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Abstract

Abstract

Tumors are complex ecosystems composed by heterogeneous populations of cancer cells
embedded in a dynamic tumor microenvironment (TME). Communication of cancer cells with the
TME displays both local and systemic tumor-promoting effects, including angiogenesis, ECM
remodeling, and modulation of immune/inflammatory cells, to support tumor growth and
progression, and escape from immune surveillance. Understanding immune evasion mechanisms
that generate non-immunogenic “cold” tumors represents a key issue for improving the efficacy of
anticancer immune therapies. Accumulating evidence has established that oncogenic drivers, such
as mutant p53 and HIF1a, contribute to tumor progression and immune evasion by attenuating the
CGAS/STING/IFN-I pathway in cancer cells. This cascade involves cGAS-dependent sensing of
cell-intrinsic DNA damage with consequent induction of STING ER-Golgi trafficking, activation
of the transcription factor IRF3 and expression of downstream type-I interferons (IFN) response
target genes, thus engaging anti-tumor immune surveillance. Recently, our research group
highlighted an oncogenic axis affecting tumor-stroma crosstalk. We discovered that miR-30d, a
secreted onco-miRNA cooperatively induced by HIF 1o and mutp53 oncoproteins, regulates targets
involved in the secretory pathway, causing structural alterations of ER and Golgi compartments.
This promotes the release of a pro-malignant secretome, which alters the TME and fosters tumor
growth and metastatic colonization.

Transcriptomic analysis in metastatic breast cancer (BC) cells upon downregulation of miR-30d
highlighted a putative inhibitory effect of miR-30d on the categories of “cellular response to DNA
damage”, “type-I interferon production” and “antiviral innate immune response”, leading to the
hypothesis that high levels of miR-30d might inhibit the expression of type-I IFN target genes, a
condition that could contribute to establish an immune “cold” microenvironment:

In this work | have investigated the impact of miR-30d on the regulation of IFN response and
dissected the mechanisms by which ablation of miR-30d leads to upregulation of IFN signaling in
BC cells. By using an LNA inhibitor and a miR-30d Decoy construct, | have demonstrated that
inhibition of miR-30d in BC cells led to activation of the main components of the cGAS/STING
signaling machinery, in particular phosphorylation of TBK1 and STING, nuclear translocation of
the IRF3 transcription factor, and consequent secretion of type-I IFNs. The effects of miR-30d
inhibition included normalization of fragmented Golgi structure, and concomitant activation of

STING at Golgi apparatus in BC cells, thus suggesting that miR-30d might attenuate the
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CGAS/STING pathway by inducing structural alterations of the secretory pathway, in particular of
the Golgi. Furthermore, | found that miR-30d inhibition in BC cells promoted accumulation of
nuclear DNA damage and of cytoplasmic dsDNA with activation of cGAS, which acts upstream of
the STING DNA-sensing pathway.

In sum, this evidence is consistent with a model in which inhibition of miR-30d may both trigger
upstream induction of the cGAS/STING pathway in cancer cells, by causing release of dsSDNA in
the cytosol, and further sustain its activity by normalizing the structure of the secretory pathway.
In addition, | observed that when miR-30d inhibition was combined with conventional
chemotherapeutic agents in metastatic BC cells, the treatment led to a much stronger effect on the
activation of the IFN signaling. Experiments with ex-vivo and in-vivo preclinical models are
currently in progress to investigate whether inhibition of miR-30d could reactivate immune
surveillance as well as to test synergies between miR-30d inhibition and cGAS/STING-inducing
chemotherapeutic treatments.

The cGAS-STING/IFN signaling pathway is currently the focus of intense research due to its key
role in establishing an anti-tumor immune microenvironment, a condition that impacts
responsiveness to immune checkpoint inhibitors. Therefore, the findings obtained in this thesis
suggest that targeting miR-30d could represent a valuable strategy to stimulate this pathway thus

improving patients’ responsiveness to immune therapies.



Introduction

1. Introduction

1.1 The tumor microenvironment

Cancer is driven by genetic and epigenetic alterations that allow cells to over-proliferate and escape
mechanisms that normally control their survival and migration. Many of these alterations map to
signalling pathways that control cell-intrinsic processes, including growth and survival, metabolism
and differentiation, among others2. Remarkably, tumors are complex ecosystems composed of
heterogeneous populations of cancer cells embedded in a dynamic tissue microenvironment (TME),
which crucially shapes tumor growth, stromal invasion and metastatic evolution, as well as response
to therapies. The specific composition of primary and secondary tumor niches and the reciprocal
interactions between tumor cells and TME components represent major factors that may aggravate
tumor progression, leading to poor clinical outcomes. The TME includes a large variety of resident
and infiltrating stromal and immune cells, secreted factors, and components of extracellular matrix
(ECM)3 (Fig. 1). Studying tumors from an ecological perspective implies that malignant phenotypes
are not fully tumor cell-autonomous, but rather that functional cooperative networks exist among
multiple subpopulations, including crosstalk among cancer cells inside the tumor mass and between
cancer and stromal cells, which cooperate to shaping the TME“. Notably, alterations in oncogenes
and tumor suppressors, in addition to regulate cell-intrinsic activities, also impact on TME
composition and functions, corrupting them to support pro-malignant phenotypes®. Importantly, the
relationship between tumors and their surrounding microenvironment has a dual nature. In fact, the
TME can both support metastatic growth and survival, and, vice versa, limit it, competing for the
availability of vital resources (e.g. oxygen, nutrients, metabolites) and triggering an immune
response’.

This evidence highlights the importance of understanding how tumor cells interact and communicate
with both their surroundings and distant tissues, and how this interplay may regulate disease

progression.
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Figure 1. The tumor ecosystem. Schematic representation of the tumor mass and its surrounding TME,
including the different cellular and non-cellular components and highlighting key processes that allow tumor
and metastatic progression, such as remodeling of the ECM, fibroblast recruitment, immune suppression, and
activation of cells of the vascular system (modified from®).

1.2 Stromal components of the TME

1.2.1 The extracellular matrix (ECM)

The extracellular matrix (ECM) is a major non-cellular component within all tissues, which serves to
maintain their integrity by providing physical support to cells. It is composed of two main classes of
macromolecules: proteoglycans and fibrous proteins, among which the most important are collagens,
elastin, fibronectin and laminin®. Collagen and elastin fibers are stabilized through crosslinking by
both the lysyl oxidase (LOX) and the transglutaminase enzyme families, thus resulting in the
formation of larger and more rigid fibrils!?. The ECM is a highly dynamic structure, whose molecular
components are constantly deposited, degraded, and subjected to a myriad of post-translational
modifications. Cells connect to ECM components via membrane receptors such as integrins, discoidin
domain receptors, and syndecans. Notably, the ECM not only provides structural support for resident
cells but also provides critical biochemical and biomechanical cues that drive morphogenesis, tissue-

specific differentiation and maintain tissue homeostasis!!. A bidirectional interdependence exists
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between cells and the surrounding ECM: epithelial and stromal cells constantly secrete and remodel
the ECM, whereas the latter in turn sends back signals that influence cell features and activities such
as proliferation, adhesion, migration, and apoptosis®.

Tumors may exhibit desmoplasia, characterized by increased deposition of ECM proteins, leading to
tissue stiffening?213. In addition, the high activity of LOX proteins creates thick linearized collagen
fibrils1410, Overall, deposition, remodeling and crosslinking alter the physical properties of the ECM,
favoring its stiffening, while other physical cues relevant for tumor progression comprise solid stress
(compression, stretch), and interstitial fluid pressure. In a process known as mechanotransduction1.15
cells sense and respond to physical and mechanical stimuli via integrin-cytoskeleton
mechanosignaling, affecting cell migration and inducing signaling pathways and gene expression
changes relevant for tumor growth, progression and treatment outcome. Recent studies indicate that
biomechanical alterations of the ECM, including high stiffness, cooperate with oncogenic mutations
and are essential for tumor initiation and metastatic progression of solid tumors. Indeed, mechanical
inputs have been shown to endow transformed cells with stem cell attributes, ability to evade the
immune system and to induce proliferation and chemoresistance!%16. Therefore, it is not surprising
that tissue fibrosis and high stromal stiffness correlate with tumor aggressiveness and poor patient

prognosis in breast, pancreatic, lung and colon cancers17-19,

1.2.2 Cancer-associated fibroblasts

Fibroblasts represent the most abundant stromal cell type, whose main functions include production,
degradation, and remodeling of ECM and basement membrane components, and are therefore
essential in maintaining matrix homeostasis. In addition to ECM organization, fibroblasts also play
key roles in regulating epithelial differentiation and modulating the immune response-20-21, Under
physiological conditions, fibroblasts are in a quiescent state, whereas stress or injuries, such as those
occurring during inflammation, wound healing, and fibrosis, stimulate their activation into
myofibroblasts?2. In cancer, activated fibroblasts are named cancer-associated fibroblasts (CAFs).
These cells undergo morphological changes and increase migratory and proliferative abilities2324,
CAFs are commonly identified by the expression of the cytoskeletal protein smooth muscle a-actin
(a-SMA), however, they can express distinct arrays of markers, displaying a wide degree of
heterogeneity. Recent studies indicate that multiple CAF subtypes coexist in the TME, each affecting
the tumor in a unique way 2527, This said, a common feature of CAFs is an augmented production
and remodeling of ECM constituents, which contribute to abnormal stiffening of the ECM1.26, CAFs
ECM remodeling ability is attributed to the production of matrix metalloproteinases (MMPS) such as

MMP1 and MMP3, and to a massive synthesis of LOX family proteins':26, Furthermore, activated
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CAFs are characterized by the secretion of a wide range of pro-oncogenic factors, including
cytokines, chemokines and growth factors, aimed at supporting tumor progression. For instance, the
release in the extracellular space of the chemokine CXCL12 has been amply proven to drive
angiogenesis and cancer cell proliferation and to inhibit the migration of T-cells in solid tumors?829,
Of note, many CAFs-secreted factors directly influence immune cell recruitment and activation, in
order to support the generation of a immunosuppressive TME1:30.31, CAFs also support metabolic
rewiring of tumors, by increased secretion of several amino acids, lipids and lactate, which fuel cancer
metabolism, supporting tumor growth. CAFs-derived exosomes also contribute to this process by

directly supplying glucose and glutamine to cancer cells32,

1.2.3 Tumor vasculature

New growth of the vascular network through angiogenesis and vasculogenesis®® represents an
important event within the TME, since cancer growth depends on an adequate supply of oxygen and
nutrients. In addition, the abnormal vascularization of the tumor mass encourages the spread of cancer
cells to adjacent tissues and to distant loci, leading to metastases. New blood vessels consist of
endothelial cells, which line the insides of the blood vessels, and perivascular cells (pericytes for
microvessels, and smooth muscle cells for arteries and veins), which surround the blood vessels
externally and play a role in blood vessel contraction34. Within the tumor mass, hypoxic conditions
lead to secretion of angiogenic signals (e.g., VEGF, PDGF, FGFs, IL-8, and angiopoietin) by
malignant, stromal or inflammatory cells, triggering the transformation of normal endothelial cells
into tumor endothelial cells (TECs), which up-regulate genes associated with cell proliferation,
migration and tube formation®. After activation, TECs undergo morphological changes, which
negatively affect blood vessels integrity by diminishing cell—cell interconnections3¢. Moreover,
reduced coverage of tumor vessels by pericytes cooperates to destabilize vascular integrity and
function. As a consequence, new blood vessels become leaky, leading to inflammation, and
facilitating intravasation and extravasation of cancer cells. TECs promote inflammation at the tumor
site through the activation of NF-kB and STAT3 signalling, and the subsequent secretion of pro-
inflammatory chemokines®’. These factors, together with increased vascular permeability, allow
immune cells, including leukocytes and macrophages, to infiltrate the tumor site. While the induction
of an acute inflammatory response has an antitumor role, its chronic activation may induce immune

cells to develop phenotypes that support tumor aggressiveness (see below).

1.3 Immune-inflammatory components of the TME

The TME contains immune cells belonging to both adaptive and innate immune systems’8, whose

6
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combined actions modulate malignant progression. The idea that the immune system keeps in check
tumor growth was first postulated by Paul Ehrlich in 1909 and later termed ‘cancer
immunosurveillance hypothesis’ by Thomas and Burnet in the mid-twentieth century3. This
hypothesis has since been refined based on knowledge that the immune system cannot only protect
against tumor development but can also select for tumors with decreased antigenicity and/or
immunogenicity in a process referred to as cancer immunoediting. The current framework of cancer
immunoediting is a dynamic process comprised of three distinct phases: elimination, equilibrium and
escape, which highlight the dual host-protective and tumor-promoting actions of immunity=°.
A TME is usually referred to as "hot" or "cold" depending on whether it contains high or low levels
of anti-cancer immune infiltrate, respectively. It is widely recognized that some immune cell types,
such as CD8+ and CD4+ T-cells*, natural killer (NK) cells** and N1 neutrophils*? are endowed with
tumor suppressive functions. These cells are able to orchestrate inflammatory reactions and/or
directly eliminate cancer cells from tumor sites. NK cells are components of the innate immune
system and are able to kill tumor cells and virus infected cells by inducing apoptosis, which can be
mediated by granzymes and perforin or via expression of Fas ligand and TRAIL. Moreover, NK cells
secrete cytokines such as IFN-y and TNF-a, which act on other immune cells like macrophages and
dendritic cells to enhance the immune response.
Cytotoxic T lymphocites (CTLSs), i.e. CD8* T-cells, are the main effectors of the adaptive anti-tumor
immune response, able to recognize tumor antigens and promote tumor cell death by both releasing
cytotoxic granules and anti-tumor cytokines (e.g., IFN-y and TNF-a) and by inducing pro-apoptotic
processes in cancer cells. Cytotoxic CD8* T-cell activity is supported by CD4* T-cell population
through the production of IFN-y and IL-243. Additionally, N1 neutrophils display a potent anti-tumor
activity mainly due to the release of pro-inflammatory or immunostimulatory cytokines, such as IL-
12, TNF-0, CCL3, CXCL9 and CXCL10, which facilitate recruitment and activation of CD8* T-cells.
Importantly, the anti-tumor immune cells also play a key role in eradicating dormant disseminated
tumor cells (DTCs) in secondary sites, thus preventing metastatic outgrowth. Consistent with this
evidence, it has recently been demonstrated that recruitment of NK pool at the metastatic site is
necessary to maintain DTCs in the dormant state. NK cells, by increasing interferon-y (IFN-y)
signalling, support the function of cytotoxic T-cells against awakened DTCs. The contraction of the
NK cell compartment supports the output of DTCs from the state of dormancy and consequently the
metastatic outgrowth*L,
Conversely, other immune subsets are reported to support tumor progression, such as regulatory T
cells (Tregs), myeloid-derived suppressor cells (MDSCs), N2 neutrophils and M2 macrophages.
Tregs are a particular subtype of CD4* T-cells, which permit tumor growth by suppressing T cell
cytotoxic activity (e.g. by CTLA-4 signalling)**4>. Some subtypes of B lymphocytes may also be
7
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pro-tumorigenic by favoring the maintenance of the Treg cell population, suppressing NK cell
factions and downregulating the secretion of several proinflammatory cytokines (e.g., IFN-y, IL-
17, TNF-a, IL-12) via the release of IL-10%647, During tumorigenesis, MDSCs are mobilized to both
primary and secondary tumor sites, where they promote angiogenesis and immune suppression
through production of suppressive factors, cytokines and surface ligands®2484%, For instance, MDSCs
are able to suppress activation of cytotoxic T and NK cell populations through the production of
reactive oxygen species (ROS) and arginase 1 (Arg-1), along with recruitment of immune suppressive
cells such as Tregs*. In contrast to N1 neutrophils, N2 neutrophils have strong immunosuppressive
and tumor-promoting activity, including promotion of tumor angiogenesis, invasion and metastasis
via several factors, such as hepatocyte growth factor (HGF), oncostatin M, reactive oxygen and
nitrogen species (ROS, RNS) and MMPs®. Lastly, extensive evidence confirmed that tumor-
associated macrophages (TAMs) are crucial for tumor and metastatic progression#. Macrophages are
functionally plastic, altering their polarization status in a range between M1 and M2 phenotypes.
While M1 macrophages produce type-I proinflammatory cytokines with tumoricidal role (e.g TNF-
a, IL-1, IL-6, IL-12, CXCL10, CXCL11, CXCL16, CCLS5), on the contrary M2 macrophages produce
type-I1 cytokines which are immune-suppressive and pro-tumorigenic factors, including Arginase-I,
IL-10 and TGF-B. TAMs exhibit M2 phenotype, and influence tumor biology by producing growth-
inducing molecules, regulating inflammatory response and adaptive immunity, enhancing
angiogenesis and promoting ECM deposition and remodeling*.
During tumor immunoediting, low immunogenic clones become selected and are allowed to survive
in an immunologically unrestricted manner®.. Many mechanisms have been reported that enable
tumors to escape immune surveillance, including both immune evasion and immune suppression.
Understanding these alterations is essential for conceiving therapeutic strategies that aim at promoting
tumor cell clearance by the immune system using combination therapies that involve immune
checkpoint inhibitors®2,
It is known that tumor cells, as well as non-immune components of the tumor microenvironment, can
produce immunosuppressive factors, including growth factors®3, cytokines®* and chemokines®, which
are involved in tumor immune escape (see section 1.4). For instance, CAFs are recognized to secrete
interleukin IL-6, which recruits tumor-associated macrophages and promotes their transition to an
immunosuppressive (M2) phenotype®>%, In turn, the infiltrating M2 macrophages secrete factors
(e.g., TGF-B), which stimulate resident stromal fibroblasts to synthesize and secrete ECM proteins,
MMPs and collagen-crosslinking enzymes®*. Finally, high collagen density and ECM stiffening
reduce both the recruitment and function of cytotoxic T-cells in tumors®’, and promote macrophage
polarization towards M2 phenotype®8.
Immune suppression may also occur by altering the surface repertoire of activating and inhibitory
8
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signals that immune cells use to distinguish malignant from healthy cells. For instance,
overexpression of immune checkpoint ligands on the surface of malignant cells facilitates their
immune escape. When the checkpoint (expressed by immune T-cells) and ligand partner protein
(expressed by cancer cells) bind together, they send an "off" signal to T lymphocytes, which prevents
the immune system from destroying cancer cells. Remarkably, cancer cells have been demonstrated
to actively evade immune surveillance through upregulating the expression of programmed death
ligand 1 (PD-L1), a well-known checkpoint ligand>%6°, The rigidity of the ECM has been reported to
increase the expression of PD-L1 on the surface of tumor cells, thus preventing tumor cell killing®?.
Of note, it has recently been demonstrated that CAFs are also able to reduce the activation of
antitumoral CD8* cytotoxic T-cells by expressing inhibitory immune checkpoint signals, such as PD-
16264

As another means of immune evasion, cancer cells may acquire strategies to become undetectable by
the immune system. This may entail cell contact-dependent mechanisms. For instance, a recent study
revealed that disseminated cancer cells are able to bypass CD8* T-cell recognition by downregulating
the exposure of HLA molecules®®, while expression of “don’t eat me signals”, like the cell surface
molecule CD47, inhibits the phagocytic activity of macrophages and DCs. On the other hand, usually
tumors appear to select activities that allow them to escape activation of innate immune signaling,
which occurs via the cGAS-STING-IFN pathway.

1.3.1 The cGAS-STING pathway

The invasion of the cytoplasm by microbial DNA from infectious pathogens or by self-DNA from
the nucleus or mitochondria represents a danger signal that alerts the host innate immune system. This
occurs through activation of the cGAS-STING pathway, an evolutionarily conserved DNA sensing
machinery able to both mediate cytotoxic effects and initiate a rapid innate immune response against
microbial pathogens and viral infections. Recent advances have expanded the knowledge of the roles
of cGAS-STING, revealing its involvement in anticancer immunity (Fig. 2). Several sources of DNA
damage such as oxidative stress, radiation and chemotherapy, as well as low chromosome stability,
nuclear damage and micronuclei, activated transposable elements and mitochondrial DNA, may
contribute to generate cytosolic DNA within tumor cells. This activates the cGAS-STING pathway,
culminating in the expression of interferon-related genes, and in the release of inflammatory
cytokines and chemokines, capable of recruiting immune cells and initiating an immune response
against cancer cells. Evasion of immune surveillance represents a key step during the emergence of
malignancies, and consistently usually tumors appear to select activities that attenuate or corrupt

CGAS-STING-IFN signalling, thus escaping immune surveillance.
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1.3.2 Mechanisms of cGAS-STING pathway activation

The pathway component devoted to sensing cytosolic DNA is the cyclic GMP-AMP synthase
(cGAS). This enzyme, able to detect double-stranded DNA (dsDNA) without sequence specificity,
responds to both cytosolic foreign DNA from pathogens and to self-DNA, leaked into the cytosol due
to genome instability or cellular damage. Upon activation, cGAS catalyzes the synthesis of a cyclic-
dinucleotide second messenger, 2°3’- cyclic GMP-AMP (cGAMP), from ATP and GTP%6-9, |n
particular, binding of dsDNA to cGAS causes the formation of liquid-liquid phase separated droplets,
in which cGAS and dsDNA are spatially concentrated for efficient cGAMP synthesis’®. cGAMP then
binds directly to stimulator of interferon genes (STING), a ubiquitously expressed transmembrane
protein localized on the endoplasmic reticulum (ER) 676271, This interaction induces a conformational
change of inactive STING dimers, leading to active STING dimers, which are able to pack side-by-
side to form tetramers and higher order oligomers2. In addition to inducing intracellular STING
activation, cGAMP can be transferred to neighboring cells via gap junctions, thus initiating non cell-
autonomous STING-mediated signalling”®74. Upon activation, STING translocates from the ER to
the Golgi apparatus (GA) through COPII mediated vesicular transport”™ 76, Here it recruits the TBK1
kinase, which phosphorylates STING at the critical serine residues S366 and S35877:78, allowing
recruitment of the transcription factor IRF3, and its subsequent phosphorylation by TBK1. This
causes IRF3 homo-dimerization and dissociation from STING””78, and exposure of a masked nuclear
localization signal (NLS), leading to IRF3 accumulation in the nucleus where it forms a complex with
the transcriptional coactivators CBP/p300 and induces the expression of type-I IFNs (i.e. IFNa and
IFNB) and of a set of pro-inflammatory cytokines™. In addition, IRF3 can also translocate to the
mitochondria and induce apoptosis by interacting with Bax to promote pore formation8. A further
activity of STING is to bind and stimulate IxB kinase to trigger the activation of NF«xB8, albeit to a
lesser extent than IRF382, NFkB activation promotes the expression of numerous inflammatory
cytokines, including IFNo and IFNB3, TNF, IL-1pB and IL-6 with antitumor effects®. Downstream
IRF3 or NF«B activation, the binding of secreted type-I IFNs with the heterodimeric IFN receptor
IFNAR1/IFNAR2 activates Janus kinase 1 (JAK1), which can phosphorylate members of the signal
transducer and activator of transcription (STAT) family and induce the expression of a set of immune

modulators termed interferon-stimulated genes (1ISGs)®8
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Figure 2. Simplified scheme of the cGAS-STING pathway: The recognition of cytosolic DNA by cGAS
leads to its activation and consequent production of cGAMP, which in turn activates STING. Activated STING
translocates to perinuclear Golgi and forms a clustered platform on which TBK1 kinase phosphorylates the
transcription factor IRF3. Phosphorylated IRF3 enters the nucleus and triggers the expression of type-I
interferon and other immune mediators. At the same time, STING also binds and stimulates IKK, triggering
the transcriptional activation of NF-xB. Ultimately, it regulates the expression and secretion of pro-
inflammatory cytokines such as type-I interferon (modified from®).

1.3.3 Effects of the cGAS-STING-IFN pathway on the immune components of the
TME

The activation of the cGAS-STING-IRF3 pathway in cancer cells culminates in the expression of
type-I IFNs and ISGs, which collectively alert the host immune system supporting the recruitment of
immune cells, such as NK and cytotoxic T-cells®¢. These cells are able to orchestrate inflammatory
reactions and directly eliminate cancer cells from tumor sites (Fig. 3). Importantly, the cGAS-STING
pathway has also been robustly linked to the induction of cancer cell senescence, which mediates
further tumor-suppressive effects8’-89, Of note, the capability of cGAS-STING signalling to promote
senescence is dependent on the secretion of chemokines and pro-inflammatory cytokines which are
components of the senescence-associated secretory phenotype (SASP). These immune-stimulatory
factors can either contribute to the tumor control in a tumor-cell autonomous manner or recruit
immune cells for tumor clearance®. Notably, STING-mediated induction of SASP in an NFkB-
dependent manner. The fact that SASP is driven by NFxB, and not by the IRF3—IFN pathway,
suggests nonredundant roles of downstream STING effectors in regulating senescence?®®.

In addition, tumor cells have also been found to induce the cGAS-STING-IFNs signalling in immune

cells of the TME (Fig.3). Through an unestablished mechanism, tumor DNA is known to be
11
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transferred into the cytosol of antigen-presenting cells (APCs), such as dendritic cells (DCs)%L.
Tumor-derived DNA, in turn, activates CGAS-STING signalling to enforce both IFNs production and
tumor-antigen presentation on DC surface, triggering cross-priming of CD8* T cells for anti-tumor
immunity®%92, In addition, tumor cells have been shown to secrete cGAMP in the extracellular space,
which is taken up by DCs and activates STING-IFN response driving NK-mediated tumor killing®.
Overall, this evidence supports the notion that cytosolic DNA sensing plays a crucial role in anti-
tumor responses in both a tumor cell-autonomous and non-cell autonomous manner. Consistently,
STING and/or cGAS expression is lost in many tumor-derived cell lines, suggesting that the cGAS-
STING pathway is antagonistic to tumorigenesis®®949. Moreover, low expression of cGAS and
STING in tumors is associated with increased disease aggressiveness and poor prognosis.8%9%,
Remarkably however, recent evidence has highlighted that the cGAS-STING pathway may also be
involved in tumor promotion. Specifically, while acute cGAS-STING signalling plays a central role
in anticancer responses, chronic inflammatory signaling through sustained activation of NF-xB
downstream of the cGAS-STING signaling pathway has been reported to facilitate epithelial-to-
mesenchymal transition, leading to increased migration and invasion of cancer cells®. Moreover,
chronic cGAS-STING activation could paradoxically contribute to the generation of an
immunosuppressive TME®’, also via upregulating the expression of immune checkpoint indoleamine-
2,3-dioxygenase (IDO)®8. As an example, in an epithelial cancer model, DNA damage detected by
the cGAS-STING pathway promoted cytokine production leading to inflammation and
carcinogenesis®. In a brain metastatic model, cGAMP produced by cancer cells was transferred to
astrocytes through gap junctions, where it activated STING and induced the production of
inflammatory cytokines, which in turn supported tumor growth00,

Despite this evidence, since the acute activation of the cGAS-STING pathway has been widely
demonstrated to have strong anti-cancer effects, it currently represents an important target for the
development of cancer immunotherapy strategies!®:192, Interestingly, classic anticancer therapies
designed to directly target cancer cells, including ionizing radiation and chemotherapy, have been
shown to activate the cGAS-STING pathway resulting in antitumor immunity. For example, the
PARP inhibitor Olaparib, a chemotherapeutic drug used in the treatment of BRCA-mutated cancer,
enhaces DNA damage and micronuclei formation, resulting in the activation of cGAS-STING
signalling in tumor cells!%, More recently, several cyclic dinucleotide and small molecule STING
agonists have been tested in tumor models with the aim to stimulate STING signalling and hence
upregulate cancer immunity, with promising effects®. Several clinical trials are currently ongoing

using STING agonists alone or in combination with other cancer treatments?oZ,

12



Introduction

NK cell

DNA | °

Expression of
inflammatory
genes

Tumor cell
Micro- 'E
nuclei N
i cGAS ) IFNa/B, ISGs,
SASP
°

Tumor DNA,
7 cGAMP exporter

VoL

ey Y
. IFNw/p,1SGs, /a8

Macrophage M1 <le
-\ "1FNa/B, 1SGs,

\
<" SASP > SAszy

Pl ==

'/ . .

cbs*
T cell

TNF-q, IL-10, IL-1B, IL6] o,

IL-12, ,CXCL10, CXCL11, »
CXCL16, CCL5

Proinfiammatory activity

Cancer
cell death

Figure 3. cGAS-STING signalling within the tumor microenvironment. The cGAS-STING pathway is
activated by cytosolic ds DNA in tumor cells and culminates in the release of type-1 IFNs and immune-
stimulatory cytokines, which trigger tumor cell killing by cytotoxic cell populations (CD8+ T cells and NK
cells). In addition, tumor-derived DNA and cGAMP produced by tumor cells represent signals that activate
the cGAS-STING pathway also in antigen-presenting cells, thus enhancing both the production of type-I IFNs
and the consequent activation of tumor-killing immune cell populations (Created with BioRender.com).

1.3.4 Regulation of the cGAS-STING pathway

The cGAS-STING pathway must be strictly regulated to prevent its aberrant or sustained activation,
which would result in pathological inflammatory/immune responses. A number of positive and
negative regulators of cGAS and STING have been identified, which ensure sufficient and prevent
excessive stimulation of this pathway, respectivelyl%4. Positive regulation of the cGAS-STING
pathway includes ubiquitination of STING by TRIM32105 and TRIM561%, which enhances its
interaction with TBK1, and palmitoylation at residues C88 and C91 in the Golgi which is required
for type-I IFN induction'%, Conversely, attenuation of the pathway may occur by cGAS cleavage by
caspase 119 or by autophagic degradation of STING 1%,

During open mitosis, the cGAS DNA sensor does not respond to chromosomal DNA. Inhibition of
CGAS/STING/IFN-I1 signalling during mitosis has been proposed to depend on disruption of Golgi
structure. In cells with artificially vesiculated Golgi by addition of Brefeldin A or Golgicide, similar
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to cells arrested in mitosis, correct processing of the STING protein on the Golgi apparatus (GA)
would not occur, preventing the assembly of the STING-TBK1-IRF3 complex and execution of
downstream IFN-I response!’. In addition, nuclear activation of cGAS is also prevented!!?. In fact,
although cGAS recognizes DNA in the cytoplasm, a pool of cGAS (even the majority in some cell
types) resides in the nucleus!?113, Recently obtained electron microscopy structures have revealed
that nuclear cGAS is tightly tethered to nucleosomes via the acidic patch of H2A-H2B histone dimers,
which locks cGAS into a monomeric state and prevents it from binding to free DNA114-116,

1.4 Regulation of cancer-TME communication

1.4.1 Roles of cancer cell secretion in TME reprogramming

Within solid tumors, tumor-stroma communication is crucial for establishing a supportive TME,
thereby allowing tumor growth and progression. Although communication can occur in a contact-
dependent manner by cell-cell interactions mediated by membrane receptor proteins or through gap
junctions, it is mainly realized in a paracrine fashion, through secretion of soluble and insoluble
factorstt’ (Fig. 4).

Cancer o
cellse o & g i

Figure 4. Communication in the TME. Simplified representation of the communication between cancer cells
and different cell types of the TME (adapted from?!!€).

Cancer cells are known to secrete more than their non-malignant counterparts 119, and their secretomes
display both short-range and systemic effects?0: studying cancer secretome components provides
valuable resources for diagnosis, prognosis, and treatment of tumors!2!, Malignant secretomes may
include a plethora of soluble proteins (i.e. growth and motility factors, extracellular matrix-degrading
proteases, chemokines and immunoregulatory cytokines) but also lipids, metabolites, DNA

fragments and several RNA types (i.e. mMRNA, miRNA and IncRNA), as well as extracellular vesicles
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(EVs) 122124 The amount of any constituent can vary due to alterations of de novo synthesis and half-
life, or of trafficking processes!?®.
Many secreted proteins have well-characterized roles in promoting tumor cell invasion and metastatic
progression. For instance, secretion of growth factors such as TGF-f can drive EMT!26, Secreted
proteolytic enzymes, such as MMPs, have established roles in degradation of extracellular matrix
components, facilitating both angiogenesis and cancer cell migration and invasion!?’. VEGF-A is a
major pro-angiogenic factor in the TME and together with EGF, PDGF, TGF-B and chemokines,
stimulates endothelial cells and pericytes towards neoangiogenesis'?. Following its secretion, VEGF-
A is sequestered in the ECM and is released by MMPs, abundantly produced by monocytes and
macrophages, underlining the existence of a wide signalling network involving tumor, immune and
stromal cells?. Tumor-secreted factors also act to reshape the TME towards an immunosuppressive
state. Cancer cells secrete immunosuppressive cytokines, such as IL-1, IL-6, IL-10 and the growth
factor TGF-B, which promotes the conversion of CD4* T lymphocytes into suppressive regulatory T-
cells'?®, Secretion of VEGF-A results in the suppression of dendritic cells by inhibiting their
maturation?3%, similar to secretion of Indoleamine 2,3-dioxygenase (IDO), which pushes dendritic
cells (DCs) and macrophages to an immunosuppressive phenotype and causes local suppression of
effector T cells®3™.
As a result of their metabolic reprogramming!32, tumors secrete multiple metabolites, some of which
act as signalling molecules. A paradigmatic example is provided by the lactate generated during
glycolysis, causing TME acidification. Extracellular lactate can be imported by tumor cell
subpopulations exhibiting an oxidative metabolism, or by CAFs, where it is subsequently converted
into pyruvate to foster the TCA cycle, thus resulting in efficient energy production and higher
proliferative capacity®3. Tumor-derived lactate can be up-taken by cytotoxic T lymphocytes, where
it turns off the RLR receptor signalling, known to support the production of type-I interferons.
Therefore, suppression of RLR signalling weakens immune surveillance and promotes cancer
progression34, An immunosuppressive function has been also shown for extracellular adenosine and
its associated nucleotides (i.e. ATP, ADP, AMP), which can impinge on T-cells activity135, Cancer
cells also secrete in the extracellular milieu several bioactive lipid mediators that modify tumor-
stroma communication36, The best characterized are prostaglandin E2 (PGE2), which stimulates
angiogenesis and immunosuppression, and sphingosine-1-phosphate (S1P), involved in angiogenesis.
It is important to underline that the crosstalk mediated by metabolites is bidirectional within the TME,
in fact stromal/immune cells secrete metabolites able to rewire cancer cells’ metabolism and
functions. For instance, stroma-associated pancreatic stellate cells and CAFs are reported to secrete
alanine and glutamine respectively, thus supplying TCA cycle in pancreatic tumor cells13’.
It has been estimated that microRNAs (miRNAs) regulate the expression of about 60% of human
15
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protein-encoding genes!38, Consistently with their roles as pleiotropic modulators of gene expression,
miRNAs may act as either oncogenes (onco-miRNAS) or tumor suppressors when their expression is
dysregulated in cancers compared to normal tissues!3®140, miRNAs can be released into the
extracellular milieu via extracellular vesicles (EVs) such as exosomes!4l. Alternatively, miRNAs
bound to RNA-binding proteins like Argonaute2 (AG02)142143  high density lipoproteins (HDL)44,
and RNA-binding protein nucleophosminl (NPM1)45, can be exported into the stroma. Extracellular
miRNASs operate as hormone-like molecules to influence the behavior of different cell types in a
paracrine or endocrine manner38 by modulating the expression of their target genes in recipient cells,
thus reprogramming the TME and favoring tumor progression, PMN education!46147 and metastatic
outgrowth!48, Notably, miRNAs secreted into the extracellular space can be then transported within
body fluids, including peripheral blood!#°. It was reported that 10% of the known human miRNAs
can be detected in plasma®®. In general, many factors secreted by primary tumors can reach distant
sites through the circulatory system, where they may reprogram and educate different cell types, as
well as support the deposition and remodeling of the ECM, generating a receptive pre-metastatic
niche (PMN) capable of attracting circulating tumor cells2%124, For instance, LOX proteins, once
secreted into the circulation from primary breast tumors, colocalize with fibronectin at sites of future
lung metastasis where they serve to crosslink collagen IV in the lung basement membrane, increasing
the recruitment of BMDCs!%1, Thus, factors secreted by primary tumors can dictate metastasis
organotropism.

It is important to underline that, if on the one hand tumor-dependent communication reprograms the
composition and organization of the TME, on the other hand various stimuli deriving from both
cellular and extracellular sources of the TME can reprogram cancer cell communication in favor of
malignant outgrowth%2, A hallmark of solid tumors is the presence of hypoxic regions, characterized
by insufficient oxygen supply. The Hypoxia inducible factor 1 (HIF1) is a key mediator of the cell
response to low oxygen conditions: this heterodimeric transcription factor consists of an oxygen
sensitive a subunit (HIF1a) and a stably expressed B subunit (HIF1B)1°3, Activated HIF1 complex
promotes the expression of several hypoxia-adaptation genes, including those involved in the
processes of angiogenesis, cell proliferation, metabolic regulation and migration1®*, HIF1a expression
IS increased in various cancer types, such as breast, prostate, and colon cancer, and high expression
of HIFla in tumors correlates with poor patient prognosis!®®. HIF1 acts as a networking hub
coordinating activities of multiple signalling molecules, and supporting the establishment a pro-
tumorigenic crosstalk between cancer cells and surrounding TME!%6. The most important outcome of
HIF1 activation is the induction of extensive neovascularization via secretion of the angiogenetic
factor VEGF-A. This stimulates endothelial cells and pericytes to form new blood vessels and thus
to cope low oxygen availability inside the tumor mass!®’. Furthermore, in a rapidly growing tumor
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tissue, HIF1 supports fibroblasts activation through the secretion of several growth factors such as
TGF-B, bFGF, PDGF-B, promotes the recruitment of macrophages through the production of
chemoattractants (e.g. SEM3A, EMAPII, ET-1 and ET-2)'%8, and recruits immunosuppressive Tregs
and MDSCs via secretion of several chemokines and cytokines'®®160, Finally, emerging evidence
shows that HIF1a is both regulated by and contributes to the regulation of collagen cross-linking and
ECM stiffening!l1%8, In this regard, breast cancer cells exposed to low oxygen levels have been
reported to secrete LOX2 and LOX4 proteins, leading to collagen crosslinking and, consequently,
BDMCs recruitment in both primary tumor site and lung metastasest!. This implies that hypoxic
signaling may exert its oncogenic effects also in secondary tumor sites and promote PMN education.
Oncogenic signals influence the expression of several immune-related molecules, including
immunoregulatory receptors, ligands, growth factors and other humoral factors, which influence
various stromal cells and tumor cells?¢1, Of note, mutations in many tumor suppressor and oncogenic
pathways are known to promote escape of immune surveillance and suppression of antitumor immune
responses, while stoking a tumor-promoting pro-inflammatory TME®®. For instance, the release of
Whnt ligands disrupts the cytotoxic function of CD8* T-cells and induces T-cell exhaustion162163,
Several reports have implicated the RassMAPK pathway in TME alterations, primarily due to
production of cytokines and chemokines, such as IL-8, IL-6, TGF-B, GM-CSF64-167 Another
relevant pathway is JAK/STAT, whose downstream TF STAT3 upregulates the expression of PD-L1
receptor on cancer cell surface and hence contributes to the evasion of immune surveillance18. YAP
is a pervasively activated transcriptional regulator in human malignancies, involved in growth and
progression of most solid tumors. YAP signalling has been shown to contribute to generate an
immunosuppressive TME in several tumors. For instance, in prostate cancer YAP regulates the
secretion of CXCLS5 to recruit MDSCs%; while in pancreatic ductal adenocarcinoma YAP drives the
expression and secretion of multiple cytokines and chemokines, promoting MDSCs accumulation and

macrophage reprogramming?7°.

1.4.2 Roles of missense mutp53 oncoproteins in TME reprogramming and
Immune escape

The p53 tumor suppressor provides a major barrier to neoplastic transformation and tumor
progression by its unique ability to act as an extremely sensitive collector of stress inputs and to
coordinate a complex framework of diverse effector pathways and processes that protect cellular
homeostasis and genome stability'’. In addition to coordinate responses to acute DNA damage
(activation of cell cycle arrest and apoptosis), p53 regulates genomic integrity, metabolism, redox
biology, stemness, senescence, immune response, and paracrine signaling in tumor suppression72.173,

For instance, p53-mediated senescence leads to the production of a series of cytokines and growth
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factors, which attract anti-tumor immune populations, contributing to the tumor suppressor function
of p5317,

Genome-wide analyses have shown that TP53 is the most frequently mutated gene in human
cancers.’  While some cancer-associated somatic mutations in TP53 result in loss of protein
expression, more than 75% of TP53 mutations are missense point mutations, resulting in the
substitution of a single amino acid residue in the protein’s central DNA-binding domain. In particular,
six “hotspots” residues in this domain are more frequently affected by substitutions: R175H, G245S,
R248Q, R249S, R273H and R289W175, Missense mutant forms of p53 (hereafter defined as mut-p53)
not only lose their onco-suppressive functions, being uncapable of activating canonical p53 target
genes, but also exert dominant negative effects over the wild-type form. Moreover, many mut-p53
proteins acquire new oncogenic activities independently of wild-type p53, termed gain-of-function
(GOF)78; this occurs via interactions with a plethora of intracellular effectors that promote cancer
progression by reshaping the tumor cells’ transcriptomic and proteomic profiles'’”. Mut-p53 protein
stabilization is a prerequisite for its oncogenic activities. It depends primarily on mut-p53 interaction
with heat-shock family chaperones, particularly Hsp90176.178.179 ‘and has been shown to be exquisitely
sensitive to mechanical stimuli, such as those deriving from a stiff ECM. Indeed, it has been shown
that fibrotic regions in vivo often associate with mut-p53 accumulationi®®, Other extracellular
environmental conditions, such oxygen or nutrient availability, can modulate mut-p53 oncogenic
activities!’, It has been shown that, under hypoxic conditions, HIF1a can bind mut-p53 and promote
its localization on chromatin, leading to the promotion of a malignant transcriptional program?8l, In
turn, mut-p53 appears to stimulate HIF 1o stabilization through downregulation of the SHARP1 gene,
a factor that promotes ubiquitin-mediated degradation of HIF 1 a, thus establishing a positive feedback
loop?82,

Mut-p53 exerts its oncogenic activities by coopting a plethora of effector pathways. While most of
these operate primarily to promote cancer cell-intrinsic phenotypes, many extend into the
extracellular space®. In this regard, emerging evidence indicates that missense p53 mutants support
the release of a pro-malignant secretome, including growth and angiogenic factors, onco-miRNAs
and inflammatory cytokines and chemokines, which affect the surrounding TME, supporting
aggressive tumor phenotypes, cancer-promoting inflammation and immune suppression (Fig.5)°. For
instance, mut-p53 improves angiogenesis by inducing VEGF secretion'® and also by upregulating
ID4 proteins and, consequently, increasing post-transcriptional stabilization of the angiogenic factors
IL8 and GRO1!84, Moreover, mut-p53 is known to promote both invasion and EMT of cancer cells,
driving the expression of the secreted serine protease inhibitor ALAT (alpha-1 antitrypsin).
Remarkably, p53 mutants modulate tumor cell communication also through exosome secretion.
Indeed, in colon cancer cells mut-p53 has been demonstrated to reprogram macrophages towards the
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pro-tumorigenic M2 phenotype, by targeting them with miR-1246-enriched exosomes!ee,
Considerably, it has been reported that mut-p53 itself can be packaged into small EVs and transferred
from cancer cells to stromal fibroblasts where it exerts its oncogenic functions. In particular, in
recipient fibroblasts mut-p53 activates Nrf2-mediated pathways and induce their conversion to a
cancer- associated phenotype!®’. Numerous findings have revealed a strong relationship between mut-
p53 and cancer inflammation, which largely depends on mut-p53 interaction with the transcriptional
regulator NF-kB. Under TNFo stimulation, mut-p53 sustains chronic NF-xB activation and
consequent expression of pro-inflammatory NF-xB target genes. Of note, contrary to its acute
activation, the constitutive induction of NF-kB exerts pro-tumorigenic functions through the release
of various chemokines in the extracellular environment. Among these, CXCL5, CXCL8 and CXCL1
are known to improve the migration and invasion of tumor cells!®. mut-p53 can remodel the profile
of secreted cytokines and chemokines also via NF-kB independent mechanisms, such as by
suppressing the expression of slIL-1Ra, a specific antagonist of the inflammatory cytokine IL-118°,
and directly promoting the expression of inflammatory CXCL11%,

Recent reports have highlighted the ability of mut-p53 to sustain a cold immune microenvironment
by attenuating antitumor innate immunity®’3. In this context, Ghosh and colleagues demonstrated that
several p53 mutants suppress downstream signaling of the cGAS-STING pathway, thus attenuating
the type-I interferon response. In detail, by interacting with and sequestering the TBK1 protein, mut-
p53 prevents the formation of the STING-TBKZ1-IRF3 trimeric complex, necessary for the activation
and nuclear translocation of IRF3191, Additionally, mut-p53 has been reported to prevent efficient
activation of T-lymphocytes, by both suppressing the expression of TAP1 and ERAP-11%2, important
players of the antigen-presenting MHC-I complex, and promoting the expression of immune
checkpoint ligands such as PD-L1%3, Finally, loss or mutation of p53 in tumors has also been shown
to modulate immune recognition, increasing the recruitment of suppressive myeloid cells and

Tregst’.
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Figure 5. Mut-p53 alters the communication of cancer cells with the surrounding TME. Schematic
representation of how missense p53 mutants shape the tumor cell secretome to reprogram the composition and
function of the cellular stromal/immune infiltrate and support malignant growth (from®).

1.4.3 The mut-p53/miRNA-30d axis

Recently, a novel oncogenic axis affecting tumor-stroma crosstalk, which involves the microRNA
miR-30d, was identified in our laboratory°4,

miR-30d is an intergenic mMiRNA located on the chromosome 8g24. It is a member of the miR-30
family, which in humans comprises six members, namely miR-30a, -30b, -30c1, -30c2, -30d and -
30e. These miRNAs share a common seed sequence, but harbor different regulatory flanking
elements, allowing them to target different transcripts'®. Regarding its function in cancer, miR-30d
has been reported to display different roles depending on the specific tumor typel%. This is in
agreement with the pleiotropic functions of miRNAs, which depend on the relative availability of
specific target mMRNAs in different cell contexts. For instance, in a pancreatic cancer xenograft model,
miR-30d was reported to act as a tumor suppressor, blocking cell proliferation, migration and invasion
of cancer cells through directly targeting SOX4, and, consequently, inhibiting the oncogenic PI3K-
AKT signaling pathway?’. Furthermore, high levels of miR-30d have been shown to inhibit ovarian
cancer cell proliferation by promoting apoptosis through targeting Smad2, a protein involved in TGF-
B signalling®®8. On the other hand, MIR30D gene has been found to be frequently amplified and/or
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overexpressed in several human solid tumors!®®, and its expression has been associated with
aggressive neoplastic features. In cervical?®® and esophageal?®! squamous cell carcinoma, as well as
in colorectal?02 and breast cancer?%, miR-30d has been shown to promote invasion and migration of
tumor cells, while in prostate cancer it has been shown to favor angiogenesis and tumor growth34,
Moreover, miR-30d has been shown to promote invasion and metastatic behavior of human
melanoma cells through the generation of an immunosuppressive TME. Mechanistically, miR-30d
was shown to directly target the Golgi-resident GalNAc transferase GALNT?7, resulting in increased
synthesis of the immunosuppressive cytokine 1L-10, with consequent reduction of immune cell
recruitment and activation?4, Intriguingly, miR-30d has been reported to be released in the
extracellular environment, both in exosomes and associated with proteins, and to be transferred
between different cell populations?%206, Thus, miR-30d could exert oncogenic functions also in
receiving cells of the TME. Nevertheless, evidence regarding potential non cell-autonomous roles of

miR-30d in controlling the communication within the tumor microenvironment are still lacking.

It has been shown that miR-30d expression is controlled, under hypoxic conditions, by the hypoxia-
inducible factor HIF1a2%7. Our research group recently demonstrated that in breast cancer (BC) cells,
missense mut-p53 proteins form an active transcriptional complex with HIF1a. on MIR30D promoter,
thus supporting miR-30d expression also in normoxic conditions®*. Importantly, we proved that the
overexpression of miR-30d, induced by mut-p53 and HIFlo oncoproteins, causes a structural and
functional reprogramming of the ER and Golgi apparatus. In particular, we showed that miR-30d
overexpression induces a GA modification known as tubulo-vesiculation, which is characterized by
tubular connections between the Golgi cisterns and an increased number of COPI vesicles. GA tubule-
vesiculation was clearly observed by ultrastructural analysis using correlative light electron
microscopy (CLEM) upon overexpression of mut-p53R28K or miR-30d in normal-like breast
epithelial cells (Fig. 6a). Of note, miR-30d inhibition using a decoy construct was sufficient to restore
the normal structure of GA stacks in mut-p53 overexpressing cells, confirming an epistatic

relationship between mut-p53 and miR-30d.
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Figure 6. The mut-p53/miR-30d axis modifies Golgi structure and promotes tumor progression. a) CLEM
analyses of the Golgi apparatus performed in MCF-10A cells upon overexpression of miR-30d or ectopic
introduction of mut-p53~28%K  either alone or in combination with decoy-30d as indicated. Arrowheads indicate
vesicular-tubular clusters in cells overexpressing miR-30d or mut-p53%28%K; b) Primary tumor volume and in
vivo luciferase quantification of lung metastases measured at the indicated time points after orthotopic
xenograft of MDA-MB-231-Luc control (CTRL, n = 8) or miR-30d decoy (dy-30d, n = 9) cells in SCID mice
(from?%4),

GA tubulo-vesiculation has been previously described as an indicator of increased secretory rate in
cells208.209 In agreement, our findings revealed that the mut-p53/miR-30d axis causes the formation
of tubular continuities across Golgi cisternae, and such alterations promote rapid diffusion of cargoes
within the Golgi, resulting in increased rate of secretory trafficking. This culminates in the release of
a pro-malignant secretome, which contributes to generate a permissive tumor microenvironment. We
found that miR-30d inhibition using a decoy construct significantly delayed both tumor growth and
metastasis formation over a 4 weeks period in breast xenografts of MDA-MB-231 breast cancer (BC)
cells in immunocompromised mice (Fig. 6b)!%4. Of note, the tumor-promoting effect of the mut-
p53/HIF1a/miR-30d axis relied on production of a tumorigenic secretome, exerting paracrine effects
on the TME both at primary and distant sites. Consistently, miR-30d inhibition in BC cells strongly
decreased ECM deposition/remodeling, stromal neo-vascularization, and CAFs activation in both
primary and metastatic tissues. Importantly, experiments of metastatic niche preconditioning in
mouse xenografts models highlighted that miR-30d pro-tumorigenic functions are largely dependent

on secreted factors that act by reshaping the TME4,
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Preliminary data
2. Preliminary results

Recently, work from our research group highlighted that miR-30d supports growth and metastatic
progression of breast cancer by directing tumor cell-extrinsic activities, which reshape the TME at
local and distant sites!®4. Interestingly, analysis of TCGA data indicated that miR-30d is found
overexpressed in some tumor types that are generally considered cold, i.e. breast, pancreas and
prostate?19211 Consistently, overexpression of miR-30d in melanoma cells has been previously
associated with immune-suppressive outcomes?4. Therefore, we became interested in identifying
miR-30d dependent activities in cancer cells that might influence the antitumor immune response. To
this aim, we performed functional analysis of transcriptomic data, previously obtained upon stably
inhibiting miR-30d in the human metastatic BC cell line MDA-MB-2311%94, Specifically, over-
representation analysis of differentially expressed genes was performed using Gene Set Enrichment
Analysis (GSEA) on gene sets of the Gene Ontology Biological Processes (GOBP) from the Broad
Institute Molecular Signatures Database (http://software.broadinstitute.org/gsea/msigdb). From this
analysis, a list of 532 positively enriched pathways has been identified: filtering for the keywords
“Immune”, “Interferon” and “DNA damage”, we found 21 GO terms significantly up-regulated (Fig.
7a). These categories included “cellular response to DNA damage”, “type I interferon production”
and “antiviral innate immune response”, among others. Remarkably, transformation-related DNA
damage is known to trigger the activation of the DNA-sensing cGAS/STING pathway in cancer cells,
with consequent expression of type-I IFNs, thus engaging anti-tumor innate immune surveillance®.
In fact, GSEA analysis indicated a strong enrichment of “type-/ interferon production” and “INF-f
production” gene signatures upon miR-30d inhibition in metastatic BC cells (Fig.7b). On the other
hand, analysis of publicly available transcriptomic data obtained from2%4 highlighted enrichment of
the functional category “negative regulation of type-/ interferon response” in genes induced by miR-
30d overexpression in melanoma cells (Fig. 7c). This suggests that overexpression of miR-30d in
tumors may correlate with reduced expression of IFN-I signature genes. To test this hypothesis, we
analyzed human breast cancer data from TCGA database, and found a negative correlation between
elevated expression of miR-30d and “type-I IFN production” signature (Fig. 7d).

Taken together, the above analyses suggest a putative inhibitory effect of miR-30d on DNA damage
signaling and type-I IFN response, which might be expected to attenuate antitumor innate immunity

during cancer progression.
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Figure 7. miR-30d levels are inversely correlated with activity of innate immune pathways in human
melanoma and BC cells and in BC tumor samples . a) Gene set enrichment analysis (GSEA) of differentially
expressed genes performed on the sub-category Biological Processes of the GO database, filtered by functional
categories of immunity, DNA damage, and interferons. b) Enrichment plots of gene signatures TYPE-
|_ INTERFERON_PRODUCTION and INTERFERON-BETA_PRODUCTION in the transcriptome of
MDA-MB-231 cells stably transduced with Decoy-30d construct compared to control. ¢) Enrichment plot of
gene  signature  NEGATIVE_REGULATION_OF TYPE-I_INTERFERON_SIGNALING in the
transcriptome of 4L and 5B1 melanoma cell lines transduced with miR30d-mimic construct compared to
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Preliminary data

control. d) GSEA of Type-1_Interferon_Production gene signature derived from high miR-30d TCGA
BRCA data, using DAVID database.

The plots in b-d) were obtained using fgsea R package (version 1.22). All terms were significant (p < 0.05)
following Benjamini—Hochberg correction (n = 3).

Analysis performed by Luca Triboli, graduate student in the lab.
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3. Aim of the thesis

Preliminary data and previous work suggest that miR-30d might inhibit the expression of type-I IFN
response genes in cancer cells, thus dampening antitumor innate immune response.

Therefore, my PhD project aims to: i) explore the impact of miR-30d and its inhibition on the
regulation of type-1 IFN signalling in BC cells and tumor organoids; ii) analyze the molecular and
cellular mechanisms leading to the activation of the cGAS/STING/IFN-I pathway in BC cells
following miR-30d inhibition; iii) test the synergy of combined miR-30d inhibition and

chemotherapeutic agents on the activation of STING/IFN-I signalling.
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4. Results

4.1 Inhibition of miR-30d increases the expression of IFN-I response genes in cancer cells

To determine whether miR-30d may affect activation of innate immune signaling, and particularly
the expression of type-1 IFNs and interferon-stimulated genes (ISGs) in cancer cells, I initially
inhibited miR-30d activity in human breast cancer cells. To this aim, | employed the human
MCF10.DCIS.com cell line212213 derived from ductal adenocarcinoma in situ, which represents a
model of early-stage tumorigenesis and was shown to bear a functional cGAS/STING DNA-
sensing machinery?'2, MCF10.DCIS.com cells were silenced for miR-30d expression by transient
transfection with either a Decoy-30d construct or a specific locked nucleic acid (LNA) inhibitor
(hereafter referred to as LNA-30d). The Decoy-30d construct, previously described by Capaci et
al.1%, has been realized by cloning two copies of a miR-30d decoy sequence, which acts as a
molecular sponge binding the mature miRNA, in the lentiviral vector poTWEEN 3'UTR EGFP%4,
The anti-miR-30d sequences are embedded within the EGFP 3’UTR sequence, so that binding of
endogenous miR-30d to decoy sequences both sequesters the miRNA and prevents EGFP
expression. As a control, the empty vector pTWEEN 3'UTR EGFP was used. The LNA-30d
inhibitor is a short antisense oligonucleotide that sequesters miR-30d with perfect sequence
complementarity in highly stable heteroduplexes, thus preventing its binding to target mMRNAs. As
a control, | used the scramble LNA Inhibitor (LNA-ctrl), which is similar in sequence length to
LNA-30d but has no homology to any known mRNA. Efficient miR-30d inhibition upon transient
transfection with either Decoy-30d construct or LNA-30d inhibitor in MCF10.DCIS.com cell, as
compared to cells transfected with the respective control constructs, was verified by monitoring
increased expression of known miR-30d target mMRNAs (KLHL20, CAPZA1, SNX16)215 by qRT-
PCR (Fig. 8c). Furthermore, inspection of Golgi apparatus morphology, by immunofluorescence
(IF) analysis with the Golgi marker GM130, indicated a shift from a tubulo-vesiculated to a more
compacted structure and polarized localization (Fig. 8d) upon transfection with miR-30d inhibitors
as compared to controls, similar to what previously observed®,

| then analyzed the expression levels of a panel of type-lI IFNs and interferon-stimulated genes
(ISGs) by gRT-PCR in MCF10.DCIS.com cells depleted for miR-30d. As shown in Fig. 9a,
inhibition of miR-30d by Decoy-30d resulted in a strong increase in the expression of IFNa, IFNS/
and of several 1SGs, as compared to control-treated cells. Similar results were obtained when cells
were treated with LNA-30d inhibitor (Fig. 8b).
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Figure 8. Inhibition of miR-30d induces the expression of IFN-I signature genes in human BC cells. a)
MCF10.DCIS.com cells were transiently transfected with pTWEEN 3'UTR EGFP-Decoy-30d construct
(Decoy-30d) or with pTWEEN 3'UTR EGFP empty construct (ctrl). After 48 h, the expression levels of the
indicated IFN-1 and interferon-stimulated genes were evaluated by RT-gPCR and normalized to H3 mRNA
expression as a reference. mMRNA levels relative to control condition (red dotted line) are shown; b)
MCF10.DCIS.com cells were transiently transfected with LNA-30d or with scramble LNA (LNA-ctrl).
After 48 h, expression of IFNs targets was evaluated by RT-gPCR as in a). ¢) Expression of miR-30d target
genes (KLHL20, CAPZAL, SNX16) was analyzed in MCF10.DCIS.com cells transiently transfected with
Decoy-30d construct or control (upper panel) or with LNA-30d (lower panel). H3 expression levels were
used as a reference. d) Representative images showing IF staining of the Golgi marker GM130 in
MCF10.DICIS.com cells treated as described above.

Graph bars represent mean +s.d. of n>3 biological replicates. P value: P <0.05 [*], P<0.01 [**], P <0.001
[***] by two-tailed Student’s t-test.
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Based on these findings, | then sought to verify whether the increased transcription of /FNo. and
IFNp1 genes, observed upon miR-30d downregulation, correlated with the secretion of type-1 IFNs
in the culture medium (CM, conditioned medium). For this purpose, | performed HEK-Blue IFN-
a/p assay, which allows the detection of secreted bioactive human extracellular type-1 IFNs226,
Specifically, this assay employs HEK293 cells engineered to express a SEAP (secreted embryonic

alkaline phosphatase) reporter gene, under the control of the IFN-a/B-inducible 1SG54 promoter
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(hereafter called HEK-Blue IFN-a/f cells). Therefore, stimulation of HEK-Blue IFN-a/f cells with
human type-I IFNs induces the production and secretion of SEAP protein reporter, whose activity
can be measured with a colorimetric assay.

| thus incubated HEK-Blue IFN-a/p cells over-night with CMs collected from MCF10DCIS.com
cells transiently transfected with either control or Decoy-30d construct. Consistently with gene
expression results, | found a significant increase of SEAP reporter when HEK-Blue IFN-ao/p cells
were grown in the CM of MCF10DCIS.com cells depleted for miR-30d expression, implying that

this medium contained a higher amount of type-1 IFNs compared to control CM (Fig. 9).
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Figure 9. Downregulation of miR-30d increases type-1 IFN secretion in BC cells. Measurement of IFN-
a/p secreted in the conditioned medium of MCF10.DCIS.com cells transfected for 48h with either control
or Decoy-30d construct, using HEK-Blue IFN-a/B assay. See main text for details. Graph bars represent
mean = s.d. of n>3 biological replicates. P value: P < 0.05 [*], P <0.01 [**], P <0.001 [***] by two-tailed
Student’s t-test.

In contrast, in the non-neoplastic human breast epithelial cell line MCF10A, downregulation of
miR-30d did not lead to any significant change in the expression of IFN-dependent signature (Fig.
10a,b).
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Figure 10. Inhibition of miR-30d does not induce the expression of IFN-I signature genes in non-
neoplastic MCF10A human breast cells. a) MCF10A cells were transiently transfected with pTWEEN
3'UTR EGFP-Decoy-30d construct (Decoy-30d) or with pTWEEN 3'UTR EGFP empty construct (ctrl).
After 48 h, the expression levels of the indicated IFN-1 and ISGs were evaluated by RT-gPCR and
normalized to H3 mRNA expression as a reference. mRNA levels relative to control condition (red dotted
line) are shown. b) Representative images showing IF staining of the Golgi marker GM130 in MCF10A
cells treated as described above.

Graph bars represent mean +s.d. of n>3 biological replicates. P value: P <0.05 [*], P <0.01 [**], P <0.001
[***] by two-tailed Student’s t-test.

| then repeated the above analyses using mouse metastatic breast cancer (mBC) 4T1 cell line, as
well as the human metastatic breast cancer cell lines MCF7 and MDA-MB-231 (Fig. 11a-c). In all
cell lines analyzed, inhibition of miR-30d resulted in robustly increased expression of type-1 IFNs
and ISGs.
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Figure 11. Inhibition of miR-30d induces the expression of IFN-I signature genes in human and mouse
mBC cells. a,c) 4T1 and MDA-MB-231 cells were transiently transfected with pTWEEN 3'UTR EGFP-
Decoy-30d construct (Decoy-30d) or with p TWEEN 3'UTR EGFP empty construct (ctrl). After 48 h, the
expression of the indicated IFN-I and 1SGs was evaluated by RT-gPCR and normalized to H3 mRNA
expression as a reference in human cells, and to Gapdh mRNA expression in mouse cells. MRNA levels
relative to control condition (red dotted line) are shown; b) MCF7 cells were transiently transfected with
LNA-30d or with scramble LNA (LNA-ctrl). After 48 h, expression of IFNs targets was evaluated by RT-
gPCR as in a).
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Graph bars represent mean +s.d. of n>3 biological replicates. P value: P <0.05 [*], P <0.01 [**], P <0.001
[***] by two-tailed Student’s t-test.

Next, | performed the same analysis in cell lines derived from different tumor types, including
HCT-116 (human colorectal carcinoma), WM115 (human melanoma) and H1299 (human non-
small lung carcinoma), observing in all cases an induction of type-I IFNs and ISGs expression after
depletion of miR-30d (Fig. 12a-c).

Taken together, these findings indicate that inhibition of miR-30d in tumor-derived cell lines
invariably results in induction of /FNa, IFNS1 and ISGs genes. This result is consistent with
analyses performed on data from TCGA database, in which overexpression of miR-30d in human
breast cancer was found to correlate with reduced expression of the IFN type-I production signature
(preliminary data, Fig. 7d).
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Figure 12. Inhibition of miR-30d induces the expression of IFN-I signature genes in cancer cells lines
of colon, lung, and melanoma origin. a-c) HCT-116, WM115 and H1299 cells were transiently transfected
with LNA-30d or with scramble LNA (LNA-ctrl). After 48h, the expression levels of the indicated IFN-I
and ISGs were evaluated by RT-gPCR and normalized to H3 mRNA expression as a reference.

Graph bars represent mean +s.d. of n>3 biological replicates. P value: P <0.05 [*], P <0.01 [**], P <0.001
[***] by two-tailed Student’s t-test.
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4.2 miR-30d downregulation increases IFN-I signature expression via STING pathway

Type-1 IFN genes IFNa and IFNp1, as well as 1SGs (including 1ISG15, IRF7, IFITL, IFIT2 OAS1)
whose expression is increased as a consequence of miR-30d inhibition, are targets of the
transcription factor IRF3 and become induced upon activation of the cytosolic DNA sensing
machinery cGAS/STING/TBK/IRF3217218_ Furthermore, expression of type-l IFNs and ISGs can
be induced in a non-STING-dependent manner by several pathways, including Toll-like receptors
(TLRS) (e.g., TLR3, TLR7/8, TLR9, MDAJ5, RIG-I, and IFI-16) and NF«B signalling?19,

| thus sought to understand whether the observed induction of this transcriptional signature upon
miR-30d depletion is mediated by the cGAS/STING/IFN-I pathway. To this aim, I silenced STING
expression by siRNA in MCF10.DCIS.com cells before transfection with Decoy-30d construct. As
shown in Fig. 13a, STING silencing (Fig. 13b,c) prevented almost completely the induction of IFN-
| signature genes upon inhibition of miR-30d. Consistently with this evidence, administration of
Decoy-30d failed to induce the expression of a panel of IFN-I and ISGs in 4T1 STING knock-out
cells (kindly provided by G. Scita) (Fig. 13d,e).

These results suggest that STING activity is involved in mediating the induction of IFN-I signature

genes upon inhibition of miR-30d in BC cells.
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Figure 13. miR-30d downregulation increases IFN-I signature expression via STING pathway. a)
MCF10.DCIS.com cells were transiently transfected with Decoy-30d construct or control, and with either
STING siRNA (siSTING) or control siRNA (siQ) as indicated. After 48 h, the expression of the indicated
INF-I and interferon-stimulated genes was evaluated by RT-gPCR and normalized to H3 mRNA expression
as a reference. MRNA levels relative to control condition (set at 100) are shown. b) Bar graph shows gRT-
PCR analysis of STING mRNA expression in the experiment shown in a) Levels of STING were normalized
to H3 expression. ¢) Representative western blot analysis and quantification of STING protein expression
in the experiment shown in a). HSP90 protein levels were used as reference for quantification. d) 4T1 and
4T1 STING-KO cells were transiently transfected with Decoy-30d construct or control, and the expression
of IFN-dependent signature was evaluated after 48 h by RT-qgPCR and normalized to Gapdh expression.
MRNA levels relative to control condition (red dotted line) are shown. e) WB analysis of STING protein

expression in 4T1 and 4T1 STING-KO cells.
Graph bars represent mean +s.d. of n>3 biological replicates. P value: P <0.05 [*], P <0.01 [**], P <0.001
[***] by two-tailed Student’s t-test. Blots are representative of n=3 biological replicates.

4.3 Inhibition of miR-30d activates cGAS/STING/TBK/IRF3 signalling in BC cells

Having demonstrated that inhibition of miR-30d induces expression of type-I IFNs and ISGs in
cancer cells in a STING-dependent fashion, | postulated that miR-30d might impact on activation
of cGAS-STING signaling in BC cells. In fact, due to genomic and/or nuclear damage?2°, cancer
cells are known to have high levels of cytoplasmic DNA, which results in a constitutive (although
still inducible) activation of the cGAS/STING pathway?2L.

On this premise, | investigated the activation status of the main components of the cGAS-STING
signaling machinery in both human (MCF10.DCIS.com) and mouse (4T1) BC cell lines upon miR-
30d inhibition. As a positive control for cGAS-STING activation, | employed the ATR inhibitor
VE-821 (hereafter referred to as ATRi), recently shown to activate the cGAS-STING machinery
by causing nuclear envelope breakdown and consequent cytoplasmic leakage of chromatin
fragments??2. Treatment with ATRi strongly induced both STING- and TBK1- activating
phosphorylation events in either cell line, as shown by WB analysis (Fig.14a,b). Interestingly, cells
depleted for miR-30d also showed a robust activation of both STING and TBK1 protein, that was
comparable or even superior to that exerted by ATRi treatment (Fig.14a,b). Upon induction of the
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pathway, STING activation requires its relocation from ER to the Golgi apparatus, where it forms
a trimeric complex with TBK1 and IRF3 proteins, where TBK1 is activated by trans-
autophosphorylation. In line with our previous evidence, miR-30d inhibition appeared to reduce
alterations of GA structure in both MCF10.DCIS.com and 4T1 cells, as judged by a more
compacted appearance and polarized localization of the organelle (Fig.14c,d). In this experimental
setting, | observed TBK1 activation by immunofluorescence (IF) analysis, which highlighted a 4-
5 fold increase in the appearance of phospho-TBK1 (pTBK1) foci colocalizing with the GA, in
both MCF10.DCIS.com and 4T1 cells (Fig.14c-d).
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Figure 14. miR-30d downregulation activates cGAS/STING signalling in BC cells. a) WB analysis of
STING/TBK1 activation in MCF10.DCIS.com cells transfected with control or Decoy-30d construct. As a
positive control, VE-821 ATR-inhibitor (ATRi) 10uM was administrated for 16h. The bar graph shows
guantification of WB analysis. TBK1 activation = fraction of p-TBK1 vs total TBK1; STING activation =
fraction of p-STING vs total STING. b) WB analysis of TBK1 activation in 4T1 cells treated as described
in (a). c-d) IF analysis of co-localization of phosphorylated TBK1 (p-TBK1) with the Golgi marker GM130
in MCF10.DCIS.com and 4T1 cells upon miR-30d downregulation. Nuclei were stained with DAPI. The
graph shows the percentage of cells with activated TBK1 upon different treatments.

After its activation, pTBK1 phosphorylates the transcription factor IRF3, triggering its
translocation to the nucleus, where it induces the expression of type-1 IFNs and ISGs. | thus sought
to monitor the effect of miR-30d inhibition on the subcellular distribution of IRF3. To this aim,
MCF10.DCIS.com cells were transiently transfected with a GFP-IRF3 reporter construct??3 and
with either control LNA or LNA-30d. In cells transfected with control LNA, GFP-IRF3 appeared
mostly cytoplasmic, while LNA-30d transfection resulted in appearance of nuclear GFP-IRF3 in
75% of cells (Fig. 15).

Overall, these results indicate that downregulation of miR-30d supports the activation of cGAS-
STING signaling in BC cells.
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Figure 15. miR-30d downregulation induces nuclear translocation of IRF3 in BC cells. Left panels:
representative confocal images of MCF10.DCIS.com cells transiently transfected with IRF3-GFP and with
either control LNA or LNA-30d as indicated. The graph on the right shows the gquantification of cells with
activated IRF3 upon different treatments (n=2).
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4.4 miR-30d depletion fails to decrease BC cell viability

Once activated downstream to cGAS-STING-TBK-pathway, IRF3 may induce either cell-
autonomous or non-cell-autonomous surveillance mechanisms aimed at limiting cancer growth?8®,
When translocated to the nucleus, IRF3 regulates the expression of type-I IFNs and other cytokines
which, once released in the TME, signal to immune cells about the presence of tumor cells®:217, In
addition, IRF3 can also translocate to the mitochondria and induce apoptosis by interacting with
Bax to promote pore formation®,

Thus, | asked whether activation of the IRF3 upon miR-30d depletion, in addition to the observed
expression and secretion of type-1 IFN (paragraph 4.1), could also affect BC cell viability in a cell
autonomous manner. To explore this, | analyzed putative alterations of cell viability by ATPlite
assay in 4T1 cells transiently transfected with either control or Decoy-30d construct. As shown in
Fig. 16, a preliminary experiment did not highlight any significant change of cell viability in a time
frame of 48h upon miR-30d depletion. This suggests that IRF3 activation caused by miR-30d
depletion is not sufficient per se to induce cell death of BC cells in a cell-autonomous manner.
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Figure 16. Downregulation of miR-30d does not affect BC cell viability. ATPlite assay in 4T1 cells
transiently transfected with either control or Decoy-30d construct for 48h. The X-axis shows the number of
cells plated in each well. (n=2)

4.5 miR-30d downregulation promotes accumulation of cytosolic DNA and cGAS activation
in BC cells

The activation of cGAS/STING signalling relies on the function of cGAS to produce the cGAMP
nucleotide required to activate STING upon recognition of cytoplasmic dsDNA. Remarkably,
functional analysis conducted on the transcriptome of MDA-MB-231 cells inhibited for miR-30d1°4

showed a significant enrichment of gene sets related to cellular response to DNA damage. This
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finding appears particularly relevant given that cGAS/STING/IFN-I signaling is triggered by the
accumulation of cytoplasmic dsDNA, which may derive from dsDNA ruptures 224,

| thus sought to explore whether miR-30d downregulation might impact on the accumulation of
cytosolic dsDNA in BC cells. | performed immunofluorescence staining with an anti-dsDNA
antibody: as shown in Fig. 17a, | observed a weak cytoplasmic staining for dsDNA already in
control-transfected MCF10.DCIS.com cells. This is consistent with the notion that cancer cells
undergo genomic damage and nuclear ruptures, which may lead to cytoplasmic dsDNA
leakage®-225, Interestingly, after transfection with LNA-30d, | observed a clear increase of
cytoplasmic dsDNA staining, with appearance of cytoplasmic dots and of perinuclear structures
that are reminiscent of micronuclei, small nuclear-like bodies composed of chromosome fragments

wrapped in fragile nuclear membranes (Fig. 17a,b).
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Figure 17. miR-30d downregulation promotes accumulation of cytoplasmic dsDNA in BC cells. a)
Representative confocal images of IF staining of dsDNA with a specific Ab in MCF10.DCIS.com cells
transiently transfected for 48h with LNA-30d or control LNA. Cell borders were marked by staining for [3-
Catenin. b) The graph shows the quantification of cells with cytoplasmic dsDNA dots upon different
treatments (n=3).

| then sought to verify whether high levels of cytoplasmic DNA might associate with activation of
the cytosolic DNA sensor cGAS upon miR-30d inhibition. In MCF10.DCIS.com cells transiently
transfected with Decoy-30d, but not in control-transfected cells, perinuclear accumulation of cGAS
spots was observed (Fig. 18a), suggesting activation of cGAS. To monitor cGAS accumulation and
subcellular localization upon miR-30d inhibition I also transduced 4T1 cells with a cGAS-reporter,
i.e. the lentiviral pTRIP-CMV-tagRFP-FLAG-cGAS (cGAS-RFP) construct, and with Decoy-30d

or empty vector. As shown in Fig. 18b, this experiment indicated that treatment with Decoy-30d
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promoted perinuclear accumulation of cGAS also in 4T1 cells. Importantly, upon downregulating
miR-30d expression in MCF10.DCIS.com cells, | observed colocalization of activated cGAS with
cytoplasmic dsDNA signals (Fig. 18c).

Overall, these data indicate that miR-30d depletion results in accumulation of cytoplasmic dsDNA

and concomitant perinuclear activation of cGAS in BC cells.
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Figure 18. miR-30d downregulation promotes perinuclear accumulation of cGAS colocalizing with
cytoplasmic dsDNA in BC cells. a) Representative confocal images of endogenous cGAS staining by IF
with a cGAS antibody in MCF10.DCIS.com cells transiently transfected with Decoy-30d or empty vector
for 48h. (n=3) b) Representative confocal images of cGAS-RFP reporter construct in 4T1 cells transiently
transfected with Decoy-30d or empty vector for 48h. (n=3) c) Representative confocal images of endogenous
CGAS (red) and dsDNA (green) IF staining in MCF10.DCIS.com cells transiently transfected for 48h with
LNA-30d or control LNA (LNA-Q). (n=3)

| then asked whether accumulation of cGAS-activating cytoplasmic dsDNA could derive from
increased genomic damage upon miR-30d inhibition. To address this issue, | evaluated the
abundance of phosphorylated histone H2AX (y-H2AX) foci, a marker of nuclear dsSDNA breaks225,
in MDA-MB-231, MCF10.DCIS.com and 4T1 BC cells transiently transfected with LNA-30d or
Decoy-30d construct. As a control, treatment with 1 uM of the DNA damaging drug etoposide was
used. As shown in Fig. 19, this analysis revealed a strong increase in the number of y-H2AX foci
upon miR-30d depletion as compared to control-treated cells, suggesting that inhibiting miR-30d
leads to accumulation of genomic damage.

Altogether, these results suggest that miR-30d inhibition results in accumulation of nuclear DNA

damage and triggers upstream induction of the cGAS-STING-IFN-I pathway in cancer cells.
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Figure 19. miR-30d downregulation promotes accumulation of nuclear DNA damage in BC cells.
Representative IF analyses of YH2AX staining in MDA-MB-231, MCF10.DICIS.com and 4T1 mBC cells
transfected for 48h with LNA-30d or Decoy-30d construct, respectively. Etoposide 1 M was administered
for 24h as a positive control. The graphs on the right show the percentage of yYH2AX -positive cells upon
different treatments (n=3).
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4.6 The impact of miR-30d on IFN-I response may involve alterations of Golgi apparatus

Upon cGAS-dependent induction, STING pathway activation crucially depends on STING
relocation from the ER to the Golgi apparatus (GA), and formation of a GA-resident activation
complex between STING, TBK1 and IRF3 proteins. Structural alterations of the GA, such as those
induced by miR-30d activity, are expected to impair execution of this pathway!1°. On this premise,
| sought to verify if the effect of miR-30d on IFN-I signalling may also involve alterations of the
secretory pathway, and in particular miR-30d dependent structural changes of the GA. Previous
work from our group demonstrated that miR-30d impacts GA structure by downregulating DGKZ,
an enzyme belonging to the diacylglycerol kinase family, which catalyzes the conversion of the
membrane lipid diacylglycerol (DAG) into phosphatidic acid (PA). Mechanistically,
downregulation of DGKZ increases local DAG concentration at membranes, promoting GA tubulo-
vesiculation (Fig. 20a). Consistent with this notion, MCF10.DCIS.com cells, which express high
levels of miR-30d, show a tubulo-vesiculated GA characterized by multiple mini-stacks dispersed

within the cytoplasm (Fig. 20b). In these cells, miR-30d inhibition leads to GA compaction, while
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concomitant silencing of DGKZ prevents normalization of GA, which appears highly fragmented
(Fig. 20b,c). As shown in Fig. 20d, | observed that in this experimental setting DGKZ silencing
largely prevented STING activation caused by miR-30d inhibition. This suggests that the
attenuation of cGAS/STING signaling by miR-30d may involve alterations of the Golgi apparatus.
Consistent with this observation, silencing of DGKZ strongly reduced Decoy-30d dependent
induction of both type-1 IFNs and ISGs, i.e. downstream targets of the cGAS-STING pathway (Fig.
20e).

These data support the hypothesis that high levels of miR-30d may attenuate the cGAS/STING/IFN
signalling by inducing structural alterations of the GA, which may impact on the correct activation
of STING/TBK proteins. Therefore, these findings collectively suggest that miR-30d inhibition
may activate the cGAS/STING/IFN pathway in cancer cells at multiple levels: on one hand, it
concurs to trigger cGAS/STING signalling by causing accumulation of DNA damage and cytosolic
dsDNA, and on the other hand it may further unleash STING/TBK/IRF3 activation by promoting

GA compaction.
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Figure 20. GA fragmentation by downregulating miR-30d target DGKZ prevents induction of the STING-
IFN pathway upon miR-30d inhibition. a) Schematic representation of the effects of miR-30d on GA
structure. Downregulation of DGKZ (Diacylglycerol kinase) increases local concentration of diacylglycerol
(DAG) at membranes, promoting GA tubulo-vesiculation. b) Representative IF analysis of GA morphology
by staining for GM130 in MCF10.DCIS.com cells transiently silenced for DGKZ (siDGKZ) and transfected
with either control or miR-30d decoy construct for 48h. ¢) gRT-PCR analysis of DGKZ mRNA expression
in MCF10.DCIS.com cells transiently transfected with either control siRNA (siQ) or DGKZ siRNA
(siDGKZ). H3 expression was used as a reference for quantification. d) WB analysis of STING activation
(= fraction of p-Sting vs total Sting) in MCF10.DCIS.com cells transfected as described in (b). Right panel
shows quantification of WB analysis. €) RT-gPCR analysis of the indicated IFN-I and ISGs, conducted in
MCF10.DCIS.com cells transfected as described in (c). H3 expression was used as a reference for
guantification.

Graph bars represent mean +s.d. of n>3 biological replicates. P value: P <0.05 [*], P <0.01 [**], P <0.001
[***] by two-tailed Student’s t-test. Blots are representative of n=3 biological replicates.

4.7 miR-30d downregulation displays synergistic effects with the cGAS/STING-inducing
chemotherapeutic drug doxorubicin

Conventional chemotherapy regimens represent treatments of choice for a consistent fraction of
patients bearing breast as well as other cancers. Notably, this represents the only systemic therapy
with demonstrated efficacy in the most aggressive triple negative breast cancer (TNBC) subtype,
and is an important adjunct to endocrine therapy in other BC subtypes??’. A growing number of
studies report that, in addition to well-known cytotoxic effects, chemotherapeutic treatments also
exert immunostimulatory effects, due to DNA damage-dependent activation of the cGAS/STING
pathway in proliferating cancer cells%2, | thus sought to assess whether inhibition of miR-30d may
synergize with chemotherapeutic treatments inducing cGAS/STING-dependent IFN-1 response in
BC cells. To this aim, | tested the ability of different chemotherapeutic drugs used in standard
clinical practice to induce expression of type-I IFN genes in 4T1 TNBC cell line (not shown). In
these experiments, the topoisomerase inhibitor doxorubicin behaved as a strong inducer of /fno and

IfnBl genes, consistently with previous evidence?? and with its reported ability to cause double-
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strand DNA breaks and micronuclei formation by DNA intercalation or direct alkylation2, To test
the effect of combining miR-30d inhibition with doxorubicin treatment, | then treated 4T1 cells
stably expressing either control or Decoy-30d construct with 1uM doxorubicin. As shown in Figure
21, the effect of doxorubicin on type-l1 IFN genes expression increased up to 5-fold in cells
expressing decoy-30d as compared to cell expressing control vector.

This result suggests that combination of miR-30d inhibition with administration of doxorubicin

leads to a synergistic rather than additive effect in stimulating the IFN response.
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Figure 21. miR-30d downregulation displays a synergistic effect with doxorubicin in inducing Ifno/p
expression. 4T1 cells stably transfected with Decoy-30d construct or control were treated with 1uM
doxorubicin. After 72 h, the expression of Ifna and Ifnfi1 genes was evaluated by RT-gPCR and normalized
to Gapdh mRNA expression as a reference. MRNA levels relative to control condition (set at 100) are shown.

Graph bars represent mean *s.d. of n>4 biological replicates. P value: P <0.05 [*], P <0.01 [**], P <0.001
[***] by two-tailed Student’s t-test.

4.8 Inhibition of miR-30d induces expression of IFN response genes in ex-vivo organoid
models of BC

To estimate the potential of using miR-30d inhibitors to stimulate the IFN-I response in breast
tumors, | decided to employ tumor organoids, ex-vivo 3D culture systems representing well-
established preclinical models in disease modelling and drug development. Organoids faithfully
recapitulate genetic, phenotypic and architectural hallmarks of the original tumors, and can be
grown in synthetic 3D matrices, whose composition and density may be experimentally modulated
to recapitulate the features of tumor tissues??°,

First, | generated primary BC organoids from Mouse Mammary Tumor Virus-Polyoma Middle T
antigen (MMTV-PyMT) mouse model of aggressive BC (Fig.22b). MMTV-PyMT organoids were
transiently transfected for 48h with either control or LNA-30d inhibitor, and the expression of a

panel of IFN-I and ISGs genes was then investigated by gRT-PCR. As shown in Fig. 22a,
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administration of LNA miR-30d inhibitor to MMTV-PyMT organoids resulted in the induction of
IFN-I signature genes as compared to control-treatment.

| also generated mBC organoids from spontaneous lung metastases recovered from an
immunocompetent Balb/c mouse orthotopically transplanted in the fat pad with 4T1 cells (Fig.
22d). As shown in Fig. 22c, administration of LNA miR-30d inhibitor to metastatic 4T1m
organoids resulted in increased expression of type-lI IFNs and of several 1SGs, as compared to
control-treatment.

These data suggest that administration of miR-30d inhibitors may be effective in inducing the
CGAS/STING/IFN pathway not only in 2D cell cultures but also in tumor tissues embedded in a
solid ECM. Based on these results, it will be of interest to study the effect of miR-30d inhibition

on patients’ derived tumor organoids (PDOs) of breast and other tumor types.
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Figure 22. LNA miR-30d inhibitor induces the expression of IFN-I signature genes in primary and
metastatic mouse BC organoids. a,c) Primary MMTV-PyMT and metastatic 4T1 (4T1m) organoids were
transiently transfected with LNA-30d or with scramble LNA (LNA-ctrl). After 48h, the expression levels
of the indicated IFN-I and ISGs were evaluated by RT-gPCR and normalized to Gapdh mRNA expression
as a reference. b,d) Representative images of MMTV-PyMT and 4T1m organoids grown in Matrigel for
72h.

Graph bars represent mean + s.d. of n=1 for a) and n=4 for c) biological replicates. P value: P < 0.05 [*], P
<0.01 [**], P<0.001 [***] by two-tailed Student’s t-test.
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4.9 miR-30d downregulation promotes upstream activation of the cGAS/STING pathway in
mBC-bearing mice
| then sought to investigate the effect of inhibiting miR-30d on cGAS/STING/IFN-I1 signalling in a
mouse model of breast tumorigenesis. To this aim, | took advantage of a previous experiment
performed in our lab to investigate the impact of miR-30d on tumor growth and metastasis in
vivo!®4, This was obtained by orthotopically injecting SCID mice with luciferase-expressing human
BC MDA-MB-231 cells, stably transduced with either control or Decoy-30d construct (Fig. 24a).
Remarkably, in this experimental setting inhibition of miR-30d significantly delayed both tumor
and metastatic growth over a 4 weeks period%. Primary tumors and lung tissues isolated from
engrafted mice were subjected to immunohistochemical (IHC) analysis for evaluating the
abundance of the DNA damage marker y-H2AX and of cGAS. As shown in Fig. 24b, IHC clearly
showed that both y-H2AX and cGAS signals were consistently higher in both primary tumors and
lung metastases recovered from mice injected with MDA-MB-231 cells downregulated for miR-
30d expression as compared to control tumors, suggesting that the inhibition of miR-30d may
enhance the activation of cGAS signalling in vivo.
Collectively, these results reinforce the notion that inhibition of miR-30d can increase the activation
of the cGAS/STING pathway by causing nuclear DNA damage and subsequent activation of the
DNA-sensor cGAS. Therefore, these data suggest that the reduction of tumor growth observed in
mouse xenograft experiments upon stable inhibition of miR-30d might partly depend on
enhancement of the cGAS/STING pathway, and consequent induction of anti-tumor innate immune
surveillance.
Further analyses are currently ongoing to investigate putative changes in the immune composition
of the TME upon miR-30d depletion.
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Figure 23. miR-30d downregulation increases p-H2AX foci and cGAS accumulation in primary BC and
derived metastases in vivo. a) Schematic representation of xenograft experiments: MDA-MB-231-Luc
control (CTRL, n = 8) or miR-30d decoy (Decoy-30d, n = 9) cells were injected into the mammary fat pad
of SCID mice and after 35 days primary tumors and lung metastases were recovered. b) Representative
images of immunohistochemical analyses (IHC) of y-H2AX foci and endogenous cGAS, in serial sections
of primary tumors and lung metastases from mice treated as described in a).

All IHC staining were performed by postdoctoral researcher Valeria Cancila from C. Tripodo's Lab at the

University of Palermo

4.10 High miR-30d levels correlate with a low immune score in BC patients

Based on the above results, I hypothesized that miR-30d depletion may attenuate the activation of
the cGAS/STING/IFN-I pathway in BC cells and consequently promote an immunosuppressive
TME during cancer progression. To test this hypothesis, | analyzed the correlation between miR-
30d levels expression of STING-dependent gene signature, as well as immune cell recruitment, in
clinical data from primary BCs. As shown in Fig. 24a, analysis of The Cancer Genome Atlas
(TCGA) dataset highlighted that elevated levels of miR-30d correlated with lower expression of a
STING gene signature. Furthermore, this analysis also showed a correlation between high miR-
30d levels and a lower immune score (Fig. 24b).

Taken together, these data suggest that high levels of miR-30d could contribute to the generation

of an immune-cold microenvironment by blunting cGAS/STING signalling.

45



(TCGABRCA)

* K

miR-30d expression level

[ High mir-30d
[ Low miRr-30d

(TCGABRCA)

Population Enrichment Score

o003
E xS

miR-20d expression level

[ High mir-30d
l:l Low miR-30d

Results

Normalized expression
Enrichment sceore

—=—

ImmuneScore

Reactome STING
Mediated_Induction_of _
Host_Immune_Response

signature

Figure 24. TCGA analysis of BC data showing the STING-dependent gene signature and immune score
in relation to miR-30d levels. a) Normalized expression of “Reactome STING Mediated Induction of host
Immune Response” gene signature calculated on TCGA BRCA patients divided by high and low levels of
miR-30d expression. b) xCell derived ImmuneScore calculated on TCGA BRCA patients divided by high
and low levels of miR-30d expression. Pvalue calculated with Wilcoxon T-test (p < 0.0001). Analysis
performed by Luca Triboli.

4.11 Appendix: Analysis of circulating miR-30d levels in BC models

The data presented above provide evidence in support of a possible role of miR-30d in reducing
the activation of cGAS/STING/IFN pathway in cancer cells, a condition known to promote a
permissive TME through suppression of innate immunity and anti-tumor immune surveillance.
This is consistent with our previous demonstration that miR-30d has a role in promoting breast
cancer growth and metastatic progression in mouse models of BC'4 and with the notion that miR-
30d is found overexpressed in BC'% and its expression is induced by mut-p53 and HIFla
oncogenes!®, both associated with tumor aggressiveness and induction of immune evasion. miR-
30d is known to be secreted by tumor cells and it is detectable in blood?2°1.230, suggesting that it may
also exert paracrine effects in promoting immune evasion via blunting cGAS/STING signalling in
both cancer cells and TME components, and these effects could impact both primary and secondary
tumor sites.

Therefore, | evaluated whether circulating miR-30d could be detected in mice during cancer
progression and whether miR-30d levels could follow the evolution of the disease and the response
to therapy in breast cancer-bearing micel%. To explore this possibility, | conceived a pilot study to
monitor circulating miR-30d levels during BC progression, by RT-gPCR analysis of peripheral
blood samples from breast cancer-bearing mice. To this aim, luciferase reporter-expressing 4T1

mouse BC cells (4T1-Luc) were orthotopically transplanted in the fat pad of syngenic Balb/c mice.
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Recipient mice developed both primary BC and metastatic lesions in the lungs, as detected by

bioluminescence imaging in vivo (Fig. 25a,b). Peripheral blood was collected weekly from

transplanted mice, and miR-30d levels were quantified from purified sera. As shown in Figure 25c,

miR-30d serum levels remained constant during weeks 1-4, when primary tumor growth occurred,

while showing a sharp increase at week 5, when all injected mice had developed large metastases,

and were afterwards sacrificed.

These results indicated that serum levels of miR-30d increased upon tumor progression. However,

this experiment could not discriminate whether miR-30d increase was dependent on either primary

or secondary tumor growth, or both.
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Figure 25. Circulating miR-30d levels increase during BC progression in mice. a) Schematic overview of
the experimental workflow: 4T1-luciferase expressing (4T1-Luc) cells were transplanted into the fat pad of
4 Balb/c mice and peripheral blood was collected every week after inoculation. b) In vivo quantification of
luciferase at different time points in primary tumors (left) and in lung metastases (right) was performed on
the experimental model described in (a); c) RNA was extracted from a fixed amount of clarified sera (50
upl), adding a standard amount of cel-miR-39 to allow normalization. The levels of miR-30d relative to cel-

miR-39 were evaluated by RT-qPCR. Time points t=

due to insufficient serum volume.

0 (before inoculation) and t= 1 (first week) are missing

| then performed an experiment to investigate whether blood levels of miR-30d correlate with tumor

response to therapeutic treatments. To this aim, 4T1 cells expressing mut-p53R28%K were injected in
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the mammary fat pad of syngeneic Balb/c mice. Four days after inoculation, mice were treated for
the next 24 days by intraperitoneal injection of either the chemotherapeutic agent 5-FU or the FDA-
approved drug Dasatinib, a Src family inhibitor currently in phase Il clinical trial for advanced
BC231.232_ Peripheral blood was taken at the experiment endpoint (Fig. 26a). As shown in Fig. 26b,
treatment with Dasatinib resulted in a significant reduction of the primary tumor volume, while
treatment with 5-FU did not significantly impact tumor growth. Under these conditions the levels of
circulating miR-30d decreased in parallel with reduction of primary BC tumor growth (Fig.26c). In
particular, while a consistent reduction in miR-30d blood levels was observed after treatment with
Dasatinib, the reduction was not significant in mice treated with 5-FU. These initial observations
suggest that miR-30d may represent a possible biomarker of BC disease progression and of tumor

response. However, more experiments will be required to address this issue.
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Figure 26. Circulating miR-30d levels are reduced upon regression of primary BC in vivo. a) Schematic
overview of the experimental workflow: 4T1 mutp53~28%K cells were injected into the fat pad of Balb/c mice.
The following day, 3 cohorts of 3 mice were treated with either 10 mg/kg Dasatinib, 25 mg/kg 5-fluorouracil
(5-FU) or placebo (NT) until sacrifice. Peripheral blood was collected 4 weeks after injection, at the time of
sacrifice. b) Bar graph of primary tumor volumes at week 4 of mice treated as described in a). Tumor
volumes were calculated using the formula (d*d*D)/2, where "d" stands for smaller diameter and "D" for
larger diameter. ¢c) RNA was extracted from a fixed amount of clarified sera (35 pl), adding a standard
amount of cel-miR-39 to allow normalization. The levels of miR-30d relative to cel-miR-39 were evaluated
by RT-gPCR.

Graph bars represent mean +s.d. of n=3 biological replicates. P value: P <0.05 [*], P <0.01 [**], P <0.001
[***] by two-tailed Student’s t-test.
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5. Discussion

During tumor progression, cancer cells communicate with each other and with their surrounding
tissue to shape a permissive microenvironment, which is critical for tumor growth and
progression. This communication displays both local and systemic effects impacting on
angiogenesis, ECM remodeling, metabolic rewiring, and modulation of immune/inflammatory
cells, supporting both proliferation and metastatic dissemination of cancer cells and escape from
immune surveillance. Understanding immune evasion mechanisms that are involved in generating
non-immunogenic or “cold” tumors represents a key issue for improving the efficacy of anticancer
immune therapies.

The cGAS-STING pathway is a cytoplasmic DNA-sensing machinery with relevant roles in
innate immunity. Cancer cells often contain high levels of cytoplasmic DNA, due to genomic and
nuclear damage, which result in constitutive, although still inducible, activation of the
CGAS/STING pathway?24. By production of type-I interferons and other immune mediators®, this
leads to activation of innate antitumor immunity. Consistently, many tumors appear to select for
activities that either attenuate cCGAS-STING-IFN signalling, thus escaping immune surveillance,
or even corrupt it, thereby stoking tumor-promoting inflammation.

In line with these premises, | observed that overexpression of the microRNA miR-30d, which in
breast tumors may occur downstream to HIFla and mut-p53 oncogenes!®4207 correlates with
reduced expression of IFN-I signature genes and with low immune score in breast cancer patients’
datasets, suggesting that miR-30d could be involved in suppressing innate immune signalling in
BC by attenuating the cGAS/STING/IFN-1 pathway.

Inhibition of miR-30d activates STING/IRF3/IFN-I signalling in BC cells

In this thesis | demonstrated that the inhibition of miR-30d causes activation of
CGAS/STING/IFN-1 signaling in cancer cells, tumor organoids and tumor Xxenografts. In
particular, | observed that depletion of miR-30d activates the expression of type-l IFNs and of
several I1SGs encoding for immune stimulatory chemokines and cytokines in BC cell lines,
including ductal adenocarcinoma in situ and metastatic BC cell lines. In BC cells, induction of
IFN-I signature genes after miR-30d ablation involved activation of cGAS/STING/TBK signaling
and was accompanied by IRF3 nuclear translocation. Upon its activation IRF3 may trigger
complementary responses that contribute to arresting tumor growth. Indeed, it either translocates

into the nucleus to induce the expression of type-1 IFNs and other cytokines that in turn engage
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anti-tumor immune surveillance, or translocates to mitochondria and interacts with the pro-
apoptotic Bax protein to induce apoptosis®®86, The results obtained showed evidence of nuclear
IRF3-mediated response upon inhibition of miR-30d, while in contrast no decrease in cell viability
was observed, suggesting that in cancer cells IRF3 activation alone is not sufficient to induce cell
death. Further experiments will be required to fully investigate this aspect, by verifying the
induction of apoptosis by specific assays. Consistent with the observed nuclear activation of IRF3,
mMiR-30d inhibition induced an increase of IFNa and IFNP secretion in BC cells. Remarkably, we
previously observed that depletion of miR-30d leads to normalization of secretory trafficking in
cancer cells!®4, suggesting that the extracellular release of type-1 IFNs is a consequence of the
increased expression of interferon genes rather than to augmented rate of secretion. Induction of
the cGAS/STING pathway may also lead to activation of the transcription factor NFkB?19233, 3
master regulator of proinflammatory genes. However, preliminary results obtained in BC cells
(not shown) indicate that miR-30d inhibition does not lead to significant changes of expression of
NF«kB target genes. Thus, these results suggest that induction of STING/IRF3 signalling, rather
than NF«kB activation, is responsible for the observed induction of IFN-| response genes upon
inhibition of miR-30d.

Role of miR-30d in oncogene-driven immune evasion

Recently it has been reported that missense mut-p53 oncoproteins are able to attenuate antitumor
innate immunity, by blunting activation of the STING/IFN-I pathway via direct inhibition of
TBK1 protein®?, Interestingly, when comparing the effects of miR-30d inhibition on induction of
IFN-1 response genes among cell lines with different TP53 status, | observed lower levels of
activation in a mut-p53 expressing BC cell line (MDA-MB-231) as compared to BC cells
expressing either wild-type p53 (MCF10DCIS.com and MCF7) or null for p53 expression (4T1
cells). These results will require further validation in a wider panel of wild-type and mut-p53
expressing cell lines, however are in agreement with the reported role of mut-p53 in attenuating
the STING/IFN-I pathway. It is tempting to speculate that the observed effect of mut-p53 as a
suppressor of innate immune signaling could be also mediated by its ability to induce miR-30d
expression, thus leading to repression of the cGAS/STING pathway at multiple levels.
Importantly, these observations would imply that inhibition of miR-30d could result in efficient
activation of this innate immunity pathway also in mut-p53 expressing tumors.

Remarkably, miR-30d is also a transcriptional target of the HIF1la oncoprotein, which may
promote its transcription independently of the presence of mut-p532%7. HIF1a is known to drive

both innate and adaptive immune evasion in solid tumors by inducing the expression of
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immunosuppressive factors (e.g., VEGF, TGF-f, IL-10 and PGE2) and immune checkpoint
molecules (e.g., PD-L1 and HLA-G)234. Moreover, HIF1a was recently found to interfere with
CGAS/STING pathway activation, further contributing to promote tumor cell evasion of immune
surveillance. For instance, miR-25 and miR-93, two HIF1a-responsive microRNAs, have been
implicated in creating an immunosuppressive tumor microenvironment by downregulating the
expression of the DNA sensor cGAS2%, It is thus conceivable that part of the immunosuppressive
effects of HIF1a could be mediated by its ability to induce overexpression of miR-30d.

As a further validation of these findings, | aim to study the effects of miR-30d overexpression on
the cGAS/STING pathway. This may be achieved either by employing constructs acting as
miRNA mimics, or increasing expression of endogenous miRNA by hypoxic conditions. | expect
that high levels of miR-30d, in contrast to its downregulation, would blunt cGAS/STING
signaling.

miR-30d impacts on cGAS/STING/IFN-I pathway at multiple levels

Regarding the mechanisms underlying the effects of miR-30d on different levels of cGAS/STING
pathway regulation, that may explain the observed activation upon miR-30d depletion, | started
with an explorative bioinformatics analysis of publicly available data obtained in tumor cell lines
upon perturbing miR-30d function. In this regard, functional analysis of transcriptomic data of
human mBC cells suggested a putative effect of miR-30d on the cell response to DNA damage.
Remarkably, cancer cells are prone to DNA damage, which triggers the activation of the DNA-
sensing cGAS/STING/IRF3 pathway and the consequent expression of type-1 IFNs and 1SGs®6. |
observed a consistent increase of both number and size of dsSDNA damage foci, as well as the
appearance of structures reminiscent of micronuclei and of dsDNA staining in the cytoplasm upon
miR-30d depletion. Furthermore, in this condition, I also highlighted an increase of perinuclear
cGAS signal, which colocalized with cytoplasmic dsDNA. At present, it is not known how miR-
30d might protect cancer cells from accumulating DNA damage and/or cytosolic dsDNA leakage.
One intriguing possibility could be that miR-30d depletion might interfere with DNA repair.
Given that cancer cells display DNA replication stress and intrinsic genomic instability, this could
explain the selective ability of miR-30d inhibitors to induce IFN response in BC cells as compared
to non-neoplastic breast epithelial cells, which are characterized by low genomic instability as
compared to transformed counterparts. Further experiments are required to compare the effects of
miR-30d inhibitors between normal and transformed cells. This said, it will be interesting to
perform bioinformatic analyses to obtain hints on putative targets of miR-30d that may modulate

DNA repair activities.
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Another interesting observation was the appearance of nuclear blebs, micronuclei and cytoplasmic
dsDNA upon miR-30d inhibition in cancer cells, which suggest nuclear envelope damage, leading
to perinuclear accumulation of dsDNA and translocation of cGAS from the nucleus (where it
resides in inactive form) to the cytoplasm (active form)115116,Of note, cancer cells are subject to
several challenges that undermine nuclear envelope integrity (e.g., mechanical stress), which, if
not resolved, may culminate in nuclear envelope ruptures with consequent cGAS activation220, It
will therefore be interesting to investigate whether tumor cells, by maintaining high levels of miR-
30d, may limit nuclear envelope alterations and consequently allow survival of cancer cells
through the generation of an immunosuppressed microenvironment. In addition, it has to be
considered that cGAS is also known to be activated by mitochondrial dsDNA, therefore | plan to

assess whether miR-30d may also have effects on mitochondrial structure and function.

While searching for the mechanistic underpinnings of miR-30d dependent attenuation of the
CGAS/STING pathway, | also took into account the ability of miR-30d to cause tubulo-
vesiculation of the Golgi apparatus®4, which has been shown by our research group to involve
miR-30d dependent downregulation of the DGKZ kinase and of the retromer complex component
VPS26B. In particular, downregulation of DGKZ increases the local concentration of
diacylglycerol (DAG) at membranes, promoting Golgi tubulo-vesiculation. Interestingly, it has
been previously suggested that alterations of Golgi structure, such as fragmentation, may prevent
STING activation, resulting in attenuation of the STING/IFN-I pathway’6119, When I inhibited
miR-30d in BC cells in the presence of DGKZ silencing, thereby interfering with decoy-dependent
GA compaction, STING activation and induction of IFN-I response genes were largely prevented.
This observation suggests that the ability of miR-30d inhibitors to induce GA compaction is
required for activating the STING pathway and implies that the induction of structural alterations
of the secretory pathway, which occur downstream to miR-30d overexpression in cancer cells,
may contribute to attenuate STING signaling. It is conceivable that GA tubulo-vesiculation may
specifically impact on the correct activation of STING and TBK1 proteins at Golgi membranes,
blunting the downstream IFN-1 signalling. My results would also imply that in tumor cells, which
display high levels of intrinsic DNA damage, inducing normalization of GA structure may be
sufficient to trigger the production of type-1 IFNs and the secretion of antitumor innate immunity
mediators. Remarkably, upon activation, STING translocates from the Endoplasmic Reticulum
(ER) to the Golgi®, and it is known that high levels of miR-30d alter the structure of the ER1%,
thus it is possible that miR-30d might also influence the processing of STING protein by

disrupting ER organization.
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In sum, the evidence presented in this thesis is consistent with a model in which inhibition of miR-
30d may both trigger upstream induction of the cGAS/STING pathway in cancer cells by causing
release of dsDNA in the cytosol and sustain its activity by normalizing the structure of the

secretory pathway.

Potential impacts of miR-30d on the immune tumor microenvironment

In line with the results described so far, | found that miR-30d inhibition in breast tumor xenograft
experiments, where miR-30d inhibition was found to significantly delay both tumor growth and
metastasis formation1%, correlated with accumulation of nuclear DNA damage and activation of
the DNA-sensor cGAS in both primary tumors and metastatic lesions. Interestingly, miR-30d
overexpression does not increase proliferation of breast cells (V. Capaci personal
communication), moreover my data indicate that miR-30d depletion does not affect either cell
growth or viability. This suggests that the increased growth advantage of miR-30d expressing
tumors, as compared to those where miR-30d was inhibited, could be likely due to cell-extrinsic
signaling, rather than to an intrinsic proliferative advantage. In fact, increasing evidence supports
important roles of miR-30d in influencing the TME. Our research group demonstrated that miR-
30d-dependent release of a pro-malignant secretome contributes to generate a permissive tumor
microenvironment. In addition, it has been shown that miR-30d, in cluster with miR-30b, targets
and downregulates the GalNAc transferase GALNT7 in human melanoma, resulting in increased
synthesis and secretion of the immunosuppressive cytokine 1L-10, which in turn both reduces the
recruitment of CD3* T cells and increases tumor-promoting Treg cells at metastatic sites2%4,

The obtained data are also consistent with a role of miR-30d in blocking immune surveillance in
a non-cell autonomous fashion, by inhibiting the release in the TME of immunostimulatory
chemokines and proinflammatory cytokines downstream of cGAS/STING signalling. My findings
lead to the speculation that suppression of the STING-TBK1-IRF3 pathway by miR-30d may
render tumors immunologically “cold”, thereby allowing cancer cells that express high levels of
miR-30d to grow in an immunologically unrestricted manner. In support of this hypothesis,
analysis of TCGA data indicated that miR-30d is found overexpressed in tumor types that are
commonly considered cold, i.e. breast, pancreas, and prostate?19211, Moreover, | found that in
human BCs high expression levels of miR-30d correlated with lower expression of STING-
dependent gene signature, as well as lower immune cell recruitment. Intriguingly, miR-30d has
been shown to be secreted by various cell types in both physiological and pathological
processes?0>206 Secreted miRNAS have been shown to affect several oncogenic processes, among

which invasion (miR-10Db), activation of fibroblasts (miR-155), angiogenesis (miR-21, miR-494,
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miR-9, miR-210), and modulation of immune response (miR-126, miR-34a, and others)138236,
Therefore, it would be interesting to explore the potential ability of cancer-secreted miR-30d to
control cell populations within the TME in a paracrine fashion.

In sum, my future aim is to understand whether miR-30d might play paracrine effects in promoting
cancer immune escape, and to explore the possibility that miR-30d, by dampening innate immune
signaling in both cancer and stromal cells, could represent a tractable target whose inhibition may
sensitize tumors to combined chemo- and immune therapy. In this respect, | plan to perform
experiments in immunocompetent mouse models of BC to test whether miR-30d inhibition might
reactivate immune surveillance and promote BC eradication. Specifically, | intend to investigate
the impact of miR-30d depletion on primary and metastatic tumor growth, analyzing the effects
on the tumor immune microenvironment by characterizing both anti-tumor and immuno-
suppressive immune cell populations composing the tumor immune infiltrate, as well as to assess
the possible involvement of the cGAS-STING pathway in these events. Furthermore, | also plan
to test in vivo synergies between miR-30d inhibition and cGAS/STING-inducing
chemotherapeutic treatments. Indeed, in this thesis | have shown that miR-30d inhibition may
synergize with Doxorubicin, a DNA damage-inducing and STING-activating chemotherapeutic
treatment. miRNA-based drugs have recently been hailed as therapeutic candidates for the
treatment of a number of diseases, including cancer?¥’. For instance, MRX34 is a synthetic
MiRNA mimic of the tumor suppressor miR-34, which represents the first miRNA to enter clinical
trials and has shown convincing clinical results as a single-agent therapy in patients with
melanoma, renal, and hepatocellular carcinoma238. MRG-106, an anti-miR-155 LNA, is currently
in phase Il clinical trials for the treatment of lymphomas and leukemias23®, while RGLS5579, an
anti-miR-10, was recently announced for the treatment of glioblastoma multiforme?240,
Remarkably, this evidence implies that miRNA-based drugs may represent effective therapeutics
not only for hematological cancers but also for treatment of solid tumors, which are typically more
difficult to treat due to drug delivery and off-targeting issues. Moreover, these drugs might also
be combined with STING agonists, which are currently being tested in clinical trials alone or in
combination with a range of chemotherapeutic and immunotherapeutic drugs?*, and tested for
their potential ability to sensitize poorly responsive tumors to immune checkpoint inhibitors.

In addition to BC, oncogenic roles of miR-30d have been reported in a wide range of tumors,
including immunologically “cold” tumors!9%-201.203 Importantly, my results indicate that miR-30d
inhibition induces IFN-I response genes in cell lines of different tumor origin, including colon and
melanoma. In these contexts, the MIR-30D gene has been reported to be frequently amplified and

overexpressed and its expression has been clearly associated with aggressive neoplastic features.
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Indeed, miR-30d has been shown to promote invasion and migration of tumor cells in a xenograft
model of colon cancer?%?, while in melanoma cells it has been shown to exert an immune-
suppressive role2%4, However, miR-30d has also been described to exert tumor suppressive roles,
and these different behaviors might be due to expression of different sets of mirR-30d target genes
in specific tumor contexts. For instance, high levels of miR-30d have been shown to inhibit
ovarian cancer cell proliferation by promoting cell apoptosis through targeting Smad2, a protein
involved in TGF-p signalling!®. Furthermore, miR-30d was shown to prevent cell proliferation,
invasion and migration in non-small cell lung cancer (NSCLC) by targeting the CCNE2
oncogene?*2, Interestingly, in lung carcinoma, although there is evidence attributing a tumor
suppressor role to miR-30d, | have observed that its depletion results in induction of IFN-I
signalling. This data suggests that reduced levels of miR-30d may favor the induction of the
CGAS/STING/IFN-I pathway regardless of whether it plays oncogenic or tumor suppressive roles
acting on different cellular pathways.

In perspective, the possibility to analyze miR-30d levels in cancer patients could help guiding
treatment options, also taking into account that miR-30d is secreted in blood and may therefore
be easily detected in liquid biopsies as a non-invasive diagnostic and prognostic cancer
biomarker49.150.243 Remarkably, | found that miR-30d blood levels increase during BC and mBC
progression and correlate with the size of the primary tumor in mice. I plan to monitor blood miR-

30d levels also in BC patients and to correlate them with therapy response.

In conclusion, the results of this thesis provide further insight into the tumorigenic mechanisms
that contribute to shaping a permissive TME during cancer progression. | found that ablation of
miR-30d promotes the activation of cGAS/STING/IFN-I signalling in tumor cells resulting in the
production of type-I interferons, which likely engage immune surveillance. | foresee that this
study may prelude to preclinical research aimed at investigating the role of miR-30d in promoting
an immune-cold, cancer-promoting tumor microenvironment, and testing whether depletion of
miR-30d in both cancer cells and TME may stimulate innate immune signalling to restore an

immunologically “hot” TME and limit tumor outgrowth.
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6. Materials and methods

6.1 Cell culture and transfection

Cell lines

MCF10A is a normal human mammary cell line, whereas MCF10.DCIS.com is a ductal

adenocarcinoma in situ cell line derived from RAS-mutated MCF10A cells?'3, both expressing
wtp53. MCF10A and MCF10.DCIS.com cells were maintained in Dulbecco'sModified Eagle's
Medium (DMEM)/F12 (LONZA) (1:1) supplemented with 5% Horse Serum (HS),100U/mL
penicillin and 10pg/mL streptomycin, 20 ng/ml recombinant human epidermal growth factor
(EGF), 10 pug/ml recombinant human insulin, 500 ng/ml hydrocortisone. MCF7 and MDA-MB-

231 are human metastatic breast cancer cell lines expressing respectively wild-type p53 and
missense mutant p53R%K_ MCF7 cells were cultured in Eagle's Minimum Essential Medium
(EMEM, Sigma) supplemented with Fetal Bovine Serum (FBS), 100U/mL penicillin, 10pug/mL
streptomycin, 1% Minimum essential medium non-essential amino acids (MEM NEAA), and
10ug/ml recombinant human insulin. MDA-MB-231 cells were cultured in Dulbecco's Modified
Eagle's Medium (DMEM, LONZA) supplemented with 10% Fetal Bovine Serum (FBS) 100U/mL
penicillinand 10pg/mL streptomycin.

4T1 is a p53-null mouse metastatic breast cancer cell line maintained in Dulbecco's Modified
Eagle's Medium (DMEM)/F12 (LONZA) (1:1) supplemented with 10% Fetal Bovine Serum
(FBS), 100U/mL penicillin, 10pg/mL and streptomycin.

H1299 is a p53-null non-small cell lung carcinoma (NSCLC) cell line, whereas WM115 is human

metastatic melanoma cell line expressing wtp53, both were cultured in RPMI medium (Lonza)
supplemented with 10% FBS. HCT-116 a human colorectal carcinoma cell line expressing wtp53
was maintained in DMEMsupplemented with 10% Fetal Bovine Serum (FBS) 100U/mL penicillin
and 10pg/mL streptomycin.

HEK-293T and HEK-293GP human embryonic kidney cell lines were cultured in DMEM
supplemented with 10% Fetal Bovine Serum (FBS) 100U/mL penicillin and 10pg/mL

streptomycin. HEK-Blue IFN-0/p is a human embryonic kidney cell line specifically designed to
monitor the levels of IFN-o/p in the conditioned medium (InvivoGen). These cells were maintained
in DMEM, 4.5 g/l glucose supplemented with 2 mM L-glutamine, 10% heat-inactivated FBS, Pen-
Strep (100 U/mI-100 pg/ml), 100 pg/ml Normocin, 30 pg/ml of blasticidin and 100 pg/ml of
Zeocin.
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Mouse and human cell lines were obtained from ATCC, InvivoGen or other laboratories

collaborating on the project. Cells were all mycoplasma free.

Generation of mouse Mammary Tumor Organoid Cultures

Primary BC organoids were generated from tumor-bearing MMTV-PyMT mice. Metastatic BC
organoids were generated from spontaneous lung metastases developed in Balb/c mouse after
injection of 4T1 cells in the mammary fat pad of syngenic Balb/c mice.

For organoid generation, primary BCs and lung metastases were mechanically processed until
small portions (1 mm3) were obtained and these were then enzymatically digested for 3 hours at
37°C with a solution containing collagenase/hyaluronidase (Collagenase/laluronidase 10X in
DMEM, Stem Cell). At the end of the digestion, the enzymes were inactivated by adding Advanced
DMEM/F-12 medium (Ad-DF, Gibco). Red blood cells were eliminated by diluting NH4CI (4:1)
in Hank's Balanced Salt Solution (HBSS). After 2 washes in HBSS, cells were enzymatically
digested for 2/5 minutes with a solution containing trypsin (0.25%, TrypLE Express 1X, Gibco)
and EDTA (0.01 M in PBS). Next, cell aggregates were incubated for 1 minute with a solution
containing Dispase (5 U/mL, Stem Cell) and DNase-I (SigmaAldrich). When tissue processing is
completed, approximately 1x1076 epithelial cells were obtained from a mouse. Cells were
resuspended in Matrigel (MATRIGEL® Matrix, Corning 356231) and plated in 24-well multiwells
pre-warmed for 1 hour at 37°C. When Matrigel was solidified, Ad-DF medium containing
Glutamax 1%, 50 pg/mL Primocin, 100U/mL penicillin, 10ug/mL streptomycin,10mM Hepes, and
supplemented with the growth factors EGF (5ng/mL, Peprotech), B27 50X (1X, Gibco), and FGF
basic (20 ng/mL, Peprotech).

Mouse BC organoids were maintained in Matrigel and in Ad-DM medium with the above
supplementations. Organoids > 50um were counted by using brightfield microscopy.

In order to select 4T1 metastatic cells out of healthy lung cells, | grew metastatic BC organoids in
presence of the purine analog 6-thioguanine (Sigma; A4882-250MG).

Transfections and viral transduction

Cells were transfected when the culture reached 50-80% confluence. For plasmid DNA
transfections, the appropriate amount of DNA, depending on the total surface of the culture vessel,
was used together with Lipofectamine LTX transfection reagents, following manufacturer’s

instructions. For siRNA and LNA-miRNA-inhibitor transfections, cells were transfected with
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40nM siRNA oligonucleotides (Eurofins Genomics) or 20nM LNA-miRNA inhibitor (QIAGEN)
together with Lipofectamine RNAiMax (Life technologies) in antibiotic-free medium according to
manufacturer’s instructions. As negative control sSiRNA the Qiagen AllStars Negative Control was
used. Sequences of siRNAs/mimic/miRNA-inhibitors are reported below.

For organoid transfection, organoids were enzymatically digested at the single-cell level with
TrypLE solution, transfected in suspension for 5 hours with 20nM LNA-miRNA inhibitor
(QIAGEN) together with Lipofectamine RNAiMax (Life technologies) in antibiotic-free medium,
then resuspended in Matrigel and plated in 24-well multiwells.

For retrovirus production, low-confluence HEK-293GP packaging cells were transfected using PEI
2X(1mg/ml) the appropriate plasmids in combination with the pMD2.G packaging vector. For
lentivirus production, low-confluence HEK-293T packaging cells were transfected using calcium
phosphate with the appropriate plasmids in combination with the pMD2.G and ps-PAX2 packaging
vectors. After 48-72 h the virus-containing medium was collected and filtered with 0.45 pM
syringe filter to remove cellular debris and was added to the target cells, which were then selected

with puromycin (Sigma-Aldrich) and/or blasticidin (InvivoGen) 2 pg/ml each.

DNA constructs

The lentiviral vector p TWEEN-EGFP-3’UTR (TW3) empty was kindly provided by R. De Maria,
and the miR-30d decoy was cloned as described by Bonci et al 24, Briefly, | engineered the empty
vector by cloning two antisense sequences for miR-30d between the Xho-1 and Xbal restriction
sites located in the 3UTR, thus obtaining the TWEEN-EGFP-decoy-miR-30d vector (referred to
in the thesis as Decoy-30d).

miR-30d decoy cloned sequence:

FW: 5-TCGAGCTTCCAGTCGGGGATGTTTACAAGAGAACTTAGAGAACTTCTTCCAGTCGGGGATGTTTACAT -3
REV: 5'- CTAGATGTAAACATCCCCGACTGGAAGAAGTTCTCTAAGTTCTCTTGTAAACATCCCCGACTGGAAGC -3

pPTRIP-CMV-tagRFP-FLAG-cGAS lentiviral vector (Addgene #86676), encodes the DNA sensor,
CGAS, associated with the red fluorescent protein (RFP).

The lentiviral vector encoding the IRF3-GFP protein was kindly provided by ICGEB collaborators.
It was generated by cloning the transcription factor IRF3 labeled with enhanced green fluorescent

protein (eGFP) into a pWPI-based lentiviral vector (LV) as described by Maistriau et al 223,
Generation of stable cell lines

4T1 cells with stable inhibition of miR-30d were then obtained by lentiviral transduction with the
Decoy-miR-30d construct: TWEEN-EGFP-decoy-miR-30d vector (see below). As a control, 4T1
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cells were stably transduced with TWEEN-3"UTR-EGFP empty. Infected cells were selected using
puromycin (Sigma-Aldrich) 2,5 ng/mL for at least one week.

Oligonucleotide Sequence Manufacturer
siSTING (human) GCAUUACAACAACCUGCUA Ambion

siDGKZ (human) GAGGAACGACUUCUGUAAG Eurofins MWG
MIRCURY Control Control A QIAGEN
LNA-miRNA inhibitor ACGTCTATACGCCCA (#YCI0202524-DDA)
MiRCURY mmu-miR-30d-5p QIAGEN
LNA-miR-30d inhibitor GTCGGGGATGTTTAC (#YCI10201748-DDA)

Viability ATPlite assay

After trypsinization, 4T1 cells were resuspended and seeded in 96-multi-well view-plate at a
concentration of 4x103 cells per well. Forty-eight hours after seeding, growing medium was
removed and 4T1 cells were assayed for viability using ATPlite™ OneStep reagent (Perkin Elmer),
according to the manufacturer’s instructions. Luminescence intensity was measured using EnSpire
plate fluorometer (Perkin Elmer). 3 biological replicates were performed, and for each experiment

2 technical replicates (2 wells) were used.

Measurement of IFNa/p levels in the conditioned medium

HEK-Blue IFN-a/B cell suspension (InvivoGen hkb-ifnab) was diluted at ~280,000 cells/ml and
180 pl were aliquoted to each well of a 96-well cell culture plate. Next, 20 pl of either conditioned
medium, positive control (recombinant human IFN-B (103 U/ml)), or negative control (fresh culture
medium) were added to each well. Reactions were incubated overnight at 37 °C in 5% CO2. At the
end, 20ul of culture supernatant was added to 180ul of QUANTI-Blue solution (InvivoGen, rep-
gbs) in a separate microplate that was incubated at 37°C for 30—180 min. Expression of the reporter
protein  SEAP was quantitated at 640 nm using a  spectrophotometer

(https://www.invivogen.com/hek-blue-ifn-ab#citations).

Commercial chemical reagents

The following compounds were used: VE-821 ATR-inhibitor (Sigma SML1415-5MG), Etoposide
(Sigma E1383), Doxorubicin (Sigma D1515), Dasatinib (Selleck Chemicals S1021), 5-fluorouracil
(Teva 51-21-8) and DMSO (Sigma Aldrich D4540). Treatments lasted as described in figure
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legends.

6.2 Protein analyses

Protein extraction

Total cell extracts were lysed with Lysis Buffer (50mM Tris-HCI pH 7.5, 300mM NaCl, NP-40
1%, EDTA 1mM, all from Sigma-Aldrich) supplemented with PMSF 1 mM (Sigma-Aldrich), NaF
5mM (Sigma-Aldrich), Na3VO4 1mM (Sigma-Aldrich), 10pug/ml CLAP (Sigma-Aldrich).
Protein concentration was determined with Bio-Rad Protein Assay Reagent (Bio-Rad). All the
samples were then denatured in Laemmli Sample Buffer 2x or 6X and finally by heating at 95 °C

for 5 min.

Western Blot analysis

Lysates were resolved by SDS-PAGE and transferred to nitrocellulose membranes (Amersham).
Blocking was performed in Blotto-tween (PBS, 0.2% Tween-20, not fat dry milk 5%) or with TBST
(0.2% Tween-20, Tris/HCI 25 mM pH 7.5) plus 5% not fat dry milk or 5% BSA (PanReac
Applichem) depending on the antibody. Anti-mouse and anti-rabbit HRPO- conjugated (Sigma-
Aldrich) were used as secondary antibodies. Membranes were analyzed by chemiluminescence
using Pierce ECL™ Western Blotting Substrate or Pierce ECL™ Plus Western Blotting Substrate.
Bands were quantified by densitometry of autoradiographic films using FIJI software?4,

The following primary antibodies with corresponding working concentrations were used:

CGAS (1:1000 Cell Signalling technology 15102), phospho S172-TBK1 (Cell Signalling
technology 5483S), TBK1 (1:1000 Cell Signalling technology 3504), phospho S366-STING
(1:1000 Cell Signalling technology 19781), STING (D2P2F) (1:1000 Cell Signalling technology
13647S), GFP (1:1000 Cell Signalling technology 2955), and HSP90 (1:10000 Santa Cruz sc-
13119).

6.3 Imaging

Immunofluorescence analysis (IF)

For immunofluorescence analysis cells were fixed in 4% paraformaldehyde for 20 minutes, washed
in phosphate buffered saline (PBS), permeabilized with 0.1% Triton X-100 for 10 minutes and
blocked in 3% Fetal Bovine Serum €BS)/PBS for 30 minutes. Antigen recognition was performed

by incubation with primary antibody at 4°Cfor 14 h and with secondary antibodies (goat anti-
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mouse, and goat anti-rabbit Alexa Fluor 488, 568, 647, Life Technologies) at 37°C for 1 h. Nuclei
were counterstained with DAPI (Sigma Aldrich 32670-F) incubating for 15 min. The following
antibodies and working concentrations were used for immunofluorescence analysis: cGAS (1:100
Cell Signalling technology 15102), phospho S172-TBK1 (1:50 Cell Signalling technology 5483),
YH2AX (1:200 Millipore 05-636), dSDNA (1:1000 Abcam ab27156), B-catenin (1:100 Santa Cruz
sc-7199), and GM130 (1:200 BD Biosciences 610822). Images were acquired with a ZEISS LSM
880 confocal microscope using x60 objective.

Tissue staining and immunohistochemical analysis (IHC)

Immunohistochemistry was carried out on FFPE mouse tissue sections. Briefly, sections 4 micron-
thick were cut from paraffin blocks, dried, de-waxed, and rehydrated. Novocastra Epitope Retrieval
Solution (pH6 or pH 9) was used to unmask antigens in a thermostatic bath at 98°C for 30 min.
Subsequently, the sections were brought to room temperature and washed in PBS. After
neutralization of the endogenous peroxidases with 3% H202 and Fc blocking by 0.4% casein in
PBS (Novocastra), sections were incubated with primary antibodies cGAS (Cell Signalling
technology 15102) for 90 minutes at room temperature or y-H2AX (Abcam ab11174) overnight at
4°C in accordance with the manual's instructions. The immunostaining was revealed by a polymer
detection method (Novolink Polymer Detection Systems Novocastra Leica Biosystems Newcastle
Ltd Product No: RE7280-K) and 3,3’-diaminobenzidine (DAB) substrate-chromogen
(ThermoScientific). Images were acquired with x40 and x60 objectives in the DM4000B
microscope (Leica) using Leica Application Suite 4.12 software.

IHC staining were performed by postdoctoral researcher Valeria Cancila from C. Tripodo's Lab at

the University of Palermo

6.4 Nucleic acids analyses

RNA extraction and gRT-PCR

Cells were harvested in Qiazol lysis reagent (Qiagen) for total RNA extraction, and contaminant
DNA was removed by DNase treatment. Quantitative real time PCR (QRT-PCR) analyses were
carried out on cDNAs retrotranscribed with iScript™ Advanced cDNA Synthesis Kit (Biorad 172-
5038) and analyzed genes were amplified using SsoAdvancedTMSYBR® Green Master Mix
(Biorad) on a CFX96™ Real-Time PCR System (Biorad). Histone 3 (H3) was used as reference
gene in human cell lines while GADPH were used for mouse cell lines.

For the analysis of extracellular miRNA expression, 1 ml of culture medium or 50 pl or mouse sera
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were diluted 1: 5 Qiazol previously added with cel-39 miRNA mimic (0.1 nM) according to the
manufacturer's instructions. For RNA extraction from mice sera, RNeasy MinElute Cleanup Kit
(Qiagen) was used. Intracellular and extracellular miRNAs were retrotranscribed and amplified
with the miScript PCR system (Qiagen) following the manufacturer's instructions. RNU6B and
SNORD25 small nuclear RNA and cel-39 miRNA mimic were respectively used as the
housekeeping control genes for intracellular and extracellular miRNAs.

The data were analyzed with the Biorad CFX Manager software. Experiments were performed at
least three times, and each sample is the average of a technical duplicate. The quantification is
based on the 2-2A¢t method using the proper housekeeping gene levels as normalization reference.

PCR primer sequences are thefollowing:

gPCR primers miRNA

Gene target Accession numbers miScript ?5}:&2?]) Numbers
SNORD25 NR_002565.1 MS00014007
RNU6B NR_004394.1 MS00014000
gg'—lm'R' MIMAT0000010 MS00019789
ggz'm'R' MI0000255 MS00009387
gPCR primers mRNAs

Gene target Primer sequence Direction
hCAPZAl AATGAAGCCCAAACTGCCAA FW
hCAPZAl TTCCAGTCGATTTTGGTGCG REV
hDGKZ AGCAGTACTGTGTAGCCAGGAT FW

hDGKZ CACGGAAGGACGGCTTACAG REV

hH3 GAAGAACCTCATCGTTACAGGCCTGGT FW

hH3 CTGCAAAGCACCAATAGCTGCACTCTGGAA REV

hiFl44 CCACCG AGATGT CAG AAAGAG FW

hiF144 TGGTACATGTGGCTTTGCTC REV

hIFIT1 CCTCAGTCTTGCAGCCTCTC FW

hIFIT1 TCACCATTTGTACACATCTCCACT REV

hIFNa ACTCATACACCAGGTCACGC FW

hIFNa GCAGGGGTGAGAGTCTTTGAA REV

hIFNB1 AGTAGGCGACACTGTTCGTG FW

hIFNpB1 GCCTCCCATTCAATTGCCAC REV

hISG15 GGTGGACAAATGCGACGAAC FW

hISG15 TCGAAGGTCAGCCAGAACAG REV
hKLHL20 GTGATGGCCTGGGTCAAATAC FW
hKLHL20 GGGATCAGAGCCTACTGTGC REV

hOAS1 GATTCTGCTGGCTGAAAGCAA FW

hOAS1 CTGGGATCGTCGGTCTCATC REV
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hSNX16 GCACTTCCTCCAAAACGCTG Fw
hSNX16 AAATGGACCCGGTGGATCAT REV
hSTING CTTCACTTGGATGCTTGCC FW
hSTING CCCGTAGCAGGTTGTTGTAATG REV
mBST2 TGTTCGGGGTTACCTTAGTCA FW
mBST2 GCAGGAGTTTGCCTGTGTCT REV
mGAPDH ATCCTGCACCACCAACTGCT FW
mGAPDH GGGCCATCCACAGTCTTCTG REV
miFIT1 CCAAGTGTTCCAATGCTCCT FW
miIFIT1 GGATGGAATTGCCTGCTAGA REV
mIFIT2 AGTACAACGAGTAAGGAGTCACT FW
mIFIT2 AGGCCAGTATGTTGCACATGG REV
mIFNa GGATGTGACCTTCCTCAG ACTC FW
mIFNa ACCTTCTCCTGCGGGAATCCAA REV
mIFNB1 CTGGCTTCCATCATGAACAA FW
mIFNB1 AGAGGGCTGTGGTGGAGAA REV
mIRF7 CCTCTTGCTTCAGGTTCTGC FW
mIRF7 GGAGCCTGTGGTGGGAC REV
mISG15 AGCAATGGCCTGGGACCTAA FW
mISG15 CACGGACACCAGGAAATCGT REV
mMX1 GACCATAGGGGTCTTGACCAA FW
mMX1 AGACTTGCTCTTTCTGAAAAGCC REV

6.5 In vivo experiments

Generation of mouse BC models

4T1-Luc cells were generated by infection with a lentiviral vector encoding the firefly luciferase
(Photinus pyralis) and were injected in the mammary fat pad of six- to eight-week-old syngeneic
Balb/c mice. Five weeks after inoculation mice were sacrificed and peripheral blood was collected.
This experiment was performed in collaboration with Alessandro Zannini and Camilla Tombari,
post-doctoral researchers in our laboratory

4T1 cells overexpressing mutp53 R280K were injected in the mammary fat pad of syngeneic Balb/c
mice. After 4 days of inoculation, mice were treated for the next 24 days with Dasatinib 10mg/kg
(every 2 days) or 5-FU 25mg/kg (every day). These drugs were administered by intraperitoneal
injection. Four weeks after inoculation mice were sacrificed and peripheral blood was collected.

This experiment was performed in collaboration with R. Sommaggio and A. Rosato at IOV Padova.

Procedures involving animals and their care were in conformity with national (D. L. 26/2014 and
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subsequent implementing circulars) and international (EU Directive 2010/63/EU for animal
experiments) laws and policies, and the experimental protocol was approved by the Ethical
Committee of the University of Padua (CEASA) and by the Italian Ministry of Health.

In vivo quantification of luciferase

Tumor masses generated following the inoculation of 4T1-Luc cells in syngenic Balb/c mice were
monitored at different time points by whole-body bioluminescent imaging. Briefly, anesthetized
animals (1-3% isoflurane, Merial Italia S.p.A, Italy) were given the substrate D-Luciferin
(Biosynth AG, Switzerland) by intraperitoneal injection at 150 mg/kg in PBS (Sigma). The light
emitted from the bioluminescent tumors or metastasis was detected using a cooled charge-coupled
device camera mounted on a light-tight specimen box (IVIS Lumina Il Imaging System; Caliper
Life Sciences, Alameda, CA). Regions of interest from the displayed images were quantified as

total photon counts (photon/s) using Living Image® software (Xenogen).

Collection of sera from mice

Peripheral blood was collected and immediately processed to recover the sera. It was first incubated
at 37° C for 30 minutes to allow coagulation, and after two successive centrifugations at 4,000 rpm
for 10 minutes at 4 ° C the serum was recovered. The sera collected in this way were stored at -80

° C until they were used.

6.6 Omics data analyses and statistics

miR-30d microarray data analyses

RNAseq data from two GEO archives were analyzed: GSE133410%%* and GSE277182%4, The first
dataset includes MDA-MB-231 cell line stably transduced with the decoy construct for miR-30d
and the matching control cells, each in biological triplicate. The second dataset includes 2 different
melanoma cell lines, namely 4L and 5B1 cells, either with over-expressed miR-30d or matching
control, each in four biological replicates.

Raw gene counts were downloaded from the two aforementioned repositories. Differentially
expressed genes were obtained using the limma package (version 3.5.2;24%). The input ranked gene
list for the GSEA (version 4.3.2) software was retrieved subsetting the column “t” (statistical-
corrected logFC) from the result table of limma (retrieved using the function topTable). The
GSEAPreranked analysis was performed by selecting the GO terms from GOBP database with as

parameters: 1000 permutations and No_Collapse to gene symbols. The barplot in Figure 8a was
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made using the R package ggplot2 (version 3.4.0). The enrichment plots in Figure 8b and 8c were
made by using the R package fgsea (version 1.22;246), All analyses were performed using R 4.2.2
and publicly available packages explicitly cited inthe manuscript. No custom functions were written
for the analysis. From the GSEA results, | selected as differentially enriched GO terms the ones
with a p.val<0.05.

The signature genes were obtained from The Molecular Signatures Database (MSigDB;

http://software.broadinstitute.org/gsea/msiqdb/).

These analyses were performed by Luca Triboli, graduate student in the lab.

TCGA gene expression dataset

The TCGA breast cancer dataset (TCGA-BRCA) was downloaded from the Genomic Data
Commons Portal using functions of the TCGAbiolinks R package (version 2.23.1;247). Raw counts
were normalized to z-score subtracting the mean expression across samples and diving it for the
standard deviation of every single gene. The TCGA patients were divided into high and low miR-
30d expression levels based on the z-score (high if >0 and low if <0). The enrichment plot in Figure
7d has been done using the R package fgsea2*é on all the immune gene signatures from MsigDB.
The boxplot of the Figure 24a has been derived summing the normalized expression (in z-score) of
the genes from the signature “Reactome STING Mediated Induction of host Immune Response”.
The ImmuneScore from the Figure 24b has been obtained using the function xCellAnalysis from
the R package xCell (version 1.1.0;24%). The boxplot was made using the R package ggplot2
(version 3.4.0).

The signature genes were obtained from The Molecular Signatures Database (MSigDB;

http://software.broadinstitute.org/gsea/msiqgdb/).

These analyses were performed by Luca Triboli, graduate student in the lab.

Statistics and reproducibility

All the experiments are representative of at least three independent replicates. For each blotand IF
| showed the representative image of experiments performed with similar results at least three
independent times. All graphs represent single data point mean £ SEM. Statistical tests were
performed using GraphPad Prism8. P values were obtained using two-tailed Student’s t-test with a
95% confidence threshold or using One-way ANOVA followed by Tukey’s comparison test
(0<0.05) as indicated in figure legends.
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7. List of abbreviations

APC
a-SMA
BC
BMDC
CAF
CCL
cGAMP
cGAS
CM
CTL
CXCL
DC
Decoy-30d
dsDNA
DTC
ECM
EGF
EMT
ER
FAK
FBS
GA
GAPDH
GFP
GM-130
GO
GOF
GSEA
HIF
HLA

antigen-presenting cell
alpha smooth muscle actin
breast cancer
bone-marrow-derived cell
cancer-associated fibroblast
CC-chemokine ligand
cyclic GMP-AMP

cyclic GMP-AMP synthase
conditioned medium
Cytotoxic T lymphocites
CXC-chemokine ligand
dendritic cell

decoy construct for miR-30d
double-strand DNA
dormant tumor cells
extracellular matrix
epidermal growth factor
epithelial-to-mesenchymal transition
endoplasmic reticulum
focal adhesion kinase

fetal bovine serum

Golgi apparatus

glyceraldehyde 3-phosphate dehydrogenase

green fluorescent protein
Golgi matrix protein 130
gene ontology

gain of function

gene set enrichment analysis
hypoxia-inducible factor

human leukocyte antigen

66

List of abbreviations



IF

IFN
IHC

IL

IRF
ISGs
JAK1
KD

KO
LNA
LOX
mBC
MDSC
miRNA
MMP
MRNA
mut-p53
NF-xB
NK
NLS
PD-1
PDGF
PD-L1
PMN
qRT-PCR
ROS
SASP
SiRNA
STAT
STING
TAM
TAZ
TBK1
TECs

immunofluorescence
Interferon
immunohistochemical
interleukin

interferon response factor
interferon stimulated genes
Janus kinase 1

knockdown

knockout

locked nucleic acid

lysyl oxidase

metastatic breast cancer
myeloid-derived suppressor cell
microRNA

matrix metalloproteinase
messenger RNA

mutant p53

Nuclear factor kB

natural killer cell

nuclear localization signal
Programmed cell death 1
platelet-derived growth factor
programmed-death ligand
pre-metastatic niche
quantitative real-time PCR

reactive oxygen species

senescence associated secretory phenotype

small interfering RNA

signal transducer and activator of transcription

Stimulator of interferon genes

tumor-associated macrophage

transcriptional coactivator with a PDZ-binding domain

TANK-binding kinase 1

tumor endothelial cells

67

List of abbreviations



TGF
TME
TNF
Treg
UTR
VEGF
WT
YAP

transforming growth factor

tumor microenvironment

tumor necrosis factor

T regulatory cells

untranslated region

vascular endothelial growth factor
wild type

yes-associated protein
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