shown. Additional columns show Pearson coefficient (range -1 to 1), -log10(p-val) (range 1-4), TF family (based on
Lambert et al., 2018) with relative hypergeometric p-value (higher the radius of the dot, higher the significance) range
0.0005-0.99; “Unknown” family p-value = N/A.

Interestingly, one of the most represented TFs that was highlighted by this analysis is
S0OX9, which was in line with our hypothesis of this factor being important in terms of

regulation of enhancer activity and gene expression in our model (Figure 11)
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In order to assess whether the most significantly enriched TFs that emerged from the
IMAGE analysis were also part of significant networks, we proceeded with network
analysis on the 89 transcription factors shown in Figure 22; we chose to analyse this list
of TFs which is the result of very stringent filtering steps, and it thus represents a small
subset of the actual IMAGE output, because we aimed at studying the most significant
and thus presumably relevant TFs, at the cost of losing part of the information that can

be retrieved by the IMAGE analysis.
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Figure 23 TF network analysis TF network analysis overview and focus on central neighbourhood, containing SOX9
(red). TF network analysis shows target genes of causal, MD-expressed TFs with motif enrichment in MD>XD ATAC-
seq peaks that were used as input for the analysis. Circle shape= TFs; Blue = causal TFs; Diamond shape = SOX9 target
TFs; Edge sizes = target gene score (range 0-3).
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Transcription factor network analysis revealed the presence of multiple
neighbourhoods, where central nodes were revealed as PLAG1, ZBTB18, RORA, and,
surprisingly, SOX9, whose neighbourhood is central to the network (Figure 23). Among
SOX9 target genes, RXRa represents the only causal transcription factor: we thus
hypothesised that SOX9 activity may be linked to the modulation of the retinoic acid
pathway. Furthermore, we confirmed that SOX9 may be worth to be investigated as part
of the group of transcription factors that are indicated to play a role in distinguishing the

metastatic cell population from tumorigenic cells and primary tumour derived cells.

4.1.2.5. The metastasis enhancer
hyperactivation hypothesis

We hypothesised that dysregulation of regulatory elements is a major driver for
establishing an alternative epigenetic program, due to rearrangements at the chromatin
level and alterations of chromatin loops, which in turn modify promoter-enhancer
interactions. This may lead to the activation of oncogenic pathways and an increase of
cellular fitness by facilitating adaption to environmental cues during cell dissemination

and metastatic colonization.

We focused on the SOX9 locus to provide a proof of concept of enhancer
dysregulation driving metastatic capacity, and we were expecting to assess the
establishment of different scenarios: 1) the activation, in a specific step of
tumorigenesis, of regulatory elements that act as additive to enhancers already active
in parental cells or primary tumour 2) the repression of regulatory elements which show
activity in one cell state, but are then silenced during tumour progression 3) the

activation of de novo enhancers in a specific step of tumorigenesis (Figure 24).
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Figure 24 The enhancer dysregulation hypothesis. Schematic representation of enhancer dysregulation in the
tumorigenesis and metastasis steps. Red: the promoter (square) activity is increased from parental cells to metastatic
cells through the activation of additional enhancer regions (triangle); Blue: the promoter activity is enhanced
specifically at one step of the process, through the activation of regulatory element, which is then ‘turned off’ in the
switch to another cells state; Green: the promoter is enhanced specifically at one step of tumorigenesis through the
activation of a de-novo regulatory element.

The first step to provide this proof of concept was to validate SOX9 as a good

candidate for enhancer hyper/hypo-activation analysis, as discussed below.

4.1.3. SOX9 is overexpressed in primary

tumour and metastasis

In order to establish whether the increased accessibility at enhancer around the SOX9
locus would effectively reflect on SOX9 expression itself, and thus whether SOX9 would
be an efficient readout for enhancer activity, we analysed the expression of SOX9 in the
different cell types. We compared IMEC WT with transformed IMEC, three independent
primary tumour xenografts derived cell populations and one population of metastatic

derived cells.

After evaluating SOX9 mRNA levels in the different cell populations through RT-qPCR
(Figure 25), we assessed that the SOX9 transcript increased from wild-type cells to
metastatic derived cells. We then tested whether, as a consequence of augmented SOX9
expression, the protein levels of this transcription factor were also augmented in MD

cells.
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Figure 25 SOX9 expression level in WT, tIMEC, XD and MD. SOX9 transcript levels in the indicated cell types,
normalized on GAPDH transcript levels. 3 biological replicates, AVG +/- S.E.M. Unpaired one-tailed student’s t-test.

Ns:P > 0.05; *:P <0.05; **:P < 0.01,***:P < 0.001.

Through Western Blot (WB) analysis (Figure 26A), we assessed that SOX9 total
protein level was increased in MD cells with respect to XD cells, tIMEC and WT cells.
Performing multiple replicates of WB experiments, we quantified the optical density of
the SOX9 protein level relative to the housekeeping GAPDH (Figure 24B); this allowed us
to assess that the increase in SOX9 total protein levels from wild-type cells to metastatic

cells was statistically significant.
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Figure 26 SOX9 protein level quantification in WT, tIMEC, XD and MD cells. A) SOX9 total protein levels in the
indicated cell types, representative image of 3 experiments. B) SOX9 relative total protein levels quantification in the
indicated cell types. 3 biological replicates, AVG +/- S.E.M. One-tailed t-test. Ns:P > 0.05; *:P < 0.05; **:P < 0.01.

Since SOX9 is a transcription factor that exerts its role mainly in the nucleus, we

assessed nuclear protein levels, and in general protein localization, in WT, tIMEC, XD and
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MD cell types through immunostaining (Figure 27A). Quantification of SOX9 nuclear
mean intensity at the single-cell level (Figure 27B) showed that SOX9 nuclear protein
levels were increasing from wild-type cells to metastatic cells, indicating that a nuclear
accumulation of the protein also reflected the total protein levels augmentation as seen

in WB analysis.

A WT tIMEC XD MD

Sox9
Mean intensity

Figure 27 SOX9 immunofluorescence staining in IMEC WT, tIMEC, XD and MD cells. A) Representative images of
SOX9 and Ki67 immunostaining in the indicated cell types. Images were acquired with an SP8 confocal microscope,
63X objective. SOX9, green; Ki67, red; scale bar = 50 um. B) Quantification of SOX9 nuclear mean intensity in the
different cell types; 3 biological replicates; The box plots indicate median values (middle lines), first and third quartiles
(box edges) and 10th and 90th percentiles (error bars) of the fluorescence intensity of analysed nuclei (n=300).
Unpaired one-tailed student’s t-test. Ns:P > 0.05; *:P < 0.05; **:P < 0.01;***:P < 0.001,****:P < 0.0001.

With these results, we confirmed that SOX9 is expressed in our TNBC model and that
its expression resulted to be increased from WT to MD cells, reflecting the behaviour of
this SOX family member in basal-like patients (Figure 9) and triple-negative breast
cancer models (Ma et al., 2020; Mehta et al., 2019; Tang et al., 2020; Wang et al., 2021a).
Furthermore, the expression level was sufficient to study SOX9 enhancer hypo-/hyper-
activation in the model, since even slight changes in its expression, such as those that

may be due to epigenetic alterations, could be detected.
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4.1.3.1. SOX9 enhancer identification
and validation

As SOX9 was expressed in MD cells at higher levels if compared to XD and tIMEC, and
we also observed more interactions at the SOX9 locus in MD compared to XD and tIMEC,
we rationalized that SOX9 can indeed be used as a readout of enhancer activity in our
model. Thus, we first sought to identify those putative regulatory elements proximal to

the SOX9 promoter and demonstrate their potential activity in metastasis.

4.1.3.1.1. SOX9 putative enhancers
chromatin accessibility and
interaction

To investigate the chromatin accessibility around the SOX9 locus, we analysed ATAC-
seq data to identify chromatin hyper-accessible regions in MD cells. We were able to
identify 20 peaks (Figure 28 and Figure 29) defining chromatin accessible regions in MD
cells. Differential analysis of the peaks identified in the three cell lines showed that
among those, most resulted in being differentially accessible in the three cell
populations (Figure 29), and regions 13-15, 20 show significantly higher chromatin
accessibility in the metastatic derived cell line with respect to tIMEC and XD cells. We
defined these peaks of increased chromatin accessibility as putative regulatory

elements.

We then analysed the enhancer connectome in the SOX9 locus by H3K27ac HiChlP;
SOX9 locus resulted to be highly plastic in terms of enhancer-promoter and enhancer-
enhancer chromatin loops when comparing the three cell types (Figure 28). Interaction
frequency between highly accessible chromatin regions surrounding the SOX9 locus
indicated that MD cells are characterized by a higher number of chromatin regions

interacting between each other and with the SOX9 promoter, when compared to both
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1652 tIMEC and XD cells. Nevertheless, H3K27ac increased anchoring may derive from an
1653 increment in acetylation levels; thus, further investigation will be needed to confirm the

1654 augmentation of enhancer-promoter interactions.
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Figure 28 HiChIP contact matrices reveal high plasticity of SOX9 locus connectome in tIMEC, XD and MD cells.
SOX9 locus HiChIP contact matrices generated with pyGenomeTracks of tIMEC, XD and MD cells (from top to
bottom) with gene annotation-oriented significant (FDR < 0.01) loops (tIMEC = green, XD = blue, MD = purple).
ATACseq peaks are reported as ‘SOX9 enhancers’. Ensembl gene annotation (GRCh37 v. 103). Window = 700kb. 10
kb resolution. Color range 1-50 (blue-red)
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Although enhancer-enhancer interaction would be interesting to be further
investigated, we decided to focus, in the first place, on specific enhancer-promoter
interaction, in order to filter for those putative enhancer regions that would more likely
act on SOX9 expression. Through the intersection of ATAC-seq peak calling with HiChIP
25kb bins relative to looping putative regulatory elements (Figure 29), we assessed that
regions 13, 14, 15 and 20 show significantly increased accessibility in MD cells (Figure 29
B), and that most MD chromatin accessible regions (3-6, 12-20) interact with the SOX9

promoter in MD cells (Figure 29 A).

Having assessed that the identified MD accessible regions are also physically
interacting with SOX9 promoter, independently of differential chromatin accessibility,
we hypothesise that the regulatory elements 3 - 6 and 12 - 20 can be considered as
potential SOX9 enhancers, although regions 13, 14, 15 and 20 result to be the most
promising ones in terms of SOX9 expression modulation. To further validate the
potential enhancer activity of identified peaks, we tested the regulatory elements for

acting as an enhancer of gene expression.
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Figure 29 Intersection of ATACseq and HiChIP loops identify SOX9 looping enhancers. A) ATACseq (upper part) and
RNAseq (lower part) coverage plots of the SOX9 locus in tIMEC (green), XD cells (blue),MD cells (purple) and Primary
Tumor tissue (PT, red). SOX9 enhancers 1-20 are indicated as blue lines over the gene annotation. MD regulatory
elements interactions with SOX9 promoter at 25kb resolution are shown below the gene annotation. RefSeq gene
annotation. Window = 1 Mb. B) Heatmap of Logz(fold change in chromatin accessibility) of indicated ATAC-seq peaks
at the SOX9 locus for MDs vs tIMEC and MDs vs XDs respectively. Colour coding of the log,(FoldChange) ranges from
-0.9 to 2. ***: FDR<0.005; **: FDR< 0.05; *: FDR<0.1.
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4.1.3.1.2. SOX9 putative enhancers
activity

In order to verify whether the identified putative enhancers at the SOX9 locus could
effectively act as regulatory elements by inducing the activity of a promoter, luciferase
assays were employed. Those were performed by using a pGL4 backbone with each
enhancer fragment cloned upstream of a minimal promoter, which guides the
expression of a Firefly luciferase (Figure 30). As a positive control, the TCF repeated
motif was cloned in place of the enhancer: if the Wnt pathway is activated (following
treatment with Chiron), B-catenin binds to the TCF motif and induces the activity of the

downstream promoter.

— Enhancer }—@ Luciferase —

Figure 30 Schematic representation of luciferase expressing vector. Enhancers (blue) were cloned upstream of a
minimal promoter which guides the expression of a Firefly luciferase, in a pGL4 backbone. Positive control vector
contains the TCF repeated motif, negative control is represented by the empty vector.

Regulatory activity of the putative enhancers was tested in IMEC WT and tIMEC, but
not in XD and MD. In fact, since xenograft-derived and metastasis-derived cells derive
from in-vivo experiments, they were transduced with a constitutive Luciferase
expressing vector for bioluminescence tracking of tumour cells in vivo. Thus, we could
not distinguish between specific enhancer luciferase signals and constitutive signals.
Nevertheless, we also tested BC cell lines representing the basal or luminal subtypes,

MDA231 and MCF7, respectively.
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Relative luminescence (RLU) is calculated as the ratio between the Firefly Luciferase
signal, whose expression is guided by the upstream regulatory element, and the Renilla
Luciferase, whose expression is regulated by a constitutive promoter and acts as a
normalizer. Calculation of the RLU allowed to assess that all cells transfected with

pGL4_TCF and treated with Chiron (C+) responded with at least a ten-fold increase of

B |
- c- 00 0.1
m C+ 5 5 5 ¢
Wl putative enhancer IMEC WT
tIMEC
MDA231
MCF7

Figure 31 Relative Luminescence of an example putative enhancer and controls in BC cell lines. A) Firefly
luminescence normalized on Renilla luminescence of pGL4 constructs containing either positive control (TCF) (red),
negative control (empty vector) (black) or enhancer region (blue) in IMEC WT, tIMEC, MDA231 and MCF7. Average
of 3 independent biological replicates +/- S.E.M. One-tailed t-test. Ns:P > 0.05; *:P < 0.05; **:P < 0.01;***:.P <
0.001,****:p < 0.0001. B) Firefly luminescence normalized on Renilla luminescence of pGL4 constructs containing
indicated enhancer regions. Range 0-0.1; N=1.

Luciferase transcription when compared to the negative control (C-) (Figure 31A). We
tested multiple regulatory elements (Figure 31B) and, as for a representative enhancer
region (en13) shown in (Figure 31A), the tested elements resulted in enhancing the
minimal promoter activity of a minimum of 3-fold over the control in at least one cell

line.
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4.1.3.1.3. A reporter system for
enhancer activity tracking

In order to test in vitro whether the identified enhancers are hyper/hypo activated in
the different cell types of our model, we transiently transfected WT cells, tIMEC, XD and
MD cells with an enhancer-reporter system (Figure 32), in which each enhancer (Figure

33C) activates a minimal promoter guiding the expression of GFP.

TR
PGK
ITR promoter
TK Hyg®
GFP SNAPtag

minP enhancer
Figure 32 Enhancer reporter system schematic visualization: In a PiggyBac transposon backbone, a PGK promoter
(white) guiding the expression of Hygromycin resistance (black) and SNAPtag (yellow) coding sequences were
inserted, upstream of the target enhancer (red) acting on a minimal promoter (white) guiding the expression of a

GFP (green) and of the Thymidine-kinase (purple). The whole insert is flanked by inverted repeats (ITR) that allow for
transposition when the vector is transfected together with a transposase coding plasmid.

Upstream of the enhancer region, a SNAPtag coding sequence was cloned to visualise
efficiently transfected cells. Furthermore, the enhancer reporter system was cloned into
a Piggybac transposon backbone, allowing for the integration of the insert in the
genome. Furthermore, the vector contains a Hygromycin resistance for selection of
stable clones and a thymidine-kinase coding sequence: this would allow inducing cell
death in response to enhancer activation upon ganciclovir administration. This reporter
system could allow to establish a causal relationship between enhancer activation and
metastasis formation, in vivo. As for the Luciferase Assay experiments, we cloned the
TCF repeat motif in place of an enhancer as a positive control, and the empty vector was

used as a negative control.
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The PiggyBac transposon system was chosen because of the relatively low copy
number of insertions that characterizes it since we want to avoid excessive disruption
of higher-order chromatin structures. Nevertheless, this approach presents multiple
weaknesses, such as the non-targeted insertion position and the possibility of impeding
efficient visualization of the GFP expression increase following enhancer hyperactivation

due to the low copy number of transposition.

The transient transfection of the enhancer reporter into WT, tIMEC, XD and MD cells
allowed for visualization of GFP expression for the positive control for all the cell types
analysed, although with different efficiencies, indicating that the reporter system was
working correctly (Figure 33A). SNAPtag signal allowed for the identification of
efficiently transfected cells. GFP signal deriving from enhancer activity was normalized
on the intensity of SNAPtag signal to take into consideration augmentation of GFP
expression due to the variability in the transfected DNA quantity. Enhancer activation—

driven increase in GFP expression was detectable in MD cells in steady-state for just one

out of the four regions tested (Figure 33A), and the fold change in respect to the
B

A c-

C+ en10 en13 en15 en17

en15 enl7
]
1 5
Normalized GFP mean intensity fold
; ’ change in respect to empty vector
MD

LINC00673

Figure 33 Enhancer reporter indicated enhancer activity in MD cells. Transient transfection of enhancer reporter vector

containing positive control, negative control and indicated enhancer regions (en10/13/15/17) in WT, tIMEC, XD and MD

cells. A) panel of representative images acquired with SP8 confocal microscope, 63X objective, of MD cells transiently
transfected with control plasmids and enhancer reporter plasmids. Red squares indicate 4x zoom. Nuclear pseudocolor
(blue), SNAPtag staining (red), GFP (green). Scale bar =100um. B) heatmap of normalized GFP mean intensity fold change
respect to negative control of indicated enhancer regions and positive control in WT, tIMEC, XD (merge of 3 cell types) and
MD cells. range 1 to 5, average of 3 independent biological replicates. C) scheme of SOX9 enhancers (1-20) locations with

respect to SOX9 gene.
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negative control was slight (Figure 33B), indicating the possibility that one regulatory

element alone may not sufficient to drive the enhancement of the reporter expression.

Based on these results and considering previous analysis on all MD putative
enhancers (Figure 22), we asked whether enhancer activation could be regulated by
cellular pathways, exerting their activity through transcription factors binding to the
regulatory element. We thus proceeded with analysing the enhancers’ DNA sequence

focusing on transcription factor binding sites enrichment in SOX9 putative enhancers.
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4.1.3.2. SOX9 enhancers are enriched for
RARs binding sites

In order to elucidate whether SOX9 enhancers are enriched explicitly for binding sites
for TF families that may suggest pathways whose modulation would result in SOX9
expression alteration, we filtered the IMAGE results for the specific regions that overlap
with the SOX9 regulatory elements that show an interaction with SOX9 promoter by
H3K27ac HiChlIP. Specifically, we assessed the distribution of MD-expressed TFs binding
sites detected (FDR<0.01) in MD enhancers, filtering as in Figure 22, for motifs linked to
MD-expressed TFs, that are enriched in MD differentially accessible ATAC-seq peaks,

and that result to be causal in regulating target gene (SOX9) expression.

This analysis detected that all enhancers contained at least one significant TF binding
site (Figure 34), with all putative enhancers except for region 17 showing binding sites
for SOX9. Furthermore, we assessed that, besides SOX9, other transcription factors
motifs are common to different regions, such as SOX2, EMT transcription factors
(TWIST1 and 2), KLF family and FOX family of transcription factors. Nevertheless, the
retinoic acid responding transcription factors emerged as the most represented family
of TFs for which SOX9 putative enhancers, especially the differentially accessible ones,
show binding sites. We detected RXRP motif in regions 6, 14, 15, 17, 19 and 20, RARa
motif in regions 3, 6, 12, 14, 17 and 20, RXRa motif in regions 5, 12, 18 and 19, and RARy
motif in region 16. This result suggested that RARs binding sites, already highlighted in

the genome-wide analysis (Figure 22), were also enriched in SOX9 enhancers.
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Figure 34 UpSetR plot showing common and unique TF binding sites in SOX9 promoter interacting enhancers.
UpSetR plot showing the overlap of causal transcription factors expressed in MD cells with a linked motif activity MD
> XD& tIMEC, whose corresponding motifs were identified in the indicated enhancer regions with FDR<0.01. TFs of
interest are highlighted. Enhancers are represented as grey dots, black dots represent enhancers in which the
corresponding TFs are identified; lines connecting multiple enhancers indicate groups of enhancers that share a
common list of TFs binding sites. Significantly differential enhancers (in MDvsXD or MDvstIMEC comparisons) are
highlighted (***: FDR<0.005; *: FDR<0.1).

To further confirm RARs binding sites enrichment in SOX9 regulatory elements, we
analysed the DNA sequence of enhancers 1-20 with an orthogonal approach, based on
the Find Individual Motif Occurrences (FIMO) tool from the Motif-based sequence

analysis tools suite (MEME). FIMO tests a set of sequences for individual matches to

i

each user-provided motif, treating each motif independently.
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We thus scanned the SOX9 putative enhancers for retinoic acid pathway — involved
TFs binding motifs, including NR2F1, RARa, RARB, RARy, RXRa, RXRB and RXRy. We also
tested five regions shuffling peaks on the whole genome and used a control set of motifs

to establish a threshold based on the p-value over which we may consider TF binding

site enrichment statistically significant.

We found that binding sites for at least one of the mentioned transcription factors
were present on SOX9 putative enhancers (Figure 35), although with different
confidence (p-value: black=zero, white=1*104). Of interest, regions 1 and 2, which were
assessed as ‘non-looping’ by HiChIP analysis, showed extremely low number (1 and 5,
respectively) of retinoic acid receptors binding sites, which were not overcoming the
significance threshold based on control regions (shuffled regions) and on the control set
of motifs. On the other hand, many of the regions that showed looping to SOX9
promoter resulted enriched for some RARs binding site with high confidence, especially

regions 13, 14 (which also showed differential accessibility in MD cells) and 16.
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Figure 35 Confidence heatmap of RARs binding sites in SOX9 enhancers. Heatmap representing p-value of RARs
binding motifs and a control motif set in SOX9 enhancers (1-20) and shuffled control regions retrieved by FIMO
analysis. Colour code = p-value 0 (black) to 1*1 - (light blue) or missing motif (white).
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Many retinoic acid receptor binding sites, although consisting of complex DNA
sequences, present strong similarities; results from MEME analysis may thus show a

certain level of redundancy.

All'in all, with these results, we could conclude that SOX9 enhancers, especially the ones
that show differential accessibility between MD cells, tIMEC and XD cells, were

redundantly enriched for binding sites for TFs belonging to the retinoic acid pathway.

Thus, we asked whether retinoic acid may be involved in SOX9 enhancer activity and
S0OX9 expression and whether activation of this pathway may bring phenotypical traits
to MD cells that would enhance their fitness and, therefore, their capacity to adapt to
those foreign environments that they encounter during dissemination and metastasis

formation.

4.1.4. SOX9 is responsive to Retinoic acid

Since we found that the binding sites for retinoic acid receptor (RAR) family members
were enriched in most of the putative enhancers SOX9, we hypothesised that the
retinoic acid pathway might be involved in the activation or maintenance of activity of
those regulatory elements. Thus, we aimed to test whether SOX9 expression would be

induced by retinoic acid treatment.

4.1.4.1. SOX9 expression modulation by
retinoic acid

Firstly, a time course treatment with 1uM all-trans retinoic acid (ATRA) was performed

in tIMEC, XD and MD cells, and subsequently tested SOX9 expression by RT-gPCR.
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1787 The obtained results showed that SOX9 expression was increased in the MD cells upon

1788 short treatment (1h) with ATRA, while tIMEC and XD seemed responsive only after
1789 prolonged stimulation (72h), as shown in Figure 36.
1790 Although there was a clear trend, the SOX9 expression increase in MD cells was slight
1791 when compared to the steady-state and not statistically significant when compared to the
1792 vehicle treatment. Since recent evidence suggests that chromatin reshaping can drive a
1793 transcriptional memory mechanism, and since retinoic acid receptors binding sites are
1794 redundant in SOX9 enhancers, we hypothesised that combining a pre-exposure with a
1795 short treatment of ATRA might have a more substantial effect (Bevington et al., 2016;
1796 Siwek et al., 2020; Tu et al., 2017).
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Figure 36 SOX9 expression is augmented by retinoic acid treatment. SOX9 relative expression level in tIMEC, XD and
MD following ATRA 1uM treatment in comparison to non-treated or vehicle treated samples. Average of 4
independent biological replicates +/- S.E.M. Unpaired two-tailed student’s t-test. Ns:P > 0.05; *:P < 0.05;
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4.1.4.2. Retinoic acid and  SOX9
transcriptional memory

To investigate whether priming MD cells with a pre-treatment of ATRA combined
with short time points ATRA treatment would stabilize the effect on SOX9 expression
increase, we designed the following treatment scheme, depicted in Figure 37A.
Although in tIMEC and in XD cells no significant increase in the response was detected
after the priming with ATRA, by quantifying SOX9 transcript levels we found that ATRA
priming increased the responsiveness of MD to ATRA treatment, as indicated by the
accelerated response and the increment of the transcript abundance. Indeed, upon
priming, we measured a 2-fold more robust response than the 30 minutes treatment
alone (Figure 37B). This suggested that a mechanism of transcriptional memory may
strengthen the retinoic acid pathway response and the effect on SOX9 expression

induction (Siwek et al., 2020; Zhao et al., 2020).

A

2h 36h Day 3: RNA
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Day O: Day 1: wash Day 3:
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Figure 37: SOX9 expression is strongly induced by ATRA treatment combined with pre-treatment. A) schematic
representation of ATRA treatment: cells were seeded at day 0; ATRA 1uM was added ad day 1 and washed out after
2 hours incubation; after 36 hours, ATRA was re-added for either 30 min or 1 hour before RNA collection. B) SOX9
relative expression levels of tIMEC, XD and MD cells with non-treated, treated with vehicle, treated with short ATRA
treatment (30min and 1h) or treated with a 2h ATRA pulse followed by short ATRA treatment (2h pulse +30min/1h).
Average of 4 independent biological replicates, +/- S.E.M. Two-way ANOVA test. Ns:P > 0.05; *:P < 0.05; **:.P <
0.01;***:Pp <0.001.
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To investigate whether SOX9 expression response to ATRA might depend on a specific
retinoic acid receptor, we tested the effect of RARa knock-down with two different short

interfering RNAs on the response of SOX9 to ATRA treatment.

Analysis of SOX9 relative expression after ATRA treatment revealed that SOX9
expression maintenance and response to ATRA treatment was dependent on RARa
expression (Figure 38). Both short interfering RNAs targeting RARa efficiently and
specifically reduced RARa levels in MD cells (Figure 38B), decreasing SOX9 expression in
the steady-state and impeding SOX9 increase in expression following ATRA treatment
(Figure 38A). Interestingly, ATRA treatment was reducing RARa transcript levels per se,

suggesting a negative feedback loop.
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Figure 38 RARa knock-down impedes SOX9 response to ATRA. A) SOX9 relative expression levels of MD cells with
non-treated, treated for 30 minutes, treated for 1 hours with ATRA in cells non-transfected or transfected with RARa
targeting siRNA 1, 2, or control siRNAs. B) RARa relative expression levels of the conditions in A). Average of 3
independent biological replicates, +/- S.E.M. Unpaired two-tailed student’s t-test. Ns:P > 0.05; *:P < 0.05; **:.P <
0.01;***:p < 0.001.

In order to confirm the cell specificity of SOX9 response to ATRA pathway modulation,
we analysed SOX9 response to inhibition of RARa activity through treatment of cells with
the RARa specific antagonist BMS614 (Figure 39). RARa agonist ligands induce a

conformation in which the holo position of helix 12 is stabilized: this active conformation
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provides a surface to which coactivators can bind via their NR boxes that contain LxxLL

motifs.

In contrast, BMS614 binding allows helix 12 to bind to the static part of the hydrophobic
groove of RARa and then blocks by competition both coactivators and corepressor

binding.

Through RT gPCR on tIMEC, XD and MD cells, we compared SOX9 transcript levels in
steady state or treatment with RARa antagonist at two different time points (Figure 39).
RARa antagonist did not show any significant effect in tIMEC cells, whereas SOX9
expression was decreased in XD cells and strongly decreased in MD cells. We thus could
not conclude that inactivation of RARa activity response was unique in MD cells,
although the effect was clearly stronger in MD cells with respect to XD cells and not

detectable in tIMEC.
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Figure 39 SOX9 expression is decreased following exposure to RARa antagonist SOX9 relative expression levels in
tIMEC, XD and MD cells following BMS614 treatment for 1 or 2 hours. Average of 3 independent biological replicates,
+/- S.E.M. Unpaired two-tailed student’s t-test. Ns:P > 0.05; *:P < 0.05; **:P <0.01;***:P <0.001.
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4.1.4.3. Retinoic acid receptors
expression

In order to assess whether SOX9 expression induction could be due to the augmented
expression or activation of the retinoic acid receptors, we proceeded to evaluate protein
level and localization of the RARs family members. Therefore, we focused on those
receptors that showed to be expressed in the three cell types (Figure 40). Steady-state
levels and ATRA treatment response of RAR alfa (RARa), RAR gamma (RARy), RXR alfa
(RXRa) and RXR beta (RXRB) were thus tested through immunostaining.

tIMEC XD MD Receptor
NR2F1_COT2
NR1B2_RAR BETA
NR1B1 _RAR ALFA

e NR1B3_RAR GAMMA 1
NR2B2_RXR BETA
I NR2B1_RXR ALPHA
NR2B3_RXR GAMMA
rev
0 20

Figure 40 Gene expression heatmap of retinoic acid receptors family members. Heatmap indicating gene expression
data for nuclear receptors involved in the retinoic acid pathway in tIMEC, XD and MD. Average of 3 biological
replicates. Color code = RPKM 0 to 20.

Quantification of RARs nuclear mean intensity at the single-cell level allowed us to
assess, in all cases, a bimodal distribution of nuclear mean intensity (panel B of Figure
41, Figure 42, Figure 43 and Figure 44). Therefore, we analysed nuclei as either positive
or negative to the receptor establishing a threshold based on nuclear mean intensity
over which we considered cells as positive and under which we considered them

negative.
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Figure 41 RXRa protein levels in tIMEC, XD and MDs after ATRA treatment. A) Representative confocal microscope
images of RXRa immunostaining in the indicated cell types. RXRa, green; DAPI, blue; scale bar = 50 um. Images were
acquired with a 63X objective. B) Quantification of RXRa nuclear mean intensity in the different cell types; 5 biological
replicates; The violin plots indicate median values (middle lines), first and third quartiles (dashed lines) of the
fluorescence intensity of analysed nuclei (n2300). C) Quantification of RXRa+ nuclei percentage in steady state (left)
and after ATRA treatment (right) in the indicated cell types; staining positivity was assessed on the basis of the
distribution of data in B); for RXRa, nuclei with mean intensity>10 were considered positive. Average of 5 biological
reps, +/- S.E.M. Unpaired two-tailed student’s t-test. Ns:P > 0.05; *:P < 0.05; **:P < 0.01;***:P < 0.001;****:P <
0.0001.

1846 Quantification of RXRa nuclear mean intensity showed a slight decrease in MD cells
1847 (Figure 41 panel B), although the difference when assessing the changes in the
1848 percentage of positive cells was not statistically significant (Figure 41 panel C); the same
1849 holds true when comparing ATRA treatment time points with respective steady-state
1850 conditions. In the steady state though, MD cells showed a small population of very bright
1851 RXRa+ cells, which may be of interest for further analysis.
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Figure 42 RXR8 protein levels in tIMEC, XD and MDs after ATRA treatment. A) Representative confocal microscope
images of RXRB immunostaining in the indicated cell types. RXR8, green; DAPI, blue; scale bar = 50 um. Images were
acquired with a 63X objective. B) Quantification of RXR8 nuclear mean intensity in the different cell types; 5 biological
replicates; The violin plots indicate median values (middle lines), first and third quartiles (dashed lines) of the
fluorescence intensity of analysed nuclei (n2300). C) Quantification of RXRB+ nuclei percentage in steady state (left)
and after ATRA treatment (right) in the indicated cell types; staining positivity was assessed on the basis of the
distribution of data in B); for RXRB, nuclei with mean intensity>10 were considered positive. Average of 5 biological
reps, +/- S.E.M. Unpaired two-tailed student’s t-test. Ns:P > 0.05; *:P < 0.05; **:P < 0.01;***:P < 0.001;****:P <

0.0001.
1852 Quantification of RXRPB nuclear mean intensity allowed us to assess that nuclear
1853 protein levels were significantly lower than RXRa, but it showed a slight increase in XD
1854 and MD cells (Figure 42 panel B): although the trend was clear, the difference was not
1855 statistically significant when comparing the percentages of positive cells between the
1856 cell populations (Figure 42 panel C): this may be due to those extremely bright cells that
1857 elongated the distribution tail and that, when comparing the three cell populations, was
1858 decreasing from tIMEC to MD cells; the same holded true when comparing ATRA
1859 treatment time points with respective steady-state conditions.
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Figure 43 RARy protein levels in tIMEC, XD and MDs after ATRA treatment. A) Representative confocal microscope
images of RARy immunostaining in the indicated cell types. RARy, green; DAPI, blue; scale bar = 50 um. Images were
acquired with a 63X objective. B) Quantification of RARy nuclear mean intensity in the different cell types; 5 biological
replicates; The violin plots indicate median values (middle lines), first and third quartiles (dashed lines) of the fluorescence
intensity of analysed nuclei (n>2300).C) Quantification of RARy+ nuclei percentage in steady state (left) and after ATRA
treatment (right) in the indicated cell types; staining positivity was assessed on the basis of the distribution of data in B);
for RARy, nuclei with mean intensity>10 were considered positive. Average of 5 biological reps, +/- S.E.M. Unpaired two-
tailed student’s t-test. Ns:P > 0.05; *:P < 0.05; **:P < 0.01;***:P < 0.001,;****:P < 0.0001.

Quantification of RARy nuclear mean intensity showed that RARy protein level slightly
increased in XD and MD cells (Figure 43 panel B), but the difference was not statistically
significant when quantifying the percentage of positive cells (Figure 43 panel C);
distribution analysis in panel B shows that although MD cells that result RARy+ were
brighter than in the other two cell populations, the positive population was smaller and
thus less represented than in the other two samples; RARy protein levels slightly
decreased when comparing ATRA treatment time points with respective steady-state

conditions.
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Figure 44 RARa protein levels in tIMEC, XD and MDs after ATRA treatment. A) Representative confocal microscope
images of RARa immunostaining in the indicated cell types. RARa, green; DAPI, blue; scale bar = 50 um. Images were
acquired with a 63X objective. B) Quantification of RARa nuclear mean intensity in the different cell types; 5 biological
replicates; The violin plots indicate median values (middle lines), first and third quartiles (dashed lines) of the fluorescence
intensity of analysed nuclei (n>2300). C) Quantification of RARa+ nuclei percentage in steady state (left) and after ATRA
treatment (right) in the indicated cell types; staining positivity was assessed on the basis of the distribution of data in B);
for RARa, nuclei with mean intensity>2 were considered positive. Average of 3 biological reps, +/- S.E.M. Unpaired two-
tailed student’s t-test. Ns:P > 0.05; *:P < 0.05; **:P < 0.01;***:P < 0.001;****:P < 0.0001.

Finally, quantification of RARa nuclear mean intensity showed a slight increase in
RARa nuclear protein levels in XD and MD cells (Figure 44 panel B), but once again, the
difference was not statistically significant when quantifying the percentage of RARa+
cells (Figure 44 panel C); RARa protein levels slightly decreased when comparing ATRA
treatment time points with corresponding steady-state conditions, in line with the RNA
expression evaluation (Figure 38) and the hypothesis of a negative feedback loop

regulating ATRA pathway induction and ATRA responsive receptors.
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We noticed that RARa signal localization was predominantly cytosolic, especially
before ATRA treatment: this was expected since multiple pathways regulate RARa
nuclear to cytosol translocation (Braun et al., 2000; Santos and Kim, 2010). Nevertheless,
we tested RARa antibody specificity by comparing immunostaining in tIMEC for RARa in
RARa-knock-down cells versus non treated cells. As in tIMEC cells RARa localization was
almost entirely cytosolic, instead of quantifying exclusively nuclear intensity, the total
signal was quantified (Figure 45A). A residual mean intensity of RARa could be detected
after knock-down (Figure 45B), suggesting that the efficiency of the repression of RARa
expression may not be total. Nevertheless, RARa signal intensity was strongly reduced
at 48 hours after transfection of tIMEC with RARa siRNA (Figure 45B), indicating that the

antibody was specifically binding to the RARa receptor.

A B

) .
merge
RARa
siRNA

Figure 45 RARa antibody specificity testing. RARa immunostaining in tIMEC transfected with RARa siRNA versus non
treated cells. A) panel of representative images acquired with a confocal microscope showing RARa efficient knock-
down in tIMEC cells; RARa, green; DAPI, blue; scale bar = 50 um. Images were acquired with a 63X objective. B)
Quantification of RARa total mean intensity in the two indicated conditions; 1 biological replicate, N=100; The box plots
indicate median values (middle lines), first and third quartiles (box edges) and 10th and 90th percentiles (error bars) of
the fluorescence intensity of analysed nuclei. Unpaired two-tailed student’s t-test. Ns:P > 0.05; *:P < 0.05; **:.P <
0.01;***:P <0.001,****:P < 0.0001.
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Given that for all retinoic acid receptors we were not able to assess a substantial
variation in protein levels or localization in the different cell types or following retinoic
acid treatment, we hypothesised that significant changes, as for SOX9 expression, would
be visible only after a pre-treatment with ATRA. Furthermore, we noticed that the

distribution of RXRat and RARa in the nuclei suggested a non-homogeneous distribution.
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RXRa was shown to contain an intrinsically disordered region (IDR) at the N-terminal
domain, and recent findings suggest that IDRs may favour the assembly of molecular
condensates, where TFs, cofactors and transcriptional machinery dynamically cluster at
regulatory elements to regulate transcription (Belorusova et al., 2016; Cho et al., 2018;
Chong et al., 2018). The RARa/RXRa dimer was suggested to play a crucial role in the
recruitment of UTX, p300 and MLL4 and in regulating the active enhancer landscape by
inducing the formation of a physical bridge that facilitates the formation of a physical
bridge p300 and MLL4 functions (Wang et al., 2017). We thus speculated that clustering
of those RA receptors more than changes in protein localization or levels would be
responsible for the response to ATRA in terms of gene expression, possibly by facilitating
the assembly of transcriptional condensates as previously assessed for numerous
chromatin players and transcription factors (Boija et al., 2018; Fasciani et al., 2020;

Sabari et al., 2018).
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4.1.4.4. Retinoic acid receptors
clustering

1904 In order to test the behaviour of retinoic acid receptors by means of clustering
1905 capacity, immunostaining of RXRa and RARa receptors in MD cells was performed,
1906 comparing steady-state with very short ATRA treatments (5/15/30 minutes) preceded
1907 or not by a 2 hours ATRA pulse followed by 36 hours wash. The most effective time
1908 points were the shortest, i.e. 5 minutes of treatment combined (or not) with a two-hour
1909 pulse.
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Figure 46 RXRa clustering in MD cells after ATRA treatment. A) Representative confocal microscope images of RXRa
immunostaining in MD cells at the indicated time points of ATRA treatment. RXRa, green; DAPI, blue; scale bar = 10
um. Images were acquired with a 63X objective and 4X zoom. B-D) in tIMEC-XD-MD respectively, from left to right:
quantification of RXRa nuclear mean intensity at the different time points of ATRA treatment; quantification of the
nuclear mean intensity ratio between nucleus and cytosol; quantification of the number of clusters per nuclei;
quantification of the average cluster area per nuclei. 2 biological replicates (N>100); The violin plots indicate median
values (middle lines), first and third quartiles (dashed lines) of the fluorescence intensity of analysed nuclei. Unpaired
two-tailed student’s t-test. Ns:P > 0.05; *:P < 0.05; **:P < 0.01;***:P < 0.001;****:P < 0.0001.
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RXRa nuclear protein level quantification showed a linear increase after ATRA
treatment in XD and MD cells, displaying the highest nuclear intensity after the
combination of ATRA priming and 5 minutes treatment (Figure 46A, C and D), although
nuclear to cytosol ratio calculation reflected an increase of total protein levels in XD
cells, whereas in MD cells, protein was more concentrated in the nucleus than in the
cytosol after 5 minutes of treatment combined with the priming (Figure 46 D). In tIMEC,

RXRa total protein levels decreased after ATRA treatment (Figure 46A and B).

Furthermore, we performed a cluster analysis to assess the number, intensity and
average size of RXRa clusters in tIMEC, XD and MD cells: a higher number of clusters per
nucleus was detected after treatment when compared to steady-state (Figure 46C and
D) in XD and MD cells, whereas tIMEC did not display an appreciable response (Figure
46B). Cluster quantification indicated that a significantly lower cluster area
characterized the clusters formed by RXRa after ATRA treatment with respect to non-

treated cells in the three cell types.

Although for MD cells and XD cells the diminishment of cluster area may be linked to
the increased number, we could not explain the trend that characterized tIMEC: further
validation through optogenetics approaches might thus be needed to ensure the
dynamics of RXRa clustering. Furthermore, since the significant increase in RXRa nuclear
protein level could not be explained by shuttling of the protein from the cytosol to the
nucleus, and that was generally visible after the combination of the short treatment with
the priming, further investigation and assessment of the protein levels after the priming

alone should be considered for future experiments.

Quantification of RARa nuclear mean intensity allowed us to assess a decrease in
nuclear protein levels after ATRA treatment in tIMEC and XDs (Figure 47A, B and C), and
a slight increase in MD cells (Figure 47D); the ratio between protein levels in the nucleus
and in the cytosol was slightly increasing in the three cell types, even though not
significantly in XD cells (Figure 47B, C and D): this suggested a mechanism of shuttling of

RARa protein from the cytoplasm to the nucleus after ATRA treatment.

Furthermore, we were able to detect RARa clustering in all three cell types (Figure

478, C and D), but quantification of clusters indicated that ATRA treatment induced
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tIMEC

reduction of cluster number in both tIMEC and XD cells (Figure 47B and C), inducing an
increase of cluster number in MD cells (Figure 47D) instead; this was in line with the
augmentation of nuclear protein signal in response to ATRA treatment. Cluster mean

dimension decreased after ATRA treatment in tIMEC and XD cells independently of the
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Figure 47 RARa clustering in MD cells after ATRA treatment. A) Representative confocal microscope images of RARx
immunostaining in MD cells at the indicated time points of ATRA treatment. RARa, green; DAPI, blue; scale bar = 10
um. Images were acquired with a 63X objective and 4X zoom. B-D) in tIMEC-XD-MD respectively, from left to right:
quantification of RARa nuclear mean intensity at the different time points of ATRA treatment; quantification of the
nuclear mean intensity ratio between nucleus and cytosol; quantification of the number of clusters per nuclei;
quantification of the average cluster area per nuclei. 2 biological replicates (N>100); The violin plots indicate median
values (middle lines), first and third quartiles (dashed lines) of the fluorescence intensity of analysed nuclei. Unpaired

two-tailed student’s t-test. Ns:P > 0.05; *:P < 0.05; **:P < 0.01;***:P < 0.001;****:P < 0.0001.
treatment, whereas in MD cells, although a decrease was visible after the short
treatment, cluster area slightly increased when the short treatment was combined with
the priming. Tuning the timing of the treatment might be necessary to better evaluate
clustering dynamics, and coupling this experimental setting with optogenetics
approaches might better elucidate the clustering response to activation of the retinoic
acid pathway. Nevertheless, these results indicated that retinoic acid receptors protein

levels change after ATRA short treatment combined with a pre-exposure to the
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1951 compound. Furthermore, both RARa and RXRa could form clusters following ATRA

1952 treatment, although with different dynamics.

4.1.4.5. Retinoic acid, SOX9 and
proliferation inhibition

1953 In order to investigate whether ATRA is linked to induction of proliferation inhibition
1954 in metastatic cells as suggested by previous evidence, we proceeded with testing the
1955 expression of proliferation markers (Sosa et al., 2015). We tested the abundance of the
1956 proliferation marker Ki67 in tIMEC, XD and MD cells after ATRA treatment for 72 hours
1957 (Figure 48A), and then tested cell proliferation through a dye-retaining assay in response
1958 to short-term ATRA treatment in both in primed and un- primed cells (Figure 49).
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Figure 48 Ki67 Immunostaining in tIMEC, XD and MD cells after ATRA treatment. A) Representative confocal
microscope images of Ki67 immunostaining in tIMEC, XD and MD cells after 72h treatment with ATRA. Ki67, red;
DAPI, blue; scale bar = 10 um. Images were acquired with a 63X objective and 4X zoom. B) Quantification of
percentage of KI67+ cells at the different time points of ATRA. Ki67 + cells were identified as mean intensity >10
nuclei. Average of 4 independent biological replicates +/- S.E.M.; Unpaired one-tailed student’s t-test. Ns:P > 0.05;

*:P < 0.05.
1959 We quantified the percentage of Ki67+ cells with respect to the total number of cells
1960 analysed; when comparing the percentage of Ki67+ cells in tIMEC, XD and MD, we could
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assess that in the steady-state, MD cells showed a decrease of Ki67 levels with respect
to both tIMEC and XD cells. Furthermore, ATRA treatment significantly decreased Ki67
levels in the three cell types (Figure 48B), showing the most pronounced effect in MD
cells, decreasing from 50% Ki67-positive cells to approximately 25% after ATRA
treatment. This suggested that ATRA treatment may induce a decrease in the

proliferation of tIMEC, XD and MD cells.

As an orthologous experiment, we analysed the proliferation of tIMEC, XD and MD
cells after ATRA treatment through dye-retaining capacity evaluation: cells were stained
with a far-red fluorescent cell membrane labelling reagent (CellVue ™ Maroon) before
seeding for ATRA treatment, and intensity staining is evaluated after four (Figure 49 A,
B, C and D) and eight days (Figure 49 E and F). Actively proliferating cells will dilute the
cell labelling reagent, resulting in lower general signal intensity, whereas quiescent cells

will retain the initial staining intensity.

We quantified the cell population that retained after four days the same signal
intensity as cells analysed immediately after staining with the dye in order to assess the
percentage of quiescent cells (Figure 49 A and B): quantification displays that in the
steady-state XD cells and MD cells show a greater non-proliferating cell population with
respect to tIMEC, even though only MD cells increase in percentage resulted statistically

significant.
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Figure 49 MD cells proliferation is inhibited by ATRA treatment. FACS analysis of dye-retaining capacity in
tIMEC, XD and MD cells. A) Histogram of FACS analysis of tIMEC, XD and MD cells showing CellVue Maroon
staining intensity (APC-A) 96h after seeding with quantification of non-proliferating cell percentage over total
in B). C) Histograms of FACS analysis in tIMEC, XD and MD cells showing CellVue Maroon staining intensity
(APC-A) 96h after seeding (NT) in comparison with indicated ATRA treatment conditions. D) Quantification of
non-proliferating cell percentage over total of the conditions in C) relative to the steady state. Gating for
quantification of non-proliferating cells was set on cells analysed just after staining. E) Histogram of FACS
analysis in tIMEC, XD and MD cells showing CellVue Maroon staining intensity (APC-A) versus SSC-A in staining
control and steady state cells compared to cells primed only (priming +, 2h-), treated only with short treatment
(priming -, 2h+), or primed and treated with short treatment (priming +, 2h +) after 8 days from seeding. F)
Quantification of proliferating cell percentage over total of the conditions in D) relative to steady state. Gating
for quantification of proliferating cells was set on cells analysed just after staining (as shown in panel E)).
Average of 3 independent biological replicates +/- S.E.M.; Unpaired one-tailed student’s t-test. Ns:P > 0.05;
*:P<0.05; **:P <0.01,***:P < 0.001;

After ATRA treatment, all three cell populations showed an increase in the
percentage of quiescent cells, although MD cells showed the most robust grade of
responsiveness (Figure 49C and D). In order to assess whether the evaluation of MD cell
response to ATRA treatment would be more sustained after longer time points, we
analysed the percentages of proliferating cells eight days after seeding (Figure 49E).
Indeed, the analysis of the percentage of cells capable of diluting the dye after eight
days showed that the amount of proliferating MD cells decreased to almost half with
respect to the steady-state after ATRA treatment: this effect resulted to be even more
marked when the treatment was combined with the priming (Figure 49F). The same

effect was not detectable in tIMEC and XD cells.

With this, we could conclude that the ATRA effect on proliferation was detectable
both with long-term treatment and with short-term treatment combined with pre-
treatment, and it translated in sustaining cell quiescence, especially in metastatic-

derived cells.

At this point, we were interested in assessing whether the ATRA response in terms of
proliferation inhibition may include a role for SOX9. Thus, we transduced tIMEC cells
with a tet-on system containing vector to overexpress SOX9 and transduced MD cells

with one shRNA containing vector to knock-down SOX9 in MD cells.

Western Blot analysis and relative quantification of SOX9 optical density on three
biological replicates allowed us to assess that both overexpression and knock-down of
SOX9 were efficient (Figure 50A). Transcript level augmentation in tIMEC overexpressing
SOX9 and reduction in MD sh SOX9 were confirmed through RT-qPCR(Figure 50B):

guantification of transcript levels indicates that SOX9 is decreased of 2 fold when
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comparing SOX9 knock-down in MD cells to SOX9 overexpression in tIMEC; 2-fold

increase is also visible in MD cells with respect to tIMEC, which confirms previous data
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Figure 50 SOX9 protein and transcript levels in knocked-down and overexpressing cell types. A) Representative
Western Blot of SOX9 and GAPDH in tIMEC; tIMEC overexpressing SOX9, MD cells, and MD cells with SOX9 knock-down
(left). SOX9 relative protein level quantification in the indicated cell types (right). B) RT-gPCR analysis of SOX9 transcript
levels relative to GAPDH. Average of 3 independent biological replicates +/- S.E.M. Unpaired two-tailed student’s t-
test. Ns:P > 0.05; *:P <0.05; **:P <0.01.

(Figure 25). Since the aim was to bring tIMEC SOX9 levels to MD levels and vice versa,
leaky expression of the tetO-system in tIMEC without doxycycline induction was

sufficient to achieve an increase of SOX9 protein to a level comparable to the MD cells.

The proliferation quantification of these two cell types compared to parental ones
was then performed by analysing Ki67 levels. Quantification of SOX9 nuclear mean
intensity and the percentage of Ki67 positive cells showed that SOX9 overexpression in
tIMEC (Figure 51 A and B) was concomitant to sustained quiescence (Figure 51C),
whereas knock-down of SOX9 in MD (Figure 51A and B) was concurrent to proliferation

increase (Figure 51C).

125



2014
2015
2016
2017

2018
2019
2020
2021
2022
2023
2024
2025
2026
2027

A tIMEC tIMEC tetO SOX9 MD MD sh SOX9 B

N
&
3

N
S
8

I
3

=
3

509 ..

SOX9 nuclear mean Intensity

Ki67 nuclear mean Intensity
o
Ki67 nuclear mean Intensity
N
3

°
°

0

o o
& o
NS

ES
&

19)
&

L ~]
4‘04:9
%
%

o
60
Y

&
%,

&

% 4
%,
s,
% o
%
%

Figure 51 SOX9 is associated with tIMEC, XD and MD cell proliferation modulation. A) Representative confocal
images of DAPI (blue), SOX9 (green) and Ki67 (red) immunostaining in tIMEC, tIMEC tetO-Sox9, MD cells and MD sh-
SOX9 cells. Images were acquired with a 63X objective. Scale bar = 50um. B) Quantification of SOX9 nuclear mean
intensity in the indicated cell types. N>300 derived from the merge of 3 biological replicates; C) Quantification of
percentage of KI67+ cells in the indicated cell types. Ki67 + cells were identified as mean intensity >10 nuclei. Average
of 3 independent biological replicates. The box plots indicate median values (middle lines), first and third quartiles
(box edges) and 10th and 90th percentiles (error bars) of the fluorescence intensity of analysed nuclei. Unpaired two-
tailed student’s t-test. Ns:P > 0.05; *:P < 0.05; **:P < 0.01;***:P < 0.001;****:p < 0.0001.

In order to further corroborate the notion that ATRA treatment is sustaining
guiescence in metastatic cells (Figure 49) and whether this effect might correlate with
SOX9 levels, we analyzed the levels of the activated (phosphorylated) form of p-38

mitogen activated protein kinase (MAPK).

MAPK belong to a family of kinases that transduce various types of damage-related
signals. The p38 family was firstly identified as regulators of inflammation, although it
was also found to play a significant role in cell proliferation (Beamer and Corréa, 2021;
Khiem et al., 2008). In addition, activation of p38 can promote growth arrest through
downregulation of cyclin D1 and the activation of p53-p21 or p16-Rb pathways (Gubern
et al., 2016; Lavoie et al., 1996; Mikule et al., 2007). It was also shown that blockade of
adhesion signalling resulted in the activation of p38, which favored survival and
acquisition of a dormant phenotype by HEp3 (D-HEp3) cells through the initiation of a
stress adaptive response known as the unfolded protein response (Ranganathan et al.,

2006). Furthermore, p38a/B was shown to regulate a transcription factor network that
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leads to quiescence involving proliferation/growth arrest and pluripotency/self-renewal

genes (Adam et al., 2009).

p38 MAPK can be activated by phosphorylation: the activated form of p38 acts as an
ERK inhibitor, preventing cell proliferation by inducing GO-G1 arrest or triggering
senescence and apoptosis (Aguirre-Ghiso et al., 2003). We thus aimed at evaluating the
levels of phospho-p38 in tIMEC, MD cells and respective SOX9-modulated derivatives
before and after ATRA treatment (Figure 52A).

Quantification of the nuclear mean intensity (Figure 52B) showed that p-p38 levels,
when comparing the steady state of the different cell populations, were slightly
increasing in tIMEC after SOX9 overexpression and in MD cells with respect to tIMEC,
and were instead decreased in MD cells after SOX9 knock-down to levels comparable to
tIMEC. Immunostaining quantification also indicated that ATRA treatment did not have
any effect on tIMEC, whereas p-p38 intensity increased in all the other three cell
populations in concomitance to retinoic acid pathway activation. Nuclear mean intensity
guantification also showed that treatment with RARa antagonist slightly decreased p-

p38 signal intensity in all the cell lines.

Nevertheless, we noticed that, in some cases, differences between samples resulted
to not be statistically significant because the mean fluorescence intensity was not
changing significantly, although the distribution of the signal was. In most cases, indeed,
small populations could be distinguished from the whole cell population because of a
very bright nuclear p-p38 signal, and this was reflected in the distribution tails of high
nuclear mean intensity present in many of the samples. Thus, we reasoned that changes
in the mean fluorescence intensity may be due to difference in the background signal,
and that it would be thus more accurate to analyze the percentage of p-p38 positive
cells after the establishment of a threshold. Since the different cell populations were
characterized by very different mean intensities, establishment of an intensity threshold
on the basis of the distribution of the sample where the signal was the weakest would
result in an overestimation of p-p38 positive cells in other samples. Subsequently, since
we also reasoned that quiescent cells would probably represent a small percentage of
the whole cell population anyway, we proceeded with analysis of p-p38 positive cells

based on a threshold of mean nuclear mean intensity 250 (Figure 52C). This type of
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guantification allowed us to assess that in tIMEC, approximately 3% of cells resulted to
be p-p38*, similarly to tIMEC overexpressing SOX9, whereas in MD cells (independently
from SOX9 levels) the percentage was augmented to 5%, indicating that, at least in this
experimental setting, quiescence may be induced independently from SOX9 but
probably by the metastatic cellular context. Quantification of p-p38* cells also showed
that induction of the retinoic acid pathway did not have any significant effect in tIMEC
or MD after SOX9 knock-down, whereas overexpression of SOX9 in tIMEC allowed
activation of p38 similarly to MD cells. This indicated that activation of p-p38 by the
retinoic acid pathway may act through SOX9. Inhibition of RARa through the treatment
with its antagonist did not show any significant effect on the percentage of p-p38* cells,

indicating that this pathway is probably acting through other signal transducers.
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Figure 52 p-p38 immunostaining shows proliferation modulation by SOX9 and ATRA treatment in tIMEC and MD.
A) Representative confocal images of DAPI (blue), p-p38 (green) immunostaining in tIMEC, tIMEC tetO-SOX9, MD cells
and MD sh-SOX9 cells with or without RARa antagonist or ATRA treatment (1 uM 72h). Images were acquired with a
63X objective. Scale bar = 50um. B) Quantification of p-p38 nuclear mean intensity in the indicated cell types and
conditions. C) Quantification of p-p38 positive cell percentage (threshold: mean intensity > 50); AVG +/- S.E.M.
N=1000, merge of 3 biological replicates. The violin plots indicate median values (middle lines), first and third quartiles
(dashed lines) of the fluorescence intensity of analysed nuclei. Unpaired two-tailed student’s t-test. Ns:P > 0.05; *:P <
0.05; **:P <0.01,***:P < 0.001;****:P < 0.0001.

These results suggested that ATRA treatment and SOX9 levels modulation are linked
to proliferation regulation. However, further experiments have to be conducted to

investigate how SOX9 and retinoic acid pathway activation are involved in proliferation

regulation.
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4.1.4.6. Retinoic acid, SOX9 and invasion
capacity

We further intended to investigate whether SOX9 modulation in tIMEC and MD cells
and whether induction of the retinoic acid pathway would affect the invasion capacity
of these cell populations. To reach this goal, we performed invasion assays in tIMEC,
tIMEC overexpressing SOX9, MD expressing shRNA targeting control (GFP) or SOX9
transcript, in untreated or ATRA treated (72 hours) cells (Figure 53 A and C).
Quantification of the spheroid area and perimeter showed that in tIMEC, spheroids
showed similar shapes independently of SOX9 levels or ATRA treatment, whereas in MD
cells, knock-down of SOX9 slightly decreased the spheroid area and perimeter, which
was partially rescued by ATRA treatment (Figure 53 B and D). Furthermore,
guantification of the number of detached cells and of their migration distance from the
original spheroid showed that in tIMEC, treatment with ATRA did not have any
statistically significant effect, whereas SOX9 overexpression caused an increment of
both the number and the migration of detached cells. Also in MD cells, ATRA did not
have any statistically significant effect on the number or migration of detached cells,

while SOX9 knock-down significantly decreased the invasion capacity of these cells.

In order to assess whether the conclusions that may be drawn from this experiment
would be confirmed by inhibiting the retinoic acid receptor pathway, we also tested the
effect of the treatment with the RARa antagonist BMS614 in the same cell populations
(Figure 54 A and C). Quantification of the spheroid area and perimeter shows that in
tIMEC, spheroids showed similar shapes independently of SOX9 levels or ATRA
treatment, except for the combination of SOX9 overexpression and RARa antagonist
treatment, which showed a slight increase in the spheroid area when compared to the
treatment alone. In MD cells, both RARa antagonist and knock-down of SOX9 slightly
decreased the spheroid area and perimeter, but we could not assess any effect of the
antagonist on the cells where SOX9 was knocked-down (Figure 54 B and D).

Quantification of the number of detached cells shows that in tIMEC, treatment with
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Figure 53 SOX9 and ATRA modulation of invasion capacity A) Confocal 3D imaging of tIMEC and tIMEC tetO SOX9
Spheroids treated for 72h with 1uM ATRA or vehicle and embedded in a collagen growth-factor depleted matrix. Cells
are invading the spheroid-surrounding matrix to reach a chemo-attractant rich area. Representative images of 4
independent experiments. Maximum intensity projection of 50-100 2.6um Z-stacks acquired with a 10X objective, 2x
zoom on a SP8 confocal microscope. Calcein AM (green); H2B-mCherry (red) B) Quantification of spheroid area,
perimeter, seeding cells number and distance (i.e. single cells detached from the originary spheroid mass and migrated
towards chemoattractant) for the indicated conditions; C) Confocal 3D imaging of MD and MD shSOX9 spheroids
treated for 72h with 1uM ATRA or vehicle and embedded in a collagen growth-factor depleted matrix. Cells are
invading the spheroid-surrounding matrix to reach a chemo-attractant rich area. Representative images of 4
independent experiments. Maximum intensity projection of 50-100 2.6um Z-stacks acquired with a 10X objective, 2x
zoom on a SP8 confocal microscope. Calcein AM (green); H2B-mCherry (red) D) Quantification of spheroid area,
perimeter, seeding cells number and distance (i.e. single cells detached from the originary spheroid mass and migrated
towards chemoattractant) for the indicated conditions; merge of analysis on 24 spheroids per condition, retrieved
from 4 biological replicates; AVG +/- S.E.M. student’s t-test; Ns:P > 0.05; *:P < 0.05; **:P < 0.01;***:P < 0.001;****:p
< 0.0001. The box plots in B) and D) indicate median values (middle lines), first and third quartiles (box edges) and
10th and 90th percentiles (error bars) of respectively area and perimeter of the analysed spheroids and distance of
seeding cells from analysed spheroids.

RARa antagonist did not have any statistically significant effect, whereas SOX9
overexpression was increasing the number of detached cells. In addition, migration
distance of detached cells was slightly increased by both SOX9 overexpression and
treatment with RARa antagonist. In MD cells, RARa antagonist did not have any
statistically significant effect on the number of detached cells, but it seemed to increase
their migration capacity in both steady-state and SOX9 knock-down cells, while SOX9

knock-down per se significantly decreased both the number and the migration distance

of MD cells.
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Figure 54 SOX9 and RA pathway inhibition modulation od invasion capacity A) Confocal 3D imaging of tIMEC and
tIMEC tetO SOX9 spheroids treated for 72h with 1uM RARa antagonist or vehicle and embedded in a collagen growth-
factor depleted matrix. Cells are invading the spheroid-surrounding matrix to reach a chemo-attractant rich area.
Representative images of 4 independent experiments. Maximum intensity projection of 50-100 2.6um Z-stacks
acquired with a 10X objective, 2x zoom on a SP8 confocal microscope. Calcein AM (green); H2B-mCherry (red) B)
Quantification of spheroid area, perimeter, seeding cells number and distance (i.e. single cells detached from the
originary spheroid mass and migrated towards chemoattractant) for the indicated conditions; C) Confocal 3D imaging
of MD and MD shSOX9 spheroids treated for 72h with 1uM RARa antagonist or vehicle and embedded in a collagen
growth-factor depleted matrix. Cells are invading the spheroid-surrounding matrix to reach a chemo-attractant rich
area. Representative images of 4 independent experiments. Maximum intensity projection of 50-100 2.6um Z-stacks
acquired with a 10X objective, 2x zoom on a SP8 confocal microscope. Calcein AM (green); H2B-mCherry (red) D)
Quantification of spheroid area, perimeter, seeding cells number and distance (i.e. single cells detached from the
originary spheroid mass and migrated towards chemoattractant) for the indicated conditions; merge of analysis on
24 spheroids per condition, retrieved from 4 biological replicates; AVG +/- S.E.M. student’s t-test; Ns:P > 0.05; *:P <
0.05; **:P < 0.01;***:P <0.001,****:P < 0.0001. The box plots in B) and D) indicate median values (middle lines), first
and third quartiles (box edges) and 10th and 90th percentiles (error bars) of respectively area and perimeter of the
analysed spheroids and distance of seeding cells from analysed spheroids.

With these results, we could conclude that invasion capacity is strongly modulated
by SOX9 expression, but the retinoic acid pathway did not show any robust effect in
affecting the capacity of these cells to invade a soft matrix. These results suggested that,
contrary to the ATRA-induced cell quiescence, MD invasion capability is modulated by

SOX9 independently form ATRA signalling.
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5. Discussion

2113 Breast cancer consists of highly heterogeneous tumours, whose cell of origin and
2114 driver oncogenes are challenging to be uniquely defined. Triple-negative breast cancer,
2115 in particular, is characterized by the most aggressive behaviour and is associated with
2116 the worst survival compared to other BC subtypes: in TNBC, 25% of patients will relapse
2117 with distant metastasis. While significant progress has been made to highlight the
2118 processes at the basis of tumour initiation, the molecular mechanisms and signalling
2119 pathways underlying the fatal late stages of metastatic dissemination is still unclear. A
2120 growing body of research has provided insights into the role of dormancy and
2121 reactivation in supporting cell plasticity and metastatic seeding. In this work, we provide
2122 data supporting the notion that changes of the chromatin landscape during tumor
2123 progression increases the responsiveness of cancer cells to environmental cues that they
2124 may encounter during dissemination and colonization of distant organs. Specifically, we
2125 showed that the augmented chromatin accessibility of MD-enhancers correlated with
2126 an increase response to ATRA signalling, which induces a slow-proliferative state, at
2127 least in vitro. Furthermore, this phenotypic response is mediated by the ATRA-
2128 responsive gene SOX9, whose transcription level correlates with the augmented
2129 chromatin accessibility and Promoter-Enhancer interactions retrieved in the metastatic
2130 cells.

5.1. Phenotypic and epigenetic landscape
alteration in a triple-negative breast
cancer model

2131 We show that our xenograft-derived model resembles the steps of tumorigenesis,
2132 demonstrating that metastasis-derived cells are characterized by an intrinsic capability
2133 of forming spheroids when grown in a 3D setting and ultra-low attachment conditions,
2134 which better mimics the microenvironment of primary tumours with respect to 2D
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culture (Huang et al., 2020). Metastatic derived cells also showed increased migration
capacity with respect to both tumorigenic cells and primary tumour derived cells,
demonstrating that MD cells resemble one of the typical traits that characterize
metastatic cells (Koedoot et al., 2019)., When cultured in 3D systems, MD cells were
able to invade their surroundings, detaching from the primary spheroid and moving as
single cells to relatively long distances through soft matrices; this aggressive behaviour
distinguished MD cells from tIMEC and XD cells, whose invading capability was
significantly lower. This further indicated that MD cells resemble metastatic cells
phenotypical traits even when cultured in vitro (Aw Yong et al., 2020). Nevertheless, in-
vivo confirmation of MD cells dissemination capacity is required to further confirm their
capability to travel to distant sites and establish micro-/macro-metastases. Also, we
acknowledge that the lack of more than one representative cell population that would
allow us to consider the intrinsic heterogeneity of metastasis derived cells will require
confirmation of the obtained results in another model, such as the lung metastasis

derived cells MDA-MB-231 (Cai et al., 2020).

Nevertheless, we were able to characterize the epigenetic landscape of the different
cell types by analysing their gene expression profiling, chromatin accessibility and
enhancer connectome. In the first place, ATAC-seq profiling showed that our TNBC
model resembles patient tumours chromatin state, as their accessibility data cluster
along with other cancer datasets when analysed through UMAP plot. Furthermore,
Spearman pairwise distance indicated that MD cells show a high level of similarity with

tIMEC and basal breast cancer samples (Figure 17).

At the same time, ATAC-seq and RNA-seq analysis show that tumorigenic cells,
primary tumour derived cells and metastatic derived cells are different in terms of
chromatin accessibility and gene expression. RNA-seq analysis highlights the differences
between the primary tumour tissue and the primary tumour derived cells. GO analysis
on the clusters that distinguish the PT sample from the other cell populations indicates
that these differences can be considered as a limitation of the applied approach, as they
are mainly linked to pathways related to tumour-microenvironment interactions and to
metabolic processes which are known features of primary tumours, and that are not

recapitulated in in-vitro cultured models. Nevertheless, MD cells display the most
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distinctive accessibility and expression patterns, as shown by the differential
accessibility and expression analyses. Nevertheless, integration of ATAC-seq and RNA-
seq will be necessary to link the alteration of the epigenetic landscape to the expression
pattern. MDs distinctive expression and chromatin accessibility pattern are also
reflected by a different organization at the chromatin level, which was analysed by
HiChIP. HiChIP suggested that chromatin rewiring characterizes the different
tumorigenesis steps, altering physical interaction between regulatory elements and
promoters. For example, CXCR4 gains enhancer-promoter interactions specifically in MD
cells, whereas no physical interactions are detected in tIMEC or XD cells. Looping
anchors overlap with previously identified CXCR4 breast-cancer specific enhancers, and
this gain of enhancer-promoter interactions is in line with an increase in CXCR4
expression, which was detectable in metastatic cells but not in tumorigenic cells (Figure

55) (Cai et al., 2020).
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Figure 55 CXCR4 expression level in parental and metastatic MDA_MB_231, tIMEC and MD cells. CXCR4 transcript
levels in the parental MDA-MB-231 cells, Brain metastasis derived cells (BrM2), tIMEC and MD cells,, normalized on
GAPDH transcript levels. 3 biological replicates, AVG +/- S.E.M. Unpaired two-tailed student’s t-test. Ns:P > 0.05; *:P
<0.05; **:P<0.01.

C-Myc, a well-known benchmark oncogene of breast cancer, showed several
enhancer-promoter interactions in all three cell types. Although there seemed to be
common docking mechanisms between the cell types, most of the anchoring of loops
was differentially placed in the different cell settings; in the metastatic cell line, long-

range interactions were disrupted, and the number of ‘local’ interactions increased. As
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recently reported, various enhancers at the c-Myc site ensure optimal levels of

enhancer-promoter looping and mRNA expression (Schuijers et al., 2018).

MD cells unique enhancer accessibility and gene expression are also linked to the
enrichment of specific transcription factor binding sites. With the IMAGE analysis, we
found motifs for different TF families enriched specifically in metastatic-enriched
enhancers. As expected, we found binding sites for EMT-involved transcription factors,
lineage-specifying TFs and many signalling pathway responsive TFs. Among the
transcription factors that emerged in the IMAGE analysis (Figure 22), we noticed the
enrichment of retinoic-acid-responsive TFs, fostering our interest. SOX9, a transcription
factor that already caught our attention because of the enrichment in its locus for
features denoting activation of de-novo enhancers (Figure 11), emerged as another TF
for which binding sites are enriched in MD cells enhancers. We also performed
transcription factor network analysis, from which a central neighbourhood with SOX9 as
central node was highlighted. Interestingly, in this analysis SOX9 results to be linked to
one only causal TF activity, RXRa: this further stimulated our curiosity in investigating

the retinoic acid pathway possible role in modulating SOX9 expression.

After characterization of the epigenetic landscape of our model, we can hypothesise
that chromatin re-shaping may act as a significant regulator of cell fate during
tumorigenesis and metastasis progression, although orthologous experiments and
further investigation on the function of enhancer rewiring in metastatic cells are needed

to confirm this hypothesis (Bi et al., 2020).

5.2. SOX9 enhancers interaction frequency
alteration correlates with SOX9
overexpression in metastasis derived cells

In order to verify our hypothesis of enhancer de-regulation driving cell plasticity in

metastasis, we focused on the locus of SOX9 because of the reasons mentioned above:

135



2208
2209
2210
2211
2212
2213
2214

2215
2216
2217
2218
2219
2220
2221
2222
2223

2224
2225
2226
2227
2228
2229
2230
2231
2232
2233
2234

2235
2236
2237
2238

SOX9 is a transcription factor that is overexpressed in triple-negative breast cancer, and
we measured an increase of chromatin accessibility at distal sites in metastasis derived
cells with respect to tumorigenic cells and primary tumour derived cells. Moreover, due
to this absence of potential indirect effects with no surrounding genes being expressed,
we considered SOX9 as a suitable model locus to dissect the contributions of individual
enhancers to target gene expression (Christin et al., 2020; Jana et al., 2020; Ma et al.,

2020).

Firstly, we show that SOX9 is expressed in MD cells at a higher level with respect to
XD cells and tIMEC, therefore we assumed that changes in its expression might be linked
to putative distal enhancers' measured differential chromatin accessibility. However, to
confirm enhancer hyperactivation, assessment of histone modification enrichment
concomitant to increased accessibility is essential: ChIP-seq analysis for detecting
histone modification that identifies active enhancer regions (H3K4mel and H3K27ac) is
needed. Furthermore, the deletion or epigenetic repression through CRISPRi of SOX9
regulatory elements is necessary to confirm the causal link between enhancer

hyperactivation and SOX9 overexpression (Choi et al., 2021; Li et al., 2020).

Nevertheless, we are confident that regulatory elements identified through ATAC-
seq are indeed acting on the SOX9 promoter, as we were able to detect physical
interaction between most of the putative enhancers and SOX9. Furthermore, we were
able to assess that highly accessible chromatin regions proximal to SOX9 promoter are
interacting with a higher frequency with the promoter in metastatic cells with respect
to XD cells and tIMEC. Of note, the augmented number of interactions observed might
be due to higher H3K27ac deposition and not increased chromatin looping per se.
Further experiments including DNA FISH or chromatin conformation capture techniques
(3C or 4C) will be helpful to further confirm increased enhancer-promoter interaction
and 3D genome re-organization during tumorigenesis (Dixon et al., 2015; Millau et al.,

2016).

When analysing publicly available data of HMEC chromatin compartments, SOX9
promoter is clearly positioned just at the edge between two TADs, but as indicated by
HiChIP long-range contacts, we assume that regulatory elements that we identified

reside in the same TAD as SOX9 promoter (3D genome browser link). However, in order
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to assess the 3D genome organization of the SOX9 locus in the analysed cell types, we
would need to perform Hi-C. The intersection of ATAC-seq peaks and HiChIP looping bins
allowed us to identify those putative enhancers, out of the 20 regions characterized by
increased accessibility we detected, that significantly interact with the SOX9 promoter
in MD cells. We analysed HiChIP data both at 10kb and 25kb resolution: we noticed a
lower number of enhancer regions interacting with the SOX9 promoter at higher
resolution, and we were not able to detect interactions between SOX9 promoter and
the most proximal putative enhancer regions, indicating that sequencing depth is
probably a limit for detecting weaker but still significant interactions at high resolution

(Mumbach et al., 2016, 2017; Petrovic et al., 2019).

However, we were able to confirm the enhancer activity capacity of identified
putative regulatory elements through luciferase assay and established an enhancer
reporter system to visualise enhancer activation in specific tumorigenesis steps in vitro
and in vivo. The results obtained in this experimental setting suggested that single
enhancer elements are not sufficient to induce a robust expression of the reporter
expression, indicating the possibility of the need for multiple regulatory regions to
cooperate with each other to sustain enhancer activity, as reported in (Thomas et al.,
2021). Enhancer super-additivity and redundancy were recently described as one of the
mechanisms by which enhancers modulate gene expression in the cancer context
(Bothma et al., 2015; Choi et al., 2021; Dukler et al., 2017; Thomas et al., 2021).
Therefore, it will be necessary to test the activity of multiple regulatory elements
combinations in the reporter system to evaluate the level of additivity and/or
cooperation among these enhancers. After analysing IMAGE results, we hypothesised
that induction of the single regulatory element activity could be achieved by inducing a
specific signalling pathway, that through the recruitment of transcription factors to the
enhancers would induce chromatin rewiring and increase the promoter activity. Again,
chromosome conformation capture techniques combined with pathway activation are

needed to confirm this hypothesis.

We tested the potential effect on SOX9 expression by modulating different signalling
pathways based on the transcription factors families that emerged from the IMAGE

analysis, and we detected the most straightforward response by the induction of the
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retinoic acid pathway. This was in line with GO results (Figure 16) that highlighted
retinol-metabolism pathways to be enriched in MD cells. We thus proceeded with
focusing on retinoic acid receptors and their activity. We confirmed that, as depicted in
Figure 56, retinoic acid receptor binding sites are not exclusive of SOX9 enhancers but
also enriched in many other MD-specific enhancers, such as in CXCR4 promoter-
interacting enhancers. Although ChIP-seq analysis or orthologous experiments are
necessary to prove RARs binding to SOX9 enhancers, we hypothesised that the retinoic
acid pathway might play a role in MD enhancer activity, thus in SOX9 enhancer

hyperactivation and in favouring the metastatic process.
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Figure 56 RARs binding sites in CXCR4 metastatic enhancers. Integrative Genome Viewer view of the CXCR4 locus.
From top: ATAC-seq tracks of tIMEC, XD cells and MD cell (data range =0-5); RefSeq gene annotation; RXRa, RARy,
NR2F1, RXRB, RARB, RAR«a binding sites retrieved from Kittler et al., Cell Rep 2013; HiChIP total significant (FDR>0.05)
loops in tIMEC, XD cells, MD cells (resolution = 10kb).

Since RARs binding sites are redundant in SOX9 putative enhancers, we hypothesised
that retinoic acid response might act through transcriptional memory. It is now apparent
that epigenetic mechanisms provide this “priming” of the genome to respond more
quickly to subsequent exposure to the signal (D’Urso and Brickner, 2014; Kerr and
Corbett, 2010). We show indeed that SOX9 expression is induced by retinoic acid
treatment, and a pre-treatment with ATRA leads to a more robust increase in mRNA
expression, specifically in MD cells. We also show that SOX9 expression response to

ATRA is dependent on the retinoic acid receptor RARa, since knock-down of this factor
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abrogates the capacity of MD cells to respond to the retinoic acid pathway activation,
and treatment with RARa antagonist leads to a strong decrease in SOX9 expression,
although this effect is not specific of MD cells but also detectable in XD cells. This may
indicate that although activation of the retinoic acid pathway does not lead to a
significant effect in terms of SOX9 expression modulation in XD cells, abrogation of RARa
activity is affecting the steady state maintenance of SOX9 expression in these cells as in
MD cells, suggesting that the levels of SOX9 are already affected by the retinoic acid

pathway activation in steady state conditions.

One might speculate that the short ATRA treatment drives RARs binding to SOX9
enhancers, thus enabling a transient enhancer-promoter looping which translates in a
slight response in terms of SOX9 expression. On the other hand, short treatment on
ATRA pre-exposed cells is allowing steady and robust overexpression, possibly as a result
of the rapid assembly of transcriptional condensates and stable bridging by TFs and co-
activators between the regulatory element and the promoter, as a consequence of RARs
already being bound to the regulatory element after the pre-exposure to the compound.
Alternatively, retinoic acid pathway activation following pre-exposure may lead to the
removal of repressive histone marks, thus allowing for faster H3K27 acetylation in
response to the short treatment as suggested by previous work (Iberg-Badeaux et al.,
2017; Tu et al., 2017). Further analyses would be required to distinguish between these
two mechanisms. Nevertheless, the possibility that a priming event may facilitate the
response of metastatic cells to a second cues is of potential interest as it may help in
understanding the mechanisms governing the increment of cellular fitness of metastatic

cells, and their capability to adapt to foreign environments.

5.3. Retinoic Acid enhances cell plasticity
inducing quiescence in metastatic cells

We evaluated that ATRA receptors expression is not changing significantly in
response to retinoic acid pathway levels. Indeed, RARa, RXRa, RARy, and RXRB nuclear

protein levels are not significantly changing in MD, tIMEC or XD cells after ATRA
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treatment, indicating that SOX9 expression modulation has to be mediated by another
mechanism. Also, we found RARa to be localized more in the cytosol than in the nucleus
in most conditions, so we tested antibody specificity through immunostaining after
knock-down, confirming the selectivity of the antibody and thus corroborating the
notion indicating that RARa is subjected to shuttling from the cytosol to the nucleus,
depending on the cell type and treatment (Han et al., 2009; Maruvada et al., 2003; Park
et al., 2010). In order to assess the nuclear localization of RARa, we tested shorter ATRA
treatment time points in combination with ATRA priming, and this indeed demonstrated
RARa increased nuclear translocation in the three cell types in response to the

treatment.

We hypothesise that ATRA receptors might cooperate with each other
(heterodimerization) or with transcriptional cofactors (cofactor oligomerization) (Figure
5) in binding SOX9 enhancers and acting as a ‘bridge’ to the SOX9 promoter, facilitating
chromatin looping and thus mediating the transcriptional response to ATRA. Although
RXRPB and RARPB do not show clustering in cell nuclei, we show that RXRa and RARa do,
and the number of clusters detected per nuclei is augmented after ATRA treatment. The
involvement of retinoic acid receptors in activating SOX9 enhancers and thus driving
SOX9 expression augmentation needs further investigation, focusing specifically on
elucidating the clustering capacity and dynamics of the receptors and eventually their
colocalization with SOX9 enhancers. In this direction, optogenetics approaches might be
crucial, and in situ hybridization approaches combined with immunostaining may be
necessary to elucidate how retinoic acid receptors act to modulate SOX9 expression

(Fasciani et al., 2020; Fe Lanfranco et al., 2017).

However, we prove that following retinoic acid treatment, all the three cell types
show a decrease of the Ki67 proliferation marker, which is most marked in MD cells,
indicating a connection between ATRA and quiescence induction, in line with recent
evidence (Khalil et al., 2021; Sosa et al., 2015). We also proved ATRA induction of
qguiescence through an orthologous approach based on dye retention assay, and the
obtained results clearly show that a population of non-proliferating cells is more
prominent in MD cells already in the steady state when compared to the other cell types,

but even more significantly following ATRA treatment combined with the priming. This,
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other than confirming retinoic acid pathway involvement in proliferation inhibition in
this model, can also be interpreted as a confirmation of transcriptional memory being
involved in the response to ATRA (Bevington et al., 2016; Woodworth and Holloway,

2017).

To link the decrease in proliferation levels to SOX9 augmented expression, we show
that SOX9 levels anti-correlate with Ki67, suggesting a connection between SOX9
expression level and proliferation modulation. Furthermore, we assessed that MD cells,
independently of SOX9 levels, are also characterized by a more prominent p-p38*
population when compared to tIMEC and tIMEC overexpressing SOX9, indicating that
the presence of a quiescent population may be a characteristic of metastatic cells which
is not affected by SOX9 expression. The quiescent population fraction is although
enriched in response to ATRA specifically in MD cells and in tIMEC overexpressing SOX9,
which leads us to conclude that retinoic acid pathway is inducing quiescence through
SOX9, even though this mechanism has to be validated and further investigated.
Nevertheless, we also assessed that inhibition of RARa does not show any significant
effect on the percentage of p-p38* cells, suggesting that other signal transducers may
be involved in this response. In order to have a clearer and more precise description of
the mechanism by which SOX9 expression modulation is linked to ATRA response in
terms of quiescence we will need to further investigate this, especially through in vivo

validation.

Nevertheless, we were also interested in investigating SOX9 and retinoic acid
pathway modulation effect on invasion capacity. Invasion assays on tIMEC and MD cells
with SOX9 levels modulation and following activation or inhibition of the retinoic acid
pathway showed that SOX9 expression correlates with the capacity of these cell
populations to invade and migrate through soft matrices; those cell populations that
express the highest levels of SOX9 manifest the highest capability of invading and
migrating through collagen. Alteration of the retinoic acid pathway, however, did not
allow us to drive any conclusion on the possible effect it may have on invasion capability,
since we could not measure any major changes upon ATRA or RARa antagonist
treatments. This may suggest that SOX9 is independent from retinoic acid in stimulating

cells to invade and migrate through the surroundings, and that SOX9 enhanced
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expression following ATRA treatment may be counterbalanced by other processes

happening in this context.

On the basis of the obtained results, we come to the conclusion that SOX9 provides
a proof of concept of epigenetic alteration driving transcription modulation: SOX9
regulatory elements showed increased accessibility and interaction frequency with the
promoter in MD cells, possibly supporting SOX9 expression. We showed that the
increased SOX9 expression strengthened MD-specific migration and invasive capability
with respect to XD and tIMEC. We further showed that MD cells response to ATRA in
terms of quiescence induction was dependent on SOX9 levels, and that tIMEC were
rendered responsive to ATRA after SOX9 overexpression, which indicates that in this
context SOX9 expression is presumably the main factor that cooperates with ATRA

signalling in inducing quiescence.

Disseminated tumour cells face multiple and diverse environmental stresses which
may result in the activation of a state of dormancy, a phrase coined by Willis in the
context of tumour progression as early as 1934 (Willis, 1934). Dormancy gives DTCs
several advantages: prolonged survival in a foreign microenvironment, reversible
growth arrest at these sites, and resistance to targeted and cytotoxic treatment (Ghajar,
2015). Multiple factors have been described to influence tumour cell dormancy:
induction of dormancy results in many cases from the engagement of cells by the
metastatic niche, from the interaction between cancer cells and stroma, or even from
cancer treatment (Correia et al., 2021; Khoo et al., 2019; Phan and Croucher, 2020). The
escape from immune surveillance has also been linked to dormancy: single dormant
DTCs can survive in distant sites until they have the opportunity to re-awaken, getting
away from immune clearance. This process is often rendered possible by the absence
on dormant DTCs of surface markers such as the major histocompatibility complex
(MHC-1) and cytokeratins, and by the decreased expression of Natural Killer (NK) cells

activatory receptors or activating ligands (Arnaud et al., 2018; Correia et al., 2021).

We hypothesise that, in our model, SOX9 might act as a “switch” between a
proliferative and a quiescent state. SOX9 is slightly overexpressed in the metastasis-
derived cells with respect to the primary tumour xenograft cells, but this three-fold

overexpression does not impede MD cells from proliferating. However, when the
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retinoic acid pathway is activated, SOX9 expression is further increased, concomitantly
with a diminished cell division proficiency, resulting in an increment of slow-proliferating
cells. We thus hypothesise that cells detaching from the primary breast tumour and
engaging in the dissemination process get at some point exposed to retinoic acid: this
induces an increase in SOX9 expression and proliferation inhibition. Dormant, invasive
50X9"ah cells have a higher probability of surviving the dissemination and seeding
process and can thus establish in a metastatic niche; once there, following specific re-
activation stimuli, cells can exit from dormancy, lower SOX9 levels, and establish micro-

and macro-metastases.

As depicted in Figure 57, we speculate that the augmented chromatin accessibility in
metastatic cells is enabling enhancer activity to induce a slight SOX9 overexpression in
MD cells with respect to tIMEC, but given the heterogeneity of these cell populations,
we hypothesise that the frequency of the interactions between SOX9 promoter and its
enhancers is relatively low. Activating the retinoic acid pathway might allow these
interactions to occur more frequently, thus driving a robust response in terms of SOX9
expression and increasing cell plasticity, translating into cell cycle progression inhibition
and activation of the quiescence program on the one hand, and stimulating invasive

capacity on the other.
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As previously described (Figure 2), vitamin A is absorbed by cells mainly as all-trans-
retinol (atROL) bound to RBPs in the plasma through the transporter STRA6. atROL
oxidation to atRAL by RDH is the limiting step in the production of ATRA. In our model,
RNAseq data indicates that both STRA6 and RDH5 are overexpressed in MD cells with
respect to XD and tIMEC, thus suggesting that accumulation of ATRA may be due to
enhanced import and oxidation of ATRA substrate (Figure 58). Furthermore, the
CYP26B1 enzyme, responsible for ATRA degradation, shows a significantly lower RNA-
seq signal in MD cells with respect to XD and tIMEC. This leads us to hypothesise that
MD cells may accumulate ATRA both because of enhanced import and substrate
availability and a lower level of degradation; this may induce an equilibrium shift

towards a hyperactivation of the retinoic acid pathway.

We speculate that retinol exposure may occur during the dissemination or
establishment of a pre-metastatic niche, especially considering that our metastatic
model derives from metastasis to the liver, the site of retinol storage. This may facilitate

those cells endowed with the metastatic potential to accumulate ATRA due to STRA6

STRAG6 CYP26B1

ns ok

Figure 58 Gene expression of factors involved in the retinoic acid metabolism in tIMEC, XD and MD cells. RNA-seq
data (RPKM) of tIMEC, XD and MD cells for retinoic acid transporter STRA6, retinol dehydrogenase 5 (RDH5) and
cytochrome P450 26B1 (CYP26B1). 3 biological replicates, AVG +/- S.E.M. Unpaired two-tailed student’s t-test. Ns:P
>0.05; *:P <0.05; **:P <0.01; ***:P <0.005.

and RDH overexpression and CYP26B1 low levels. ATRA accumulation would activate
retinoic acid receptors, which through binding to regulatory elements thus would shift
S0OX9 expression equilibrium towards strong enrichment for its expression, which in turn
contributes to the activation of the quiescence program, thus facilitating the metastatic

cascade through escaping surveillance of the immune system. Further investigation of
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the mechanism by which ATRA-induced quiescence would advantage MD cells in
immune surveillance escaping will be needed: testing the effects of co-culture of NK cells
with the SOX9"8"/p-P38Mie" fraction in comparison with the proliferative fraction of MD
cell population may supply us with insights on the matter. Furthermore, characterization
of NK cells activatory and inhibitory receptors and ligands in quiescent and proliferative
sub-populations in MD cells will be needed in order to have indications on the
mechanism by which metastatic cells would escape NK cytotoxicity. Finally, in-vivo
experiments will be needed to confirm MD cells quiescence program activation in
concomitance to SOX9 overexpression and to demonstrate the advantage that this

program would provide in the dissemination process.

In order to describe the mechanism by which ATRA signalling involves SOX9 in the
activation of the quiescence program, further investigation will be needed: in-situ
hybridization techniques and chromatin conformation capture experiments will be

helpful to clarify SOX9 enhancers remodelling in response to ATRA.
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6. Conclusion and future perspectives

2458 In this study, we provide data supporting the notion that changes of the chromatin
2459 landscape during tumour progression in TNBC increases the responsiveness of cancer
2460 cells to environmental cues that they may encounter during dissemination and
2461 colonization of distant organs. Specifically, we showed that SOX9 serves as a proof of
2462 concept that augmented chromatin accessibility and interaction of regulatory elements
2463 correlates with transcription modulation, which results in an increased response to
2464 ATRA signalling, inducing a slow-proliferative state.

2465 These findings reinforce the role of epigenetic alteration in modulating
2466 tumorigenicity and metastatic potential. Furthermore, they suggest SOX9 and the
2467 retinoic acid pathway as major players in the establishment of a quiescent phenotype,
2468 at least in our experimental setting.

2469 Although several points in this work are still preliminary and will need to be
2470 confirmed by further investigation, the results described in this thesis potentially open
2471 new mechanistic and therapeutic avenues in TNBC. Mechanistically, it will be essential
2472 to explore the exact process by which retinoic acid triggers enhancer-promoter
2473 interaction, thus driving SOX9 overexpression and inhibiting cell cycle progression, and
2474 to investigate whether other players are involved in the response to ATRA pathway
2475 activation. Therapeutically, if dormancy activation in response to retinoic acid receptors
2476 binding to SOX9 enhancers will be confirmed, the targeting of RARs would appear as a
2477 possibility to impede DTCs to enter this protective quiescence program.
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