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SUMMARY

The metastatic process is the main cause of cancer-associated death. Nonetheless, its underly-
ing pathophysiological and molecular mechanisms are still poorly understood. The dissemination
of malignant cells from the primary tumor to distant organs is a multistep process that requires
detachment of cancer cells from the site of origin, remodelling of the extracellular matrix (ECM),
migration into blood or lymph vessels, seeding to an ectopic tissue and proliferation. In recent
years, tumor-infiltrating immune cells have been demonstrated to be critical determinants for ECM
remodelling and metastatic progression. In particular, tumor-associated macrophages (TAMs)
are able to suppress CD8* T-cell infiltration and anti-tumor immunity in primary tumors and can
promote angiogenesis and metastasis formation. Although the number of studies in support of
the pro-metastatic role of TAMs is rapidly increasing, the molecular mechanisms through which

these cells act are not completely elucidated.

A gene-profiling analysis performed in our group on tumor-infiltrating myeloid cells from different
murine tumors showed a significant upregulation of the gene Dab2 (disabled 2, mitogen-respon-
sive phosphoprotein). Dab2 codifies for an adaptor protein that is involved in the clathrin-mediated
endocytosis (CME) of specific plasma membrane receptors, in particular integrins. Once internal-
ized, integrins can be recycled back to other sites of the membrane where they are needed to
function as ECM-binding receptors and ECM stiffness sensors.

In the present work, we prove that the expression of the protein DAB2 in TAMs is associated with
an increased number of lung metastases in murine tumor models. We analyzed the possible role
of DAB2 in the context of the tissue remodelling process that takes place during tumor progres-
sion and metastatization. Our data show that DAB2 is upregulated during in vitro M- or GM-CSF—
induced macrophage differentiation, although it is not essential for this process. Interestingly, in
tissue slices from murine tumors and metastatic lungs, DAB2-expressing TAMs were localized
along the invasion frontline between the tumor and the surrounding healthy tissues, where they
might have a specific function in facilitating cancer cell invasiveness. We demonstrate that DAB2
participates in CME-dependent recycling of a1, a5, a6 and 1 integrins. By mediating integrin
turnover, DAB2 allowed the internalization of integrin-bound ECM fragments, thus promoting in
vitro ECM remodelling and tumor cell invasion through the substrate.

A gene set enrichment analysis allowed us to correlate the expression of DAB2 in macrophages
with the transcription regulator YAP (Yes-Associated Protein), that is emerging as a central mod-

ulator of cellular mechanotransduction pathways. By means of gene silencing, substrate stiffness



modulation and immunofluorescence we validated the existence of a YAP-mediated DAB2 reg-
ulation.

Finally, analyses on clinical data and samples from breast cancer patients indicated that DAB2
and YAP were coexpressed in macrophages at the tumor invasion frontline. Remarkably, the
presence of DAB2* TAMs in biopsies correlated with a poor prognosis in terms of lymph node
metastases, tumor vascularization, cancer cell proliferation and disease-free survival, thus repre-

senting a new, potential prognostic marker for breast cancer patients.

The results achieved with this work allow us to propose a novel role for DAB2 in the macrophage-
assisted, mechanotransduction-driven metastatic process. We believe that the expression of the
Dab2 gene is regulated by the ECM stiffness, through a mechanism in which the mechano-sens-
ing properties of integrins and the subsequent intervention of YAP might play a major role. In this
way, the high ECM rigidity of the tumor could stimulate the YAP-mediated upregulation of DAB2
in TAMs, which in turn degrade the ECM.



INTRODUCTION

CANCER AND ITS MICROENVIRONMENT

The hallmarks of cancer

Tumorigenesis is a pathological process in which genetic alterations lead to a progressive
transformation of normal cells into malignant derivatives that abnormally proliferate inside the
host'.

Cancer is a multi-faced and heterogeneous disease. However, some characteristics have
been shown to be common to all types of cancer and in the last sixteen years they have been
described as ‘the eight hallmarks of cancer’ with the aim of simplifying a complex and still not

well-understood biological phenomenon (Figure 1)
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Figure 1 - The hallmarks of cancer and the contribution of stromal cells. Among the eight
largely accepted hallmarks of cancer, seven have been demonstrated to involve stromal cells from
the tumor microenvironment. These cells include three groups: infiltrating immune cells, cancer-
associated fibroblasts and angiogenic vascular cells, each having specific functions and pro- or

anti-tumor contributions (reproduced from Hanahan and Coussens, 2012°).



Four of these traits define cancer cells as able to sustain proliferative signalling, evade growth
suppressors, resist cell death and enable replicative immortality. In this way aberrant cells
can escape the homeostatic control and sustain indefinite, chronic proliferation leading to a
loss of original tissue architecture and functionality. Moreover, neoplastic cells show a fifth
metabolic alteration, since they deregulate cellular energetics and produce energy mainly
through aerobic glycolysis. This biochemical pathway is thought to sustain high-rate anabo-
lism and proliferation by providing the glycolytic intermediates necessary for amino acid and
nucleoside biosynthesis*.

A sixth hallmark of cancer is angiogenesis, consisting in the formation of new blood vessels
in the tumor mass. On one hand, the circulation supplies cells with oxygen and nutrients, thus
favouring their aerobic metabolism and further proliferation. On the other hand, angiogenesis
ensures cells a way to enter the bloodstream and move elsewhere inside the host. This leads
to another key characteristic of cancer: invasion of surrounding tissues and metastatization
to distant organs.

Finally, the eighth hallmark is the ability of cancer cells to avoid recognition and destruction
by the host immune system®. As discussed later, this is achieved by both selection of less
immunogenic tumor cell clones and promotion of an immunosuppressive microenvironment
able to hamper an efficient immune response against the neoplastic lesion.

It is worth to remember also an emerging feature of tumors, the presence of cancer stem cells
(CSCs), a rare and chemotherapy-resistant subpopulation of undifferentiated cells defined by
the ability to sustain their own self-renewal and, at the same time, to generate more differen-
tiated cells, which constitute the great bulk of the tumor mass. CSCs are believed to arise
from genetic mutations that disrupt the proliferative and differentiative programs of normal

stem cells®-8.

The metastatic spreading

During tumor progression, aberrant cells can acquire invasive capabilities and spread
throughout the body, usually debilitating and even killing their host. This process, called ‘met-
astatization’, is responsible for the 90% of cancer-associated deaths®. Nonetheless, its un-
derlying pathophysiological and molecular mechanisms are still poorly understood.
Dissemination of malignant cells from the primary tumor to distant organs is a multistep pro-
cess (Figure 2). First of all, cancer cells assume an invasive phenotype and detach from the
site of origin (A in Figure 2). After remodelling of basal membranes and extracellular matrix

(ECM), cells migrate into blood or lymph vessels (intravasation) becoming anchorage-inde-



pendent CTCs (circulating tumor cells, B-C). Then, CTCs exit from the circulation (extrava-
sation) and colonize the ectopic tissue (D). In this phase, it is fundamental that tumor cells
survive to the immune system, either as a single cell or as a small cluster (E). If not eliminated,
cells adapt to the new microenvironment and proliferate to generate a secondary tumor mass
(|:)10_

Understanding the mechanisms of this physical translocation would be important for both
prevention in patients with early cancer lesions and therapy in patients with already-estab-

lished metastases™®.
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Figure 2 - The metastatic process. Metastasis formation can be divided into two main phases: physical translo-
cation of cancer cells from the primary tumor to a distant site (A-C) and colonization of that site (D-F). CTC:
circulating tumor cell (reproduced from Chaffer et al., 2011°).

Cellular components of the tumor microenvironment

For decades the attention of researchers focused only on neoplastic cells and their alterations
in comparison to normal cells. Great efforts have been made to identify genetic/epigenetic
mutations and dominant oncogenes or tumor suppressor genes and to understand the causes
of tumor cell genomic instability. Several oncogenic factors and signalling pathways contrib-
uting to the transformation into cancer cells have been discovered, many of which have
emerged as interesting potential therapeutic targets?.

However, it became increasingly clear that tumors are complex, multi-component organ-like
structures in which malignant cells co-exist with a repertoire of other cell populations found in
the tumor-associated stroma and involved in intricate reciprocal interactions (Figure 1). Both

resident and recruited stromal cells play key roles that can determine the final outcome in



terms of tumor progression and spreading. Some populations have an anti-tumor effect, while

others can be corrupted by cancer cells to support their growth and invasiveness.

The stromal cells that are involved in this process belong to three subsets: angiogenic vas-
cular cells, cancer-associated fibroblastic cells and infiltrating immune cells®.

The angiogenic vascular cells are endothelial cells forming the tumor-associated vasculature.
These cells can also be activated to construct new blood vessels (angiogenesis) or, in some
cases, lymphatic vessels at the periphery of tumors (lymphangiogenesis)''-'2. As already out-
lined, vessels are indispensable to continuously supply tumor cells with nutrients and oxygen
and allow them to invade tissues and form metastases. Angiogenic vascular cells are sup-
ported by both pericytes and mesenchymal cells with finger-like projections that envelope
blood vessels. These cells provide paracrine signals to the quiescent endothelium and col-
laborate with endothelial cells in synthesizing the vascular basement membrane that sustains
the hydrostatic pressure within blood vessels'®. The functioning of tumor pericytes (but not
that of normal pericytes) is based on the platelet-derived growth factor (PDGF) signalling.
Indeed, the pharmacological inhibition of its receptor on tumor pericytes compromises local
vascular integrity and function.

The second stromal subset is represented by cancer-associated fibroblasts (CAFs), often the
major constituent of the tumor stroma and able to favour tumor proliferation, angiogenesis,
invasion and metastasis formation. CAFs can remodel the architecture of the stroma by de-
grading or synthesising components of the ECM and can recruit both endothelial cells and
pericytes by releasing growth factors and chemokines'-17.

The third stromal population consists in the infiltrating immune cells, that are leukocytes of
both myeloid and lymphoid origins, already present in the tissue or recruited from the circula-
tion due to the state of chronic inflammation established by the tumor'®. As discussed later,
these immune populations can be stimulated by the microenvironment to either suppress or
favour tumor growth. In the second case, they can be reprogrammed by tumor-derived solu-
ble factors (TDSFs) to create a tolerogenic environment or even sustain pro-tumor pro-

cesses’s.

The relevance of each cell class varies with tumor type and organ, since they can behave
differently in the presence of diverse microenvironments and underlying genetic alterations?3.
All the previously described hallmarks of cancer, with the exception of the gain of replicative
immortality, have already been demonstrated to involve one or more of these subsets. For
this reason, in the last years research efforts against cancer disease have focused on study-
ing the single cell types that compose the tumor microenvironment and their pro- or anti-

tumoral mechanisms of action.



Tumor-infiltrating inflammatory cells

One of the main challenges in immunology is to understand how the immune system acts in
cancer development and progression. Tumors are infiltrated by leukocytes, although to vari-
ous degrees'®. These infiltrations are similar to those that arise in normal inflamed tissues,
suggesting that an inflammatory reaction usually occurs in tumors. Historically, this was in-
terpreted as an attempt of the immune system to eradicate the tumor.

The anti-tumor response is mainly mediated by CD8* cytotoxic T lymphocytes (CTLs), CD4*
Th1 (T helper) cells and natural killer (NK) cells, which have a central role in preventing tumor
development'®20, Accordingly, in many tumor types, infiltration of these populations in the
neoplastic lesion correlates with augmented disease-free and overall survival of patients, ab-
sent/reduced metastases and reduced relapse after therapy'®.

However, aberrant cells are often able to bypass the immune surveillance in order to uncon-
trollably proliferate and invade other tissues. The ‘immunoediting’ hypothesis was formulated
to explain this. It describes tumor development as a three-phase process: 1) in the ‘elimina-
tion’ phase, arising cancer cells are subjected to the immune surveillance; 2) during the ‘equi-
librium’, that can last even for decades, a balance is established between the elimination of
immunogenic cancer cells and the survival of mutated less-immunogenic clones, which arise
as a consequence of the selective pressure induced by the immune system (immunoediting);
3) in the ‘escape’ phase, some less immunogenic cancer cells can eventually become fully
competent in evading the host defences and the tumor begins to progress®.

Tumor cells can become less immunogenic by expressing less aberrant molecules or down-
regulating the antigen-presenting machinery?'??2. However, another escape-promoting factor
is that tumor-associated inflammation is generally not able to promote an efficient cell-medi-
ated immune response?3. Indeed, a plentiful literature in the last years has highlighted the
presence of tumor-infiltrating immune cells able to actively suppress the immune surveillance
and favour both tumor progression and metastatic spreading®242,

For this reason, the presence of specific immunosuppressive cell subsets in the tumor mass
is considered a predictor of poor prognosis in oncological patients’ and is also responsible

for the poor efficacy of anti-cancer immunotherapies?®.

Among the immunosuppressive populations that accumulate in the tumor, the cells of myeloid
origin play an important role?S. Tumor progression can induce a blockade in the myeloid dif-
ferentiation program that leads to the accumulation of immature myeloid cells. These cells
can be recruited in the tumor mass attracted by the mounting inflammation state and, once
infiltrated, can be reprogrammed by TDSFs, molecules that are able to promote tumor growth
and invasion of surrounding healthy tissues®. Under the sustained influence of TDSFs, re-

programmed myeloid cells can promote a powerful immunosuppressive activity against CD8*
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CTLs"®25, Theirimmunomodulatory mechanisms comprise: the inhibition of the anti-tumor Th
immune response through the release of anti-inflammatory cytokines like transforming growth
factor-B (TGF-B), interleukin (IL)-4/6/10/13, macrophage colony-stimulating factor (M-CSF or
CSF-1) and vascular-endothelial growth factor (VEGF); the block of maturation and activation
of antigen presenting cells (APCs) that in this way cannot prime T lymphocytes; the inactiva-
tion or elimination of previously activated T lymphocytes?°.

Moreover, immune suppressive cells can also migrate into secondary lymphoid organs and
induce immune tolerance to tumor antigens, further impairing the anti-tumor immune re-
sponse?’:28,

Tumor-infiltrating myeloid cells include dendritic cells, granulocytes, myeloid-derived sup-

pressor cells and tumor-associated macrophages.

Dendritic cells

Dendritic cells (DCs) are terminally differentiated myeloid cells that act as APCs by pro-
cessing and presenting antigens to T cells. They differentiate in tissues from bone marrow
progenitors and, at least in part, from monocytes and comprise two major subsets: conven-
tional DCs and plasmacytoid DCs?°. Conventional DCs uptake antigens in peripheral tissues
but do not present them to T cells unless they are activated by pathogen-associated molec-
ular patterns (PAMPs) or damage-associated molecular patterns (DAMPs), both recognized
by the evolutionary conserved toll-like receptors (TLRs)3°. The binding of these ligands to
TLRs induces maturation of immature DCs, which translates into expression of the antigen-
presenting machinery, co-stimulatory molecules and T cell-activating cytokines, as well as
upregulation of chemokine receptors that drive migration of DCs to lymph nodes. Plasmacy-
toid DCs recognize viral nucleic acids and self DNA fragments through the TLR pathway and
consequently secrete high amounts of interferon (IFN)-a to induce innate and adaptive im-
mune responses. Furthermore, these DCs are known to elicit autoimmunity, if chronically

activated, as well as immune tolerance, if they remain resting®°.

DCs in tumor-bearing hosts do not usually adequately stimulate immune responses. TDSFs
induce abnormal myelopoiesis bringing to decreased production of mature DCs, accumula-
tion of immature DCs inside the tumor, shift of DC precursors towards macrophage differen-
tiation and increased production of immature myeloid cells3'. Hypoxia and stimulation of DCs
with adenosine in the tumor microenvironment impair their allostimulatory activity and cause
them to drive the development of a Th, rather than an anti-tumor Ths immune response®.
Other compounds inducing dysfunction of DCs are lactic acid, which is abundant in the tumor
due to increased glycolytic catabolism, and lipids, which accumulate in DCs from tumor-bear-

ing hosts and impair DC ability to process soluble antigens33-34,
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Tumor-infiltrating DCs can also actively suppress CD8* T cell responses because of the ex-
pression of the immune suppressive molecules arginase 1 (ARG1), IL-10, TGF- and in-
doleamine 2,3-dioxygenase (IDO), which is also produced by suppressive plasmacytoid
DCs3536. IDO is an enzyme that limits T cell growth by consuming local L-tryptophan and
enhances the activity of regulatory T lymphocytes (Tregs), a particular subset of CD4* T
helper cells that inhibit T cells to sustain peripheral tolerance in tissues®’.

While immature tumor-infiltrating DCs are considered to be immunosuppressive and tolero-
genic, mature and functionally competent DCs show immunostimulatory properties3®. Accord-
ingly, the infiltration of mature DCs in tumors correlates with a better outcome for patients®.
Moreover, we recently demonstrated that a particular subset of DCs, the tumor necrosis factor
(TNF)- and inducible nitric oxide synthase (iNOS)-producing DCs (Tip-DCs), are pivotal for
increasing the efficacy of adoptive cell therapy (ACT) against the tumor. Following ACT, Tip-
DCs accumulate within the tumor microenvironment where they cross-present tumor antigens
and activate adoptively-transferred and endogenous CD8* T cells through a pathway requir-
ing CD40-CD40L%.

Granulocytes

Granulocytes are leukocytes characterized by cytoplasmic granules and multi-lobed nuclei.
They comprise neutrophils, eosinophils and basophils that can be distinguished on the basis
of a specific histologic staining. Neutrophils, the most abundant granulocytes, are CD11b*
Ly6G* phagocytic cells that rapidly respond to infections by destroying engulfed pathogens*'.
The role of granulocytes in cancer is controversial, probably due to the presence of two op-
posite tumor-infiltrating subsets: N1 neutrophils, with an anti-tumor cytotoxic effect and able
to release pro-inflammatory cytokines, and N2 neutrophils, expressing ARG1 and low levels
of pro-inflammatory molecules and able to favour tumor growth as well as inhibit activation of
CD8* cytotoxic lymphocytes*?.

For instance, neutrophils were showed to kill tumor cells by producing reactive oxygen spe-
cies (ROS) and inhibit the formation of metastases in a model of murine mammary carci-
noma“3. On the contrary, in response to anti-VEGF therapy, the tumor can secrete granulo-
cyte colony-stimulating factor (G-CSF) to induce neutrophil production in the bone marrow
and recruitment to the tumor; once there, neutrophils compensate for the effect of the therapy
favouring angiogenesis and secreting matrix metalloproteinase 9 (MMP9), which helps the
release of VEGF from the ECM*'44. Moreover, G-CSF induces early migration of granulocytes

in premetastatic lungs of tumor-bearing mice, where they can assist metastasis formation®.



Myeloid-derived suppressor cells

Myeloid-derived suppressor cells (MDSCs) are highly immunosuppressive immature myeloid
cells further divided in polymorphonuclear MDSCs (PMN-MDSCs) and monocytic MDSCs (M-
MDSCs). Both these subsets have been described in cancer patients, although there are
some differences in the hierarchy and the mechanisms of immune suppression between hu-
mans and mice'®2%. Murine PMN-MDSCs are defined as CD11b* Gr-1"ish Ly6C'*% Ly6G* cells*®
and can be distinguished from granulocytes for their suppressive activity and for higher levels
of CD115 and CD244 but lower levels of CXC chemokine receptor 1 (CXCR1) and 2
(CXCR2)*". Conversely, M-MDSCs are CD11b* Gr-1inlow | y6Chish Ly6G- cells and express
varying levels of classic monocytic markers as CD115, F4/80 and CC-chemokine receptor 2
(CCR2)*749, M-MDSCs are distinguishable from circulating, inflammatory monocytes be-
cause the former are highly immunosuppressive (even higher than PMN-MDSCs) and can
co-express the enzymes iNOS and ARG1%. In both PMN- and M-MDSCs, the synergy be-
tween these two enzymes results in the production of nitric oxide (NO), ROS and reactive
nitrogen species (RNS), which impairs CD8* T cell responsiveness (by desensitizing the
TCR), proliferation (by interfering with IL-2 receptor signalling) and ability to infiltrate the tumor
mass and kill cancer cells (by nitrating CC-chemokine ligand 2, CCL2)?7-%951, However, also
ARGH1 alone is immunosuppressive since it depletes local L-arginine, an essential nutrient for
lymphocytes, and converts naive CD4* T helper cells into Tregs®®2. Similarly to ARG1, its
homolog ARG2 has been recently found to be expressed in both neuroblastoma and acute
myeloid leukemia tumor cells and to suppress T-cell proliferation and activity as well as to
inhibit myeloid cell differentiation and activation®354.

The identification of human MDSCs is problematical, since there is not a homolog of the mu-
rine marker Gr-1. Moreover, there is often no correlation between phenotype and immune
suppressive activity*6. Human MDSCs have been divided into M-MDSCs, defined as CD14*
HLADR'"wres cells, PMN-MDSCs, defined as CD11b* CD33* CD66b* CD115* ARG1* cells
with a granulocyte morphology, and immature myeloid cells (iMCs), that are Lin- CD33*
CD11b* cells. All the subsets correlate with a poor prognosis in oncological patients?.

Like Tregs, MDSCs may represent a control system to avoid excessive and dangerous im-
mune responses. In support of this theory, it seems that the immunosuppressive activity of
MDSCs requires IFN-y to be activated and that IFN-y mainly derives from activated CD8*
CTLs and Th cells82548,

Tumor-infiltrating MDSCs inhibit nearby T cells without the need for cellular contact, resulting
in antigen-unspecific suppression*®%. On the contrary, MDSCs that migrate to secondary
lymphoid organs (lymph nodes and spleen) exert their immunosuppressive activity against

CD8* CTLs in an antigen-specific manner.
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Apart from immunosuppression, the MDSCs support tumor progression in other ways. In-
deed, it has been shown that populations of immature myeloid cells are able to release MMP2
and MMP9 for ECM degradation, differentiate into endothelial-like cells and promote angio-
genesis, prepare the pre-metastatic niche for tumor cell arrival and induce epithelial to mes-
enchymal transition (EMT)-associated signalling pathways such as those dependent on TGF-

B, epidermal growth factor (EGF) or hepatocyte growth factor (HGF)%6:57.

Tumor-associated macrophages

Macrophages are terminally differentiated and highly heterogeneous myeloid cells that act as
specialized phagocytes. In adults, peripheral tissue macrophages derive from the differentia-
tion of circulating inflammatory monocytes and M-MDSCs as well as from the self-renewal of
resident macrophages®*°. The resident macrophages are found in almost all peripheral tis-
sues of the body and have been demonstrated to originate from primitive macrophages of the
yolk sac or monocytes of the fetal liver, thus precluding the possibility to be derived from
circulating monocytes®-62,

The main functions of macrophages are to eliminate pathogens, apoptotic cells and cellular
debris generated in conditions of tissue remodelling, such as during embryogenesis, chronic
inflammation, wound healing, fibrosis and cancer®:.

Phenotypical identification of murine macrophages can be achieved by evaluating the expres-
sion of the specific surface markers CD11b, F4/80 and CD115/CSF1-R (colony-stimulating
factor 1 receptor) as well as the lack of the granulocytic marker Ly6G. Human macrophages,
instead, are characterized by the expression of CD68, CD163, CD16, CD115 and CD31254,

Macrophages can polarize into two opposite phenotypes, depending on specific local stimuli
like TLR ligands and cytokines. The ‘M1’ or ‘classically activated’ macrophages are induced
by microbial products and IFN-y. They upregulate iINOS and ROS-generating enzymes to
produce reactive nitrogen and oxygen intermediates and efficiently kill engulfed bacteria and
intracellular pathogens. A drawback of this mechanism is that it can cause tissue-damaging
reactions®. As opposed to DCs, macrophages are not professional APCs, but with the M1
polarization they become efficient APCs: they upregulate the major histocompatibility com-
plex class Il (MHC-II), the co-stimulatory molecule CD86 and the pro-inflammatory cytokine
IL-12. Hence, M1 macrophages can present antigens to CD4* Th cells and drive a Th-ori-
ented adaptive response®®.

The other is the ‘M2’ or ‘alternatively activated’ phenotype, which is induced on macrophages
by IL-4 and IL-13 produced by Th, cells during helminth infection and allergy. M2 macro-
phages are not APCs, produce low levels of IL-12 and high levels of the anti-inflammatory

cytokine IL-10, thus precluding them from induction of Th4 cells. Conversely, they produce
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The- and Treg-attracting chemokines (e.g. CCL17, CCL22 and CCL24)8. M2 macrophages
upregulate ARG1 and consequently produce polyamines, which sustain wound healing-as-
sociated vascularization and fibrosis, and deplete local L-arginine, suppressing CD8* CTL
responses, as mentioned above®. Moreover, M2 macrophages are also involved in preserv-
ing tissue homeostasis by remodelling the ECM®”.

Mosser and Edwards proposed that M2 macrophages should be further divided in ‘wound-
healing macrophages’ and ‘regulatory macrophages’®3. Wound-healing macrophages are in-
duced by IL-4 and IL-13 and contribute both to the clearance of parasitic infections and tissue
repair. By expressing ARG1, these macrophages furnish polyamines and L-proline, which are
fundamental for the production of the ECM and nourishment of proliferating cells®. Thus, the
immunosuppressive activity associated to ARG1 seems an additional way to promote wound
healing.

Instead, the regulatory macrophages are induced by anti-inflammatory stimuli as IL-10 and
glucocorticoids®3. As opposed to the M1 pro-inflammatory subset, regulatory macrophages
produce high levels of IL-10 and low levels of IL-12 when stimulated with LPS. Regulatory
macrophages can present antigens to T cells and secrete TGF-f3, causing the activation of
antigen-specific CD4* Tregs®®.

Thus, M1 macrophages represent the pro-inflammatory subset, while the M2 macrophages
the anti-inflammatory subset. Actually, complete M1 and M2 polarizations are considered as
extreme conditions of a full spectrum of polarizations with multiple overlapping functions that
macrophages can assume in vivo. Therefore, the M1/M2 classification represents only a sim-
plification to distinguish between the many functions that macrophages can potentially exploit

within tissues®°.

In physiological conditions, macrophages are versatile cells with a great variety of functions.
They can also participate in cancer. In infiltrates from advanced neoplasias, tumor-associated
macrophages (TAMs) have a very heterogeneous phenotype, showing a mix of both M1 and
M2 characteristics%867. M1 macrophages that infiltrate the tumor mass are able to engulf and
destroy neoplastic cells and to sustain Thi-type anti-tumor immune responses, while anti-
inflammatory M2 and M2-like macrophages have been shown to favour tumor progression?.
Although the existing heterogeneity, TAMs are generally considered to be mainly M2-like
macrophages with tumor-promoting properties™. It was observed that during lung or mam-
mary carcinoma progression the amount of M1-like macrophages decreased while that of M2-
like macrophages augmented®®. In another study, an initial accumulation within the tumor of
M1 macrophages, recruited by the inflammatory process and induced by IFN-y—producing

NK cells and T lymphocytes, turns into a progressive M2 accumulation, likely due to the onset
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of a regulatory, pro-tumoral immunity and a TAM-mediated depletion of that IFN-y—producing
populations™.

In murine tumors a further level of complexity is given by the fact that TAMs may also express
MHC-Il and CD11c, which are also typical DC markers. Thus, in vivo it becomes difficult to
identify extreme, theoretical myeloid subpopulations due to the presence of complex tissue-
derived signals that generate intermediate, dynamic phenotypes and an overlap of surface
markers>8.64.67,

Beyond the phenotypic classification, it is by now accepted that TAMs create a suitable mi-
croenvironment where cancer cells can escape the immune defences, proliferate and assume
invasive capabilities. For this reason, the presence of TAMs in tumor infiltrates of patients

correlates with a poor prognosis®47273,

The tumor-promoting functions of TAMs

Different pro-tumoral functions have been described for TAMs, including suppression of anti-
tumor immunity and promotion of cancer cell growth, angiogenesis and metastasis (Figure
3)64,74_
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Figure 3 - The pro-tumoral functions of TAMs. Macrophages in the tumor microenvironment can
sustain cancer progression by inducing tumor cell activation and invasion, neovascularization, im-

munosuppression and metastasis (reproduced from Komohara et al., 201674).
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TAMs favour the generation of an immunosuppressive tumor microenvironment

TAMSs are not efficient APCs and, when isolated from tumors or stimulated in vitro with micro-
bial products, release high levels of IL-10 and low/null levels of IL-127°. Consequently, TAMs
are not able to activate NK and Thy cells and to induce an anti-tumor response; by contrast,
they lead to the development of Thy cells, which in turn maintain an M2-like phenotype of
TAMs by secreting IL-476. In addition, IL-10 and TGF-3 secreted by TAMs can induce CD4*
T cell differentiation in Tregs that contribute to immune suppression in the tumor microenvi-
ronment’”’8. TAM-released chemokines like CCL5, CCL20 and CCL22 attract Tregs in the
tumor mass’®-®2. In turn, Tregs, together with Th, cells, promote macrophage M2 polarization.
This is achieved through the release of IL-4, IL-10 and IL-138, which increase the expression
of the mannose receptor CD206 and the scavenger receptor CD163 on macrophages and
inhibit macrophage responsiveness to the M1-polarizing LPS stimulus. Also tumor cells in-
duce the M2 phenotype by secreting TNF-a, which is able to upregulate types | and Il scav-
enger receptors on macrophages®*. Thus, TAMs favour the generation of an immunosuppres-
sive microenvironment inside the tumor mass by recruiting and activating regulatory cell pop-
ulations; in turn, these cells sustain TAM accumulation and immune-modulatory properties in
a positive loop.

Moreover, TAMs can directly suppress CD8* lymphocyte proliferation and activity by upregu-
lating ARGH1, releasing immunosuppressive molecules like TGF-, NO and prostaglandin E2
(PGEZ2), and expressing under hypoxic conditions PD-L1 (programmed death-ligand 1), that

interacts with the inhibitory receptor PD-1 on activated T cells#0:85-88,

TAMs favour tumor activation

Macrophages can induce both in vitro and in vivo tumor cell activation and proliferation. This
is achieved by stimulation of the EGF receptor (EGFR) and the signal transducer and activa-
tor of transcription 3 (STAT3) in cancer cells, respectively induced by TAM-derived heparin-
binding EGF-like growth factor (HB-EGF) and oncostatin M, IL-6 or IL-1089.

Besides proliferation, in different tumor types STAT3 induces also stem cell properties result-
ing in tumor cell survival and resistance to therapy®-°3. Notably, an M2-like population of peri-
vascular TAMs induced by the CXCL12 chemokine was recently retained responsible for re-
vascularization and relapse after chemotherapy®.

Another transcription factor, NF-kB, is involved in activation of stemness and therapeutic re-
sistance in neoplastic cells upon stimulation with TAM-released TNF-a or other cytokines®%,
The same pro-tumor effects seem to be obtained also following physical interaction between
macrophages and tumor cells, with involvement of membrane M-CSF, intracellular adhesion
molecule-1 (ICAM-1) and ephrin®2.
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TAMs favour angiogenesis inside the tumor

VEGEF released by TAMs is directly responsible for promotion of angiogenesis®”%. Other in-
direct ways used by TAMs to induce angiogenesis have been described. For example, they
release the WNT family ligand WNT7B and stimulate VEGF secretion from endothelial cells®.
Moreover, Tie2-expressing macrophages (TEMs), a subpopulation of TAMs, are able to dif-
ferentiate in perivascular macrophages and, since they express the receptor for angiopoietin

2 (ANG?2), interact with ANG2* endothelial cells to induce the angiogenic process 00101,

TAMs favour tumor invasion

Another pro-tumoral function of macrophages consists in the proteolytic disruption of cell-cell
and cell-ECM interactions, in the latter case leading to degradation and remodelling of the
ECM°. TAMs express high levels of several membrane-anchored and secreted proteases,
which target cell-adhesion molecules (such as E-cadherin) or stromal proteins (such as col-
lagens)'%2, Examples of these enzymes are cysteine cathepsins (like B ad S)'%3, serine pro-
teases (like the plasminogen activator)'%* and matrix metalloproteinases (like MMP2 and
MMP9)'%. In many tumor models, protease-mediated loss of ECM integrity allows tumor cells
to escape beyond the basement membrane, facilitating both invasion of surrounding healthy

tissues and formation of metastases in distant organs06-108,

TAMs favour tumor metastasis

Finally, TAMs can directly stimulate the migration of tumor cells by secreting paracrine fac-
tors, such as EGF. EGF-activated tumor cells can in turn release CSF-1 to promote the mo-
tility of TAMs'%°. Accordingly, inhibition of CSF-1 signalling in mice reduces the number of
CTCs and tumor metastases’?. Also SPARC (secreted protein acidic and rich in cysteine)
can be released by macrophages and can favour cancer cell migration by aiding their inter-
action with the ECM""'. Furthermore, perivascular TAMs may promote the synthesis of fibrillar
collagen |, an ECM protein that anchors blood vessels and enhances cell motility of ten times
if compared to surrounding stroma®?. When these TAMs release chemoattractant signals,

tumor cells easily migrate toward blood vessels and, subsequently, intravasate°.

The role of macrophages at the metastatic site
The previously considered TAM-mediated mechanisms facilitate the invasiveness of neo-
plastic cells and their entry into the circulatory system. However, the metastatic process re-

quires not only the release of cells from the primary site, but also their extravasation and
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colonization of the target tissue. Myeloid cells and, in particular, macrophages are known to
play a central role also in these steps of tumor spreading®.

It has not been fully elucidated how tumor cells are aided to exit the circulatory stream, survive
and proliferate in the ectopic tissue. In humans, this process has a low rate of success, con-
sidering that a tumor can release thousands of CTCs every day and that only a few of them
are able to generate a metastasis®. This inefficiency derives in part from the intervention of
the host immune defences that, for example, comprise the population of circulating Ly6C-
‘patrolling monocytes’, able to remove tumor cells from the vasculature 3.

CD11b* myeloid cells are known to accumulate in metastatic organs before tumor cells are
detected''*. Among all the myeloid populations that accumulate in the pro-metastatic site, it
is likely that macrophages have a key role in tumor spreading®. It has been shown that sys-
temically-released TDSFs can summon myeloid cells at distant sites defined as ‘pre-meta-
static niches’, where they can prepare the local microenvironment to facilitate extravasation
and colonization by CTCs?*. Examples of such TDSFs are the ECM protein versican produced
by the Lewis lung carcinoma''® or VEGFA, TNF and TGF-, which induce the release of the
inflammatory mediators S100A8 and S100A9 in the lungs with subsequent recruitment of
myeloid cells''®. Recently, it has been demonstrated that also tumour-derived exosomes pre-
pare the pre-metastatic niche and even determine metastatic organotropism, since they are
internalized by organ-specific cells in an integrin-dependent manner''”. Other pro-metastatic
TDSFs are the procoagulants released by the primary tumor, like the platelet tissue factor.
These molecules induce the formation of clots inside lung vessels (step 1 in Figure 4), which
have been shown to hold the CTCs and induce the expression of the adhesion molecules
VCAM-1 and VAP-1 on the vascular endothelium™811° CTCs release CCL2 to attract circu-
lating monocytes and myeloid progenitors, which consequently anchor to the endothelium
and extravasate (2 in Figure 4)'?9. CCL2-recruited inflammatory monocytes and myeloid pro-
genitors from the circulation can be induced by cancer cell-released CSF-1 to differentiate
into macrophages, that have been defined by Pollard and colleagues as metastasis-associ-
ated macrophages (MAMs) (3 in Figure 4)24121,

In accordance with this, when inflammatory monocytes are injected in tumor-bearing animals
by means of ACT, they preferentially accumulate in metastatic lungs in a CCL2-dependet
manner and differentiate into MAMs'2°. CCL2 fosters the accumulation of a macrophage sub-
set also in the metastatic liver'?2. Moreover, TAMs and other infiltrating myeloid cells secrete
VEGF or mediate protease-dependent release of matrix-bound VEGF78'23, The VEGF-
induced vasodilatation in the pre-metastatic niche is essential for a further, prominent accu-
mulation of MAMs, that are then maintained by CSF-1 signalling, as occurs for TAMs in the

primary tumor'10.120.121 |t has been reported that in the lungs of polyomavirus middle T-antigen
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(PyMT) mice (a spontaneous model of breast cancer) MAMs are CD11b*, F4/80*, VEGFR1*,
CXCR3*, CCR2* but Gr1- and CD11c'¥, thus showing a different phenotype from that of lung

CD11c* resident macrophages'?':124,
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Figure 4 - Promotion of the metastatic process by macrophages. The formation of microclots
allows the arrest of cancer cells in the blood vessels of the target organ (1). Circulating monocytes
are attracted by cancer cell-derived CCL2 and extravasate (2). Once in the target tissue, monocytes
are induced by CSF-1 to differentiate info MAMs, that increase vascular permeability by releasing
VEGF (3). MAMSs, under CSF-1 stimulation, mediate tumor cell survival, angiogenesis and immune
suppression (4-5). MAM: metastasis-associated macrophage; IM: inflammatory monocyte (repro-
duced from Noy and Pollard, 201478).

In the presence of tumor cells, MAMs acquire pro-metastatic functions. First of all, they di-
rectly contact tumor cells and support their exit from blood vessels (4 in Figure 4). Indeed,
elimination of MAMs reduces the number of extravasating cells and, even after metastases
are established, loss of macrophages inhibits further metastatic growth, suggesting that
MAMs are necessary also for cancer cell survival and proliferation'?'. This can be achieved
through engagement of VCAM1 on tumour cells and triggering of the Akt signalling path-
way'25.

As described for TAMs in the primary tumor, also MAMs release matrix metalloproteinases
to promote tumor cell invasion and favour immune suppression in the metastatic site (5 in
Figure 4)78. Furthermore, it has been demonstrated that Tie2* macrophages enhance angio-
genesis and tumor growth also in metastatic sites, as above-mentioned for the primary tu-

mor’0,
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Although interesting results have been recently obtained in this field, a great effort has still to

be done to characterize MAMs and their cancer cell-supporting interventions.

Macrophages as therapeutic targets

Understanding the functions of TAMs and MAMs and the underlying signalling pathways
might be useful to identify possible therapeutic targets with the aim of reducing, or even block-
ing, their pro-tumoral and pro-metastatic mechanisms of action. For example, an approach of
this kind has been recently applied to successfully hamper macrophage CSF-1 signalling
pathway’8. Mutation of the CSF-1 gene in PyMT mice inhibited tumor progression and me-
tastasis’?6, while inhibition of the pathway in different mouse models through the use of an
anti-CSF-1R blocking antibody or a small-molecule inhibitor resulted in reduction of tumor
burden and increase of survival'?7-128_ In other works, treatment with an anti-CSF1 neutralizing
antibody or an inhibitor of the CSF1R signalling cascade enhanced the efficacy of chemo-
therapy, mice survival and CD8* T cell response, but also reduced tumor-initiating cells, tumor
growth, metastasis and angiogenesis’>'?°, It has been proposed that inhibition of CSF-1R
leads to the repolarization of TAMs to an anti-tumoral GM-CSF-regulated state, rather than
eliminating TAMs'30, An anti-CSF-1R blocking antibody has been recently used in pre-clinical
and early-phase clinical trials to treat diffuse-type giant-cell tumors overexpressing CSF1;
remarkably, the therapy resulted in increase of lymphocyte infiltration and significant clinical
benefits®'. We recently demonstrated that blocking CSF-1R signalling before ACT reduced
the accumulation of TAMs and their suppressive activity without altering Tip-DC generation
from precursors and increasing their accumulation at the tumor site; this resulted in an in-
creased efficacy of the ACT therapy“.

Thus, the discovery of new promising strategies to fight cancer and potentiate the therapeutic
approaches requires the comprehension of specific mechanisms of action used by myeloid
cells and, in particular, TAMs to promote tumor progression and the metastatic process. With
this goal our group conducted an experiment by using Affimetrix high-density gene expression
arrays on CD11b* tumor-infiltrating myeloid cells from different tumors and on splenic CD11b*
myeloid cells purified from healthy mice (baseline control). Gene chip analyses were per-
formed comparing the transcriptome in our samples matched with the relative genetic back-
grounds. The obtained results showed that the gene Dab2 (disabled 2, mitogen-responsive
phosphoprotein) was one of the most upregulated genes in myeloid cells from tumors as
compared to healthy spleen. Relative fold-change results for this gene in different tumor mod-

els are shown in Table 1.
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Tumor model Tumor classification | Genetic background | Relative fold-change
4T1 Mammary carcinoma BALB/c 63.83
C26GM Colon carcinoma BALB/c 53.82
MCA203 Fibrosarcoma C57BL/6 50.22
EL4 Thymoma C57BL/6 33.02

Table 1 - Relative fold-changes of Dab2 gene expression in tumor-infiltrating CD11b* myeloid cells isolated from

different tumor models.

To confirm these data, we performed Western blot analyses to evaluate DAB2 protein ex-
pression on CD11b* cells purified from tumors and spleens of animals that had been injected
with the same cell lines of the gene chip analyses. Healthy spleens were used as negative
control. As shown in Figure 5, the two isoforms of DAB2 (p96 and p67) were expressed in
intratumoral myeloid cells, but not in splenic myeloid cells from both healthy and tumor-bear-
ing mice. DAB2 was detected in all the tumor models, although we noticed a tumor-specific
expression level. Thus, we confirmed the results of the gene chip analyses and concluded
that induction of DAB2 expression in myeloid cells is a general feature of the tumor microen-
vironment, regardless of both the histologic origin of the tumor and the genetic background

of the animal. This prompted us to investigate DAB2 function in tumor-infiltrating myeloid

cells.
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Figure 5 - Expression of the protein DAB2 in CD11b* myeloid cells. Western blot analyses for the
expression of DAB2 isoforms (p96 and p67) in CD11b* cells isolated from spleens and tumors of mice
injected with different cell lines in both C57BL/6 and BALB/c backgrounds. Splenic CD11b* cells from

healthy mice with the two genetic backgrounds were used as negative controls (ctrl).
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DISABLED HOMOLOG 2 AND THE CLATHRIN-MEDIATED ENDOCYTOSIS OF INTEGRINS

The molecular structure of Disabled homolog 2

DAB?2 is a protein that acts as a molecular adaptor in the clathrin-mediated endocytosis of
specific transmembrane receptors and in signal transduction pathways'32.

The human transcript of DAB2 (initially called DOC2) was identified by Liang and Pardee'33
and the murine orthologous protein was discovered by Xu and colleagues in the BAC1.2F5
macrophage cell line'3*. The gene was sequenced from both the human genome, where it is
on the chromosome 5, and the murine genome, where it is on the chromosome 1535136, The
name of the protein derives from its homology with the Disabled (Dab) gene product previ-
ously identified in Drosophila melanogaster, where it interacts with the Abl kinase during neu-
ronal development'37-139,

DAB?2 is a phosphoprotein containing an N-terminal PTB (phosphotyrosine-binding) domain
that binds membrane proteins with an NPXY motif in their cytoplasmic tails, a central clathrin-
and adaptor protein-binding domain with a high degree of similarity with the Drosophila pro-
tein, and a proline/serine-rich C-terminal domain with binding sites for SH3-domains and my-
osin VI (Figure 6)134140.141 Alternative splicing generates two isoforms of DAB2 with a molec-
ular weight of 96 and 67 kDa and for this reason named p96 and p67, respectively. Over the
past years, the majority of works describing the role of DABZ2 in endocytosis were conducted
on the p96 isoform and, for this reason, little is known about the functions of the p67 isoform.
p96 was shown to be phosphorylated in BAC1.2F5 macrophages stimulated with the growth
factor M-CSF, a cytokine that is required in vivo and in vitro for the differentiation, proliferation

and survival of the mononuclear phagocyte lineage'*.
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Figure 6 - Schematic representation of the two isoforms of DAB2,
p96 and p67 (reproduced from Maurer et al., 2005'%?).

The aminoacidic sequence NPXY, recognized by the PTB domain of DAB2, has been found
in the intracellular domains of several membrane receptors, like the low-density lipoprotein

receptors (LDLRs), megalin, integrins and E-cadherin32.143.144,
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Once bound the receptor that must be internalized, DAB2 allows the formation of clathrin
assemblies beneath the plasma membrane. This process requires the anchoring of DAB2 to
phospholipids and the recruitment of clathrin. The interaction between DAB2 and phospho-
lipids is mediated by an evolutionarily conserved poly-lysine stretch, that is adjacent to the
PTB domain and recognizes phosphoinositides with a negative charge. In this way DAB2 is
initially recruited at the inner leaflet of the plasma membrane. The Ser24 residue, near the
poly-lysine sequence, can be phosphorylated to positively or negatively regulate DAB2 bind-
ing to phospholipids, depending on the cellular context'#5-148. The interaction with clathrin is
mediated by an aminoacidic sequence in the central region of DAB2, that is present in p96
but not in p67 (Figure 6)'. This sequence is also suitable to bind other endocytic proteins
like AP2143, Intracellular transport of clathrin-coated vesicles requires myosin VI, whose
cargo-binding domain interacts with the C-terminus of DAB2'4°. Therefore, DAB2 acts as a
linker between myosin VI and clathrin, allowing the transfer of clathrin-coated vesicles away
from the plasma membrane into the cell along actin filaments'*.

In the next sections the cellular endocytic pathways and the known functions of DAB2 are

reviewed.

Mechanisms of endocytosis

Endocytosis is the conserved mechanism used by eukaryotic cells to internalize plasma mem-
brane proteins and lipids, extracellular fluids, molecules, exosomes and pathogens. By con-
trolling this process, cells are able to uptake nutrients, transduce signals and respond to mi-
croenvironmental stimuli, recycle membrane components, present antigens, carry out neuro-
transmission at synapses, and migrate'".'52, Thanks to the use of electron microscopy and
the advent of reflection fluorescence microscopy, many types of endocytosis have been de-
scribed (Figure 7), differing for the nature of the cargo to be internalized, the size of vesicles,
the involved molecular machinery, and the type of regulation’®?. The distinct pathways sort
cargoes into various endosomal, membranous compartments with distinct internal and sur-
face composition to induce different intracellular events. When the cargo arrives in early/sort-
ing endosomes, it can be sent back to the surface through recycling endosomes or targeted
to more mature compartments known as late endosomes or multivesicular bodies (MVBs),

that can fuse with lysosomes for degradation of the internalized material (Figure 7)'5'.152,

The endocytic routes have been classified in clathrin-dependent and -independent. The clath-
rin-independent pathways are the main mechanisms of endocytic internalization used by

cells’™*. The most common is that based on the budding of caveolae (for ‘little caves’), which

21



Clathrin-dependent Caveolin-dependent Clathrin- and caveolin-

internalization internalization independent internalization
- 1
T 1 f 1 T 1
|Plasma membra ne. ~ Vesicular Tubular
Dynamin/_: N " "2 Caveolin ‘_,"'/' \\_‘ 1
Clathrin- i cfi+-Clathrin { ) '\
coated pit I \ |"‘ "‘
Clathrin-
coated
vesicle @D L\

endosome

) S
Lysosome

Figure 7 - Clathrin-dependent and -independent endocytic pathways. Endocytosis can be me-
diated by clathrin or not. Clathrin-independent internalization includes caveolae-mediated endocy-
tosis as well as other vesicular pathways; also tubular pathways have been described. In all cases,
uptaken cargo is trafficked into endosomes, where it is sorted either back to the surface of the cell
or into other compartments for degradation. MVBs: multivesicular bodies (reproduced from
McMahon and Boucrot, 20117%3).

are bulb-shaped invaginations of the plasma membrane with a diameter of about 50-100
nm'%%. These structures are detectable in cell types like fibroblasts, endothelial cells, smooth
muscle cells, myoblasts and adipocytes, and permit the internalization of plasma membrane
glycosphingolipids, glycosylphosphatidylinositol (GPI)-anchored proteins, extracellular lig-
ands (e.g. albumin and folic acid), bacterial toxins (e.g. tetanus and cholera) or viruses (e.g.
Polyoma or SV40)'55.1%_ Caveolae are enriched in structural sterols and the transmembrane
protein caveolin-1 (Cav1), that is necessary for their budding in association with other acces-
sory proteins like dynamin'%®. Caveolae are involved in several cellular processes, such as
transcytosis, signal transduction, pathogen invasion, membrane lipid homeostasis and mech-
anotransduction aimed at protecting the cell from mechanical stress'’.

Another central clathrin-independent endocytic pathway is phagocytosis, that occurs in spe-
cialized cell types, such as DCs, neutrophils and macrophages (professional phagocytes), or

occasionally in other cell types like endothelial cells (facultative phagocytes). This process

22



depends on membrane invaginations that are larger than caveolae and form around opso-
nized and particulate materials often greater than 0.5 uym, such as nutrients, pathogens and
necrotic or apoptotic cells to be destroyed'®2.

These particles bind to cell surface receptors and are internalized through a mechanism in-
volving actin polymerization and rearrangements of the cytoskeleton’8. The selective fusion
of phagosomes with primary lysosomes leads to the degradation of the cargo, accompanied
by extensive membrane turnover mediated by recycling of endosomes between the cell com-
partments58,

Clathrin-independent internalization can also take place through fluid-phase macropinocyto-
sis, in which extensive regions of the plasma membrane (0.5-5 pm) form ruffles around a
region of extracellular fluid and, finally, close up determining the uptake of the whole mate-
rial'®2, This endocytic route is regulated by several proteins, including Ras and Rho small
GTPases, ADP-ribosylation factor (ARF6), and dynamin, that is implicated in the formation of
actin structures for the intracellular trafficking of macropinosomes™'.

Other clathrin-independent endocytic mechanisms employ circular dorsal ruffles, flotillin-as-
sociated invaginations or whole cell engulfment; the latter is known as entosis and takes place
when a cell detaches from the ECM and must be eliminated’®?. In mammalian cells it has
been reported also the presence of an endocytic route into tubular, rather than vesicular,
compartments, known as CLIC/GEEC-type endocytosis (CLathrin-/ndependent Carriers and
GPI-Enriched Endocytic Compartments). This pathway is activated through small G proteins,
in particular Cdc42, and allows internalization of bacterial exotoxins, GPI-linked proteins and

extracellular fluids1%°.

Clathrin-mediated endocytosis

Clathrin-mediated endocytosis (CME) is the most studied endocytic route, although it is not
the most occurring inside cells. It is also known as receptor-mediated endocytosis, because
it is used by cells to package and internalize a great variety of transmembrane receptors and
associated ligands into 50-100 nm membrane vesicles'?153, Internalization of receptors can
be induced by binding of the ligand, as in the case of EGFR, or can be constitutive, as in the
case of the transferrin receptor’.

Many adaptor and accessory intracellular proteins intervene in the CME process either acting
directly, for example by promoting the membrane bending or by acting as scaffold molecules,

or indirectly by recruiting other proteins'3.
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CME consists of five steps: nucleation, cargo selection, coat assembly, scission and uncoat-
ing (Figure 8). The endocytic process begins with the inward bending of the plasma mem-
brane in the region to be internalized. Adaptor and accessory proteins assemble in a nuclea-
tion module to deform the membrane and induce polimerization of soluble clathrin6'.162, Then,
the Adaptor Protein-2 (AP2) is recruited to the nucleation module and binds at the same time
the membrane, the target receptor, cargo-specific adaptor proteins and clathrin (Figure 8).
The adaptors are putatively involved in both binding/selection of the cargo proteins and bend-
ing of the membrane'®3.

Once cargo is selected, recruited soluble clathrin polimerizes into a curved lattice beneath
the inner face of the cell membrane3. This coating structure guides the deformation of the
membrane to form a clathrin-coated pit (CCP) and stabilizes its curvature. Clathrin and adap-
tor proteins force a further bending of the CCP until the upper edges are close enough to
allow the binding of the scission protein dynamin, a GTPase that promote the fission of the
clathrin-coated vesicle (CCV) and its release into the cytoplasm'63-165, After scission, CCVs
lose their clathrin coating aided by the ATPase HSC70 (heat shock cognate 70) and other

proteins (Figure 8)'53,
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Figure 8 - The 5 steps of clathrin-mediated endocytosis. The process begins with the nucleation of the first
endocytic proteins on PIP2 phospholipids to initiate clathrin-coated pit formation. AP2 is recruited together with
cargo-selection proteins. Then, clathrin adds to the nucleation module and polymerizes to form a coating that is
able to further bend the membrane pit. Upon dynamin intervention, the forming vesicle is released from the mem-
brane into the cytoplasm (scission). Finally, the clathrin-coated vesicle loses its coating and the cargo can be
trafficked to the endosomal compartment of destination. The actin machinery can participate in the last phases to
promote membrane invagination and scission as well as cargo delivery (reproduced from McMahon and Boucrot,
20117%3),

Actin participates in the late phases of CME, although in some cell types the protein was
reported not to join the process'6.67, Actin polymerization may be useful to produce further
force for membrane bending in the case of large cargoes, such as bacteria, or when the

membrane is particularly rigid, as in yeast, or submitted to high tension, such as in adherent
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cells'53.168,169 Moreover, actin filaments are required for CCV trafficking inside the cell. Myo-
sins are actin-bound motor proteins that interact with the budding CCV to pull it away from
the membrane and move it toward the destination compartment'®®. An example is myosin VI,
a minus-end-directed motor protein that can be recruited by DAB2'49,

Finally, the CCVs fuse with early/sorting endosomes to deliver their cargoes. As already seen
in Figure 7, internalized receptors can be recycled back to the plasma membrane for a sus-
tained ligand binding and transduction of the signal, or can be destroyed in lysosomes for
normal protein turnover or termination of the signalling; alternatively, receptor-bound ligands

inside endosomes can begin a signal amplification pathway inside the cell'3.

The endocytosis of different receptors can depend on the intervention of different adaptor and
accessory proteins, that in part are well conserved from yeast to mammalian cells'”°. For this
reason, CME has not a precise molecular mechanism but it rather represents a flexible array
of similar pathways all based on the use of the clathrin protein52.

Examples of alternative, cargo-specific adaptor and accessory proteins are B-arrestins and
Dishevelled for G protein-coupled receptors (GPCRs)'"172, ARH for LDLRs'”3, Numb for
Notch receptors', HRB for SNARE proteins'’®, stonin for synaptotagmin'”® and DAB2 for
LDLRs, megalin, integrins and E-cadherin'32143.144 Al these proteins also interact with AP2.
Moreover, they can be widely expressed in the organism or be tissue-specific: for instance,
DAB?2 is found in many tissues, while ARH only in hepatocytes and stonin in neurons™®3.
Thus, in the same cells various adaptors and accessory proteins can have overlapping and
redundant functions. A consequence of this is that in some cell types CME mediates the
uptake of only one kind of receptor per vesicle, while in others, like at synapses, it mediates
the uptake of multiple cargoes per vesicle, even more than 20. This is achieved thanks to the
differential affinity that receptors have for specific adaptor proteins and that results in their
clustering and sorting into distinct vesicles and in the following fusion with distinct endosomal
compartments?%2,

The presence of accessory proteins with redundant functions guarantees the robustness of
the system, since endocytosis of a specific receptor is not compromised in the absence of
the highest-affinity adaptor protein but can proceed anyway with other (maybe lower-affinity)

adaptors'52,

The physiological functions of DAB2
DAB2 is widely distributed among body tissues and is highly expressed in many epithelial cell
types, contrarily to its Drosophila orthologue DAB and its paralogue DAB1 that are expressed

only in neural tissues. Most of DAB2 functions derive from its role as an endocytic adaptor
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and are involved in various physiological processes as well as during embryonic develop-
ment'77.

The protein participates in spatial organization of epithelial cells in tissues by controlling their
positioning and their exigency for basement membrane attachment'”8. This is probably due
to DAB2 ability in polarizing cell membranes by trafficking surface receptors like integrins and
E-cadherin'””. Consequently, downregulation of DAB2 determines a disorganized and base-
ment membrane-independent growth of cells, as it occurs in ovarian and breast carcino-
mas'’®. It is noteworthy that DAB2 is expressed in the visceral endoderm of mice embryos,
where it mediates the internalization of megalin, cubilin, cholesterol and E-cadherin42177.180,
Before the formation of placenta, transport across the visceral endoderm is the only way the
developing embryo can assimilate maternal proteins and lipids. In this phase DAB2 is essen-
tial for polarizing the distribution of cell surface proteins. A consequence is that Dab2 KO
embryos are not able to develop and die prior to gastrulation, due to loss of nutrients and
endodermal cell organization9177.178,

Furthermore, DAB2 has been demonstrated to have a role also in kidney functioning. Condi-
tionally mutant Dab2 KO mice showed defects in the formation of clathrin-coated pits in kidney
proximal tubule cells and in the transport of the megalin lipoprotein receptor. Consequently,
KO mice had excessive levels of plasma proteins in the urine49,

DAB?2 is also expressed in platelets and has been implicated in homeostasis and in the pos-
itive control of clotting responses by interacting with G protein-mediated thrombin signal-

ling81,

DAB2 as tumor suppressor

Besides its endocytosis-related pleiotropic functions, DAB2 is considered to be a tumor sup-
pressor and has long been described as a predictor of poor prognosis and metastasis'82183,
Indeed, DAB2 expression is often lost or downregulated in many cancer types, in comparison
to the correspondent normal cells of origin. DAB2 depletion has been observed in tumors of
the ovary'+185 colon'®, breast'79.187-189  prostate'®®, oesophagus'’, bladder'®?, head and
neck'®, nasopharynx'®, and in some of these cases in the associated metastases. Forced
re-expression of Dab2 suppressed cell growth and tumorigenicity of cancer cell
lines'79.184.194.195  However, DAB2 negatively regulates cell growth and survival not only in
cancer. For example, it has been demonstrated that, during pregnancy and lactation in mice,
mammary epithelial cells proliferate and their DAB2 level is low; on the contrary, during mam-

mary gland evolution, mammary epithelial cells are in part eliminated and DAB2 level is
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high'8. Similarly, in castrated rats the degenerating prostate gland upregulates Dab2 expres-
sion94,

The tumor suppressor and growth inhibitory role of DAB2 derives from its participation as
signal transducer in many cellular processes. By linking surface receptors to downstream
effector molecules, the protein controls essential signalling cascades that determine cell
growth, differentiation and migration, such as the Ras/MAPK, the TGF- and the Wnt path-
ways'®. The Ras/MAPK pathway is activated by mitogens like EGF and results in the tran-
scriptional regulation of several genes, a prominent fraction of which is involved in cell cycle
progression’®. In physiological conditions, DAB2 negatively regulates this pathway by inhib-
iting ERK and c-Fos activation9%1%, In cancer, DAB2 is downregulated, often by the onco-
gene Ras itself'®”, and cells can proliferate without control'%.

DAB?2 is also an essential component in the signalling pathway of TGF-[3, a cytokine that acts
as a tumor suppressor in normal epithelial cells by inhibiting cell proliferation and migration.
In particular, DAB2 participates in the signal transmission from the TGF-f3 receptors to the
transcriptional activators belonging to the Smad family'82198.19°  DAB2 depletion in cancer
cells leads not only to the loss of the TGF- tumor suppressor function, but even to a promo-
tion of TGF-B—aided cell motility, EMT and tumor growth'821%°_ |t has been also demonstrated
that tumor-associated increased Ras/MAPK signalling can sustain an autocrine TGF-§ sig-
nalling loop, further promoting EMT and tumor cell invasive properties'®. Moreover, DAB2
loss caused a reduction in TGF-B receptor internalization via CME; the consequent accumu-
lation of TGF-B in extracellular space induced the conversion of naive CD4* T cells to pro-
tumor Tregs?®.

Finally, the Wnt pathway plays a pivotal role in modulating cellular proliferation and differen-
tiation, as well as tissue organization and embryonic development. It initially requires caveo-
lin-dependent internalization of low-density lipoprotein receptor-related protein 6 (LRP6).
DAB2 acts as a negative regulator of the Wnt signalling in several ways, but in particular by
engaging LRP6 in CME so that it is not available for caveolin-mediated endocytosis?®'. Can-
cer cells can suppress this DAB2-mediated inhibitory activity and can divide in an uncontrolled

manner201,

In addition to the literature showing a role for Dab2 as a tumor suppressor, others suggest a
Dab2 pro-tumoral role. Recently, a signature of genes comprising Dab?2 resulted to be ex-
pressed by a small subpopulation of breast cancer cells, defined ‘trailblazer’, and associated
to increased invasive properties. Trailblazer cells were able to initiate tumor invasion by cre-
ating channels into the ECM and to guide the follower breast cancer cells from the bulk of the

tumor. This genetic signature correlated with a poor prognosis in breast cancer patients2°2.
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Moreover, DAB2 was required also for migration and invasion of prostate cancer cells?%. In
another work, DAB2-expressing cancer cells were showed to release TGF-f, that in turn in-
duced endothelial cell migration and angiogenesis?4.

Definitely, the significance of a pro-tumor activation of the Dab2 gene needs to be clarified.

DAB2 in myeloid cell populations

While the great majority of published works on DAB2 have been conducted on tumor cells
and fibroblasts, there are only a few reports about DAB2 functions in myeloid cells. Rosen-
bauer and colleagues demonstrated that DAB2 is expressed in bone marrow-derived macro-
phages and is necessary for both cellular adhesion and spreading on the ECM components
laminin and collagen IV'45. Moreover, in the same cells the Dab2 promoter is recognized by
the transcription factors IRF8 and PU.1 and the former was found to be involved in the down-
regulation of the gene upon IFN-y stimulation™5.

A recent work on macrophages has shown that DAB2 expression induced their M2 polariza-
tion. Indeed, the protein was upregulated in M2 macrophages, but downregulated in M1. In-
terestingly, myeloid lineage-specific Dab2 KO mice both treated with LPS or fed with high-fat
chow had an increased pro-inflammatory gene signature and M1 macrophage polarization as
compared to control mice. The authors demonstrated that DAB2 binds TNF receptor-associ-
ated factor 6 (TRAFG6) and reduces the activation of the pro-inflammatory transcription factor
NF-kB2%®. A role for DAB2 has also been described in DCs, where it acts as a negative regu-
lator of immunogenicity. The protein was significantly induced during the GM-CSF—driven
differentiation of both murine and human DCs and required the activation of STAT5 and
hnRNPE1 as well as the expression of Foxp3. Remarkably, DAB2 was associated with a
reduced IL-12 and IL-6 expression, antigen uptake, migration, T cell stimulation and thera-
peutic efficacy when DCs were used in vaccines. Contrarily, DAB2-depleted DCs showed an
increment in all these abilities2%.

These studies seem to delineate an anti-inflammatory role for DAB2, but further work has to

be done to elucidate its function and regulation in myeloid subpopulations.

DAB2 and integrin recycling
Among the transmembrane receptors that are recycled in a DAB2-mediated manner, integ-
rins are particularly important since they mediate the interactions between the cell and the

surrounding microenvironment, including contact with the ECM and other cells?%".
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Integrins are surface proteins able to interact with collagen, fibronectin and other ECM com-
ponents. They consist of 24 different heterodimers yielded by the combination of 18 a and 8
B subunits, each specific for one or more ligands?®. Integrins regulate a large number of
cellular biological functions, acting as bidirectional signal transducers. On one hand, they can
begin ‘outside-in’ signalling by recruiting cellular mediators and inducing cellular responses
like proliferation or migration; on the other hand, they can receive ‘inside-out’ signals affecting
the affinity for their extracellular ligands'#4. For example, cell adhesion and migration on the
substrate need the generation of plasma membrane clusters of active integrins known as
‘focal adhesions’. These contact regions anchor the cell cytoskeleton to the substrate and
generate the necessary tension to make the cell move forward. Conversely, unbound (inac-
tive) integrins diffuse freely in the phospholipidic bilayer2%.

DAB2 internalizes inactive integrins freely diffusing or localized in focal adhesions that are no
more useful for the cell. In this way, DAB2 maintains an internal pool of integrins that can be
either degraded for normal integrin turnover or recycled back to the plasma membrane in
order to assemble new focal adhesions for anchorage or migration2°°2'°, The position of these
new contact sites with the ECM depends on the cell type and on the biological context: for
example, in some cases cell motility requires assembly of focal adhesions at the front of the
cell (leading edge-driven movement), while in others at the cell rear (rear-steering move-
ment)?%8. Thus, the CME-dependent vesicular trafficking that occurs inside the cell has the
important function to allocate integrins in specific regions of the plasma membrane where
they can carry out their functions. The resultant ‘molecular polarization’ of the cell confers to
DAB2 a key role in many processes, such as epithelial cell spatial organization, cellular ad-
hesion to the ECM, cell migration and spreading?°8.

Up to date, DAB2 involvement in integrin endocytosis has been studied almost exclusively in
fibroblasts and tumor cell lines. The protein has been mainly associated with the integrin
dimer a1B1, that binds collagens, and with the dimers a431 and a5B1, that both interact with
fibronectin47:209-213_ Although to a less extent, other integrins are internalized through a DAB2-
mediated mechanism, for example integrins a231 and a3p1 in HeLa cells?'%2'4 or allbB3 in
megakaryocytes and platelets'8.

In addition to these studies, it has been recently demonstrated that 3 integrins are recycled
via DAB2-dependent CME?'S. Interestingly, ligand-bound B3 integrins can sense force gen-
eration from the substrate and, consequently, induce different cellular responses. When cells
are seeded on glass (high traction force), B3 integrins form focal adhesions and induce both
the actomyosin network to assemble and DAB2 to remain free in the cytosol; on the contrary,

when cells are seeded on a lipid membrane (low traction force), focal adhesions do not form

29



and DAB?2 is recruited to membrane clusters of inactive 33 integrins in order to mediate their

endocytosis?'S.

Integrins and Yes-associated protein in mechanotransduction

As reported about the B3 subunit, integrins are known for their ability in sensing substrate
stiffness and inducing force-dependent ‘outside-in’ signalling pathways, that are gathered
with the word ‘mechanotransduction’?'®. The conversion of mechanical forces into biochemi-
cal signals is a key process in virtually all tissues for development, physiology and also pa-
thology. For example, bone development and remodelling are guided by gravity and mechan-
ical forces from locomotion, formation of blood and lymph vessels is induced by fluid shear
stress, lung growth and physiology are controlled by breathing-derived tissue stretching, tis-
sue function and tumor progression are determined by ECM stiffness?'®. Integrins are in-
volved in all these processes and in many others.

From a cellular point of view, the ability of integrins to act as sensors for ECM stiffness can
affect cellular proliferation, survival, cytoskeletal rearrangement, migration and differentia-
tion217:218_ According to the literature, the integrin dimers with a reported role in mechanotrans-
duction are a5B1 (verified in chondrocytes, endothelial cells and fibroblasts), a131 (endothe-
lial cells) and a4B1 (vascular smooth muscle cells)?'%-223, Of note, these were also the dimers

mainly recycled through DAB2-mediated endocytosis.

The force sensing ability is based on the strengthening of the ligand-integrin-cytoskeleton
interactions?'6. This is achieved in at least three ways: 1. integrins assume high affinity con-
formations to stably bind the ligand??4; 2. bound integrins under tension induce the unbound,
low affinity integrins to change conformation?25226; 3. cytoskeletal and accessory proteins,
such as talin, vinculin, Rho GTPases and zyxin, are recruited to directly or indirectly
strengthen the integrin-actin connection??’.

In addition to force sensing, cells can also sense ECM stiffness and mechanical properties.
Cells initially exert force on the substratum, probably at sites of focal adhesions and by means
of periodic contractions of the cytoskeleton. These contractions seem to derive from cyclic
conformational changes of low-affinity integrins that turn into high-affinity integrins, in a mech-
anism requiring FAK, paxillin and vinculin??¢22°, Then, myosin modulates the traction force it
generates proportionally to that coming from the substrate. So, a soft ECM induces low trac-
tion by myosin determining reduced number and affinity of focal adhesions, actin stress fibers
and force across the ECM-integrin-cytoskeleton axis?*°. A rigid ECM leads to the opposite

response.
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It has been demonstrated that myosin contractility on rigid substrates induces nuclear trans-
location of the two transcriptional regulators YAP (Yes-associated protein) and TAZ (tran-
scriptional coactivator with PDZ-binding motif). Once in the nucleus, YAP and TAZ interact
with transcription factors, in particular the TEAD family members, and activate the expression
of growth- and differentiation-related genes?3'-233, On the contrary, on soft matrices, YAP and
TAZ remain in the cytoplasm.

In recent years, the pivotal role of YAP/TAZ in mechanotransduction has been recognized.
Remarkably, they are largely expressed in human malignancies and their activation seems

to sustain stiffness-dependent tumor initiation and progression3+.

The pro-tumor functions of YAP/TAZ

YAP and TAZ are enhancer-binding transcriptional coactivators that belong to the mammalian
Hippo pathway. Once bound to DNA, they promote enhancer acetylation and transcription
elongation?34,

In normal tissues YAP/TAZ seem to be dispensable for homeostasis, but intervene as mech-
anotransducers in organ development and tissue repair. That is, in response to specific me-
chanical stimuli from the microenvironment, they induce changes in cell growth, polarity,
shape and cytoskeletal organization, finally determining organ size and architecture?32235, Alt-
hough YAP/TAZ are usually inactive in healthy, adult organs, their sustained activation has
been observed in many tumors, such as mammary, lung, pancreatic, gastric and colorectal®**.
Indeed, in transformed cells they foster excessive proliferation (even when contact inhibition
of proliferation should block it), survival and motility in response to mechanical inputs from
the ECM?%2. The genes they activate are involved in DNA synthesis and repair, S-phase entry
and mitosis. Moreover, YAP/TAZ could induce c-Myc and other proto-oncogenic transcription
factors?36.

YAP/TAZ in cancer cells have been also associated with increased resistance to anoikis and
apoptosis, preventing both the intrinsic and the extrinsic pathways?37:238 as well as increased
autophagy rate aimed at rescue cells from senescence?®. Interestingly, these transcription
regulators are expressed in CSC subpopulations and promote CSC characteristics in cancer
cells, such as the abilities to generate undifferentiated precursors, initiate tumor growth, sur-
vive chemotherapy and form metastases?40241,

Another pro-tumor mechanism of action carried out by YAP/TAZ in cancer cells consists in
their capacity to reprogram the tumor microenvironment: for example, they induce epithelial
cells to release angiogenic factors like amphiregulin (AREG) or recruit myeloid suppressor

populations?32:242,
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Also CAFs have been demonstrated to express YAP/TAZ in a pathway that foster the depo-
sition of extracellular matrix by CAFs themselves in order to increase ECM stiffness and sus-
tain expression of YAP/TAZ in a self-reinforcing loop'”. The matrix rigidity can activate the
two proteins also in nearby cancer cells to induce the above-mentioned pro-tumor functions.
Taken together, all these findings on YAP and TAZ activities can explain why their expression
in human and murine cancers correlates with malignant clinicopathological characteristics,
such as high histological grade, cancer stemness, metastasis, chemoresistance, relapse and

general poor outcome?3#236,

32



AIM OF THE STUDY

The metastatic process consists in an ordered series of events in which tumor cells detach
from the primary site, enter into the circulatory system and reach the target organs in order
to colonize them™. Despite the high frequency and mortality associated to this pathological
process, the cellular and molecular mechanisms that drive it remain still undisclosed®. How-
ever, it is clear that during the metastatic process, likewise to the previous phases of tumor
initiation and progression, cancer cells receive assistance from myeloid cells infiltrating the
tumor microenvironment, such as TAMs24.107,

The pro-metastatic role of TAMs is supported by an increasing number of publications’®. In
particular, TAMs are acknowledged as critical determinants for metastatic progression asso-
ciated to ECM remodelling”81%.107 but the precise molecular pathways through which these

cells are activated and operate are poorly known.

As reported in the introduction, our group performed preliminary studies with the goal of iden-
tifying new molecular pathways involved in tumor progression. Gene chip data showed that
the Dab2 gene was upregulated in tumor-infiltrating myeloid CD11b* cells in comparison to
CD11b* cells from healthy spleens, suggesting a function for the DAB2 protein in tumor pro-
gression.

DAB?2 is a protein that acts as a molecular adaptor in the clathrin-mediated endocytosis of
specific transmembrane receptors, like integrins, and in signal transduction pathways'®2. The
protein participates in various physiological processes such as embryonic development, kid-
ney functioning, spatial organization of epithelial cells, cell adhesion and migration as well as
inhibition of cellular proliferation'””. Considering the many and essential functions it exerts,
DAB2 appeared to be a good candidate molecule involved in the pro-tumoral activity of mye-
loid cells. Indeed, the detailed definition of specific mechanisms of action used by myeloid
cells to sustain cancer cells might permit to potentiate the therapeutic approaches currently

used to fight cancer and metastatic spreading.

In the present work, we aimed at defining whether DAB2 expressed by myeloid cells was
really involved in tumor progression and in events that lead to the formation of metastases.
To this end, we used Dab2 KO mice, a transgenic model where the deletion of the gene was

limited to the hematopoietic lineage and where we investigated tumor growth and metastasis
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formation. The identification of specific DAB2* myeloid subsets within the tumor microenvi-
ronment and their localization was one of the first goals of this work. Successively, we inves-
tigated the mechanism of action of DAB2 and how this protein is activated and regulated.
Considering that DAB2 participates in clathrin-mediated endocytosis'3?, we evaluated its pos-
sible involvement in the endocytosis-dependent remodelling of the tumoral ECM carried out
by myeloid cells. Finally, we evaluated whether a pro-tumoral role of DAB2 expressed by
myeloid cells might be found in patients with breast cancer, with the aim of employing DAB2
as a novel prognostic marker of disease. This work was carried out in the framework of a

project supported by Associazione Italiana Ricerca contro il Cancro (A.I.R.C.).
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MATERIALS AND METHODS

Cell culture

EQ771 is a breast cancer cell line derived from C57BL/6 mice. MN-MCA, a C57BL/6 primary
cell line of fibrosarcoma that spontaneously forms metastases in lungs, was a gift from
Antonio Sica (Istituto Humanitas, Milan, Italy)’®. Cancer cell lines were cultured in RPMI 1640
(Euroclone) supplemented with 10% heat-inactivated FBS (Gibco), 2mM L-glutamine, 10 mM
HEPES (for EQ771) or 1 mM sodium pyruvate (for MN-MCA), 150 U/ml streptomycin and 200
U/ml penicillin (all purchased from Lonza).

Murine RAW 264.7 macrophages and human HeLa cells (cervix carcinoma) were cultured in
DMEM supplemented with 10% heat-inactivated FBS, 2mM L-glutamine, 10 mM HEPES, 150
U/ml streptomycin, 200 U/ml penicillin and, only for RAW 264.7, 20 uM B-mercaptoethanol.
Cells were seeded at desired concentrations on normal or low-adhesion plastic plates or, for

immunofluorescence stainings, on 13 or 24 mm coverslips (VWR).

Gene-silencing in RAW 264.7 and HelLa

For production of Dab2-silenced RAW 264.7 cells, a 3™ generation packaging system was
used, comprising three plasmids of packaging (a gift from Prof. L. Naldini, Universita Vita-
Salute San Raffaele, Milan, Italy) and one plasmid in which both a scramble or Dab2-specific
shRNA and the Orange reporter were inserted. The four plasmids were co-transfected into
293T packaging cells by using calcium-phosphate co-precipitation. After 48 hours of culture,
the lentiviral vector-containing supernatants were recovered, centrifuged (1500 g, 10 min),
filtered and concentrated by ultracentrifugation (76,000 g, 2 hours). RAW 264.7 cells were
seeded in 24-well plates with the infection mix, consisting of culture medium supplemented
with Polybrene (1:1000, Sigma-Aldrich) and lentivirus (MOI 10 or 30) for a total volume of 500
pl/well. Plates were centrifuged (2000 rpm, 4h, RT) and then incubated until confluence was
reached. Successfully transfected Orange* cells were isolated through clonal selection from
the whole culture and tested for DAB2 downregulation by WB.

For YAP-silencing in HelLa, 4-10* cells were seeded in 24-well plates. After 20 hours, cells
were transfected with 5 pmol of YAP-specific or scramble siRNA (10 mM final) and 1.5 pl of
Lipofectamine RNAIMAX Transfection Reagent (ThermoFisher Scientific) in 500 pl of me-
dium/well. Medium was changed after 24 hours; cells were harvested after 48 hours for WB

analysis.
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Animal studies

Eight-week-old C57BL/6 WT mice (here and after simply called WT mice) were purchased
from Charles River Laboratories. Tie2cre** and Dab2°¥flox mice were a gift from P. J. Murray
(Department of Immunology, St. Jude Children’s Research Hospital, Memphis, Tennessee)
and were crossbreeded. In the text, the resulting Dab27*ox; Tje 2cre*- mice are named Dab2
KO mice.

All animal experiments were approved by our local animal ethics committee at the University
of Padova and were executed in accordance to Italian law as well as EU directives and guide-
lines. Mice were monitored daily and euthanized when displaying excessive discomfort. All
mice were maintained under specific pathogen-free conditions in the Istituto Oncologico Ve-
neto animal facility.

For in vivo experiments of tumor growth and metastasis induction, cells were injected ortho-
topically (o.t.) in mice, EQ771 into the fat pad of the 4" (inguinal) mammary gland?*® and MN-
MCA into the left quadriceps of mice (intra-muscle, i.m.)’>, both at the dose of 1:10°
cells/mouse. Tumor growth was monitored every 2 days using a digital caliper. In the case of
EQ771-injected mice, tumors were resected when they reached dimensions of about 12x12
mm and mice were left to restart tumor progression. All mice were euthanized when tumors
had an area of approximately 150 mm?2.

Wound healing experiments were performed as previously reported?*. Harmless wounds
were created on the dorsal skin of animals and daily photographed and measured up to 9
days to assess the healing process. Initial wound areas were always comparable. For every
measurement, wound area was subtracted to the initial wound area to calculate the extension
of healed area; finally, healed areas were expressed as percentages relative to the initial

wound areas.

Generation of bone marrow-derived macrophages

Tibiae and femurs of C57BL/6 and Dab2 KO mice were removed by using sterile techniques
and bone marrow (BM) cells were flushed with culture medium. Red blood cells were lysed
with a hypotonic solution containing 8.3% NH4ClI, 1% KHCO3z and 0.5 M EDTA. After filtration,
1-10° cells were plated in 90 mm Petri dishes (Falcon) with 10 ml of RPMI 1640 medium
(Euroclone) supplemented with 10% standardized heat-inactivated FBS (Superior, Bio-
Chrom), 2 mM L-glutamine, 1 mM sodium pyruvate, 150 U/ml streptomycin, 200 U/ml peni-
cillin (all from Lonza), 20 uM B-mercaptoethanol and 100 ng/ml recombinant murine GM-CSF
or M-CSF (Miltenyi Biotec). The cultures were maintained at 37°C in 5% CO2-humidified at-

mosphere for 7 days. On day 3 of culture, 5 ml of fresh cytokine-supplemented complete

36



medium were added. Differentiated BM-derived macrophages from both the non-adherent
and adherent fractions were recovered by rinsing the dishes with PBS + 2 mM EDTA.

To evaluate the number of macrophages during in vitro M-CSF-induced differentiation of BM
precursors, every two days cells were harvested, stained with Trypan Blue (Sigma-Aldrich)
and counted. Final values were obtained multiplying the number of counted cells for the per-

centage of macrophages, as assessed by flow cytometry.

Endocytosis assays

In vitro uptake experiments were performed on differentiated WT or Dab2 KO BM-derived
macrophages to evaluate the endocytosis of ECM proteins. Previously reported protocols
were adapted for these analyses?#5-?47. Rat collagen type | (cat. 354236), mouse collagen
type IV (cat. 354233) and growth factor-reduced Matrigel (cat. 354230) were purchased from
Corning Inc., while bovine fibronectin from ThermoFisher Scientific (cat. 33010-018). Proteins
were labelled by using the FluoReporter FITC Protein Labeling Kit (ThermoFisher Scientific)
in accordance with the manufacturer’s instructions. At day 7 of culture, 0.5-10% macrophages
were seeded in 24-well plates. After 24 hours, they were starved at 4°C for 30 minutes in
complete medium without FBS to synchronize cell cycle and increase the endocytic ability.
Then, the labelled proteins were diluted in complete medium without FBS and supplemented
with M-CSF 100 ng/ml; the final concentration for each protein had been previously deter-
mined in order to have a detectable, non-saturating fluorimetric signal (50 ug/ml for collagen
I, 25 pg/ml for collagen IV, 40 ug/ml for fibronectin). Proteins were added on cells for 2 hours
at 4°C to permit binding to cell membranes. Then, macrophages were incubated at 37°C for
3, 16 or 20 hours. Not treated macrophages were always used as basal background control;
in addition, cells treated with proteins but not incubated (0-hour control) were used to assess
the signal of non-internalized, surface-bound proteins. At the end of culture, cells were de-
tached with 0.25% trypsin (Gibco), washed in PBS to remove free ECM proteins, resus-
pended in PBS + 0.04% Trypan Blue (Sigma-Aldrich) to quench the FITC fluorophore on non-
endocytosed proteins and fixed in PBS + 3.7% formaldehyde (Sigma-Aldrich) for 10 minutes.
Finally, samples were analysed with an LSR Il flow cytometer (BD Biosciences) and uptake
of ECM proteins was expressed as the percentage of FITC* cells normalized on the 0-hour

control.
Phagocytosis assays

To evaluate phagocytosis, differentiated WT and Dab2 KO BM-derived macrophages were

starved and synchronized in medium without FBS for 30 minutes at 4°C. Then, cells were
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seeded in 96-well plates (10° cells/well) and left to adhere for 1 hour at 37°C. After the incu-
bation, culture medium was substituted with medium supplemented with pHrodo Green
Staphylococcus aureus BioParticles (ThermoFisher Scientific), which are soluble particles
designed to be uptaken through phagocytosis and becoming fluorescent only in acidic condi-
tions, such as inside phagolysosomes. The manufacturer’s instructions were followed. In
short, bacteria were left for different periods of time (30-120 minutes). Cells without pHrodo
and pHrodo without cells were used as controls to check background signals; all controls and
experimental conditions were tested in triplicate. For each time point, the fluorescence emit-
ted at 485 nm and the non-specific fluorescence at 535 nm were measured by means of a
VICTOR X4 plate reader (PerkinElmer). The 485 nm signal from samples was corrected by

subtracting the 535 nm signal and that of the control with particles alone.

Invasion assays

In vitro invasion assays were performed adapting a previously reported protocol?#®. Briefly,
5-10° WT or Dab2 KO BM-derived macrophages were mixed with Matrigel (Corning Inc.) to a
final concentration of 2.2 mg/ml. Alternatively, 1-10° RAW 264.7 cells treated with the Dab2-
specific or scramble shRNAs were embedded. The mixture was added on Transwells with 8
pum pores (Falcon) and let jellify in a 24-well plate to a thick, 3-dimensional matrix for 1 hour
at 37°C. Then, culture medium supplemented with M-CSF 100 ng/ml was added both in the
underneath well and on top of the Matrigel.

Cells were left in culture for 3 days to remodel the matrix and finally killed with puromycin 5
pag/ml for 48 hours. Transwells were washed three times with RPMI (at least 30 minutes per
wash). EQ771 cells were seeded on top of the Matrigel in culture medium + 2% FBS, while
medium + 20% FBS was added in the well as chemoattractant for tumor cells. After 24 hours,
Transwells were cleared of Matrigel with swabs, rinsed in PBS, fixed in methanol for 2
minutes, rinsed again in water and stained with crystal violet for 10 minutes. Dye in excess
was washed away and cells that entered the Transwell porous membrane were imaged with
a 2.5x objective on a Leica DMIL LED inverted optical microscope equipped with a Leica EC3
CCD camera. Images were acquired by using the LAS EZ software (Leica). Invasion by
EO0771 was quantitatively evaluated by dissolving crystal violet with a solution containing eth-
anol (final 50%) and acetic acid (final 0.1%). Absorbance at 595 nm was measured with a

VICTOR X4 plate reader (PerkinElmer) and shown as membrane invasion.
In vitro migration assays

Migratory ability of WT and Dab2 KO BM-derived macrophages was assessed as previously

described?#°. BM-macrophages from WT or Dab2 KO mice were recovered at day 7 of culture
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and seeded on 35 mm Petri dishes. A scratch was applied directly on the monolayer by means
of a sterile pipette tip. The ability of cells to move and fill in the gap was evaluated by optical

microscopy after 24 and 48 hours.

Cell shape measurements

Differentiated BM-derived macrophages were cultured at sub-confluence for 24 hours on 24-
well plates. Pictures were taken by using a 10x objective on a Leica DMIL LED inverted optical
microscope equipped with a Leica EC3 CCD camera. Images were acquired by using the
LAS EZ software (Leica) and cell shape was calculated as ratio between the major and the

minor axes of cells (aspect ratio) by means of the ImageJ software (NIH).

Culture on hydrogels

Acrylamide hydrogels were prepared into 24-well plates according to Tse et al., 20102,
Acrylamide and bis-acrylamide amounts were calculated to obtain an elastic modulus equal
to 0.1 or 1 kPa. 10° HelLa cells were seeded on hydrogel-coated or uncoated plates and
cultured for 24 hours. Cells were recovered with trypsin 0.25% (Sigma-Aldrich) and WB anal-

ysis for DAB2 was performed.

Lung metastasis detection and quantification

In already euthanized mice, lungs were flushed from blood by injecting 5-10 ml of PBS solu-
tion into the right ventricle after removal of the left kidney. In this way circulating tumor cells
were eliminated from lungs.

Organs were then harvested and fixed in PBS + 10% formaldehyde. To optimize the detection
of microscopic metastases and ensure systematic uniform and random sampling, lungs were
cut transversally into 2 mm-thick parallel slabs with a random position of the first cut in the
first 2 mm of the lung, resulting in 5-8 slabs per lung. The slabs were then embedded and
sections were stained with hematoxylin and eosin (Bio-Optica). The number of lung microme-

tastases was blindly evaluated by two pathologists with a Leica DMRD optical microscope.

Breast cancer patients

For histological evaluations, primary tumor samples from 5 breast ductal carcinoma patients
were collected at the University Hospital of Padova in collaboration with Dr. M. Fassan (Pa-
thology Department, University of Padova). Breast samples from healthy reduction mammo-

plasty donors were used as a control for this analysis.

39



For prognosis and survival correlation analyses, data and samples from a preliminary series
of 32 patients affected by pure invasive lobular carcinoma (ILC), surgically treated at the Uni-
versity Hospital of Verona, were collected in collaboration with Dr. L. Carbognin and Dr. E.
Bria (Department of Medicine, University Hospital of Verona, Italy).

All the studies on biopsies from patients were approved by the local ethics committees. In-
formed consent was obtained from all subjects at the collection time. A database for individual

data and information was appropriately fulfilled.

Organ cryoconservation and tissue sectioning

Tumors and flushed lungs were explanted and immediately fixed in PBS + 3.7% formalde-
hyde for 3 hours at 4°C. After fixation, organs were progressively dehydrated in PBS + 20%
sucrose for 48 hours and, subsequently, in PBS + 30% sucrose for other 48 hours. Then,
organs were included in cryostat embedding medium (Killik, Bio-Optica), frozen on liquid ni-
trogen vapours and stored at -80°C. Frozen organs were cut with a Leica CM 1950 cryostat
in 7 um-thick slices, which were stored at -20°C until staining for immunofluorescence (IF) or

immunohistochemistry (IHC).

Immunofluorescence (IF)

For IF on cell lines or tissue sections, respectively coverslips and slides were rehydrated in
PBS for 10 minutes, fixed in PBS + 3.7% formaldehyde for 5 minutes at room temperature
(RT) and washed once in PBS and twice in PBS + 0.1% Tween20 (Sigma-Aldrich) for 5
minutes. Cell were permeabilized with PBS + 0.1% Triton X-100 (Sigma-Aldrich) for 10
minutes and then washed. Unspecific binding sites were blocked for 1.5 hours with either
PBS + 10% FBS or PBS + 15% FBS + 3% BSA + 0.25% gelatin for more intense backgrounds
to be reduced. Primary antibodies were incubated over-night at 4°C in PBS + 10% FBS. After
3 washes of 5 minutes in PBS + 0.01% Tween20, conjugated secondary antibodies were
added and kept for 2 hours at RT. After 2 washes in PBS + 0.01% Tween20 and one in PBS,
nuclei were stained with DAPI (Invitrogen) for 10 minutes at RT.

To visualize YAP on tissue sections, some variations were introduced (adapted from Morsut
et al., 2010%"): permeabilization was done in PBS + 0.3% Triton X-100; blocking, antibody
and wash solutions were supplemented with a 0.1% of Triton X-100 to enhance intra-cellular
staining.

Coverslips and slides were mounted by using Fluorescent Mounting Medium (DAKO) and
analysed with a Leica TCS SP5 confocal microscope. Images were acquired and processed
with the Leica LAS AF software.
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Immunohistochemistry (IHC) and histological evaluations

For IHC on tissue sections from murine organs, slices were fixed as in IF and endogenous
peroxidases were inactivated with PBS + 0.3% FBS + 0.3% H20; for 10 minutes. Permeabili-
zation, blocking and incubation with primary antibodies were performed as in IF. The subse-
quent steps were performed following Elite ABC Kit (Vectastain) protocol. Briefly, slices were
incubated with the provided anti-rabbit biotinylated secondary antibody for 30 minutes,
washed, incubated with the avidin-HRP (horse radish peroxidase) reagent for other 30
minutes, washed and stained with the DAB chromogen (Sigma-Aldrich) until colour devel-
oped. Nuclei were stained with Mayer’s hematoxylin (Sigma-Aldrich) for 2 minutes and dehy-
drated in increasing concentrations of ethanol. Finally, slices were mounted with the Eukitt
mounting medium (Bio-Optica) and observed with a Leica DMIL LED inverted optical micro-
scope equipped with a Leica EC3 CCD camera.

For histological evaluations on tissue sections from patients, a different protocol was used.
Paraffin was removed from slices with one incubation in xylene for 30 minutes, two in ethanol
100% for 20 minutes, two in ethanol 95% for 20 minutes, one in ethanol 80% for 5 minutes.
Antigens were unmasked by heating slices at sub-boiling temperature in 10 mM citrate buffer
(pH 6) for 30 minutes; for CD68 staining, a second step of unmasking was performed by
incubating samples with proteinase K (Sigma-Aldrich) for 10 minutes at RT. The profiling for
DAB2, YAP and CD68 was automatically performed on a Bond TM Polymer Refine Detection
System (Leica). Then, sections were lightly counter stained with hematoxylin. Appropriate
positive controls (normal placenta) were run concurrently for all the applied antisera. For each
tissue region of interest (intratumoral, normal peritumoral, invasive frontlines, healthy breast),
DAB2* or YAP* cells with a macrophage-like morphology were counted in a 40x high power
field (HPF) from 5 patients and the mean number per HPF was calculated.

For prognosis and survival correlation analyses in patients, an average number of DAB2*
cells into the peritumoral and intratumoral infiltrates was obtained by analyzing 10 HPFs

(40x). Positive endothelial and neoplastic cells were not retained for scoring.

Preparation of cell suspensions from organs

Spleens, lungs and tumors were collected from sacrificed mice and processed as previously
described?®?. Spleens were only mechanically disaggregated and filtered on cell strainers
(Falcon). Tumors and lungs were cut in small pieces with scissors, enzymatically digested
with a solution containing collagenase IV (1 mg/ml), hyaluronidase (0.1 mg/ml) and DNase
(4.5 mg/ml) (all from Sigma) and incubated at 37°C for 1 hour or more if necessary. Every 15
minutes tumors were mechanically disaggregated by means of a 2 ml needle-less syringe.

Then, cells were collected and washed in complete medium to remove the residual digestive
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solution. In all cases, cell suspensions were centrifuged and red blood cells were lysed as for
BMs. Finally, cells were washed and counted for immunomagnetic sorting, FACS analysis or

Western blot.

Cytofluorimetric stainings

0.5-2-108 cells, included those immunomagnetically sorted, were washed in cold PBS and
incubated with a purified anti-FcyR antibody (2.4G2 clone) for 10 minutes at 4°C to minimize
unspecific antibody binding. A mix with the antibodies of interest was directly added and kept
for 20 minutes at 4°C in the dark. Then, samples were washed and resuspended in PBS for
cytofluorimetric analysis. To evaluate cell viability, cells were stained with Aqua LIVE/DEAD
dye (ThermoFisher Scientific), added in the antibody mix.

For integrin evaluation, cells were detached with a mild PBS + 2 mM EDTA treatment instead
of the more aggressive trypsin to avoid damage of surface proteins. Samples were immedi-
ately put and always kept on ice to block receptor recycling into the cells and, after a wash at
4°C, were fixed with PBS + 3.7% formaldehyde?'%2'3, The MFI (mean fluorescence intensity)
of integrins was used to calculate the fold change relative to WT BM-derived macrophages
or RAW 264.7 cells.

Samples were acquired with an LSR |l flow cytometer (BD Biosciences) and analysed with

the FlowJo software (Tree Star, Inc.).

Immunomagnetic sorting and fluorescence-activated cell sorting (FACS)

After organ disaggregation, cells were resuspended in sorting buffer (PBS + 0.5% BSA + 2
mM EDTA) supplemented with an anti-CD11b (MN-MCA) or anti-CD45 (PyMT) antibody con-
jugated with magnetic microbeads (Miltenyi Biotec) in accordance to the producer’s instruc-
tions. After the labelling step, cell suspensions were washed and loaded on LS Separation
Columns (Miltenyi Biotec) and CD11b* or CD45* cells were enriched by immunomagnetic
sorting. Then, isolated cells were stained for markers of interest, resuspended in FACS buffer
(PBS supplemented with 0.5 mM EDTA, 3% FBS, 150 U/ml streptomycin, 200 U/ml penicillin)
and sorted with a FACS Aria (BD Biosciences). Sorted populations were analysed by Western
blot or, after attachment on coverslips, by IF.

In MN-MCA tumors, TAMs were defined as CD11b* F4/80* Ly6C- Ly6G- (ref.%). In lungs from
MN-MCA—tumor-bearing mice, resident macrophages were identified as CD11b'*" CD11¢chie",
while MAMs in the same way of MN-MCA TAMs'2'. In PyMT tumors, TAMs were defined as
CD11b'ow MHC-II"h Ly6C- and MTMs as CD11b"ish MHC-II"g" Ly6C- (ref.58).
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Ex vivo T cell suppression assays

OT-1/CD45.1 splenocytes derived from the spleen of OT-I mice were labelled with carboxyflu-
orescein succinimidyl ester (CFSE Cell Trace Kit, Invitrogen) according to manufacturer’'s
instructions. A mixed leucocyte-peptide culture (MLPC) was prepared by adding y-irradiated
C57BL/6 splenocytes to the OT-1/CD45.1 CFSE-labelled splenocytes in order to obtain a final
concentration of the latter equal to 1%. The MPLC culture was plated in flat-bottom 96-well
plates (6-10° cells/well) and 1 pg/ml H-2 Kb-restricted OVA peptide (OVA257-264, SIINFEKL,
from JPT Peptide Technologies) was added to the culture to stimulate OVA-specific OT-I
CD8* T lymphocytes. CD11b* cells immunomagnetically sorted from MN-MCA tumors at 21
days after tumor cell injection were added at degreasing percentages with respect to the
MLPC culture (24%, 12%, 6% and 3%). Also controls without MDSCs (fully activated lympho-
cytes) and without OVA (resting lymphocytes) were considered. Cultures were maintained at
37°C in RPMI supplemented with 10% FBS (Superior, Biochrom), 2 mM L-glutamine, 1 mM
sodium pyruvate, 150 U/ml streptomycin, 200 U/ml penicillin, 20 uM B-mercaptoethanol. After
3 days, cells were harvested, washed in PBS, stained for CD45.1 and CD8, and CFSE dilution
upon T cell proliferation was assessed with a FACSCalibur flow cytometer (BD Biosciences).
CFSE distribution within the CD8* CD45.1* population was evaluated relatively to resting lym-
phocytes. The percentage of suppression exerted by tumor-infiltrating CD11b* cells was cal-
culated with the formula [1-(% divided cells in sample/% divided cells in activated con-

trol)]-100, as previously described?%3.

Western blot (WB)

Cells were collected and rinsed twice in PBS, then immediately pelleted and frozen in liquid
nitrogen. Once thawed, samples were dissolved in Laemmli Buffer and denatured for 10 min
at 100°C. Proteins were loaded according to Bradford quantification, electrophoretically sep-
arated on an 8% SDS-PAGE gel and transferred onto PVDF membranes (Immobilon P mem-
branes Millipore).

PBS + 5% non-fat dry milk (Santa Cruz Biotechnology) was used to block unspecific sites for
1 hour at RT. Membranes were incubated overnight at 4°C with primary antibodies in PBS +
5% non-fat dry milk, then washed in PBS + Tween 0.05% (Sigma-Aldrich). HRP-conjugated
secondary antibodies were incubated for 1 hour at RT in PBS + 5% non-fat dry milk. After
washes in PBS + Tween 0.05%, protein levels were revealed on High Performance Chemi-
luminescence film (GE Healthcare) after 5 minutes of incubation with SuperSignal WestPico
Chemiluminescent substrate (ThermoFisher Scientific). For signal quantification, the software

Imaged (NIH) was employed.
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Antibodies

The following conjugated antibodies were used for flow cytometry/FACS: rat anti-CD11b PE-
Cy7 (1:500), rat anti-Ly6G APC-Cy7 (1:200), rat anti-Ly6C eFluor 450 (1:250), rat anti-I-A/I-
E PerCP-Cy5.5 (1:250), mouse anti-CD45.1 PE (1:250), rat anti-CD8a PerCP-Cy5.5 (1:250),
rat anti-CD49e Alexa Fluor 647 (1:25), Armenian hamster anti-CD49e PE (1:25), rat anti-
CD49f PerCP-eFluor 710 (1:25), hamster anti-CD29 PerCP-eFluor 710 (1:20) (all from eBio-
science), Armenian hamster anti-CD11c¢ PE (1:250), Armenian hamster anti-CD29 PE (1:250,
both Biolegend), hamster anti-CD49a PE or PerCP-Cy5.5 (1:25, BD Biosciences), rat anti-
F4/80 FITC (1:125, AbD Serotec). Alternatively, rat anti-F4/80 biotin (1:125, BIO-RAD) fol-
lowed by streptavidin-APC (1:1000, Becton Dickinson Co.) were used.

The following primary antibodies were used for IF: rabbit anti-DAB2 H-110 (1:100), goat anti-
DAB2 D-19 (1:100 or 1:200), mouse anti-YAP 63.7 (1:100 or 1:200), rabbit anti-YAP H-125
(1:50 or 1:100) (all from Santa Cruz Biotechnology), rat anti-F4/80, CI:A3-1 (1:400, AbD Ser-
otec), mouse anti-CD68, KP1 (1:100, Abcam). The secondary conjugated antibodies were
purchased from Jackson ImmunoResearch: anti-rabbit RRX or Alexa Fluor 488, anti-rat Alexa
Fluor 647, anti-mouse Alexa Fluor 488, anti-goat Alexa Fluor 488 or DyLight 405 (1:200).
Anti-mouse DyLight 649 was purchased from Abcam (1:200). The following antibodies were
used for WB: rabbit anti-DAB2 H-110, mouse anti-YAP 63.7 (1:1000, both Santa Cruz Bio-
technology), polyclonal rabbit anti-actin residues 20-33 (1:200, Sigma-Aldrich) and anti-
GAPDH 65C (1:200, Millipore); secondary HRP-conjugated anti-rabbit and anti-mouse anti-
bodies (1:10,000, GE Healthcare).

Bioinformatic analysis

A Gene Set Enrichment Analysis (GSEA) was performed in collaboration with Professor Bic-
ciato’s group (Department of Life Sciences, University of Modena and Reggio Emilia, Italy) to
correlate the Dab2 gene expression in macrophage datasets with hundreds of already de-
scribed tumor-associated pathways. Only predicted correlations with a False Discovery Rate

(FDR) = 0.05 were considered to be significant.

Statistical analyses

Student’s t-test was performed on parametric groups. Values were considered significant at
p < 0.05 and are indicated as *p < 0.05, **p < 0.01 and ***p < 0.001. Values are reported as
mean * standard error (s.e.) or standard deviation (s.d.). All analyses were performed by

using SigmaPlot (Systat Software Inc).
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Statistical analyses for studies with human samples

Descriptive statistics was adopted. Follow-up was analyzed and reported according to Shus-
ter, 199125, DAB2 expression data were obtained from the IHC stainings on patient biopsies.
The receiver operating characteristic (ROC) analysis was applied to the DAB2 continuous
score to dichotomize the obtained values according to DFS. To correlate DAB2 expression
with clinicopathological data, Pearson’s chi-squared test or Fisher’'s exact test were used,
depending on sample size. The presence of lymph node metastases, tumor cell proliferation
(Ki-67 expression) and vascular invasion (V.l.) inside the primary tumor were considered as
characteristics of interest. Disease-free survival (DFS) curves were elaborated by using the
Kaplan-Meier method and significance was calculated with the Log-Rank test. p-values were
considered significant when < 0.05. The SPSS 18.0, R 2.6.1 and MedCalc 14.2.1 statistical

programs were used for all analyses.
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RESULTS

Myeloid cells expressing DAB2 support the metastatic process

The data previously obtained by our group demonstrated that the induction of DAB2 in mye-
loid cells was tumor-related suggesting a peculiar function of the protein in the tumor micro-
environment. To establish the consequences of DAB2 deficiency in intratumoral myeloid cells,
we generated a conditional knockout mouse strain based on the Cre/Lox deletion system.
The Dab2%xex: Tie2Cre*- (Dab2 KO) mice express the CRE recombinase under the control
of the Tie2 gene promoter, allowing a specific deletion of the LoxP-flanked (floxed) Dab2 gene
in the hematopoietic precursors2%s.

We initially examined the role of DAB2 in tumor progression and metastatic spreading. This
multistep process begins from the primary tumor and it is known that myeloid cells, in partic-
ular macrophages, have a central role in assisting all its steps®. WT or Dab2 KO mice were
orthotopically injected with MN-MCA (fibrosarcoma)” or E0771 (breast carcinoma) cells?43,
respectively in the quadriceps and in the mammary fat pad. Both cell lines are known to spon-
taneously form metastases in the lungs. Interestingly, we observed that Dab2 KO mice
showed a significant reduction in the number of lung micrometastases in comparison to WT
mice in both tumor models (Figure 9A). Nevertheless, we did not find any difference in primary

tumor growth (Figure 9B).

These results prompted us to investigate the effects of DAB2 depletion on myeloid cells in
the metastatic process. It is well established that an immunosuppressive microenvironment
in the primary tumor fosters tumor cell invasion and metastatization in other organs'%’. Hence,
the observed reduction in the number of metastases could be explained supposing that DAB2
depletion in myeloid cells could alter their immunosuppressive functions in the tumor micro-
environment. To test this initial hypothesis, we purified myeloid cells from either WT or KO
mice by using anti-CD11b microbeads and immunomagnetic sorting. Then, we co-cultured
CD11b* cells with CFSE-labelled OVA-specific CD8* T cells in a mixed lymphocytes-peptide
culture (MLPC). After three days, the proliferation of CD8* T cells was evaluated by FACS
analysis. We found that Dab2 KO CD11b* cells were not impaired in theirimmunosuppressive
activity as compared to WT CD11b* cells (Figure 9C).

Moreover, analysis of the myeloid infiltrate in MN-MCA tumors at 21 days from tumor cell
injection showed that the absence of DAB2 in KO mice did not affect the accumulation of
myeloid subpopulations. Indeed, the percentages of granulocytes (Ly6G* Ly6C'**), mono-
cytes (Ly6G- Ly6C"ish) and TAMs (Ly6G- Ly6C'*“- F4/80*) were comparable between WT and
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KO mice (Figure 9D). Likewise, also in the lungs of MN-MCA tumor-bearing WT and Dab2
KO mice we found similar percentages of granulocytes (Ly6G* Ly6C'°%), monocytes (Ly6G
Ly6Chigh), resident macrophages (CD11c* CD11b'°") and MAMs (Ly6G- Ly6C'"*- F4/80*) (Fig-
ure 9E).

These data showed that DAB2 had an effect on the metastatic process but that this effect
was not due to a defect in myeloid cell accumulation or due to their immunosuppressive abil-
ities inside the primary tumor. For this reason, the primary tumor growth was very similar in
WT and Dab2 KO mice.
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Figure 9 - Myeloid cells expressing DAB2 support the metastatic process. (A, B) WT or Dab2 KO mice
(lacking the protein in the hematopoietic lineage) were orthotopically injected with MN-MCA (fibrosarcoma) or
EO0771 (breast carcinoma) cells. Tumor growth was monitored and mice were sacrificed when tumor area reached
150 mm?. (A) The number of micrometastases in the lungs was quantified. (B) Tumor area for MN-MCA and tumor
volume for EQ771 are reported. (A, B) n = 18 mice/group pooled from 3 independent experiments. (C-E) WT or
Dab2 KO mice were injected with MN-MCA tumor cells. After 21 days mice were euthanized and tumor masses
or lungs were collected. (C) The immunosuppressive ability of tumor-infiltrating MDSCs was evaluated. CD45.1*
OT-I splenocytes were labelled with CFSE and cultured in the presence of the SIINFEKL ovalbumin (OVA) peptide
to induce antigen-specific activation of CD8" T cells. CD11b* myeloid cells isolated from MN-MCA tumors were
added at different ratios to the splenocyte cultures. CFSE dilution upon T cell proliferation was measured by flow
cytometry after 3 days of culture and the percentage of suppression was calculated. (D, E) The percentages of
different myeloid subpopulations within tumors (D) and lungs (E) are reported. (C-E) n = 3 mice/group, representa-
tive of 3 independent experiments. (A, C-E) Error bars are mean + s.e.; *p < 0.05, **p < 0.01 and ***p < 0.001 by
Student’s t-test.

DAB2 is mainly expressed by TAMs
To further investigate the role of DAB2 in promoting the metastatic process, we decided to

identify the specific DAB2-expressing myeloid subpopulation. Thus, myeloid subsets were
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FACS-sorted from tumors and lungs of MN-MCA—injected mice or from the primary tumors of
PyMT mice. PyMT transgenic mice represent a more physiological model since they sponta-
neously develop metastatic breast carcinoma. The gating strategies used to sort the subsets
of interest are shown in Figure 10A,B.

Then, we evaluated protein expression in WB by using a specific anti-DAB2 antibody on
FACS-sorted populations. As shown in Figure 10C, in MN-MCA primary tumors, p96 and p67
isoforms were intensely expressed by TAMs, while they were expressed at low levels in mon-
ocytes and were not detected in granulocytes. In metastatic lungs from the same animals,
p96 and p67 were expressed in metastasis-associated macrophages (MAMs) but not in the
other myeloid subsets.

We then analysed DAB2 expression in primary tumors from PyMT transgenic mice. DAB2
isoforms were expressed in sorted TAMSs, but at irrelevant levels in resident mammary tissue
macrophages (MTMs) (Figure 10D).

Furthermore, upregulation of the DAB2 protein in myeloid cells was specific for the tumor
microenvironment, because DAB2 was not detectable in BM or splenic myeloid precursors
from WT mice (Figure 10E,F at time Q). Therefore, we tried to identify the factors that were
required to upregulate the protein within the tumor. We speculated that the same stimuli which
initiate the macrophage differentiation were also responsible for the expression of DAB2. M-
CSF and GM-CSF are two cytokines which are abundantly secreted in the tumor microenvi-
ronment3' and both are known to drive the differentiation and proliferation of monocytes and
macrophages?%6-?%7, Thus, when we stimulated BM precursors with M-CSF or GM-CSF to
induce in vitro differentiation toward, respectively, macrophage or granulocyte/macrophage
phenotypes, p96 and p67 were increasingly expressed during the culture (Figure 10E). Sim-
ilarly, when CD11b* myeloid cells were immunomagnetically sorted from spleens and stimu-
lated for 24 hours with M-, G- or GM-CSF, the differentiation into macrophages, but not gran-
ulocytes, led to the expression of both DAB2 isoforms (Figure 10F). In accordance with these
results, DAB2 had been initially identified in a macrophage cell line, where it was phosphory-
lated in response to the growth factor M-CSF'34,

Since DAB2 was expressed upon stimulation of WT BM cells with M- or GM-CSF, we tried to
understand if the protein could have a role in the differentiation process of BM precursors into
macrophages. To verify this, we stimulated WT or Dab2 KO BM cells with M-CSF and every
two days counted cells after vitality staining. The number of macrophages in culture was cal-
culated by multiplying the count for the percentage of macrophages, as assessed by flow
cytometry. As shown in Figure 10G, there was no observable defect in BM-derived macro-
phage differentiation and proliferation, thus suggesting that DAB2 is not involved in these

processes.
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Figure 10 - DAB2 is expressed by TAMs and during in vitro macrophage differentiation. (A, B) Gating strat-
egies for FACS isolation of myeloid subsets from tumors and lungs of MN-MCA—injected mice (A) or from the
primary tumors of PyMT mice (B). Different myeloid populations were purified: granulocytes, monocytes, CD11c*
resident macrophages, TAMs, MAMs and MTMs (tumor-associated, metastasis-associated and mammary tissue
macrophages, respectively). (C, D) WB analyses to evaluate the expression of DAB2 isoforms (p96 and p67) on
FACS-sorted myeloid subsets infiltrating primary tumors or lungs from MN-MCA-tumor bearing mice (C) or pri-
mary tumors from PyMT mice (D). Actin was used as loading control. (E) BM (bone marrow) precursors from WT
mice were induced to differentiate with M-CSF or GM-CSF for 7 days. During the whole culture, cells were daily
collected to assess DAB2 expression by WB. (F) CD11b* myeloid cells were immunomagnetically sorted from WT
spleens and stimulated for 24 hours with M-, G-, GM-CSF or a combination of them. We used CD11b* unstimu-
lated cells as negative control (indicated with —) and intratumoral CD11b* cells as positive control (indicated with
+). A WB analysis was performed to evaluate the expression of DAB2 isoforms. Actin was used as loading control.
(C-F) Results are representative of n = 3 independent experiments. (G) BM precursors from either WT or Dab2
KO mice were differentiated in vitro with M-CSF. The number of macrophages obtained every two days of culture
is reported. Values were calculated by multiplying the count of retrieved cells by the percentage of macrophages,
as assessed by flow cytometry. Error bars are mean + s.e.; n = 3 independent experiments, each obtained using

a pool of 3 mice.

DAB2-expressing TAMs localize along the tumor border

The observation that DAB2 was mainly expressed by macrophages prompted us to further
define the localization of DAB2* cells in tissue slices from primary tumors and metastatic
lungs (Figure 11A-C). IHC analysis on tumor masses isolated from MN-MCA—injected mice
showed that DAB2* cells were mainly localized in peri-lesional areas, at the invasive frontline
between the tumor and the surrounding healthy muscle (Figure 11A). In particular, as indi-
cated by double IF stainings (Figure 11A), DAB2 was expressed in stromal F4/80* TAMs (in
violet) around muscle fibers partially or not-yet reached by invading tumor cells. By quantify-
ing in IF the fraction of DAB2* F4/80* cells, we observed that in internal areas of the tumor
there was no DAB2 expression and that the percentage of DAB2* TAMs increased progres-
sively moving toward external areas, up to a maximum of almost 70% at the invasion frontline.
In PyMT tumors the localization of DAB2* TAMs was similar, being more concentrated in the
stroma around healthy or not completely transformed acini in external areas of the tumor
mass as well as along the border with the surrounding healthy breast (Figure 11B).
Moreover, looking to the expression of DAB2 in the metastatic site by using IHC and IF, we
could observe DAB2* macrophages among lung MAMs from MN-MCA tumor-bearing animals
(Figure 11C). These cells were localized inside metastases in increasing numbers from the
centre to the borders, likewise to the primary tumor. Only few DAB2-expressing macrophages
were present in healthy areas of metastatic lungs. In order to understand the extent of DAB2*

macrophage accumulation in tumors and metastatic lungs, we checked tissues from healthy
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mice for DAB2 expression. We found few DAB2-expressing resident macrophages in the
breast (as seen in PyMT MTMs, Figure 10D), lungs and quadriceps, since a part of the cells was

single positive. However, the number of DAB2* macrophages increased during tumor establishment

and assumed a peculiar localization.
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Figure 11 - DAB2-expressing TAMs localize along the tumor border. (A) MN-MCA tumor cells were injected
in WT mice. Slices of tumor masses were analyzed by IHC and IF. At the top of the panel a representative IHC
image for a DAB2 specific staining is reported (left) with an image of a detail along the tumor border (right). At the
bottom, IF images from different areas of the tumor are reported, showing specific stainings for DAB2 and the
macrophage marker F4/80. DAB2 staining localizes mainly in macrophages along the tumor border, close to
healthy muscle fibers (dashed lines in IF). An exemplificative quantification of DAB2* TAMs on total TAMSs, relative
to the shown images, is reported. Scale bars, 50 um. (B) PyMT mice bearing large tumor masses were euthanized
to perform IHC and IF analyses. At the top, a representative IHC staining for DAB2 is reported. DAB2 mainly
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localizes in external areas of the tumor, around healthy or not completely transformed acini. At the bottom, the IF
image shows the co-localization of DAB2 and the F4/80 marker in a similar area. Scale bars, 50 um. (C) Lungs
from MN-MCA tumor-bearing animals were stained for DAB2 in IHC (left); a representative metastasis is shown.
An exemplificative IF image of the metastasis border is also reported (right), with a specific staining for DAB2 and
F4/80. DAB2* MAMs were localized mainly on the border of metastases. Scale bars, 50 um. (D) Different tissues
from healthy mice were checked for DAB2 expression in IF. Scale bars, 50 um.

DAB2 regulates macrophage morphology but not motility

After having determined the particular spatial distribution of DAB2-expressing TAMs and
MAMs in the tumor and metastatic site, we tried to identify in these cells other effects derived
from the expression of the protein. We noticed that BM-derived macrophages from WT mice
had a more elongated shape if compared to that from Dab2 KO mice (Figure 12A). The Im-
aged software was used to quantify the shape of cells in terms of aspect ratio, that is defined
as the ratio between the major and the minor axes of a cell. An aspect ratio equal to 1 corre-
sponds to a perfect circle and greater values correspond to longer objects. It resulted that WT
macrophages had a significantly higher aspect ratio than Dab2 KO macrophages (Figure
12A).

This observation is in line with previous works from Rosenbauer et al. on macrophages and
from Chetrit et al. on fibroblasts, HeLa and epithelial cells, where DAB2 was shown to mediate
cell spreading on the substrate by trafficking 1 integrins near focal adhesions and mediating

the assembly of actin fibers™5.147,

Since the renewal of focal adhesions and cell migration are associated mechanisms, we next
tried to understand if the different spreading abilities could entail a different motility of WT and
Dab2 KO macrophages. BM-derived macrophages were seeded and a scratch was applied
directly on the monolayer with a sterile pipette tip. The cell ability to move and fill again the
scratch was evaluated after 24 and 48 hours. As shown in Figure 12B, WT and Dab2 KO
macrophages closed the gap with comparable speeds.

Hence, DAB2 seems not to control macrophage migratory ability. This is in accordance with
the work from Westcott et al., where it is shown that siRNA-mediated silencing of Dab2 in
SUM159 breast cancer cells did not affect their motility in a monolayer culture?°2.
Considering that WT and Dab2 KO mice have a similar percentage of tumor infiltrating TAMs
(Figure 9D) and that DAB2 seems not to be involved during in vitro macrophage differentiation
(Figure 10G), it is plausible to think that also in vivo DAB2 expression does not give an ad-
vantage in terms of macrophage motility. Nonetheless, this speculation needs to be further
validated and experiments to confirm the absence of a DAB2 involvement in macrophage

migratory ability are ongoing.
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Figure 12 - DAB2 regulates macrophage morphology but not motility. (A) BM-derived macro-
phages from WT and Dab2 KO mice were obtained after 7 days of culture in the presence of M-
CSF. Cells were detached and seeded on 24-well plates for 24 hours. Optical micrographs of cul-
tured cells are shown (left). Scale bars, 100 um. Cell shape was quantified as aspect ratio (right),
that is calculated as the ratio between the major and the minor axes of the cell, where 1 corresponds
to a perfect circle and greater values to longer cells. Error bars are mean * s.e.; n = 3 independent
experiments; ***p < 0.001 by Student’s t-test. A.U.: arbitrary units. (B) BM-derived macrophages
from WT or Dab2 KO mice were recovered at day 7 and cultured on 35 mm Petri dishes. A scratch
was applied on the monolayer and the ability of cells to move and fill in the gap was evaluated by

optical microscopy after 24 and 48 hours. Scale bars, 500 um.

YAP regulates DAB2 expression in TAMs

In order to identify the specific mechanism of DAB2 activation, we performed a gene set en-
richment analysis (GSEA) to correlate Dab2 expression in macrophages with known tumor-
associated molecular pathways. Among the resulting matches (Table 2), the correlation be-
tween DAB2 and the signature related to YAP (Yes-Associated Protein) appeared particularly
interesting.

YAP is a mechanotransduction-related transcription regulator found to be hyper-activated in
transformed cells, where it regulates proliferation, survival and motility in response to me-

chanical inputs from the ECM?232, In accordance with the found correlation, the Dab2 gene
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had been already reported as a predicted target of YAP233236 suggesting a possible role for
DAB2 in YAP-mediated mechanotransduction in TAMs. It is worth to note that, since these
were in silico predictions, the association between DAB2 and YAP has never been experi-

mentally validated up to date.

1 ||[CSE1R_PROLIFERATION Details 14 [(0.80)|2.40(|0.000 0.000 0.000 2033 tags=71%, list=13%, signal=82%
2 ||REACTOME_SIGNALING BY WNT Details 57 |[0.51(|2.21]{0.000 0.000 0.000 2778 tags=44%, list=18%, signal=53%
3 ||CORDENONSI_YAP_CONSERVED_SIGNATURE | Details 54 |10.48(|2.05]{0.000 0.001 0.002 2017 tags=35%, list=13%, signal=40%
4 [ICSF1R_ADHESION Details 17 ||0.59]{1.91]/0.000 0.004 0.013 3793 tags=59%, list=25%, signal=78%
5 ||CSE1R_DIFFERENTIATION Details 16 ||0.56]{1.76]/0.010 0.019 0.070 2033 tags=50%, list=13%, signal=58%
6 ||AUTOPHAGY Details 18 ||0.48|{1.58)0.038 0.066 0.253 3810 tags=50%, list=25%, signal=67%
7 ||CSF1R_SURVIVAL Details 15 [{0.48)/1.50(|0.060 0.095 0.400 4104 tags=67%, list=27%, signal=91%
8 ||ANGIOGENESIS Details 45 10.32|1.35 || 0.087 0211 0.731 2586 tags=29%, list=17%, signal=35%
9 ||KEGG_PATHWAYS_IN_CANCER Details ... 310 ||0.23]{1.33|{0.014 0.209 0.765 2353 tags=22%, list=15%, signal=25%

Table 2 - In silico correlation between DAB2 expression in macrophages and tumor-related pathways. The
GSEA produced a list of tumor-related pathways possibly associated with Dab2 expression in macrophages. Only

the first 5 results have an FDR (false discovery rate) < 0.05 and are predicted to be significant.

It has been demonstrated that YAP expression is modulated by the substrate stiffness: soft
matrices induce its cytoplasmic retention, while stiff matrices cause its nuclear transfer and
activation?®. YAP is generally upregulated in tumor cells and CAFs, since the ECM stiffness
in tumors is high'7:2%8,

To evaluate the hypothesis that DAB2 could be regulated through YAP, we performed pre-
liminary in vitro experiments using HelLa cancer cells, in which both the p96 isoform (but not
p67) and YAP are constitutively expressed, as shown in the confocal image reported in Figure
13A.

First, we checked if DAB2 expression was regulated by the substrate stiffness. HelLa cells
were plated on wells coated with hydrogel of two different, tissue-mimicking elastic moduli
(0.1 and 1 kPa) or on uncoated wells (2.78:10° kPa, the stiffness of plastic, that is much more
rigid than tissues)?%82%9, The expression of DAB2 was progressively upregulated while in-
creasing the substrate stiffness (Figure 13B) and this modulation strongly suggested a regu-
lation by the transcriptional factor YAP. To further confirm this hypothesis, we treated HelLa
cells with a non-correlated (scramble) siRNA or two different YAP-specific siRNAs, either
alone or in combination; then, we evaluated both YAP and p96 expression by WB (Figure
13C). Remarkably, in all cases depletion of YAP induced a significant downregulation of
DAB2. Altogether, these results indicate that DAB2 expression is directly or indirectly regu-
lated by YAP.
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Figure 13 - The transcription regulator YAP modulates DAB2 expression in Hela cells. (A) HelLa cancer
cells were stained in IF for the expression of DAB2, YAP and actin; nuclei were also stained. A representative
image is reported to show the co-expression of DAB2 and YAP. Scale bar, 10 um. (B) HelLa cells were seeded
on wells coated with hydrogel of different elastic moduli (0.1 and 1 kPa) or on uncoated wells (2.78:10° kPa). Cells
were collected after 24 hours and the expression of the DAB2 isoform p96 was evaluated by WB. (C) The YAP
gene was silenced in HeLa cells by using two different siRNAs, either alone or in combination. A WB analysis was
performed to evaluate YAP and DAB2 (p96) expression in silenced cells and in their controls (left). The detected
level of DAB2 was quantified (right). NT: not treated; si: SIRNA; scr: scramble. Error bars are mean + s.e.; *p <
0.05 by Student’s t-test. (B, C) GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was used as loading con-
trol. Results are representative of n = 3 independent experiments.

We next tried to understand if YAP was expressed in DAB2* tumor-infiltrating macrophages.
By using WB, we confirmed the expression of YAP in DAB2* FACS-sorted TAMs from MN-
MCA and PyMT tumors (Figure 14A). YAP was also present in DAB2- MTMs from PyMT
tumors (Figure 14A), suggesting that YAP expression was independent from DAB2.

After having demonstrated a role for YAP in regulating DAB2 expression, we looked at the
protein expression in tumors (Figure 14B,C). The IHC analysis of PyMT tumor slices showed
the presence of stromal, periacinar, elongated cells that in most cases had a nuclear staining
for YAP (in brown in Figure 14B), indicating the transcriptional regulator was active. We ob-
served also that tumor cells inside transformed acini were YAP*, as previously reported’’. A
double IF staining confirmed that these YAP* cells were also F4/80* macrophages (in violet
in Figure 14C). Moreover, an IF triple staining of DAB2, YAP and F4/80 on a PyMT tumor
showed their co-localization on the same cells in the stromal area at the border between the
tumor mass (upper right) and an acinus in transformation (lower left) (Figure 14D). In accord-
ance with previous observations, IF on TAMs sorted from MN-MCA tumors showed that YAP

was co-expressed with DAB2 and that its localization was nuclear (Figure 14E).
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Figure 14 - YAP is expressed by DAB2* TAMs. (A) The expression of DAB2 and YAP was evalu-
ated by WB analysis on FACS-sorted TAMs (tumor-associated macrophages) from MN-MCA-
injected or PyMT mice, or on MTMs (mammary tissue macrophages) isolated from PyMT mice. Re-
sults are representative of n = 3 independent experiments. (B, C) PyMT tumor slices were analyzed
for YAP expression. (B) Representative IHC images of the external areas of the tumor, where some
acini are still normal or are only partially transformed. In the insets, magnifications of stromal cells
with nuclear localization for YAP are shown. Scale bars, 50 um. (C) Representative IF images of a
specific staining for YAP and the macrophage marker F4/80 in an external area of the tumor. Scale
bars, 100 um. (D) PyMT tumor slices were analyzed for the expression of the proteins DAB2, YAP
and F4/80. The reported images of an IF triple staining show that the proteins co-localize on the same
cells in a stromal area at the border between the tumor mass (upper right, delimited by the dashed
line) and an acinus in transformation (lower left, indicated with the asterisk). Scale bar, 100 um. (E)
TAMs were FACS-sorted from MN-MCA tumors and cultured on glass coverslips for one hour. Then,
IF was performed on cells to evaluate expression and cellular localization of both YAP and DAB2

proteins. The staining is representative of n = 3 independent experiments. Scale bar, 25 um.

Silencing of the Dab2 gene in RAW 264.7 cells
We decided to use the murine macrophage cell line RAW 264.7 to perform molecular and
functional assays in addition to BM-derived macrophages. We also silenced the Dab2 gene

in order to study the role of the protein. WT RAW 264.7 cells were infected with lentiviral
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vectors codifying a Dab2-specific or a scramble shRNA and the Orange reporter. Two differ-
ent ratios of viral particles to infection targets (or MOI, multiplicity of infection) were used.
After infection, Orange-expressing RAW 264.7 cells were isolated through clonal selection; a
WB analysis finally allowed to verify DAB2 downregulation. As shown in Figure 15, the Dab2-
specific shRNA could deplete DAB2 at both MOls, while the scramble shRNA was ineffective.
Cells with lower expression of the protein (corresponding to the infection at 30 MOI) were

chosen to perform further in vitro experiments.

sh scr sh Dab2

WT T 1
10 30 10 30 MOI

Bk - 2
p67 ; -

Actin (I — N —

Figure 15 - Silencing of the Dab2 gene in RAW 264.7 macrophages.
WT RAW 264.7 macrophages were infected with lentiviral vectors previ-
ously produced in 293T cells and codifying a Dab2-specific or a scramble
(scr) shRNA and the Orange reporter. Two different MOls (multiplicity of
infection) were used. Successfully infected Orange* RAW 264.7 cells
were then sorted by FACS and tested for DAB2 depletion by WB. See
materials and methods for details.

DAB2 mediates integrin recycling and uptake of ECM components

As reported in the literature, the endocytic adaptor DAB2 is involved in the internalization and
recycling of membrane integrins, a family of receptors that function as bidirectional signal
transducers in many cellular processes. In particular, these proteins mediate the interactions
between the cell and the surrounding microenvironment, including contact with ECM compo-
nents?%’. Active, ligand-bound integrins assemble in focal adhesions, that are the contact sites
of the cell with the substrate. When integrins are localized within inactive focal adhesions or
are free to diffuse and not engaged by ligands, DAB2 allows their internalization by CME for
a subsequent re-collocation or degradation2%8209, \We thought DAB2 absence could compro-
mise this turnover, leading to an accumulation of integrins on the cell surface. Thus, we veri-
fied their expression on WT and Dab2 KO BM-derived macrophages. As expected, flow cy-
tometry showed significant higher levels of a1, a5, a6 and 31 integrins on macrophages de-
rived from Dab2 KO mice in comparison to that from WT mice (Figure 16A). These results
were reproduced also by comparing RAW 264.7 cells silenced with the Dab2-specific or the
scramble shRNAs (Figure 16A). Hence, we demonstrated that DAB2 mediates integrin recy-

cling in macrophages.

58



AE
E

25 = 4 g s g 25
s = . e . @ 5
3 2 5 3 e 4 a2
3 5 g g
213 o 3 3 3 15
[=2] (=] (] (2]
205 = g 1 £ 05
€ 0 2 o 30 20
WT Dab2 KO WT Dab2 KO = shscr sh Dab2 u sh scr sh Dab2
6 1 = ab = 1
L2 : £ o2 B g 3 8 12 E
= " = *x = - =
- = @25 2
§15 815 o 5
2 2 z 2 z 0.
S 1 S 1 015 o 0.
= c )] =2
205 2os 5 1 s 0.
. . =
o o 505 S 02
2 0 £ o 30 e 0
WT Dab2 KO WT Dab2 KO = sh scr sh Dab2 sh scr sh Dab2
B
Collagen | Collagen IV
[ Nuclei
Il ECM proteins
I F4/80
c W wT Fib .
Collagen| [ pab2 kO Collagen IV ibronectin
100 50
2 2 gp h 2 40
3 8 8
1 © 60 © 30
= = = =
o = 40 = o 20
k] k5] k]
S * 20 = 10

(=]
o

3h 16h 20h 3h 16h 20h 3h 16h 20h

25004
. wWT

2000 2 [ Dab2 KO
1500+

1000

500
] Iﬂ
30 60 90

Incubation time (min)

Fluorescence (A.U.)

o

120

Figure 16 - DAB2 mediates integrin recycling and uptake of ECM components. (A) BM-derived macrophages
from WT or Dab2 KO mice were analysed by flow cytometry for the surface expression of a1, a5, a6 and 31
integrins, that is reported on the left of the panel. As shown on the right of the panel, integrin expression was also
evaluated on silenced RAW 264.7 (sh DAB2) cells and on their control treated with the scramble shRNA (sh scr).
The fold change of MFI (Mean Florescence Intensity) relative to controls (WT or sh scr) is reported for each

integrin. n = 6 independent experiments. (B) The expression of type | and IV collagens was evaluated in the ECM
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of spontaneous breast tumors from PyMT mice. Representative IF images showing specific stainings for the two
proteins are reported. Scale bars, 50 um. (C) BM-derived macrophages from WT and Dab2 KO mice were cultured
for different time periods in the presence of soluble FITC-labelled ECM proteins. The endocytic ability was meas-
ured by flow cytometry. For each protein, n = 3 independent experiments. (D) BM-derived macrophages from WT
and Dab2 KO mice were cultured in the presence of soluble S. aureus particles to induce phagocytosis. The
particles are designed to become fluorescent only when phagocytosed. At different incubation time points, the
fluorescence emitted by particles was measured with a photometer and expressed in A.U. (arbitrary units). n = 2
independent experiments. (A, C, D) Error bars are mean * s.e.; *p <0.05, **p < 0.01 and ***p < 0.001 by Student’s

t-test.

These results are in accordance with the data published by Teckchandani and colleagues
where DAB?2 silencing in HeLa tumor cells resulted in an increase of integrin surface lev-
e|s210,213_

The integrins a1, a5 and a6 are all known to bind B1 integrin on the surface of cells and the
resulting dimers are able to interact with specific ECM proteins: a131 binds collagens, a5p1
binds fibronectin and a6B1 binds laminin?%°. These proteins are among the most abundant
components of the ECM and basement membranes in mammalian tissues and tumors26*.
PyMT tumors were analysed for the expression of different ECM proteins. As shown in the IF
images of Figure 16B, type | and IV collagens were extensively expressed in the connective
tissue around acini.

During the ECM remodelling process, ECM proteins are degraded following the release of
tissue proteases. When integrins are recycled by the endocytic machinery, the fragments of
ECM ligands bound to them are transported inside the cell'#42'0, Thus, we measured the
ability of WT and Dab2 KO BM-derived macrophages to internalize ECM proteins or their
fragments. Differentiated macrophages were cultured in the presence of soluble FITC-
labelled ECM proteins and their internalization was evaluated by flow cytometry. At different
time points, the uptake of type | and IV collagens and fibronectin was higher in WT as com-
pared to KO macrophages (Figure 16C). Therefore, Dab2 KO macrophages showed an im-
paired endocytosis of ECM proteins.

To exclude the possibility that the observed difference of uptake could depend on phagocy-
tosis, rather than on endocytosis, we performed an in vitro assay by culturing BM-derived
macrophages in the presence of soluble Staphylococcus aureus particles (ThermoFisher Sci-
entific), whose internalization requires phagocytosis and activates their fluorescence. As re-
ported in Figure 16D, the photometer measurements showed no differences in particle uptake
between WT and KO macrophages. This observation suggests that the difference in ECM
protein internalization derived from a defect in endocytosis in the absence of DAB2, and not

from an impairment of the phagocytic pathway.
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DAB2 promotes the remodelling of the extracellular matrix

Cancer cells need continuous tissue remodelling for both local invasion and spreading to
distant sites®. The obtained results demonstrate that DAB2 expressed by macrophages is
able to control both recycling of surface integrins and internalization of ECM proteins.

To assess if DAB2 could mediate ECM remodelling by macrophages and favour invasiveness
of tumor cells, we performed in vitro invasion assays. In these experiments Matrigel was used
as a physiological matrix to set up organotypic cultures. According to the manufacturer, it
derives from an ECM protein-rich mouse sarcoma and contains approximately a 60% of lam-
inin and a 30% of collagen IV (Corning Inc.).

Transwells were coated with a 3-dimensional layer of Matrigel mixed with WT or KO BM-
derived macrophages, which were left to remodel the matrix for 3 days. Macrophages were
eliminated and EO0771 tumor cells were added on top of the Matrigel for 24 hours. E0771
ability to invade the Transwell porous membrane through the Matrigel layer was measured.
In accordance with the above-reported findings, tumor cells invaded significantly more in the
case of WT macrophage-remodelled Matrigel (Figure 17A). Consistently, embedding in the
Matrigel scramble shRNA-treated RAW 264.7 cells resulted in a much higher E0771 invasion
ability in comparison to embedding the analogue Dab2-silenced cells (Figure 17A).

To demonstrate a DAB2-mediated ECM remodelling ability in vivo, we performed wound heal-
ing experiments on WT and Dab2 KO mice. Harmless wounds were created on the dorsal
skin of animals and daily measured to assess the healing process, that is known to depend
on tissue remodelling mechanisms?%2. As shown in Figure 17B, wounds were significantly
faster healed on WT mice in comparison to KO mice, suggesting that DAB2 absence could

partially hamper tissue remodelling.
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Figure 17 - DAB2 promotes the remodelling of the extracellular matrix. (A) The macrophage ability to remodel
the matrix was assessed by performing in vitro invasion assays. Transwells were coated with Matrigel mixed with
macrophages maintained in culture for 3 days. BM-derived macrophages from WT or Dab2 KO mice (left) were
tested; in alternative, silenced RAW 264.7 (sh DAB2) cells or their control treated with the scramble shRNA (sh
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scr) were used (right). After the 3 days of culture, macrophages were killed with puromycin and, after extensive
washes, EOQ771 tumor cells were added on top of the Matrigel. After 24 hours of incubation, Matrigel was discarded
and Transwell membranes were stained with crystal violet. The invasion into the membrane was evaluated meas-
uring the absorbance at 595 nm, that was reported as fold change relative to the controls. Representative micro-
graphs of the stained Transwell membranes are also shown. For each graph, n = 3 independent experiments.
Scale bars, 2 mm. (B) Harmless wounds were created on the dorsal skin of WT and Dab2 KO mice and daily
measured to assess the healing process. Representative images of the wounds at different time points during the
repair process are shown. The healed area was calculated as percentage of the initial wound area, that is reported
in A.U. (arbitrary units). n = 20 mice per strain. (A, B) Error bars are mean t s.e.; *p < 0.05, **p < 0.01 and ***p <
0.001 by Student’s t-test.

In breast cancer patients DAB2 and YAP are expressed by macrophages at the tumor
invasion frontline

To evaluate the clinical significance of the previous findings, we analysed by IHC the expres-
sion of DAB2 in different areas of primary tumors (internal, external/healthy and border) from
5 breast cancer patients. Healthy breast samples obtained from reduction mammoplasty
donors were used as a control for this analysis.

A 40x HPF (high power field) was acquired from each tumor region of interest of each patient.
The average number of DAB2* macrophage-appearing cells per region type was calculated
and reported in Figure 18A. This number was significantly higher at invasive frontlines as
compared to intratumoral areas, normal peritumoral tissue and healthy breast. Inside the tu-
mor there were very few DAB2* cells. Importantly, the distribution of the protein was similar
to that observed in our murine models, since it increased from inside the tumor moving toward
the invasive frontline. In the examined tumor slices, we confirmed through a double staining
that DAB2* cells were mainly CD68* macrophages (Figure 18B).

We performed an analogous quantification for YAP. YAP* cells with a macrophage morphol-
ogy were mainly localized along tumor borders, while their number was negligible in internal
areas (Figure 18C), similarly to the expression pattern of DAB2 in macrophages. In stromal

regions also YAP was mainly expressed by CD68"* cells (Figure 18D).
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Figure 18 - In breast cancer patients DAB2 and YAP are expressed by macrophages at the tumor invasion
frontline. DAB2 and YAP expression were evaluated by IHC in slices of breast tumors from 5 patients. (A) The

number of DAB2* cells with a macrophage morphology was quantified in intratumoral areas, tumor borders, normal
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peritumoral tissue and breast from healthy donors. The graph on the top of the panel represents the average
numbers of counted cells from 5 high-power fields (HPFs), one from each patient. Representative images for
different tumor areas and from healthy breast are reported at the bottom of the panel. (B) DAB2 and CD68 co-
localization was evaluated to assess the presence and prominence of DAB2* CD68* macrophages inside the
tumors. A representative IF image of the double staining and its magnification are reported. (C) Similarly, the
number of YAP* cells with a macrophage morphology was quantified in the different tumor areas. The graph with
the quantification and the representative images for different tumor areas are reported. (D) Also YAP and CD68
co-expression was evaluated in the regions of interest. A representative IF image and its magnification are re-
ported. (A-D) Scale bars, 100 um. (A, C) Error bars are mean +* s.d.; *p < 0.05, **p < 0.01 and ***p < 0.001 by
Student’s t-test.

The presence of DAB2* TAMs in breast cancer from patients correlates with a worse
prognosis

Finally, we aimed to assess the value of DAB2 expression as a prognostic marker of disease.
In the last years a growing interest has developed toward the potential prognostic value of
immune tumor infiltrates in early breast cancer. Thus, we collected samples from 32 patients
with pure early-stage invasive lobular carcinoma (ILC) and that had undergone surgery.

ILC comprises up to 15% of all invasive breast tumors and represents the second most com-
mon type of breast cancer after invasive ductal carcinoma?%. Since the possible prognostic
role of DAB2 expression in ILC-associated macrophages has not been established, we in-
vestigated the expression of DAB2 in selected samples and considered the possible associ-
ations with the clinicopathological characteristics of patients.

The median age of ILC patients was 56 years (range 36-80 years). The clinicopathological
characteristics of patients are reported in Table 3. At a median follow-up of 92 months (range
13-297), median disease-free survival (DFS) was 44.9 months (95% confidence interval 36.6-
53.1).
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Clinicopathological characteristics Subcategories Number of patients (%)
Premenopausal 10 (31.2)
Menopausal status Postmenopausal 22 (68.8)
0 28 (87.5)
Performance status (ECOG) 1 3(9.4)
2 1(3.1)
<4% 9(28.1)
Ki-67 > 4% 21 (65.6)
Unknown 2(6.3)
1 4 (12.5)
. 2 7(21.8)
Grading 3 6 (18.8)
Unknown 15 (46.9)
Positive 27 (84.3)
Oestrogen receptor status Negative 2 (6.3)
Unknown 3(9.4)
Positive 22 (68.8)
Progesterone receptor status Negative 3(9.4)
Unknown 7 (21.8)
Positive 15 (46.9)
HER2 status Negative 3(9.4)
Unknown 14 (43.7)
1 11 (34.4)
2 18 (56.3)
T stage 3 2 (6.3)
4 1(3.1)
Positive 13 (40.6)
Lymph-nodal status Negative 19 (59.4)
Present 9 (28.1)
Vascular invasion Absent 11 (34.4)
Unknown 12 (37.5)
. . Present 6 (18.8)
Multifocality Absent 26 (81.2)

Table 3 - Clinicopathological characteristics of considered breast cancer patients.

By using IHC analysis on all selected cases, we evaluated the expression of DAB2 in peritu-

moral or intratumoral areas. DAB2 expression was assessed in terms of average number of
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positive non-neoplastic and non-endothelial cells with a macrophage morphology in 10 high
power fields (HPFs) (Figure 19A). The median value of DAB2 expression was 2.15 (range 0-

11) and 2.55 (range 0-14) for the peritumoral and intratumoral infiltrates, respectively.
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Figure 19 - The presence of DAB2* TAMs in breast cancer from patients correlates with a worse prognosis.
To assess the value of DAB2 expression in TAMs as a prognostic marker, samples from 32 patients with pure
early-stage invasive lobular carcinoma (ILC) and that had undergone surgery were collected. (A) The expression
of DAB2 was evaluated by IHC in peritumoral and intratumoral areas. Scale bars, 100 um. (B) ROC analysis-
based identification of the optimal cut-offs of DAB2 expression in peritumoral and intratumoral infiltrates according

to disease-free survival (DFS). The sensitivity (probability to detect true positives among the considered subjects)
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and the specificity (probability to identify true negatives) are indicated. The AUC (area under the curve) is > 0.6 in
both analyses, indicating that found cut-offs are enough accurate. The p-values for the ROC analyses are signifi-
cant (< 0.5). (C) Preliminary associations between DAB2 expression in peritumoral or intratumoral infiltrates and
the clinicopathological characteristics of patients. The analyses were performed by using Pearson’s chi-squared
test or Fisher’s exact test, depending on sample size. The presence of lymph node metastases, tumor cell prolif-
eration (Ki67 expression) and vascular invasion (V.l.) inside the primary tumor were considered as characteristics
of interest. The p-values are < 0.5. (D) The correlations between either peritumoral or intratumoral DAB2 levels
and DFS are reported. The analysis was performed by using the Kaplan-Meier method and the Log-Rank test.

The p-values are < 0.5.

We performed a receiver operating characteristic (ROC) analysis that has identified two dif-
ferent cut-offs of peritumoral and intratumoral DAB2 values able to discriminate the prognosis
according to disease-free survival (DFS). The optimal cut-off was 0.4 (p = 0.21) for the peri-
tumoral infiltrate and 1.2 (p = 0.004) for the intratumoral infiltrate (Figure 19B).

Figure 19C shows the associations between high (= 0.4) or low (< 0.4) peritumoral expression
of DAB2 and different clinicopathological characteristics; it shows also the associations be-
tween high (= 1.2) or low (< 1.2) intratumoral expression of DAB2 and the characteristics of
ILC patients.

Interestingly, it resulted that the majority of patients expressing high levels of DAB2 in both
peritumoral and intratumoral infiltrates had lymph node metastases, high tumor cell prolifera-
tion and presence of vascular invasion inside the primary tumor. The direct correlation be-
tween DAB2 expression and all these bad prognosis markers is statistically significant.
Moreover, an extremely important result is that both peritumoral and intratumoral DAB2 levels

with identified cut-offs inversely correlated with the DFS of patients (Figure 19D).

The results of this preliminary analysis support the idea that the presence of DAB2* macro-
phages at the tumor site, in both peritumoral and intratumoral regions, could be considered
as a prognostic marker for tumor progression and metastasis formation in patients with pri-
mary resected ILC.

The preliminary and exploratory nature of our data, also in consideration of the small sample
size, represent a hypothesis that should be prospectively verified and validated in a more

extensive series of patients.

67



68



DISCUSSION

Tumor spreading and metastatization are the main cause of cancer-associated death. Nev-
ertheless, the pathophysiological and molecular mechanisms supporting them are still to be
fully elucidated®. The dissemination of malignant cells from the primary tumor to distant or-
gans is a multistep process that requires detachment of cancer cells from the site of origin,
remodelling of basement membranes and ECM, migration into blood or lymph vessels, ex-
travasation in an ectopic tissue and proliferation. To spread inside the host, tumor cells have
to survive in each one of these phases'®. Thanks to the intervention of the immune system
with both innate and adoptive responses, the metastatic process results to have a very low
rate of success. Indeed, considering that a tumor can release in the circulation thousands of
CTCs every day, only a few of them are able to generate metastases during the whole time
of tumor establishment and progression®. However, tumor cells, albeit rarely, manage to
reach local vessels in the primary tumor and, after translocation, they invade and colonize
the target tissue. It has not been completely understood how this occurs, but it is increasingly
clear that tumor cells cannot do it alone, but they are aided by specific stromal cell popula-
tions®. Both in the primary tumor and in the metastatic site, cancer cells are able to subvert
homeostasis by reprogramming the microenvironment from a pro-inflammatory and anti-tu-
mor state to an immunosuppressed and pro-tumor state?+2°,

A plentiful literature in the last years highlighted the presence of tumor-infiltrating immune
cells as critical determinants for tumor progression and metastatic spreading?*25. Among the
immunosuppressive myeloid cell populations that infiltrate the tumor microenvironment,
TAMs have a key role in the pathogenesis of cancer, since they are able to sustain many of
the known pro-tumor processes'®’8. Indeed, TAMs have been demonstrated to promote: sup-
pression of CD8* T-cell infiltration and anti-tumor immunity’8; activation of neoplastic cells in
terms of survival, proliferation, stemness and therapeutic resistance®; angiogenesis'?; tu-
mor cell invasion and metastasis formation?4197. Despite the numerous studies in support of
the pro-metastatic role of myeloid cells and in particular of TAMs, the molecular mechanisms
through which they act are not completely known. One of these mechanisms derives from the
ability of TAMs to induce tumor cell migration toward intratumoral vessels'%%:199.112_ To favour
malignant cells in this process, TAMs can degrade and remodel the ECM in a protease-de-
pendent manner'%6.197 The same occurs at the metastatic site, where MAMs are involved in

similar mechanisms to aid tumor cells in colonizing the target tissue’.

69



Since many years, our group is particularly interested in studying the role of myeloid cells in
tumor progression. Gene chip data obtained in our laboratory showed that the Dab2 gene
was upregulated in CD11b* myeloid cells isolated from tumors in comparison to those from
healthy spleens (see the introduction). In the present work, we wondered whether DAB2 ex-
pressed in tumor-infiltrating myeloid cells might have a role in tumor progression and in the
metastatic process. To this purpose, we generated a transgenic mouse model, the Dab2 KO
strain, lacking the protein DAB2 in the hematopoietic lineage?°°.

In our model, we demonstrated the pro-metastatic role of DAB2 by injecting mice with MN-
MCA or E0771 tumor cells. DAB2 expression in WT mice was associated with a higher num-
ber of lung micrometastases in comparison to Dab2 KO mice. Nonetheless, there were no
significant differences in primary tumor growth. This suggested us that DAB2 expressed by
tumor-infiltrating myeloid cells was not involved in tumor initiation or progression, but rather
in promoting tumor cell invasiveness and metastatization into other organs. Considering the
possible myeloid cell-dependent processes that can sustain metastasis development?+1%7, we
tested whether DAB2 depletion was inducing an alteration in the immunosuppressive func-
tions of myeloid cells within the tumor microenvironment. We showed that myeloid CD11b*
cells isolated from MN-MCA tumors co-cultured with OVA-activated OT-I lymphocytes main-
tained their immunosuppressive functions even if isolated from Dab2 KO mice. Moreover, the
accumulation within the tumor microenvironment of different myeloid subpopulations, such as
granulocytes, monocytes and TAMs, was similar between WT and Dab2 KO mice. Likewise,
metastatic lungs from MN-MCA tumor-bearing WT or Dab2 KO animals showed comparable
amounts of granulocytes, monocytes, CD11c* resident macrophages and MAMs.

Therefore, these initial experiments demonstrated that the pro-metastatic function of DAB2
did not appear to be determined by an imbalance in the accumulation of specific myeloid
populations or in their incapacity to act on the CD8-mediated anti-tumor response, as instead

reported from our group for the pathway of c/EBP, also involved in the metastatic process?%°.

To further investigate the metastatic role of DAB2 we tried to understand which myeloid sub-
sets expressed the protein, as well as where and how this protein was activated.

The expression of DAB2 was analysed in different myeloid sub-populations isolated from the
tumor microenvironment. We detected the protein mainly in TAMs, but not or much less in
other subsets. Importantly, DAB2 was expressed in TAMs isolated from both the transplant-
able MN-MCA tumor and the more physiological cancer model PyMT. Interestingly, we found
DAB2 expressed also in lung MAMs from MN-MCA tumor-bearing mice. Thus, we thought
that DAB2 could control a common non-immunosuppressive function of macrophages in both
the primary tumor and the metastatic site. This DAB2-dependent activity was tumor-related,

since DAB2 activation was not detectable in BM or splenic myeloid precursors from WT mice.
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Moreover, we found that the same cytokines able to guide the macrophage differentiation in
vitro and in vivo, M-CSF and GM-CSF?%, upregulated DAB2 expression in both BM and
spleen myeloid precursors. Both M-CSF and GM-CSF are abundantly released in the tumor
microenvironment and foster the in vivo recruitment and proliferation of TAMs3'25. Following
further experiments on splenocytes cultured in the presence of M-, GM- or G-CSF, we ex-
cluded the possibility of an upregulation of DAB2 during granulocyte differentiation. This was
supported by the previous data on sorted myeloid populations, showing that the protein was
not present in tumor and lung granulocytes. Thus, M-CSF or GM-CSF cytokines are at the
same time able to promote macrophage differentiation and DAB2 expression. In accordance
with these results, DAB2 had been initially identified in the BAC1.2F5 macrophage cell line,
where it was phosphorylated after M-CSF stimulation'34. Moreover, we demonstrated that
during in vitro cultures DAB2 upregulation was a consequence of macrophage differentiation
induced by these cytokines and that there were no defects in the differentiation and prolifer-
ation of macrophages in the absence of the DAB2 protein. Consequently, DAB2 seems not
to have an essential role in M- and GM-CSF signal transduction or in the differentiation pro-
cess occurring in precursor cells. Since in the primary tumor the accumulation of macro-
phages was comparable between WT and Dab2 KO mice, we did not analyse the amount of
these cytokines in the tumor microenvironment and supposed they were comparable, too.

Then, we looked at the localization of DAB2-expressing TAMs and MAMs on tissue slices,
since their pro-metastatic function could be related to a specific distribution in the tumor mass.
We performed IHC and IF analyses on primary tumor slices from MN-MCA—injected and
PyMT mice and observed that DAB2* TAMs were mainly localized in stromal, peri-lesional
areas, at the invasive frontline between the tumor and the surrounding healthy tissue. In MN-
MCA tumors these cells accumulated around muscle fibers partially or not-yet reached by
invading tumor cells, and in PyMT tumors they were similarly localized around healthy or not
completely transformed mammary acini. The amount of DAB2* TAMs progressively increased
from internal areas, where proliferating tumor cells generally reduce stromal regions, toward
the border of the tumor, where stroma is still abundant. Interestingly, a similar situation was
observable in metastatic lungs from MN-MCA tumor-bearing animals, where DAB2* MAMs
were localized inside metastases in increasing numbers from the centre to the borders. It is
worth to note that in tissue slices DAB2* macrophages were a fraction of the total macro-
phages: about 30% in PyMT tumors, 50-70% in MN-MCA tumors and 65-70% in lung metas-
tases from MN-MCA tumor-bearing animals. The in vivo existence of DAB2- macrophages

explains why BM-derived macrophages from Dab2 KO mice develop and proliferate at the
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same manner of that from WT mice. As already mentioned, DAB2 is upregulated as a con-
sequence of macrophage differentiation and it seems not to be essential for their survival and
expansion.

In order to understand the extent of DAB2 expression in tumors and metastases, we checked
also tissues from healthy mice and we found few DAB2-expressing resident macrophages in
breast, lungs and quadriceps. Altogether, these results indicate that DAB2 could have a role
also in physiological conditions, but we clearly observed an accumulation of DAB2* macro-
phages during tumor progression and a peculiar localization of these cells in both primary
tumors and metastatic sites, that is nearby the front of invasion were they can promote tumor

spreading.

The expression of DAB2 did not have effects on macrophage differentiation. However, when
we looked at the macrophage cell morphology, we found that the shape of cultured BM-
derived macrophages from WT mice was significantly more elongated than that from Dab2
KO mice. Nonetheless, when we verified if this phenotype could influence cell migratory abil-
ities in vitro, we did not find any difference in the absence of the protein. These results are in
line with the literature, since it has been shown that DAB2 in macrophages, fibroblasts and
Hela cells promotes cell adhesion and spreading on the substrate’%'4” and that siRNA-me-
diated silencing of Dab2 in SUM159 breast cancer cells does not affect their motility in a
monolayer culture?%2. Anyway, further experiments are necessary to understand if DAB2 de-
pletion hampers macrophage migratory ability in more physiological contexts, such as in 3-
dimensional organotypic cultures, instead of a monolayer, and in the presence of a chemo-

tactic signal®*.

In addition to the described phenotypic evaluations, our final goal was to identify the specific
mechanism of DAB2 activation and function in the tumor microenvironment. Our GSEA
showed the interesting correlation between Dab2 expression in macrophages and the tumor-
related YAP signature. YAP is an emerging transcription regulator that acts in mechanotrans-
duction pathways. It has been demonstrated that YAP expression is modulated by the sub-
strate stiffness: soft matrices induce its cytoplasmic retention, while stiff matrices cause its
nuclear transfer and activation?®3. YAP is generally upregulated and activated in tumor cells
and CAFs (cancer-associated fibroblasts) in response to the high ECM stiffness in tumors™’.
Once activated, YAP promotes cell proliferation, survival and motility?32.

Remarkably, two published works, in the context of extensive bioinformatic analyses, had
previously predicted an association between the Dab2 gene expression and a transcriptional
regulation by YAP, although without experimental validation?33236, Thus, we investigated a

possible role of DAB2* TAMs in YAP-mediated mechanotransduction. First, we used Hel.a

72



cells as a model because these cells constitutively express both the DAB2 isoform p96 and
YAP. We observed that a higher substrate stiffness induced a more intense expression of
p96. Since YAP expression is modulated in an analogous manner?33, we had a first hint that
DAB2 was associated to the YAP mechanotransduction pathway. The relation between DAB2
and YAP was confirmed by silencing YAP in HelLa cells and finding that YAP depletion in-
duced a significant downregulation of DAB2. Therefore, Dab2 expression appeared to be
directly or indirectly regulated by YAP.

In agreement with these results, we detected YAP in DAB2-expressing TAMs from MN-MCA
and PyMT tumors by using WB, IHC and IF analyses. Cell imaging allowed us to visualize
DAB2* YAP* stromal macrophages in external areas of the tumor and along the invasion
frontline. A fraction of these cells had a nuclear localization of YAP, indicating that the tran-
scription regulator was active?®.

To our knowledge, this study correlates for the first time the protein DAB2 expressed by mac-
rophages and the transcription regulator YAP, suggesting that DAB2 may be modulated in a
mechanosensitive manner. To definitively prove the transcriptional regulation of DAB2
through YAP, we are going to mutate the potential binding sites for YAP on the enhancers of

DabZ2 in the RAW 264.7 macrophage cell line and evaluate DAB2 expression.

As extensively reported in the introduction, DAB2 is known as an endocytic adaptor that is
involved also in clathrin-mediated internalization and recycling of membrane integrins. These
receptors function as signal transducers in many cellular mechanisms and are particularly
important since they mediate the interactions between the cell and the surrounding microen-
vironment??’. Cells adhere to the ECM by using integrin-based focal adhesions that are dis-
assembled and re-assembled elsewhere in the membrane during cell migration. In this pro-
cess, inactive integrins are internalized in a DAB2-dependent manner in order to be subse-
quently re-allocated in the membrane or degraded?®®2%°, To elucidate the mechanism by
which DAB2* macrophages promote metastatization of cancer cells, we considered a path-
way related to endocytosis. Thus, we hypothesized that DAB2 absence could compromise
the turnover of integrins. Accordingly, we observed a higher accumulation of integrins on the
surface of BM-derived macrophages from Dab2 KO mice in comparison to that from WT mice.
Likewise, RAW 264.7 cells treated with a Dab2-specific ShRNA had higher surface levels of
integrins than that treated with a scramble shRNA. These results are consistent with previ-
ously reported studies in which DABZ2 silencing in HelLa cells led to an increase in integrin
surface expression?'%213, |n this way we confirmed that also in macrophages DAB2 is a com-
ponent of the endocytic apparatus involved in integrin recycling.

We evaluated four integrin subunits able to assemble on the cell surface to form three heter-

odimers which are a1B1, a5p1 and a6B1 and bind respectively collagens, fibronectin and
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laminin?°, a1B1 and a5B1 had been previously reported as dimers internalized through DAB2
both in fibroblasts and tumor cell lines47:209-213,

It is known that, when ECM proteins are degraded by matrix proteases, integrins which are
recycled inside the cell mediate the uptake of fragments of their ECM ligands. Then, the deg-
radation of these ECM fragments is continued by lysosomal enzymes 44210,

After having verified the expression of ECM proteins in tumor stroma, as exemplified by col-
lagen | and IV in PyMT tumors, we observed a higher internalization of soluble type | and IV
collagens and fibronectin in WT BM-derived macrophages in comparison to the Dab2 KO.
Therefore, Dab2 KO macrophages showed both an impaired CME-dependent integrin turno-
ver and a consequent reduced endocytosis of ECM proteins. We also demonstrated that
DAB2 was not involved in the phagocytic route since stimulation of this pathway in BM-
derived macrophages showed no defects in the absence of the protein.

This is the first demonstration that DAB2 in macrophages participates in CME and also the
first report of a DAB2-mediated turnover of the a6f1 integrin.

Moreover, it is worth to note that the more elongated shape observed in WT BM-derived
macrophages reflects a higher cellular spreading and can be explained considering the role
of DAB2 in CME. Indeed, an efficient recycling of integrins allows the assembly of new focal
adhesions where the cell needs to contact the substrate2°%2'°. Consequently, Dab2 KO mac-
rophages probably have a smaller number of active adhesions and display a rounder shape.
Interestingly, integrins were reported as receptors able to sense substrate stiffness and in-
duce mechanotransduction signalling pathways inside the cells?'¢. The consequences of this
function are numerous, since it can affect diverse processes such as cellular survival, prolif-
eration, cytoskeletal rearrangement and migration?'”:2'8, The integrin dimers a1B1, a581 and
a6B1, which we found to be associated with DAB2-dependent CME, had been previously
linked to mechanotransduction?'9222223_ So, this represents another possible connection be-
tween DAB2 and mechanotransduction pathways, in addition to the gene regulation through
the YAP transcriptional regulator.

As reviewed in the introduction, tumor cells locally invade the primary site and then move to
distant sites if a process of tissue remodelling and ECM degradation precedes their migra-
tion®. Indeed, it has been demonstrated that tumors are stiffer than normal tissues of origin,
due to a tumor growth-derived increase in interstitial tissue pressure?%, fibrosis?%® and an
elevated Rho GTPase-dependent cytoskeletal tension in cancer cells?%®. For example, the
elastic modulus of healthy mammary glands is about 140-200 Pa, while an average breast
tumor is 3000-5000 Pa and tumor-associated stroma is 650-2000 Pa?%. Since tumor rigidity
is very high, malignant cells has to find a way to escape in order to invade surrounding healthy

tissues. TAMs and MAMs are already known to support tumor cells through the proteolysis
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of the ECM, although the mechanisms remain poorly understood’®1%6.197 |n this context,
DAB2 seems to have a paramount role. The integrin- and YAP-mediated mechanotransduc-
tion pathways could be the systems used by DAB2* TAMs and MAMs to sense ECM stiffness
and induce specific cellular responses that lead to a degradation and remodelling of the ECM.
To validate this hypothesis, we performed in vitro invasion assays by adding EQO771 cancer
cells on a macrophage-remodelled Matrigel layer. Matrigel (Corning Inc.) was used to mimic
a physiological matrix. Remarkably, tumor cell invasion was significantly higher in the case of
WT BM-derived macrophages or scramble shRNA-silenced RAW 264.7 cells as compared to
the correspondent DAB2-deficient cells. This suggests that DAB2* macrophages are able to
remodel the ECM in order to assist tumor cell invasion.

Since the healing process is known to depend on tissue remodelling and macrophage inter-
vention?%2, we performed wound healing experiments on WT and Dab2 KO mice and found
that DAB2 absence in KO mice partially impaired their repair ability in comparison to WT mice.
Thus, these results strongly support our hypothesis of a role for DAB2* TAMs and MAMs in
mechanotransduction-driven ECM remodelling and metastasis development.

The proposed idea is further sustained by our observations on the localization of DAB2* YAP*
macrophages, which were concentrated in external areas and along the borders in both pri-
mary tumors and metastases. In this peculiar position, DAB2-mediated ECM remodelling
would allow both the reduction of stroma stiffness and the degradation of basement mem-
branes. Indeed, in mammals, ECM and basement membranes are mainly made of collagens
I and IV, fibronectin and laminin, the ligands of the three integrin dimers we have above re-
ported?8’. In this way, cancer cells are assisted by DAB2* TAMs and MAMs in their invasion

of surrounding tissues and toward local blood or lymph vessels.

The clinical relevance of these discoveries was assessed by analysing tumor samples from
breast cancer patients. First of all, we confirmed that the number of DAB2* cells with macro-
phage morphology was significantly higher at invasive frontlines as compared to intratumoral
areas and normal peritumoral regions, likewise in mouse models. The comparison with
healthy breast samples suggested again that there was an accumulation of DAB2* TAMs in
tumors. In line with animal models, YAP distribution was similar to that of DAB2.

Finally, we quantified peritumoral and intratumoral DAB2-expressing cells with a macrophage
morphology in tumors from ILC patients and found a significant correlation with clinicopatho-
logical characteristics that indicate a poor prognosis, in particular diagnosis of lymph node
metastases, high tumor cell proliferation and presence of vascular invasion inside the primary
tumor. Consistently, DAB2 expression inversely correlated with DFS of patients. These very
exciting data allow us to consider the expression of DAB2 as a possible, novel prognostic

marker for ILC breast cancer, although it will be necessary a further validation in a larger
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cohort of patients. We are also extending our analysis to subjects diagnosed with ductal car-

cinoma to confirm our findings on the lobular carcinoma.

In conclusion, the results obtained in this work demonstrate an unprecedented role for TAMs
in DAB2-mediated, mechanotransduction-driven ECM remodelling and cancer promotion. We
propose a model in which the Dab2 gene is activated in TAMs and MAMs during their differ-
entiation from BM precursors, in response to the cytokines M-CSF and GM-CSF, released in
the inflamed tumor microenvironment3'257,

In macrophages the DAB2 protein participates in the CME of plasma membrane integrins, in
particular the dimers a1B1, a581 and a6B1. During this process, DAB2 mediates integrin
turnover and, at the same time, endocytic internalization of fragments from ECM collagens
and fibronectin. Indeed, TAMs and MAMs are known to secrete and expose on the cell sur-
face proteases able to degrade the ECM within the primary tumor and metastatic sites and
facilitate tumor cell invasion’81%.197 This mechanism allows a more efficient degradation of
ECM proteins, probably because it is carried out by both surface/extracellular proteases and
lysosomal enzymes.

Since integrins are involved in mechanotransduction and are able to sense the stiffness of
the surrounding ECM, this information is relayed inside the cell through mechanisms based
on changes in cytoskeletal tension and intracellular signalling?'®.

We propose that the elevated ECM rigidity of tumors?%® elicits an integrin-dependent activa-
tion of YAP, one of the key cellular players in mechanotransduction?33. In turn, YAP directly
or indirectly induces DAB2 expression and subsequently a sustained integrin recycling. In-
tegrins are re-collocated in active focal adhesions and proceed with ECM stiffness sensing,
thus fuelling a positive loop inside TAMs and MAMs. This DAB2-mediated integrin turnover
allows a continued ECM uptake and degradation by macrophages, that accumulate in the
stroma along tumor and metastasis borders. Since it is a mechanosensitive process, it is
activated by the high stiffness of tumor stroma and basement membranes; the resultant re-
modelling and loss of integrity of these matrices allow cancer cell migration toward external,
healthy tissues and blood/lymph vessels. Thus, DAB2-expressing TAMs and MAMs assist

tumor cells during local invasion and metastatization.

All these interesting discoveries are opening new attractive opportunities of investigation.
However, to definitely confirm our mechanistic model, we are now working on different points.
First, we are evaluating in vivo if tumors from WT mice show signs of a more pronounced
ECM degradation than tumors from Dab2 KO mice. We are confirming the role of integrins,
DAB2 and YAP in ECM remodelling and tumor cell invasion by silencing their expression with

the Crispr/Cas9 system in the RAW 264.7 cell line. These silenced cells will be tested in
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invasion assays for their ability to remodel the ECM and promote invasion of cancer cells. An
in vitro invasion assay will be also performed to understand if DAB2* macrophages can di-
rectly contact and guide tumor cells to further promote their invasiveness (we will consider
the ‘trailblazer effect’ described by Westcott and colleagues to describe the migration of
leader and follower breast cancer cell subsets)?%2. We are also determining if the absence of
DAB2 in macrophages causes a reduction in the release of matrix proteases since this effect
would define another novel role for the protein in mediating ECM remodelling. Finally, the role
of YAP in the control of DAB2 expression will be confirmed by checking if Yap KO mice are
a phenocopy of Dab2 KO mice in terms of metastasis reduction and ECM remodelling and

then we will test Dab2 Yap double KO mice.

It is important to point out that DAB2 or other components of its putative pathway could be
considered as potential therapeutic targets against the pro-metastatic functions of TAMs. As
illustrated in the introduction, targeting of TAMs produces favourable therapeutic effects, as
in the recent studies on CSF-1 signalling blockade with pharmacological inhibitors or blocking
antibodies. These strategies result in reduced tumor growth, angiogenesis and metastasis
formation as well as in enhanced efficacy of chemotherapy and ACT treatment, CD8* T cell
response and mice survival4?.72129.130 Fyrthermore, Ries and colleagues described the clinical
benefits of an anti-CSF-1R antibody-based treatment in patients diagnosed with diffuse-type
giant-cell tumors, thus showing that targeting TAMs can be a promising therapeutic ap-
proach'31,

Several macrophage-targeting drugs have been developed and clinical trials are ongoing”.
Some examples are an anti-CD204 immunotoxin?%¢, an immunotoxin targeted to FRp (folate
receptor B)%7, a TIM-3 (T cell immunoglobulin and mucin domain-containing molecule-3)
blocking antibody?%® and corosolic acid?®, that were found to kill TAMs, inhibit their recruit-
ment or block their differentiation into the M2 pro-tumor phenotype. In all these cases evident
effects on tumor progression were observed. However, current therapies are likely to have a
limited application as they target all macrophages or pathways shared with other cell types?*.
Another possible therapeutic intervention is the inhibition of the macrophage support to the
metastatic process. Only a few studies regarding this approach have been published, since
little is known on the pro-tumor mechanisms used by macrophages to sustain migratory and
metastatic abilities of neoplastic cells. An interesting target would be the CCL2-CCR2 axis,
because it mediates TAM recruitment at metastatic sites, but it has been shown that a
CCL2-neutralizing antibody was ineffective in suppressing tumour progression?7°.

Thus, in light of the few existing therapeutic approaches to target TAMs and especially their

pro-metastatic functions, further investigation on the detailed mechanisms of the pro-tumor
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activation of TAMs and MAMs is necessary to develop new and more precise macrophage-
targeted anti-tumor therapies.

For this reason, our work acquires a particular significance. The mechanotransduction- and
DAB2-dependent ECM remodelling model that we propose seems to be a cancer-specific
mechanism that has never been described before and offers suitable candidates for immu-
notherapeutic targeting. This approach, also in the context of combinatorial therapies, would
allow to block or contain tumor spreading and reduce the risk of metastasis formation in the

host.
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