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NOMENCLATURE 

 

 

In the following tables there are indications about the nomenclature for Elastin Microfibril Interface 

Located Protein 1 and abbreviations used in this thesis. When it is written in italics font it refers to 

the murine form, in regular font to the human one. The presence of the dash (-) indicate the protein, 

its absence the gene. 

 

Nomenclature Reference 

EMILIN-1 Protein (Human) 

EMILIN1 Gene (Human) 

EMILIN-1 Protein (Murine) 

Emilin1 Gene (Murine) 

E1-E933A Transgenic Mouse carrying mutation in E933 
residue of EMILIN1 sequence 

 

Abbreviation Reference 

E+/+ Wild Type murine protein 

E-/- Knock Out murine protein 

E1-/-/E1-E933A Human protein expressed in a null Emilin1 
background 
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ABSTRACT 

 

 

Colitis-associated cancer (CAC) is one of the principal cancer types in which there is a functional link 

between inflammation, tumor microenvironment and cancer progression; moreover, it is related to 

striking changes in the lymphatic vasculature. Development of aberrations that promote tumour 

initiation is strongly influenced by the contextual microenvironment. The extracellular matrix (ECM) 

glycoprotein EMILIN-1 is expressed, among several other tissues, in the normal colonic mucosa and 

exerts a lot of important function associated to its different domains. Most important, EMILIN-1 is 

a key structural element in the preservation of the integrity of lymphatic vessels (LVs). It is an 

adhesive ligand of 41 and 91 integrins via its gC1q domain; this interaction down-regulates cell 

proliferation unlike from signals generated by ligand-activated integrins that in general favor 

proliferative processes. 41 integrin plays an important role during inflammation and it is 

expressed in the normal colon but in colon adenomas and carcinomas is moderately or highly 

expressed, respectively.  

Given the structural and functional properties exerted by EMILIN-1, we hypothesized that it could 

be located in the context of the development of inflammatory colon cancer. In order to investigate 

how EMILIN-1 properties are crucial to control proliferation and to guarantee the regeneration of a 

competent and well-functioning lymphatic vasculature, we took advantage from an Emilin1-/- (E1-/-) 

mouse model and an E933A EMILIN-1 transgenic mouse model (E1-/-/E1-E933A), in which a mutant 

EMILIN-1, unable to be engaged by 41, is expressed. After a two-steps colon carcinogenesis 

induction, E1-/- and E1-/-/E1-E933A mice displayed higher tumour incidence, bigger and less 

differentiated adenomas and lower survival in comparison with E1+/+ littermates, suggesting a 

protective anti-proliferative effect in the colon microenvironment exerted by “functional” EMILIN-

1. The contribution of inflammation was then analysed after induction of chronic experimental 

colitis; E1-/- and E1-/-/E1-E933A mice presented higher clinical and endoscopic colitis scores and more 

severe mucosal injury, fibrosis and inflammation than E1+/+ counterparts. Furthermore E1-/- and E1-

/-/E1-E933A mice showed an extensive epithelial damage and an increased infiltration of 

inflammatory cells in the lamina propria, an up-regulation of several inflammatory response genes 

and a down-regulation of cell-cell adhesion molecule. Even without colitis induction, E1-/- and E1-/-
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/E1-E933A colonic LVs presented morphologic and functional alterations: they formed a dense 

network and appeared irregular, dilated and leaky. Under inflammatory conditions E1+/+ displayed 

a normal pro-lymphangiogenic capacity, whereas E1-/- and E1-/-/E1-E933A showed a reduced 

number of podoplanin positive vessels and also functional lymphatics impairment. All these results, 

mostly obtained using transgenic mouse model, allow us to postulate that the local inflammatory 

response and the consequences on EMILIN-1 structural and regulatory functions could be important 

events favouring CAC initiation. In an inflammatory colon cancer contest, an unfunctional gC1q 

domain, as a consequence of degradation by proteolytic enzymes, very likely leads to the loss of 

EMILIN-1 oncosoppressor properties. Moreover, an EMILIN-1 deficient or mutated protein, favours 

lymphatic disfunction and metastatic spread that in turn could impair the inflammatory cells 

drainage with a consequent unresolved inflammation. Avoiding the EMILIN-1 (specifically its gC1q 

domain) impairment, could represent a novel pharmacological and therapeutic approach: the 

attempts to block or prevent EMILIN1 degradation could be the basis for a novel ECM strategy aimed 

to rescue the anti-proliferative properties of EMILIN-1, promote lymphatic function and avoid 

dysregulation in inflammatory colon cancer.  
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INTRODUCTION 
 

 

1. COLORECTAL CANCER (CRC) 

Colorectal Cancer (CRC) is one of the three most frequently diagnosed cancers worldwide (Somayeh 

et al., 2018) and one of the major causes of cancer related death (Tenesa et al., 2009). In Europe it 

is the second most common cancer with an overall incidence of 447 per 100.000 (Arnold et al., 

1988). Less than 25% of CRC cases are hereditary and genetically attributed to familiar history 

(Carethers et al., 2105; Rustgi 2007); most of cases in fact are sporadic (~65%) with any genetic 

predisposition (Burt 2007). About this category of CRCs, ~85% are characterized by a chromosomal 

instability and the remaining ~15% of sporadic cases present high frequency microsatellite 

instability phenotypes (Grady et al., 2014). The exact etiology for CRC is still unknown, but many are 

the risk factors implicated in this disease: genetic and environmental factors, specific intestinal 

commensals and pathogens, food-borne mutagens (Terzic et al., 2010), changes in lifestyle, such as 

a diet rich in processed foods or animal fat, decrease of physical activity, obesity (Watson et al., 

2011) and chronic intestinal inflammation that predisposes the tissue to cancer by inducing gene 

mutation, inhibiting apoptosis or stimulating angiogenesis and cell proliferation (Danese et al., 

2011). Patients with Inflammatory Bowel Disease (IBD) have 2- to 3-fold increased risk of developing 

CRC. In fact, it is reported that there is an association between IBD and the development of CAC: 

the most important risk factors for CAC are duration, severity and extent of IBD (Molodecky et al., 

2012). 

 

 

1.1. INFLAMMATORY BOWEL DISEASE (IBD) 
IBDs are chronic relapsing disorders that affect the gastrointestinal tract and are characterized by 

severe intestinal damage which comprises microbiota influx and barrier disruption, and 

inflammation (Neurath 2014). The pathogenetic process of these diseases is not clear yet but it is 

presumed that an interaction between a genetically susceptible host, the environmental factors and 

the intestinal microbiota (both dysbiosis and commensal flora) could be crucial (Lakatos et al., 2014; 

Xavier et al., 2007).  
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In normal conditions, the maintenance of intestinal epithelium is mediated by intestinal stem cells 

that undergo differentiation, proliferation and migration from the crypt base along the crypt-villus 

axis; this mechanism ends with the apoptosis of intestinal epithelial cells. In IBD patients this process 

is dysregulated, resulting in hyperplasia of inflamed mucosa (Asquith et al., 2010).  

Crohn’s disease (CD) and Ulcerative colitis (UC) are the two major forms of IBDs and, although some 

similar pathophysiological manifestations, they are different and distinct diseases. In fact, in CD 

inflammation extends in all layers of the bowel, whereas in UC it occurs in the mucosal areas 

(Francescone et al., 2015).  

Thanks to genome-wide association studies, 160 loci associated with IBD susceptibility have been 

identified (Jostins et al., 2012), among which some are involved in intestinal immune responses 

(Ihara et al., 2017). Also cytokines play a crucial role during the pathogenesis of IBDs; the imbalance 

in the release of pro and anti-inflammatory cytokines, typical of the IBD frame, prevents the correct 

resolution of inflammation, leading to tissue destruction (Neurath 2014). Moreover, studies on 

human patients revealed that UC is driven by the production of Interleukin-13 (IL-13) whereas CD 

by the production of Interleukin-12 (IL-12) and Interferon-γ (IFN-γ) (Bouma et al., 2003).  

Taking into consideration that chronic inflammatory response is characterized by persistently 

activated immune cells, DNA damage and tissue destruction, there is an evident link between 

chronic inflammation and gastrointestinal cancer (Danese et al., 2010). It’s widely proven that IBDs 

predispose to the development of a CRC form, known as CAC and its incidence increases up to 20% 

depending on the duration of the inflammatory precursor diseases (Grivennikov 2013). It is also 

well known that CD increases the risk of CAC up to ~8% and UC up to ~33% compared to the risk of 

developing CRC in general and healthy population (Kim ER et al., 2014). 

 

 

1.2. COLITIS-ASSOCIATED CANCER (CAC) 

CAC is characterized by poor prognosis and a relatively high mortality rate (~50%) and represents 

~2% of all CRC cases (Munkholm 2003). This kind of tumor is characterized by an intrinsic connection 

with chronic inflammation (Danese et al., 2011) that is therefore a key factor in CAC development 

(Kanneganti et al., 2011). It has been demonstrated that the inflammation generated from pre-

existing IBDs is able to trigger tumorigenesis and promote cancer progression (Francescone et al., 
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2015). Moreover, many animal models of CAC provide evidences that some inflammatory mediators 

play a key role in the initiation and progression of colitis and CAC (Danese et al., 2010). 

Usually, the gradual development of CAC is represented by the accumulation of mutations during 

the consequential phases of “inflammation-dysplasia-carcinoma” (Zisman et al., 2008). An 

important role in tumor pathogenesis is played by the tumor microenvironment that is constituted, 

as reported in Figure 1, by a lot of different cell types including stem cells, endothelial cells, immune 

cells, mural cells and fibroblasts. All these cells interact together to promote or inhibit tumorigenesis 

by releasing cytokines and chemokines (Grivennikov 2013).  

 

Figure 1: The tumor microenvironment. Tumors are a complex and heterogeneous mixture of various cell types that 

dynamically interact with each other. Endothelial cells, fibroblasts, stem cells, and immune cells get recruited to and 

support tumor progression, and cytokines are major drivers of this process. The uneven distribution of the different cell 

types creates local environments that are dissimilar from one another and can act as niches for certain cell types or 

program cells differentially. Wound-healing processes seem to promote tumorigenesis, although they are beneficial to 

damaged epithelia in colitis (from Francescone et al., 2015). 
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Thanks to animal models of CAC, it was possible to study and better understand how and which 

cytokines are able to drive immune cells in the tumor microenvironment. Tumor Necrosis Factor 

(TNF-α) is a potent cytokine involved in both inflammation and carcinogenesis and its main source 

are monocytes/macrophages (Aggarwal et al., 2012). Many studies demonstrated that the 

neutralization of TNF-α protects IBD in mouse models and in patients (Ford et al., 2011). Interleukin-

6 (IL-6) is a cytokine produced particularly by monocytes/macrophages, B and T lymphocytes and 

CD4+ cells of IBD patients as well as in experimental colitis models (Kai et al., 2005). Moreover, high 

levels of IL-6 expression are associated to the increased risk to develop colorectal adenomas 

(Herbeuval et al., 2004). Colon carcinogenesis models showed that IL-6-/- mice have a reduced 

number of tumors compared to the WT counterpart (Grivennikov et al., 2009). Dendritic cells and 

macrophages secreted also the pro-inflammatory cytokine Interleukin-1 (IL-1) into the inflamed 

mucosal of IBDs after their activation in response to commensal microbiota (Ng et al., 2011). 

Interleukin-10 (IL-10) acts as a regulator factor during IBD pathogenesis; in patients, mutations of 

this interleukin lead to early and aggressive development of inflammation. IL-10-/- mice developed 

spontaneous colitis and CAC and, histopathologically, they are characterized by epithelial 

hyperplasia and inflammatory infiltrates in mucosa and submucosa (Berg et al., 1996).  

Many evidences support that, besides inflammation itself, another important risk factor that leads 

to CAC initiation is represented by the inflammation-dependent oxidative stress that occurs as a 

lack of a balance of the generation and removal of Reactive Oxygen Species (ROS). The oxidative 

stress induces DNA damage such as single and double strand breaks or nucleotide modification 

(Gorrini et al., 2013). During the duplication of crypts by branching (fission) these DNA changes 

expand from a crypt to the next one; in this way, some of these changes can induce a clonal 

expansion of colon epithelial cells with the consequence that a mutation present in one crypt can 

be found also in other adjacent (Chen et al., 2005).  

Besides some commensals have a passive role in IBD prevention thanks to their ability to educate 

immune system and staying in gut niches making them unavailable for pathogen (Mazmanian et al., 

2008), gut microorganisms also can play an active role in the pathogenesis of both IBDs and CAC for 

their capacity to induce pro-inflammatory responses (Round et al., 2009). In the scenario of IBD and 

CAC, TLRs play an important role to protect intestinal barrier function and control of microbiota, 

thus limiting the inflammation damage. Commensal bacteria are recognized by TLRs and this 
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interaction plays a crucial role in the maintenance of intestinal epithelial homeostasis (Rakoff-

Nahoum et al., 2004). 

 

 

1.3. LYMPHANGIOGENESIS and CRC 

The lymphatic system plays a crucial role in maintaining tissue homeostasis by returning back, from 

interstitium to the circulation, of water, plasma proteins and electrolytes (Olszewski 2003). 

Moreover, it transports activated immune cells into draining lymph nodes (LNs), adsorbs fat from 

the intestine, induces inflammatory immune response and, subsequently, resolves inflammation 

(Angeli et al., 2006). Besides these fundamental functions, lymphatic system is also involved in many 

pathological processes such as tumor metastasis.  

So far, the knowledge on the relationship between LVs and pathological conditions is rather limited, 

maybe for the fact that only few years ago novel specific antibodies, such as D2-40 (anti podoplanin) 

and anti LYVE-1 (lymphatic endothelial hyaluronan receptor), were developed and able to 

significantly increase the accuracy for the identification of LVs (Sundlisæter et al., 2007). Little was 

known about mechanisms through which tumour cells entered into the lymphatic system and the 

role attributed to LVs was controversial and debated: some authors suggested that LVs had a passive 

role with tumor cells infiltrating pre-existing peritumoral lymphatics (Karpanen et al., 2001); some 

others have indicated that lymphangiogenesis (formation of new tumor associated lymphatics) 

played an active role in the metastatic spread (Hall et al., 2003). 

What we now know is that, in the process of invasion and metastasis, cancer cells migrate nearby 

LVs and enter lymphatic system to invade distant tissue (Hanahan et al., 2011). In this process, LVs 

provide one of the routes for cancer cells metastasis, especially for tumors of the gastrointestinal 

tract, breast and lung (Saharinen et al., 2004). Moreover, the number and diameter of LVs increase 

in peritumoral tissues, providing a larger contact area and facilitating tumor cell metastasis. The 

mechanism through which these LVs born and develop is unclear. Several studies have proposed 

that it could be regulated by the VEGF-C/VEGF-D/VEGFR-3 pathway and only few indicated that also 

the ECM is involved (as shown in Figure 2). The VEGF-C/VEGF-D/VEGFR-3 specific signaling pathway 

is able to trigger lymphangiogenesis, with ligand-receptor binding, stimulating proliferation, survival 

and migration of lymphatic endothelial cells (LECs) (Stacker et al., 2001). In a specific way, VEGF-C 

disrupts the endothelial lymphatic barrier, promoting CRC invasion and VEGF-D is able to increase 
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LVs number, lymph flow and vascular leakage (Saharinen et al., 2004). There are also evidences in 

animal tumor models that, blocking the VEGF-C/VEGF-D/VEGFR-3 signaling pathway, the formation 

of new LVs is inhibited, and the metastasis formation reduced (Su et al., 2007).  As mentioned 

before, also the ECM plays an important role in lymphangiogenesis; in fact, interactions that occur 

between ECM and LVs have crucial consequences for tumor formation, growth and metastasis (Wiig 

et al., 2008). Many are the ligands in the microenvironment (integrins, collagens, fibronectin, 

tenascin-C and EMILIN-1) that interact with receptors on LVs, affecting normal lymphatic function 

and lymphangiogenesis (Tammela et al., 2010). For example, fibronectin is a ligand for integrin α5β1 

and selectively promoted the growth of LEC as compared with vitronectin in the presence of VEGFR‐

3 (Zhang et al., 2005); a study conducted by Bazigou et al. (2009) indicated that the deletion of Itga9 

(encoding integrin α9) in mouse embryos leads to the formation of dysplastic lymphatic valve 

leaflets, with consequent inverted lymphatic flow. Also the lack of EIIIA domain of fibronectin, a 

ligand for integrin α9, induced similar defects, indicating that LEC interactions with the ECM play a 

key role in lymphatic valve formation. (Bazigou et al., 2009). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: A simplified scheme of the possible mechanism of lymphangiogenesis in cancer cell metastasis. In this multi-

factorial and multi-step process, the VEGF-C/VEGF-D/VEGFR-3 pathway, Shh signaling pathway and extracellular matrix 

have important roles in tumor associated lymphatic sprout formation and cancer cell migration (modified image from 

Huang and Chen, 2017). 

VEGF-C signaling 

patway 
Shh signaling 

patway 
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2. THE EMILIN/MULTIMERIN PROTEIN FAMILY 

EMILINs represent a family of ECM glycoproteins that show high structural similarity (Colombatti et 

al., 2000; Zanetti et al., 2003). These proteins are characterized by the presence of an N-terminus 

EMI domain and a C-terminus globular C1q-like domain (gC1q) (Doliana et al., 2000: Mongiat et al., 

2000). The EMILIN family includes seven protein members (Figure 3) that can be divided in three 

groups based on the presence of majors domains (Braghetta et al., 2004); the first, that comprises 

proteins with a characteristic domain structure (EMI domain, coiled-coil region and gC1q domain), 

is the EMILIN group that includes EMILIN-1 (Colombatti et al., 1985, Doliana et al., 1999), EMILIN-

2 (Doliana et al., 2001), MULTIMERIN1 (MNR1) (Christian et al., 2001) and MULTIMERIN2 (MNR2) 

(Hayward et al, 1991). EMILIN3 belongs to the second group and it is similar to members of the first 

group but differs from the lack of the gC1q C-terminal domain (Leimester et al., 2002). The last 

group comprises other two genes, Emu1 and Emu2, that contain the EMI domain but not the gC1q 

domain and shows a different structure compared to the other members because part of the 

sequence is collagenous (Leimeister et al, 2002).  

Figure 3: The EMILIN protein family. (C1q) C1q-like C-terminal domain; (EMI) EMI N-terminal domain; (COL) collagenous 

domain; (PR) prolin-rich domain, (RR) arginine-rich domain; (EG) region with partial similarity with EGF domain; (SP) 

signal peptide. 
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2.1. EMILIN-1 

2.1.1. Distribution/Expression 

EMILIN1 gene maps on human chromosome 2, specifically in positions p23.2 and p23.3 (Doliana et 

al., 2000; Colombatti et al., 2000). The EMILIN-1 protein was the first member of EMILIN family 

isolated from the heterogeneous fraction of a newborn chick aorta (Bressan et al., 1983) and 

because of its localization between the amorphous elastin surface and microfibrils it was named 

Elastin Microfibril Interface Located ProteIN 1 (Bressan et al., 1993). Highest expression levels of 

EMILIN-1 protein was found in the wall of large blood vessels, but it was also been detected in the 

connective tissue of numerous organs (heart, skin, lung, intestine, LNs, skeletal muscle, cornea, 

kidney) (Colombatti et al., 1985, Danussi et al., 2008).  

EMILIN1 expression levels were investigated also during mouse development; its mRNA was 

detected in both morula and blastocyst thanks to RT-PCR analysis. High levels of mRNA were at first 

expressed in embryonic blood vessels, perineural mesenchyme and somites and then in the 

mesenchymal component of different organs. At the final stages of gestation, EMILIN1 was found 

distributed in interstitial connective tissue and in tissues particularly rich of smooth muscle cells. 

After birth the expression levels decreased with the age (Braghetta et al., 2002).  

Previous studies demonstrated that EMILIN-1 co-localizes with elastin, suggesting that it might 

functionally interacts with elastin fibers. After synthesis, the protein is deposited in the ECM as a 

fine and organized network (Figure 4); it was also found that EMILIN-1 is deposited by fibroblasts 

grown in vitro as a diffuse network (Figure 5).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4: EMILIN-1 expression in mouse tissues. Courtesy by Roberto Doliana. 
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Figure 5: Deposition of EMILIN-1 by human skin fibroblasts (after 10 days of culture). Courtesy by Paola Spessotto.  

 

Gene Expression analysis indicated the presence of EMILIN1 mRNA in human placenta tissue (Chen 

et al., 2003). Subsequent in vitro studies confirmed that stromal cells of decidua represent the main 

source of EMILIN-1 in this kind of tissue (Spessotto et al., 2006).  

Thanks to a comparative microarray analysis of gene expression profile of Lymphatic Endothelial 

Cells (LECs) and Blood Endothelial Cells (BECs) it was also demonstrated that EMILIN-1 is abundantly 

expressed by LECs (Podgrabinska et al., 2002). 

 

2.1.2. Structure 

The mature form of EMILIN-1 correspond to a glycoprotein with a modular architecture consisting 

of 995 amino acids. The N-terminal EMI domain is characterized by a sequence of ~80 amino acids 

in which seven cysteine residues are included. Moreover, also the spatial organization of this domain 

is different in comparison to other domains such as the Epidermal Growth Factor (EGF) domain, 

representing a specific feature of this sequence (Doliana et al., 2000).  

A region made of 650/700 amino acids with high probability for a coiled-coil structure, is located in 

the central part of the molecule. Between the coiled-coil region and the C-terminal gC1q domain, 

EMILIN-1 has a region of 91 residues containing two sequences similar to leucine zippers. Close to 

these leucine repeats there is a collagenous stalk that is composed of 17 GXY triplets (Colombatti 

et al., 2000). 
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The C-terminal region of the protein is represented by the gC1q domain, that is constituted by 151 

amino acids (mostly hydrophobic); it is highly conserved and is has a great homology with the C1q 

subunit of the complement. The importance of this peculiar domain is due to its role in the whole 

protein homotrimerization (Mongiat et al., 2000, Colombatti et al., 2000, Verdone et al., 2008) and 

to its interaction with α4β1 and α9β1 integrins that leads to cell adhesion and migration and to the 

regulation of cell proliferation (Spessotto et al., 2003 and 2006; Danussi et al., 2011 and 2013, 

Capuano et al., 2018). 

 

2.1.3. Functions 

As represented in Figure 6, the multi-domain protein EMILIN-1 is involved in several biological 

processes. Whereas the role of the coiled-coil region has not been elucidated yet, for the whole 

structure, because of its association with elastic fibers and microfibrils in blood vessels, it has been 

demonstrated that it’s implicated in elastogenesis and maintenance of vascular cell morphology 

(Zanetti et al., 2004). EMILIN-1 regulates structure and functions of LVs: EMILIN1 deficiency causes 

hyperplasia, enlargement and irregular pattern of superficial and visceral LVs (Danussi et al., 2008 

and 2013). Lymphatic vascular morphological alterations in E1-/- mice are, accordingly, accompanied 

by functional defects, such as mild lymphedema, a highly significant drop in lymph drainage, and 

enhanced lymph leakage (Danussi et al., 2008; Pivetta et al., 2016). Very recently, we have 

demonstrated that the domain responsible for the regulation of lymphatic functions is represented 

by the C-terminus gC1q (see results section of this thesis and Capuano et al., in press). 

An important function, related to its EMI domain, is the control of blood pressure: Emilin1 deficient 

animals display a hypertensive phenotype characterized by decreased diameter of arteries and 

elevated systemic blood pressure compared to E1+/+ mice (Zacchigna et al., 2006). The capacity of 

EMILIN-1 to exert a Transforming Growth Factor-β (TGF-β) antagonist role, binding the pro TGF-β 

form and thus inhibiting its maturation by furin convertases, is at the basis of this mechanism. In the 

absence of Emilin1, as occurs in E1-/- mice, the levels of TGF-β increased reducing, as a consequence, 

blood pressure levels (Raman et al., 2006; Zacchigna et al., 2006). This mechanism has represented 

a novel link between an ECM molecule and TGF-β in the field of blood vessels homeostasis.  

Furthermore, through its globular gC1q domain, EMILIN-1 is involved in the regulation of its 

homotrimerization process (Mongiat et al., 2000), skin homeostasis and carcinogenesis (Danussi et 
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al., 2011 and 2012). The interaction with α4β1 or with the very homologous α9β1 integrin mediates 

cell adhesion and migration (Spessotto et al., 2003 and 2006; Danussi et al., 2011; Verdone et al., 

2008). Specifically, the interaction that occurs with α4β1 is particularly efficient because low ligand 

concentrations provide very strong adhesion (Spessotto et al., 2003) and migration (Spessotto et 

al., 2006). Notably, despite a large body of evidence demonstrating that signals generated by ligand-

activated integrin are in general pro-proliferative, the binding between gC1q domain and integrin 

reduces cell proliferation (Danussi et al., 2011). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Scheme of EMILIN-1 structure and function profile. EMILIN-1 is represented in the peculiar trimeric 

organization; biological properties are schematically reported in association with the respective involved domains. (C1q) 

C1q-like domain; (EMI) EMI domain; (COL) collagenous domain; (*) until recently, it seemed that the whole molecule 

was responsible for the properties played in the lymphatic system; our very recent study (Capuano et al; in press) 

demonstrates that this function is carried out by the C-terminal gC1q domain. 

 

✓ Elastogenesis and maintenance of vascular cell morphology (Zanetti et al., 2004); 
✓ Structure and function of lymphatic vessels (*) (Danussi et al., 2008 and 2013, Pivetta et al., 

2016). 
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✓ Homotrimerization of EMILIN-1 (Mongiat et al., 2000, Colombatti et 
al., 2000, Verdone et al., 2008); 
 

✓ Interaction with α4/α9β1: cell adhesion, migration and cell proliferation 
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2013, Capuano et al., 2018); 
 

✓ (*) Regulatory and structural role on lymphangiogenesis (Capuano et 
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 ✓ Blood pressure homeostasis: regulation of TGF-β maturation 
(Zacchigna et al., 2006). 
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2.1.4. EMILIN-1 and lymphatic system 

The lymphatic system is fundamental for the maintenance of tissue fluid homeostasis, 

gastrointestinal lipid absorption, and immune trafficking (Jiang et al., 2018). As reported in Figure 

7, it is composed by branched network of lymphatic capillaries and ducts that are responsible of the 

lymph uptake from the tissue interstitium and by collecting vessels, which transport the lymph back 

to the vascular blood system. Lymphatic vasculature, unlike the blood one, is composed by blind-

ended vessels, supported by a single layer of LECs that are directly connected to the ECM through 

elastic anchoring filaments (AFs) that are essential to prevent vessel collapse under conditions of 

increased interstitial pressure (Gerli et al., 1991). Starting from lymphatic capillaries, the lymph is 

first drained into pre-collecting LVs, which consists of a series of functional units, named 

lymphangions, separated by intraluminal valves, that are responsible for guaranteeing 

unidirectional lymph flow (Schulte‐Merker et al., 2011). 

Figure 7: Lymphatic system composition. Schematic representation of the lymphatic system; lymphatic capillaries 

drained lymph in pre-collector vessels and then in collecting vessels in which the lymph flow is maintained unidirectional 

by the presence of lymphatic valves. The localization of EMILIN-1 in lymphatic capillaries and collectors is indicated by 

arrows. The immunofluorescence images are modifications from Danussi et al., 2013. 
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It is well established that LVs have a central role in the regulation of tissue homeostasis and are 

important regulators of immunity and inflammation (Kim H et al., 2014). Recently, different 

research groups demonstrated that LECs are implicated not only in the transport of leukocyte and 

antigens from tissues to LNs, but also in the direct control of the traffic of immune cells, thus 

promoting peripheral tolerance and eliminating inflammatory regulators (Aebischer et al., 2014; 

Dieterich et al., 2017). Accordingly, LVs are essentials for the correct function of several tissues: 

dysfunctions that affect lymphatics bring to a vast array of consequences as lymphedema, persistent 

inflammation and fibrosis (Piller et al., 1990; Alitalo et al., 2005). These alterations are closely 

related with the ECM, that can play an active regulatory role. For this reason and for the fact that 

the real implications in this contest have not been elucidated yet, understanding how ECM 

molecules influence LEC functions is fundamental to clarify how lymphangiogenesis occurs and 

takes part to local lymph drainage in disordered tissues. EMILIN-1 is not only involved in the 

regulation of blood vasculature but, also in the maintenance of LVs integrity. As demonstrated by 

Danussi et al., in 2008, Emilin1 deficiency results in hyperplasia and enlargement of the superficial 

and visceral LVs which display an irregular pattern. Strong evidences show that EMILIN-1 is a 

component of AFs, indicating a structural role of the protein probably exerted by the whole 

molecule; in fact, E1-/- mice have a significant reduction in the number of AFs and abnormal over-

lapping intercellular junction. An absence of EMILIN-1 causes defective ECM anchorage of LECs, 

dilation of lumen of LVs and variation in interstitial pressure (Danussi et al., 2008). Few years ago, 

through a post-surgical tail lymphedema model, Pivetta et al., demonstrated that the acute phase 

of acquired lymphedema was correlated to EMILIN-1 degradation by neutrophil elastase (NE) 

released by neutrophils during the early phases of inflammation after tail surgery. As a consequence, 

the intercellular junctions of LECs appeared weakened with a compromised lymph drainage; the 

administration of Sivelestat, a specific inhibitor of NE, prevented the degradation with a consequent 

reduced lymphedema. These results lead to establish that EMILIN-1 is an important structural 

element and that its integrity is indispensable to guarantee a proper functionality of the LEC 

intercellular junctions (Pivetta et al., 2016). EMILIN-1 gC1q domain is implicated in the regulation 

of many functions through the interaction with α4β1 and α9β1 integrins (Spessotto et al., 2003; 

Danussi et al., 2011; Maiorani et al., 2017) and it has been proposed as the domain responsible for 

the lymphangiogenic role (Danussi et al., 2008 and 2013, Pivetta et al., 2016) played by EMILIN-1. 

Only very recently we demonstrated that the interaction with the integrin is absolutely necessary 

to obtain a biological response to drive lymphangiogenesis (Capuano et al., in press). 
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3. PECULIARITY OF THE gC1q DOMAIN 

3.1. “STRUCTURAL” ASPECTS OF THE gC1q DOMAIN 

The gC1q domain has been found in a variety of proteins clustered in the C1q-TNF (Tumor Necrosis 

Factor) superfamily. It is characterized by a highly conserved conformation of ~150 amino acids that 

are assembled in trimers (Kishore et al, 2004; Innamorati et al, 2006).  

The peculiar C-terminal EMILIN1 gC1q domain presents strong homology to the other domains 

belonging to the C1q/TNF family; in fact, its aminoacidic sequence shows high level of conservation 

of some hydrophobic and aromatic residues. A first prediction of EMILIN-1 C1q domain goes back in 

1999 when Doliana et al. obtained a 3-D structure comparing the molecule with other members of 

the superfamily. In 2008 and 2009, Verdone et al. determined a more accurate 3-D solution structure 

of the gC1q; the results confirmed the peculiar gC1q spatial conformation that is characterized by 

two antiparallel β-sheets arranged in a jelly roll topology (Figure 8). This study demonstrated that in 

solution the recombinant EMILIN1 gC1q domain looks like a stable trimeric protein formed by three 

identical polypeptide chains of 150 amino acids with a whole molecular mass of 51.624 KDa 

(Verdone et al., 2008 and 2009).  

So far, the reduction to nine, rather than ten, of the number of antiparallel strands (A, A’, B’, B, C, 

D, E, G, H) and also the presence of an unstructured loop spanning from Y927 to G945 represent the 

most pertinent changes between EMILIN-1 gC1q domain and other gC1q domain crystal structures 

(Figure 6 A and B). Specifically, the unstructured loop is located at the apex of each monomer of the 

trimer and is followed by the “molten strand F” that is an interfacial sequence without any 

secondary classification (Verdone et al., 2008). Furthermore, it is highly dynamic and accessible to 

solvent, with a number of 10-11 residues protruding from the main globular structure that make 

this region a good candidate for hosting an interaction site (Colombatti et al., 2011). As already 

mentioned, the gC1q domain is responsible of the self-assembly (trimerization) of the whole 

protein. This characteristic property was first investigated with the use of two hybrid system and 

then by other successive biochemical analyses that excluded the involvement of the disulfide bond 

(Mongiat et al., 2000).  
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Figure 8: Structure of the homotrimeric EMILIN1 gC1q domain in solution. Structure of the homotrimeric EMILIN1 gC1q 

domain as obtained by homology model refinement with Residual Dipolar Coupling (RDC). A ribbon representation of 

the assembly, as side view, is presented in panel A. The three protomers in the trimer are shown in different colours 

(red, blue, and green). Each monomer has a nine-stranded folding topology represented in B as stereoview. β-Strands 

are labelled according to the C1q/tumour necrosis factor superfamily nomenclature. The location of the unstructured 

segment Tyr927–Gly945 is highlighted in magenta (in A and B). C shows the amino acids forming the monomer 

hydrophobic core (from Verdone et al., 2008). 
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3.2. 41 AND 91 INTEGRIN RECEPTORS 

Integrins are receptors belonging to a family of 24 transmembrane αβ heterodimers glycoproteins 

involved in cell-cell and cell-ECM interactions. Mammals express 18 α and 8 β subunits forming 

distinct αβ integrin dimers (Shimaoka et al., 2003). Integrins α4 and α9 present a high homology 

grade: they share 39% amino acid identity. Both engage the β1 subunit and exert distinct as well 

similar functions in vivo (Palmer et al., 1993).  

The α4β1 integrin (Very Late Activating Antigen - VLA) is a heterodimer composed by the α4 (155 

kDa) and β1 (150 kDa) subunits. The α4 subunits is encoded by the Integrin Subunit Alpha 4 (ITGA4) 

gene and expressed on circulating leukocytes (Lobb et al., 1994), differentiated smooth muscle cells 

of blood vessel (Duplaa´ et al., 1997), epicardial progenitor cells (Pinco et al., 2002) and also tumor 

cells (Qian et al., 1994). There are a lot of studies showing that α4β1 integrin binds to the cell 

adhesion molecule VCAM-1, the CS-1 and CS-5 alternatively spliced domains of the ECM protein 

fibronectin (You et al., 2002; Yang et al, 2003), fibrinogen, Von Willebrand factor and EMILIN-1 gC1q 

domain (Spessotto et al., 2003). Differently from many other integrins, that bind Arginin-Glycin-

Aspartic acid (RGD) sequence, it recognizes ligand in an RGD independent manner. α4β1 integrin 

plays important roles during different processes, such as hematopoiesis, myogenesis, 

lymphopoiesis, cardiac development embryogenesis and, most importantly, in immune response. 

In fact, it has a prominent role in the pathogenesis of chronic inflammatory response of different 

disease conditions such as colitis, diabetes, encephalomyelitis, transplant reaction, psoriasis and 

asthma (Masumoto et al, 1993; Yusuf-Makagiansar et al, 2002).  

The α9β1 integrin is another member of the VLA integrins subfamily that in humans is encoded by 

the Integrin Subunit Alpha 9 (ITGA9) gene. It mediates cell adhesion and migration thanks to the 

recognition of various ligands in the ECM (including Tenascin-C, osteopontin, VCAM-1, Extra Domain 

A Fibronectin (EDA), EMILIN-1) and VEGF-C and D (Smith et al., 1996; Stepp et al., 1997; Taooka et 

al., 1999; Danussi et al., 2011 and 2013). Also for α9β1, the binding is independent from the RGD 

sequence. It is particularly expressed in cardiac and skeletal muscles, hepatocytes, visceral smooth 

muscle, squamous epithelium and airway epithelium (Palmer et al., 1993). 
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3.3. INTERACTION BETWEEN gC1q and INTEGRIN RECEPTOR 

In general, all polypeptides that interact with integrins present aspartic or glutamic residues 

localized in loops that protrudes from the core of the ligand (Leahy et al., 1996). Both of them are 

pivotal residues for integrin recognition. In 2008, by site-direct mutagenesis experiments focused 

on the unstructured loop located at the apex of the gC1q homotrimer, Verdone et al., demonstrated 

that the glutamic residue at the position 933 (E933) represents the site of interaction between gC1q 

and α4β1 integrin. The introduction of a single amino acid mutation to substitute the glutamic acid 

(E933) with an alanine (E933A) prevented the normal native conformation; all the other tested 

mutations around the E933 region were unable to impair integrin recognition, confirming that the 

interaction between EMILIN-1 gC1q domain and α4β1 integrin is exclusively due to glutamic residue 

present in that region. As a functional point of view, the E933A mutation totally impaired cell 

adhesion (Verdone et al., 2008).  

An interesting question is: “How does a homo-trimeric molecule such as EMILIN-1 gC1q domain 

mechanistically interact with α4β1 integrin?” Considering its homo-trimeric nature, there are three 

putative binding sites (three E933 residues) for the engagement of integrins. Thus, there are two 

possible patterns of interaction: the first is that only one single E933 acid residue located in the 

disorder loop of a monomer is enough to bind α4β1 integrin; the second is that all three E933 

residues are indispensable to interact with a single integrin molecule.  

A very recent study demonstrated that the E933A substitution in just one of the three monomers 

that form the gC1q domain is sufficient to completely inhibit the α4β1 mediated cell adhesion 

(Capuano et al., 2018). These results allow to affirm that the engagement of α4β1 integrin is strictly 

dependent on the simultaneous presence of the E933 residues in all the three monomers (Figure 9). 

Furthermore, and more importantly, this binding mode is very peculiar because for the very first 

time an integrin binding site is located on a homotrimeric assembly. This novel interaction mode 

reflects differences also in functional properties exerted by α4β1/gC1q (and even if not directly 

demonstrated also for α9β1) interaction. It has been proven that gC1q binding leads to stronger and 

prolonged cell adhesion unlike other specific α4β1 ligand such as CS1 (Capuano et al., 2018). 
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Figure 9: Modeling of the interaction between the α4β1 integrin and the gC1q homotrimer. Complex of the gC1q 

homotrimer and integrin α4β1. EMILIN1 gC1q chains are displayed in grey, red and blue. Integrin is displayed in yellow 

(β1) and orange (α4). The Mg2+ ion is shown in pink and Ca2+ ions coordinated by α4β1 integrin chain are shown in light 

blue. E933 in the EMILIN gC1q domain are shown as van der Waals sphere (from Capuano et al., 2018).  

 

 

3.3.1. Functional consequences of gC1q/41 interaction 

Cell adhesion: whereas the binding of integrins α5β1 or αvβ3 to fibronectin and vitronectin leads to 

cytoskeletal reorganization (Campbell 2008), the interactions with α4β1 integrin drive only the initial 

and intermediate stages of cell adhesion (such as attachment and spreading), whereas focal 

adhesion and stress fiber formation, characterizing strong cell adhesion, are rarely observed (Iida et 

al., 1995). EMILIN-1 is the only member of C1q/TNF superfamily able to mediate α4β1 dependent 

cell adhesion through its gC1q domain (Spessotto et al, 2003 and 2006). These adhesive properties 

were demonstrated for the EMILIN-1 gC1q domain using blocking antibodies direct against different 

epitopes of the protein. Interestingly and differently from the general behavior of other ligands, the 

interaction between α4β1 and EMILIN-1 gC1q is particularly efficient because even very low 

concentrations of gC1q provide very strong adhesion. On the other hand, accordingly to an α4-

mediated adhesion model, the distribution pattern of actin and paxillin of cells adhering to EMILIN1 



29 
 

leads to an accumulation of ruffles-inducing signals and a lack of stress fiber formation (Spessotto 

et al., 2003). 

 

Cell migration: there are a lot of cell types able to migrate toward EMILIN-1 using the α4β1 integrin 

and among these, the trophoblast cells are particularly interesting. In fact, in a study based on both 

ex vivo and in vitro cellular model of trophoblast cells, it was demonstrated that EMILIN-1 played an 

important role in the promotion of extravillous trophoblast migration and invasion in the maternal 

decidua (Spessotto et al., 2006). An in vitro study demonstrated that the ability of LECs to adhere 

and migrate on EMILIN1 was regulated by α9β1 integrin (Danussi et al., 2013).  

 

Cell proliferation: Danussi et al. demonstrated that the interaction between gC1q and α4 or α9β1 

integrins was able to down-regulate cell proliferation; the deficiency of Emilin1 gene, and so the 

absence of the interaction with the integrin, induced both dermal and epidermal hyperproliferation 

and an increase of skin thickness. These effects were due to a reduction of PTEN phosphatase and 

a consequently strong up-regulation of pErk1/2. 

The mechanism by which EMILIN-1 exerts this anti-

proliferative property is specific and well defined 

(Figure 10); the presence of mature TGF-β triggers 

cytostatic signal pathways through pSmad2 

(Ser465/467) activation and modulates PI3K/Akt 

signaling by regulating PTEN expression. EMILIN-1, 

binding to α4/α9β1 integrins expressed on dermal 

fibroblast and basal keratinocytes, empowers the 

down-regulation of proliferative cues induced by 

TGF-β. This effect is mediated by α4/α9β1-

dependent PTEN activation and inhibition of 

pErk1/2 pro-proliferative activity (Danussi et al., 

2011).  

 

 

 

Figure 10: Proposed model for the regulatory role 

of EMILIN-1 in skin homeostasis. (modified from 

Danussi et al., 2011). 
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AIM OF THE STUDY 

 

 

CAC is a CRC subtype characterized by a poor prognosis and a relatively high mortality (Feagins et 

al., 2009). Chronic inflammation plays a role at all stages of tumorigenesis (Itzkowitz et al., 2004): 

it generates genotoxic stress during cancer initiation, induces cellular proliferation, tissue repair and 

secretion and deposition of ECM molecules in cancer promotion and finally enhances angiogenesis 

and tissue invasion during cancer progression (Grivennikov et al., 2010; Francescone et al., 2015). 

Striking changes in the lymphatic vasculature are associated with inflammation (Alitalo et al., 2005) 

and alterations of lymphatics lead to a vast array of consequences, such as the persistence of the 

inflammatory process (Piller et al., 1990). It is well-established that intestinal lymphatic network 

displays dysfunction in both human and experimental IBD (Vetrano et al., 2010). In this context the 

stabilizing and regulatory role of ECM on LVs is poorly taken into consideration; moreover, tissue 

responses to the interplay between local inflammation, lymphangiogenesis and ECM remodeling in 

CAC are slightly understood. The ECM glycoprotein EMILIN-1 interacts with α4β1 (Spessotto et al., 

2003) and α9β1 integrins (Danussi et al., 2011 and 2013) via its C-terminus gC1q domain, promotes 

cell adhesion and migration (Spessotto et al., 2003) and provides an ECM cue for a correct 

homeostatic skin proliferation, playing an important suppressor role in tumour growth (Danussi et 

al., 2011 and 2012). Furthermore, EMILIN-1 plays a direct role in growth and maintenance of LVs 

and its integrity is necessary to assure stability of LEC junctions (Pivetta et al., 2016).  

All these evidences allow us to propose EMILIN-1 as a structural regulator for a competent 

vasculature. Moreover, by its multifaceted functions, it could be centrally located in the context of 

the development and progression of inflammatory colon cancer. All these considerations lead us to: 

• investigate and confirm the antiproliferative role of EMILIN-1/α4β1 integrin interaction in a 

two steps AOM/DSS colon carcinogenesis mouse model;  

 

• demonstrate that EMILIN-1 is crucial for the establishment of a functional lymphatic 

vasculature and determine if the aberrant lymphangiogenesis is only driven by DSS-induced 

inflammation or if lymphatic dysfunction could drive disease. 



31 
 

RESULTS 

 

 

1. CHARACTERIZATION OF THE E1-/-/E1-E933A TRANSGENIC MOUSE MODEL 

1.1. Generation of the E1-/-/E1-E933A transgenic mouse model 

In order to understand the role exerted exclusively by the EMILIN-1 gC1q domain, separating the 

effects due to the regulation of TGF-β by the EMI domain, a transgenic mouse model expressing an 

E933A mutated human EMILIN-1, unable to be engaged by α4β1/α9β1 integrins, was generated 

(Verdone et al., 2008; Capuano et al., 2018 in press).  

The specific construct used for the generation of transgenic lines is sketched in Figure 11 A; among 

the several different transgenic lines generated, two (G and P lines, Figure 11 B) were selected for 

their mRNA levels which corresponded to the half (G line) or close (P line) to those of the 

endogenous EMILIN-1 (Figure 11 B). Founders expressing the E933A transgenic selected lines were 

then matched with the Emilin1-/- line, in order to obtain littermates expressing only the mutated 

EMILIN-1 in an Emilin1 null background (thereafter E1-/-/E1-E933A), and animals expressing both the 

endogenous murine wild type (E1+/+) EMILIN-1 and mutated human EMILIN-1.  

Figure 11: Generation of E1-E933A mouse. (A) Construct used for the generation of Emilin1-E933A EMILIN1 transgenic 

mice. The construct is the fusion of mouse Emilin1 promoter and human EMILIN1 cDNA. 6H, 6-histidines tag. pA, SV40 

polyadenylation signal. (B) Transgene mRNA expression levels in different mouse lines. On the right, table indicating the 

relative amounts of transgene mRNAs expressed as fold change to the expression of one chromosomal gene copy. 

. 

. 
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1.2. Tissue expression and adhesive properties of E933A-EMILIN1 protein  

To evaluate the tissue-specific expression and the distribution pattern of the transgene coding for 

the mutated EMILIN-1, immunofluorescence staining was performed in an Emilin1-/- background.   

As reported in Figure 12 the transgenic protein deposition reproduced very nicely the pattern of the 

endogenous EMILIN-1 in several tissues and organs: a similar network organization was in fact 

detected in E1+/+ as well as in E1-/-/E1-E933A mice. 

 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 12: Tissue expression of E933A-EMILIN1 protein. Expression of transgenic E933A EMILIN1 in an E1-/- background. 

Immunofluorescence staining of cryostat sections (colon, lung, heart, kidney) from E1+/+ and E1-/-/E1-E933A mice. 

Labelling was performed with a polyclonal antibody (As556) that recognizes the human protein and a monoclonal 

antibody (C11A8) that is specific for the murine protein. Scale bar: 50 µm. 

 

Recombinant human gC1q, both wild type (WT gC1q) and mutant (E933A gC1q) were tested in a 

quantitative cell adhesion assay (CAFCA) using the murine B16F10 cells. As showed in Figure 13, the 

WT gC1q displayed a very strong adhesive capacity as well as FN that we used as a positive control 

of adhesion; on the other hand, the mutant E933A gC1q was completely unable to bind cells. After 

30 minutes cells appeared well spreaded on both WT gc1q and FN respect to the E933A gC1q and 

BSA (negative adhesive control). These results indicate that the human sequence of EMILIN1 (and 

of its gC1q) is able to engage the integrin present in cells of murine, as well as of human origin (see 

results published in Spessotto et al., 2003). 
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Figure 13: Adhesive properties of human gC1q. Recombinant human EMILIN-1 gC1q (wild type, WT gC1q; mutant E933A 

gC1q, E933A gC1q) domains were used to perform the quantitative CAFCA adhesion assay with the murine B16F10 cells 

(A). Fibronectin (FN) and BSA were introduced as positive and negative adhesion controls, respectively. The mutant 

E933A was totally unable to bind cells whereas WT gC1q displayed a very strong adhesive capacity as well as FN. (B) 

Representative images of cells adhering to the different substrates after 30 minutes. Cells appear well spread on both 

WT gC1q and FN.  

 

 

 

 

 

 

. 

. 
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1.3. Evaluation of the mature TGF-β expression levels  

To confirm if the properties related to the EMI domain in the transgenic mouse model were 

unaltered compared to E1+/+ counterpart, western blotting was performed. The expression levels of 

mature TGF-β1 in lysates from colon specimens of E1-/-/E1-E933A mice were similar to those of E1+/+ 

counterparts (Figure 14), whereas in E1-/- samples a huge amount of TGF-β1 was presented as 

expected. 

 

 

 

 

 

 

 

 

 

 

Figure 14: Western blotting analysis of mature TGF-β1 levels in lysates from colon specimens of E1+/+, E1-/- and E1-/-

/E1-E933A mice. The graph represents the mean ± SD of TGF-β1 levels normalized versus vinculin, used as a loading 

control (n = 3 mice per genotype). *P < 0.05 (Student’s t test). 

 

 

Thus, we can assert that the human sequence present in the transgene properly works in a murine 

model and that it is able to rescue the correct regulation of TGF-β (Zacchigna et al., 2006). We can 

conclude that our transgenic mouse is a good model to study the effects dependent only by the 

gC1q domain. 

 

 

 

 

 

 

* 



35 
 

During my Ph.D. program, I also carried out a series of analyses and experiments aimed to 

investigate the role of the EMILIN-1 gC1q domain specifically in the regulation of lymphatic system. 

In fact, experimental evidence for the involvement of a specific domain of EMILIN-1 responsible for 

its lymphangiogenic functions had not been provided yet. The results obtained (Capuano et al., in 

press) were important not only for the analysis of lymphatic phenotype but also for a better 

characterization of our transgenic mouse model and for highlight the structural and functional 

importance of the interaction between gC1q/α4β1. For these reasons, I have included in this thesis 

the experiments that I performed to evaluate the functional contribution of gc1q. 

 

1.4. In vitro and in vivo assessment of lymphatic phenotype 

Among the different techniques that could be used for the study of the ability of EMILIN-1 gC1q 

domain to induce a correct lymphangiogenesis, we decided to perform the thoracic duct sprouting 

assay that allows to analyze different steps of lymphangiogenesis (spreading from a pre-existing 

vessel, cell proliferation and differentiation). Furthermore, the importance of gC1q domain as a 

functional point of view, was studied using a model of dissemination of melanoma cancer cells to 

LNs. 

 

1.4.1. “Sprouting” activity 

The evaluation of the interconnected network of capillary-like structures was performed 

qualitatively by assigning an arbitrary score, from 0 to 4 according to increasing sprouting ability (as 

detailed in paragraph 5 of Material and Methods section) and quantitatively by measuring the LV 

sprouting area using the ImageJ software.  

After 4 days of culture, only lymphatic rings derived from E1+/+ were able to sprout; on the contrary, 

any capillary-like structures were detectable in both E1-/- and E1-/-/E1-E933A rings that, only 

occasionally, sprouted at day 8 (Figure 15 A and B). Also the calculated area covered by the 

lymphatic network, reproduced the analysis obtained through the qualitative score evaluation, 

showing that E1-/- and E1-/-/E1-E933A thoracic ducts were unable to sprout and form an organized 

capillary network (Figure 15 C). 
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As reported in Figure 15 A, after 8 days of culture, lymphatic rings of E1+/+ mice showed an outgrowth 

of cells that were able to organize into well-established and complex capillary-like structures. On 

the contrary, the cell outgrowth of both the E1-/- and E1-/-/E1-E933A rings was very limited or absent.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Limited sprouting capacity of E1-/-/E933A LECs. (A) Representative images of thoracic duct (ring) explants 

from E1+/+, E1-/- and E1-/-/E1-E933A mice, embedded in 3D matrix (Cultrex) and cultured for 4, 6 and 8 days. The sprouting 

ability was very poor for both E1-/- and E1-/-/E1-E933A rings. (B) Score distribution evaluated after 8 days of culture. The 

number of mice used for this analysis was reported between parentheses. For each thoracic duct, 10 fragments were 

scored for sprouting ability. For score 0 the difference between E1+/+, E1-/- and E1-/-/E1-E933A mice was statistically 

significant by one-way Anova test. (C) The area of capillary network of the samples examined in B, was calculated using 

ImageJ software (see Material and Methods, paragraph 5). *P < 0.05; NS, not significant (two-tailed unpaired Student’s 

t test). 
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These results allowed us to indicate that the role played by EMILIN-1 in lymphatic sprouting was due 

to the gC1q domain and, more precisely, to the presence of E993 aminoacidic residue that allows 

the interaction with the integrin. To further confirm this, we isolated thoracic ducts only from E1-/- 

mice and cultured the corresponding rings in the presence of: (I) recombinant wt EMILIN-1, (II) wt 

gC1q and (III) mutant E993A gC1q. After 4 days of culture, we observed that E1-/- rings were able to 

sprout only in the presence of either wt EMILIN-1 or its wt gC1q domain reaching a score value of 3; 

on the other hand, only a small percentage of rings in the presence of the mutant E993A gC1q 

reached a score value of 1 as a maximum (Figure 16 A). Moreover, also the sprouting area of E1-/- 

rings cultured in the presence of both wt EMILIN-1 or wt gC1q was very similar at day 4 (Figure 16 

B). After 8 days, even less pronounced than EMILIN-1, the effect of wt gC1q was maintained from 

both a qualitative and quantitative evaluation (Figure 16 C and D).  

 

Figure 16: Evaluation of lymphangiogenic activity of recombinant fragments. Thoracic ducts from E1-/- mice (n = 5) 

were cultured in the presence of PBS, recombinant wt EMILIN-1, wt gC1q or E993A mutant gC1q (three fragments of 

the same duct for each condition). Score distribution (A) and capillary network area (B) calculated after 4 days of culture. 

Score distribution (C) and capillary network area (D) calculated after 8 days of culture. In (B) and (D), growth area was 

calculated with ImageJ software; *P < 0.05; NS, non-significant (Student’s t test). 
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The score distribution determined by the sprouted structures that resulted podoplanin positive 

(Figure 17) and the calculation of the corresponding area at day 8, confirmed that the mutant 

fragment didn’t display any effective sprouting capacity. These results confirmed that the binding 

site for α4/α9β1 integrin was necessary for LEC activity. 

 

 

 

 

 

Figure 17. Immunofluorescence of E1-/- thoracic ducts in the presence of EMILIN-1 recombinant peptides. 

Representative images of the sprouts after 8 days of culture. Podoplanin (green) immunofluorescence of the whole 

mount ducts corresponding to the inset of contrast phase images is shown. LECs, positive to podoplanin, are able to 

induce an elevated sprouting capacity in the presence of EMILIN-1 and wt gC1q compared to the PBS and the mutated 

E933A gC1q. 

 

 

1.4.2. Enhanced LN metastasis of transplanted tumors in E1-/-/E1-E933A mice 

To better demonstrate that the interaction between gc1q/α4β1 was functionally crucial, we studied 

the dissemination of melanoma cells using an experimental approach where the preferential 

pathway of cancer cells to metastasize is the lymphatic system. We intrafootpad injected E1+/+, E1-

/- and E1-/-/E1-E933A mice with B16F10Luc melanoma cells. When tumors growth was comparable 

in all three genotypes (Figure 18 A), popliteal (PL), inguinal (ING) and axillary (AX) LNs were excised 

and analyzed ex vivo for the presence of luciferase signal. AX LNs appeared negative in all genotypes. 

PL (100%) as well as ING (~30/40%) LNs were positive for luciferase signal in all E1-/- and E1-/-/E1-

E933A. Regarding E1+/+ mice, only 50% of PL LNs were infiltrated by melanoma cells (Figure 18 B-D). 

No one ING LNs in E1+/+ mice was positive for luciferase signal. 
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Figure 18: B16F10Luc metastases in E1+/+, E1-/- and E1-/-/E1-E933A LNs. (A) E1+/+ (n = 12), E1-/- (n = 11) and E1-/-/E1-

E933A (n = 12) mice were intrafootpad implanted with 2x105 B16F10Luc melanoma cells. Six tumors per genotype 

images and color scale of the luciferase signal emitted by LNs of the corresponding (upper) B16F10Luc-bearing mice 

(lower) are shown. (B) Percentage of B16F10Luc metastatic E1+/+, E1-/- and E1-/-/E1-E933A popliteal and inguinal LNs. (C, 

D) Mean ± SD luciferase signal detected by ex vivo optical imaging in the excised popliteal (C) and inguinal (D) LNs of 

B16F10Luc-bearing mice. 

A. 

B.
B 

C. D. 



40 
 

Interestingly, PL and ING LNs isolated from E1-/- and E1-/-/E1-E933A mice, were significantly bigger 

than E1+/+ counterpart (Figure 19 A-C). Furthermore, LYVE-1 positive vessel density was increased in 

both PL and ING LNs of E1-/- and E1-/-/E1-E933A mice compared to those of E1+/+ mice, even if in a 

significant way only in Ing LNs (Figure 19 D-F).  
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Figure 19: Analysis of PL an ING LN metastasis of E1+/+, E1-/- and E1-/-/E1-E933A B16F10Luc injected mice. (A) 

Representative images of LNs and size quantification of popliteal (B) and inguinal (C) LNs. (D) Representative LYVE-1 

stained sections (green) of metastatic popliteal and inguinal LNs. Quantification of popliteal (E) and inguinal (F) LN area 

positive for LYVE-1 signal is reported. The analysis was performed on at least 4 fields (20x, original magnification) (n = 6 

LNs per genotype; mean ± SEM). *P < 0.05; **P < 0.005, NS, not significant. Scale bar: 50 μm. 

 

 

These lymphatic structural and functional alterations observed in our transgenic model were closely 

related to the regulatory sequence of the gC1q domain. The fact that the E1-/-/E1-E933A transgenic 

mouse displayed a lymphatic phenotype similar to the E1-/- mouse (Danussi et al., 2008 and 2013),  

allowed us to conclude that the gC1q/integrin interaction is indispensable in the regulation of the 

lymphangiogenic process played by EMILIN-1. Thanks to these evidences, we can consider the gC1q 

as the key domain able to induce a correct lymphangiogenesis response. 
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2. AOM-DSS TUMORIGENESIS in DIFFERENT EMILIN1 BACKGROUNDS 

The lack of EMILIN1 accelerates tumor development and increases the number and size of skin 

tumors in a two-step skin carcinogenesis protocol (Danussi et al., 2011 and 2012). This evidence 

means that the EMILIN1/α4β1 integrin interaction, as occurs in WT mice, is able to regulate 

proliferation, acting like an oncosoppressor. The basic hypothesis is that the presence of EMILIN1 

can exert a contrasting role towards tumor growth and progression also in the colon 

microenvironment.  

 

2.1. Tumour development  

To demonstrate our hypothesis, colon tumors were induced in E1+/+, E1-/- and E1-/-/E1-E933A mice 

with a single intraperitoneal injection of AOM, followed by one-week exposure to 2% DSS in drinking 

water (Figure 20 A). This protocol represents the typical experimental procedure used to induced 

colon carcinogenesis and it is the most common documented in literature. Classically, AOM (a 1,2-

dimethylhydrazine (DMH) metabolite) requires several metabolic activation steps (including N-

oxidation and hydroxylation) to induce DNA-reactive adducts (Laqueur 1964). We have chosen this 

model also because tumors induced in mice exposed to AOM/DSS treatment accurately recapitulate 

the pathogenesis observed in human CRC (Tanaka et al., 2003).   

Monitoring and evaluation of tumour growth were performed over time by endoscopy; at each time 

point, we established that E1-/- and E1-/-/E1-E933A mice developed a higher number of tumours 

respect to E1+/+ counterpart (Figure 20 B). At the end of the AOM/DSS treatment, colon samples 

were isolated from all mice and the part that goes from the cecum to the anus, was opportunely 

opened, washed and tumours counted (Figure 20 C). This macroscopic analysis confirmed what we 

had observed during endoscopy. 
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Figure 20: Tumour development in E1+/+, E1-/- and E1-/-/E1-E933A mice after AOM/DSS colon carcinogenesis induction. 

(A) Schematic representation of the regiment used to induce CAC, whereby a single AOM injection is followed by three 

cycles of 2% DSS in drinking water; tumour development was monitored by endoscopy at indicated times (denoted by 

E). Representative endoscopy panel made at day 63 (B) and opened colons recovered after necroscopy (C) indicating 

the presence (black arrows) of tumour lesions that are more in E1-/- and E1-/-/E1-E933A mice compared to E1+/+ 

counterpart. Black rectangle indicates E1+/+, blue rectangle E1-/- and red rectangle E1-/-/E1-E933A mice. 
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2.2. Tumour scoring 

We further analyzed tumours applying a “score” value (Figure 21). Tumour mass received a score of 

1 to 5 depending on whether its size slightly, very or almost completely occupied the colonic 

mucosa. This analysis revealed that E1-/- and E1-/-/E1-E933A mice developed not only more, but also 

bigger tumour than E1+/+ littermates. 

 

 

 

 

 

 

 

 

 

 

Figure 21: Tumour scoring. At the end of the treatment (day 63) all mice were sacrificed, and colon recovered, opened 

and washed in order to score the proliferative lesions founded within the mucosa. Both table and cartoon indicate the 

score (1 to 5) attributed to the tumour based on how its size occupied the mucosa. E1-/- and E1-/-/E1-E933A mice 

presented bigger tumours compared to E1+/+ littermates. *P < 0.05 (Student’s t test).  

 

 

2.3. Classification of proliferative lesions  

AOM/DSS-induced tumours showed differences depending on the mouse genotype. The graph in 

Figure 22, established that most of E1+/+ treated mice didn’t develop proliferative lesions; on the 

other hand, both E1-/- and E1-/-/E1-E933A mice were prone to developed typical colonic tumours, 

particularly low and high-grade adenomas and also, in few cases, gastrointestinal intraepithelial 

neoplasia (GIN). 

All these analyses led us to conclude that also in the colonic mucosa environment, as already 

demonstrated in skin (Danussi et al., 2012), EMILIN-1 exerts an antiproliferative effect. Moreover, 

thanks to our transgenic mouse model, we were very confident that this EMILIN-1 property was 

strictly related to the gC1q domain and to its interaction with α4β1/α9β1 integrins.  

SIZE SCORE 

Just detectable 1 

1/8 2 

1/4 3 

1/2 4 

> 1/2 5 
WT KO TG

0

5

10

15

20

25

T
U

M
O

U
R

 S
C

O
R

E

*

*

 E1
+/+ 

  E1
-/- 

  E1
-/-

/E1-E933A  

1 

2 

3 

4 

5 



45 
 

 

 

 

 

 

 

 

 

Figure 22: Classification of proliferative lesions within colonic mucosa of E1+/+, E1-/- and E1-/-/E1-E933A treated mice. 

Proliferative lesions were classified according to Boivin et al. using different types as reported in the legend. This 

histopathological analysis was performed on H&E colon section of all treated mice (14 for each genotype). E1+/+ didn’t 

develop a lot of proliferative lesions, on the contrary, E1-/- and E1-/-/E1-E933A mice presented a lot of high- and low-

grade adenomas and GIN. 

 

2.4. Evaluation of inflammation within tumour lesions 

The inflammatory microenvironment classically affects tumor promotion and progression 

(Grivennikov et al., 2010). For this reason, we evaluated also the inflammatory extent in all EMILIN-

1 different genetic background treated mice. 

First of all, we considered two indexes that recapitulate the main characteristics of epithelial 

damage and inflammation; the first is the “DAI clinical index” that takes into consideration 

collectively three different parameters: weight loss, stool consistency and rectal bleeding. The 

second is the “MEICS endoscopy index” that allows to score the colitis severity considering five 

parameters: thickening of the colon wall, changes in the normal vascular pattern, presence of fibrin, 

mucosal granularity and stool consistency. All these parameters, as reported in Figure 23 A and B, 

demonstrated that E1-/- and E1-/-/E1-E933A treated mice were characterized by the presence of signs 

of diffuse inflammation in the colonic mucosa respect to E1+/+ counterpart.  
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Figure 23: Clinical and Endoscopic Indexes for inflammatory extent evaluation. Clinical (DAI) (A) evaluated daily and 

Endoscopic (MEICS) (B) performed at day 21,42 and 63 during endoscopy are the two indexes that allow to score the 

inflammatory extent in the context of inflammatory colon cancer. In the two tables all the parameters taken into 

consideration are summarized. Both indicate that E1-/- and E1-/-/E1-E933A mice appeared more inflamed during all 

treatment compared to E1+/+ animals. *P < 0.05 (Student’s t test). 
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These results were confirmed after euthanasia with the measurements of the colon length, another 

important parameter of inflammation (Wirtz et al., 2007) (Figure 24 A). These macroscopic analyses 

gave us the possibility to arbitrarily establish the inflammatory extent. To better characterize the 

inflammatory infiltrate we performed histopathological analysis; as reported in the panel of Figure 

24 B, H&E stained colon sections presented typical signs of diffuse inflammation in the colonic 

mucosa of AOM/DSS-treated E1-/- and E1-/-/E1-E933A mice. Moreover, epithelial crypts were 

distorted and irregularly distributed in the lamina propria, which contained high numbers of 

inflammatory cells (Figure 24 C).  
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Figure 24: Parameter of inflammation extent. Immediately after necroscopy, colons were isolated and measured (A) 

to evaluate inflammatory extent. (B) Panel of representative images of H&E colon section of E1+/+, E1-/- and E1-/-/E1-

E933A treated mice which represent the loss of the epithelial layer of the enteric mucosa. (C) Lamina propria (LP) score 

indicate the presence of inflammatory cells, counted as reported in Material&Methods section. (mean ± SD), *P < 0.05 

(Student’s t test). Original magnification 400x. 
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3. SCORE DISTRIBUTION of the DSS-INDUCED EXPERIMENTAL COLITIS in EMILIN1 
GENETIC BACKGROUNDS 

3.1. Assessment of inflammatory status in induced chronic colitis mice 

Considering the results obtained in the two-steps colon carcinogenesis approach, in which 

inflammatory burden appeared really extensive, we decided to deeply investigate how EMILIN-1 

with its functional properties works in this context. For this purpose, we applied an experimental 

approach based on repeated somministrations of DSS (Figure 25 A) that is toxic to colonic epithelial 

cells and causes defects in the epithelial barrier integrity, increasing mucosal permeability 

(Chassaing et al., 2014). For this set of experiments, we used both FVB and C57BL/6J mice to avoid 

that the resulting effects could be strain specific. 

During the treatment, the extent of inflammation was evaluated taking into consideration the 

clinical DAI and the endoscopic MEICS indexes. In both FVB and C57Bl/6J strains, DAI index was 

worst in E1-/- and E1-/-/E1-E933A mice than in E1+/+ mice (Figure 25 B); in fact, E1-/- and E1-/-/E1-E933A 

mice lost more weight and presented more severe rectal bleeding. Also the evaluation on colon 

length confirmed a greater inflammatory extent in E1-/- and E1-/-/E1-E933A samples, that appeared 

shorter and more thickened compared to the E1+/+ counterpart. In fact, shorter was the colon, more 

pronounced was the inflammation (Figure 25 C).  
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Figure 25: Clinical and macroscopic evaluation of inflammatory status. (A) Schematic representation of the regiment 

used to induce experimental chronic colitis characterized by three cycles of 2% DSS somministrations in drinking water; 

inflammatory status was daily evaluated by the DAI clinical index (B) and after necroscopy with the measurement of the 

colon length (C). Both parameters indicate that E1-/- and E1-/-/E1-E933A mice were more inflamed compared to E1+/+ in 

both treated strains. (mean ± SD), *P < 0.05 (Student’s t test). 
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Regarding MEICS index, E1-/- and E1-/-/E1-E933A mice presented more severe mucosal injury, fibrosis 

and higher colitis scores respect to E1+/+ animals and these differences were statistically significant 

(Figure 26 A). As reported in Figure 26 B, also through endoscopy it was possible to appreciate the 

differences between mice with different genotypes; E1-/- and E1-/-/E1-E933A mice presented thick 

mucosa with typical inflammatory granular pattern, a lot of fibrin accumulation, bleeding and 

changes in vascularization. On the contrary, E1+/+ littermates had transparent mucosa, good vascular 

architecture and very moderate granularity.  
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Figure 26: Endoscopic assessment of colitis severity. (A) MEICS endoscopic index was performed at specific time point: 

21, 42, 63 and 84 days in order to evaluate the colitis severity. In (B) panel of endoscopy images performed at day 84 

before sacrifice is reported. In both FVB and C57BL/6J mice the inflammatory extent was greater in E1-/- and E1-/-/E1-

E933A mice compared to E1+/+ animals. Furthermore, E1-/- and E1-/-/E1-E933A mice present typical signs of inflammation 

including bleeding (white arrows), fibrin accumulation (green arrows), thick mucosa and alterated vascular pattern. *P 

< 0.05 (Student’s t test). 

 

 

3.2. Blood count evaluation  

Blood samples, immediately collected after euthanasia from all treated mice, were analyzed in 

collaboration with the staff of the Immunopathology and Oncologic biomarker Division of Centro di 

Riferimento Oncologico (CRO), IRCCS, Aviano. By means of this analysis we aimed to better 

understand the inflammatory status and the differences in blood cell amount among EMILIN1 

genetic backgrounds.  
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Hematology values included both the total amount of red blood cells (RBCs) and white blood cells 

(WBCs); RBCs decreased in all three genotypes compared to the normal basal values of untreated 

mice and, on the contrary, WBCs slightly increased. Among the genotypes analyzed, in E1-/- and E1-

/-/E1-E933A blood there was a general increase, even if not statistically significant, of inflammatory 

cells, corresponding positively to the clinical in vivo evaluation (DAI and MEICS) compared to E1+/+ 

samples (Figure 27).  

 

Figure 27: Differences in blood cell amounts between E1+/+, E1-/- and E1-/-/E1-E933A DSS treated mice. At the end of 
DSS treatments, blood from all treated mice was collected by intracardiac withdrawal. WBC formula represents the 
evaluation of each subpopulation which belongs to WBCs (neutrophils, lymphocytes, monocytes, eosinophils, 
basophils). There is a slight increase in WBCs in E1-/- and E1-/-/E1-E933A mice respect to both E1+/+ and untreated animals. 
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3.3. Histopathological evaluation of inflammation extent 

Histopathological and immunohistochemical analyses were performed in collaboration with Prof. 

Scanziani at University of Milan, on paraffin embedded samples. For histopathology evaluation, 

colon samples were stained with H&E and then two specific parameters were evaluated. The first 

was the epithelial damage that consists in the loss of epithelial layer of the enteric mucosa; the 

second one was the lamina propria infiltrate that corresponds to the presence of infiltrating 

inflammatory cells within the lamina propria.  

Both parameters allowed us to establish that E1-/- and E1-/-/E1-E933A treated mice were more 

responsive to the colitis induction, with a worse histopathological status respect to the E1+/+ 

counterparts. In fact, in both FVB (Figure 28 A) and C57BL/6J (Figure 28 B) strain, E1-/- and E1-/-/E1-

E933A mice had extensive epithelial damage, that in some cases led to squamous metaplasia. As 

reported in literature epithelial alteration takes part of the setting of UC, usually in the distal rectal 

mucosa, but its characteristic endoscopic appearance has been described rarely (Fu et al., 2008). 

Moreover, E1-/- and E1-/-/E1-E933A mice also lost their normal architecture, since the crypts were 

not well defined but appeared irregular. On the other hand, E1+/+ mice displayed a normal mucosa 

architecture with defined unaffected crypts, which looked very similar to that of E1+/+ untreated 

mice. Thanks to general quantitative analysis of the lamina propria infiltrates we also detected the 

presence of a greater number of inflammatory recruited cells in E1-/- and E1-/-/E1-E933A treated 

mice compared to the E1+/+ counterparts (Figure 28 C). We then performed immunohistochemical 

staining to characterize the infiltrates. 
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Figure 28: Histopathological analysis of colonic sections of both untreated and DSS E1+/+, E1-/- and E1-/-/E1-E933A 

treated mice. Epithelial damage (A and B) and lamina propria (LP) infiltrate (C) were evaluated as reported in 

Material&Methods. In both FVB and C57BL/6J strains there is an extensive epithelial damage and higher number of 

inflammatory recruited cells in E1-/- and E1-/-/E1-E933A treated mice respect to E1+/+ animals. Black arrows indicate cases 

of squamous metaplasia. *P < 0.05 (Student’s t test). Original magnification 400x. 
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3.4. Immunohistochemical evaluation of inflammatory infiltrates    

Immunostaining with specific antibodies was performed on serial sections. As reported in both 

graphs and images of Figure 29, the global trend was characterized by an increase in inflammatory 

population. In fact, CD3+ and CD45/B220+ cells increased in E1-/- and E1-/-/E1-E933A treated mice 

compared to the E1+/+ counterparts (Figure 29 A and B); Ly6G staining revealed also a slight increase 

in granulocytes and neutrophil population in E1-/- and E1-/-/E1-E933A treated mice (Figure 29 C) as 

well for macrophagic infiltrate revealed by Iba1 staining (Figure 29 D).  In any case, no inflammatory 

population was statistically significantly increased in but not in E1-/- and E1-/-/E1-E933A mice 

compared to E1+/+ animals. 

Thanks to this analysis, we concluded that there was a much more extensive inflammation in E1-/- 

and E1-/-/E1-E933A treated mice compared to the E1+/+ counterparts. However, we were not been 

able to discriminate a specific inflammatory cell population that could predominantly drive a major 

and consistent development of tumors in a two-steps colon carcinogenesis model. 
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Figure 29: Immunohistochemical analysis using specific marker of inflammation.  E1+/+, E1-/- and E1-/-/E1-E933A DSS 

colonic samples of DSS-treated mice were analyzed (as indicated in Material&Methods) with Ab anti CD3 (A), anti 

CD45/B220 (B), anti Ly6G (C) and anti Iba1 (D) in order to better evaluate the inflammatory infiltrate. In both analyzed 

strains, there is an increase of all population considered in E1-/- and E1-/-/E1-E933A mice compared to E1+/+animals. No 

inflammatory population was statistically significantly increased. Original magnification 400x. 
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3.5. RNA-sequencing and bioinformatic elaboration 

Given the different outcome between E1+/+ and E1-/-/E1-E933A mice, we planned to investigate their 

gene expression profile with an NGS approach, after the DSS-induced colitis treatment. The RNA-

sequencing analysis was performed at BMR Genomics and starting from the output of this analysis, 

in collaboration with the University of Padova, a list of 2100 differentially expressed genes (DEGs) 

was generated using the bioinformatic DeSeq package (Figure 30).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30. HeatMap of DEGs in E1+/+ and E1-/-/E1-E933A mice after DSS-induced experimental colitis. A planned 

comparison between E1+/+ and E1-/-/E1-E933A mice was performed in order to detect DEGs; the HeatMap, a graphical 

representation of data where the individual values contained in a matrix are represented as colors (red for up-regulation 

and blue for down-regulation). The list of 2100 DEGs was obtained with DeSeq2 program using an adjusted p-value < 

0.1. LFC (log2 fold change). 

 

 

E1+/+ E1-/-/E1-E933A 

 

HEATMAP 

27491 with nonzero total read count (expressed genes) 
2100 DEGs adjusted p-value < 0.1 

LFC > 0 (up): 1024, 3.7%  
LFC < 0 (down): 1076, 3.9%  
outliers [1]: 65, 0.24% low counts [2]: 10265, 37% (mean count < 12) 

https://en.wikipedia.org/wiki/Matrix_(mathematics)
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On this list of DEGs, a first classical and functional enrichment using the David software was 

performed. Thanks to this tool, that is based on grouping in the same pathway all the genes that 

present common features, it was possible to identify several altered pathways. Among these, we 

discovered as up-regulated several inflammatory response genes and down-regulation of some cell-

cell adhesion molecules in E1-/-/E1-E933A (Figure 31 A).  

All genes clustered in these pathways were then manually annotated and analyzed from a molecular 

point of view; as reported in the table of Figure 31 B and C, IL-1α and β, important inflammatory 

mediators, that we considered crucial and interesting genes in this context, were upregulated. This 

was in line with the trend of E1-/-/E1-E933A mice that were more inflamed after DSS treatment 

respect to the E1+/+ mice. Among the downregulated genes, we focused our attention on LYVE-1, a 

marker of lymphatic vessels, since lymphatic dysfunction is a well-established feature of human and 

experimental IBD. 
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Figure 31: Important alterated pathways identified after functional enrichment with DAVID software. (A) Annotation 

Clusters 1 and 6 obtained with the functional enrichment DAVID that assembles genes with common features within 

same pathways. Tables of up-regulated genes (B) belonging to response to wound and inflammatory response pathways 

and down-regulated genes (C) of biological and cell-cell adhesion pathways. The black thick arrows highlight the up-

regulated (IL-1α and β) and down-regulated (Lyve1) that we found interesting for this project. 

 

 

3.6. Analysis of cytokines and chemokines 

In order to determine and validate the levels of inflammatory response, proinflammatory cytokines 

and chemokines have been validated in the DSS-induced experimental colitis model.  

The supernatant fluids obtained from the colon of each treated mouse was analyzed using a 

commercially available panel of Bio-Plex Multiplex System. The results coming from this analysis 

revealed that, among all the cytokines and chemokines considered, there were not statistically 

significant differences between E1+/+ and E1-/-/E1-E933A animals. Anyway, only IL-1α and β and IL-6 

showed a slight increase in their expression levels (Figure 32). Considering that these ILs are all 

implicated as pro-inflammatory cytokines in chronic inflammation processing, these results are in 

line with all the others previously described, i.e. that the inflammatory status was worst and more 

extensive in E1-/-/E1-E933A animals than in E1+/+ counterpart. 
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Figure 32: Cytokine expression levels after DSS treatment. Graphs showing the expression levels of some cytokines 

after treatment with DSS. Supernatant fluids of E1+/+ and E1-/-/E1-E933A treated colon were recovered at day 84 and 

then analyzed. Only IL-1α and β and interleukin 6 had a slight increase in their expression in E1-/-/E1-E933A mice 

compared to E1+/+ counterparts, although not statistically significant. 
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The cytokines dosage assay validated the results of RNA-seq for the upregulation of IL-1α and β 

cytokines. In general, all these results gave us information only about the quantity of the infiltrate 

rather than its specificity. Thus, we were not able to say why in E1-/- and E1-/-/E1-E933A mice the 

inflammatory status was persistent and also more aggressive respect to E1+/+. Considering that 

lymphatic alterations have been recently documented in human and experimental IBD, and that one 

of the downregulated genes in our RNA-seq analysis was the lymphatic marker LYVE-1, we decided 

to investigate if a correlation with lymphatic status and inflammation could exist in our model. More 

precisely, this evidence induced us to better investigate which mechanism regulates the 

lymphangiogenic role of EMILIN1 in the context of colon inflammation. In fact, as highlighted in the 

introduction, EMILIN-1 is the first ECM protein identified as structural modulator of lymphatic 

system. 
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4. EVALUATION of LYMPHATIC ALTERATIONS 

4.1. Lymphatic phenotype in E1-/-/E1-E933A mouse model 

Whole mount immunostaining for podoplanin was performed on normal colon specimens and as 

shown in Figure 33 A, E1+/+ LVs were well organized with a regular lumen. On the contrary, LVs of 

both E1-/- and E1-/-/E1-E933A mice formed a dense network and appeared irregular and dilated. In 

all E1-/- and E1-/-/E1-E933A colonic samples analyzed, we always detected dysmorphic structures and 

wide lacunae (with lymph leakage) were occasionally present as indicated by the asterisks in Figure 

33 A. On the contrary, these structures were not detected in colonic LVs of E1+/+ mice. 

A further analysis on lymphatic collectors and their valves was performed. Whole mount specimens 

of ears skin were immunostained with anti-podoplanin antibodies. As shown in Figure 33 B, E1-/-/E1-

E933A collectors appeared tortuous and irregular and frequently displayed enlargements when 

compared with the regular E1+/+ collectors. Moreover, E1-/- and E1-/-/E1-E933A valves were 

detectable as narrowed structures, indicating a condition of immature formation. On the other 

hand, E1+/+ mice presented well-formed valves with the typical v-shaped appearance (Figure 33 C). 
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Figure 33. Evaluation of LV morphology. Representative panel of images from whole mount tissues stained with 

podoplanin. An irregular morphology is detectable in colonic submucosal (A) and ear skin (B) LVs on both E1-/- and E1-/-

/E1-E933A mice. Thin and thick white arrows in A indicate narrowed /ring-shaped and v-shaped valves, respectively. (C) 

Morphological evaluation of valve shape of adult ear skin LVs. Green bar, V-shaped valves; yellow bar, ring-shaped 

valves; red bar, narrowed valves (mean ± SD, n=3 animals per genotype, *P < 0.01; **P < 0.001, NS, not significant, two-

way ANOVA test). The colored arrows in B reflect the colored bars in C. Scale bar: 50 µm. 
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The situation was somewhat different when we observed lymphatics after DSS treatment. Whole 

mount analysis made on mesenteric LNs isolated from E1+/+, E1-/- and E1-/-/E1-E933A DSS treated 

mice revealed that E1+/+ animals displayed a pro-lymphangiogenic capacity as evidenced by the high 

number of sprouting capillary structures (Figure 34, white thick arrows). This observation suggesting 

that the ability of E1+/+ animals to react to an inflammatory insult could induce a proper 

lymphangiogenic response. The EMILIN-1 deposition, very close to budding structures (yellow 

signals), confirmed that the protein was important in structurally guiding new LVs. On the contrary, 

buddings structures were very rare and not well shaped in E1-/- and E1-/-/E1-E933A counterpart 

indicating that anomalies on lymphatics led to an inability to react in the formation of competent 

LVs, probably due to the defects in lymphangiogenesis in these genetic backgrounds.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34: Structural anomalies in LVs after DSS-induced experimental colitis. Panel of DSS whole mount mesenteric 

LNs staining for podoplanin (green) and EMILIN-1 (red); a correct lymphangiogenesis is visible only in E1+/+ animals, as 

represented by thick white arrows that indicate buddings structures where a clear EMILIN-1 localization (yellow signals) 

is evident. On the other hand, E1-/- and E1-/-/E1-E933A mice show rare and not-well shaped buddings (thin arrows) and 

also a decrease number of sprouting capillaries. Original magnification 200x. 
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4.2. LVs density evaluation 

The IF analysis on the colonic mucosae of E1-/- and E1-/-/E1-E933A mice after DSS and AOM/DSS 

treatments, showed a several altered and abnormal condition (Figure 35), confirming the 

histopathological analysis and a reduced number of podoplanin positive colonic LVs. Again, as 

already described for mesenteric LNs, in a context of strong inflammatory stimulus, E1+/+ mice were 

able to induce a lymphangiogenic response, whereas in E1-/- and E1-/-/E1-E933A animals the 

presence of less LVs indicated a defect in the formation of a new lymphatic network. This incapacity 

and the consequent insufficient lymph drainage could explain why a massive inflammation persisted 

in E1-/- and E1-/-/E1-E933A mice. These results also confirmed the data emerged from the RNA-seq 

analysis about the down-regulation of the lymphatic marker LYVE-1.  
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Figure 35. LV density alteration reflects the inability to induce a correct lymphangiogenesis in E1-/- and E1-/-/E1-E933A 

mice. Representative panel of podoplanin staining of colonic LVs in normal condition and after induction of experimental 

colitis and colon carcinogenesis. In normal condition, E1+/+ show less podoplanin positive LVs compared with E1-/- and 

E1-/-/E1-E933A mice. After stimulus induction, the situation is the opposite: the density of LVs significantly decreased in 

E1-/- and E1-/-/E1-E933A. *P < 0.05 (Student’s t test). Original magnification 400x. 

 

4.3. Verification of LVs functionality 

To evaluate if all these morphological LV alterations and valve defects could reduce the functionality 

of fluid movement in E1-/-/E1-E933A mice, we investigated the drainage ability of mesenteric LVs in 

normal and DSS treated mice, after oral gavage administration of Bodipy-FL-C16, a fluorescently 

labeled 16-carbon chain fatty acid, used as a lipid tracer and then specific for visualizing lymphatic 

structures. In fact, it is packaged into chylomicrons and transported by LVs from the intestine 

through the mesenteric collecting vessels. Our data showed significantly fewer functional LV in the 

mesentery of E1-/- and E1-/-/E1-E933A compared to untreated E1+/+ littermates (Figure 36 A); in fact, 

we observed significantly fewer and also not well organized fluorescent mesenteric lymphatic 

vessels in E1-/- and E1-/-/E1-E933A animals. This agreed with what already observed in previous 

studies that highlighted the presence of unfunctional iliac LNs in E1-/- mice (Danussi et al., 2013; 

Pivetta et al., 2016). After DSS-induced acute colitis, E1-/- and E1-/-/E1-E933A (Figure 36 B) 

presented, an even more compromised situation than when untreated. These results indicated that, 

in normal conditions, lymphatics were already functionally altered when EMILIN-1 was absent or 

mutated in the E933 residue of gC1q domain and that the situation got considerably worst, after 

induction of experimental colitis. The fluorescent dye labeled weakly and faintly the mesenteric LNs 

(as visible in broken circles) and also collectors were difficult to visualize in both E1-/- and E1-/-/E1-
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E933A mice, suggesting that valve morphological anomalies contributed to the reduced mesenteric 

lymphatic functionality that appeared completely impaired after inflammatory-induced condition.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 36. LV structural alterations lead to an unfunctional lymphatic system in E1-/- and E1-/-/E1-E933A. 

Representative panel of untreated (A) and DSS-treated (B) mesenteric LNs after oral gavage administration of the 

fluorescent dye Bodipy-FL-C16. Broken circles indicate LNs and white thin arrows collector vessels. Lymphatics are 

normal and well-functioning in E1+/+ mice. On the contrary E1-/- and E1-/-/E1-E933A animals appear not well organized in 

normal conditions and, after DSS treatment, anomalies seem to be worse, contributing to a completely impaired 

functionality. Original magnification 10x. 
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DISCUSSION 

 

 

During my PhD program, I focused the attention on the importance of structural and functional 

properties exerted by the ECM glycoprotein EMILIN-1; in particular, I investigated how EMILIN-1 is 

crucial to control proliferation and to guarantee the regeneration of a competent and well-

functioning lymphatic vasculature in the context of inflammatory colon cancer.  

To demonstrate that EMILIN-1 represents a structural regulator of a competent vasculature and that 

it is located in the context of the development and progression on inflammatory colon cancer, we 

took advantage, in addition to the E1-/- mouse model, to the new E1-/-/E1-E933A transgenic mouse 

model, in which a mutant human EMILIN-1, unable to be engaged by 4/91, was expressed. This 

transgenic mouse represents a strong model compared to that used in the previous studies which 

were based on the inactivation of the entire protein; in E1-/-/E1-E933A transgenic mouse, in fact, all 

the other structural and functional properties of the protein were maintained: E1-/-/E1-E933A 

transgenic mice displayed normal TGF-β levels, similar to those of E1+/+ mice, allowing us to separate 

the possible effects linked to the regulation of TGF-β from those dependent on EMILIN-1 4/91 

integrin interaction. Thus, our results on lymphatics alterations were not absolutely consequences 

of TGF-β mediated effects. Within the characterization approach of the transgenic mouse model we 

demonstrated the structural and functional importance of the interaction between gC1q and 

integrin in the regulation of a competent vasculature (Capuano et al., in press). The use of this 

transgenic mouse model also provided evidence that the gC1q/α4β1 interaction was functionally 

crucial also in a metastatic context, since melanoma cells disseminated more rapidly into E1-/-/E1-

E933A LNs. These results indicated that the E933 residue at the apex of each monomer of gC1q 

domain was sufficient to favor the dissemination of melanoma cells through its interaction with the 

integrin, independently from other EMILIN-1 domains.  

Only few ECM proteins exert a tumour suppressor function, such as fibulin-2 (Law et al., 2012) and 

EMILIN-1 (Danussi et al., 2012). Previous studies demonstrated that, in a skin carcinogenesis model, 

a target inactivation of Emilin1 gene, caused an increase of dermal and epidermal proliferation 

(Danussi et al., 2011) and an increase of the number and size of skin tumours (Danussi et al., 2012). 

Thanks to the transgenic model, we first verify if the EMILIN1/α4β1 integrin interaction was able to 
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exert an antiproliferative and oncosoppressor role also in the colon microenvironment, as occurs in 

skin. Interestingly, endoscopic analysis as well as post mortem histopathologic evaluation indicated 

that both E1-/- and E1-/-/E1-E933A mice displayed an increased in tumour burden. In fact, they 

developed a higher number of tumour (specially high-grade adenoma and GIN) that appeared also 

bigger and with a more severe phenotype respect to E1+/+. Thus, these results confirmed the 

contrasting role of EMILIN-1 towards tumour growth and progression also in the colonic mucosa 

microenvironment. Furthermore, considering that in E1-/-/E1-E933A mice the pathological response 

was the same observed in E1-/- mice, we were very confident that the oncosoppressive role of 

EMILIN-1 was strictly related to the gC1q domain and its interaction with α4β1 or α9β1 integrin, 

without any interference exerted by TGF-β, whose maturation process is finely regulated by the EMI 

domain (Zacchigna et al., 2006). The most interesting observation coming from the AOM/DSS colon 

carcinogenesis approach was that E1-/- and E1-/-/E1-E933A treated mice displayed signs of diffuse 

inflammation in the colonic mucosa respect to E1+/+ counterpart.  

In this scenario, we aimed to understand how the functional and structural properties of EMILIN-1 

might be crucial during inflammatory process. As it is known, during the pathogenesis of IBD, both 

the lamina propria and the epithelial layer are infiltrates by different types of immune cells, which 

create an inflammatory microenvironment (Neurath et al., 2014). Our immunohistochemical 

analysis actually revealed an increase infiltration of T and B cells, granulocytes and neutrophils 

population and a slight but not statistically significant increase of macrophages in both E1-/- and E1-

/-/E1-E933A mice respect to E1+/+ counterpart, but there was not the prevalence of a specific cell 

population. Cytokines are able to induce extensive inflammatory status in the colon (Francescone 

et al., 2015) and this was confirmed also by our RNA-seq analysis, where we found, as up-regulated 

genes in E1-/-/E1-E933A mice respect to E1+/+ counterpart, several inflammatory response genes 

such us IL-1α and β, that are generally secreted into the inflamed mucosa of IBD by lamina propria 

dendritic cells and macrophages (Ng et al., 2011). These data were important to establish the 

quantity (rather that the quality) of the infiltrate, indicating that more inflammatory cells probably 

are the cause that generates higher levels of cytokines and chemokines which, in turn, activate the 

recruitment of other inflammatory cells, causing maybe a non-resolving chronic inflammatory 

situation (that is part of the tumor microenvironment in gastrointestinal as well as other tumors, 

Danese et al., 2010) in E1-/- and E1-/-/E1-E933A treated mice. Among genes differentially expressed, 

we individuated not only genes related to inflammatory pathways, but also several down-regulated 
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cells-cell adhesion molecules in our transgenic treated mice. Among these, we identified the well-

known lymphatic marker LYVE-1. Thus, the contribution of EMILIN-1 in the interplay between 

lymphatics and inflammation could have a rational base.  

This interestingly result induced us to focus our attention on another hot topic: the inflammation- 

associated lymphangiogenesis. Given that EMILIN-1 is responsible of the maintenance of a correct 

lymphatic structure and that its gC1q domain is able to induce a correct lymphangiogenesis 

response, it has become fundamental to understand if the aberrant lymphangiogenesis is only drive 

by DSS-induced inflammation or if lymphatic dysfunction could contribute to disease exacerbation. 

To do this, we took advantage to the use of our animal models and whole mount staining of colon 

specimen indicated that E1-/- and E1-/-/E1-E933A mice displayed an aberrant lymphatic phenotype 

already in normal conditions. In fact, even before colitis induction, their intestinal LVs presented 

several lymphatic alterations that were absent in E1+/+ mice. After inflammatory-induced conditions 

by DSS treatment we found that only E1+/+ animals displayed pro-lymphangiogenic capacity and that 

the functionality of LVs monitored by mesenteric lymphangiography was completely compromised 

in both E1-/- and E1-/-/E1-E933A mice. It is well known that an expanded lymphatic vasculature is 

necessary for the resolution of inflammation. This is the situation that we observed for E1+/+ mice in 

which the strong stimulus induced by DSS let very likely to the formation of new competent and 

functional vasculature that in turn could restore the situation to a pre-inflammatory state. On the 

contrary, E1-/- and E1-/-/E1-E933A animals that, as demonstrated, are characterized by the 

development of a defective vasculature due to the lack of gC1q/α4β1, when subjected to an 

inflammatory insult, are not able to induce the formation of new draining vessels. The consequence 

of this already compromised situation is that E1-/- and E1-/-/E1-E933A mice developed a much more 

severe inflammatory pattern than E1+/+ mice. Thus, it is reasonable to think that the massive 

inflammatory extent observed in E1-/- and E1-/-/E1-E933A models was the consequence of structural 

and functional lymphatic dysregulation associated with a lack of the functional domain of EMILIN-

1.  

These results are very important and innovative; the use of these adult models, that to our 

knowledge are the only ones with an altered lymphatic phenotype, could help to explain how 

lymphatics anomalies are responsible of the non-resolution of inflammatory state. Thus, overall 

these data suggest that EMILIN-1, by its multifaceted functions, may be centrally located in the 

context of the development and progression of inflammatory colon cancer. Our previous study 
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demonstrated that, in an inflammatory context, EMILIN-1 was subject to degradation by NE released 

by neutrophils (Pivetta et al., 2016); moreover, there are lot of evidences that reported that CRC is 

characterized by the presence of consistent inflammatory infiltrates, consisting of a lot of immune 

cells including macrophages and neutrophils that colonized the lamina propria and submucosa 

(Shang et al., 2012). This indicates that during CRC pathogenesis EMILIN-1 and above all its gC1q 

domain, could be degraded by NE. More importantly, NE is the only enzyme able to fully impair the 

interaction of gC1q with integrin by cleaving this domain close to the E933 binding site (Maiorani et 

al., 2017). Given that, we hypothesize that local inflammatory response and related gC1q 

degradation could be important events favoring colon cancer initiation acting in different ways: (I) 

the degradation would abolish EMILIN1/gC1q oncosoppressor properties; (II) the lack of functional 

EMILIN1/gC1q domain would favour lymphatic dysfunction and lymphatic spread; (III) lymphatic 

dysfunction, in turn, would be crucial in increasing inflammatory cascade through the impairment 

of inflammatory cells drainage. The attempts to block or prevent gC1q degradation could represent 

the basis for a novel ECM-based pharmacological approach aimed to rescue the control of 

proliferation and LV normalization. 
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MATERIAL AND METHODS 
 

 

1. LIST OF ANTIBODIES 
 

Antibody Specificity Target 
Manufacturer, Dilution and 

Application 

Primary Rabbit 
polyclonal AS556 

Human (cross-reaction 
also with murine) 

EMILIN-1 
Product in our laboratories 

1:200 (IF) 

Primary Rat 
monoclonal 

C11A8 
Mouse EMILIN-1 

Product in our laboratories 
1:100 (IF) 

Primary Hamster 
monoclonal 
Podoplanin 

Mouse Podoplanin 
Abcam 

1:400 (IF) 

Primary Rabbit 
polyclonal LYVE-

1 
Mouse LYVE-1 

Abcam 
1:1000 (IF) 

Primary Goat 
polyclonal 

Vinculin 
Mouse Vinculin 

Santa Cruz Biotechnologies 
1:500 (WB) 

Primary Rabbit 
polyclonal TGFβ1 

Mouse TGFβ1 Santa Cruz Biotechnologies 
1:500 (WB) 

Primary Rat 
monoclonal 
CD45/B220 

Mouse B cells BD Pharmigen 
1:500 (IHC) 

Primary Goat 
polyclonal CD3 

epsilon 

Mouse T cells Santa Cruz Biotechnologies 
1:2000 (IHC) 

Primary Rat 
monoclonal 

Ly6G 

Mouse Granulocytes BD Bioscience 
1:1000 (IHC) 

Primary Rabbit 
polyclonal Iba1 

Mouse Histiocytes/macrophages Wako 
1:2000 (IHC) 

TO-Pro3 Mouse Nuclei Invitrogen S.r.l., Milan, Italy 
1:5000 (IF) 

Secondary HRP-
conjugated 

- - 
Amersham, GE-Healthcare 

Various dilution (WB) 

Secondary 
conjugated with 
Alexa Fluor 568 

and 488 

- - 
Invitrogen S.r.l., Milan, Italy 

1:200 (IF) 

 

Table 1: List of antibodies used for the analyses performed in this PhD Thesis. 
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2. E1-/-/E1-E933A TRANSGENIC MOUSE MODEL 

Through the strategy of pronuclear microinjection of DNA into fertilized eggs, the E1-/-/E1-E933A 

transgenic mouse model was generated using the construct described below. Founders obtained in 

FVB strain, were mated with C57BL/6J mice (more than 10 backcrossing) to obtain a transgene also 

in C57Bl/6J background. Successive matings with E1-/- mice (C57Bl/6J background) were designed to 

derive newborns expressing a transgenic human EMILIN-1 in an Emilin1 null background. Thanks to 

this strategy we are able to analyze the phenotype related to the expression of the exogenous 

mutated EMILIN1 without interference about the endogenous murine protein. I took part not in the 

generation process, but in the characterization analyses of the transgenic mouse. 

 

2.1. DNA construct to produce E1-/-/E1-E933A transgenic mice 

The DNA construct used to generate the E1-/-/E1-E933A mouse model was an 8 kb genomic fragment 

that included all the mouse Emilin1 gene promoter elements (Fabbro et al., 2005) fused to the 

sequence coding for human EMILIN1-E933A mutant cDNA. The cDNA was obtained through the 

overlapping polymerase chain reaction (PCR) method using primers carrying the E933A mutation 

and as template the human pCEPu-EMILIN1 construct (Mongiat et al., 2000). After PCR, the 

amplification products were treated with the restriction enzymes NcoI and NotI and the resulting 

fragment (1301 pb) carrying the E933A point mutation instead ligated to the NcoI/NotI restricted 

pCEPu-EMILIN1 construct. The result was a 2984 pb long sequence coding for the mature human 

EMILIN1 E933A that was then amplified via PCR with NotI restriction site adaptor primers and cloned 

in a NotI restricted pBlueScript clone carrying a BAC derived mouse genomic sequence spanning 8 

kb of EMILIN1 mouse promoter gene (Zanetti et al., 2004). The resulting plasmid was digested with 

KpnI restriction enzyme to avoid unwanted plasmid DNA sequences, and the purified fragment was 

employed for transgenesis procedures.  

 

2.2. Staining of transgenic human E933A EMILIN-1 

Different mouse tissues and organs (colon, lung, heart, and kidney) were isolated, embedded in OCT 

(Kaltek, Padova, Italy), snap frozen and stored at -80°C wrapped in aluminium foil. Before using, 5 

µm sections were equilibrated at room temperature (RT), rehydrated in PBS for 5 min and then fixed 

with a solution of PBS-PFA 4% for 20 min. After fixation, sections were permeabilized with a PBS 

solution containing 1% BSA, 0.1% TRITON X-100 for 5 min and saturated with blocking buffer of PBS-

1% BSA and finally incubated with the rabbit polyclonal anti human EMILIN-1 AS556, rat monoclonal 
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or anti mouse EMILIN-1 C11A8, and TO-pro3 for nuclear counterstaining (see dilution in the table of 

the first paragraph of this section). 

 

2.3. DNA extraction and PCR to genotype transgenic mice  

 To genotype animals, DNA was extracted from mice tails using Maxwell mouse tail purification kit 

(Promega, Italia) according to the manufacturer’s protocol. PCR reaction were performed with 1:400 

(the optimum dilution that we discovered to obtain a good reaction) of total extracted DNA using 

goTAQ polymerase (Promega). The primers for the amplification of wild type (WT), knock out (KO), 

specific transgene sequence (TG) and β-actin sequence were: 

 

Emilin1 WT primers → Forward (5’): 5’-GAGGAGAGCGGAAGGAACTGAGG-3’;  
                               Reverse (3’): 5’-GAGGGAACAGAGCAGGAGGAGTG-3’; 

 

Emilin1 KO primers → Forward (5’): 5’-CGCCTTCTTGACGAGTTCTTCTGAG-3’;  

                              Reverse (3’): 5’-GAGGGAACAGAGCAGGAGGAGTG-3’; 

 

EMILIN1 TG primers → Forward (5’): 5’-CACCTCGCAGGGCTGGCGGTG-3’;  

                                Reverse (3’): 5’-AGGAGCCCCAGGCCAGCTCTC-3’; 

 

β-actin primers → Forward (5’) primer: 5’-GATGACGATATCGCTGCGCTGGTCG-3’;  

                       Reverse (3’) primer: 5’-GCCTGTGGTACGACCAGAGGCATACAG-3’ 

 

The PCR samples were run on a 1.5% agarose gel with ethidium bromide. The hEMILIN1 PCR product 

was identified as a band corresponding to a length of 300 bp; the βactin PCR produced a band of 

1kb. 
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3. CELL ADHESION ASSAY (CAFCA) 

Recombinant proteins (EMILIN-1 wt gC1q and E933A gC1q) were functionally examined using a cell 

adhesion assay known as CAFCA (Centrifugal Assay for Fluorescence-based Cell Adhesion) 

(Spessotto et al., 2001), that is based on two centrifugation steps: the first one to guarantee a 

synchronized cell-substratum contact and the second one (in the reverse direction) to allow for 

removal of the unbound/weakly bound cells under controlled condition. The “coating preoteins” 

were aliquoted in each well of the bottom CAFCA miniplates that were incubated at 4°C for 8-16 h. 

After removing the coating solution from the wells, they were filled with 1% (w/v) BSA blocking 

solution and incubated at room temperature for at least 2 h. Murine B16F10 melanoma cells to be 

assayed for their binding capability to molecular substrates were detached from the culture dishes 

with PBS containing 5 mM EDTA. Cells were washed by centrifugation to remove EDTA, resuspended 

in DMEM and then incubated at 37°C for 10-20 minutes in the presence of 1-10 μM calcein (AM) to 

allow fluorescent labelling. The blocking agent were then removed from the wells, which were 

washed at least twice with cell-adhesion medium containing PVP (poly-vinyl pyrrolidone). The wells 

were filled with the cell-adhesion medium containing 2% (v/v) India Ink. Aliquots of the labelled cells 

were added in each well. The bottom CAFCA miniplates were placed in the apposite bottom black 

holder and centrifuged at 142g for 5 min, followed by incubation 37°C for 20 min. The top CAFCA 

miniplate wells were fill with the same PVP-and India ink-containing medium as used for the bottom 

CAFCA miniplates. The CAFCA miniplates were assembled to form a unique chamber, the 

fluorescence signal emitted by cells in wells of the top (unbound cells) and bottom (substrate-bound 

cells) sides were measured independently, using a microplate fluorometer (Infinitem1000, Tecan 

Group, Maennedorf, Switzerland). The percentage bound cells, out of the total amount of cells 

introduced into the system, can be calculated as:  bottom fluorescence value/bottom fluorescence 

+ top fluorescence values. 
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4. EVALUATION of TGFβ-1 EXPRESSION LEVELS  

4.1. Sample preparation  

Colon tissue samples were collected from E1+/+, E1-/- and E1-/-/E1-E933A mice and tissue extracts 

were prepared using the gentleMACS dissociator (Miltenyi Biotec). An appropriate volume of tissue 

protein extraction lysis buffer supplemented with protease inhibitor cocktail (Roche, Basilea, 

Switzerland) was pipetted into gentleMACS M Tubes and then samples added. The homogenization 

procedure was performed in a closed system, thus avoiding cross-contamination and facilitating 

sterile handling. Tissue extracts were then buffered on ice for 30 minutes and centrifuged at 13.200g 

at 4°C for 20 minutes. After centrifugation, supernatants were recovered and quantified with 

Bradford reagent (Bio-Rad Laboratories) for subsequent analysis.   

 

4.2. Western Blotting Analysis 

Samples were subjected to a 4-12% SDS Page electrophoresis (using Criterion Precast Gel, BioRad) 

and then blotted on nitrocellulose membranes (Amersham Hybond-ECL, Amersham Pharmacia 

Biotech). Membranes were blocked (5% not fat milk, 0.1% Tween-20 in TBS) and incubated with anti 

TGF-β1 and anti vinculin (as loading control) primary antibodies (Santa Cruz Biotechnology). HRP-

tagged secondary (GE Healthcare) antibodies were used at proper dilutions. Signals were detected 

using ECL reagents (Amersham Western Blotting Detection System and HyperFilm ECL, Amersham 

Pharmacia Biotech). Membranes were analyzed on Biorad Chemidoc Touch Imaging System and 

quantified by Quantity One Software densitometry or by Biorad ImageLab. 
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5. THORACIC DUCT SPROUTING ASSAY 

Thoracic ducts of E1+/+, E1-/- and E1-/-/E1-E933A mice were precisely dissected and culture as 

described for the first time, by Bruyère et al. Precisely, after euthanasia, we cut the skin with sterile 

scissors along the abdominal midline; then we opened the sternal plate and cut ribs, leaving the 

diaphragm intact. Esophagus and vena cava were removed and the periaortic fibro-adipose tissue 

dissected carefully. When ducts were clean from fat, were cut into 1-mm-long rings, embedded in 

Cultrex® BME (Trevigen) gels and cultured in μ-plates angiogenesis 96-well (Ibidi) for 4-8 days with 

Endothelial Cell Medium MV2 (PromoCell) containing 20% FBS (Figure 37 A). In some experiments 

recombinant EMILIN-1 (20 μg/ml) or WT/E933A gC1q (40 μg/ml) were added to the culture media 

as soluble stimuli. The lymphatic ring cultures exhibited an outgrowth of cells that organized into 

capillary-like structures. Hamster anti-mouse podoplanin was used to identify the sprouting 

structures as LECs. Sprouting area was measured using ImageJ software (http://rsb.info.nih.gov) on 

the optical acquired images. The ability to produce a capillary network (Figure 37 B) was also 

qualitatively evaluated using an arbitrary score ranging from 0 (total absence of sprouts) to 4 (well 

organized and dense capillary area).  

 

 

 

 

 

 

 

 

 

 

Figure 37: Representative scheme of thoracic duct sprouting assay. (A) Ducts were dissected, cut into 1-mm-long rings 

and cultured in Cultrex® BME (Trevigen); after 4-8 days of culture, the sprouting area was measured with ImageJ 

software. (B). Representative images of the arbitrary score used to qualitatively evaluate the ability to produce a 

capillary network: the range of score values varied from 0 (total absence of sprouts) to 4 (well organized and dense 

capillary area). 

A. 

EXTRACTION CUT 

COLTURE 
ANALYSIS 

B. 
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6. MODELS OF LYMPH NODES DISSEMINATION 

Intrafootpad injections of 2x105 firefly-expressing B16F10Luc were applied to 6-8- week-old E1+/+, 

E1-/- and E1-/-/E1-E933A mice. The tumour growth was daily monitored and measured with the 

caliber until the tumour size were comparable between the three genotypes. Mice were then 

sacrificed for subsequent analyses. B16F10Luc derived-LN metastases were evaluated ex vivo by 

excising the draining popliteal, inguinal and axillary LNs (Figure 38); bioluminescence was quantified 

by means of an in vivo imaging system (Xenogen IVIS-100) at different time intervals (1 minute or 3 

minutes exposures).  

 

 

 

 

 

 

 

Figure 38: Scheme for intrafootpad injection model. 2x105 firefly-expressing B16F10Luc were intrafootpad injected to 

evaluate LN dissemination; when tumour size were comparable, mice were sacrificed and popliteal (PL), inguinal (ING) 

and axillar (AX) LNs collected for in vivo imaging (Xenogen IVIS-100).  

 

We performed also another set of experiments in which 5x105 B16F10Luc cells were injected 

subcutaneously. To evaluate LV density in metastatic LNs, we stained paraffin-embedded LN 

sections with anti LYVE-1 antibodies and counterstained nuclei with To-pro3. Images were acquired 

using a Leica TCS SP8 confocal system and the series obtained were processed with Volocity 3D 

Image Analysis Software (PerkinElmer). 
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7. IN VIVO and EX VIVO ANALYSES FOR INDUCED EXPERIMENTAL COLITIS AND 

COLON CARCINOGENESIS  

C57Bl/6J and FVB mice were purchased from Charles River Laboratories. Emilin1-/- (E1-/-) FVB and 

C57Bl/6J background mice and E1-/-/E1-E933A transgenic mice were generated and maintained at 

the CRO-IRCCS mouse facility. All animal procedures and their care were performed according to 

the institutional guidelines in compliance with national laws and with the authorization by the Italian 

Ministry of Health to Dr. Spessotto (n. 248/2015). Both for DSS-induced chronic colitis and AOM/DSS 

colon carcinogenesis treatments, we used 6/8 weeks aged female mice of each genotype (E1+/+, E1-

/- and E1-/-/E1-E933A). 

 

7.1. Two-steps colon carcinogenesis (AOM/DSS) 

Mice were treated with a single intraperitoneal injection of Azoxymethane (AOM, 7,4 mg/kg body 

weight, Sigma-Aldrich) followed by 1-week exposures (for a total of three times) to 2% Dextran 

Sulphate Sodium Salt (DSS, Sigma-Aldrich) in the drinking water. During treatment the tumor growth 

was observed over time by endoscopy and at the end of the observation period (that was 

established when tumors in the colon lumen reach grade 5, occupying it almost entirely) mice were 

sacrificed. Differences in tumor number and volume between groups were first evaluated and then 

tumor tissue was examined by immunohistochemistry (IHC) and immunofluorescence (IF) analysis. 

Colonic mucosa dysplasia (low and high grade) was diagnosed according to the criteria described by 

Cooper et al. (Cooper et al., 2000).  

 

7.2. DSS-induced experimental colitis 

Chronic colitis was induced with several 1-week exposures to 2% DSS in the drinking water. During 

treatment, the impact of intestinal inflammation was performed applying the clinical Disease 

Activity Index (DAI) and Murine Endoscopy Index of Colitis Severity (MEICS) (Becker et al., 2005). At 

the end of each cycle of treatment, mice were monitored by endoscopy and at the end of the whole 

process, they were sacrificed. Colon tissue samples were then collected, recovering the part that 

goes from the cecum to the anus. As first analysis, colons of all mice were measured using ImageJ 

software applied on acquired images, and then cut longitudinally to obtain sampling for Western 

Blot, RNA-sequencing, dosage for cytokines expression analysis and paraffin embedding. 
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7.3. Endoscopy assessment 

In order to evaluate colonic mucosal injury, during both DSS induced experimental colitis and 

AOM/DSS treatments, mice were monitored by endoscopy using the Coloview apparatus (Karl Storz 

Veterinary Endoscopy, Tuttlingen, Germany) (Figure 39). Before endoscopy mice were anesthetized 

with an intraperitoneal injection of ketamine (Imalgene, Merial) (100 mg/Kg) and xylazine (Rompun, 

Bayer) (10 mg/Kg) and the colon appropriately washed with a physiologic solution. Two cm of the 

colon proximal to the anus was visualized after inflation with air and endoscopic damage score was 

determined using the MEICS scoring methods. Based on this method introduced by Beker et al., 

assessment of colon translucency (0-3 points), presence of fibrin in the bowel wall (0-3 points), 

granularity of the mucosa (0-3 points), morphology of vascular pattern (0-3 points), and stool 

consistency (normal to diarrhea, 0-3 points) were evaluated. 

 

 

 

 

 

 

 

 

Figure 39: Specific strumentation use to perform endoscopy. This coloview endoscopy system endoscopy allows to 
perform a video-controlled direct analysis into the colon of living mice; the endoscopic tower is fiber optic light 
transmission incorporated and provides a bright and magnified view of the colon mucosa into the monitor.  

 

 

7.4. Blood samples collection 

At the end of whole DSS induced experimental colitis and two-steps colon carcinogenesis 

treatments, a blood sample was collected by intracardiac sampling from all groups of previously 

anesthetized mice. Blood was recovered with 27 G (Becton, Dickinson and Co.), transferred in special 

tubes BD Microtrainer® MAP K2EDTA 1.0 mg (Becton, Dickinson and Co.) to avoid blood coagulation 

and then analyzed to obtain the leucocyte formula using the Complete Blood Count (CBC) program. 

 

 

Endoscopy tower 

Monitor 
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8. HISTOPATHOLOGICAL AND IMMUNOHISTOCHEMICAL ANALYSES  

 

8.1. Samples recovering and processing 

After necroscopy, 1 cm of the distant colon was recovered, fixed in 10% neutral buffered formalin 

for 48 hours and transferred in 70% ethanol. Samples were then processed for paraffin embedding. 

For histopathological examination 5 µm thick sections were obtained at the microtome and stained 

with hematoxylin and eosin (H&E) and examined with a light microscope for the detection and 

quantification of histological lesions. Regarding immunohistochemical analysis, serial sections were 

immunostained with different primary antibodies: CD45/B220, CD3 epsilon, Ly6G and Iba1. After 

primary Ab incubation, sections were incubated with biotinylated secondary (rabbit anti-rat or 

rabbit anti goat or goat anti-rabbit) antibodies. Sections were labelled by avidin-biotin-peroxidase 

system, using a commercial immunoperoxidase kit (Santa Cruz Biotechnology). Finally, 

immunoreaction was visualized with 3,3’-diaminobenzidine (DAB) substrate and sections 

counterstained with Mayer’s hematoxylin. 

 

8.2. Examination procedures 

Histopathology → all evaluation procedures were made in blind fashion. Thanks to this analysis 

different findings were detected and scored as follows:  

1. Epithelial damage: loss of the epithelial layer of the enteric mucosa. 

▪ - (0) = absence of epithelial damage; 

▪ + (1) = mild epithelial damage; 

▪ ++ (2) = moderate epithelial damage; 

▪ +++ (3) = severe epithelial damage; 

▪ N.B: in some cases, squamous metaplasia of the epithelial layer was observed. This 

finding was scored as epithelial damage with the indication of metaplasia. 

 

2. Inflammatory infiltrate: presence of infiltrating inflammatory cells within lamina propria (in 

the case of DSS induce experimental colitis approach), or within the proliferative lesions (in 

the case of two steps colon carcinogenesis approach). 
 

▪ - (0) = absence of infiltrating cells; 

▪ + (1) = slight presence of infiltrating cells; 

▪ ++ (2) = moderate presence of infiltrating cells; 

▪ +++ (3) = sever presence of infiltrating cells. 
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3. Proliferative lesions: specific for all C57Bl/6J mice with different genetic background treated 

with the two steps colon carcinogenesis (AOM/DSS) approach and classified according to 

Boivin et al., 2003. 
 

▪ Gastrointestinal intraepithelial neoplasia (GIN); 

▪ Adenoma (low or high grade); 

▪ Adenocarcinoma. 

 

Immunohistochemistry → also in this case, all evaluation procedures were made in blind fashion, 

without knowledge about treatment or control groups.  

1. CD45/B220, CD3 epsilon and Ly6G inflammatory cell positivity was scored as follow: 

▪ - = 0; 

▪ + = 1 to 5 cells; 

▪ ++ = 6 to 15 cells; 

▪ +++ = 16 to 30 cells; 

▪ ++++ = > 30 cells. 

Counts were made at 400x and areas to be examined were chosen on the basis of more 

positive areas (hot spots areas). 

2. Iba1 positive cells: this analysis was evaluated through digital image analyses using ImageJ 

software (http://rbs.info.nih.gov/ij/). 
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9. RNA EXTRACTION USING TRIZOL REAGENT 

RNA was extracted from E1+/+ and E1-/-/E1-E933A colon samples using TRIzol RNA Isolation Reagent 

(Thermo Fisher Scientific). Samples were recovered and maintained in TRIzol reagent (the volume 

of the tissue did not exceed 10% of the volume of the reagent). Colon samples were then 

homogenized and centrifuged at 13.200 rpm for 15 minutes at 4 °C to remove the insoluble material 

(extracellular membranes, polysaccharides, and high molecular mass DNA). The supernatant, that 

contained RNA and protein, was transferred to a fresh tube and an isovolume of 2-propanol was 

added. After 10 minutes at 4 °C, samples were centrifuged at 13.200 rpm and the RNA precipitate 

washed twice with 75% ethanol. RNA pellet was then briefly dried for 5–10 minutes by air-drying 

and resuspended in an appropriate volume of water. After isolation, RNA was clean up thanks to 

the RNeasy Mini Kit for subsequently sequencing. 

 

9.1. RNA-sequencing and bioinformatics analysis 

The total murine RNA-seq NGS analysis was performed at BMR Genomics of Padua on E1+/+ and E1-

/-/E1-E933A RNA extracted from treated colon samples. RNA libraries were produced using the 

Illumina kit “TruSeq Stranded Total RNA with Ribo Zero gold” and then loaded on a run-sequencing 

program of Illumina NextSeq 500. Sequences, directly provided by the sequencer as file FASTQ, were 

subsequently aligned through the Burrows-Wheeler Aligner (BWA) program (Version 0.7.10-r789) 

against the murine genome (GRCm38). For the count it has been used the Ensemble annotation 

(Mus_musculus. GRCm38.81.gtf) referred to the genome used for the alignment (GRCm38). The 

differential expression gene (DEG) analysis was performed with “edgeR”. 
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10. CYTOKINE and CHEMOKINE EXPRESSION ANALYSIS 

To determine the levels of the inflammatory responses of chronically DSS-induced tissue damages 

the expression of chemokine and cytokines was determined. At the end of the DSS treatment, mice 

were sacrificed, colons excised, opened and cut longitudinally. Samples were incubated in medium 

supplemented with penicillin and streptomycin and 0.1% FBS. After 24 h, the content of cytokines 

and chemokines in the supernatant fluids was analyzed by using commercially available panels of 

Bio-Plex Multiplex System (ThermoFisher Scientific) that allowed to quantify multiple biomarkers in 

a single well of 96-well plate, using a principle similar to that of ELISA assay. The ProcartaPlex 

Mix&Mattch Mouse 10-plex that we used for our experiments allows to quantify 10 targets of 

interest including ENA-78/CXCL5, IFN-γ, IL-1 α and β, IL-17, IL-21, IL-22, IL-23, IL-6 and TNF-α. 

Detection and quantitation of multiple secreted proteins was then performed thanks to the Luminex 

xMAP (multi-analyte profiling) technology. 

 

11. STAINING of WHOLE MOUNT COLON and LYMPH NODE SPECIMENS  

Colon and LNs were isolated, dissected and fixed in 4% PFA for 2 hours at room temperature. After 

hydration for at least 48 hours and permeabilization with PBS, 0.5% Triton X-100 buffer for 2 hours, 

samples were incubated for 2 hours with the blocking solution (PBS, BSA 1.5%). Later, an overnight 

incubation at 4°C with anti podoplanin primary antibody was performed. After 5 washes with PBS 

0.3% Triton X-100, the secondary Alexa Fluor® conjugated antibody was added for a 3 hours 

incubation at room temperature. Samples were washed and mounted with Mowiol-2,5% DABCO; 

images were acquired with a true confocal scanner system (TCS SP8 FSU AOBS, Leica Microsystems), 

using Leica confocal LAS AF SP8 software. 

 

12. IN SITU MESENTERIC LYMPHANGIOGRAPHY  

To visualize mesenteric LVs and to evaluate lymph node draining capacity, 1 mL of long-chain fatty 

acid, Bodipy-FL-C16 (Life Technologies) was orally administered to E1+/+, E1-/- and E1-/-/E1-E933A 

C57Bl/6J DSS-treated and untreated mice (Figure 40). After 1,5 hours from oral administration, mice 

were euthanized, and fluorescence imaging was performed in order to visualize labelled LVs and 
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LNs in the mesentery, using a Leica M205 FA stereomicroscope (excitation light at 493 nm and 

emission light at 503 nm) equipped with a Leica DFC310 digital camera (Leica Microsystems).  

 

  

 

 

 

 

Figure 40: Schematic representation of the in situ mesenteric lymphangiography. Bodipy-FL-C16 was administrated 

with oral gavage, after 1,5 hours mice were euthanized and visualized using a Leica M205 FA stereomicroscope. 

 

13. STATISTICAL ANALYSIS AND DATA ELABORATION 

In order to quantitatively evaluate LV density, samples were analyzed using a Leica TCS SP8 confocal 

system detecting positivity for antibodies of interest and subsequently processed with Volocity 3D 

Image Analysis Software (PerkinElmer). On the optical acquired images, computer-assisted 

morphometric analyses were performed using the ImageJ software (http://rsb.info.nih.gov). 

Statistical significance of the results was determined by using the two-tailed unpaired Student’s t 

test to determine whether two datasets were significantly different. To compare more than two 

datasets, we additionally performed a one-way analysis of variance followed by Tukey’s post-hoc 

test. χ2 test was used in some analyses, as indicated. A value of P < 0.05 was considered significant. 
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