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To Roberta, “il mio turchese”

“And once the storm is over, you won’t even remember how you made it through, how you 
managed to survive. You won’t even be sure, whether the storm is really over. But one 

thing is certain. When you come out of the storm, you won’t be the same person who 
walked in. That’s what this storm’s all about”. 

 Haruki Murakami – Kafka on the shore 

“Some natural tears they dropped, but wiped them soon; 
The world was all before them, where to choose 

their place of rest, and Providence their guide 
They, hand in hand, with wandering steps and slow, 

Through Eden took their solitary way”. 
John Milton – Paradise lost 
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RT-qPCR Quantitative reverse transcription polymerase chain reaction 
SCID Severe combined immunodeficiency 
SERD Selective estrogen receptor degrader/down-regulator 
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SERM Selective estrogen receptor modulator 
SDE Significantly differentially expressed 
SDF-1 Stromal cell-derived factor 1 
sgRNA Single guide RNA 
SHC Src homology 2 domain-containing adaptor protein 
SHH/PTC Sonic hedgehog/Patch-1 
SMAD Mothers against decapentaplegic homolog 
STAT Signal transducer and activator of transcription  
STC-1 Stanniocalcin 1 
STK11 Serine/threonine kinase 11 
SMA Smooth muscle actin 
SNV Single nucleotide variant 
TAGLN Transgelin (SM22α) 
TALEN Transcription activator-like effector nuclease 
TAM Tumor-associated macrophage 
TCR T cell receptor 
TDLU Terminal duct lobular unit 
TGF-β Transforming growth factor β 
TIE Tyrosine kinase with immunoglobulin-like and EGF-like domains 
TIL Tumor infiltrating lymphocyte 
TIMP Tissue inhibitor of metalloproteinases 
TNBC Triple negative breast cancer 
TNF Tumor necrosis factor 
TP53 Tumor protein p53 
TSP Tissue-specific promoter 
TVA Tumor virus A 
t-SNE T-distributed stochastic neighbor embedding
VCAM Vascular cell adhesion molecule
VE Vascular endothelial
VEGF(R) Vascular-endothelial growth factor (receptor)
VHL Von Hippel-Lindau tumor suppressor
VM Vascular mimicry
VP16 Herpes simplex virus protein vmw65
vSMC Vascular smooth muscle cell
WWTR1 WW domain containing transcription regulator 1 (TAZ)
ZFN Zinc finger nuclease
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Popular science summary 

A cancer can be defined as an ecosystem in which different types of cells organize 
and interact with each other to promote the growth of the tumor mass. Together 
with the cancer cells, this local microenvironment contributes to the development 
of a tumor, and it also plays a fundamental role in the response to therapy. In this 
microenvironment, we can identify blood and lymphatic vessels, the cells of the 
immune system and the fibroblasts. Fibroblasts provide a scaffold mainly by 
producing the extracellular matrix, a series of molecules that offer structural and 
biochemical support. 

In the clinic, most drugs aim to kill the cancer cells, although patients have started 
to benefit from the application of compounds that are specifically hitting the other 
cells making up the microenvironment. However, the responses to cancer therapy 
vary from patient to patient and in most cases, after an initial positive response, 
tumors tend to become insensitive to the treatment and continue to grow. In 
addition, tumor cells that are able to escape to other organs, affecting their normal 
function, greatly reduce the survival of patients. Therefore, effective and new 
treatments remain an urgent necessity. 

The work collected in this thesis takes advantage of mouse models of breast 
cancer to increase our understanding of how malignant cells communicate with 
other cells in their local surroundings. The aim is to translate our findings to the 
human disease and therefore improve patient care. 

Paper I reports the results of the preclinical trials of a compound that was designed 
to block ALK1, a protein involved in the formation of the blood vessels that 
deliver oxygen and nutrients to the cancer cells. In breast cancer patients, high 
production of ALK1 is associated with worse survival and increased risk of spread 
to distant organs. When given to mice, this drug reduced the tumor growth, 
increased the effect of chemotherapy and, most importantly, provided a protection 
against the escape of tumor cells to the lungs. 

Despite these promising results, when this compound was tested in humans, it 
showed very disappointing activity and its development was stopped. This is the 
starting point of the investigation assembled in paper II. Here, we tried to 
understand the causes of this disappointing result. We analyzed how ALK1 
operates in different types of tumors and we determined a set of characteristics 
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that might help to predict which patients could benefit from the drug blocking 
ALK1. We discovered that the presence of ALK1 in tumor blood vessels 
influences the presence and function of the immune cells. Of note, immune cells 
are the targets of many novel drugs that are either currently being tested or already 
employed in the clinic, and this opens to the possibility to re-consider the 
development of the ALK1-blocking agent by combining it with other therapies to 
limit the growth of solid tumors. 

In paper III, we define a novel promising therapy for a subtype of breast cancer for 
which only surgery, radio- and chemotherapy are currently available. These 
tumors are usually more aggressive and they are more likely to reappear. Our 
study led to the identification of a specific role for the PDGF-CC protein, which is 
released by the tumor cells to activate the local fibroblasts. In response to this 
stimulation, fibroblasts produce other factors that affect the tumor cells. In such a 
way, a communication loop maintains the tumor cells in a more aggressive state 
and makes them hard to treat. By blocking PDGF-CC, tumor cells transform to a 
less aggressive type and become sensitive to drugs that are used for other types of 
breast cancer and that can be used to slow down the development of the tumor 
mass. 

Finally, paper IV gives us information about the diversity of the cells within the 
fibroblast population. By using a novel and advanced technology, we were able to 
distinguish each individual fibroblast isolated from the tumor of a mouse, and to 
group them in four different subclasses according to their specific function. 
Moreover, by visualizing how these fibroblasts are distributed in the tissue, we 
could propose a distinct origin for each of the subclasses. 

Taken together, the use of mouse models of cancer allows us to reproduce the 
complexity of human tumors, and delineate how these cellular relationships are 
shaped and maintained during tumor development. Our data illustrate the value of 
affecting the crosstalk between tumor cells and other components of the tumor 
mass to develop novel therapeutic strategies for the clinical management of breast 
cancer. 
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Sintesi scientifica a scopo divulgativo 

Un tumore può essere definito come un ecosistema in cui tipi differenti di cellule 
si organizzano e interagiscono fra di loro per promuovere la crescita della massa 
cancerosa. Insieme alle cellule maligne, questo microambiente contribuisce allo 
sviluppo del tumore, oltre a giocare un ruolo fondamentale nella risposta alle 
terapie farmacologiche. In questo microambiente possiamo identificare i vasi 
sanguigni e quelli linfatici, le cellule del sistema immunitario e i fibroblasti. Questi 
ultimi forniscono un’impalcatura producendo la matrice extracellulare, ovvero una 
serie di molecole che offre supporto strutturale e biochimico per la crescita del 
tumore. 

In ambito clinico, la maggior parte delle terapie si prefigge di eliminare le cellule 
tumorali, sebbene nuovi farmaci in grado di colpire in modo specifico le altre 
cellule del microambiente tumorale siano stati recentemente commercializzati e 
utilizzati a beneficio dei pazienti. Nonostante tutto, le risposte a queste cure 
variano da paziente a paziente e in molti casi, dopo una inziale risposta positiva, i 
tumori tendono a diventare insensibili al trattamento e continuano a crescere. 
Inoltre, le cellule tumorali che sono in grado di diffondersi in altri organi 
influenzandone la normale funzione, limitano la sopravvivenza dei pazienti. Di 
conseguenza, nuove ed efficaci terapie rimangono una necessità urgente. 

Il lavoro racchiuso in questa tesi sfrutta modelli animali di tumore al seno per 
aumentare la comprensione di come le cellule maligne possano comunicare con le 
altre cellule dell’ambiente circostante. Lo scopo è di sfruttare le nostre scoperte a 
livello clinico e di conseguenza migliorare le cure ad oggi disponibili contro 
questa forma tumorale. 

L’articolo I riporta i risultati dei test preclinici di un farmaco sperimentale ideato 
per bloccare ALK1, una proteina coinvolta nella formazione dei vasi sanguigni, 
che trasportano ossigeno e sostanze nutrienti alle cellule tumorali. Nei pazienti 
diagnosticati con tumore al seno, un’alta produzione di ALK1 è associata ad una 
bassa probabilità di sopravvivenza e ad un maggior rischio di diffusione delle 
cellule tumorali in altri organi. Quando somministrato ai topi, questo farmaco 
sperimentale riduce la crescita tumorale, aumentando l’effetto della chemioterapia 
e, fondamentalmente, garantendo una protezione contro lo spargimento delle 
cellule tumorali negli altri organi. 
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Nonostante questi incoraggianti risultati, questo farmaco non ha mostrato 
un’azione soddisfacente quando testato sui pazienti e il suo sviluppo è stato 
interrotto. Questo rappresenta il punto di partenza della ricerca inclusa 
nell’articolo II. Qui, abbiamo cercato di capire le cause di questi risultati 
deludenti. Abbiamo analizzato come ALK1 opera in diverse tipologie tumorali e 
abbiamo cercato di determinare una serie di caratteristiche che permettano di 
predire quali pazienti possano beneficiare della terapia che blocca ALK1. 
Abbiamo scoperto che la presenza di ALK1 nei vasi sanguigni tumorali influenza 
la presenza e l’attività delle cellule immunitarie. In particolare, le cellule del 
sistema immunitario sono i bersagli di molte nuove terapie sperimentali che sono 
in via di sviluppo o che sono state recentemente approvate per l’uso medico: ciò 
apre la possibilità di potere riconsiderare lo sviluppo dei farmaci che bloccano 
ALK1, combinandoli appunto con altri trattamenti che arrestano la crescita dei 
tumori. 

Nell’articolo III, abbiamo definito una promettente terapia sperimentale per un 
tipo di tumore al seno per il quale le uniche cure attualmente disponibili sono la 
chirurgia, la radio- e la chemioterapia. Questi tumori sono in genere più aggressivi 
e hanno anche una percentuale più alta di ricaduta. Il nostro studio ha portato ad 
identificare il ruolo di una proteina chiamata PDGF-CC, la quale viene rilasciata 
dalle cellule tumorali per attivare i fibroblasti. In risposta a questa stimolazione, i 
fibroblasti producono altre sostanze che agiscono sulle cellule tumorali. In questo 
modo, un circolo vizioso mantiene le cellule in una condizione che le rende 
insensibili alle terapie farmacologiche. Dai nostri esperimenti si evince che 
bloccando la funzione di PDGF-CC, le cellule tumorali sono meno aggressive e 
diventano ricettive ad una classe di farmaci usata in altre tipologie di tumore al 
seno, che potrebbe quindi essere utilizzata per limitare la crescita della massa 
tumorale. 

Infine, il manoscritto IV fornisce informazioni sulla diversità delle cellule 
all’interno della popolazione di fibroblasti. Utilizzando una tecnologia 
all’avanguardia, siamo in grado di distinguere ogni singolo fibroblasto ottenuto da 
un tumore di un topo e di suddividere queste cellule in quattro gruppi diversi in 
base alle loro funzioni specifiche. Inoltre, visualizzando come questi fibroblasti 
sono distribuiti all’interno di un tumore, abbiamo potuto ipotizzare le origini dei 
quattro gruppi. 

Nel complesso, l’uso di modelli animali ci permette di riprodurre la complessità 
dei tumori umani per evidenziare come si formano le relazioni fra le cellule e 
come esse siano mantenute durante l’evoluzione di un tumore. I nostri dati 
illustrano l’opportunità di influenzare la comunicazione fra le cellule maligne e gli 
altri elementi della massa tumorale al fine di ideare nuove strategie di cura contro 
il tumore al seno. 
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Abstract

Cancer represents a collection of malignancies characterized by an aberrant 
expansion of cells. This unrestrained growth is the result of the acquisition of 
several pro-survival features and the evasion of cellular fail-safe mechanisms, 
collectively known as the hallmarks of cancer. In the clinical setting, disease 
management has heavily relied on the sole targeting of malignant cells but, except 
for rare cases, monotherapy regimens have showed insufficient antitumor activity. 
Indeed, translational and clinical studies revealed that cancer cells almost 
invariably adapt to treatment, mainly through acquisition of additional 
(epi)mutations and/or clonal diversification and activation of bypass signaling 
pathways. 

In parallel, characterization of the malignant mass exposed the existence of other 
(non-transformed) cell types and non-cellular constituents, with specialized 
functions and potentially different origins, jointly referred to as the tumor stroma. 
This local microenvironment is educated by and coevolves with the cancer cells by 
engaging in an intricate network of communication that plays a fundamental role 
in the establishment, progression and malignization of a tumor, as well as in 
modulating the response to treatment. The stroma comprises the endothelial cells 
and pericytes that compose the vasculature, fibroblasts, immune cells and the 
extracellular matrix. Therefore, the genetic make-up of polyclonal tumors and the 
composition of the microenvironment define the genomic, spatial and functional 
diversity of each tumor, also at the metastatic site. In agreement with this, the 
concept of intratumoral heterogeneity denotes a key aspect that has been 
increasingly recognized, although not fully implemented, in personalized 
medicine. 

Moreover, recent efforts have started to address the systemic changes instigated by 
the tumor mass –including metabolism- and how these influence the 
survival/dormancy, the colonization and the metastatic growth of disseminated 
cancer cells. 

In the papers included in this thesis, we made use of experimental breast cancer 
models to deepen our understanding of the tumor milieu and its clinical 
implications. Specifically, I have focused my interest on angiogenesis and on 
cancer-associated fibroblasts. 
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The tumor microenvironment 

A reductionist view of cancer defines a tumor mass as a conglomerate of 
transformed cells that have gained the potential to grow in an indefinite fashion as 
a result of genetic mutations. Undeniably, cell-autonomous mechanisms endow 
tumor cells with the ability to evade apoptosis, as well as acquiring 
immortalization and autocrine signaling to further promote proliferation and elude 
growth-inhibitory stimuli1. At the same time, malignant cells cannot sustain their 
growth without the specialized functions of other cell types that are either residing 
in the tissue where the cancer arises, or that are recruited to endorse disease 
progression. In keeping with this, a nascent tumor mass has been compared to a 
wound, instigating an inflammatory response that is not tightly regulated and 
resolved, but that is maintained chaotic and disorderly2. This local 
microenvironment encompasses the endothelial cells and pericytes that compose 
the vasculature, cancer-associated fibroblasts, cells of the immune system, and the 
extracellular matrix.  

Among the many crosstalk mechanisms that have been detailed, cancer cells can 
instigate angiogenesis, as blood vessels are required for the delivery of oxygen and 
nutrients, and they represent a route for tumor cells to detach from the primary site 
and disseminate into the circulation to distant organs1. Moreover, tumors devise 
strategies to reduce their immunogenicity and the risk of being rejected from the 
host, and this can be achieved directly by reducing their immune recognition or by 
educating the local immune system to tolerance3. Similarly, cancer cells require a 
scaffold to ensure physical and biochemical stability, and this is provided by 
mesenchymal fibroblasts depositing the extracellular matrix, in which cytokines 
and other factors required for intercellular communication are dispersed and 
accumulate. Of crucial importance, these interactions are not unidirectional, as 
cells of the tumor microenvironment equally contribute to the initiation and 
evolution of a cancer4. Finally, cancers cause systemic effects, not only due to 
their altered metabolic profiles, but also because of impaired functionality of 
secondary organs in which metastases have grown1,3. 

For these reasons, tumors should be regarded as communicating organs, where 
different cell types co-evolve and determine the properties of the individual 
disease (Figure 1). The concept of intratumoral heterogeneity highlights the very 
dynamic and tissue-specific interactions (both positive and negative) that 
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determine the fitness of individual malignant clones within a single tumor mass5,6, 
as a consequence of the communication with their local environment. Of note, 
polyclonal tumors have a greater ability to adapt to the changes in their 
composition, and this generally translates to entities that are harder to treat7-10. 

 

Figure 1. The tumor ecosystem. 
Cancer cells adapt to their local microenvironment, evolving into three indpendent clones (pink, orange and green). 
An additional group (gray) is located at a hypoxic/necrotic area. Perictyes loosely cover blood endothelial cells, 
facilitating the dissemination of circulating tumor cells through blood and lymphatic vessels. Myeloid cells represent 
tumor-associated machrophages (TAMs), myeloid-derived suppressor cells (MDSCs), eosinphils, basophils and 
neutrophils of the innate immunity. CAFs are found at the leading edge and interspersed within the tumor. MSC: 
mesenchymal stem cell; CAF: cancer-associated fibroblast; ECM: extracellular matrix. Orignal image courtesy of 
Professor Frances Balkwill, modified by Clara Oudenaarden and Mats Öberg. 
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Strikingly, this heterogeneity is not restricted to the cancer cells, but it is affecting 
all the other components of the tumor microenvironment. However, functional 
diversity in these non-transformed cells has not been thoroughly dissected so far. 

In this chapter, I will introduce the different cell types that constitute a tumor, with 
a specific emphasis on cancer-associated fibroblasts and the tumor vasculature. 

Mesenchymal cells 

Cancer-associated fibroblasts 

Normal fibroblasts  
In their quiescent state, normal fibroblasts are non-migratory spindle-like shaped 
cells embedded within a fibrillar extracellular matrix (ECM). Upon activation, 
fibroblasts assume a stellate or cruciform morphology, gain motility and 
contractile features, and become metabolically active to sustain ECM deposition. 
The matrisome identifies the different components of the ECM, such as structural 
proteins (collagens, proteoglycans and glycoproteins), anchored and secreted 
factors, and a series of molecules that are involved in the regulation of the ECM, 
including crosslinking and proteolytic enzymes11. Type I, II, III and V are the 
main fibrillar collagens present in the ECM, and together with laminins, 
fibronectin and glycosaminoglycans (GAG) generate a hydrated, elastic and 
resilient scaffold that adapts to the anatomical architecture of the organ12. 

Fibroblasts and cancer 
During tumorigenesis, incipient tumors necessitate a supportive stroma to grow 
and expand. In this context, fibroblasts are able to integrate signals from their local 
environment and hence, can be “educated” by the tumor cells13. This activation is 
sustained throughout time and links the functionality of these cancer-associated 
fibroblasts (CAFs) to almost all processes required for tumor progression. 
Prominent CAF-derived factors are metalloproteinases (MMPs)14,15, disintegrin 
and metalloproteinases (ADAMs) and their tissue inhibitors (TIMPs) required for 
the degradation of the matrix; crosslinking enzymes like the lysyl oxidase (LOX), 
angiogenic mediators, mitogenic factors such as CXCL1416, and modulators of the 
immune cell compartment, including IL-6, CXCL3 and the pleiotropic 
transforming growth factor (TGF)-β. Conspicuous levels of these factors are 
constantly released in the interstitial stroma, as other cell types in the tumor 
microenvironment also produce them, including cancer cells for the promotion of 
local invasion and distant metastasis. 
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Normal dermal fibroblasts can be corrupted and activated to CAFs by a nascent 
tumor mass through interleukin (IL)-1β secreted from CD45+ immune cells17. 
Consequently, this signaling pathway triggered the action of NF-κB to drive tumor 
growth via macrophage recruitment and angiogenesis. Moreover, this molecular 
cue is reinforced by IL-1β secretion from macrophages and cancer cells during 
tumor progression17. Recently, another study demonstrated that CAFs protect 
cancer cells from the immune system by inducing apoptosis of cytotoxic 
lymphocyte through expression of Fas and programmed death (PD)-1 ligands18. 

Altered signaling in the resident fibroblasts can also lead to tumorigenesis, as 
shown in the mammary gland upon loss of stromal PTEN: neoplastic growth is 
initiated through up-regulation of ETS2, a transcription factor that recruits 
macrophages and increased the deposition of collagen by directing the 
transcription of Mmp9 and Ccl3, respectively19. Further characterization of this 
model led to the discovery that the genomic stability of the epithelium is strongly 
influenced by stromal PTEN, since its deletion engages paracrine EGFR/Erbb2 
oncogenic signaling that sensitizes pre-neoplastic epithelial cells to radiation20. 

The composition of the ECM links CAFs to tumor cell dissemination and 
metastasis as well. For instance, CAFs specifically secretes CXCL12 and insulin-
like growth factor (IGF)-1 to select a population of SRChigh tumor cells with a 
hyperactive downstream PI3K/AKT signaling, resulting in bone metastasis in 
triple negative breast cancer (TNBC)21. Moreover, the release of the crosslinking 
enzyme LOX by tumor cells is associated with hypoxic conditions22, metastatic 
niche priming23 and bone tropism of disseminated estrogen receptor (ER) negative 
breast cancer cells24. LOX-mediated invasion involves increased focal adhesion 
kinase activity downstream of integrin engagement25. In turn, integrins induce 
miRNA-18a, which down-regulates the phosphatase and tensin homolog (PTEN) 
in tumor cells, thereby promoting local aggressiveness and metastasis26. In 
addition, by determining the stiffness of the stromal scaffold, LOX activity 
differentially affects the tissue architecture, including the vascular tree: in 
physiological conditions (400 Pa), the matrix allows the formation of a capillary-
like network, which transforms to a poorly-branched bed with large vessels and 
broad lumens in case of excessive stiffness (> 20 kPa). A recent piece of work 
showed that a rigid scaffold caused by tumor growth affected the secretome of 
endothelial cells, and in particular the secretion of the CCN1 protein, which in turn 
led to an increase of N-cadherin levels27. As N-cadherin localizes with vascular 
endothelial (VE)-cadherin at cell-cell junctions, malignant cells exploited its 
enhanced expression for transendothelial migration. Notably, CAFs can directly 
stimulate angiogenesis by releasing CXCL12 that mobilizes endothelial progenitor 
cells (EPCs) from the bone marrow and recruit them to the tumor site28, or by 
secreting fibroblast growth factor (FGF)-2 and osteopontin29,30. 
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Finally, in light of the desmoplastic response typical of activated fibroblasts, CAFs 
interspersed in the ECM can act as physical barrier to protect the tumor cells from 
the effects of therapy: it was recently disclosed that breast cancer cells became 
insensitive to lapatinib when in spatial proximity to alpha-smooth muscle actin (α-
SMA)+ fibroblasts, through a mechanism involving the hyaluronan in the ECM31. 

Notwithstanding the ever-increasing list of CAF-derived factors contributing to 
the intra- and intertumor heterogeneity typical of human cancers, conserved 
features of CAFs bear prognostic capability, as ascertained by a milestone study 
that generated a 26-gene predictor of clinical outcome from laser capture 
microdissected breast cancer stroma: the good prognosis signature included genes 
mediating antigen presenting cell functions, as well as activation and persistent 
infiltration of cytotoxic lymphocytes and their effectors, such as granzymes32. 
Conversely, the poor outcome gene set reflected the hypoxic state of the tumor 
tissue, the induction of angiogenesis, and immune evasion, encompassing genes 
like osteopontin and CXCL1432. Similarly, another investigation established 
stromal gene sets that could distinguish between pre-malignant and malignant 
esophageal carcinoma, and that held prognostic potential33. In addition, stromal 
features can be equally predictive of therapeutic response, as emerged from a 
study that generated a 50-gene signature from TNBC patients that were treated 
with chemotherapy34. 

CAF markers and subtypes 
Normal activated fibroblast and CAFs show a very dynamic expression of markers 
of the mesenchymal lineage, including fibroblast activation protein (FAP), 
fibroblast specific protein (FSP)-1, α-SMA, platelet-derived growth factor receptor 
(PDGFR)-α and -β, but none of them is neither specific nor all-encompassing35. 
Comparably, markers of quiescence and metabolic inactivity are missing: the low 
expression levels of markers otherwise found in the activated stroma usually 
identify normal (resident) fibroblasts. Therefore, identification of fibroblasts and 
CAFs is based on a combination of markers and localization within the tissue. 
These general markers have been extensively investigated, highlighting the 
context-dependency of the interactions between the stroma and the malignant 
epithelium. In agreement with this, FSP1+ fibroblasts showed both pro-
tumorigenic and anti-tumorigenic functions, by increasing the recruitment of 
macrophages in skin cancer36, and by secreting collagen that sequestered chemical 
carcinogens37, respectively. The role of FAP+ mesenchymal cells in the fibrotic 
reaction and wound healing is mirrored in tumorigenesis, where FAP-positive 
CAFs increased aggressiveness of pancreatic ductal adenocarcinomas by 
differentially modeling the ECM38. Moreover, these CAFs are apparently involved 
in the immune modulation of the environment, as their ablation led to interferon 
(IFN)-γ and tumor necrosis factor (TNF)-α-mediated tumor rejection39. The 
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expression of PDGFR-β delineates a metastatic-prone population of mesenchymal 
cells with vascular smooth muscle features40. Signaling through this receptor in 
perivascular cells and CAFs has been associated to interstitial fluid pressure (IFP, 
see “pericyte” section)41 and increased metastatic dissemination. On the contrary, 
activation of stromal PDGFR-α was associated to pro-angiogenic stimuli (e.g. 
vascular endothelial growth factor VEGF-A, FGF-2)29,42, pro-proliferative cues, 
increased matrix deposition and stromal abundance. 

Recently, four independent studies attempted to dissect CAF heterogeneity in 
cancer. Öhlund and colleagues made use of a murine model of pancreatic ductal 
adenocarcinoma and stained tissue sections by immunofluorescence for FAP and 
α-SMA, which labeled a set of myofibroblasts engaging in juxtacrine signaling 
with the malignant epithelium. A second population was instead characterized by 
the expression of FAP and IL-6 at the expense of α-SMA-mediated contractility: 
this inflammatory phenotype was spatially distinct and relied on paracrine 
signaling to influence the microenvironment43. Importantly, these populations 
were mutually exclusive but could revert to one another. Two major types were 
also described when analyzing single cell transcriptomes of whole human 
colorectal cancer samples, but given the disconcertingly small size of the 
fibroblast population, these results are rather inconclusive. Nonetheless, the 
authors reported a myofibroblastic group bearing differentially expressed 
transcripts for ACTA2, TAGLN and PDGFRA, as well as a subclass with ECM 
remodeling properties, in light of MMP2, DCN and COL1A2 expression44. A third 
study detected a specific group of CD10+GPR77+ CAFs by means of 
immunohistochemistry (IHC), which secreted IL-6 and IL-8 to mediate 
enrichment of cancer stem cells (CSCs) and chemoresistance in both human breast 
and lung carcinomas45. Breast cancer was also the focus of the investigation led by 
Costa and colleagues. Following a negative selection of the stromal compartment 
from human samples, a panel of six proteins (FAP, integrin β1/CD29, α-SMA, 
FSP-1, PDGFR-β and CAV-1) was employed for FACS analysis and further 
clustering of four independent groups. Regrettably, this experimental design 
biased the definition of subtypes only based on known markers and limited the 
potential output of this study. Moreover, out of the four subgroups, the authors did 
not address the biological relevance of two of them and proposed immune-related 
functions for the two remaining myofibroblast populations, labeled S1 and S4: the 
former was found in association with TNBC enriched in FOXP3+ regulatory T 
cells, whereas the latter in TNBC with a distinct infiltration of CD8+ 
lymphocytes46. 

It is striking to observe that many of the factors secreted by CAFs overlap with the 
senescence-associated secretory phenotype that has been described in the literature 
following DNA damage-mediated irreversible growth arrest47. It is currently not 
certain whether there is a direct relationship between these phenomena, but this 
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might indicate that the tumor-suppressive function of the stroma in the first phases 
of tumorigenesis goes through the induction of cellular senescence, independently 
of DNA damage. Only at later stages, when tumor cells are also releasing 
considerable amounts of different mediators in the intercellular space, the overload 
of stimuli could result in a switch to tumor-promoting functions. 

Origin of CAFs 
Injury and wound healing epitomize fibroblast activation and the tightly regulated 
cascade of events that lead to the resolution of the inflammatory response and the 
formation of scar tissue. Normal fibroblasts can be stimulated and mobilized by a 
plethora of signaling molecules, including PDGFs48, FGF-2, TGF-β, IFN-γ and 
TNF-α. Unlike normal fibroblasts in acute responses, the proximity to cancer cells 
provides a chronic exposure to a large set of cytokines and modulators, leading to 
a reactive stroma that is persistently activated49,50. Experimental models ascribed a 
pivotal role for many signaling pathways in prompting the activation of resident 
fibroblasts. For example, the loss of the TGF-β receptor (TGFBR)2 in FSP1+ 
fibroblasts led to hyperplasia and tumor initiation in the prostate and in the 
forestomach, together with an abundant desmoplastic response. The cause of this 
proliferation was attributed to the up-regulation of hepatocyte growth factor 
(HGF) in the stroma, and the concomitant binding to its cognate c-MET receptor 
in the epithelial cells51. 

However, the activation of resident fibroblasts is just one of the many putative 
sources that have been proposed for the generation of CAFs52. A range of studies 
have shed light on the multiple potential origins of these mesenchymal cells, 
although future investigations will have to show compelling evidence that a 
different origin commits to a specific function in a determined subpopulation, as 
there is currently no clear indication of this relationship. One of the most 
characterized mechanisms for the genesis of fibroblasts and CAFs is the epithelial-
to-mesenchymal transition (EMT), which was initially described in developmental 
chick embryogenesis53. Cancer cells can equally initiate this program when 
signaling molecules like TGF-β and PDGF trigger a transcriptional modification 
that results in the acquisition of mesenchymal features (N-cadherin, FSP1, α-
SMA) at the expense of epithelial markers (cytokeratins, and down-regulation of 
E-cadherin through induction of Snail, Slug and Twist transcriptional factors)51,54-

56. Of note, this transition can be transient or stable and it displays as a continuum, 
denoting that there are many intermediate states characterized by an altered 
epithelial/mesenchymal phenotype. Similarly, the two major cellular components 
of the vascular compartment can generate CAFs through similar processes, namely 
pericyte-to-fibroblast transition (PFT) and endothelial-to-mesenchymal transition 
(EndMT)57. To date, PFT in carcinogenesis has been directly addressed only in 
one study, which portrayed a PDGF-BB-dependent detachment of pericytes from 
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the vascular bed, the acquisition of FSP1 and α-SMA expression, collectively 
resulting in an augmented dissemination of tumor cells58. However, some of the 
claims made by the authors arise from a dubious interpretation of the data, thus 
requiring further validation of this mechanistic model. On the contrary, the 
dynamics of the EndMT process have been reported in several instances, and it is 
commonly regarded as a specialized type of EMT59-61, although specific 
mechanisms cannot be excluded. 

Bone marrow mesenchymal stem/progenitor cells (MSCs) can integrate in the 
intratumoral stroma and secrete factors like CCL5 to promote breast cancer 
growth62, or can be recruited by tumor cell-derived osteopontin to instigate the 
malignant outgrowth at secondary sites63. Moreover, murine MSCs possess the 
ability to differentiate into multiple lineages (including fibroblasts) through 
expression of the early B cell factor (EBF)2 transcription factor64. In addition, 
patients with metastatic sarcomas displayed elevated levels of circulating 
fibrocytes, a subset of myeloid-derived suppressor cells (MDSCs), which 
expressed α-SMA, collagen I and V, and promoted angiogenesis as well as 
suppressed T-cell proliferation65. 

Finally, adipocytes have been indicated as a potential source of CAFs in cancer. 
Their relevance is even greater in the context of breast tumorigenesis, considering 
the high fat content of the mammary gland. Tumor cells can release Wnt-3, which 
triggers the activation of the Wnt/β-catenin pathway in mature adipocytes, causing 
their de-differentiation to adipocyte-derived fibroblasts (ADFs) through an 
intermediate cancer-associated adipocyte (CAA) phenotype66. On the one hand, 
ADFs are FSP1+α-SMA- cells with enhanced migratory properties, which are able 
to synthesize fibronectin and collagen I. On the other hand, CAAs are identified 
by delipidation and by their ability to support tumor cell growth via the release of 
adipokines (leptin and adiponectin), collagen VI, as well as MMP-11, HGF and 
IL-667. The loss of lipid content is a peculiar feature of CAAs, as the free fatty 
acids released by the mature adipocytes are incorporated by the malignant cells for 
the generation of ATP through β-oxidation68,69. 

Pericytes 

Pericyte recruitment and function 
Pericytes represent one of the cell types encompassed in the broader category of 
mural cells, and are mainly found in association with blood, but not lymphatic, 
microvasculature, i.e. arterioles, venules and capillaries70 The name of this 
population of mesenchymal cells derives from their close proximity to the blood 
vessels. On the contrary, the expression of α-SMA confers contractile properties 
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and characterizes vascular smooth muscle cells (vSMCs), which are usually 
covering large caliber vessels like arteries70. 

During angiogenesis, nascent vascular sprouts release PDGF-B that attracts 
PDGFR-β-expressing pericytes71. The essential role of this molecular cue for the 
integrity and the stability of the vessels was deciphered in a mouse model, wherein 
PDGF-B was deprived of the retention motif (Pdgfbret/ret) required to generate a 
chemoattractant gradient. In addition to the abnormal structural organization of the 
blood vessels, adult animals were affected by the onset of retinal degeneration and 
sclerotic tissue in the kidney, as well as proteinuria72,73. Together with the 
fibroblasts, pericytes are responsible for the deposition of the basement membrane 
(BM), a specialized compact and less porous ECM mainly composed of type IV 
collagen, fibronectin, laminin, heparan sulfate and nidogen-1/212. The association 
with endothelial cells is facilitated by N-Cadherin74 and this interaction also 
regulates the production of the BM75,76, which embeds the mature perivascular 
cells and the endothelium to form a vascular unit. In a resting state, the BM 
separates the two cell types, except for the discrete sites where the cytoplasmic 
processes of the pericytes directly contact the endothelial cells: the number of 
these sites depends on tissue-specific vascularization, but it can reach up to 1000 
hotspots per individual endothelial cell70. Besides this peg-socket type of 
communication77, adhesion plaques and chemo-mechanical stimulation were also 
described as signaling routes between the layers of the vasculature. Blood vessels 
have specialized roles that reflect the function of the different organs, like the 
almost sealed blood brain barrier (BBB) in the central nervous system or the 
selective permeability typical of the renal glomeruli. The density of the 
perivascular sheets that cover the abluminal surface of vessels indeed determines 
the interstitial fluid pressure (IFP, discussed in the “growth factor signaling” 
chapter) by regulating the vascular tone: in physiological conditions, the ratio 
between pericytes and endothelial cells ranges between 1:1 and 10:171,78. A 
specific paracrine crosstalk is apparently at the basis of the control of quiescence 
and permeability, with endothelial cells expressing the receptor Tie-2, whereas 
pericytes are the main source of the Ang-1 ligand. 

Markers and origin  
The identification of pericytes is not a trivial task, as molecular markers are often 
shared with other mesenchymal cell types, and similarly, the elongated 
morphology is not a unique feature of the perivascular cells50. Hence, together 
with the localization within the tissue, these two characteristics guide their 
discrimination. Despite a very dynamic pattern of expression, markers that are 
commonly used to recognize these cells in tissues include PDGFR-β, α-SMA, 
chondroitin sulfate proteoglycan 4 (CSPG4/NG2), regulator of G protein signaling 
(RGS)-5 and desmin. 
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An increasing body of evidence suggests that pericytes bear properties of putative 
mesenchymal stem cells, given their ability to differentiate into vSMCs, 
osteoblasts and adipocytes. Adult pericytes could even commit to the neural cell 
lineage and generate neurons through cellular reprogramming mediated by two 
transcription factors, namely Ascl1 and Sox279. Interestingly, MSCs express 
several pericyte markers, such as PDGFR-β, α-SMA and NG2. Nonetheless, 
several developmental studies converge on the idea that pericytes derive from 
many different cell types depending on the organ in which they are found: for 
example, in organs stemming from the mesoderm –including lungs, liver, 
gastrointestinal tract and coronary arteries– pericytes seem to differentiate from 
the mesothelium, an epithelial membrane that lines the internal cavities of the 
body80,81. Conversely, thymus and brain pericytes are thought to have a neural 
crest derivation82. Intriguingly, recent findings revealed that during 
embryogenesis, CD31+F4/80+ hematopoietic cells committed to lymphocytic 
lineage by expressing CD206 and CD11b, adhered to the subventricular vascular 
plexus where they transdifferentiated to NG2+PDGFR-β +desmin+ pericytes83,84. 

Pericytes in tumor biology 
Many of the properties of the tumor vasculature can be ascribed to an impaired 
perivascular structure. First of all, tumor pericytes are usually detached from the 
endothelial monolayer, with many cytoplasmic protrusions invading the 
surrounding stroma instead of stabilizing the endothelial cells. Moreover, most 
solid cancers display a drastic reduction in the number and in the density of 
pericytes, contributing to the increased vascular permeability and “leakiness” seen 
in this pathological setting. 

Noteworthy, different subgroups of pericytes have been implicated in specific 
aspects of tumor progression. The expression of PDGFR-β denotes an immature 
population that is able to differentiate to more mature types85. More than its 
essential role in endothelial cell survival through interaction with PDGF-B, 
PDGFR-β is tightly associated to intratumoral IFP86. Conversely, NG2+ 
perivascular cells promote a more sealed vasculature, as their knockout 
exacerbated hypoxia and dissemination of tumor cells87. In addition, chronic levels 
of VEGF-A further negatively regulate the functionality of the mural cells. In 
connection with this, tumors refractory to anti-VEGFR2 therapy revealed an 
increased expression of α-SMA+ pericytes88, which were also implicated in 
vascular co-option89, suggesting that these cells might derive from the adjoining 
normal tissue. Desmin-positive pericytes seemed equally insensitive to PDGFR-β 
and anti-VEGF agents90, but exhibited a tighter association to the vasculature 
compared to other tumor perivascular cells91. Finally, recruitment of RGS5-
expressing pericytes was associated with a blunted trafficking of immune cells, 
whereas their ablation normalized the vasculature, increased the presence of NG2+ 
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and α-SMA+ pericytes, and boosted the influx of immune effectors92. Finally, 
tumor pericytes can additionally acquire the expression of markers that might 
confer a biological advantage to the tumor: a peculiar example is the pro-
metastatic function of endosialin93, which was found to promote extravasation of 
cancer cells without affecting the growth of the tumor mass at the primary site94. 

Targeting pericytes in preclinical models 
Given these premises, targeting of pericytes might hold promising therapeutic 
significance. Surprisingly, crossing Pdgfbret/ret mice with a transgenic model of 
pancreatic neuroendocrine tumorigenesis (RIP1-TAg2) did not show any effect on 
the growth of primary tumors95, unlike observed in two different breast cancer 
models where NG2+ or PDGFR-β+ pericytes were depleted87,96. Nevertheless, all 
these studies unequivocally displayed an enhanced metastatic phenotype, caused 
by exacerbated tumor hypoxia that promoted EMT and spread through 
compensatory mechanisms, including expression of c-Met and Ang-2. Dual 
inhibition of PDGF and VEGF signaling through soluble receptors or receptor 
tyrosine kinase (RTK) inhibitors elicited a more potent tumor growth inhibition97-

100, likely by ameliorating excessive IFP. It is important to stress that RTK 
inhibitors concomitantly target multiple kinases in different cell types, and affect 
autocrine as well as paracrine signaling. Administration of these compounds 
suppressed vascular density, matched with a generally favorable anti-metastatic 
activity, although several studies highlighted hypoxia-induced malignization and 
tumor growth rebound at distant sites101-103. Similarly, resistance to BRAF 
inhibitors was recently credited to pericytes in papillary thyroid carcinoma, 
through the specification of a thrombospondin-1/TGF-β1 axis104. 

However, one of the ways tumor pericytes can confer resistance to therapy is by 
acting as shields to protect endothelial cells from anti-angiogenic therapy. Indeed, 
pericytes could induce endothelial cell survival through integrin αV-mediated 
intracrine up-regulation of VEGF-A signaling and of the anti-apoptotic protein 
Bcl-w105. In order to obtain durable tumor responses and marked improved 
survival, a “chemo-switch” approach was devised in RIP1-TAg2 mice. Here, the 
transitory effects of maximum tolerated doses of chemotherapy were followed by 
a metronomic regimen of continuous but low-dose exposure to the same agent. In 
this context, inhibition of PDGF signaling via the RTK inhibitor imatinib 
disrupted the vascular supportive functions of pericytes, eventually sensitizing 
endothelial cells to VEGF therapy and potentiating the metronomic schedule 
directed against proliferating cells (including the vasculature)106. 

Resistance to therapy has also been associated to reactivation of slowly 
proliferating stem cells that could repopulate the tumor parenchyma. In light of the 
multipotent features displayed by pericytes in a diverse range of experimental 
models, additional data showed that tissue resident stem cells are often detected in 
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perivascular niches, suggesting a specific role for pericytes in the maintenance of 
progenitor cell populations. In parallel, in brain tumor models, characterization of 
the interaction dynamics in the niche revealed that endothelial cells and CSCs 
controlled self-renewal properties and the differentiation of tumor-initiating 
cells107. Moreover, paracrine CXCL12/CXCR-4 signaling, followed by lineage 
commitment instigated by TGF-β, promoted differentiation of glioblastoma stem 
cell to pericytes108. This concept was recently challenged by a lineage tracing 
study demonstrating that Tbx18+ mural cells did not contribute to other cell types 
during aging or following injury109. Such studies highlight the limitation of our 
ability to detect and follow a single population, and its role in a specific context. 
Whether Tbx18 truly marks all mural cells or it might simply identify a large 
proportion of them remains to be clarified. 

Collectively, these data point towards plasticity as an intrinsically defining feature 
of perivascular cells, but at the same time leave many aspects pending –among all, 
whether pericytes can really contribute to tissue homeostasis, as well as 
specialized pro-tumorigenic support in cancer, remain elusive. More defiantly, a 
tempting hypothesis is that perivascular cells, by virtue of their multipotent status, 
could replenish the malignant epithelial compartment during tumorigenesis and in 
response to treatment. On the one hand, the main caveat to this proposition is 
clearly embodied by genetic mutations that are acquired and that contribute to the 
intratumor heterogeneity. On the other hand, epigenetic reprograming could 
intervene in this context and promote a full mesenchymal-to-epithelial transition. 

Vasculature 

The presence of a circulatory system is an essential feature of most multi-cellular 
macro-organisms. The formation of a network of vessels is initiated during 
embryogenesis and the adult vascular tree is maintained throughout life, in a 
constant homeostatic balance. Through regulation of the permeability of the 
endothelium, blood vessels transport oxygen, hormones and nutrients, while they 
are aided by the lymphatic system to ensure the removal of byproducts of the 
respiration and to drain fluid, as well as for the mobilization of white blood cells. 
These functions are carried out during physiological and pathological conditions, 
including wound healing, chronic inflammation and cancer. 

Endothelial cells 
During embryogenesis, the Wnt, Notch and bone morphogenetic protein (BMP) 
pathways coordinately activate the transcription factor Etv2 in a set of 
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mesenchymal progenitor cells in the mesoderm to give rise to a differentiating 
angioblast110,111. Since Etv2 regulates the expression of early vascular markers, 
like Vegfr2 and Pecam1, angioblasts can further commit to endothelial cells by 
responding to VEGF signaling, and assemble into primitive vascular cords. 
Subsequently, arterial and venous differentiation is achieved through a tight 
balance between two pathways: activation of Notch establishes an arterial fate, 
whereas its inhibition by the COUP-TFII transcription factor dictates commitment 
to the venous lineage. The role of COUP-TFII is equally important at a later step, 
when venous endothelial cells acquire Sox18 expression and become competent 
for lymphatic cell specification112. At this point, COUP-TFII and Sox18 
cooperation to induce Prox1 is sufficient and necessary for the final specification 
of the lymphatic lineage113. Following the expression of VEGFR3, lymphatic 
endothelial cells (LECs) become susceptible to mesenchymal VEGF-C gradients 
for the development of the lymphatic system. 

As a direct consequence of this hierarchical determination, blood endothelial cells 
(BECs) and LECs have specific molecular identities, with VEGFR2 and 
neuropilin-1 identifying BECs, whereas LECs prominently express VEGFR3114, as 
well as the surface proteins podoplanin115 and LYVE-1116,117. Interestingly, several 
markers initially thought to be specific for BECs118 –including PECAM-1, VE-
cadherin, Tie-2 and endoglin– are actually expressed (although potentially at 
different levels) also by LECs. These findings might signify that many endothelial 
genes are specified very early in developmental angiogenesis. Zebrafish models 
also indicate that the dorsal aorta and the axial vein are differentially regulated by 
pro-angiogenic factors: the former is controlled by VEGF-A gradients, while the 
latter responds to BMP2-mediated activation of activin receptor-like kinases 
(ALK)2 and ALK3 of the TGF-β superfamily119. Moreover, the expansion of the 
vascular plexus was shown to mainly rely on vein-derived tip cells. This 
dependence was attributed to a specific signaling allowing CXCR4-expressing tip 
cells to collectively migrate towards CXCL12 accumulated in the fin ray bones120. 
Interestingly, the CXCL12/CXCR4 molecular cue has recently regained attention 
as the main determinant of angiogenic sprouting (see next section). 

Tumor angiogenesis 
Oxygen diffusion is critically linked to the presence of a functional vascular bed. 
In most healthy tissues, angiogenesis intimately shadows organogenesis, so that a 
physiological oxygen tension (5%) is maintained within 150 μm from the nearest 
capillary121. This is generally true for solid tumors, which cannot grow larger than 
1-2 mm3 before engaging in an angiogenic-switch to cope with the expanding 
mass122,123. One of the central characteristics of the tumorigenic state is the chronic 
VEGF signals wherein the entire microenvironment is bathed in. Sources of VEGF 
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are disparate and deregulated, contributing to the abnormal morphology and 
altered functionality of the tumor vasculature. First and foremost, the malignant 
epithelium itself releases VEGF to sustain its increasing metabolic needs through 
neovascularization. This growth indirectly reinforces VEGF signaling in two 
additional ways. First, the proliferative pressure promotes a hypoxic state, which 
fuels the induction of vessel formation to restore the original equilibrium. Next, as 
tumor cells undergo a metabolic switch to increase the biomass incorporation 
needed for proliferation (“Warburg effect” theory)124,125, the local tumor space is 
replenished with lactic acid, whose accumulation exacerbates the secretion of 
VEGF, independently of hypoxia, via ERK1/2 signaling126,127. 

So far, six mechanisms of blood vessel recruitment have been described in the 
literature: sprouting angiogenesis, vasculogenesis, intussusception, vessel co-
option, vascular mimicry and tumor (stem cell)-to-endothelial cell differentiation. 

Sprouting angiogenesis 
Proangiogenic factors orchestrate a process of tissue remodeling of the quiescent 
endothelium to allow the activation of endothelial cells. One of the earliest events 
in this cascade is the detachment of the perivascular cells, mediated by the 
secretion of Ang-2 by the endothelium, followed by the degradation of the 
basement membrane110. A proangiogenic cytokine gradient is sensed by the 
filopodia extensions of highly migratory tip cells, which invade the extracellular 
matrix through a balanced activity of MMPs (including MMP-1 and MMP-14) and 
plasmin activator inhibitor (PAI)-1128. Cells in a stalk position trail tip endothelial 
cells and elongate the growing sprouts through proliferation. Eventually, newly 
formed sprouts meet, connect and fuse through anastomosis. Stabilization of this 
structure ensues from the expression of tight junction proteins like VE-Cadherin, a 
transient VEGF-C/VEGFR3 signaling129-131, as well as pericyte recruitment 
through endothelial cell-derived PDGF-B. Finally, perfusion of the vessel 
promotes endothelial quiescence and a phalanx phenotype: endothelial cells 
assume a typical cuboidal morphology, deposit new basement membrane and are 
invested by mature pericytes. 

Initially, it was believed that tip-stalk specification was dependent on a tightly 
regulated cross talk between VEGF-A/VEGFR2 and Dll4/Notch signaling. In this 
model, the gradient of VEGF-A allowed the degradation of the basement 
membrane and the promotion of migratory features in a discrete number of 
endothelial cells, which would compete for the tip cell position based on the 
relative levels of Vegfr1 and Vegfr2132. As a consequence of this tip cell selection, 
the neighboring cells are maintained in a stalk position through a mechanism of 
lateral inhibition. Indeed, activation of VEGFR2 mediated the expression of Dll4 
in tip cells, triggering paracrine Notch signaling in the stalk cells, in turn 
dampening the VEGF signaling through increased levels of VEGFR1. Alongside, 
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the up-regulation of Jag1 -another ligand of the Notch family- antagonizes Dll4 
signaling in the sprout-leading cells, contributing to the maintenance of a tip 
phenotype. Another dynamic regulation of the tip-stalk phenotype is exerted by 
the orphan receptor Tie-1 and its ability to modulate Tie-2 function: in tip cells, 
high levels of Tie-1 prevent Tie-2 localization to the cell membrane, while during 
remodeling it cooperates with Tie-2 in stalk cells133. 

This view has recently been challenged by a more dynamic hierarchy, which 
redefined the role of Notch signaling in sprouting angiogenesis. Plausibly, three 
independent studies coupled Notch activity with the capacity to form arteries to 
cope with the demands of a growing tissue. Through computational modeling of in 
vivo observations in zebrafish, Costa and colleagues revealed that the division of 
tip cells is asymmetrical, generating daughter cells of different size and with 
differential VEGFR activity that do not necessitate Notch signaling for the 
tip/stalk cell specification134. Concordant results derived from another 
investigation in the same model system, which additionally focused on the dual 
property of Notch to regulate the expression of its target gene Cxcr4. At earlier 
stages, transient expression of Cxcr4 directs tip cells and the nascent sprout 
towards pre-existing arterial vasculature, as opposed to later stages, where Cxcr4 
repression prevents EC hypersprouting135. Accordingly, in a mouse retinal model, 
Cxcr4 function was tied to VEGF activity, whose expression was limited by Notch 
to thwart excessive endothelial cell proliferation136. 

An increasing body of evidence supports a role for TGF-β signaling in sprouting 
angiogenesis. By employing retinal angiogenesis models, it was shown that 
ALK1-mediated induction of SMAD1/5 synergized with Notch to curb VEGF 
response and to potentiate the transcription of Notch targets in stalk cells137. 
Moreover, the VEGF co-receptor Neuropilin-1 could inhibit ALK1 and ALK5 
downstream signaling in tip cells. In parallel, sustained activation of Notch in stalk 
cells represses Neuropilin-1, resulting in higher levels of SMAD effectors and 
reinforcement of the stalk cell identity138. Seemingly, this crosstalk between Notch 
and BMPs further synchronizes lateral branching through a Notch-induced ALK1-
independent SMAD6-mediated tuning of the signals, thereby postulating the 
existence of stalk cells with a heterogeneous responsiveness to BMPs. In this 
model, SMAD6 integrates stimuli from persistent Notch signaling and from 
BMP2/6 activation of SMAD1/5/8. Of note, SMAD6 is not only regulated by 
Notch, but it is also a direct transcriptional target of ALK1139. SMAD6 determines 
the threshold for tip vs. stalk cell specification, by regulating the intracellular 
levels of phospho-SMAD1/5 that shuttle to the nucleus. Therefore, increasing the 
ligand availability allows stalk cells to reach the threshold and assume a tip 
phenotype140. The pro-angiogenic roles of BMP2 and BMP6 have been 
additionally characterized in vitro: BMP2 signals through ALK3 and contributes 
to the tip-cell phenotype via SMAD-independent p38-mediated cell migration and 
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by inducing the expression of DLL4 and VEGFR2, whereas BMP6 enhances 
canonical SMAD1/5/8 signaling by binding ALK2 and endows stalk cell 
competence141. 

Vasculogenesis 
Vasculogenesis refers to the de novo formation of a vascular plexus from 
progenitor cells residing in a stem cell niche in the bone marrow. Here, CXCL12 
attracts endothelial progenitor cells (EPCs) expressing CXCR4, and retains them 
in a concerted action with VCAM-1 and integrin α4β1

142,143. It is important to note 
at this stage that tumors with high content of stem cell-like cells express higher 
levels of CXCL12 and VEGF, whose converging signaling induce mobilization of 
EPCs. This event is mediated by MMP-9-dependent proteolytic activation of the 
membrane-bound stem cell factor Kit, which induces the migration and the release 
of EPCs into the circulation144. Once the progenitors have reached their location, 
they are incorporated in the vessel sprout and further stimulate vascularization by 
secreting pro-angiogenic factors. 

Intussusception 
This modality is defined as the generation of a septum that split a pre-existing 
vessel. Endothelial cells from opposite walls form intra-luminal bridges, which are 
stabilized by collagen bundles from the connective tissue that integrate in this 
primitive structure145. The local degradation of the basement membrane is also 
required for the retraction of endothelial cells from the interstitial wall to allow the 
formation of two distinct lumens. Finally, the process is resolved through 
remodelling operated by the joint activity of pericytes and myofibroblasts: the 
former invade the newly-formed pillar providing stability, while the latter deposit 
connective tissue to reinforce the structure146. Conceivably, major endothelial cell 
proliferation is not required, making intussusception a faster and less 
metabolically demanding process than sprouting angiogenesis. In consideration of 
this, it was suggested that intussusceptive growth might be promoted following 
anti-angiogenic therapy or in VEGF-poor environments128. 

Vessel co-option 
Despite a generally disorganized developmental pattern, in specific instances 
tumor cells can supersede the healthy counterpart without affecting the 
architecture of the organ. This peculiar growth pattern is ostensibly not dependent 
on angiogenesis (and VEGF), so that the tumor mass can incorporate the host’s 
natural capillary bed and “hijack” its intact structure and highly functional flow to 
thrive and develop. This type of non-angiogenic growth has only been observed in 
very vascularized tissues, like the liver, the lungs and the brain128. Nevertheless, 
tumor cells that co-opt resident vessels still have the potential to give rise to a very 
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aggressive disease, as a consequence of a deregulated balance between VEGF and 
tumor cell-derived Ang-2 levels. Indeed, Ang-2 can antagonize Ang-1 (from 
paracrine pericyte signaling) by binding to the same Tie-2 receptor to induce 
vascular remodeling and destabilization, which can progress to vascular regression 
in the absence of angiogenic stimuli from VEGF. The massive cell death in the 
epithelial compartment induced by vascular ablation promotes a potent spike in 
the expression of VEGF and Ang-2: in the context of tumor development, 
coordinated action of these two cytokines leads to neovascularization147. 
Interestingly, in a model of colorectal cancer with liver metastasis, it was shown 
that the actin-related protein 2/3 complex is implicated in vessel co-option, and 
that its targeting in combination with anti-angiogenic therapy significantly reduces 
the size of the hepatic lesions148. 

Vascular mimicry and tumor-to-endothelial cell differentiation 
Tumor cells possess the repertoire to assemble into channel-like structures for the 
transport of oxygen, thereby mimicking endothelial cell function and actively 
contributing to circulation149. According to the characterization of this 
phenomenon in melanoma, the malignant cells are not simply assuming the 
functionality of endothelial cells, but they are actually reverting to a more plastic 
phenotype, by virtue of expression of some prototypical endothelial markers, like 
e.g. vascular endothelial (VE)-cadherin. Successively, VE-cadherin triggers a 
cascade of events culminating in the proteolysis of laminin-5γ2-chain by MMP-2 
and MMP-14. In this scenario, tumor cells are in direct contact with the 
bloodstream, facilitating invasion and metastatic dissemination. Williamson and 
colleagues showed that vascular mimicry (VM) increased the delivery of cisplatin, 
but reduced its in vivo effect150. In addition, Serpine2 and secretory leukocyte 
protease inhibitor (Slpi) were shown to be the cellular drivers for the VM program 
in a breast cancer model, which were also found to be overexpressed in human 
patients with lung metastases151. Serpine2 belongs to the family of serine protease 
inhibitors (serpins), and the serpine 1 member (also known as PAI-1) was also 
implicated in facilitating the infiltration of breast cancer to the brain: not only did 
serpine1 shield tumor cells from the lethal effects of plasmin, but it also allowed 
the retention of L1CAM for vessel co-option152. It was recently clarified that 
tumor cells use L1CAM to crawl and spread on blood vessels, thereby displacing 
pericytes and permitting the infiltration of the metastatic organ153. 

Vascular mimicry has also been associated with the ability of cancer stem cells to 
differentiate into endothelial cells. Although stem cells have not been 
unequivocally defined, a striking finding in a mouse model of brain tumorigenesis 
lends support to this theory. Indeed, a proportion of endothelial cells within a 
glioblastoma mass harbored the same genetic mutation that characterized the 
tumor cells –in this case a specific amplification of the EGF receptor154,155. In a 
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similar fashion, the same molecular cues that control the mobilization of EPCs to 
the site of angiogenesis allow endothelial cells to recruit stem cells to further 
differentiate into pericytes under the influence of TGF-β. 

Immune cells 
The fundamental role of the immune system is to protect our body from foreign 
and harmful pathogens and allergens, as well as generating and maintaining 
tolerance to self-antigens. The innate immunity is based on a rapid, relatively 
unspecific response to intracellular and extracellular pathogens156. Cells of the 
innate immunity commonly reside in specialized anatomical barriers (e.g. 
epithelium, mucosa, blood-brain barrier), where they are continuously engaged in 
the recognition of infectious agents, whose clearance is dependent on the 
recruitment of leukocytes. This first line of defense activates subsets of leukocytes 
specifically recognizing intracellular or extracellular pathogens: eosinophils and 
basophils release granules containing toxic proteins and free radicals, while mast 
cells secrete chemokines and other factors to recruit macrophages and neutrophils, 
thereby initiating an inflammatory response. Moreover, neutrophils and 
macrophages first ingest the foreign particles, and then create an intracellular 
vesicle where the microbe is destroyed by oxidizing agents and free oxygen 
radicals. On the contrary, natural killer (NK) cells can trigger programmed cell 
death by releasing perforin and granzymes that kill infected cells via apoptosis. 
Additionally, macrophages and dendritic cells (both differentiating from 
circulating monocytes) are specialized antigen presenting cells (APCs): indeed, 
upon engulfing the pathogens, APCs expose foreign antigens on their plasma 
membrane to recruit another set of leukocytes, the lymphocytes of the adaptive 
immunity157. Depending on the type of surface molecule used for the recognition 
of the foreign antigen (major histocompatibility complex MHC, class I or II), 
effector (CD8+) or helper (CD4+) T cells mediate the adaptive response: the former 
act similarly to NK cells, whereas the latter aid mature B cell to differentiate into 
antibody-producing plasma cells in the lymph nodes. The onset of this adaptive 
response is slower but very specific, and it also generates memory cells for faster 
and more potent future immune reactions to a previous exogenous pathogen. 

Cancer and immunoescape 
The immune system plays a dual role in tumor initiation and progression, as 
postulated in the theory of immune-editing158. In the early phases, the host’s 
immune system is engaged in a vigorous and effective anti-tumor activity: the pro-
inflammatory environment caused by the growing tumor is enhanced by the 
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additional release of immune modulators from other components of the local 
microenvironment. Ultimately, the recruitment of CD8+ cytotoxic lymphocytes 
and NK cells proficiently eliminate most of the malignant cells. However, the cells 
that have survived display a low immunogenic phenotype, and a constant 
equilibrium between the malignant cells and the local milieu is established 
throughout tumor development. Eventually, tumor cells acquire different 
mechanisms through which they are able to elude the immune surveillance, and 
proliferate to drive cancer progression158. Typical examples of this escape are 
achieved through the loss of tumor-associated antigens or MHC class I, or by up-
regulating negative modulators of the immune system, all in all contributing to an 
immunosuppressive state. 

As can be evinced from this hypothesis, the composition of the immune cell 
compartment parallels the evolution of the malignant epithelium. In agreement 
with this, a recent paper described how the interactions between immune cells and 
breast cancer cells are shaped during the progression of a localized lesion to 
invasive disease in the breast159. Accordingly, the infiltration of different 
subpopulations of immune cells was shown to be involved in the clinical 
performance of patients160. For example, the presence of CD8+ cells (both effectors 
and memory cells) has been associated to good prognosis, together with the TH1 
cells that promote the activity of cytotoxic lymphocytes by releasing IL-2 and 
IFN-γ161,162. On the contrary, a different subtype of T cells, known as TH2, is 
generally linked to a worse prognosis. The tumor-promoting properties of TH2 
cells derive from their ability to release IL-4, IL-5 and IL-13, all implicated in 
tumor cell proliferation and metastasis163,164. Similarly, by virtue of their pro-
inflammatory functions, persistent activation of TH17 and increased levels of IL-
17, IL-21165 and IL-22 can lead to autoimmune diseases and favor oncogenesis 
through chronic inflammation166-168. Yet another population of T cells, with 
suppressive functions (Tregs), has been shown to largely contribute to block CD8+- 
and NK cell-mediated killing by expressing TGF-β, IL-10 and IL-35169. Moreover, 
Tregs can suppress dendritic cell function directly through LAG3170, or inhibit the 
interaction between dendritic cell and effector lymphocytes via cytotoxic T 
lymphocyte-associated protein (CTLA)-4. Finally, regulatory T cells can release 
granzyme B to induce apoptosis in effector cells. For these reasons, Tregs 
infiltration is associated with poorer patient survival171-173.  

The large spectrum of sources for macrophage activation reflects the opposing 
functions of different subtypes. Although some pro-inflammatory and phagocytic 
macrophages are involved in tumor rejection, the vast majority accumulates in 
hypoxic and necrotic regions, where these cells release anti-inflammatory IL-10 
and IL-12, with a definite role for Tie-2-expressing monocytes/macrophages in 
stimulating angiogenesis174-176. In support of this notion, tumor-associated 
macrophages (TAMs) have been shown to be involved in invasion177,178, early 
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dissemination179, and metastasis180. In addition, tumor hypoxia is also one of the 
leading causes of defective dendritic cell function in many cancer types. Other 
fundamental inhibitory cues originate from myeloid-derived suppressor cells 
(MDSCs), as they induce Tregs and TAMs via nitric oxide synthase (NOS)2 and 
arginase. Finally, neutrophils represent the largest component of circulating 
leukocytes in normal condition, and their occurrence has been linked to both anti- 
and pro-tumorigenic functions181: neutrophils can indeed induce angiogenesis, 
promote ECM degradation and contribute to the priming of metastatic lesions182-

184, but they are also able to directly eliminate disseminated tumor cells185. 

Targeting the microenvironment 
The backbone of most therapeutic regimens is mainly directed at the elimination 
of the cancer cells. On the one hand, the genetic aberrations of the malignant cells 
make them a logical and relatively easy target for the development of anti-
neoplastic agents. On the other hand, inhibiting specific signals in individual cell 
types has been shown to provide very short-lived responses, after which tumors 
activate alternative mechanisms to drive proliferation. However, as introduced in 
this chapter, the non-transformed components of a malignant mass are obligatory 
partners for the onset and progression of a tumor, underlying that by defining the 
tumor-specific dependence on signaling networks, it could be possible to achieve 
clinical benefit. In this context, the tumor microenvironment offers many 
actionable opportunities, although drug development has so far been focused on 
angiogenesis186-188 and immune infiltration. For example, therapies specifically 
targeting CAFs are not currently available for carcinomas, although patients with 
mesenchymal tumors like soft tissue sarcomas have benefitted from the approval 
of olaratumab, a monoclonal antibody against PDGFR-α189. 

Antiangiogenic therapy 
Anti-angiogenic compounds have a long history, as vascularization of tumor 
tissues has been explored since the 1950s190,191. In the early 1970s, Judah Folkman 
gathered these observations and postulated that indolent tumors required 
angiogenesis in order to grow123. Folkman extracted a soluble molecule that was 
named tumor-angiogenesis factor (TAF), stimulating the proliferation of 
endothelial cells and the formation of capillaries122. Along this line, the excessive 
extravasation of plasma fibrinogen and accumulation of ascites fluid in 
experimental models of carcinoma was attributed to the hyperpermeability of the 
vessels caused by a vascular permeability factor (VPF), which could be purified 
from tumor cell-conditioned medium192. Only in 1989, two independent lines of 
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investigation identified VPF as a highly diffusible endothelial cell-specific 
mitogen, i.e. vascular endothelial growth factor (VEGF)193,194. The development of 
a monoclonal antibody directed against VEGF-A elicited a strong anti-angiogenic 
response in glioblastoma, leiomyosarcoma and rhabdomyosarcoma models, as 
blockade of VEGF-A reduced the vascular density and the permeability of the 
vessels, which also had a less tortuous morphology. Clinical trials with the 
neutralizing antibody bevacizumab195 showed encouraging anti-tumor effects, and 
in 2004, FDA granted the approval for bevacizumab as a first-line treatment for 
metastatic colorectal cancer in combination with chemotherapy196. Nonetheless, 
the addition of bevacizumab to the standard of care improved the progression free 
survival (PFS), but did not affect the overall survival (OS) in breast cancer 
patients197, who often displayed more severe side effects as well. Therefore, in 
consideration of these results, FDA revoked its recommendation for the use of 
bevacizumab in breast cancer in early 2011. The main limitation of the targeted 
inhibition of VEGF is the acquisition of resistance to therapy, which involved –at 
least in preclinical models– malignant rebound fueled by the exacerbated hypoxic 
state102,103,198, a phenotype likely reflecting the ubiquitous pattern of expression of 
VEGFR2. 

Since then, the search for alternative ways to impinge on tumor angiogenesis has 
expanded to other regulators of this process, although the VEGF pathways 
remained a pivotal target of many investigational agents: two additional 
compounds that have been approved in a range of solid tumors encompass the 
anti-VEGFR2 ramucirumab, and the decoy receptor aflibercept, which traps 
VEGF-A, VEGF-B and PlGF and prevents their binding to VEGFRs128. Other 
specific therapies have been admitted or are under consideration for the targeting 
of angiogenesis, including anti-integrin α5β1 and αvβ3 (expressed by endothelial 
cells to stabilize their growth), as well as ang-1/2 blocking agents, usually 
administered together with chemotherapy-based regimens. Conversely, RTK 
inhibitors are also used as mainstay monotherapies in many malignancies, 
including hematological cancers. These small molecules are designed to directly 
obstruct the ATP binding pocket of the catalytic domain of the kinase or to cause 
allosteric hindrance, which results in a conformational change that inactivates the 
signaling through the receptor. Tyrosine kinase domains are largely conserved in 
extracellular receptors, therefore the specificity of the inhibitors largely depends 
on their own structure, with each molecule bearing differential affinity to receptor 
families: VEGFRs are common targets of most kinase inhibitors, such as sunitinib, 
pazopanib, sorafenib, regorafenib and axitinib128. Due to their broad spectrum and 
multi-targeted activity, the clinical performance of these compounds is quite 
variable, as it is hard to determine the contribution of each individual receptor to 
the inhibition, especially in consideration of the pivotal role of other common 
targets –such as EGFRs, PDGFRs, FGFRs, c-KIT– in the biology of a tumor. 
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In light of a more restricted pattern of expression to the activated endothelium, 
members of the TGF-β family have received considerable attention as potential 
anti-angiogenic targets. Murine studies highlighted essential functions for the 
activin receptor-like kinase (ALK)1 and endoglin in vascular development. For a 
detailed analysis of ALK1 and the clinical development of its inhibitors, the reader 
can refer to the “growth factor signaling” chapter. As for endoglin, this co-receptor 
has been implicated in the crosstalk between VEGF and TGF-β signaling, given its 
ability to bind to VEGFR2 in vitro199. In the context of tumorigenesis, endoglin 
has been associated with refractoriness to VEGF therapy, as mice heterozygous for 
endoglin displayed prolonged sensitivity to anti-VEGF agents, although the 
vasculature also appeared more permissive to tumor cells, increasing the incidence 
of metastasis101. The encouraging results of the fully monoclonal human antibody 
against endoglin (TRC105/carotuximab) in preclinical200 and early first-in-human 
tests201-205 illustrate that this might be a viable opportunity to further explore205. In 
agreement with this, TRC105 is currently included in a total of nine clinical trials 
in carcinomas and sarcomas, in combination with chemotherapy, other 
angiogenesis inhibitors, as well as immunotherapy. 

Immunotherapy 
Different immune cell types and related mechanisms have been exploited for the 
generation of effective anti-cancer treatments. Accordingly, many strategies have 
been developed and are approved for specific indications or are currently being 
tested and await clearance for clinical use. For example, infusion of cytokines like 
IFN-α to inhibit the growth of tumor cells and stimulate effector T cells is used in 
renal cell carcinoma, melanoma, multiple myeloma and different types of 
leukemia206. Similarly, activation of lymphocytes through direct injection of 
recombinant IL-2 is approved in kidney cancer207. Stimulation of the host’s 
immune system can also be achieved through vaccination, with tumor-specific 
antigens, DNA or whole cells, whereas the inoculation of a weakened form of the 
BCG bacillus that causes tuberculosis is also approved as a means of triggering an 
immune response in non-invasive bladder cancer208. Moreover, effective 
elimination of tumor cells can also be the consequence of the infection with 
oncolytic viruses: for instance, an engineered herpes simplex virus is the backbone 
of the T-Vec therapy in melanoma209. This agent also produces granulocyte-
macrophage colony stimulating factor (GM-CSF), which allows dendritic cell 
maturation and education of CD8+ T cells, in turn targeting and enhancing the 
killing of cancer cells210. Finally, dendritic cells can be educated ex vivo by 
exposing them to the prostatic antigen phosphatase, and re-infused in patients 
where they can activate effector T cells in androgen-independent prostate 
cancer211-213. A comparable strategy forms the basis for adoptive T cell transfer, 
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where the patient’s autologous tumor infiltrating lymphocytes (TILs) are isolated, 
cultivated in vitro, expanded by exposing them to IL-2, and eventually re-infused 
into the host214-217. The effectiveness of this treatment is based on the antigen 
specificity, so in order to enhance the reaction elicited by the TILs, these cells can 
be modified to express improved versions of their native T cell receptor (TCR)218 
or engineered with a synthetic chimeric antigen receptor (CAR)219. So far, CAR-T 
therapy has been successfully implemented in hematological malignancies, with 
two drugs targeting specifically CD19 in acute lymphoblastic leukemia220 and 
diffuse large B cell lymphoma221. These approaches have shown unprecedented 
durable responses in patients, although cytokine release syndrome and targeted 
elimination of antibody-producing B cells have been reported as serious and 
threatening adverse effects222. 

The clinical application of inhibitors directed against the immune checkpoints 
CTLA-4 and programmed death (PD)-1 represented a turning point in the 
treatment of many solid cancers. These proteins were identified in the late 
1980s223,224 and early 1990s225, although their precise function was clarified only 
later in time226-231. CTLA-4 competes with the co-stimulatory receptor CD28 for 
the binding of the common ligand B7, which is usually expressed by professional 
APCs. Conversely, PD ligand (PD-L)1 and PD-L2 are found in APCs but also in 
tumor cells226,232. This pattern of expression highlights different mechanisms of 
actions: CTLA-4 is believed to regulate the priming phase of T cell activation in 
lymphoid tissues, whereas PD-1 exerts its role in the later effector phase in 
peripheral tissues233. As a result of the expression of immune checkpoints, 
activated T cells reduce their proliferation, glucose metabolism, cytokine 
production and thus, survival. In 1996, it was first reported that the inhibition of 
CTLA-4 could be exploited in the context of tumorigenesis234. The rationale 
behind this translational study was that by thwarting the negative regulation of the 
immune activation, a strong response could be unleashed against tumor cells. 
Indeed, not only did the administration of an antibody blocking CTLA-4 regress 
established colon carcinoma grafts, but it also conferred immunity against a 
secondary exposure to the same tumor cells234. Fifteen years later, ipilimumab was 
the first anti-CTLA-4 antibody approved for the management of melanoma. In 
2014, PD-1-blocking antibodies pembrolizumab and nivolumab were granted 
clearance for clinical application in melanoma. Strikingly, pembrolizumab was 
also the first agent that received tissue-agnostic approval, as FDA indicated the 
use of this antibody in any solid tumor type characterized by high microsatellite 
instability or mismatch repair deficient. This also goes well in line with findings 
uncovering a greater response to such therapies in tumors with high mutational 
load235-237. Similarly, agents impinging on the ability of PD-L1 to bind its cognate 
receptor, such as avelumab and atezolizumab, have also been officially accepted 
for Merkel cell carcinoma, bladder and non-small cell lung carcinoma. 
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Remarkably, and in agreement with different roles in dampening the immune 
response, the combination of both ipilimumab and nivolumab strongly improved 
the OS in melanoma patients, compared to either treatment alone238-240. The 
epochal importance of these seminal findings was recognized with the Nobel Prize 
in Physiology or Medicine in 2018. However, despite these encouraging results, 
the lack of adequate biomarkers still accounts for the wide clinical presentation of 
side effects241, potentially reflecting a suboptimal selection of the patients. 



53 

Growth factor signaling 

Inter- and intracellular communications rely on signal transduction, defined as the 
transformation of a stimulus into a biochemical cue. Stimuli include mechanical 
forces as well as physic-chemical sources, such as light, temperature and 
osmolarity. Nevertheless, the actual interaction between ligands and their cognate 
receptors evokes the vast majority of intracellular responses. For plasma 
membrane receptors, upon binding of the primary messenger, the transmembrane 
complex integrates the external stimulus and propagates it to its intracellular 
portion: this ligand-mediated activation triggers the release of second messengers, 
which regulate stimulatory and inhibitory cellular responses by functioning as 
chemical relays. 

In this chapter, I will concisely introduce the transforming growth factor (TGF)-β 
and platelet-derived growth factor (PDGF) families of ligands and receptors, with 
an in-depth description of the functions of ALK1 and PDGF-CC. Both pathways 
are crucial in physiological conditions, not only for the development and 
homeostasis of the epithelial cell compartment, but also for the crosstalk with the 
surrounding stroma, including specific processes like fibrosis and angiogenesis. 
Given these pleiotropic actions, it is not surprising that these signaling pathways 
are commonly hijacked and deregulated in cancer. 

Transforming growth factor β 
This family comprises more than thirty cytokines, encompassing three different 
isoforms of TGF-β, activins and inhibins, bone morphogenetic proteins (BMPs), 
growth and differentiation factors (GDFs), NODAL, and the anti-Müllerian 
hormone242. Ligands are usually synthesized as inactive precursors (pre-pro-
polypeptides), which are then cleaved by proprotein convertases like furin to 
generate mature peptides that form dimers via disulphide bonds243,244. Dimers are 
retained by components of the ECM prior to their activation, and signal through at 
least seven different type I activin-like receptor serine/threonine kinases (ALK) 
and five constitutively active type II receptors (TGFBR2, BMPR2, ActR2A/B and 
AMHR2)245. 
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The basic signaling unit is composed of a heterotetrameric structure of two type I 
and two type II receptors, which can be aided by auxiliary type III receptors 
(endoglin and β-glycan) for specialized interactions in certain cell types246. The 
establishment of this signaling complex is very context- and ligand-dependent: 
generally speaking, TGF-β isoforms bind to the constitutively active TGFBR2 and 
bring the type I dimer to the complex, which is then phosphorylated247 (Figure 2), 
while BMPs preferentially recognize type I receptors, alone or in a preformed 
complex with type II receptors248,249. Binding of BMPs to the type I receptor 
allows the recruitment of the type II receptor and the oligomerization to a 
functional signaling complex250. 

 

Figure 2. Assembly of the TGF-β/TGFBR2/ALK5 signaling complex. 
Homodimeric TGF-β binds to the membrane-bound type II receptor TGFBR2. The type I receptor ALK5 is recruited to 
the complex and it is phosphorylated by the constitutively active TGFBR2. The final complex is composed of two type 
I and type II receptors, and ALK5 phosphorylates SMAD2/3 to modulate the transcription of genes such as PDGFB 
and Serpine1 (gene encoding for PAI-1). Image by Michael Bartoschek. 

Once the machinery is assembled, ALKs activate defined sets of SMAD family 
members to modulate downstream gene expression. It is now largely accepted that 
TGF-βs, activins and NODAL act through receptor-regulated R-SMAD2/3 
following the binding to TGFBR1/ALK5, ALK4 or ALK7, whereas BMPs and 
GDFs utilize ALK1, ALK2, ALK3 and ALK6 to dictate R-SMAD1/5/8 
recruitment251,252. Both R-SMAD branches partner with Co-SMAD4 and 
translocate to the nucleus, where they assemble larger complexes of DNA-binding 
factors to selectively regulate gene transcription246,253. Finally, inhibitory I-SMADs 
are responsible for the repression of R/Co-SMADs function, with SMAD6 and 
SMAD7 impinging on the BMP254 and TGF-β255 signaling arm, respectively. 
Silencing of R-SMADs function is elicited at many different levels, from 
competitive binding of I-SMADs to type I receptors, to targeting of R-SMADs for 
ubiquitin-mediated degradation, as well as preventing the docking of R/Co-
SMADs to the DNA. 
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These canonical pathways are complemented by a multitude of SMAD-
independent non-canonical molecular cascades, through which cytokines of the 
TGF-β family further cross-regulate pathways like PI3K/AKT, MAPK/JNK/p38 
and ERK256, IFN-γ, NF-κB, TNF-α and EGF257,258. For example, TGF-β and BMP 
signaling are implicated in the SMAD4-independent maturation of miRNA-21 –
which functions as a repressor of the vascular smooth muscle contractility– by 
recruiting downstream effectors and other components of the DROSHA complex 
to the pre-miRNA-21259. 

Role of the TGF-β family signaling in homeostasis and cancer 

Embryonic development and homeostasis 
The large number of ligands compared to the relatively restricted number of 
receptors, and the further downstream bottleneck due to signals converging to two 
groups of SMAD effectors, indicate redundant signals and the possibility for other 
factors to compensate for the paucity of other primary messengers. Thus, the 
bioavailability and the localization of all the components of the machinery –
including the diffusion gradient and accessibility of the ligands– determine highly 
contextual signaling cascades with agonistic and antagonistic purposes, which are 
indispensable during specific steps of the embryonic development and adult 
homeostasis. For example, TGF-β is a master regulator of the wound healing and 
tissue repair process, guiding mesenchymal cell proliferation and differentiation, 
collagen synthesis, deposition of ECM and immunosuppression245. TGF-β is also 
inducing cell cycle arrest and apoptosis in epithelial and hematopoietic cells260-262, 
and EMT during gastrulation and in the genesis of several organ structures. BMPs 
are required for the formation and patterning of the three germinal layers during 
gastrulation, as well as for organogenesis and hematopoietic, vascular and 
neuronal homeostasis263-265, with GDFs specifically controlling chondrogenesis in 
developing limbs and skeletal muscle growth264,266,267. NODAL instead governs the 
anterior-posterior axis of the embryo, including the left-right symmetry, and 
dorsalin is involved in the regulation of cell differentiation in the neural 
tube264,268,269. Furthermore, NODAL maintains pluripotency and stemness at the 
blastocyst stage270. Finally, activins and inhibin regulate the follicle-stimulating 
hormone production and erythroid cell differentiation263,271. 

Duality in cancer 
Tumorigenesis is a multi-step progression from an indolent lesion to a systemic 
disease. Resembling the homeostatic equilibrium, in the pre-malignant state, TGF-
β signaling enforces cytostasis via the cyclin-dependent kinase (CDK) inhibitors 
p15272, p21273 and p27274, and through repression of c-MYC275. Additionally, TGF-
β promoted differentiation to a less proliferative state by contrasting BMP-
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dependent activation of ID1-3276,277, and limited the mitogenic interactions 
between epithelium and stroma, e.g. paracrine c-MET/HGF signaling51. The TGF-
β superfamily exerts its tumor suppressive effects by curtailing excessive 
inflammatory responses of the innate and adaptive immunity, and by triggering 
apoptosis. However, during malignant progression, the abundance of TGF-β in the 
local milieu prompts the functional switch to a tumor-promoting response. This 
shift comes as a result of inactivating (epi)mutations in different core components 
of the signaling cascade or due to the deactivation of the tumor-suppressive 
functions of this pathway278,279. The gradual loss of responsiveness to TGF-β 
allows evasion of the immune surveillance through the induction of B-cell 
apoptosis280, the repression of cytolytic factors in CD8+ T-cells281 and pro-
apoptotic cytokines: this inhibition is also potentiated by the TGF-β-mediated 
stimulation of different populations of regulatory cells, like Tregs

282 and TH17283, 
which further constrain the effector cells and the innate immune function. 
Moreover, cytokines of the TGF-β family boost the production of autocrine pro-
proliferative factors (like PDGF-B in gliomas284), and empower tumor cells with 
motile and invasive properties through EMT285,286. TGF-β also affects the local as 
well as the metastatic microenvironment, by committing mesenchymal cells to 
myofibroblasts differentiation and through organ-specific reshaping of the local 
microenvironment, e.g. osteoclast mobilization in the bone287. Finally, when 
malignant cells disseminate to distant organ, colonization is enabled by favoring 
extravasation288, and by priming cancer cells for metastases, with defined roles for 
TGFBR1289 and TGF-β2

290 in metabolic reprogramming and dormancy, 
respectively. 

ALK1 and vascular development 

Murine developmental studies 
The first evidence for a pivotal role of ALK1 in vascular development came from 
a murine model of systemic genetic ablation of Acvrl1 (gene encoding for ALK1), 
which led to embryonic lethality at E11.5291. Embryos appeared severely distorted, 
with enlarged pericardium and angiogenic defects culminating in the avascular 
yolk sac, a feature common to the knock-out of other TGF-β superfamily 
members, including Tgfb1292,293, Tgfbr1294 and Tgfbr2295. At the molecular level, 
Acvrl1-/- mutants showed a marked increase in the expression of components of the 
plasminogen-plasmin pathway –involved in the proteolysis of the perivascular 
matrix during angiogenesis– including tissue-type plasminogen activator (PA), 
urokinase-type (uPA) and PAI-1, as well as VEGF and Ang-2. Moreover, 
impaired perivascular localization and delayed differentiation of 
SM22α+/transgelin vSMCs were also observed. This profound phenotype led the 
authors to the conclusion that ALK1 was involved in the resolution phase of the 
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angiogenic process: upon TGF-β binding, ALK1 could signal via SMAD1/5 to 
block the proteases and proangiogenic factors activated by the ALK5 signaling 
branch296. Similar conclusions were drawn in two papers, the former describing an 
increased number of endothelial cells in an alk1-deficient zebrafish model, and the 
latter by means of adenoviral-mediated expression of a constitutively active ALK1 
construct in cultured cells297,298. 

In total contrast, another group showed that ALK1 could instead promote 
migration and proliferation of endothelial cells by up-regulating ID1299, which in 
turn repressed thrombospondin-1, a negative regulator of angiogenesis300. The 
same authors further indicated that ALK5 was required for optimal ALK1 
activation by TGF-β, speculating on the potential existence of a tetrameric 
complex composed of an ALK1/ALK5 heterodimer and a TGFBR2 homodimer 
301. An additional level of regulation of the balance between ALK5 and ALK1 
signals derives from the activity of endoglin. This co-receptor, predominantly 
expressed in endothelial cells, lacks the intracellular kinase domain, and it was 
deemed essential to tip the TGF-β-mediated signaling in favor of ALK1302. 

Developmental studies have sought to unravel the controversy on the role of 
ALK5 and ALK1 in endothelial cells. First, it was proposed that α-SMA+ vSMCs 
expressed ALK5, considering the absence of a vascular phenotype in the otherwise 
embryonic lethal targeted disruption of Tgfbr1303. Later, by employing more 
sophisticated cell type-specific deletion of Acvrl1, Tgfbr1 and Tgfbr2, another 
investigation uncoupled ALK1 from ALK5 and TGFBR2 functions. Indeed, on the 
one hand, specific ablation of ALK1 in endothelial cells still led to embryonic 
lethality, although at a later developmental stage (E18.5) compared to the global 
deletion (E11.5): together with arteriovenous malformations (AVMs), this model 
recapitulated the initial findings of impaired (peri)vascular development, with 
arteries being more similar to veins in light of their increased lumen diameter and 
reduced thickness304. The expression of ALK1 was found to be restricted to 
arteries and to a subset of capillary beds, specifically alveolar, glomerular and in 
the neural tube. Notably, ALK1 expression decreased in adulthood except at sites 
of active wound healing and pathological angiogenesis303. On the other hand, mice 
lacking ALK5 and TGFBR2 expression in the endothelium were viable, implying 
a dispensable role in ALK1-mediated activity304. Although these data are difficult 
to reconcile, an alternative murine model revealed a lethal phenotype when 
ablating ALK5 activity specifically in endothelial cells305,306. 

Only in 2007 were the high-affinity ligands for ALK1, BMP9 and BMP10 first 
described307, further separating TGF-β/ALK5 activity from that of ALK1. The 
liver is believed to be the main source of circulating BMP9, whereas BMP10 is 
synthesized by cardiomyocytes during embryonic development, with a more 
specific postnatal production limited to the right atrium. In keeping with its 
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essential role in cardiac growth and chamber maturation, genetic deletion of 
BMP10 results in embryonic lethality308,309. However, homozygous mutants for 
Gdf2 (gene encoding for BMP9) are viable and fertile and only present lymphatic 
defects, with abnormal development of the lymph nodes and impaired lymph 
draining310. In physiological conditions, a heterodimer of BMP9 and BMP10 was 
proposed as the major form of biologically active ligand for ALK1 in the 
circulation311. Notwithstanding, the exact role of these ligands in the stimulation of 
ALK1 still remains unclear, with reports describing properties of quiescence 
factors in angiogenesis312-314 contrasting the pro-angiogenic role suggested for 
BMP9315. 

ALK1 is able to interact with three different type II receptors, namely ActRIIa, 
ActRIIb and BMPRII: according to structural models, BMP9 but not BMP10 
specifically recognizes ActRIIb as a cognate type II receptor for the interaction 
with ALK1316. Recently, Saito and colleagues elucidated the dynamics of this 
ternary complex (Figure 3), showing that ALK1 and endoglin are able to bind non-
competitively and with comparable affinity to BMP9, while the type II receptor 
ActRIIb competes with endoglin for the ligand, leading to a mutually exclusive 
recognition pattern. 

 

Figure 3. Assembly of the BMP9/ActRIIb/ALK1 signaling complex 
Circulating BMP9 interacts with endoglin and, in turn, ALK1 is recruited and binds to the dimer. In order to trigger the 
activation of the complex, endoglin is displaced by ActRIIb, which phosphorylates ALK1. In the final heterotetrameric 
complex, ALK1 initiates the canonical SMAD1/5/8 signal transduction for the transcription of ID1-3 and other genes. 
Image by Michael Bartoschek. 

This study confirmed a model in which the dimeric BMP9 is retained by the 
endoglin homodimer, which in turn recruits ALK1. Consequently, endoglin is 
displaced to allow the docking of the constitutively active type II receptor that is 
brought to the complex. ActRIIb phosphorylates different residues within the GS 
domain of ALK1 and de-represses its kinase activity, therefore initiating the signal 
transduction through activation of SMAD1/5317. 
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In contrast, endoglin can bind to TGF-β1,3 only in conjunction with TGFBR2318, 
whereas TGF-β2 recognizes the co-receptor betaglycan expressed in neural cells 
during development319. 

ALK1 in lymphatic vessels 
As already discussed in the previous chapter, ALK1 is implicated in the 
specification of the tip/stalk phenotype through an active crosstalk with VEGF and 
Notch signaling pathways, with additional regulation coming from other 
BMP/ALK complexes. Importantly, ALK1 signaling is not only limited to blood 
vessels, as data from different studies support a role for ALK1 in lymphatic vessel 
development and function320. Indeed, ALK1 is expressed in LECs and it is 
responsible for maturation and remodeling of the vessels321. This work further 
revealed that ALK1 exerted its function only in developing vessels, since pre-
existing mature vessels were not affected321. These results are in agreement with 
the defective lymph node development and draining displayed by BMP-9 knock-
out mice310,322,323. Mechanistically, BMP9 limited BEC-to-LEC differentiation by 
inhibiting the Prox1 gene, required for LEC identity322. 

Development of ALK1-blocking agents 
The inadequate clinical response to anti-VEGF therapy impelled the search for 
alternative targets to contrast neo-angiogenesis. Given its more restricted 
expression pattern to the activated endothelium, ALK1 emerged as a promising 
candidate for drug discovery. Acceleron Pharma developed a decoy receptor by 
fusing the extracellular portion of the human ALK1 (residues 1-99) to the Fc 
fragment of the human immunoglobulin (Ig)G1324. Therefore, ACE-
041/dalantercept (and its mouse equivalent RAP-041) traps the high-affinity 
ligands BMP9/10 and prevents their binding to ALK1 in endothelial cells, 
although sparing low-affinity ligands that are still able to activate the same 
receptor. In contrast, Pfizer’s fully human IgG2 monoclonal antibody PF-
03446962 blocks the binding of the ligands to the ALK1 receptor325, consequently 
altering the ratio of the ligands that are available to modulate the signaling by 
interacting with different receptor complexes326. 

Preclinical models 
Pharmacological inhibition of ALK1 by RAP-041 reduced the growth of primary 
tumors in a range of murine models of solid cancers, and established evidence of 
vessel normalization (in terms of increased pericyte coverage and decreased 
leakiness) and reduced microvascular density in vivo327,328. Moreover, RAP-041 
increased the efficiency of chemotherapeutic agents like cisplatin and 
doxorubicin328. In a different study, the ligand trap was administered together with 
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the RTK inhibitor sunitinib: not only did the treatment with dalantercept and 
sunitinib achieve greater tumor growth inhibition (paired with increased tumor 
necrosis and a further decrease in vascular density), but also the combination was 
able to restore sensitivity to tumors that were progressing after being challenged 
with sunitinib monotherapy329. In contrast, data from our lab on combination 
treatment in the MMTV-PyMT mouse model of breast cancer revealed that 
administration of RAP-041 with either DC101 (anti-mouse VEGFR2) or 
Herceptin (anti-HER2) did not show any added effect on tumor growth (Sara 
Cunha, unpublished observation). Furthermore, ACE-041 elicited a hypoxic 
response and grossly altered the vasculature in a xenograft model of VHL-
deficient renal cell carcinoma329. Arguably, the choice of this tumor model might 
pose a bias in the assessment of the induction of hypoxia mediated by ALK1 
inhibition, in consideration of the genetic make-up of the cells. In an opposite 
fashion –more than limiting the growth of primary tumors– the monoclonal 
antibody engineered by Pfizer was shown to disrupt the bevacizumab-induced 
normalization of the vascular phenotype, partially contributing to the resistance 
mechanisms to anti-VEGF therapy325. 

Interestingly, a recent study reported differential outcomes of tumor growth in 
ligand-deficient environments. In the context of the Gdf2 null background, 
mammary tumors grew bigger, and their associated vasculature was less perfused 
and mature, resulting in an increase of metastatic foci in the lungs330. However, 
genetic ablation of Gdf2 in a transgenic model of pancreatic neuroendocrine 
tumorigenesis led to a reduced volume of the primary lesions, paired with 
hyperbranched vasculature and increased metastatic dissemination323. On the 
contrary, loss of BMP10 did not affect any of these characteristics compared to 
wildtype controls. Furthermore, double mutants did not show a more exacerbated 
phenotype compared to tumors established in BMP9 knock-out mice330. 
Importantly, the experiments included in this work were performed in six-week 
old mice. Considering that the mammary gland development is still not completed 
at this stage, these results require further validation before re-evaluating the 
current strategies exploited for ALK1 inhibition.  

Clinical trials 
Motivated by these promising results, phase I clinical trials were commenced for 
dalantercept331 and PF-03446962332,333, with the three studies reaching their 
common primary end point, i.e. determining the maximum tolerated dose. Anti-
tumor activity was detected already at this stage, and it included partial responses 
as well as prolonged stable disease. In support of this objective outcome, 
decreased blood flow, perfusion and microvascular density were reported as signs 
of on-target effects of ALK1 inhibition. Of note, some patients developed visible 
focal skin redness due to altered vessel structure and subsequent blood leakage, 
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further corroborating the specificity of these investigational compounds. Indeed, 
such telangiectasia-like lesions mirror the known causative role for endoglin and 
ALK1 haploinsufficiency in the onset of the human hereditary telangiectasia 
(HHT)-1 and 2, respectively334,335. Importantly, the clinical data showed distinct 
safety profiles from that of VEGF therapy, likely emphasizing the differential 
expression of these two markers in the vasculature. 

In the absence of validated markers for patient selection and clinical response, a 
series of monotherapy expansion trials in specific tumor types were initiated, but 
no objective response was observed in recurrent ovarian cancer336, metastatic head 
and neck squamous cell carcinoma337 and persistent endometrial cancer338. The 
clinical development of dalantercept was eventually halted in 2017 following the 
discouraging results of the phase II “DART” trial in combination with axitinib in 
patients with advanced renal cell carcinoma. In this setting, dalantercept failed to 
improve PFS compared to axitinib alone339. In parallel, the (multiple ascending 
dose) phase Ib “DASH” study was carried out in advanced hepatocellular 
carcinoma, in which dalantercept was added to the standard of care sorafenib340. 
Despite labeled as “completed” (NCT02024087), the results of this trial have not 
been disclosed. Likewise, the phase Ib trial of PF-03446962 and the 
VEGFR2/TIE-2 RTK inhibitor regorafenib in colorectal cancer (NCT02116894) 
were suspended due to “reprioritization of the PF (Pfizer) development program”, 
without any further comment on its activity and effect341. The monoclonal 
antibody did not show efficacy as a monotherapy in malignant pleural 
mesothelioma342 and urothelial cancer343, although in an exploratory trial in 
hepatocellular carcinoma, 50% of the patients presented a stabilized disease, 
accompanied by increased BMP9 serum levels and higher expression of c-MET in 
tumor cells344. 

Platelet-derived growth factor 
This family signals through four different polypeptide chains that assemble into 
disulphide-bond-stabilized dimers to generate PDGF-AA, -BB, -CC, -DD and -AB 
ligands, which bind to and activate homo- and hetero-receptor tyrosine kinases, 
i.e. PDGFR-αα, PDGFR-ββ and PDGFR-αβ345-348. 

The individual PDGF chains share a highly conserved growth factor domain of 
approximately 100 amino acid residues (which is also common to the VEGF 
family) –the PDGF/VEGF homology domain. This sequence is essential and 
sufficient for dimerization, binding and activation of the different receptors. On 
the one hand, PDGF-A and PDGF-B are secreted in their active form349. 
Moreover, PDGFA can be differentially spliced in a short and long form, the latter 
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characterized by a C-terminal retention motif, which anchors the ligand to ECM 
components –mainly heparan sulfate proteoglycans– to generate diffusion 
gradients 350. Of note, the retention motif also characterizes the structure of PDGF-
B351-353. On the other hand, PDGF-C and PDGF-D are synthesized as latent 
precursors, which require additional processing for their activation 354-356. Different 
enzymes were shown to have the ability to cleave the CUB domain of the two 
cytokines, from the broadly specific plasmin357, to tPA357,358 and matriptase359 
(specific for PDGF-C), and uPA360,361 (for PDGF-D).  

The environmental availability of the components of the signaling complex 
determines the specificity of the interaction (Figure 4): PDGF-AA and -DD show 
unique affinity for PDGFR-αα and -ββ, respectively, whereas PDGF-BB can 
activate all the different receptor combinations. The presence of type-α-containing 
receptors is instead required for PDGF-AB and -CC. 

 

Figure 4. Ineractions between PDGF ligands and their receptors. 
Homodimeric PDGF-AA and -DD signal exclusively through PDGFR-αα and -ββ, respectively. PDGF-BB is the only 
dimer that is able to bind to all the different combinations of receptors. The PDGF-AB heterodimer requires at least 
one receptor-α chain for the activation of the signal transduction. A similar pattern characterizes PDGF-CC, although 
the binding to PDGFR-αβ (dashed line) has been only observed in vitro. TK: tyrosine kinase. Image by Michael 
Bartoschek. 

The two PDGF receptors are structurally related membrane proteins that share a 
high degree of homology by virtue of five extracellular immunoglobulin (Ig)-like 
domains and a split tyrosine kinase domain in the intracellular portion: ligand 
dimers bind the Ig-like domains 2 and 3362 of two receptors at the same time, while 
the domain 4 is implicated in complex stability358. Successively, dimerization-
induced proximity favors trans auto-phosphorylation and activation of the 
receptors. This event generates docking sites for many adaptor proteins with 
enzymatic activity –e.g. Src kinases, phospholipase C-γ and SHP-2 phosphatases– 
or signal transducer and activator of transcription (STAT) proteins, which can 
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further translocate to the nucleus to modulate gene expression363. In addition, the 
complex can bind the regulatory unit of the PI3K pathway, as well as Grb2, 
leading to the activation of Ras and ERK/MAPK pathways. 

Role of PDGF signaling 

Developmental biology 
The members of the PDGF family are essential in embryonic development, during 
which they act as potent mitogenic factors and by inducing EMT. In physiological 
conditions, this signaling mediates epithelial-mesenchymal interactions, since the 
ligands are secreted by the endothelium and the epithelium, whereas the receptors 
are almost exclusively found in mesenchymal cells. Except for Pdgfd364, a series of 
murine models shed light on indispensable and nonredundant roles for all the other 
components of the PDGF family. A broad pattern of lethality emerged in the 
absence of Pdgfa, which was required for lung myofibroblast development and 
alveologenesis, progressing to deadly lung emphysema in living pups365,366. A 
specific role in neural crest development and somite patterning was attributed 
instead to Pdgfra367, which was also required, together with PDGF-A, for the 
morphogenesis of the intestinal villi368. Pdgfb369 and Pdgfrb370 knock-outs 
exhibited very similar perinatally lethal phenotypes, characterized by impaired 
kidney development and severe vascular abnormalities, in line with the critical 
role of PDGF-B/PDGFR-β in the recruitment of perivascular cells72. Loss of Pdgfc 
had a differential impact depending on the mouse strain that was used, leading to 
embryonic lethality in 129S1 mice due to cleft palate and spina bifida occulta371. 
On the contrary, a milder phenotype of combined vascular and cerebral impaired 
development did not affect birth and survival in the C57Bl/6 background372. The 
lack of a lethal phenotype for the Pdgfd knock-out mouse is likely due to a 
compensatory PDGF-B signaling via PDGFR-β, although mutant mice still display 
a mild vascular phenotype of increased blood pressure and disorganized pericyte 
structure in cardiac vessels. This might indicate that PDGF-D is regulating 
“minor”, yet specific, vascular functions connected to occurrence of these features. 
In agreement with this, a later report indicated that PDGF-D could bind and 
activate Neuropilin-1 in endothelial cells, independently of PDGFR-β, and thereby 
affecting the availability of this receptor to participate to VEGF-mediated 
signaling373. Moreover, PDGF-D stimulation could regulate the formation of a 
PDGFR-β/Neuropilin-1 complex in trans373, opening the possibility of specific 
downstream signals compared to the traditional recruitment of PDGFR-β alone. 

PDGF system in cancer 
Pro-proliferative PDGF signaling is a common feature of most solid and 
hematological cancers374. Overexpression and activating mutations of the 
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PDGFRA gene are instrumental for the onset of a proportion of a specific type of 
gastrointestinal stromal tumors (GIST) that arise in the cells of the autonomic 
nervous system375 and glioblastoma376,377. Alternatively, gene fusions have been 
reported in chronic myelomonocytic leukemia and in chronic eosinophilic 
leukemia: the former produces a TEL-PDGFR-β378 fusion, while the latter 
generates chimeric FIP1L1-PDGFR-α379 to drive tumor growth. The activity of 
PDGFR-β is also linked to stem cell properties in glioma stem cells380: in this 
context, overexpression of PDGF-A and PDGF-B was sufficient to instigate 
glioblastoma formation381,382. Besides, paracrine PDGF crosstalk mediated pro-
angiogenic and growth-promoting signals in CAFs, by inducing FGF-2 and FGF-7 
in experimental cervical cancer, respectively383. In addition, a recent paper showed 
how a small population of pancreatic neuroendocrine tumors expressed PDGFR-β 
to maintain intratumor heterogeneity specifically in response to environmental 
PDGF-DD: this communication axis promoted a more malignant phenotype, as 
PDGFR-β+ clones were enriched in hepatic metastases in the RIP1-TAg2 mouse 
model384. Coordinately, ectopic autocrine PDGF-D/PDGFR-β signaling is also 
commonly activated in primary and metastatic prostate cancer cells385,386. In spite 
of these general tumor-promoting functions, tumor-derived PDGF-DD was linked 
to the binding and activation of NKp44, a low-affinity receptor in NK and innate 
lymphoid cells that mediate anti-tumor activity and decrease the spreading of 
tumor cells by inducing the production of IFN-γ and TNF-α387. The segregation of 
the receptors was additionally investigated in breast cancer: albeit PDGFR-α was 
predominantly associated to the stromal compartment and HER-2 and Ki-67 
positivity388, epithelial expression of PDGFR-α correlated with lymph node 
metastasis389, high histological grade and hormone receptor negativity390. 

PDGF-B/PDGFR-β axis and interstitial fluid pressure 
As already discussed, PDGF signaling can evidently confer important properties to 
the tumor mass, contributing to its maintenance and progression. For example, the 
leaky phenotype typical of the tumor-associated vasculature is due to an impaired 
recruitment of mural cells and altered maturation signaling. Likewise, an increased 
IFP caused by the PDGF-B/PDGFR-β-dependent activation of PI3K generated a 
barrier against optimal transvascular exchange391. From a therapeutic perspective, 
increased IFP limits the drug-uptake and thus, it hampers the efficiency of the 
treatment in the clinical setting. Hence, by restoring the functionality of the 
vessels, appropriate delivery of therapeutics should be reinstated as well. 
Experimental evidence of the feasibility of this intervention comes from the results 
of PDGF inhibition –either with imatinib or an inhibitory PDGF-BB-specific 
aptamer– which relieved the IFP stress and “normalized” the flow in a rat model 
of colon cancer392. In later investigations, the anti-PDGF-based IFP-targeting 
approach was combined with different chemotherapeutic agents in two rodent 
models of solid malignancies: the expected reduction of the IFP augmented the 
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tumor growth inhibitory effect by increasing tumor-uptake of chemotherapy but 
not through improved sensitivity to anti-cancer drugs. Importantly, the enhanced 
apoptotic rates and decreased proliferation rate did not affect the endothelial cell 
compartment, as there was no evidence of anti-angiogenic activity393,394. 
Conversely, the addition of a combined regimen of PDGF and VEGF inhibition to 
chemotherapy induced an anti-angiogenic response but did not ameliorate the 
efficacy of taxol, reflecting the different regulation of the IFP process by the two 
signaling pathways395.  

PDGF-CC 
Initially identified in 2000, PDGF-CC acts as a PDGFR-α agonist to induce 
proliferation of fibroblasts. In the same study, elevated levels of Pdgfc transcripts 
were detected in the developing heart, liver, pancreas and ovary, as well as in the 
kidney. Especially in this latter site, a strong induction of Pdgfc guided the 
mesenchymal-to-epithelial conversion of the embryonic structure that is required 
for the tubular formation in the nephron356. A specific role for PDGF-CC was also 
described in the brain, where it is required for the development of the meningeal 
basement membrane around the cerebral cortex396. A concordant expression of 
PDGF-CC in the adult brain and in the testis, kidney, liver and heart was also 
reported397. 

The mitogenic function of PDGF-CC has been thoroughly characterized in several 
studies. Persistent activity of PDGF-CC in the heart caused cardiac fibrosis, 
hypertrophy and cardiomyopathy398, whereas macrophage-derived PDGF-CC 
activated fibroblasts in the dermis399. Similarly, in the liver, PDGF-CC induced the 
transition of hepatic stellate cells to myofibroblasts, which in turn initiated and 
maintained a chronic inflammation state –including steatosis and fibrosis400– 
ultimately promoting hepatic carcinoma initiation401. Remarkably, the proliferation 
of the hepatic stellate cells and the production of collagen were dependent on 
PDGF-CC-mediated activation of another prominent inducer of fibrosis, TGF-β, 
and specifically the downstream effector SMAD3402. 

The role of PDGF-CC in cancer is also based on its ability to alter the composition 
of the local microenvironment and thus favor tumor initiation and progression. For 
example, in an experimental model of melanoma, PDGF-CC recruited PDGFR-α-
expressing fibroblasts to promote tumor growth. At the molecular level, PDGF-CC 
stimulated the expression of FGF-2, a mediator of angiogenesis, as well as the 
soluble matrix protein osteopontin. This seemingly direct cross-talk actually 
involved different subpopulations of stromal cells, as evinced by the identification 
of FSP-1+ CAFs as the source of osteopontin29. In parallel to this paracrine 
signaling, PDGF-CC could engage in autocrine stimulation of human melanoma 
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cells expressing Neuropilin-1 to induce an invasive phenotype403,404. This body of 
work highlights the highly contextual nature of the regulation of this signaling 
and, more in general, of the multitude of (discordant) stimuli that are incessantly 
cramming the tumor ecosystem. One such example is the hypoxic state caused by 
the fast proliferation of the malignant epithelium, and that guide neoangiogenesis 
to compensate for the low oxygen tension. In osteosarcoma, overexpression of the 
factor inhibiting HIF-1α (FIH) increased the pericyte coverage and consequently 
reduced the leakiness of the tumor vessels. Expression of PDGF-CC overlapped 
with the enhanced maturation of the vessels, which became more competent to 
sustain tumor growth405,406. Virtually identical results were observed in 
glioblastoma, where the deposition of a thicker basement membrane further 
conferred insensitivity to the anti-VEGFR2 inhibitor DC101407. Interestingly, 
resistance to anti-VEGF therapy itself could prompt the expression of PDGF-CC 
by tumor-associated macrophages to overcome VEGF inhibition and endorse a 
compensatory angiogenic response42. 

These somewhat counterintuitive findings clearly recapitulate the two sides of the 
coin of altered vascular morphology in cancer. Albeit on the one hand better 
sealed vessels might reduce hypoxia, metastatic spread and improve drug delivery, 
data indicate that PDGF-B/PDGF-D-dependent recruitment of pericytes reduced 
the ability to sensitize tumor cells to the action of anti-cancer agents, for example 
by impairing tumor cell apoptosis408. On the other hand, in colorectal and 
pancreatic xenografts, overexpression of PDGF-B and subsequent pericyte 
investment of the blood vessels produced opposite results, as mural cells slowed 
down the proliferation of endothelial cell and hence, angiogenesis-dependent 
tumor expansion409. 
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Breast cancer 

Epidemiology and etiology 
According to the latest statistics, breast cancer is the most common cancer type in 
women in the Western world410. In Sweden, the Board of Health and Welfare 
reported 7558 new cases –corresponding to 30% of all the cancer diagnoses in 
women– and 1391 deaths in 2016411. In a slow but steady trend, the incidence has 
increased on average by 1.7% every year for the past twenty years, mainly due to 
the longer life expectancy and implementation of mammographic prevention 
screening programs at the national level412. In an opposite fashion, the breast 
cancer death rate is decreasing, showing a striking drop of about 38% since the 
early 1970s in industrialized countries like the United States of America413. This 
drastic reduction of deceased cases is attributable to improved diagnostic tools that 
allow an early diagnosis, usually matched with a more favorable clinical outcome, 
improved therapeutic strategies, as well as increased awareness of actionable 
changes in lifestyle for cancer prevention. As a result, the five-year and ten-year 
cumulative breast cancer survival rates peak at 92% and 86,2%, respectively412. 

Risk factors 
Environmental and genetic determinants have been linked to an increased risk of 
developing breast cancer during a woman’s lifespan. Age is by far the most 
important endogenous factor, as cancer is typically a disease of the elderly. Early 
menarche and late menopause onset are also associated to augmented risk414. In 
terms of race, Caucasian women have a higher likelihood of developing breast 
cancer compared to Hispanic and black ethnicities, but the latter tend to develop 
more aggressive tumors at a younger age415. Moreover, high breast density is listed 
as an intrinsic hazard component416, together with personal history of breast 
cancer417 or a previous diagnosis of carcinoma in situ418. 

An increasingly long list of other risk factors is mainly connected to lifestyle 
habits. Alcohol consumption419, tobacco smoke420, obesity421,422 and lack of 
physical activity423,424, use of oral contraceptives425 and hormone replacement 
therapy426, nulliparity427 or giving birth at an older age428 are all detrimental 
factors, whereas having carried a pregnancy to term and breastfeeding have been 
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associated with a protective function against breast cancer insurgence427-429. 
Despite large cohort multicenter studies, there is still controversy on the role of 
exposure to specific chemicals, radiation and other environmental factors and their 
relationship with the onset of breast cancer. 

Approximately 5-10% of the breast cancer cases are linked to family history, and 
just a fraction of them depends on the genetic predisposition through autosomal 
dominant inheritance of mutations in specific genes430. Inactivating mutations in 
the breast cancer susceptibility genes (BRCA)1/2, which play a fundamental role in 
DNA repair431, dramatically increase the lifelong risk of breast cancer 
development, with a cumulative hazard by the age of 70 of 64% and 45% for 
BRCA1 and BRCA2, respectively432. These patients are more likely to develop 
contralateral and de novo ipsilateral breast cancer, with BRCA1-mutated tumors 
more likely to be associated with the most aggressive and least treatable form of 
breast cancer433. For these reasons, special early-on prophylactic care has been 
implemented in the clinic for families carrying BRCA mutations. Furthermore, 
inheritance of genes encoding truncating variants of four additional proteins 
involved in DNA repair, PALB2, CHEK2, ATM and NBN, has also been strongly 
tied to an augmented likelihood of breast cancer events434. Similarly, germline 
mutations in TP53, CDH1, PTEN, STK11 and NF1 cause different cancer 
syndromes, with a spectrum also including breast cancer.  

Somatic mutations in other genes occur with an incidence above 10% in breast 
cancer, with enrichment in specific subtypes, TP53 being mostly associated to 
basal-like disease, and GATA3, PIK3CA and MAPK largely restricted to the 
luminal A subtype435,436. Importantly, the segregation of such mutations within 
specific subgroups offers the opportunity to therapeutically exploit them in the 
context of personalized medical care (see “treatment” section). 

Breast development 
The human breast is composed of a series of simple mammary glands embedded 
in a fat-rich stroma. The development of its characteristic branched architecture is 
established during embryogenesis and only completed postnatally, following a 
very hierarchical tissue expansion and organization437. 

In the embryo, the Wnt, FGF and PTHrP signaling pathways coordinate the 
invasion of the surrounding mesoderm by the epithelial buds of ectodermal origin, 
giving rise to the very primitive ductal tree presented at birth437. After parturition, 
it is already possible to distinguish a laminin-containing basement membrane that 
separates the stroma from the epithelial compartment: the basement membrane is 
in direct contact with a layer of myoepithelial cells, in turn juxtaposed with the 
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luminal cells that are facing the hollow lumen of the channel where the milk will 
be secreted (Figure 5). Myoepithelial cells express cytokeratin (CK)5/14, as well 
as p63 and α-SMA, whereas CK8/18 identify the luminal compartment438. 

Figure 5. Schematic representation of the human mammary gland. 
Segmental ducts connect the terminal duct lobular units (TDLUs) to the lactiferous sinus, where milk accumulates. 
From this reservoir, milk flows through the collecting duct that opens at the nipple. In each TDLU, ductules are 
specialized milk-prducing glandular structures contained within a basement membrane (BM). Luminal alveolar cells 
secrete milk proteins and lipids into the lumen of the duct, whereas the contractile myoepithelial cells facilitate the 
flowing of the milk towards larger ducts. Image by Mats Öberg. 

In the pubertal stage, estrogen, progesterone and somatotropin drive ductal 
morphogenesis, during which the tips of the primordial primary ducts acquire 
temporary features of mesenchymal cells (e.g. loss of adhesion molecules and gain 
of motility) to elongate, bifurcate and invade the mammary stroma437. A finely-
tuned balance of inhibitory signals from endogenous TGF-β and positive 
morphogenic stimuli of fibroblast-derived HGF orchestrates the lateral secondary 
branching, resulting in the extensive budding structure of terminal duct lobular 
units (TDLUs) of the virgin and sexually mature stage439,440. These lobules are 
clusters of specialized glandular acini that are responsible for the production and 
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secretion of milk lipids and proteins441. TDLUs are connected to excretory 
terminal ducts, eventually converging to the nipple via the milk duct. 

During pregnancy, estrogen and progesterone (released from the corpus luteum in 
the ovary), as well as somatotropin (from the placenta), prolactin and 
adrenocorticoids (from the pituitary and adrenal gland, respectively) direct a 
considerable reshaping of the tissue, and trigger a burst of proliferation of the 
alveoli and their differentiation into milk-producing cells 437,442. In response to 
prolactin stimulation, the luminal epithelial layer produces milk and secretes it in 
the lumen of the ducts. In parallel, the release of oxytocin from the suckling infant 
stimulates the contractile myoepithelial cells to generate a flow of milk along the 
ducts and towards the milk reservoirs (lactiferous sinus) beneath the nipple437. 

The gradual loss of lactation stimuli typical of the weaning process provokes a 
massive involution of the tissue, with up to 80% of the glandular epithelial cells 
eliminated through apoptosis. Concomitantly, ECM remodeling and degradation 
of the basement membrane favor the reduction of the lobular structures, eventually 
restoring an overall architecture corresponding to the virgin quiescent state443. 

Mammary stem cells 

Stem cells in development and homeostasis 
The ability of the mammary epithelium to cyclically undergo growth and 
regression implies the existence of a pool of cells with high regenerative potential. 
Already in the 1960s, repopulation studies showed the ability of epithelial cells to 
fully reconstitute a fat pad previously cleared of its rudimental ductal tree442,444. 
Although a number of studies identified multipotent/bipotent mammary stem cells 
in experimental models445-447, a consensus is yet to be reached. 

Indeed, several reports converged on the idea that, during postnatal development, 
multipotent progenitor cells become lineage-restricted to ensure homeostasis in 
adulthood448-450. Intriguingly, a population with “mixed” characteristics, which 
might precede the transition to the luminal cell fate, was also described451. 
Recently, different investigations have posited this determination to take place as 
early as during embryogenesis: mammary multipotent/progenitor cells could 
commit to luminal and basal lineage through a Notch1-mediated switch and 
sustained p63 expression, respectively452,453. Otherwise, another study proposed 
the long-term retention of a luminal unipotent embryonic stem cell with specific 
functions in ductal morphogenesis and pregnancy-related alveologenesis454. 
Finally, additional data are consistent with a differentiation continuum of the 
luminal lineage in mice, where a common progenitor was able to generate 
hormone positive luminal cells and hormone negative milk-secreting alveolar 
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cells455. An analogous hierarchy was also defined in human breast epithelial cells, 
but in this case each group of mature clusters also contained a small proliferating 
population to maintain these differentiated cell types456. 

Breast cancer and cell of origin 
In a related fashion, the unresolved conundrum of the cell of origin extends to 
breast cancer. The inability to discriminate whether the different subtypes of this 
disease derive from a common ancestor poses a remarkable hurdle to our 
understanding of the cellular plasticity, eventually affecting the clinical care.  

Available data suggest that cell fate is highly contextual: according to one study, 
most of the tumors, both luminal and basal, originate from luminal EPCAM+ 
progenitors, with the exception of metaplastic cancers that arise from 
myoepithelial CD10+ cells457. This is in line with findings indicating that most 
basal tumors actually lack CD10 expression458,459. Likewise, a luminal origin has 
also been ascribed to aggressive BRCA1-deficient basal tumors460. BRCA1 has an 
established role in DNA repair, but it was also shown to regulate the 
differentiation of mammary epithelial cells461. Moreover, knock-out of BRCA1 
reduced the luminal phenotype in favor of cells with stem properties462. 
Counterintuitively, human BRCA1-mutated tumors displayed an expanded pool of 
luminal progenitors463, but further characterization led to the discovery that, in the 
context of BRCA1 haploinsufficiency, luminal progenitors reacquired stem cell 
properties and de-differentiated to basal cells through up-regulation of SLUG464: 
not only does SLUG inhibit luminal differentiation, but it also promotes stem cell 
transition by recruiting the chromatin modifier LSD1465. On the contrary, sustained 
expression of FOXA1466 and TAZ467 or epigenetic regulators, such as EN1468 and 
JARID1B469, permitted the transdifferentiation of lineage-committed progenitors. 

Classification 

The diagnosis associated to the detection of a tumor derives from the 
multidisciplinary evaluation of the distinguishing features of the cancer cells. 

Histopathological analysis 

Histological examination 
This analysis reports on the anatomical location of the malignant mass and its 
local invasiveness. Approximately 75% of the diagnoses represent invasive 
carcinoma of no special type (NST), formerly recognized as invasive ductal 
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carcinoma470. The remaining 25% comprises a more heterogeneous group of 
special subtypes, in which the lobular carcinoma is the most common, making up 
to 15% of all breast cancers (characterized by infiltrating single rows of cells), 
followed by the more rare tubular carcinoma, carcinoma with medullary features 
(“fleshy” tumors lacking a fibroblastic component) and metaplastic carcinoma. As 
a common and general feature, these tumors have breached the anatomical 
structure wherein they arise and invaded the surrounding tissue. When cancer cells 
are instead contained within the basement membrane, this earliest detectable 
lesion is called ductal/lobular carcinoma in situ (DCIS/LCIS). Considering the 
(usually) small size and confined nature of DCIS and LCIS, considerable attention 
has been given to their respective aptitude to progress to invasive tumors. 
Although not fatal, DCIS should be treated to preclude its progression to a stage I 
breast cancer471. Conversely, LCIS is now considered a non-cancerous condition 
with low malignant potential that confers a higher risk of developing invasive 
breast cancer. 

Immunohistochemical staining 
The clinical subtypes used for treatment stratification are generated from the 
protein expression patterns of two hormone receptors (HR) –namely Estrogen 
(ER) and Progesterone (PR)– the human epidermal growth factor receptor 
(HER)2, and the proliferation marker Ki-67. 

Despite standardized immunohistochemistry (IHC) protocols, the pathological 
evaluation is very operator dependent and can lead to substantial bias if the 
positivity is not striking. The international guidelines set the threshold for HR 
positivity to 1%, whereas in Sweden pathological routine agreed on arbitrary 10% 
and 20% cut-off levels for ER and PR, respectively. Similarly, the proliferative 
capability of tumor cells follows a gradient of low, intermediate and high (≥ 20%) 
Ki-67472 (Figure 6). 

The assessment of HER2 is more elaborate, as this receptor is found amplified in a 
specific group of tumors. The IHC results are scored with a 0-3 grading system 
and, for borderline cases (2+), a further in situ hybridization (ISH) –based on the 
signal ratio between HER2 and the centromere-specific probe for chromosome 
(CEP)17473– is performed to confirm the overexpression. 

This classification identifies luminal tumors (characterized by ER positivity, and 
divided in A and B as a result of differential expression of PR), HER2-enriched 
(with or without additional luminal features) and triple negative breast cancers 
(TNBC, lacking the expression of the three receptors). In keeping with their 
receptor status, each cancer subtype is matched with a specific treatment protocol 
(discussed in the section “Treatment”), which is further adjusted to fit other 
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fundamental biological and clinical patient parameters, including age, menopausal 
status and any other potential medical condition. 

 

Figure 6. Swedish guidelines for the classification of distinct breast cancer subtypes472. 
ER: estrogen receptor; HER2: human epithelial growth factor receptor; PR: progesterone receptor; HG: histological 
grade. Image adapted, courtesy of Maria Ekholm. 

Tumor grade and staging 

Nottingham histological grading (NHG) 
The NHG system is indicative of the tissue differentiation in the tumor 
specimen474. Specifically, it assigns a score (1-3) to three morphological 
parameters: tubule and gland formation (extent of normal breast duct structures), 
nuclear atypia (variation of the nuclear size and shape) and mitotic count (number 
of dividing cells). 

Well-differentiated grade 1 (G1) tumors receive a final score of 3-5; followed by 
intermediate/moderately differentiated (G2, score 6 and 7) and high/poorly 
differentiated (G3, score 8 and 9) cancers.  

Importantly, the NHG score is routinely used in the clinical practice and it has an 
established prognostic value475. Indeed, in the latest revision of the 
immunohistochemical classification, the histological grade is also considered for 
the final subtype definition472. 

Tumor staging 
This grading scale assesses how advanced a tumor is, based on the tumor size (T), 
involvement of regional lymph nodes (N) and detection of distant metastasis (M). 
Each category is further divided into subclasses to guide a precise assignment: 

ER+  
HER2- 

Ki-67 status Intermediate High 

PR status < 20% ≥ 20% 

Luminal  
A 

HER2+/ 
Luminal HER2+ Triple 

negative 

ER+ ER- 

HER2+ 
ER- 

PR- 

HER2- 

Luminal  
B 

Low 



74 

• T0-4: length of the greatest dimension of the tumor, and potential 
extension to the chest wall or skin, as well as presence of satellite nodules. 

• N0-3: extent of tumor cell infiltration and number of lymph nodes that are 
involved, anatomical location (axillary, internal mammary and 
supraclavicular) and clinical features (movable or fixed); 

• M0-1: evidence of tumor cells in distant organs or in non-regional nodes. 

By intersecting the TNM results with the biological features of the tumor, such as 
the grade, ER, PR and HER2 status, a total of four main stages and up to three 
subclasses (I a/b, II a/b, III a/b/c and IV) determine the prognostic group of a 
tumor476. In a recent meta-analysis, the risk of distant recurrence and death in ER+ 
breast cancer patient that were disease-free after five years of endocrine treatment 
correlated with the increasing size of the tumor and the number of metastatic 
lymph nodes477. 

Intrinsic molecular subtyping 
The histopathological analysis of ER, PR, HER2, Ki-67 and NHG are currently 
used to stratify patients and select the appropriate treatment option. Nevertheless, 
in the era of -omics, a comprehensive genomic and transcriptional characterization 
of the tumors is a feasible complement. However, the concordance between the 
clinicopathological properties and molecular subtypes is not absolute –including 
intraindividual discordance between primary tumor and relapse478– and the 
genomic features are far from being fully implemented in the clinical care, despite 
offering specific actionable opportunities for treatment improvement479-482. 

The cornerstone study of the genomic classification of breast cancer was published 
almost twenty years ago, and it included four groups: normal breast-like, luminal 
epithelial/ER+, Erb-B2+, and basal-like483. Since then, this classification has been 
refined and improved, thanks to a broader range of large-scale RNA-sequencing 
(RNA-seq) platforms with increased coverage, and different methods for the 
clustering and the analysis of the data435,484-487. RNA-seq proved especially useful 
in regards to TNBC, as gene expression profiles were exploited to dissect TNBC 
in a set of different subtypes, each of them with specific features480,488-490. 

The latest detailed fingerprinting of tumors includes six distinct molecular 
subtypes: luminal A and B, HER2-amplified, basal, claudin-low and normal-like. 

Luminal A and B 
Luminal A tumors are the most common type of breast malignancies, 
encompassing 50-60% of all the diagnoses. They are characterized by the high 
expression of hormone receptors, a low proliferative grade and the lack of 
meaningful levels of HER2. The expression of PR might be the underlying cause 
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of the low grade and the very favorable prognosis of this subtype491, since 
progesterone acts as a break on estrogen-dependent cell growth and division492. In 
line with this, many tumors tend to lose PR expression during progression and in 
metastasis493. Conversely, 10-20% of the luminal tumors display increased 
proliferative rate and usually decreased levels of PR. Tumors included in this 
luminal B category are generally considered of higher grade, and 20% of them 
also retain expression of HER2. Importantly, BRCA2-LoF mutations tend to 
cluster in this group433. Despite these more aggressive features, the prognosis of 
the luminal B fraction is still relatively favorable but inferior to that of the luminal 
A494. 

HER2 
Between 15-20% of all tumors bear a distinctive high expression or amplification 
of the ERBB2 oncogene, although this does not always translate to a detectable 
overexpressed protein level. Despite the development and availability of targeted 
therapy against HER2, the prognosis of this group is worse than the luminal 
subtypes495. A detrimental factor associated to the lower survival rate observed is 
the high proportion (one third) of patients that develop brain metastasis496. 

Basal-like and claudin-low 
Basal-like cancers are a very heterogeneous group of malignancies that constitutes 
approximately 15% of all the diagnoses. This subtype is enriched for TNBC, as 
approximately 70% of these tumors lack expression of HRs and HER2. Basal 
tumors are usually associated with high genomic instability, expression of 
proliferation genes, basal CK5/6 and/or EGFR458,497. The clinical performance of 
this group is usually poor494, as targeted therapy is not currently available and 
treatment modalities only rely on surgery, radio- and chemotherapy491. Another 
type of basal tumors is named after the salient low expression of the tight junctions 
related genes claudin 3/4/7489. The claudin-low signature also displays high 
enrichment for mesenchymal, EMT and stem cell-like processes489,498. 
Histologically, this group is mainly associated with metaplastic triple negative 
phenotypes464, and shows intrinsic response to chemotherapy between basal and 
luminal subtypes. 

Normal-like 
This group is largely uncharacterized, as it is still debated whether it represents an 
actual clinical entity or an artifact499, as a result of its appreciable adipocyte 
signature495. As the name suggests, this subtype presents characteristics of the 
normal breast, with variable expression of HR but negativity for HER2 and basal 
CKs, a low grade and proliferative capacity as measured by Ki-67. Despite these 
properties, the prognosis is intermediate between luminal and basal subtypes. 
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Treatment 

The objective of the categorical classification of breast cancer provided by the 
guidelines is to identify common modalities in the clinical setting for the dosage, 
timing, route of administration and length of the treatment. 

The first line of therapy (also called induction therapy) can have a curative intent, 
or it is administered to increase the effectiveness of subsequent treatments. The 
outcome of this primary therapy is very diverse, with a broad range including 
complete and partial response, durable regression, stabilized disease, and intrinsic 
refractoriness. When the treatment shows limited efficacy, the tumor starts 
progressing or the load of the side effects becomes unacceptable, the transition to a 
second line of treatment aims to tame the growth of the tumor with a different 
strategy. Importantly, if approved treatments are not available, healthcare 
professionals might be able to recruit the patient to a specific clinical trial. Finally, 
in case of terminal disease, when the tumor progresses unrestrained irrespectively 
of the treatment and the patient shows a rapid decline of the general health, a 
transition to palliative care focuses on symptom relief and improvement of the 
quality of life. 

Whether at diagnosis or due to progression, the presence of clinically detectable 
cancer cells in distant organs defines advanced/metastatic disease. In the context 
of breast cancer, the most common organs for dissemination are the lungs, liver, 
brain and bones500. Each site comes with its own set of symptoms, all of them 
considerably affecting the quality of life of the patients: for example, metastases in 
the bone are reported to be the most common cause of cancer-related pain, 
whereas brain metastasis can cause dizziness and seizures. 

With an average survival of two to four years, metastatic breast cancer remains an 
incurable disease. As a consequence, patients are subjected to an additional and 
grave psychological burden: the focus of the treatment is to delay the progression 
of the tumor as much as possible, and at the same time to preserve the quality of 
the life of the patients501. De facto, adequate pain management and supportive care 
are included in the treatment schedule that is especially designed for the metastatic 
setting. 

Surgery and radiation therapy 
The type of surgery is heavily dependent on the tumor size and its location. The 
surgical excision can be a partial lumpectomy (also known as breast-conserving 
surgery) or a full mastectomy, where the entire breast with the nipple and the 
lining of the chest muscle are removed: in this case, reconstructive surgery with 
implants or tissue flaps can be offered to patients. 
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Although the physical intervention alone still represents the best approach with 
curative intent, lumpectomy is generally followed by localized radiation therapy, 
which reduces locoregional recurrence, overall recurrence and mortality in patients 
with N1/N2 (up to three and between four and nine metastatic lymph nodes, 
respectively) disease502. On the contrary, ionizing radiations can be a complement 
for patients that underwent full mastectomy and that also had up to three 
metastatic axillary lymph nodes. Moreover, stereotactic methodologies can be 
used directly in the breast164, brain (in this case with a specific Gamma knife 
technology) and extra-cranial metastases, with a very precise and circumscribed 
delivery of high-doses of radiation. 

Importantly, the surgical removal of the tumor is used as a landmark to identify 
the type of therapeutic intervention, with the neoadjuvant and adjuvant regimens 
identifying any treatment administered prior to and after the surgery, respectively. 

Chemotherapy 
Unlike localized radiation therapy, the use of chemotherapy aims to actively 
eradicate the primary tumor and to eliminate tumor cells that have already spread 
systemically. Chemical compounds can either kill the cell as a consequence of 
toxicity (alkylating agents and cytotoxic antibiotics), or they can impede the 
growth and replication of the cancer cells (cytostatic antimetabolites, 
topoisomerase and mitotic inhibitors): within each class, every molecule comes 
with a specific safety profile and associated side effects. In most cases, common 
short-term adverse effects include fatigue, anemia, immunosuppression, hair 
thinning or loss, gastrointestinal distress, nausea and vomiting. More severe and 
long-term consequences comprise infertility, secondary neoplasms and organ 
damage. 

Depending on the tumor characteristics and its stage at diagnosis, breast cancer 
guidelines suggest different combinations of compounds. In addition, taking into 
account the vast availability of drugs, treatment modalities and schedules are 
further tailored to include hormone and/or targeted therapy. 

Recently, the benefit of neoadjuvant chemotherapy (NACT) has been questioned 
by a group of clinicians503, sparking the discussion in the field. The rationale 
behind the use of NACT is at least twofold: first, NACT will quickly expose the 
characteristics of the treatment-naïve cancer, offering the opportunity to evaluate 
its intrinsic responsiveness to therapy and allow the assessment of the residual 
cancer burden, which is a strong indicator of distant relapse-free survival504; 
second, NACT can be offered to patients with larger tumors with the intention of 
reducing the primary tumor size and consequently increasing the chances of 
breast-conservative surgery. In accordance with this, a recent meta-analysis 
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revealed that following a NACT schedule, more than two thirds of the patients 
experienced clinical/pathological complete response (CR, defined as the 
“disappearance of all signs of cancer in response to treatment”505), matched with 
increased rate of breast-conserving surgery, and unaltered fifteen-year risk of 
distant recurrence mortality506. Arguably, the same investigation highlighted an 
intensification of local recurrence events associated to NACT regimens, but this 
could be clinically managed through optimized post-operative radiation therapy. 

Multi-gene test and early HR+ breast cancer 
The heterogeneity of early breast cancer is mirrored by the variable manifestation 
of distant recurrent disease. As of today, a multi-gene test can be performed to 
further clarify the prognostic stage and devise a personalized treatment plan for the 
patient. The development of these predictive platforms followed a retrospective-
study validation approach to provide scores for the long-term ten-year risk of 
distant recurrence, usually in early-stage ER+ HER2- N0/N1 tumors507-509. 

The genomic tests are either based on RT-qPCR (Oncotype DX508,510, 
EndoPredict511 and Breast Cancer Index, BCI512,513) or microarray (Prosigna486 and 
MammaPrint514). While Oncotype DX and EndoPredict assess the expression level 
of a set of cancer-related genes, the BCI also generates a ratio between two 
complementary gene signatures of the ER signaling pathway. The Prosigna 
microarray (based on the PAM50 predictor) is indicated only for postmenopausal 
women and the recurrence score is calculated after incorporating the molecular 
intrinsic subtype, tumor size, nodal status and proliferation grade. Finally, the 
distinctive feature of the MammaPrint test is instead its broader inclusion criteria, 
as the microarray assay offers readout for Stage I/II, N0/N1 tumors, irrespective of 
the ER status. 

By implementing molecular prognostic signatures in the daily practice, the 
application of such tests has quickly revolutionized the ability to guide treatment 
decisions. For example, low-risk patients are usually maintained under endocrine 
therapy only, whereas high-risk women are placed on a combined chemoendocrine 
regimen515,516. Of groundbreaking relevance, the “Microarray In Node negative 
Disease may Avoid ChemoTherapy” (MINDACT) trial and the “Trial Assigning 
IndividuaLized Options for treatment (Rx)” (TAILORx)517 have proven the power 
for two multigene platforms to predict the magnitude of benefit from 
chemotherapy for cases with intermediate risk (Oncotype DX) or with discordant 
clinical and genomic risk (MammaPrint), consequently sparing unnecessary 
treatment and side effects to a potentially large group of patients. In addition, the 
“PROspective study of MammaPrint in breast cancer patients with an Intermediate 
recurrence Score” (PROMIS) trial aimed to assess the concordance between the 
21-gene assay (Oncotype DX) and the 70-gene signature (MammaPrint), and how 
re-evaluation of uncertain cases led to a shift in the treatment decision518. 



79 

Endocrine therapy 
Treatment aimed against the activity of estrogen receptor represents the mainstay 
of the adjuvant setting in HR+ tumors. Three classes of drugs are currently 
approved and routinely used in the clinic: selective ER modulators (SERM), 
aromatase inhibitors (AI) and selective ER degraders/down-regulators (SERD). 
Despite the different strategies, mechanisms of resistance share common bases: 
indeed, tumors can acquire resistance to endocrine therapy via down-
regulation/loss of ER expression, selection of ESR1 mutants519,520 and hyperactive 
gene fusions521, epigenetic regulation522, as well as compensatory signaling 
pathways like PI3K/AKT/mTOR, MAPK/ERK523, CDK4/6524-526, IGFR, HER2 
and EGFR. Moreover, HIF-1α, a fundamental sensor of microenvironmental 
oxygen supply, is a direct transcriptional target of ER and its expression was 
associated to poor sensitivity to antiestrogen therapy527. 

Selective estrogen receptor modulators 
Tamoxifen represents the most widely used SERM in the clinic. By competitively 
binding to ER, it determines a conformational change of the receptor, which 
consecutively inhibits the estrogen-dependent cell growth528. This antagonistic 
function in the breast is opposed by its agonistic role in the endometrium. For this 
reason, when prescribed to premenopausal women, tamoxifen is usually matched 
with ovarian suppression to reduce the risk of endometrial hyperplasia. Likewise, 
tamoxifen was also shown to increase the mineralization of the bone529. 

According to the guidelines, tamoxifen can be administered both as neoadjuvant 
and adjuvant therapy. The “Adjuvant Tamoxifen: Longer Against Shorter” 
(ATLAS) study determined the effect of extended tamoxifen administration to ten 
years, compared to the recommended five-year schedule: follow-up of patients for 
fifteen years revealed that death rate decreased of about one third, especially after 
discontinuation of the treatment at the ten-year mark530. Similarly, the “adjuvant 
Tamoxifen – To offer more” (aTTom) trial revealed the positive influence of 
prolonged tamoxifen intake at the expense of increased toxicity, menopausal 
symptoms, pulmonary embolus and endometrial cancer events531. 

Aromatase inhibitors 
These compounds directly impinge on the function of the aromatase enzyme, 
which is responsible for the conversion of androgen into estrogen. The inhibition 
can be reversible (binding to the heme moiety of the enzyme) or irreversible 
(active hindrance of the substrate-binding pocket). The range of side effects is 
similar to that of tamoxifen and ovarian suppression is equally required for 
premenopausal women, although AIs are more prone to cause arthralgia and 
osteoporotic events to the bones532. In light of this, bisphosphonates are a standard 
addition to AI therapy: this class of drugs binds to calcium ions and prevents bone 
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resorption by inducing apoptosis of the osteoclasts. Bisphosphonates can reduce 
the recurrence and improve the survival of patients, but the benefit seems limited 
to postmenopausal women533. Alternatively, the monoclonal antibody denosumab 
inhibits osteoclast maturation and bone remodeling by targeting RANKL, but its 
adjuvant use in early disease did not improve bone metastasis-free survival534. 

In terms of clinical response, a recent investigation confirmed that letrozole was 
superior to tamoxifen in postmenopausal women535, as recurrence was reduced by 
30% during the treatment period of five years, and mortality was decreased by 
15% after the treatment was completed536. 

Selective estrogen receptor degraders/down-regulators 
The only SERD that has received FDA- and EMA-clearance for clinical use is 
fulvestrant. Fulvestrant binds to the ER generating a conformational change that 
increases the surface hydrophobicity, causing protein destabilization and leading 
to its degradation537. Unlike tamoxifen, the use of fulvestrant is only recommended 
in the second line of treatment for patients that have progressed after previous 
endocrine therapy, usually in combination with CDK4/6 inhibitors538 (see next 
section). Furthermore, the lack of oral bioavailability for fulvestrant prompted the 
development of novel SERD molecules: of note, the investigational compound 
RAD1901/elacestrant also showed the ability to cross the BBB, indicating the 
potential to target breast cancer brain metastasis539,540. 

Targeted therapy 
Molecular characterization of human breast cancer unveiled the heterogeneity of 
this disease, with a relatively high frequency of recurrent somatic mutations in 
specific subtypes436. Hence, this offers the opportunity to design compounds 
directed against specific proteins that are expressed by the tumor cells. 

HER2 inhibitors 
In 1998, trastuzumab became the first ever monoclonal antibody approved for 
therapeutic use against solid tumors, specifically breast cancer. Despite its 
cardiotoxicity, trastuzumab intravenous infusions still represent the therapy 
backbone for HER2+ breast cancer. Its inhibitory activity is based on the capability 
to block HER2 homodimerization, which is required for signal transduction, 
further potentiated by antibody-dependent cell-mediated toxicity (ADCC)541. 
Similarly, the monoclonal antibody pertuzumab inhibits HER2/HER3 
heterodimerization. Following the “CLinical Evaluation Of Pertuzuamb And 
TRAstuzumab” (CLEOPATRA)542,543 and the “Adjuvant Pertuzumab and 
Herceptin IN Initial TherapY” (APHINITY)544 investigations, a combined 
adjuvant regimen of trastuzumab, pertuzumab and chemotherapy is now approved 



81 

as a first line of treatment for metastatic and early HER2+ breast cancer, 
respectively. Moreover, trastuzumab has been conjugated with a strong 
chemotherapeutic agent, resulting in Ado-trastuzumab emtansine (TDM-1), which 
is used in the metastatic setting for tumors that have progressed after trastuzumab 
and chemotherapy545,546. 

The dual inhibition of the RTKs HER2 and EGFR distinguishes lapatinib, which is 
used in the metastatic setting and can be administered in combination with 
trastuzumab as a first line option for metastatic breast cancer547, or in combination 
with a chemotherapeutic agent after progression548. Importantly, this combination 
seems to be very effective against brain metastases, since lapatinib is able to cross 
the BBB549. A similar RTK inhibitor, neratinib, has been instead approved in the 
USA for the treatment of early HER2+ breast cancer. 

The strategies to inhibit HER2 signaling highlight the different mechanisms of 
resistance that tumors acquire after adjusting to anti-HER2 therapy: activation of 
bypass transduction signals (e.g. HER2/HER3), selection of mutant isoforms that 
can activate the downstream signaling in a dimerization-independent fashion, as 
well as hyperactivation of downstream regulators of the HER2 pathway550. 
Interestingly, a recent mechanistic study showed that the tumor microenvironment 
instigated distinct resistance mechanism to lapatinib in luminal/HER2 (L-HER2+) 
and HER2-overexpressing (HER2E) tumors, and that treatment sensitivity could 
be restored by blocking the respective paracrine signals: HGF mediated the 
refractoriness in HER2E, whereas neuregulin1-β1 contrasted the RTK inhibition 
by binding to the HER3 receptor551. In addition, other studies reported up-
regulation of CDK4/6552, activating mutations of PIK3CA553 or loss of PTEN554 in 
refractory tumors. 

CDK4/6 inhibitors 
Upon binding to cyclin D1, cyclin-dependent kinases (CDKs) 4/6 are responsible 
for the phosphorylation of the retinoblastoma (Rb) tumor suppressor protein in the 
G1 phase of the cell cycle. This allows cells to cross the restriction point, after 
which phosphorylated-RB (pRb)-mediated de-repression of the EF300 
transcription factor determines the progression to the S-phase and the commitment 
to the mitotic cascade. Many tumor cells have hijacked this regulation, leading to 
the unrestrained and uncontrolled proliferation of the malignant cells, and elevated 
levels of CDK4/6 are commonly found following RAF, EGFR and PI3K 
inhibition555. A series of selective inhibitors –including palbociclib, ribociclib and 
abemaciclib– are characterized by their high affinity for the ATP cleft of these 
kinases and have been tested in ER+ advanced breast cancer. The rationale behind 
the selection of patients with HR+ disease is embodied by the 20% of tumors that 
display overexpression of cyclin D1 in this group. Moreover, cyclin D1 is a direct 
target of ER signaling, and resistance to endocrine therapy is also associated to up-
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regulation of CDK4/6. Given the positive results of the MONALEESA556,557, 
PALOMA538,558,559 and MONARCH560,561 trials, these agents are indicated as first 
line of treatment for metastatic breast cancer in combination with AIs, as well as 
with fulvestrant if the tumors have stopped responding to endocrine therapy. 

Different mechanisms can mediate resistance to CDK inhibitors, including de 
novo loss of Rb or high levels of CDKN2A (gene encoding for the endogenous 
CDK4/6 inhibitor p16), overexpression of CDK6562, cyclin D1 (also required for 
non-canonical activation of CDK2) and E1563 (it binds to CDK2 to guide G1/S-
phase transition), and compensatory up-regulation of MAP/MEK564 signaling. 

mTOR inhibitors 
Protein kinases are fundamental regulators of cellular processes, both in 
physiological and pathological conditions. The PI3K/AKT/mTOR pathway is one 
of the most commonly deregulated signaling cascades in cancer, and, PIK3CA 
activating mutations are generally associated with HR+ breast tumors. The 
mammalian target of rapamycin (mTOR) arranges the assembly of two different 
complexes (mTORC1 and mTORC2) that control a plethora of cellular processes -
among others cell growth, proliferation, nutrient uptake, metabolism, cytoskeletal 
organization and angiogenesis. Everolimus is an allosteric inhibitor of mTOR and 
its primary target is FKBP12, a receptor required for the mTORC1 complex. The 
everolimus-bound FKBP12 is still able to bind to mTOR, but it prevents the 
further recognition of other components that are necessary to induce the 
downstream kinase activity, thereby inhibiting the signaling565. Everolimus is 
approved for the second line of treatment of treatment-resistant metastatic ER+ 
HER2- tumors in combination with AI. Pending the clinical development of 
supposedly more effective dual mTORC1/2 and mTOR/PI3K blocking agents, 
resistance to current mTOR inhibition relies on the activation of upstream 
pathways, like PI3K and AKT (via mTORC2-dependent phosphorylation), EGFR 
and MEK/ERK566, as well as mutations in the kinase and FKBP-rapamycin 
binding domains of mTOR567. 

PARP inhibitors 
The Achilles’ heel of tumors with germline BRCA mutations is the defective DNA 
damage response, since BRCA1/2 are involved in the resolution of double-strand 
DNA breaks (DSB), whereas the poly ADP-ribose polymerase (PARP) is recruited 
to single-strand DNA breaks and coordinate the assembly of the machinery 
necessary for the repair. Interestingly, PARP inhibitors have a dual activity, as 
they abrogate the catalytic function by averting the binding of NAD+, as well as 
actively sequestering PARP proteins on the DNA568. During replication, PARP-
DNA complexes cause the stalling of the replication fork, its collapse and the 
accumulation of DSB that –in the context of BRCA deficiency– cannot be 
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repaired, ultimately leading to synthetic lethality and apoptosis. Recent data also 
suggest that BRCA-deficient tumors might be more susceptible to 
chemotherapeutic agents, compared to their competent counterpart569,570. 

Olaparib is a PARP inhibitor that is used as a monotherapy in BRCA-deficient 
metastatic breast cancer patients that have been previously treated with 
chemotherapy571. New BRCA1 isoforms572, replication fork stabilization in 
BRCA2-mutant cells573, c-MET-mediated phosphorylation of PARP1574, sustained 
activation of drug efflux pumps575, as well as the AKT/mTOR576 and NF-κB 
pathways577, can mediate the insensitivity to olaparib. Surprisingly, a series of 
studies revealed how resistance was achieved through partial restoration of 
homologous recombination activity: indeed, loss of 53BP1578, epigenetic re-
expression of BRCA1 mediated by promoter hypomethylation579, additional 
mutations in the BRCA2 gene that reinstated the ability to translate functional 
truncated proteins from new ORFs580, or up-regulation of miRNA622581 conferred 
refractoriness to PARP inhibition. 

Novel therapeutic opportunities 
The incessant and more profound insights of the tumor composition, its 
heterogeneity and evolution, as well as the almost invariable acquisition of 
resistance to treatment, have boosted the development of investigational 
compounds to implement and/or complement current treatment strategies. 
Intuitively, this translates to a seemingly endless list of clinical tests, ranging from 
pharmacovigilance evaluation of tolerability and toxicity, all the way to trials 
assessing efficacy (ideal condition) and effectiveness (actual clinical condition) of 
these compounds. 

As described in the previous sections, many drugs were recently granted approval 
for their use in the metastatic settings, prompting several studies to justify the 
feasibility of the same regimen in early breast cancer, like for capecitabine and 
TDM-1 in HER2-driven cancers. Additionally, other investigations are also 
examining whether a neoadjuvant setting would benefit early breast cancer 
patients, and this is the case for PARP inhibitors and chemotherapy in the context 
of TNBC and BRCA-deficient tumors. Similarly, optimized delivery of localized 
radiations is being scrutinized, with state-of-the-art modalities including 
brachytherapy165 (intra-tumor release) or intra-operative radiation therapy582.  

Likewise, compounds impinging on the PI3K/AKT, MAPK and EGFR pathways, 
as well as other specific targets are currently under development for different 
subtypes of breast cancer583. Moreover, modulation of epigenetic regulators584 and 
miRNAs585 have emerged as promising therapeutic targets in different cancer 
types, but warrant further validation before approval for their clinical use. 
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Immunotherapy generated unprecedented excitement in the cancer arena. As 
already described previously, different approaches have been already authorized 
for other cancer types, but they are still under exploration for breast cancer586. The 
magnitude of this massive undertaking is clearly exemplified by the list of 181 
entries when querying the clinicaltrials.gov website specifically for breast cancer 
and immunotherapy at the time of writing (October 2018). Although breast cancer 
is generally considered low immunogenic, immune checkpoint blockade was 
proposed as a treatment strategy for BRCA-1 mutated tumors, in light of their 
increased mutational load compared to other subtypes587. Moreover, another 
preclinical model revealed that CDK4/6 inhibition promoted anti-tumor immunity 
that could be exploited by adding a PD-L1-neutralizing antibody588, indicating that 
it might be possible to turn “cold” tumors “hot”. Nonetheless, the tumor 
microenvironment offers other opportunities that can be therapeutically exploited, 
angiogenesis being a chief candidate process. Despite that bevacizumab approval 
for breast cancer was withdrawn in 2011, the clinical development of novel 
VEGF/VEGFR inhibitors has expanded to other recognized players –including 
PDGF/PDGFR, FGF/FGFR, Ang/TIE– fueled by promising experimental and 
clinical data suggesting a pivotal role for angiogenic mediators in modulating 
immune cell trafficking589-591. 

Innovative therapeutic options might also come from drug repurposing. This is the 
case of androgen receptor inhibitors currently administered in prostate cancer, 
which are now probed in breast cancer patients592,593. Androgen receptor gained 
attention in breast cancer as this receptor is expressed by the majority of HR+ 
positive tumors and –definitely more interesting from the therapeutic perspective– 
by a group of basal tumors with TNBC features, luminal gene signature and 
predicted low response to chemotherapy488. 

In parallel, diagnostic, predictive and prognostic markers remain a largely unmet 
need. Biomarker discovery is indeed essential in each and every step of the 
pipeline, from translational studies to trials in humans, as well as for the actual 
management of therapeutics in the clinic. The effort of the scientific community is 
focusing on ways to monitor response and progression of tumors, and predict their 
distant recurrence with companion tools like gene signatures, circulating tumor 
cells and other serum-based assays (e.g. liquid biopsies). 
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Mouse models of breast cancer 

“All models are wrong, but some models are useful”. – George E. P. Box 

 

Despite the increasing availability of specific in vitro co-culturing systems, the 
inherent limitation of growing cells in a dish restricts the number of cell 
populations that can be followed and hinders long-term investigations594. Hence, 
the use of laboratory animals still represents a fundamental tool for modeling 
complex systems. 

In this chapter, I will describe different types of murine models of cancer and 
include specific information about the in vivo approaches we have employed in 
our work. 

Environmentally-induced models 

The use of ionizing radiation and chemicals can be exploited to induce 
tumorigenesis in mice. Carcinogens like dimethylbenz[a]antracene (DMBA) and 
N-metyl-N-nitrosourea (NMU) are very well documented in the literature on breast 
cancer models595-598. One of the most commonly used protocols is based on the 
combination of the hormone medroxyprogesterone acetate (MPA) and DMBA: a 
single pretreatment with MPA, followed by the implantation of a DMBA-releasing 
pellet, was sufficient to half the time-to-onset compared with mice that were 
treated with DMBA alone, possibly through a mechanism increasing the rate of H-
Ras mutations induced by the carcinogen599. 

Importantly, the genetic background of the host might alter the sensitivity and 
susceptibility to these environmental mutagens. Moreover, these methods usually 
display a much more heterogeneous disease penetrance and phenotype, as well as 
longer latencies, compared to other models. In agreement with this, sublethal 
exposure of mice to gamma- and X-rays augmented the frequency of tumors, but 
did not affect the onset of the disease itself600,601. In addition, given the total body 
irradiation, there is a potential risk of neoplastic growth in other organs more than 
the one of interest. 
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Transplantable models 

Cell lines and tumor fragments can be implanted to generate models that are able 
to grow as primary tumors and generally have the capacity to disseminate to 
distant organs.  

Mice possess a total of 10 mammary fat pads that are easily accessible for 
orthotopic (i.e. in the original place) procedures: the presence of the native 
molecular cues that regulate the physiological state of the mammary gland makes 
this approach a more natural set-up for cell engraftment and tumor development 
(Figure 7). Moreover, as the glands develop after birth, fat pads can be “cleared” 
to allow repopulation and organogenesis with donor cells602,603. The transplantation 
is mainly performed in the abdominal and in the lower thoracic mammary glands, 
whereas the inguinal, cervical and upper thoracic fat pads are usually spared. 
Conversely, subcutaneous pockets are the recommended sites for ectopic grafts. 
Finally, tail intravenous and intracardiac injection methods have been developed 
to study systemic and metastatic disease. 

 

Figure 7. Common transplantation sites in murine models of breast cancer. 
The lower thoracic and abdominal fat pads are the common mammary glands used for the orthotopic transplantation 
of cell lines and tumor pieces. Subcutaneous pockets are instead preferred for ectopic procedures. Tail vein and 
intracardiac injections are suitable for studies on metastatic dissemination and colonization. Image by Mats Öberg. 
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Orthotopic techniques have been further refined to preserve the intrinsic 
transcriptional profile and the genetic features of the cell line that is injected: one 
such example is the development of the intraductal transplantation for luminal 
breast cancer cells, that spares the hormone supplementation otherwise necessary 
for the same cell type to grow within the fat pad604. Importantly, disease latencies 
are much longer and the invasive/metastatic growth is more controlled than the 
standard fat pad transplantation approach. 

In the context of experimental breast cancer, the single malignant lesion can also 
be surgically resected. Thus, grafting models are versatile and suitable for 
preclinical drug testing in the adjuvant setting or, more in general, to address 
specific questions about residual disseminated tumor cells and metastatic disease. 

Syngeneic models 
The use of murine cell lines allows the transplantation into fully 
immunocompetent recipient mice with identical genetic background, where the 
tumor-host interactions also extend to the resident and infiltrated immune cells. 
Even though these systems permit the control of the inoculation to define an 
optimal window of opportunity for observation and/or treatment, the major 
drawbacks are the fast cell engraftment and the aggressive growth of the primary 
tumor. 

Together with the cell lines and tumor pieces that were generated from the 
MMTV-PyMT model (see “genetically engineered mouse models” section), we 
made use of two murine cell lines for our orthotopic approaches. E0771 cells were 
isolated from a spontaneous medullary breast adenocarcinoma in a C57BL/6 
mouse, with documented potential to metastasize to the lungs605. Although initially 
referred to as ER+, a recent immunohistological characterization of this line did 
not reveal detectable expression of this luminal marker, whereas genomic 
assessment of single nucleotide variants (SNV) revealed several mutations, 
including Kras, Map2k4 and Trp53606. 4T1 cells represent a more aggressive 
model of p53 null TNBC with the ability to seed metastases to several distant 
organs, including lymph nodes, lung, liver, brain and bone in BALB/c host 
mice607-609. Furthermore, 4T1 and E0771 cells carry a homozygous deletion of 
Cdkn2b (gene encoding for p15, an endogenous CDK4/6 inhibitor)606. 

Xenogeneic models  
Human cell lines (including organoids) can be injected to create cell-derived 
xenografts (CDXs), but this method requires hosts lacking functional arms of the 
immune system to prevent graft rejection. As a consequence, the absence of a full 
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immune response poses a limit to the type of study these experimental systems can 
be employed for. The severity of the immune deficiency identifies several murine 
strains that are commercially available and suitable for the generation of CDXs. 

Immunocompromised hosts 
A mutation in the pleiotropic forkhead box (Fox)n1 transcription factor results in 
the hairless phenotype specific of the nude mice: this strain is athymic and lacks 
mature T lymphocytes, but still preserves an intact innate immunity610,611. A 
homozygous mutation in the recombinant activated gene (Rag)1 is instrumental 
for the systemic loss of B cells, and also confers high tolerance to both radiations 
and chemotherapy612. Similarly, severe combined immunodeficiency (scid) mice 
are characterized by the inactivation of Prkdc, a gene involved in DNA damage 
repair and VDJ recombination in early B- and T-cell development. Thus, scid mice 
display no functional B and T cells, but they are also sensitive to radiation613. A 
drastic reduction of the innate immune compartment can be achieved by crossing 
scid mice with non-obese diabetic (NOD) counterparts: the resulting NOD-scid 
phenotype presents residual NK cell activity matched with defective macrophages 
and dendritic cells614. An additional mutation in the interleukin (Il)2 γ-chain 
depletes the system of NK cells, resulting in the NOD scid gamma (NSG)615,616 
and NOD rag gamma (NRG)617, respectively. 

Cell-derived xenografts 
In our work (papers I, III and IV), we used scid, NOD-scid and NSG mice for the 
orthotopic transplantation of two human cell lines, both originally isolated from 
pleural effusions. MCF-7 are hormone responsive cells that require estradiol 
supplementation to be tumorigenic in vivo. These cells are characterized by the 
expression of ER, but no meaningful expression of PR transcripts and protein has 
been reported618. Moreover, MCF-7 cells retain wild-type p53 activity, but lack a 
functional Caspase-3 for the execution of apoptosis. In contrast, MDA-MB-231 
cells do not express ER, PR and HER2 and also bear p53 mutations619. As a 
consequence, these cells tend to be more aggressive and display a distinct 
metastatic pattern620-623. Expression profiling highlighted the enrichment for genes 
associated with EMT, stemness and immune infiltration485,624. Hence, MDA-MB-
231 can be regarded as a claudin-low TNBC line. 

Patient-derived xenografts 
Given the heterogeneity of human cancers, patient-derived xenografts (PDXs) 
have been increasingly used in translational research. In PDXs, the tumor 
fragment or the cell suspension is obtained directly from a patient and transplanted 
into an immunodeficient host. Different studies highlighted the potential of PDX 
models to re-create experimental avatars to guide personalized therapeutic 
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decision-making625-629. Moreover, passaging of PDXs did not modify the features 
of the malignant cells, as later generations retained the genetic aberrations of the 
original malignant mass630,631. However, due to the variable time-to-development, 
the progressive loss of the human-derived stroma, as well as the risk of host-driven 
PDX tumor evolution632, the full potential of this approach is yet to be established. 

In paper III, we have used tumor fragments from two different patients diagnosed 
with TNBC, and implanted them in NSG mice: the PDX 12.58 originated from a 
treatment-resistant BRCA2-mutated liver metastasis, whereas the 14.32 pieces 
represented a treatment-naive primary tumor. 

Humanized mice 
In order to overcome the intrinsic shortcomings of xenograft models for 
preclinical testing, NSG mice have been used as a platform for the development of 
in vivo systems with a partially reconstituted human immune compartment. These 
humanized mice can be engrafted with human CD34+ hematopoietic stem cells 
(HSCs) to generate functional myeloid progenitor cells, B cells, as well as 
cytotoxic cells, regulatory and helper T cells. Moreover, T cells can be educated 
via transgenic expression of human HLA633. Alternatively, human PBMCs can be 
transferred in hosts further engineered to lack the major histocompatibility 
complex class I and II, in order to prevent the rejection of the implant and the 
insurgence of severe graft-versus-host disease634. Importantly, both approaches 
have shown translational relevance in preclinical trials for immunotherapy when 
mice were implanted with PDXs635,636. Despite these encouraging results, the 
absence of a full native human microenvironment –including fibroblasts, blood 
vessels and ECM– precludes a comprehensive investigation of tumor-stroma 
interactions: in this direction, the possibility of using patient-derived mesenchymal 
stem cells (MSCs) to stably repopulate tumors with host-derived stromal 
infiltration has been proposed637, but thus far reported only with short-term 
success625,627. 

Genetically engineered mouse models 

In terms of genetics, mice and humans are very similar organisms and many 
pathologies share analogous underlying genetic origins in both species. Therefore, 
genetically engineered mouse models (GEMMs) have proven paramount to 
decipher the function of many genes and their association to a specific disease. 
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Conventional GEMMs 
Traditional GEMMs rely on the pronuclear injection of exogenous DNA and the 
subsequent implantation of the fertilized egg in a pseudopregnant foster mother638-

641. The resulting pups are screened for the expression of the transgene and 
positive germline founders are bred to propagate the new strain. With such a 
strategy, transgenes, putative oncogenes and dominant-negative tumor suppressors 
could be (over)expressed to drive transformation and neoplastic growth642-645. 
Following the development of homologous recombination-based gene-targeting 
technology in embryonic stem cells (ESCs)646, tumor suppressor genes could also 
be systemically inactivated647,648, opening the way for more complex and realistic 
platforms to study cancer. 

A series of promoters has been exploited to drive breast tumorigenesis in mice. 
These transcription initiators can be expressed during certain stages of 
development and with different extent of specificity, as summarized in Table 1. 

Table 1. Common promoters used in murine models of breast cancer. 
Promoter Name Tissue expression Activating stimulus Reference 

WAP Whey acidic protein ME Lactation 649 
BLG Bovine β-lactoglobulin ME, SG Pregnancy, lactation 650 
MMTV Mouse mammary tumor virus ME, SG, Te, Sp Steroid hormones 651 
K14 Cytokeratin 14 Sk, ME, SG, Th Development 652 

ME: mammary epithelium; SG: salivary glands; Te: testis; Sp: spleen; Sk: skin; Th: thymus. 

The MMTV-PyMT model 
First described in 1992643, this spontaneous GEMM represented the backbone of 
our in vivo investigations in papers I, III and IV. Tumorigenesis is instigated by 
the expression of a cDNA sequence that encodes the polyoma middle T (PyMT) 
antigen, placed under the transcriptional control of the long terminal repeat (LTR) 
of the MMTV promoter. PyMT is a membrane-associated protein that exerts its 
transforming activity by assembling a large interacting complex for the activation 
of different oncogenic pathways, thereby promoting cellular division and growth. 
The viral oncogene serves as a scaffold for the protein phosphatase 2A 
(PP2A)653,654, which in turn allows the docking of several protein tyrosine kinases 
(PTKs) of the Src family655,656. Upon binding, PTKs phosphorylate three specific 
tyrosine (Tyr) residues to recruit modulators of different signaling transduction 
cascades: Shc/MAPK (Tyr250)657,658, PI3K/AKT (Tyr315)659 and PLC-γ 
(Tyr322)660. Unlike other tumor viruses, like the small and large T, PyMT does not 
interfere directly with p53 activity, although increased levels of c-Myc were 
associated with the expression of the viral protein661. Moreover, the strong PyMT-
mediated oncogenic pressure does not require any secondary mutations during the 
progression of the disease, thereby curbing the clonal heterogeneity that is instead 
typical of human (breast) cancers. 
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One of the major advantages of this model is its synchronicity, as the appearance 
of multifocal carcinomas follows a stepwise progression. Hyperplastic growth can 
start as early as three weeks of age in the main milk duct at the level of the nipple, 
but lesions usually become detectable by palpation when mice are seven weeks 
old. As cells proliferate, they engulf acini and ducts of the glands, leading to the 
formation of adenomas that are still confined within the basement membrane 
(BM). From week ten, the breaching and gradual disintegration of the BM mark 
the progression to carcinoma, and multiple foci in distant ducts begin to proliferate 
and eventually fuse with the primary nodule to form large carcinomas by week 
fourteen. At this stage, 94% of the mice also display metastasis to the lungs. At the 
molecular level, this GEMM progressively loses the expression of ER and PR, as 
well as integrin β1, which was shown to be necessary for the orientation of the 
mammary epithelium. Conversely, tumor cells acquire positivity for ErbB2 and 
also display increased expression of cyclin D1662,663. 

Notably, the background strain of the mouse can alter the features of this model, as 
FVB/NJ and C57Bl/6J exhibit different latencies and disease progression, which 
ultimately affects the penetrance of the disease664. 

Pdgfc knock-out mouse 
In paper III, we made use of a Pdgfc-deficient mouse in the framework of PyMT-
driven carcinogenesis. The null allele was generated by inserting a mutated exon 2 
containing a LacZ cassette in the Pdgfc gene371. In the 129S1 background, the 
knock-out phenotype was perinatally lethal, with most mice dying within one day 
post-birth and failing to reach the weaning stage. Analysis of the embryos revealed 
defective palatogenesis –causing feeding and respiratory difficulties– as well as 
the appearance of spina bifida occulta. In contrast, the same genetic ablation did 
not lead to a lethal phenotype in the C57Bl/6 strain, albeit gross malformations at 
the cerebral level still persisted, including vascular abnormalities and asymmetric 
development of the ventricles372. In our experimental setting, back-crossing of 
Pdgfc-/- mutants into the FVB/N strain generated an intermediate phenotype, with 
an incomplete penetrance of the genetic defects resulting in smaller litters of pups 
carrying a homozygous deletion of PDGF-C, which survived to adulthood and 
were able to mate. 

Tumors from the MMTV-PyMT and the compound MMTV-PyMT; Pdgfc-/- 
models were used to obtain tumor fragments for orthotopic transplantations. 
Furthermore, different cell lines were established from age-matched tumors for in 
vitro studies and transplantation purposes. Interestingly, and despite a 
reprograming to a luminal state, MMTV-PyMT;Pdgfc-/- cells did not require 
estrogen supplementation for their growth, likely reflecting the strong addiction to 
the PyMT oncogene. 
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Conditional and inducible GEMMs 
The conventional GEMMs are nowadays widely used alongside with more 
sophisticated inducible models, characterized by the opportunity to control 
tumorigenesis in a temporal- and spatial-dependent fashion. 

Cre-loxP and Flp-FRT systems 
The Cre-loxP665-667 and Flp-FRT668,669 methodologies have been extensively used 
(even in combination) for this spatiotemporal modulation. Briefly, loxP/FRT sites 
are inserted at the flanks of the genomic segment of interest. These exogenous 
sequences are recognized and cleaved by a Cre/Flp recombinase, which also 
determines the tissue-specificity of the experimental set-up: configurations range 
from ubiquitous transgenic Cre/Flp mice to enzyme-expressing viruses all the way 
to recombinases placed under the transcriptional control of a tissue (or cell-type) 
specific promoter (TSP)670. The resulting recombination can generate a knock-
out652 or allow the expression of a constitutively active (knock-in) mutant671,672, as 
well as producing inversions and translocations. A further temporal control can be 
achieved by generating fusion proteins containing a TSP-Cre/Flp attached to an 
estrogen response element (ERE): when tamoxifen is administered, this antagonist 
can bind to the ERE, allowing its translocation to the nucleus, where Cre/Flp can 
exert their function. 

It is worth noting that this approach more closely resembles the stochastic nature 
of human oncogenesis, as recombination will occur only in a proportion of cells 
within a tissue: this mosaicism is also a pivotal feature of virus-mediated systems 
(see below). However, it is fundamental to evaluate the “leakiness” of the 
enzymatic activity, as some studies reported such events even in the absence of 
tamoxifen673-675. Moreover, the generation of conditional multi-allelic models to 
recapitulate the features of human cancers is a time-consuming (approximately 20 
months to fully generate a single-mutant colony), labor-intensive and onerous 
undertaking. 

RCAS/TVA system 
This virus-based method enables comparable outcomes to the approaches 
described previously. Mammalian cells have to be first engineered to express the 
receptor tumor virus A (TVA). Then, TVA-expressing cells become susceptible to 
the infection with the avian sarcoma-leukosis virus (ASLV) bearing the mutated 
insert676. 

On the one hand, major benefits of this technology are its postnatal application, 
the ability to control the viral titer for the infection of the target cells, the 
possibility to combine it with other GEMMs677 and editing technologies678, as well 
as the concomitant infection with viruses containing different exogenous 
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sequences679. On the other hand, two significant weaknesses of this methodology 
are the limited infection rate and the size of the insert carried by the virus. 

Tet systems 
Upon induction, all the models described so far are irreversible. In order to answer 
specific biological questions about gene dependencies, a reversible approach based 
on the environmental availability of tetracycline (Tet) has been established. Given 
its higher stability, the Tet analogue doxycyclin (Dox) has been used in 
experimental settings. This system is composed of two different parts, namely a 
Tet operator promoter (TetO), that controls the expression of the gene of interest, 
and a transactivator. In the Tet-off680 framework, the Tet-transactivator (tTA) is 
bound to TetO and Dox is employed to sequester TetO and prevent gene 
expression. Conversely, in the Tet-on681 approach, the reverse tTA (rtTA) requires 
Dox in order to bind TetO and initiate transcription. Furthermore, tTA and rtTA 
can be regulated by a TSP to ensure spatial control of the transcriptional 
activity682-685. It is important to consider that these models are not as fast-reacting 
as other GEMMs, as they depend on the transcription and translation of the tTA 
and rtTA elements. In addition, tTa- and rtTA-dependent cytotoxicity, potentially 
due to overexpression of the VP16 transactivation domain, has been reported686. 

Non-germline GEMM-ESC  
In order to overcome the drawbacks of the conditional/inducible models, a 
technology based on ex-vivo modification of embryonic stem cells (ESCs) isolated 
from GEMMs has been developed, resulting in the generation of non-germline 
chimeras in as little as 6 months687-689. First, ESCs are isolated from the blastocyst 
of a GEMM, maintained in culture to preserve their pluripotency and modified at 
specific loci with site-specific sequences to accept recombinase-mediated cassette 
exchange (RMCE) constructs. In a second phase, a donor vector containing the 
insert (e.g. GoF/LoF mutations, shRNA, tet system, reporter gene) is introduced in 
the RMCE locus and the cells are injected in a blastocyst implanted in a 
pseudopregnant female. The chimeric mice are directly available for 
investigational use without any additional breeding. A fundamental advantage of 
this platform is the opportunity to modify existing GEMMs with clinically 
relevant mutations690,691, and GEMM-ESC models are also compatible with the 
genome editing technology (see following section). Moreover, by exploiting 
RMCE, this approach ensures the correct and controlled insertion of the donor 
constructs, overcoming the risk of random integration at multiple loci that is 
observed in classical transgenic methods. 

Interestingly, the Tet, RCAS/TVA and GEMM-ESC platforms are all suitable for 
the delivery of short hairpin and other non-coding RNAs, at the heart of the RNA 
interference (RNAi) technology: the degradation of RNA molecules allows the 
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reversible silencing of a target of interest without modifying the genome of the 
host692-694. 

Genome editing 
The common feature of this class of tools is the employment of restriction 
enzymes with nuclease activity in order to engineer the genome of an organism at 
specific sites. Four main technologies are currently available: meganucleases 
(MNs)695, zinc fingers proteins (ZFNs)696,697, transcription activator-like effector 
nucleases (TALENs)698,699, and clustered regularly interspaced short palindromic 
repeats (CRISPR)700-702. 

The nucleases act like “molecular scissors” to generate double-strand DNA breaks 
(DSB), that can be resolved in two ways, the non-homologous end joining (NHEJ) 
and the homology-directed repair (HDR). Thus, the endogenous DNA repair 
response pathways can be harnessed to attain precise editing of the target genome: 
NHEJ produces a frameshift insertion or deletion of bases (indels) that can disrupt 
the gene product. Otherwise, a single-stranded oligonucleotide or a donor vector 
template (containing e.g. a knock-in mutation, a gene correction, a reporter) can be 
incorporated at the DSB site following HDR695,703. 

MNs were the first to be developed and, together with ZFNs and TALENs, they 
recognize the target sequence based on direct protein-DNA interaction. While 
MNs integrate the binding and nuclease activity –a feature that endows the very 
high specificity of the recognition, but a rather cumbersome engineering– ZFNs 
and TALENs require an additional linking to the catalytic domain of the Fok1 
restriction enzyme. Therefore, ZFNs and TALENs are easier to engineer and the 
specificity is mainly ensured by the compulsory dimerization of Fok1 for the 
activation of the nuclease activity704. Nonetheless, Fok1-mediated off-target 
mutations are still possible705. ZFNs and TALENs differ in the length of the 
recognition sequence, being 3-base pair (bp) for the former and 1 single base for 
the latter. Of note, in order to obtain high specificity and good modularity, the 
hybrid MegaTAL architecture –containing the MN catalytic domain and the TAL 
effector domain– was established706. 

Although the production costs progressively decreased from MNs to TALENs, the 
major caveat of these tools is their multiplexed application. As a consequence, 
flexibility is what earned CRISPR its popularity: indeed, this technology is unique 
in that it recognizes the target DNA by means of single guide (sg)RNAs, which 
are easy and economical to design, customize and deliver. At the same time, the 
sgRNAs are not able to provide the same high-specificity of protein-based 
recognition systems, leading to some of the main drawbacks of CRISPR, e.g. 
unintended off-target effects707, potential large DNA deletions and 
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rearrangements708, as well as high rate of random integration of the DNA template 
and activation of NHEJ instead of HDR. In order to overcome this last issue, 
which is also common to other endonucleases modalities709, the nuclease domains 
can be modified to induce single-strand breaks (nicks) instead of DSB: these 
nickase-coupled platforms have shown a reduction in toxicity and off-target 
cleavage, as well as an increase in HDR710-714. Lastly, in light of the relative 
simplicity of use and the accessible costs, a recent report of CRISPR-mediated 
correction of a pathogenic mutation in human embryos opened the debate on the 
use of this technology and its related ethical limitations715. 

Another fundamental aspect to consider is the in vivo delivery of the components 
required for gene editing, both in terms of size and immunogenicity. On the one 
hand MNs, MegaTALs and ZFNs are relatively small and can be transferred by 
lipid nanoparticles, electroporation, transduction and viral vectors (integrase-
deficient lenti-, adeno- and adeno-associated virus). On the other hand, TALENs 
are fairly big, and thus far could only be delivered via adenoviral or RNA-based 
gene transfer716. Similarly, Cas9 and sgRNAs can be delivered by retro- and 
adenoviral particles717,718, virtually expanding their application to any mouse 
strain. Since Cas9 is relatively large, in order to be packed into adeno-associated 
viruses, orthologs from other bacteria should be used. Compared to GEMMs, 
CRISPR allows the injection of several sgRNAs and Cas9 mRNA directly in 
mouse embryos, in principle allowing a cheaper and quicker generation of mice 
bearing multiple mutations719 that can be propagated in different backgrounds, 
further eliminating the need for backcrossing. Moreover, availability of systemic 
Cre-dependent Cas9 mice supports postnatal genome editing, following the 
administration of a viral vector containing both the recombinase and the 
sgRNA720. 

The efficiency of the genetic editing is very variable within each system, but 
different reports suggest higher rates for MegaTALs, ZFNs and TALENs 
compared to CRISPR. In agreement with this, two independent studies recently 
documented that Cas9-induced DSBs triggered a p53-dependent DNA damage 
response that significantly limited the efficiency of the sequence replacement, 
altogether posing a concern about the (long-term) risk of cancer insurgence if 
selecting cells without a functional p53 activity721,722. 
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Present investigation 

Paper I 
Endothelial ALK1 is a therapeutic target to block metastatic dissemination of 
breast cancer 

Aim:  
To investigate the utility of ALK1 inhibition as an anti-angiogenic therapy in 
preclinical models of metastatic breast cancer. 

Results:  
Long-term inhibition of ALK1 through a ligand-trap that sequesters the high-
affinity ligands BMP-9/10 (RAP-041) reduced tumor growth, impaired metastatic 
dissemination and prolonged the survival in a mouse model of pancreatic 
neuroendocrine tumorigenesis. In this context, although administration of RAP-
041 reduced the vascular density, it did not elicit a hypoxic response. Irrespective 
of the tumor stage, RAP-041 monotherapy blocked the progression of both early 
and fully developed experimental MMTV-PyMT breast carcinomas and equally 
limited the vessel area and the metastatic colonization to the lungs. These results 
were confirmed in E0771 syngrafts and in MDA-MB-231 xenografts. Moreover, 
combination of RAP-041 with the chemotherapeutic agent docetaxel further 
controlled disease development, with a synergistic exacerbation of the effects in 
all the parameters previously considered, i.e. tumor volume, vessel density and 
extent of lung metastases. 

Computational analysis of a population-based nested case-control study 
encompassing more than 750 breast cancer patients revealed that ALK1 was an 
independent biomarker for metastatic recurrence in human breast cancer, both in a 
univariable and multivariable analysis after adjusting for clinically relevant 
parameters, such as tumor size, lymph node status and HER2 expression. 
Validation of these results in the TCGA repository further established that the 
relative expression of ALK1 in the endothelium –determined through a ratio 
between ALK1 and the endothelial metagene corresponding to the normalized 
average expression of PECAM1, CDH5, and CD34– was an independent 
prognostic factor for poor survival in human breast cancer. 
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Paper II 
Activin receptor-like kinase 1 is associated with immune cell infiltration and 
regulates CLEC14A transcription in cancer 

Aim: 
To determine the genetic network and the biological processes connected with the 
expression of ALK1 in human cancers. 

Results: 
We assessed the expression of the components of ALK1 signaling in a panel of 14 
solid cancers in the TCGA database. This initial analysis confirmed that ACVRL1 
(gene encoding for ALK1) and the co-receptor endoglin were a common feature of 
the vasculature in solid malignancies, although generally displaying a lower 
expression than that of healthy tissues.  

Comparative analysis of ranked lists of ACVRL1-correlated genes led to the 
generation of a conserved signature of eight genes, which could be used as a proxy 
for stromal infiltration in a cohort of bladder cancer patients. The gene with the 
highest median expression was CLEC14A, a c-type lectin containing domain 
protein that mediates cell-cell adhesion. By scrutinizing publicly available ChIP-
seq data of human endothelial cells stimulated with different BMPs, we 
determined that ALK1 downstream effectors SMAD1/5 could directly bind the 
CLEC14A promoter. This regulation was corroborated in vitro by assessing the 
expression of CLEC14A transcripts following BMP9 stimulation of HUVECs and 
by means of dual RNAscope in situ hybridization in human breast cancer 
specimens.  

Finally, ranked lists of ACVRL1-correlated genes were queried for gene set 
enrichment analysis, uncovering an association with processes regulating the 
composition of the tumor microenvironment, including a distinct emphasis on 
immune modulation. 

Paper III 
Microenvironmental control of the molecular subtype of breast cancer 
elicited through paracrine PDGF-CC signaling 

Aim:  
To elucidate the role of PDGF-CC-mediated tumor-stroma interactions in the 
specification of the molecular subtype of breast cancer. 
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Results: 
The expression of PDGF-CC was evaluated in two cohorts of breast cancer 
patients, revealing a notable accumulation at the border between the malignant 
epithelium and the surrounding stroma, whereas the cognate PDGF receptors α 
and β were uniformly present in the stroma. Regression analysis showed that 
epithelial PDGF-CC expression was associated with poor survival in breast 
cancer, both in a univariable and a multivariable analysis.  

This PDGF-CC/PDGFR interaction was modeled by knocking out PDGF-CC in 
the context of MMTV-PyMT tumorigenesis. Genetic ablation of Pdgfc resulted in 
smaller tumors with lower grade, displaying increased necrosis and hypoxic areas 
and reduced ECM deposition. Transcriptional analysis unveiled a potent 
upregulation of the transcription factor Foxa1 in the absence of PDGF-CC 
signaling. In agreement with this, FOXA1 was found to be associated with non-
basal cancers in the TCGA database. The inverse correlation between FOXA1 and 
PDGFC was confirmed in a panel of 50 human breast cancer cell lines and by the 
expression of ER-α in our mouse model. Moreover, by intersecting RNA-
sequencing data from our experimental system with available ChIP-seq of human 
cell lines, we determined a luminal reprogramming instigated by Pdgfc deficiency. 

We further identified the secreted factors that mediate the microenvironmental 
response, and in vitro experiments validated the ability of HGF, IGFBP-3 and 
STC-1 to curb the expression of luminal markers and reduce the sensitivity to 
tamoxifen (Figure 8). Finally, genetic ablation or pharmacological inhibition of 
PDGF-CC sensitized a range of preclinical models of triple negative/basal breast 
cancer (MMTV-PyMT, MDA-MB-231 xenografts and human PDXs) to the action 
of tamoxifen, resulting in a significant reduction of the total tumor burden. 

 

Figure 8. Schematic representation of the PDGF-CC-mediated crosstalk. 
Basal-like tumor cells release PDGF-C that is taken up by PDGFR-α-expressing CAFs. In turn, the stromal cells 
secrete HGF, IGFBP-3, STC-1 to maintain the basal phenotype and suppress the expression of luminal markers, 
making tumor cells intrinsically refractory to tamoxifen. By blocking PDGF-C function, this loop is disrupted, leading to 
the switch to a luminal-like state, chracterized by ER-α positivity, that can be exploited for therapeutic intervention. 
Image created by using Servier Medical Art according to a Creative Commons Attribution 3.0 Unported License. 
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Paper IV 
Diverse origins and functions of breast cancer-associated fibroblast subclasses 
revealed by single cell RNA sequencing 

Aim:  
To identify and characterize the different subtypes of cancer-associated fibroblasts 
in a murine model of breast cancer. 

Results: 
A negative selection FACS strategy was employed to isolate a population of 768 
EPCAM-CD31-CD45-NG2- cells from suspensions obtained from two MMTV-
PyMT tumors. These cells were processed for single-cell RNA-sequencing based 
on the Smart-Seq2 protocol. Following quality control, a total of 716 single-cell 
transcriptomes were subjected to dimensionality reduction by principal component 
analysis and t-SNE. This conversion highlighted the presence of four distinct 
populations of CAFs with specific transcriptional profiles, and significantly 
differentially expressed (SDE) genes were used to infer the functional properties 
of each subclass. Immunostaining was employed to corroborate the existence of 
each subgroup in MMTV-PyMT tumors, as well as 4T1 and E0771 syngrafts, 
MDA-MB-231 xenografts and human breast cancer biopsies. Furthermore, we 
deduced the potential origin of the different subtypes by scrutinizing the 
expression patterns in tissues from different stages of PyMT-driven tumorigenesis. 

The SDE genes of the largest subgroup were enriched in processes involved in 
angiogenesis and vascular development, earning them the vCAF nomenclature. 
Initially found in close proximity to vessels, vCAFs lost this tight association and 
infiltrated the malignant epithelium at later stages of tumor progression. Given the 
overlap between the vCAF signature and core components of pericyte identity, we 
attributed pericyte-to-fibroblast transition (PFT) as the putative origin for vCAFs. 
A related population shared identical features, but additionally showed an 
exclusive expression of genes associated with cell cycle regulation: this small 
group of cells indeed represented the proliferative portion of the vascular CAFs, 
and was hence termed cycling cCAF. Enrichment for ECM identified the SDE 
genes of the matrix mCAFs, which were usually located at the tumor edge. In light 
of their activated status, we postulated that mCAFs derived from resident 
fibroblasts that were educated by tumor cells. Finally, development and 
differentiation genes denoted the dCAF class, which showed a scattered pattern of 
expression, both in the epithelium and in the stroma. Moreover, the PyMT 
oncogene was found expressed in dCAFs, suggesting EMT as the source for this 
subgroup (Figure 9). 
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Figure 9. Proposed classification of CAFs subtypes. 
The different subclasses (v: vascular; c: cycling; m: matrix, and d: developmental) of cancer-associated fibroblasts 
(CAFs) have different origins, functions and are spatially differentiated. PFT: pericyte-to-fibroblast transition; EMT: 
epithelial-to-mesenchymal transition; ECM: extracellular matrix. Image adapted, courtesy of Michael Bartoschek. 

By generating specific signatures for vCAFs and mCAFs, we confirmed their 
conserved expression in human tumors. Lastly, we further addressed the clinical 
relevance of these CAF populations, with mCAFs and vCAFs bearing prognostic 
capability for metastatic dissemination in breast cancer. 

Discussion 

Paper I and II 
Paper I and II revolve around the role of the TGF-β superfamily member ALK1 in 
vascular development and its therapeutic targeting in neoplastic growth. 
Specifically, paper I explores and depicts the activity of a decoy receptor (RAP-
041/dalantercept) in experimental metastatic breast cancer, whereas paper II 
focuses on delineating common features of ALK1 expression in human solid 
tumors that could be exploited for therapeutic gain. 

More than what has already been discussed in the individual publications, my aim 
is to articulate arguments around the following points: 

• Why is ALK1 inhibition anti-metastatic? 
• What can we learn from ALK1 expression in human cancer? 
• Is there a future for dalantercept from a biological standpoint? 

The activity of the ALK1 ligand-trap was dissected in mouse models of breast and 
prostate cancer, melanoma, head and neck squamous cell carcinoma, renal cell 
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carcinoma and pancreatic neuroendocrine tumors327-329, but the attention was 
mainly circumscribed to the effects on the growth at the primary tumor site as 
readout of the on-target anti-angiogenic effects of RAP-041. Paper I expands this 
characterization by focusing on a chief aspect of tumor progression that is the 
metastatic disease. We therefore queried relevant preclinical models of metastatic 
cancer and treated them for four weeks with RAP-041. In line with what is already 
described in the literature, RAP-041 restrained the growth of primary tumors, 
pruned the associated vascular tree and increased its pericyte coverage. Strikingly, 
in the RIP1-TAg2 model of pancreatic neuroendocrine tumorigenesis, the anti-
angiogenic effect of the agent did not elicit a hypoxic response (as measured by 
HIF-1α and carbonic anhydrase (CA)-IX expression), and severely reduced the 
number of hepatic lesions compared to short-term treatment, eventually resulting 
in prolonged survival of the mice. These observations denote a very different 
action of ALK1 compared to conventional anti-angiogenic therapy based on 
VEGF inhibition, which is usually accompanied by a short-lived response, 
adaptation and a more malignant progression, due to exacerbated hypoxic 
conditions102,103,198. In addition, the lack of hypoxic induction differs from what is 
already shown in another preclinical model following exposure to ACE-
041/dalantercept329 (the human equivalent of RAP-041), but the human cells that 
were used in this xenograft are deficient for VHL (a master regulator of the 
activity of HIF-1α), somewhat limiting the significance of this observation. 
Nonetheless, the phenotype we detected in our experimental setting is not 
completely surprising, if we take into account the more restricted pattern of 
expression of ALK1 to the activated endothelium, compared to the otherwise 
ubiquitous VEGFR2. 

Our results in the transgenic MMTV-PyMT breast cancer model also indicate that 
the RAP-041 regimen is efficacious independently of the timing of its 
administration, as metastatic growth was severely impeded in early as well as in 
advanced disease. Conceivably, a suppressed vascular density lowered the 
probability for cells to abandon the primary tumor and successfully enter the 
circulation to disseminate, but ALK1 inhibition seemed to offer a long-term 
protection against metastatic disease. An explanation for this phenomenon might 
ensue from the altered signaling ratios within the TGF-β family. First, RAP-041 
impaired the levels of the downstream effector of canonical ALK1 activation ID-1. 
In an analogous fashion, blocking ID1 by means of an inducible shRNA inhibited 
metastatic growth in a mouse model of lung carcinoma723. In keeping with a role 
for this factor in metastatic progression, ID1 belongs to a predictive signature for 
breast cancer metastasis to the lungs623. Second, RAP-041 also blunted the TGF-
β/ALK5 cascade that is believed to balance the pro-angiogenic role of ALK1. 
Interestingly, TGF-β1-mediated regulation of SMAD2 was shown to toggle 
between collective and single cell motility in breast cancer724 and, in the context of 
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ALK1 inhibition, the hampered ALK5 signaling arm would endorse collective 
migration, although authors suggested that this phenomenon would mainly rely on 
lymphatic vessel dissemination. Nonetheless, coupling this phenotype with vessels 
that are less permissive to intravasation due to improved pericyte coverage, could 
generate the effects we reported. 

Ligands of the TGF-β family are recognized potent inducers of EMT. In light of 
our results, it is tempting to speculate that the reduced metastatic load following 
anti-ALK1 therapy could be ascribed to an active angiocrine inhibition of the 
EMT process. In keeping with this proposition, it has been shown that the tumor 
vasculature possesses a specific transcriptional profile compared to the normal 
endothelium725, raising the possibility of a specific circuitry that is interrupted 
following RAP-041 administration. Given that the expression of ACVRL1 is 
limited to the endothelium, EMT could refer to the specialized endothelial-to-
mesenchymal transition (EndMT). Indeed, a partial EndMT via induction of Slug 
was reported in the context of sprouting angiogenesis726. Similarly, endothelial 
cells heterozygous for Eng showed increased levels of Twist accompanied by 
EndMT in experimental pancreatic neuroendocrine tumorigenesis101, supporting 
the notion that a weakened endothelial cell barrier can facilitate the escape of 
tumor cells. Yet, the proficient colonization of distant organs implies the ability of 
tumor cells to escape the primary tumor site. As described in the introduction, 
malignant cells can acquire temporary features of the endothelium through 
vascular mimicry (VM). The resulting cancer cell-lined vascular structures are 
regularly perfused, hence enabling tumor cells that underwent this epithelial-to-
endothelial transition (EEndT) direct access to the blood stream. Once at the level 
of the secondary organ, a reverse endothelial-to-epithelial conversion might allow 
the invasion of a distant organ, devoid of a mesenchymal transition. Although it 
has not been established whether the mechanism governing EMT equally 
instigates EEndT or if a specific program is required, a study revealed that Notch-
4-dependent activation of NODAL mediated in vitro VM formation and the more 
aggressive phenotype displayed by melanoma cells727. Similarly, γ-secretase and 
NOTCH-1 are implicated in the differentiation of CD133+ glioma stem cells to 
endothelial progenitors155, whereas CD133+ breast cancer stem cells were found to 
be closely associated to VM sites to facilitate the assembly of epithelial-derived 
vessels by increasing expression of VE-cadherin, MMP-2 and MMP-9728. 

However, the requirement of EMT for metastatic dissemination has recently been 
challenged by two independent reports. Strikingly, the deletion of Snail or Twist in 
pancreatic adenocarcinoma did not limit the rate of metastatic disease in the colon, 
lung and liver of mice, although it increased the proliferation of the malignant 
cells, which became sensitive to chemotherapy by displaying an increased 
expression of nucleoside transporters729. Similar conclusions were drawn when 
following the fate of malignant cells with a switchable fluorescent marker 
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activated by acquisition of FSP positivity through EMT in breast cancer models, 
which confirmed that metastases only contained cells with epithelial features. In 
agreement with a role in therapeutic resistance, the authors further determined that 
following chemotherapy most metastatic cells underwent EMT and gained 
refractoriness to the regimen, which could be abrogated by inhibiting miRNA-
200730. Arguably, the authors drew very generalized conclusions about EMT by 
following the specific transition program instigated by three individual drivers, 
whereas the whole program is a multi-step and multi-gene process. Thus, although 
these studies shed light on some aspects of EMT, its role in metastasis cannot be 
completely ruled out. 

Our investigation also addressed the relevance of ALK1 expression in human 
breast cancer. Analysis of a nested case-control study identified that ACVRL1 is an 
independent prognostic factor for metastatic recurrence, even after adjusting for 
clinically relevant parameters such as the tumor size, the lymph node involvement 
and HER2 status. Similar outcomes were obtained when we interrogated the 
human data for SMAD6, a direct transcriptional target of ALK1. As a complement, 
we further extended our analysis to the breast cancer cohort of The Cancer 
Genome Atlas initiative. In this setting, we generated an endothelial metagene 
based on the average expression of the prototypical markers PECAM1, CDH5 and 
CD34. Then, we created a ratio between ACVRL1 and the metagene, revealing that 
the relative expression of ACVRL1 correlated with poor prognosis in breast cancer. 
The strong correlation between ALK1 expression and tumor recurrence justifies 
further exploration of the role of this receptor in the metastatic niche and how it 
can affect the local microenvironment. Several experimental models, based on 
transplantation of tumor cells directly in the mammary fat pad, can imitate the 
clinical setting wherein the treatment is commenced only after removal of the 
primary malignant mass. Adjuvant inhibition of ALK1 could elicit a twofold anti-
metastatic effect: first, by impairing the ability of circulating tumor cells to 
extravasate, and second, by directly abrogating the angiogenic-switch of small 
avascular foci. 

Our preclinical data have been confirmed by the promising results of the phase I 
clinical trial of dalantercept in advanced cancers. The drug was well tolerated and, 
despite the general and unrefined criteria of inclusion, some patients exhibited 
partial responses and prolonged stable disease. Moreover, following the outcome 
of combination therapy with VEGF inhibitors in models of renal carcinoma, 
clinical trials assessing the safety and tolerability of such multi-targeted regimen 
were initiated in clear cell carcinoma and hepatocellular carcinoma patients. 
Regrettably, dalantercept addition to the standard care only resulted in a modest 
activity that failed to prolong the PFS in patients. These dismal results came after 
a series of clinical investigations invariably disclosing insufficient efficacy of 
dalantercept as a monotherapy. As a consequence, the development of this 
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inhibitor was halted. All these studies were limited by the absence of a predictive 
marker that could be used to assess the response to dalantercept and to help select 
the right cohort of patients. In paper II, we delineated the common features of 
ALK1 activation in a collection of 14 solid malignancies, most of which 
corresponded to those included in the above-mentioned clinical trials. The cross-
cancer evaluation of the expression status of the different components of the 
signaling complex centered around ALK1 revealed that both the receptor and the 
co-receptor endoglin were a shared feature of the vasculature of all the different 
tumor types, reinforcing the common knowledge about the role of this pathway in 
the regulation of angiogenesis. Accordingly, the production of the ligands required 
for the activation of the cascade was not hijacked by tumor cells, as the expression 
levels of BMP9 and BMP10 only peaked in the healthy liver, where BMP9 is 
indeed usually synthesized307,308. 

The gene set enrichment analysis (GSEA) results contained in paper II emphasize 
how ACVRL1 expression is associated to angiogenesis and properties of the tumor 
microenvironment, thereby stressing the relationship between tissue 
vascularization and tumor growth. Although the coordinated expression of 
ACVRL1 induced similar responses in most tumor types, glioblastoma (GBM) and 
clear cell kidney carcinoma (KIRC) revealed distinct patterns. GBM showed a 
unique positive enrichment for all the hallmarks comprised in the GSEA, which 
may be attributable to its non-epithelial origin. As for KIRC, the enrichment 
scores followed the common tendencies of the other tumor types, but to a lower 
extent. Indeed, genes co-expressed with ACVRL1 were also specifically negatively 
associated with metabolic processes, potentially reflecting the energetic rewiring 
instigated by the loss of VHL731. Moreover, genes co-expressed with ACVRL1 
were also enriched in EMT, a feature that cells acquire in order to become motile53 
and that was already discussed in connection to the anti-metastatic features of the 
ALK1 blocking agent in paper I. The distinctive trait that emerged from the GSEA 
report was the set of processes related to the immune regulation. Many of the 
pathways that fell in this category have already been characterized in different 
contexts as necessary for regulatory and peripheral T cell development732,733, as 
well as contributing to the immune evasion during tumor progression734,735. Future 
work will have to assess whether a combined treatment of RAP-041 and 
immunotherapeutics could improve the disease progression in experimental 
models, in this way offering a second chance for the clinical development of 
dalantercept. To support this rationale, the parallel administration of anti-VEGF 
agents and immunomodulatory compounds has recently met with promising 
results in different mouse models589,591. Although the efforts have been limited to a 
restricted number of receptors and ligands (discussed in the introduction), one of 
the biggest successes with immunotherapy is the shift in the treatment modalities 
and the long-sought recognition of the power of the microenvironment in shaping 
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the natural and acquired properties of a neoplastic lesion. In accordance with this, 
a recent clinical trial combining the selective VEGFR1-3 inhibitor axitinib with 
the PD-1 checkpoint inhibitor pembrolizumab in patients with treatment-naïve 
advanced renal cell carcinoma showed good tolerability and encouraging signs of 
antitumor activity590. Similarly, the addition of the anti-PD-L1 atezolizumab to a 
regimen of bevacizumab and chemotherapy significantly prolonged both PFS and 
OS when administered as a first line of treatment in metastatic non-squamous cell 
lung carcinoma736. 

As already stated, the paucity of precise biomarkers for anti-ALK1 activity 
severely hampered the clinical application of dalantercept. We challenged this 
critical point by generating a small signature of eight genes that were coherently 
conserved in all the tumor types, which could be used –upon validation of its 
biological meaningfulness– to stratify patients and to monitor treatment responses. 
Interestingly, the ACVRL1 signature was informative of stromal infiltration in 
bladder cancer and this is well in line with GSEA results of negative association 
between ACVRL1 expression and cell cycle-related processes. Stromal signatures 
have also been shown to have a predictive value in breast cancer32,34,737, although 
condensed gene lists are not routinely used in the clinical practice yet. For this 
reason, we refined our list to define a single gene, whose expression could be 
followed as a readout marker of ALK1 activity: CLEC14A was the member with 
highest median expression in all the datasets and it has been recently described as 
a tumor-specific endothelial marker738. Notably, CLEC14A expression was 
enriched in the differentiation of progenitors to endothelial-committed cells. The 
same trend was observed for ENG, and the co-receptor TGFBR2, whereas 
TGFBR1 was down-regulated739. Since TGF-β isoforms can signal through ALK1 
in presence of TGFBR2, it is fascinating to surmise a specific role for TGFBR2 as 
the limiting factor in the regulation of endothelial cell proliferation, but this will 
have to be tested. 

Previous results from our lab established that the expression of ALK1 follows the 
traditional pattern of other genes involved in vessel formation, peaking in the 
angiogenic stage and subsequently declining327, partially reflecting the increasing 
ratio between tumor cells and vasculature. Nonetheless, ALK1 remained 
measurable in the mature vasculature during angiogenesis. On the contrary, 
Clec14a was detected only in more established vessels in full-blown tumors740. 
Although not perfectly aligned, these results should not be interpreted as 
antithetical. Expression of ALK1 in mature vessels does not exclude a peak in 
another phase: indeed, most studies focus only on healthy vs. tumor, missing 
information on intermediates stages. The discrepancy between reports might 
actually suggest that ALK1 reaches its highest expression on the angiogenic phase 
to balance proliferation and ALK5/ALK1 signaling. Then, only at a later stage, 
ALK1 orchestrates the maturation of the vessel, e.g. by inducing the transcription 
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of CLEC14A for endothelial cell adhesion. Hence, expression of CLEC14A 
reflects a more mature vessel, given its specific biological function. Interestingly, 
it was also shown that multimerin-2 is a common ligand for both CLEC14A 
(expressed on the endothelial cells) and endosialin (on the pericytes)741, the latter 
recently implicated in the promotion of metastatic dissemination in breast cancer94. 
In light of the strong correlation between ALK1 expression and metastatic 
recurrence, it would be interesting to determine whether this feature could be 
partially ascribed to CLEC14A-dependent “recruitment” of endosialin. 

Along with these notions, c-type lectin domain proteins other than CLEC14A are 
also expressed in endothelial742 and in different subtypes of immune cells742-744, 
raising the possibility of a direct physical interaction and regulation between the 
endothelium and the immune cell compartment. While the literature reflects on the 
expression of CLECs in inflammation and sepsis, the suspicious similarities 
between the inflammatory response and tumor progression2,745 give a notable 
relevance to these observations. Collectively, one may speculate about a pro-active 
role of ALK1 signaling in promoting trafficking of immune cells across the 
endothelium via CLEC14A; further studies in this direction are warranted. 

Finally, evaluation of copy number alteration and mutations within the coding 
sequence of ACVRL1 interestingly highlighted the occurrence of several point 
mutations that have been already linked to the onset of the human hereditary 
telangiectasia746-749, an autosomal dominant genetic vascular disorder caused by 
mutations in ACVRL1. The impaired vascular integrity typical of these LoF 
mutations would likely result in an association to a reduced metastatic 
dissemination and altered sensitivity to therapy. In this direction, a recent study 
disclosed for the first time enrichment for germline disruptive ALK1 mutations in 
non-aggressive vs. metastatic prostate cancer cases750. This is also in agreement 
with our findings in paper I, indicating that ALK1 is an independent biomarker for 
tumor recurrence in human breast cancer, and empiric evidence that these 
mutations, albeit rare, can dilute the overall therapeutic effects when intrinsic non-
responders are included in a non-selected cohort of patients. However, the limited 
depth of our screen in paper II does not allow to speculate more about the actual 
cell-of-origin of these alterations. A different technical approach based on a higher 
resolution (e.g. single cell DNA sequencing) to dissect the cellular heterogeneity 
of a tumor will be necessary in order to assess the extent of mutations, if any, in 
the endothelial cell compartment for appropriate patient stratification. 

Paper III and IV: 
Paper III and IV build on the concept of tumor heterogeneity and how the 
composition of a malignant mass affects –from the biological perspective– the 
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clinical practice. In paper III, we rewire an active crosstalk between the malignant 
epithelium and the stroma in basal-like cancer to sensitize tumor cells to a class of 
drugs that have shown great efficacy in the management of other subtypes of 
breast cancer. Paper IV tackles the heterogeneity of the fibroblasts derived from a 
mouse model of breast cancer to define a new taxonomy, based on the specific 
inferred functions and proposed origin of four different subclasses identified 
through single cell RNA sequencing. 

The results collected in these manuscripts are somewhat complementary, but 
several questions still need to be addressed: 

• Which subgroup of patients would benefit from PDGF-C inhibition? 
• Is the resident stroma involved in basal vs. luminal specification? 
• What are the biological and clinical implications of CAFs heterogeneity? 

In the model system presented in paper III, genetic depletion of Pdgfc is sufficient 
to instigate a drastic change in the morphology as well as in the molecular features 
of mammary tumors. In agreement with the mechanistic characterization we 
propose, PDGFC was found to be associated to a basal phenotype in human cell 
lines, although to different extent. A closer inspection of this panel of cells also 
reveals that MDA-MB-231 cells have the highest expression of PDGFC within the 
basal subgroup. In terms of transcriptional data, MDA-MB-231 cells are classified 
as claudin-low, corresponding to a disease actually characterized by enrichment 
for EMT and stem cell features. It is therefore appealing to postulate that PDGFC 
expression might be a peculiar property of a “stem” state. In two public datasets 
that were generated to study murine and human mammary populations751,752, Pdgfc 
expression was noticeably increased in the stem cell-enriched and luminal 
progenitor groups, compared to the mature and the stromal clusters (Jonas 
Sjölund, unpublished observations). This points towards a PDGF-C signaling that 
could promote or maintain stemness, either through paracrine signaling with 
PDGFR-αα or –hypothetically– through autocrine activation of a PDGFR-αβ 
heterodimer. Indeed, even though levels of PDGFR-α were heterogeneous within 
the different populations, expression of PDGFR-β was highly enriched in the 
stroma (as expected) and in the stem population, the latter a finding reminiscent of 
PDGFR-β+ MSCs. Since PDGF-CC-mediated activation of PDGFR-αβ was only 
shown in vitro753, further characterization of the actual physiological interaction is 
required to establish the plausibility of this speculation. Strikingly, PDGFC 
belongs to a pro-metastatic network of nine genes whose functions are repressed in 
luminal tumor cells by a GATA3-miRNA-29 axis: VEGFA and ANGPTL4 
regulated angiogenesis and endothelial cell-cell junctions, while LOX and MMP9 
were involved in ECM remodeling. In addition, TGFB2 and TGFB3 affected 
epithelial plasticity via EMT, and finally ITGA6 and ITGB1 maintained 
stemness754. Taken together, these findings might also imply that patients 
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diagnosed with basal-like claudin-low breast cancer are the designated responders 
to therapies impinging on the activity of PDGF-C. However, it remains to be 
clarified whether the “PDGF-C switch” is specific to the mammary tissue or if it 
represents a more common feature of progenitor-like cancer cells. 

Our working hypothesis is based on the assumption that the cancer-associated 
fibroblasts respond to a signal emitted by the malignant epithelium and, altogether, 
a balanced crosstalk maintains the basal phenotype in the tumor cells. The data 
presented in paper III suggest that ER-α negativity is a direct consequence of the 
paracrine signaling, as the permissive stroma secretes HGF, IGFBP-3 and STC-1 
to feed this loop. This could also explain the appearance of distinct foci of ER-α 
cells that cluster and arrange in a glandular fashion in PDXs following inhibition 
of PDGF-C with a neutralizing antibody. However, this phenotype does not reflect 
the dramatic increase of Foxa1 following genetic depletion of Pdgfc in the 
MMTV-PyMT mouse model. Although these results were generated in two 
different mouse models and with two different approaches, they might suggest a 
more complex regulation of genotype and phenotype. Notwithstanding, this has a 
clear clinical implication, as tumors are routinely classified based on 
histopathological assessment of a biopsy. As demonstrated by Prat and colleagues, 
a large heterogeneity afflicts the TNBC group: approximately 78% of TNBC 
corresponds to basal-like tumors and, conversely, only 68% of basal tumors have a 
true TNBC phenotype490. It is therefore possible that part of the discrepancy we 
observed could be due to tumors with a luminal transcription profile but a minimal 
(almost absent) expression of ER-α, which could also represent an interesting 
clinical target. 

From a therapeutic perspective, the aim is to maximize the efficiency of this basal-
to-luminal conversion in order to subsequently hit as many cells as possible. 
Hence, a coherent way to achieve this would be to push the function of the Foxa1-
mediated luminal transcription program. Transcription factors have notoriously 
been considered “undruggable” targets, in light of their context-dependent 
recruitment of cofactors that drives the transcription of specific gene sets. 
Although modulating the activity of a transcription factor is undoubtedly more 
difficult than suppressing its function, targeting epigenetic regulators might 
represent a viable strategy to see whether we could enhance the downstream 
effectors of the PDGF-C-mediated reprogramming. Albeit not mediated by 
paracrine interaction, an additional proof of concept about the feasibility of this 
type of “switch” intervention was recently exposed in androgen receptor (AR)-
independent prostate cancer. When cells were engineered to inactivate the function 
of TP53 and RB1, elevated levels of the transcription factor SOX2 (another typical 
stem cell marker755) reprogrammed the cells to an androgen-dependent growth, 
and thus enabled sensitivity to anti-AR agents756. Importantly, the PDGF-C 
neutralizing antibody (6B3) that was used in our investigation will require 
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additional validation in vivo before entering the clinical trials for in-human use757. 
At the same time, we demonstrated that RTK inhibitors like imatinib could attain 
similar sensitization to endocrine therapy, potentially speeding up the approval of 
a specific “switch” regimen in combination with endocrine therapy (author’s 
unpublished observation). 

In order for the stroma to actively determine the onset and development of a 
luminal tumor, the level of regulation should be pushed upwards in the 
differentiation cascade from progenitors to luminal-committed cells. Despite a 
general state of non-activation, resident fibroblasts could secrete factors that act in 
a paracrine fashion or that could diffuse to force a luminal phenotype by tuning the 
levels of PDGF-C. A similar molecular cue could then be preserved upon 
instigation of tumorigenesis by recruiting appropriate CAF populations. Despite 
being strictly speculative, this conjecture integrates well in the present view of 
luminal tumors originating from basal progenitor cells and it also confirms the 
observations made on PDGFC expression and stemness. Two recent papers 
corroborate the role of the tumor microenvironment in shaping the properties of 
the malignant cells in breast cancer. Similarly to our hypothesis, Brechbuhl and 
colleagues shed light on a population of CD146- CAFs as the mediator of ER-
independent growth and endocrine therapy resistance through activation of RTK 
pathways758. A more intricate model is instead based on the extracellular vesicle-
mediated mitochondrial DNA transfer from CAFs to HR sensitive cells in order to 
activate metabolic processes and escape from dormancy, in turn determining HR 
refractoriness759. This type of regulation is even more intriguing, as it does not 
strictly require spatial proximity. 

The concerted action of HGF, IGFBP-3 and STC-1 appears key to preserve the 
basal state of the tumor cells. Individually, the role of each factor has already been 
described in the literature, although the trends did not show consistent 
directionality in the regulation. In agreement with our proposed role, the 
glycoprotein STC-1 was associated to tumor growth and metastasis in breast760,761 
–by activating the JNK/c-Jun and PI3K pathways– and colorectal cancer40,762. 
Conversely, the activity of the same factor limited the growth of hepatocellular 
carcinomas763 and cervical cancer cells764. Despite a positive correlation between 
IGFBP-3 and common cancers in a meta-analysis765, tumor-specific roles of 
IGFBP-3 remain somewhat unclear. On the one hand, by binding circulating IGFs 
with a much higher affinity than IGFRs, this factor restrains the mitogenic 
function of the IGF pathway. In agreement with this, low levels of IGFBP-3 
correlated with larger tumor sizes and increased risk of progression in ovarian 
cancer766, metastatic disease in prostate cancer767 and gastric adenocarcinoma768, as 
well as lung cancer susceptibility in smokers769. On the other hand, two 
independent studies reported increased levels of IGFBP-3 in breast cancer770 and, 
specifically, in TNBC771. As for HGF, the interactions with its cognate c-MET 
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receptor have been implicated in many cancer types and invariably associated to 
angiogenesis, metastasis and stem cells. Autocrine stimulation of c-MET, as well 
as its amplification, have also been highlighted in cancer. In breast cancer, c-MET 
drives luminal-to-basal differentiation of luminal progenitor cells and its 
overexpression is also a specific feature of basal subtypes772,773. Moreover, in 
combination with p53 loss, TNBC tumors further resembled the claudin-low 
subtype, including reduced expression of miRNA-200774. Of note, in paper III we 
restricted the validation of the secretome to soluble proteins that were up-regulated 
by PDGF-C stimulation, but we did not assess the function and the potential 
contribution to the phenotype of down-regulated factors. 

When including the characterization of the CAFs from paper IV in our working 
model for PDGF-CC signaling, mCAFs appear to be the putative responder 
population in this loop, by virtue of Pdgfra expression. Moreover, mCAFs are also 
responsible for the synthesis of collagen and other components of the extracellular 
matrix. This specific function might also be related to PDGF-C signaling, given 
the striking remodeling of the matrix in the MMTV-PyMT;Pdgfc-/- mouse model 
presented in the paper. Characterization of the effect of the 6B3 antibody in the 
PDX12.58 revealed an equally altered ECM structure, although in this specific 
case producing fewer but thicker intratumoral collagen streaks (author’s 
unpublished observations). In terms of secreted proteins, mCAFs showed the 
highest and lowest amount of transcripts for Igfbp3 and Stc1, respectively, 
whereas Hgf was expressed at low levels by all the CAF populations (Michael 
Bartoschek, unpublished observations). Two main reasons can be attributed to 
these patterns: first, the MMTV-PyMT model does not display full features of 
basal tumors, as the gradual loss of luminal markers during tumor progression is 
counteracted by an increased expression of Cyclin D1 and Her2. Therefore, this 
might indicate that the tumors from which CAFs were isolated did not have a 
strong PDGF-C signaling, whether because of the size or the specific 
developmental stage. Second, the CAF2 cells775 we have used for the stimulation 
with PDGF-CC is a heavily manipulated fibroblast line which is generically 
labeled as activated, nullifying the functional diversity we have highlighted in the 
four populations. Thus, we cannot exclude that the different factors might come 
from the coordinated action of different subgroups of CAFs, but this is a 
hypothesis that will have to be tested. 

Several studies have attempted to dissect the heterogeneity of CAFs43-46. 
Substantial bias in this systematic classification is introduced by the method 
employed to discern the potential features of different subpopulations. Although 
single cell RNA sequencing is a relatively novel technology, different 
methodologies have been developed. As of today, there are two fundamental 
technical caveats that limit the field, i.e. sequencing depth (and length) and size of 
the population. On the one hand, the Smart-Seq2 technology used in paper IV 
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permitted us a depth that is unprecedented, but is limited to relatively few cells by 
the platform design. Conversely, the 10X genomics technology exploits massive 
parallel sequencing at the expense of the quality of the reads. This method was 
recently engaged in a paper investigating the heterogeneity of endothelial cells and 
other stromal compartments following anti-angiogenic therapy. Despite the 
relevance of the biological question that was being addressed, the study was 
hindered by the shallow resolution of the system: as a consequence, endothelial 
cells were merely classified according to the established tip and stalk phenotypes, 
with an additional transition state. Upon treatment with anti-VEGF agents, authors 
only determined an altered ratio of the different populations. Similarly, tumor-
associated fibroblasts were classified into decorin-expressing fibroblast-like, 
ACTA2-positive smooth muscle cells and desmin+ pericytes776. In paper IV, we set 
the basis for the functional characterization of the four subclasses that were 
identified through an unbiased approach. A future endeavor to compare the effects 
of different therapeutic regimens on the composition of the CAFs will also provide 
us with critical information about the emergence of potential new subgroups, 
granted that the platform could capture a different transcriptome. Moreover, we 
should also confirm the existence of these four subgroups in other solid 
malignancies and test whether their function is equally preserved. Interestingly, 
Öhlund and colleagues showed that their two populations (dichotomized by 
differential expression of α-SMA) were plastic in that they could revert to one 
another in their pancreatic ductal adenocarcinoma model43, potentially implying a 
common origin. The use of the transgenic MMTV-PyMT model also allowed us to 
longitudinally study the presence of the different CAF populations and infer a 
differential origin for each of them. It remains to be established whether our four 
clusters could also be re-educated in vivo, although we will have to account for a 
generalized homogenization of the transcriptional profile of the CAFs when grown 
in vitro. One might argue that distinct origins would impinge on the ability of 
CAFs to “transition” from one subtype to the other, unless all these four 
populations first converged into a single “primordial” CAF. Future studies, 
possibly by taking advantage of lineage tracing, could answer this unresolved 
concern. 

Although based on association, the condensed gene signatures generated for the 
vCAF and the mCAF populations point towards a pro-tumorigenic role of these 
subclasses. Similar conclusions could be drawn for dCAFs, in light of their strong 
EMT derivation. Nonetheless, before moving forward to clinical application, 
caution should be exercised when promoting the targeting of such cell types, 
especially in consideration that stromal cells exert different functions during tumor 
development. In agreement with this, depletion of stromal components, such as 
FAP and FSP-1 (which are not specific to any of our four clusters) led to very 
contrasting results in different experimental models. The tumor-suppressive role of 
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fibroblasts and immune cells in early tumorigenesis was confirmed in a model of 
pancreatic cancer, following the blocking the Shh signaling pathway: despite a 
reduction in the stromal content, tumors appeared more vascularized and more 
proliferative777. Similar results were obtained in a second model of pancreatic 
cancer when depleting α-SMA+ cells, both at an early and late developmental 
stage778. In an opposite fashion, when eliminating FSP-1+ stromal cells in 
hepatocellular carcinoma, the onset of the disease was not affected, but reduced 
the expression of stem cell markers and steatosis779: even though the authors 
attributed this latter phenotype to a decreased inflammation, they did not elaborate 
on whether this is a fibroblast-dependent effect or if it is a direct consequence of 
the potential depletion of other cell types, as this marker was found to be 
expressed by a specific macrophage population in the liver780. Finally, targeting of 
FAP+ stromal cells counteracted the pro-tumorigenic desmoplastic response in 
lung and pancreatic models781.  

Conclusions and future perspectives 
The clinical management of breast cancer has been incredibly successful against 
primary tumor masses. Nonetheless, the growth of metastatic tumors is still poorly 
understood, especially in consideration that luminal tumors –notoriously 
associated with a better outcome– display a much longer time to recurrence 
compared to the initially more aggressive basal like tumors, and therefore 
exposing patients to an increased risk for disease recurrence in the long-term. 
Eventually, the unpredictable nature of metastatic recurrence majorly affects the 
survival of patients, as most patients succumb to the systemic complications 
instigated by secondary cancers. 

The views on the metastatic process are very controversial. Recent in vivo 
modeling782,783 and in silico prediction platforms784-786 generally converge on the 
proposition that tumor colonization is an early event, although several studies have 
reported on the existence of polyclonal metastases, thereby implying sequential 
waves of seeding of clones that over time appeared at the primary tumor site787,788. 
A more modern interpretation instead suggests that polyclonal secondary tumors 
originate from cells clusters that detach from the tumor and reach the metastatic 
site, where they can organize and thrive if the environment is supportive789-791. 
Another overlooked possibility is that metastatic lesions are themselves the source 
of new disseminating tumor cells, adding to the heterogeneity of the different 
metastases in light of a previous exposure to a novel microenvironment. A similar 
concept of re-seeding of the primary tumor was observed in different experimental 
models of melanoma, breast and colon cancer792. So far, most of the hypotheses 
generated from the analysis of human specimens have been confounded in that the 
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clonal heterogeneity of the secondary site could not be disconnected from the 
likely genetic pressure and selection caused by the treatment. Only recently, a 
study brought together primary tumors and matched treatment-naïve metastatic 
biopsies from patients diagnosed with a range of different solid malignancies: 
mathematical modeling of the different parameters included to evaluate the tumor 
evolution revealed that the founder clone of the primary tumor could seed all the 
metastases, and that metastatic heterogeneity negatively correlates with the growth 
pattern of the primary tumor793. This knowledge complements a field where many 
factors have been linked to the tropism of the metastasis and their reactivation 
after a period of dormancy, including exosomal particles that prepare the fertile 
soil to later act as attracting beacons for disseminated tumor cells794,795. 

Although formally halted in terms of clinical development, the modus operandi of 
dalantercept might still offer an opportunity to tame tumor vascularization and our 
results in paper I indicate that ALK1 might be a viable therapeutic opportunity to 
adopt against metastatic dissemination, not as a single therapy but rather in 
combined regimens targeting other components of the microenvironment, 
potentially immunomodulators. Preclinical platforms will be strategic in modeling 
the way this alternative anti-angiogenic approach modifies the environment in 
secondary organs, with the goal of finding common or tissue-specific partners for 
candidate drug discovery. Validation of the signature reflecting the activation 
status of ALK1 pathway or even the single gene CLEC14A composed in paper II 
are imperative to justify further advance, as one of the flaws of current clinical 
testing is the paucity of reliable predictive markers. In this respect, drug testing 
itself should be revisited, in light of the increasing amount of investigational 
compounds, and even more in consideration that monotherapies have shown little 
or no effect in many tumor settings. 

The signaling loop instigated by PDGF-CC and the heterogeneity of the CAFs that 
we revealed in the last two papers also represent a starting point to scrutinize the 
clinical significance and utility of these findings. In paper III, there was little 
emphasis on the metastatic dissemination, but it will certainly be important to 
understand how this “sensitizing” regimen would affect dormant cells or the 
progression of indolent metastatic foci. Moreover, if PDGFC is truly associated to 
a stem cell-cell phenotype, the opportunity to act on the differentiation status of 
the tumor cells will be an invaluable tool in the clinic. However, the data included 
in paper IV delineate that many processes within a tumor rely on the strategic 
spatial heterogeneity of the malignant mass. Functional studies will be compulsory 
to confirm the inferred properties of the CAF populations, which might also result 
from their diverse origin. The issue with the origin equally afflicts the tumor cell 
counterpart, and the elusive nature of cancer stem cells, their markers, locations 
and properties represent a major focus in the field. For example, a recent piece of 
work highlighted how different origins influenced tumor evolution and the 
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metastatic progression in small cell lung cancer796. Although our data point 
towards detrimental and pro-tumorigenic functions of all four CAF subclasses, 
different pharmacological approaches might be required depending on the tumor 
type and their developmental stage, in breast cancer, as well as in other 
malignancies. 

Collectively, the work included in this thesis directly addresses some aspects of 
the metastatic dissemination, but only deeper comprehension of the molecular 
mechanism driving basic processes at the primary site will help us fathom how to 
prevent the spread of tumor cells. First and foremost, it will be pivotal to 
understand whether the microenvironment of the secondary tumor reflects the 
composition of the primary tumor. Only in this case, strategies commonly used for 
the management of the original cancer could be extended to the metastatic site. 
Moreover, it will be equally important to define a therapeutic window, as the two 
main signaling pathways presented in this thesis are differentially regulated in 
early and late stage of tumor development, adding to the complexity of the tumor 
ecosystem. Finally, to really implement the concept of personalized medicine, the 
technological advancement will have to provide tools to systematically identify 
and stratify eligible patients, as well as monitoring therapeutic responses in a 
reliable and affordable way. 
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