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Cell-to-cell communication guarantees homeostasis in a multi-cellular organism. Cancer-
to-microenvironment communication sustains malignant growth and dissemination [1]. 
Whereas the accumulation of mutations is at the origin of malignant cell transformation 
and neoplasia onset, the interaction between cancer and the surrounding stroma 
influences the balance between tumor regression and tumor progression [2]. To study 
how the interaction between cancer and stromal cells is disadvantageous or beneficial 
for tumor progression, the use of a transparent in vivo model, bears important research 
potentials. Zebrafish has been increasingly used as animal model to study tumor biology 
[3, 4]. The use of transparent zebrafish embryos, with fluorescent endothelial and 
immune cells [5-7], allows the visualization of cell-to-cell interaction, among host cells 
themselves and between zebrafish stroma and implanted human cancer cells (Figure 
1A). In particular, tumor-induced angiogenesis, metastasis formation and relative 
chemical approaches to inhibit these processes have been studied using zebrafish as a 
xenotransplantation model, complementing current knowledge developed through the 
use of in vitro and other in vivo models (Chapter 2). Upon localized or hematogenous 
engraftment of cancer cells, zebrafish xenografts allow qualitative and quantitative 
assessment of tumor burden and tumor-microenvironment interaction (Chapter 
3), representing a powerful pre-clinical model to unravel cancer mechanisms and to 
develop new therapeutic strategies.

Cell-autonomous CXCR4 signaling: the CXCR4 antagonist IT1t impairs early human 
metastatic events, in a zebrafish xenograft model where the interspecies cross-talk 
takes place

Chemokines direct tumor and stromal cell bidirectional migration [8]. CXCR4 is a seven-
transmembrane G-protein coupled receptor. It plays a physiological role in hematopoiesis 
[9, 10], leukocyte trafficking [11-13], cell migration and embryo development [14], as 
well as a pathological function in HIV pathogenesis [15], WHIM syndrome [16] and 
cancer [17, 18]. Its cognate ligand is the chemokine CXCL12 (or stromal cell-derived 
factor-1, SDF-1) [19, 20]. Additionally, CXCR4 can bind ubiquitin [21], macrophage 
migration inhibitory factor (MIF) [22-24] and CXCL14 [25]. The CXCR4-CXCL12 signaling 
axis is known to play a critical function in cancer cell spreading, when tumor cells 
expressing high levels of CXCR4 communicate with CXCL12-secreting stromal cells of 
distant organs that function as metastatic and secondary growth “soils” [26]. In Chapter 
4, we show that the impairment of the cell autonomous CXCR4 signaling blocks triple-
negative breast cancer (TNBC) early metastatic events in the zebrafish xenograft 
model (Figure 1B). In our model, human triple-negative breast cancer cells, derived 
from bone metastases developed in a mouse model, were implanted directly into the 
blood circulation of zebrafish embryos. Using this model, the formation of the primary 
tumor and the initial steps of metastasis (local invasion and intravasation into the blood 
circulation) were by-passed. Tumor cells, inoculated into the blood circulation, were 
found to form early metastases, by adhering to the endothelial wall, forming aggregates 
and invading the local tail fin tissue. Experimental metastases occurred in proximity 
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of the caudal hematopoietic tissue, an intermediate site of hematopoiesis and a 
functional analogue of the fetal liver during mammalian development. This observation 
was in line with breast cancer metastasis formation in the bone [27] . Moreover, we 
demonstrated that the CXCR4 signaling functions across human and zebrafish systems, 
because CXCR4-expressing human cells respond to zebrafish Cxcl12 ligands and Cxcr4-
expressing zebrafish cells migrate towards human CXCL12, showing that the zebrafish 
xenograft model is a valid approach to study human tumors. Taking advantage of the 
same in vivo model, where the interspecies crosstalk is validated, we propose a recently 
described CXCR4 antagonist, IT1t, as a possible therapeutic to inhibit early metastasis 
of TNBC. 

Host-dependent Cxcr4 signaling: Cxcr4 controls the tumor metastatic niche 
preparation, by regulating intrinsic myeloid cell functions and responses to cancer 
cells

Immune cells are programmed to recognize and eliminate transformed cells. However, 
cancer cells have evolved mechanisms that reprogram the immune defense and 
make the foe-to-friend switch an important support for survival and progression. The 
combination of chemotherapy and immunotherapy is a current strategy in the clinic [28]. 
Galluzzi et al. have recently reviewed anti-cancer therapies that re-activate the immune 
system, such as tumor-targeting antibodies, adoptive cell transfer and oncolytic viruses 
(all classified as passive immunotherapy), dendritic cell-based immunotherapies, 
anti-cancer vaccines, immune-stimulatory cytokines, immunomodulatory antibodies, 
inhibitors of immunosuppressive metabolism, Pattern Recognition Receptor (PPRs) 
agonist, and immunogenic cell death inducers (all classified as active immunotherapy). 
Antibodies against CXCR4 are included in immunotherapeutic agents that skew the 
balance between M2/M1 tumor associated macrophages (TAMs) toward the pro-
inflammatory and anti-tumor M1 phenotype [29]. In Chapter 5, the role of the host 
dependent CXCR4 signaling in supporting early metastatic events is described in the 
zebrafish xenograft model. Previous work from our group has shown that neutrophils 
are involved in the metastatic niche preparation by conditioning the ECM during their 
apparent random walk in the transmigration from the CHT (caudal hematopoietic tissue, 
transient hematopoietic site) to the tail tissue of zebrafish embryos [30]. Because CXCR4 
is known to regulate the retention of hematopoietic stem progenitor cells (HSPCs) and 
differentiated leukocytes in the bone marrow in mammals [31], and is highly expressed 
in zebrafish myeloid cells [32], we hypothesized that CXCR4 signaling plays a role in 
controlling intrinsic neutrophil motility in physiological conditions (Chapter 5). We found 
that neutrophils display altered motility and their number fluctuates during embryo 
development, leading to the conclusion that CXCR4 regulates neutrophil development 
in zebrafish. The neutrophilic response towards cancer cells was also altered in zebrafish 
mutants with a non-functional Cxcr4 (Cxcr4b). We identified a population of neutrophils 
that was mainly retained in the CHT and a population of neutrophils that even if moving 
in the tissue, displayed the inability to infiltrate tumor cell aggregates in the tail fin of 
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Cxcr4b-null mutants. In the surrounding of cancer cells, cxcr4b-expressing neutrophils 
reduced their speed in motility, while Cxcr4b-null neutrophils maintained similar speeds 
as in neutrophils that had not been challenged by cancer cells. Interestingly, CXCR4-
espressing macrophages, generally localized in the surrounding of invading cancer cells 
in the tail fin, were less recruited in a cxcr4b homozygote mutant. Therefore, we propose 
that Cxcr4 controls neutrophil development as well as both neutrophil and macrophage 
responses to tumor cells, initiating early metastatic events (Figure 1C). RNA sequencing 
performed on sorted neutrophils and macrophages from wild-type or cxcr4b-/- zebrafish 
larvae supported our conclusion that motility and adhesion are altered in myeloid cells 
with a non-functional Cxcr4 signaling.

CXCR4 and MDMX: a potential duo to inhibit tumor proliferation and metastatic onset 
of Ewing sarcoma

P53, known as “the guardian of the genome”, is a transcription factor with key regulatory 
functions of cell survival. It is found mutated in almost all tumors, ranging between 
10% (in hematopoietic cancers) and 96% (high grade ovarian serous carcinoma) 
of tumors [33]. Ewing sarcoma is the second most common bone tumor in children 
and young adults and in ~90% of the cases P53 is wild-type [34]. Mutations in P53 
regulators (such as MDM2 and MDMX) are often found when P53 is wild-type [35]. 
Developing pharmacological approaches that target P53 regulators to induce P53 
reactivation is a promising strategy in Ewing sarcoma [36]. In Chapter 6, we propose 
that P53 reactivation by MDMX genetic interference inhibits Ewing sarcoma burden in 
vitro and in a zebrafish xenograft model, suggesting that MDMX is a candidate target for 
therapies. Importantly, MDMX inhibition resulted in increased CXCR4 expression levels. 
Because CXCR4 expression correlates with metastatic disease in Ewing sarcoma [37], 
we chemically and genetically inhibited CXCR4 in tumor cells engrafted in a zebrafish 
embryo model of experimental micrometastasis. CXCR4 inhibition resulted in reduced 
early metastatic events in Ewing sarcoma, in line with findings for TNBC described in 
Chapter 4. In conclusion, we propose that the dual inhibition of MDMX and CXCR4 
represents a possible effective treatment against metastatic Ewing sarcoma and further 
research is needed to validate this hypothesis in vitro and in vivo.

Conclusions

Cancer is a complex, multi-step disease and a leading cause of death worldwide 
(14 million new cases and 8.2 million cancer-related deaths in 2012 (www.who.int, 
update February 2015, World cancer report 2014). Patients diagnosed with primary 
tumors are treated, when possible, with surgery. However, metastasis can occur 
years after surgical intervention [38]. Metastatic cancer associates with poor patient 
prognosis and represent a major challenge for clinical research. Chemotherapy is 
often the pharmacological choice to treat cancer, although side effects alter normal 
cell physiology and affect patient life quality. Moreover, cancer relapse and therapy 
resistance associate with poor prognosis. Progress in biomedical research has shown 
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Figure 1. Role of cell-autonomous and host-dependent CXCR4 signaling in experimental metastasis 
formation in the zebrafish xenograft model. (A) Inoculation of human tumor cells into the blood 
circulation of zebrafish embryos results in experimental metastasis formation, characterized by tumor cell 
aggregates in the blood vessels, and extravasation and invasion in the surrounding tissue, in the region of 
the caudal hematopoietic tissue (CHT). During early metastatic events, endothelium alteration takes place 
and neutrophils and macrophages localize in the surrounding of the tumor. The CHT is a vascular plexus in 
the tail fin between the DA and the CV and is a hematopoietic site. (B) Upon disruption of the tumor cell-
autonomous CXCR4 signaling, cancer cells are unable to initiate early metastatic events, while surrounded 
by myeloid cells. (C) The same inhibition of experimental metastasis formation occurs upon disruption of 
the host-dependent CXCR4 (Cxcr4b) signaling. Neutrophils are preferentially retained in the CHT, whereas 
neutrophil and macrophage recruitment at the metastatic site is impaired.
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that targeting cancer cells is not the only therapeutic option. The interaction between 
tumor and surrounding stroma supports cancer survival and spreading, representing 
therefore a possible new treatment strategy [39].  In this thesis, we used the zebrafish 
xenograft model to study early stages of experimental micrometastasis formation, 
engrafting fluorescent tumor cells in transparent zebrafish embryos with fluorescent 
endothelial and immune cells (Chapter 2 and 3). We propose that targeting CXCR4 
signaling on cancer cells (Chapter 4) or in the tumor microenvironment (Chapter 5) is a 
valid approach to inhibit metastatic cancer and suggest that anti-CXCR4 therapy might 
have double treatment benefits. In addition, therapeutic modulation of the immune 
system might result in the reinforcement of the immune defense against cancer. 
However, we suggest that treatments designed to target malignant cells might affect 
tumor microenvironment intrinsic functions. Specifically, the intrinsic physiological role 
of myeloid cells can be affected by cancer treatment, resulting in an inability to mount 
a functional anti-cancer response or, on the other hand, in the ability to mount a tumor-
supportive response. Moreover, as tumor proliferation inhibition by P53 reactivation 
through MDMX interference results in increased CXCR4 expression, which associates 
with metastatic disease in Ewing sarcoma (Chapter 6), we propose that combinatorial 
treatments are a promising approach to effectively limit cancer progression and 
ameliorate patient prognosis. 
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