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Riassunto 
EMILIN1 è una glicoproteina della matrice extracellulare coinvolta in molti processi 

cellulari. Nella sua interezza è in grado di governare processi di elastogenesi dei tessuti 

e ha un ruolo importante nella regolazione della struttura dei vasi linfatici. Inoltre, è 

una proteina multi dominio, e, grazie ai suoi diversi domini funzionali, regola numerosi 

altri processi. Ad esempio, EMILIN1 regola l’omeostasi della pressione sanguigna 

tramite il suo dominio N-terminale, chiamato EMI domain; la regolazione dell’adesione 

e della proliferazione cellulare, invece, avviene tramite l’interazione tra il suo dominio 

C-terminale, chiamato gC1q, e l’integrina α4β1. L’effetto dell’interazione del dominio 

gC1q con l’integrina α4β1 è del tutto peculiare. Generalmente l’interazione delle 

molecole della matrice extracellulare con i recettori integrinici determina un aumento 

della proliferazione piuttosto una diminuizione come nel caso dell’interazione gC1q 

l’integrina α4β1. Studi condotti su topi EMILIN1-/- in cui non è possibile l’interazione 

gC1q-integrina α4β1, hanno messo in evidenza l’attivazione del pathway delle MAP 

chinasi, che induce un aumento della proliferazione cellulare. Dati precedentemente 

pubblicati nel nostro laboratorio hanno dimostrato che nel microambiente tumorale 

EMILIN1 viene degradata dalla elastasi rilasciata dai neutrofili, perdendo così le sue 

proprietà funzionali. Altri autori hanno ipotizzato, mediante l’uso di un approccio 

proteomico, che EMILIN1 può essere un substrato di alcune metalloproteasi, in 

particolare le metalloproteasi 3, 9 e 14. Nel presente lavoro si dimostra che queste tre 

metalloproteasi non sono in grado di svolgere un’ azione proteolitica rilevante. Tra 

queste tre metalloproteasi, infatti, soltanto la metalloproteasi 14 sembra esercitare 

un’azione proteolitica, anche se minima, su EMILIN1. Questa attività proteolitica 

comunque non è paragonabile a quella esercitata dall’elastasi neutrofila, ed inoltre, 

cosa ancora più importante, le proprietà funzionali di EMILIN1 non vengono 

compromesse dopo il trattamento della proteina con la metalloproteasi 14, come è 

stato dimostrato mediante saggi di adesione e proliferazione cellulare. Al contrario, il 

trattamento con l’elastasi neutrofila determina la perdita delle proprietà regolatorie di 

EMILIN1, causando una diminuzione dell’adesione ed un aumento della proliferazione 

cellulare e suggerendo che la degradazione avviene nel dominio gC1q. Tra gli enzimi 
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testati, infatti, solo l’elastasi neutrofila è in grado di degradare e, quindi, 

compromettere le funzioni regolatorie del dominio funzionale gC1q. E’ nata, quindi, 

l’esigenza di identificare il sito/i di taglio dell’elastasi neutrofila sul dominio funzionale 

gC1, per poi, costruire un mutante resistente all’azione proteolitica dell’elastasi 

neutrofila. Consultando vari database riportanti i siti di taglio predetti 

sperimentalmente dell’elastasi neutrofila e mediante un approccio di mutagenesi sito-

specifica, abbiamo creato vari mutanti. Tra questi un mutante che presentava la 

sostituzione dell’aminoacido arginina con l’aminoacido triptofano, il mutante R914W, 

si è dimostrato resistente all’azione proteolitica dell’elastasi neutrofila. Saggi funzionali 

di adesione e proliferazione hanno confermato la capacità, da parte di questo mutante, 

di preservare le sue proprietà regolatorie. 
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Summary 
EMILIN1 is a ECM glycoprotein involved in several cellular processes. In particular, 

EMILIN1 is involved in elastogenesis processes and in the maintenance of lymphatic 

vessels structures.  EMILIN1 presents several regulatory properties exercised through 

its EMI domain that is located at N-terminal region and is able to regulate homeostasis 

of blood pressure, and its gC1q domain located at C-terminal region. In particular, 

gC1q domain is involved in the regulation of both cell adhesion and cell proliferation 

through the binding with α4β1 integrin. EMILIN1-/- mice present an increase of tumoral 

cell proliferation; this is due to the loss of the interaction between gC1q domain-α4β1 

integrin, that determines the activation of the MAPK pathway, resulting in upregulation 

of cell proliferation. Studies previously published in our laboratory demonstrated that 

neutrophil elastase, released by neutrophils present in tumor microenvironment, is able 

to degrade EMILIN1 resulting in the loss of its regulatory functions.  

Other authors have proposed EMILIN1 a possible substrate of several matrix 

metalloproteinases:  matrix metalloproteinase-3 (MMP-3), matrix metalloproteinase-9 

(MMP-9) and matrix metalloproteinase 14 (MT1-MMP). We demonstrated that among 

these MMPs only MT1-MMP shows a weak proteolytic activity on EMILIN1. Moreover, 

we observed that MT1-MMP was not able to impair EMILIN1 functions. On the contrary 

we observe that the digestion of EMILIN1 with neutrophil elastase was able to impair 

EMILIN1 tumor suppressor role. At this step, we wanted to analyze the capability of 

neutrophil elastase to degrade the gC1q domain. We digested the gC1q domain with 

several proteases and we observed that among the tested proteases only neutrophil 

elastase was able to degrade the gC1q domain and to impair its functionality. Thus, we 

wanted to pinpoint the neutrophil elastase cleavage site on gC1q domain, in order to 

generate a mutant of gC1q domain resistant to neutrophil elastase cleavage. We 

consulted several peptidase database that contained predicted neutrophile elastase 

cleavage sites, on these basis we generated several gC1q mutants. Among these 

mutants that generated, we found that the mutant R914W, in which aminoacid arginine 

was substituted with aminoacid tryptophan, was resistant to neutrophil elastase 
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cleavage. Functional adhesion and proliferation assays confirmed the capability of R914 

mutant to maintain its properties after neutrophil elastase treatment.  
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 ACRP-30 Adipocyte Complement-Related Protein of 30kDa 

 BSA Bovine Serum Albumine 
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 mAb monoclonal antibody 
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 NMR Nuclear Magnetic Resonance 
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 ROS Radical Oxygen Species 
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 SDS Sodium Dodecyl Sulphate 

 TBT-T Tris Buffered Saline Tween-20 

 TGF-β Transforming Growth Factor- beta 

 TIMPs Tissue Inhibitors of Metallo Proteases 

 TNF Tumor Necrosis Factor 

 VEGF Vascular Endothelial Growth Factor 

 WB Western Blot 

 WT Wild type 
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Chapter 1 

1 Elastic fibers 

The extracellular matrix (ECM) is an intricate network of the non-cellular component 

secreted by surrounding cells and involved in structural and biochemical functions that 

are fundamental for tissue morphogenesis, differentiation and homeostasis [1]. ECM is 

formed mainly by collagens, fibronectin, laminin, and proteoglycans (FIG 1).  

 

 

The proportions of these components can vary greatly depending on tissue type [2]. 

Elastic fibers are major constituents of the ECM. They appear with highly variable 

morphology in different connective tissues and confer the properties of resilience and 

elastic recoil [3]. Analysis by electron microscopy allowed a common structure to be 

recognized in all elastic fibers: they are formed by an amorphous core surrounded by 

a coat of fibrillar elements, the microfibrils, variously represented in different tissues. In 

spite of this simple basic organization, elastic fibers are now known to be highly 

complex structures [4]. They are composed of several specific structural proteins, 

including elastin, fibrillin 1 and 2, MFAP (Micro-Fibril Associated Protein) [5], LTBP 

(Latent TGF-β Binding Protein), fibulin and EMILINs. Elastin and fibrillin are the main 

FIGURE 1: Schematic view of the Extracellular Matrix organization. Adapted from: Karp, Cell and 

Molecular Biology Concepts and Experiments, 2010  
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components of the amorphous core and of microfibrils, respectively. It has been 

showed, that, they are involved in the assembly of elastic fibers, and that their relative 

expression could play an important role contributing to the morphological differences 

of elastic fibers at different locations [6]. 

Several components of elastic fibers are implicated in some heritable human 

syndromes. The most widely studied of these include SVAS (supra-valvular aortic 

stenosis), CCA (congenital contractural arachnodactyly), which has been linked to the 

fibrillin-2 gene, and the Marfan syndrome, one of the most frequent genetic 

syndromes, for which various types of mutation have been mapped in the fibrillin-1 

gene [7]. However, most of the numerous heritable syndromes, for which a clear 

alteration of elastic fibers is known, have no assigned gene.  

1.2 Fibrillar components 

Fibrillar components are the principal components of loose connective tissue, and they 

contribute to constituting the mechanical structure. Several kinds of fibers and fibrils 

having various features are present in the ECM.  

1.2.1 Collagens 

The collagen family is formed by members of a triple helical structure, formed by three 

polypeptide chains. The characteristic of these chains is that Glycine (Gly) is always 

present as third aminoacid; in this manner, the collagenous domain presents the 

characteristic sequence X-Y-Gly. Until now 28 collagens have been recognized in 

animals, encoded by at least 42 genes [8], [9]. Only a limited number can form fibrils, 

and these are collagen types I, II ,III,V,XI, XXIV and XXVII. Collagen I is present in the 

loose connective tissue, type II is found in cartilage, and type III in several tissues such 

as dermis, tendon and vascular ligature. The type XXIV and XXVIII collagens are quite 

rare [10].  

1.2.2 Collagen type I, fibrils and fibers 

Collagen type I is the most abundant ECM protein, and it is assembled in 

supramolecular structures with other collagens and proteoglycans. It has hypothesized 
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that collagen V is formed by one α1(V)chain and two α2(V) chains in several tissues 

[11]. In the mature fibrils, the collagen V molecule is aggregated and forms a structure 

resembling a craft. The thickening of collagen fibrils is various in several tissue; for 

example, in mice fibrils can have a range from 10 nm in the eye to 150 nm in tendon 

[12]. Bundles of more than hundred fibrils can form collagen fibers, which are 

responsible for the strength of the tissue [13]. Moreover, collagens are able to form a 

network between them or in their inner, and it is further possible to assist to crosslink 

between collagen and other molecules [14]. The main role of this crosslink is to stabilize 

collagen fibrils. These crosslinking are affected in diseases, such as fibrosis [15],[16] and 

cancer [17].  

1.3 Reticular fibers 

Collagen type III is the most important constituent of reticular fibers [18], it is encoded 

by the single gene COL3A1. The biosynthesis of collagens III is similar to collagen I [19]. 

In addition to collagen type III, reticular fibers are also formed by fibronectin [20], 

collagen V and many other proteoglycans [21]. They are involved in networks that are 

more present in basal membranes (BMs) of blood vessels and epithelia [22]. At this 

level, reticular fibers are associated with collagen type VII to form anchoring fibrils. 

Anchoring fibrils can interact with BM components, which create an interconnection 

between ECM and BM.  

1.4 Elastic fibers and microfibrils 

Two well distinct members form elastic fibers: elastin fibrils and microfibrils. The 

structure of elastic fibers is different in various tissues because several types of fibrillar 

and lamellar forms exist. Fibrillar elastic fibers in loose connective tissue present rough 

shape because they are associated with microfibrils [22].  

Elastic fibers are important in giving to tissues elastic recoil property, inhibiting they 

elongation. The major components of microfibrils are fibrillin and other minor 

components such as microfibril associated glycoproteins (MAGPs), EMILIN1, EMILIN2 

and fibulins. Elastin fibrils are formed by monomers of tropoelastin that are associated 

with fibulins to form several aggregates. At the moment fibulins function is not known, 
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but the deficiency of fibulins expression can determine a structural abnormality of 

microfibrils and elastic fibers [23]. An hypothetic role of fibulin may be represented by 

the regulation of the enzymatic activity of Lysyl oxidase (LOX) on tropoelastin [24]. 

Moreover, it has been illustrated, that the association between tropo-elastin, fibulins 

and other proteins that are secreted by cells on microfibrils could serve as skeleton for 

new elastic fibers [25].  

1.5 EMILINs family 

EMILINs are glycoproteins belonging to the superfamily of proteins characterized by 

the presence of an EMI domain, located at N-terminal region and a gC1q domain, 

located at C-terminal region [26],[27],[28]; gC1q domain is highly conserved and it is 

present in 32 humans proteins [29][30].  

This family comprises seven members, which can be divided into three sub groups. The 

first group includes EMILIN1[31],[6],[28], EMILIN2 [32], MULTIMERIN1 (MNR1) [33], and 

MULTIMERIN2 (MMRN2)[34]. EMILIN3, which has not the gC1q domain at C-terminal 

region belongs to the second group [35]. EMID-1 and EMID-2 belong to the third 

group; they contain EMI domain, but present a different structure respect to others 

components, because most of the sequence is collagenous [35] (FIG 2). 

 

Figure 2. The EMILIN protein family. (C1q) C1q-like domain; (EMI) EMI domain; (COL) 

collagenous domain; (PR) prolin-rich domain, (RR) arginine-rich domain; (EG) region with partial 

similarity with EGF domain.  
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1.5.1 EMILIN1 localization 

EMILIN1, initially called gp115, was isolated by Bressan et al. in 1983 from chick aorta 

[36] associated with elastic fibers. In particular, EMILIN1 is commonly present in regions 

where elastin and microfibrils are in close contact (that is where the name “Elastin 

Microfibril Interface Located proteIN 1” comes from). Blood vessels present the highest 

concentration of EMILIN1, but the protein has also been found in all examined connective 

tissues (heart, lung, skin, intestine, cornea, kidney, skeletal muscle) and always in 

association with elastic fibers [6]. The observation that EMILIN1 co-localizes with elastin in 

vitro cultures of aorta cells, also indicates that the protein is produced in situ rather than 

being of blood origin. After synthesis in aortic smooth muscle cells, the protein is 

deposited in the ECM as a fine network. Soon after secretion, EMILIN undergoes 

intermolecular cross-linking via disulphide bond formation, giving rise to high molecular 

weight aggregates [37].  

The protein could be detected during the early stages of aorta development in 

association with a network of fibrils that were smaller in diameter than microfibrils and 

probably represent maturing microfibrils. EMILIN1 deposition clearly precedes the 

appearance of elastin and simultaneously with that of fibrillin-1 [38]. Thus, the appearance 

of EMILIN1 can be considered an early event in elastogenesis, suggesting a specific 

function of the protein in this process. This conclusion is enforced by the observation that 

anti-EMILIN1 antibodies considerably alter the normal process of elastic fiber formation 

in vitro and elastin deposition [6]. A structural role for EMILIN has also been hypothesized 

in studies performed on chick embryo digit formation, where the arrangement of the 

protein was compatible with the possible role for the anchoring elastin fibrils to other 

matrix constituents [39].  

1.5.2 EMILIN1 structure 

The EMILIN1 gene maps to chromosome 2 in position p23.2 – p23.3 and it is organized 

in eight exons interrupted by seven introns. EMILIN1 presents a multi-modular structure. 

The EMI domain [40] is situated at N-terminus region. It is a cysteine-rich repeat sequence 

and presents an elevated homology between the family members. The EMI domain 
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displays peculiar characteristics; indeed, despite of the majority of EMI domains known to 

date, the EMI domain of EMILIN1 presents seven cysteine residues. Moreover, the spatial 

organization of this domain is very different compared to other cysteine rich region such 

as the EGF domain [41]. Furthermore, EMI domain presents at the C-terminal of the 

domain a well conserved sequence (WRCCPG(Y/F )xGxxC) that appears to be unique to 

the EMI domain [41]. EMILIN1, as few ECM proteins, at the central region, presents 

domains in which the 3-4-3-4 spatial structure of hydrophobic residues shows α-helical 

coiled-coils which results in a rigid rod [41],[42],[43]. Between the coiled coil region and 

C-terminal region, EMILIN1 has a region of 91 amino acids that contains two sequences 

very similar to structures called “leucine zippers”. The presence of this “leucine zipper 

sequence” is rather strange for ECM proteins. There are very few cases reported in 

literature in which this region is present: pollux, an ECM protein in Drosophila [44], and 

dystrophin, a cytoplasmic protein that is able to interact with troponin [45]. The leucine 

zipper functions are not well defined. It could be hypothesized that this structure is 

involved in the association of the C-terminal with N-terminal domains to direct the 

correct assembly of the EMILIN1 trimer [41]. Close to the leucine zipper there is a short 

collagenic portion composed of 17 GXY triplets organized in a trypsin-resistant triple 

helix [37]. The gC1q domain of EMILIN1 is encoded by exon 7 and exon 8 and it is 

constituted by 151 amino acids, mostly hydrophobic, organized in β-sheet secondary 

structure. This domain is highly conserved and it has a high homology with the C1q 

complement. The presence of this domain is fundamental for the interaction between 

EMILIN1 and the α4β1/α9β1 integrins [46]. 
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1.5.3 Functions of EMILIN1  

Several studies using a mouse models in which Emilin1 gene is inactivated have 

evidenced multiple phenotypes: systemic hypertension [47], a reduction of anchoring 

filaments in lymphatic 

vessels and increase of 

lymphatic vessels diameter 

[48], dermal and epidermal 

hyperproliferation [49].  

In general EMILIN1 is 

involved in several 

functions associated to its 

whole structure such as 

elastogenesis, and the 

maintenance of blood 

vascular and cell 

morphology (FIG 3). Moreover, EMILIN1, through its gC1q domain, is involved in other 

functions such as regulation of its homotrimerization processes (coiled coil region), 

skin homeostasis, skin carcinogenesis, cell adhesion and migration by interaction with 

α4β1 and α9β1 integrins. Through the EMI domain, EMILIN1 regulates blood 

hypertension.  

1.5.4 EMI domain function 

The correct structure and functionality such as elasticity of vessels is regulated by the 

presence of smooth muscle cells and endothelial cells that cover vascular walls. For the 

maintenance of the appropriate blood pressure it is important to maintain the correct 

interconnections with ECM. Given that EMILIN1 is closely associated with elastic fibers 

and microfibrils present in blood vessels [31],[41] and that it is involved both in 

elastogenesis  processes and regulation of blood vessel morphology [50] it has been 

hypothesized that EMILIN1 can exert a mediator role in the regulation of blood 

pressure. Indeed, it has been demonstrated that Emilin1-/- mice show an increase of 

FIGURE 3. Schematic view of EMILIN1 function.  
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blood pressure respect to WT littermates. This increase of blood pressure may be due 

to a peripheral vascular resistance as well as to a decrease in size of blood vessels. It 

has been demonstrated that EMILIN1 through its EMI domain can bind pro TGF-β, 

inhibiting its maturation to TGF-β by furin convertases. In this manner EMILIN1 exerts 

a TGF-β antagonist role resulting in a decrease of blood pressure level [47].   

1.5.5 EMILIN1 and lymphatic system 

Lymphatic endothelial cells show interconnections with surrounding ECM that are 

mediated by AFs [51]. Structural defects of AFs could decrease adsorption from 

interstitium and can promote lymphedema. Abnormal AFs can render lymphatic vessels 

less responsive to oncotic change [52].  EMILIN1 is secreted by Lymphatic Endothelial 

cells line (LECs) and is closely associated at the abluminal side of lymphatic vessels. The 

presence of EMILIN1 close to lymphatic vessels suggests an important role of EMILIN1 

in the regulation of the functions and structure of lymphatic system [48]. Indeed, 

Emilin1-/- mice show hyperplasia and increase of lymphatic vessels diameter respect to 

WT mice. Among abnormalities, the decrease of AFs number and the presence of 

multiple overlapping junctions of LECs are most frequent, in EMILIN1-/- mice, where 

LECs lose interconnections with ECM: in this case it is possible to observe the formation 

of intraluminal flaps showing structural and number of abnormalities [48].  

 

1.6 gC1q: the EMILIN1 functional domain 

Most of the EMILIN1 functions are due to the interaction between integrin α4β1 or 

α9β1 and gC1q domain  [49], [46], [53].  

The C-terminal C1q domain exhibits a high homology with the gC1q domain of a lot 

of members of the C1q/TNF superfamily.  The aminoacidic sequence of the C1q-like 

domain of EMILIN1 shows similar features to the other domains. This indicates that 

aminoacidic sequence presents a high level of conservation of several hydrophobic and 

aromatic residues. To obtain the best sequence alignment of EMILIN1 with the other 

members of the superfamily, it was necessary to allow for the peculiar insertion of a 9-

residue sequence that is unique for EMILIN1 and 2 and is missing in all the other 
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members.  In this manner, the structure prediction of C1q domain was obtained by 

comparing the molecule with other members of the superfamily [28]. 

The gC1q domain exists in solution as a stable trimeric protein formed by three 

identical polypeptide chains of 162 amino acids (150 from the natural domain 

sequence, 7 from N-terminal fused histidine tag and initial Met residue, and 5 derived 

from the cloning strategy) with an overall molecular mass of 51.624 KDa. Verdone et 

al. determined the three-dimensional solution structure of the gC1q domain using a 

hybrid approach that involved homology modeling and structure refinement with 

experimental restraints obtained by NMR spectroscopy [54] (FIG 4). 

The most relevant changes that occur between gC1q 

domain and other gC1q domain (crystal) structures 

solved to date are the reduction to nine (instead of ten) 

of the number of antiparallel strands (A, A’, B’, B, C, D, 

E, G, H) and the presence of a peculiar unstructured 

loop spanning from Y927 to G945. This unstructured 

loop, resulting from the insertion unique to EMILIN1 

and EMILIN2 family members cited above, is located 

upstream the missing strand F at the trimer apex and 

possibly available for interactions with 

ligands/receptors of gC1q domain. The disordered loop is followed by the so called 

“molten strand F” (I953-L956), an interfacial sequence with no secondary classification 

( and Ψ angles no longer define a β strand). Despite the loss of the local secondary 

structure, region F is expected to be rigid (the spatial location of region F remains 

invariant) and it is involved in inter subunit interactions. The self-interaction 

(trimerization) of the gC1q domain was first investigated with the use of two hybrid 

system; successive biochemical analyses exclude disulfide bond involvement in the 

trimeric organization [37]. The association between monomers mainly occurs through 

the buried strands A, A′, H, C belonging to sheet 1, and the unstructured region 

spanning residues L947–P955, whereas strands B, B′, D, E, and G constitute the external 

FIGURE 4. Structure of the 

gC1q domain. Ribbon 

representation of the assembly, 

as top view 

 



 
21 

second sheet. The  interface contacts between subunits are mainly hydrophobic and 

involve the side chains of most conserved residues in gC1q family located at the base 

of the trimeric assembly [41]. The top is slightly open (~150 Å) to form a cavity ~16 Å 

deep. Among the 30 residues that establish inter subunit interactions, only two are 

charged (R870 and R893) and located at opposite ends of an extended hydrophobic 

surface. The presence of hydrophobic contacts near the base of the trimer has been 

highlighted for other members of the C1q family and, apparently, it is a common 

feature of these molecules (collagen X, ACRP30, and collagen VIII). In contrast, the 

occurrence of hydrophilic interactions at the apex of the trimeric adduct, seen in 

collagen X, ACRP30, and collagen VIII, cannot be confirmed in human gC1q domain 

structure, which is relatively loose in that area [55]. 

1.6.1 Integrins α4β1/α9β1  

Integrins are receptors involved in cell adhesion that present a well conserved structure 

[56]. Only in recent years has been well characterized at the molecular level. The 

difficulties encountered in trying to characterize this type of molecules are due to the 

capability of integrins to bind several multi-adhesive ECM molecules, which are able to 

bind other proteins such as cytokines, growth factors and matrix-degrading proteases 

[57]. It is possible to classify integrins into subgroups based on ligand-binding features 

or of their subunit composition.  One of the principal function of integrins is due to 

their capability to function as links between the ECM and the actin cytoskeleton [60]. 

In the last few years it has been proposed a mechanosensor role for integrins; indeed 

they can exert this role generating signals that are able to affect cell physiology [61], 

[62]. α4β1/α9β1 integrins  interact with a variety of ECM proteins: for example, FN, 

osteopontin, TSP-1 [63]. Differently from many other integrins, α4 and α9 integrins are 

able to bind the ligands in a RGD independent manner [64].  

1.6.2 Structural aspects of gC1q domain/ integrin ligation 

All polypeptides that are able to interact with integrins  show aspartic or glutamic acid 

residues localized in loops that protrudes from core of the ligand [72]. Both aspartic 

and glutamic amino acid residues are essential for integrin recognition. Sequences that 
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are present on ligands, containing aspartic residues, are able to recognize the majority 

of integrins [73], [74], [75]. [76]. The interaction of the gC1q domain-α4β1 integrin is 

more complicated than in other cases. The substitution of the glutamic acid in position 

933 (E933) with alanine residue generates gC1q domain unable to recognize α4β1 

integrin suggesting that glutamic acid in position 933 plays a fundamental role in this 

interaction [55]. Several gC1q domain presenting mutation around the E933 region 

have been tested to verify their ability to bind integrin α4β1. All the resulting gC1q 

domain mutants were able to recognize the integrin confirming that the lack of 

interaction between gC1q domain and integrin α4β1 is due only and exclusively to 

glutamic residue present in region E933 [55]. Furthermore, it has been demonstrated 

that the presence of the E993 amino acid residue in each of three monomers is 

necessary to allow the interaction gC1q domain α4β1 integrin [55]. α4β1 integrin 

dependent interactions, differently to α5β1- or αvβ1-dependent interactions with FN 

and vitronectin that give to a cytoskeletal remodeling [77], [78], [79], [80], govern only 

initial and intermediate steps of cell adhesion (attachment and spreading); on the 

contrary it does not seem to regulate focal adhesion and stress fiber production [67].  

1.6.3 The functional role of gC1q domain: adhesion, migration and 

proliferation 

Studies conducted by using blocking antibodies directed against different domains of 

the protein, indicate that many EMILIN1 properties are fully accounted by its functional 

domain gC1q; in particular, these studies indicate that cell adhesion and 

antiproliferative functions of EMILIN1 rely on the interaction with integrin α4β1. Also 

integrin α9β1, which is highly homologous with integrin integrin α4β1, is able to 

interact with the gC1q domain. The interaction gC1q domain-integrin α9β1 can 

promote several physiological processes such as skin homeostasis, cell adhesion and 

cell proliferation. Normally, the binding of ECM components to integrin receptors 

determines an increase of cell proliferation. Danussi et al, illustrated that EMILIN1 

through the interaction of the gC1q domain with integrin α4β1 or integrin α9β1 can 

negatively regulate cell proliferation [49],[82], [83]. In fact, mice Emilin1 -/-, show dermis  
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and epidermis hyperproliferation [49]. The antiproliferative role of EMILIN1 has been 

demonstrated also in vitro on fibroblast cultures in which Emilin1-/- cells showed an 

elevated level of proliferation compared to Emilin1+/+ cells. 

The interaction gC1q domain- integrin α4β1/ α9β1 activates a signaling pathway that 

is able to regulate cell proliferation through the involvement of several molecules such 

as PI3K, PTEN, Erk 1/2 and SMAD. 
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Chapter 2 

2.1Tumor Microenvironment 

A link between inflammation and cancer was proposed by Rudolf Virchow in the 19th 

century following the observation of leucocytes in several tumor tissues. Only during 

the last decades this hypothesis has been clearly established. Some authors have 

showed that inflammatory microenvironment is a ubiquitous component of all tumors 

[84].  Moreover, epidemiological studies have illustrated that up to 30% of all cancer 

may be due to inflammation [85]. Thus, it is possible to affirm that inflammation could 

be one of the major causes of cancer. In inflammatory context, several cells are 

recruited, such as neutrophils, macrophages, dendritic cells. Neutrophils, the first cells  

arriving in an inflammatory microenvironment, are able to release cytokines, growth 

factors and various proteases such as neutrophil elastase (NE) which are able to affect 

the behavior of epithelial, mesenchymal and endothelial cells [87].  

 

2.2 Neutrophils 

Neutrophils exert an important role as first responders to pathogen attack.  Neutrophils 

are the major components in number of white blood cells and fulfill two fundamental 

functions: the first is an immune surveillance function, and the second is to destroy 

micro-organism. Neutrophils belong to granulocytes family, together with eosinophils 

and basophils [88]. Under non-pathological conditions, the number of neutrophils 

circulating is very low. On the contrary, during inflammatory conditions, the number of 

released neutrophils is increased. To exert their role in immune system, they move 

quickly; indeed among the cells present in the body, they are the quickest cells [91] 

and are able to moving directionally (chemotaxis) to go towards their “prey”. In order 

to do this, they expose several receptors that can be classified in: I) receptors that are 

able to detect soluble chemo attractants, II) receptors for recognizing an inflammatory 

microenvironment and III) receptors important for the activation of the adaptive 

immune system [92]. To avoid aspecific activation, neutrophils usually remain in a 

quiescent condition, but also in this condition they can present a more aggressive 
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phenotypes through a process called “priming” [93]. During this process a lot of 

inflammatory molecules such as GM-CSF [94], platelet activating factor (PAF) [95], 

lipopolysaccharide (LPS) [96] and TNF-α [97] are able to promote a state of pre-

activation. Moreover, “priming” can determine cell polarization, expression of integrin 

[98], increase of oxidative burst [96], release of leukotriene B4 and acid arachidonic 

[99],[100] and degranulation responses [101]. It has been hypothesized that neutrophil 

“priming” is an early stage of neutrophil recruitment and comes before extravasation 

[102]. 

2.3 Neutrophil recruitment 

As already mentioned, neutrophils are the first cells to occur during inflammation or 

infection conditions as a result of stimulus emitted by pathogens and host cells. When 

neutrophils are present in transient form, they roll over along endothelial vessels in 

“reconnaissance mission” to pick up damage or infection signal.  

When the immune system is under the attack by microorganism, there is a condition 

in which a lot of receptors, present on cell surface, are employed in neutrophil 

recruitment resulting in upregulation. In this scenario, the levels of P-selectin are 

increased in a few minutes following stimulation by reactive oxygen species (ROS) 

[105], while the level of E-selectin are increased after 1 or 2 h thanks to stimulation by 

IL-1, TNF-α or LPS. If the expression level of selectins allows to engage enough ligands, 

neutrophils are immobilized. At this point neutrophils must adhere perfectly to walls of 

blood vessels. In this neutrophil immobilization processes β2-integrins specifically 

CD11a/CD18 (LFA-1) and CD11b/CD18 [103] are involved and after activation, 

neutrophils acquire a polarized morphology, in which it is possible to distinguish an 

attack region. The creation of this region is regulated by G-protein coupled receptors 

by a signaling in which phosphoinositide 3-kinase (PI3K) catalyze the formation of the 

second messenger phosphatidylinositol (3,4,5)-trisphosphate (PIP3) from 

phosphatidylinositol (4,5)-bisphosphate (PIP2); PIP3 allows the activation of Rho 

GTPase with consequently polarization of F-actin [106],[107].  
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At this point neutrophils are ready to migrate in proximity of the inflammation sites. 

The extravasation is favored by the CD11a/CD18 and CD11b/CD18 integrins present 

on neutrophil surface and the ligands present on endothelial cell [108]. Neutrophils can 

release several other proteases in addition to NE such as cathepsin G, proteinase 3 (PR) 

and matrix metalloproteinases (MMPs), in particular matrix metalloproteinase-9 (MMP-

9),  that is able to break several component of the basal membrane such as laminins 

and collagens [109]. NE is able to bind ECM components in a manner that are 

inaccessible for tissue inhibitors [110]. Moreover, thanks to the presence of protective 

film on ECM components, NE can resist to proteases inhibitors action and, in this 

manner, determines ECM components breakdown [111], [112].  

2.4 ECM molecules favoring cancer and its progression 

ECM plays an important role in several cellular functions such as cell shape, cell 

adhesion, proliferation, migration, differentiation and polarity [113],[127],[115]. Under 

normal conditions the ECM composition is highly regulated through a delicate 

equilibrium in which synthesis and degradation processes are balanced. This delicate 

equilibrium is corrupted in pathological conditions, such as cancer. During cancer 

insurgency, the increase of ECM components breakdown leads to the formation of 

fragments that can favor tumor growth and progression [116],[117]. Several data 

present in the literature reinforce the idea that ECM can play an important role in tumor 

progression. Moreover, many of its components can enhance the development and the 

spread of tumor cells. Only exiguous number of ECM components are able to carry out 

a tumor suppressor function. There are many examples of how ECM molecules can 

0exert strategies to promote tumor initiation and progression. In several types of 

cancer, collagens present several structural alterations due to the linearization, as a 

result of modification at post-translational level. This modifications, in ECM structure 

could give various abnormalities regard to cellular differentiation, proliferation, 

migration and survival [17],[123].   

Fibronectin (FN) is another glaring case of ECM molecule that, following qualitative and 

quantitative modifications, covers a role as mediator of the malignant process. Among 
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ECM molecules FN holds a principal role to understand the interaction between 

“integrin- ECM” on cell survival and proliferation. In particular, the adhesion process 

due to interaction between fibronectin and α5β1 integrin, can stimulate cell cycle 

progression [124],[125]. In particular, endothelial and epithelial cells are an example of 

cell types that need the presence of α5β1 integrin to adhere to ECM. During the 

adhesion process several pathways are activated. Among these the molecular pathway 

of FAK exerts an important role. Indeed, FAK signaling allows mechanical coupling 

between ECM and cytoskeleton: when FAK is activated Rac-mediated cyclin D1 gene 

and cyclin D1-dependent Rb phosphorylation are activated [126].  

During fibrillogenesis, there is an increase of FN rigidity, with consequent 

strengthening of binding between FN and integrin α5β1 [127]. Given that FN controls 

collagen fibril organization, and viceversa, it is clear that both FN and collagens 

modifications in size, density and rigidity can regulate the functions each other. This 

scenario plays a fundamental role in tumor progression; indeed, high deposition of FN 

is closely associated with tumor development [128],[129]. Moreover the engagement 

of α5β1 to FN determines an increase of MMP-1, MMP-3 and MMP-9 release causing 

tumor invasion [130],[131]. It is clear how not only qualitative but also quantitative 

changes in the ECM composition can generate a microenvironment propitious to the 

cancer onset. It is known that proteinases participate busily to ECM remodeling. The 

degradation process of matrix proteins is called proteolysis, and it is facilitated by the 

presence of proteases. The protease action allows to destroy the basement membrane, 

that acts as a barrier for epithelial cells, and subsequently to form pathways for the cell 

to migrate through [132]. Collagen IV is an abundant molecule present in ECM. Several 

studies illustrated that in pancreatic model this ECM component is expressed close to 

the cancer cells, contributing to form basement membrane like structures on the tumor 

and it allows tumor cells to survive by autocrine mechanism [133]. Moreover, collagen 

I degradation can determine angiogenesis: the cleavage of the triple helical of type I 

collagen, is necessary to permit the formation of new blood vessels [134],[135]. On the 

contrary, the proteolytic process of collagens can give also fragments able to contrast 

angiogenesis. For example, endostatin, a fragment originated by the degradation of 
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type XVIII collagen, is able to inhibit the formation of new vessels [136]. Moreover, 

tumstatin, a fragment of type IV collagen, by modulation of αvβ3 and αvβ5 integrin 

signaling [137],[138], exerts a role similar to endostatin in endothelial cells, as well as 

arresten and canstatin, other type IV collagen fragments, that show antiangiogenic 

effect [139],[140]. FN fragments play a double role: they are able both to promote cell 

growth [141]  and to inhibit cell invasion. An example thereof is given by FN13 amino 

acid peptide which can modulate αvβ3 integrin organization and is involved in the 

inactivation of ILK pathway [142]. Laminin is another ECM component after MMPs 

cleavage, that allows the exposure of hidden site, can promote cell migration and 

invasion[143],[144]. 

2.4.1 ECM Molecules with Anti-Tumor Activity 

 

An exiguous number of ECM proteins are able to exert a tumor suppressor role, some 

of them through an indirect mechanism and others, through a direct mechanism. 

Thrombospondin-1 (TSP-1) is an ECM protein involved in suppression of angiogenesis. 

TSP-1, such as thrombospondin-2, plays a suppressor role in angiogenesis by the 

interaction with vascular endothelial cell growth factor (VEGF), inhibition of endothelial 

cell migration and inhibition of MMP-9 [145],[146]. Also fibulin-5 (FBLN-5) exerts tumor 

suppressor function, by inhibiting angiogenesis [147],[148]. In order to regulate its 

angiogenic control, FBLN-5 can control several endothelial cell activities by direct and 

indirect mechanism. FBLN-5 can directly reduce endothelial cell migration and invasion 

counteracting VEGF stimulation of ERK1/ERK2 and p38 MAPK [148]. Moreover, FBLN-5 

increases TSP-1 expression in endothelial cells [148] causing a reduction of 

angiogenesis by enhancing TSP-1 mediated apoptosis and also by the inhibition of 

MMP-9 expression. Several studies illustrated that in endothelial cells the 

overexpression of FBLN-5 during tubuligenesis can give a decrease of MMP-2 [149]. 

Furthermore, FBLN-5 blocks ROS production by interfering with the interaction present 

between FN and β1 integrins. This mechanism allows FBLN-5, going to bind to β1 

integrin, in place of FN, and then to inhibit cell spreading, proliferation and migration. 

The FBLN-5 tumor suppressor role is illustrated in several studies where it is elucidated 
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that FBLN-5 mRNA level is drastically decreased in prostate, breast, kidney, ovary and 

colon cancer [150],[151],[152]. Among the fibulin family, also for FBLN-3 a tumor 

suppressor role has been recognized, by inhibiting angiogenesis and by the reduction 

of tumor growth [149]. 

There are other examples of ECM molecules that may directly inhibit tumor 

progression.  Cysteine rich angiogenic inducer (CCN1) can be considered one of these. 

High levels of CCN1 favor fibroblast apoptosis by binding to α6β1 integrin and 

syndecan-4. This binding determines Bax activation that causes cytochrome c release 

and activation of caspases -9 and -3 [153]. Decorin is another molecule that plays tumor 

suppressor role in direct manner. Many tumor cells show high level of EGFR. The 

presence of Decorin allows the delay the EGFR endocytosis, that leads to EGFR 

degradation, whit the consequence to attenuate its signaling pathway.  

2.5 EMILIN1 and cancer 

EMILIN1 holds an important role in tumor microenvironment, given that it is involved 

in several processes such as cell growth and metastatic spread. A microenvironment in 

which EMILIN1 is absent, is able to promote tumor progression. Danussi et al [48], 

illustrated that EMILIN1-/- mice show an increase of lymphoangiomas size compared to 

WT mice. Electron microscopy analysis demonstrated that EMILIN1 lack is associated 

with morphological abnormalities, such as reduced number of AFs. This condition 

confers an important role to EMILIN1 in the maintenance of lymphatic vessels correct 

structure [48]. Furthermore, the lack of the interaction EMILIN1-integrin α4/α9β1 

determines a more elevated lymphatic vessels density [83]. In mouse model studies, it 

has been illustrated that EMILIN1 integrity is important to prevent the insurgency of 

acute lymphedema: in the inflammatory context caused by tail surgery, the presence 

of NE, released by neutrophils, is able to impair EMILIN1 functionality. The use of 

Silvelestat, a specific inhibitor of NE, inhibits EMILIN1 degradation by reactivating, in 

this manner, the functionality of lymphatic vessels [154].

On the basis of these results, it appears that an EMILIN1 negative microenvironment 

favors tumor cell proliferation and dissemination to lymph nodes. The tumor 
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suppressor role played by EMILIN1 seems to be questioned by two different studies in 

which the authors, by analyzing gene expression and by using proteomic approaches, 

demonstrated an upregulation of EMILIN1 in ovarian carcinomas and osteosarcomas 

[160][161]. Edlung et al., have shown that the expression of EMILIN1 in non-small lung 

cancer is upregulated [159]. This could be explained by the fact that EMILIN1 plays a 

tumor suppressor role in a context dependent manner. Another hypothesis may be 

that EMILIN1 gene expression is elevated, but the environment present in tumoral 

context is able to impair EMILIN1 functionality. A scenario in which EMILIN1 is unable 

to exert its tumor suppressor role may be due to proteolytic enzymes released by cells 

present in tumor microenvironment that may be able to degrade EMILIN1. A condition 

in which EMILIN1 is lacking, as mentioned before, can be considered very similar to 

that of EMILIN1-/- mice and resulting in the upregulation of cell proliferation. A question 

which may arise is: are there conditions, in humans, in which EMILIN1 may loose its 

functions? Pivetta et al, have demonstrated that by incubating EMILIN1 with several 

supernatants of immune cell, the degradation of the protein was observed only when 

EMILIN1 was incubated with neutrophils supernatants [162]. Furthermore, they 

demonstrated that among the enzymes released by neutrophils only NE was able to 

degrade EMILIN1 [162]. In this scenario, in which EMILIN1 is degraded, it may lack its 

functionality, in particular regarding its tumor suppressor role. Moreover other authors 

by a proteomic approach hypothesize that EMILIN1 can be degraded also by same 

MMPs such as MMP-3, MMP-9 and MT1-MMP [164]. 
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Chapter 3 

 

3.1 Neutrophil Elastase (NE) 

NE, with cathepsin G and proteinase 3 (PR3), belongs to serine proteinase family, stored 

in the azurophilic granula of neutrophil granulocytes [165]. NE is able to degrade 

several molecules such as elastin, collagen, cadherins, proteoglycan, fibronectin, 

complement receptors, thrombomodulin, lung surfactant, and growth factors 

(granulocyte-colony-stimulating factor, stromal cell-derived factor-1, and their 

respective receptors, G-CSFR and CXCR4) [166]. Among the inhibitors of NE, an 

important role is exerted by α1-antitrypsin.  An imbalance of NE and α1-antitrypsin is 

associated with the insurgency of chronic liver disease, rheumatoid arthritis, aneurysm 

and lung emphysema [166]. Moreover it is evident that the imbalance between NE and 

its inhibitors can give cancer progression of several tumors such as lung, liver and 

colorectal cancer [167]. 

3.2 Biology of NE 

NE has a high grade of homology with Proteinase3 (PR3), Cathepsin G (CG). NE, such 

as all serine proteases, contains a conserved catalytic triad formed by: histidine, aspartic 

acid and serine residues [168]. The gene encoding for NE is found on chromosome 10 

[169] in mice and on chromosome 19 in humans [170]. It consists of five exons and four 

introns [171]. The synthesis of NE is highly regulated at the transcriptional level before 

being transported in the neutrophil azurophilic granules in their active mature form 

[170]. NE is synthesized in an inactive form that presents: a signal peptide, an amino-

terminal pre-dipeptide and a C-terminal pro-peptide [172],[173].  

3.2.1 NE Structure and Function 

NE is generally able to cleave in proximity to small hydrophobic amino acids, in 

particular, valine, alanine and isoleucine. However, the NE consensus sequences is very 

similar to the other neutrophil serine proteases. Serine proteases show their own 

specificity to recognize their consensus sequencing and very often this capability is due 
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to the distribution of charged amino acids [180]. NE has the highest activity at pH 7. As 

other serine proteases, NE is able to cleave substrates by its catalytic triad formed by 

serine, histidine and aspartate.  

The structure of NE shows β-barrels interconnected by a segment and an α-helix 

present at C-terminal region. Moreover, its structure is stabilized by the presence of 

four disulfide bonds. When NE exerts its proteolytic activities, the -OH group of serine 

provides to nucleophilic reactions forming a covalent bond with the substrate. The 

nitrogen present on histidine amino acid residue accepts hydrogen from serine, 

forming a tetrahedral complex. Electrons present in the peptide bond that occurs 

between the amino groups and the carbonyl of substrate can interact with the 

hydrogen present on histidine, with consequent bond breaking and release of N-

terminal portion. The electrons that are still present on nitrogen of the histidine 

reforming the bond, resulting in an acyl-enzyme intermediate. The N-terminal region 

of the cleaved peptide is replaced by molecule of water, forming an another tetrahedral 

intermediate. At this point electrons arrange a bond between serine and hydrogen 

present on the histidine with consequently resolution of tetrahedral intermediate, with 

release of the C-terminal portion of the cleaved peptide, and restoring the active site 

of the proteases [174]. 

3.2.2 Role of Extracellular NE 

Tumor progression is strongly supported by conditions in which the presence of 

inflammatory cells and continuous inflammation are not resolved [182],[183]. NE is 

secreted in microenvironment by azurophilic granules [184]. The release of NE is 

mediated by several type of chemokines, citokines, IL-8, TNF-α, C5α and LPS [185]. 

Given that neutrophils are the first cells to respond during microorganism attack, 

proteases released by these cells, such as NE, are involved in early defensive mechanism 

to face inflammatory responses. NE exerts an important role in inflammation 

regulation. In order to do it, NE must evade the control of endogenous inhibitors. How 

NE is able to do it is not clear, but several possible mechanism are been proposed [186]. 

One possible mechanism shows that a cavity is created among ECM and neutrophils, 



 
33 

in which NE is released and unassailable to large inhibitors [186]. The second 

mechanism could be that the elevated molecules of NE form as a shield closed of to 

inhibitors [110]. Given that NE exerts an important role in inflammation, several 

experiments are conducted on animals in order to correlate a reduction of 

inflammation with inhibition of NE. Using a hamster model, some authors illustrated, 

an increase of NE expression during acute lung injury  [187]. The treatment with 

neutrophil inhibitors in dose dependent manner causes a decrease of tissue 

inflammation.  

3.2.3 Imbalance between NE and its Inhibitors in inflammatory 

disease 

During physiological inflammation, NE inhibitors are able to block NE activity and 

resolve inflammation [180]. On the contrary, in pathological conditions, when the 

inflammation is not resolved, for example in emphysema, inflammatory bowel disease 

chronic [188], obstructive pulmonary diseases (CODP) [189], NE and its inhibitor are 

imbalanced. It determines continuous inflammation, destruction of tissue and diseases 

[189]. Deregulation of NE activity is showed in several inflammatory diseases as well as 

by the degradation of several type of chemokines, cytokines and growth factors. 

Pharmacological inhibition of NE shows a decrease of dysfunction due to ischemia-

reperfusion of skeletal muscle [190]; moreover, it is able to limit the severity of 

collagen-induced arthritis [191] as well as to limit the progression of acute lung injury 

following endotoxin inhalation [187]. In COPD disease, there is a limited airflow. In 

patients with COPD bacteria proliferate in the lung and determine infiltration of 

neutrophils. Considering that the release of NE determines ECM degradation and 

destruction of lung parenchyma, the use of NE inhibitor for this pathology has been 

suggested. Indeed, AZD9668, a NE inhibitor can be used for the treatment of COPD. 

Studies of phase one and two have demonstrated that this inhibitor is well tolerated 

[193]. 
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3.3 The role of NE in cancer 

It is well known as NE can contribute to cancer progression by its ability in ECM 

breakdown [167],[194]. Recently it has been proposed another mechanism in which NE 

can promote cancer progression by the activation of MMP-2. MMP-2 is a MMPs 

involved in cancer progression and angiogenesis. Shamamian et al [195] illustrated an 

indirect role for NE in the tumor promotion. The authors showed that NE was able to 

activate MMP-2 in a dose and time dependent manner in HT1080 sarcomas cells, 

Furthermore, the authors illustrated that when neutrophil-conditioned media has been 

added to cell lines expressing MT1-MMP, these cells show elevated activation of MMP-

2 and ECM invasion.  On the contrary when cell lines not expressing MT1-MMP are 

incubated with NE, the authors did not observe any variation of MMP-2 level. They 

hypothesize that the presence of MT1-MMP is important for the activation of MMP-2 

by NE. Moreover, the activation of immature MMP-2 is inhibited by α1-antitrypsin, an 

inhibitor of NE, but not by Batimastat, which is a MMP inhibitor. Moreover, the authors 

have not been able to find the component of the extracellular matrix that was altered 

in animal model, but they demonstrated the NE can promote cell proliferation by the 

phosphatidylinositol-3-kinase (PI3K) enhanced activity. They observed the NE entrance 

in tumor cell via clathrin. After the NE internalization, insulin receptor substrate-1 (IRS-

1) that is a partner of p85, one of the regulatory subunit of PI3K is degraded [198].  

3.4 MMPs 

MMPs are a family of zinc-dependent proteases involved in remodeling processes of 

ECM such as casein, gelatin, elastin and collagen. Their enhanced concentration levels 

are observed in several diseases involved in tissue degradation such as inflammation 

and cancer. Actually twenty-four genes in human that encodes for all human MMPs 

have been identified. On the basis of their substrate specificity, they are classified in six 

groups: collagenases, matrylisins, gelatinases, stromelysins, membrane associated 

MMPs.  

MMPs are molecules involved in all four hallmarks of cancer: migration, invasion, 

metastasis and angiogenesis. During cancer invasion for example, the presence of 
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MMPs in specialized cell surface structures, called invadopodia, is important to enhance 

their capacity to favor invasion [202]. Invadopodia are present in site where ECM 

degradation occurs. In invadopodia, in order to degrade several ECM components, 

several kind of matrix metalloproteinases such as MMP-14, a large number of ADAM, 

MMP-2 and matrix metalloproteinase (MMP-9) are involved [203].  

3.4.1 Matrix metallo-proteinase-3 (MMP-3) 

MMP-3 belongs to the stromelysin groups. MMP-3 shows a relatively simple structure, 

in which hemopexin domain is attached to catalytic site by a hinge region [204]. Several 

molecules such as ROS and growth factors can regulate MMP-3 gene transcription. The 

MMP-3 must be activated extracellularly, since when released in ECM, it is present in 

an inactive form. The activation of MMP-3 is regulated by plasmin cascade signaling 

[205]. MMP-3 exerts a weak activity of ECM components. MMP-3 is an example of 

metalloproteases that can exert both protective and pro-tumor function. A study 

revealed that using a squamous cell carcinoma model for a chemical carcinogenesis 

protocols an increase of tumor growth and progression in MMP3 KO mice compared 

to mice WT was amazingly detected, highlighting a protective role of MMP-3 in cancer 

progression [206]. On the contrary, a study in mammary gland illustrated a promoter 

of oncogenesis promoting function for MMP-3 in breast cancer [208]. In another study, 

immortalized epithelial cell line was transfected to express MMP-3 under the control 

of Tet-repressible promoter. The injection of these cells in fat pads of mice in the 

absence of tetracycline treatment determines the formation of small tumors after 6 

weeks. On the contrary when MMP-3 is lacking the same cell lines form well 

differentiated glandular structures and few tumors.  

3.4.2 Matrix metallo-proteinase-9 (MMP-9) 

MMP-9, also called, Gelatinase B) is a leucocyte gelatinase that presents a catalytic site 

formed of a metal binding domain separated from the active site by three fibronectin 

repeats that facilitate the degradation of large substrate such as elastin and denatured 

collagens [209]. The presence of amino acids residues such as Asp309, Asn319, Asp232, 

Tyr320 and Arg3076 in this region is very important to gelatin binding. Furthermore, a 
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central O-glycosylated domain is involved in molecular flexibility,  in regulation of 

substrate specificity and MMP-9-dependent invasion [209].  

Nonetheless, the proteolytic activity of MMP-9 on triple helical domains of collagen, is 

controversial. Indeed, much it has been discussed about the susceptibility [213] or 

resistance to MMP-9 cleavage of the triple helical domains of collagen [212]. One of 

the main functions of MMP-9 in oncologic field is to regulate the formation of new 

blood vessels participating actively to angiogenesis. Despite normal conditions, vessels 

formed in tumor microenvironment are immature and present abnormalities [215]. 

MMP-9 plays a critical role as pro-angiogenic molecule [216] and it is able to regulate 

angiogenic switch [217],[218]. Moreover, MMP-9 is able to control several processes 

during neo angiogenesis such as pericyte apoptosis, recruitment and proliferation 

[219].  

3.4.3 Matrix metalloproteinase-14 (MT1-MMP) 

MT1-MMP is secreted in inactive form and then it is activated by a furin-like convertase 

by the cleavage of Arg108-Arg-Lys-Arg motif situated between the pro-peptide and 

catalytic domain. The active form of MT1-MMP is translocated to membrane to exert 

its cleavage function. Moreover, once the active MT1-MMP is translocated on plasma 

membrane, it is subjected to autocatalytic process resulting in formation of an inactive 

fragment and the release of CAT domain. MT1-MMP is able to hydrolyze several ECM 

components such as type I collagen, fibronectin, vitronectin, laminin-1, and 

extracellular matrix metalloproteinase inducer (EMMPRIN), and cytokines, chemokines 

and growth factors [226],[227]. Some substrates of MT1-MMP, such as pericentrin and 

breast cancer type 2 susceptibility gene (BRCA2) have also identified [228],[229]. 

Several cellular functions such as invasion, growth, motility and apoptosis are altered 

by MT1-MMP through the digestion of the substrates mentioned above. It is found 

that MT1-MMP is highly expressed in several tumors [231], in particular in breast, small 

cell lung , bladder and ovarian cancer [232],[233]. Elevated expression levels of MT1-

MMP have been correlated with an increase of invasion, tumor growth and metastasis 

[234]. Several studies have illustrated high expression of MT1-MMP in prostate and 
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squamous cell cancer, where it is able to promote the epithelial to mesenchymal 

transition [235],[227]. Moreover, MT1-MMP, in pancreatic ductal adenocarcinoma, can 

increase the activation of growth factors promoting chemo resistance [236].  
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AIM 

EMILIN1 is an extracellular matrix glycoprotein and it is able to exert a wide range of 

functions mainly associated with its gC1q domain. The interaction “gC1q domain- α4β1 

integrin” is able to promote cell adhesion and migration but, more interestingly, it can 

regulate proliferation, with “suppressive” effects. Moreover, EMILIN1 plays an 

important role in ECM both in normal and pathological conditions. This hypothesis is 

formulated on the basis of previous studies, in which the authors, Pivetta et al [162], 

demonstrated that proteolytic enzymes, such as NE, released in the tumor 

microenvironment by neutrophils, is able to impair the EMILIN1 features disabling its 

antiproliferative functions. The EMILIN1 degradation by NE has been shown in 

leiomyosarcomas, ovarian cancer and undifferentiated soft tissue sarcomas [162]. In a 

recent study, it was illustrated in a non tumoral contest, the cruciality of EMILIN1 

integrity to exert its functions. In this study the authors showed that EMILIN1 

degradation by NE is able to promote surgically induced lymphedema [154]. 

Stegemann et al [164] proposed, by a proteomic approach, EMILIN1 a possible 

substrate of some MMPs (MMP-3,-9 and MT1-MMP). The aim of this thesis was to 

investigate the capability of this MMPs in to degrade EMILIN1 but above all if these 

MMPs are able to impair EMILIN1 features. Moreover, we wanted to analyze if the 

degradation of EMILIN1 by proteolytic enzymes impairs the function of gC1q domain 

is affected by putative EMILIN1 fragmentation. Moreover, we wanted assess if whether 

the tumor suppressor functions of EMILIN1 are due to proteolytic degradation, and in 

case, in particular, we want to assess whether this loss depends on the degradation of 

the whole protein or only of its functional domain gC1q. 
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Chapter 4 

Material and methods 

4.1 Cell cultures 

In this study we used three types of cell line: the human leyomiosarcoma SKLMS-1 cell 

line, the immortalized human T lymphocyte Jurkat cell line and Human Embrionyc 

Kidney 293 cell line. All cells were obtained from the American Type Culture Collection 

(ATCC, Manassas, VA, USA). SKLMS1 cell line and Human Embryonic Kidney 293 cell 

line were maintained in DMEM High Glucose containing 10% fetal bovine serum (FBS) 

(GIBCO BRL), 1% penicilline streptomycin (Sigma), 4% glutamine (Sigma). Jurkat cell 

line was maintained in RPMI containing 10% fetal bovine serum (FBS) (GIBCO BRL). All 

cell lines were maintained at 37°C, under 5% CO2 in humidified incubators. 

 

4.2 EMILIN1 expression and purification  

The human embryonic kidney cell line 293-EBNA, constitutively expressing the EBNA-

1 protein from Epstein-Barr virus (Stratagene), was transfected by electroporation with 

the EMILIN construct [37]. Just before the transfection, a half-million cells were 

collected and resuspended in serum-free culture medium (Dulbecco's modified Eagle's 

medium) containing 25 mM NaCl and incubated for 5 min in the presence of 10 μg of 

DNA. The cells were electroporated and plated in Dulbecco's modified Eagle's medium, 

10% fetal calf serum. 24 h later 500 ng/ml puromycin were added to the medium for 

the selection. Puromycin-resistant cells were selected and assayed for recombinant 

protein expression by precipitating the spent (10 min at 13,000 rpm) serum-free culture 

medium with 50% (w/v) trichloroacetic acid and 1% Triton X-100 and analyzing the 

precipitate by SDS-PAGE.  

EBNA-293 cells were expanded to mass culture, and the cells were maintained for 2 

days in serum-free medium. Partial purification was achieved by dialysis of the 

conditioned medium at 4 °C against 0.1 M NaCl, 20 mM Tris-HCl, pH 6.8 (buffer A). 

Purification to near-homogeneity was achieved by chromatography on a DEAE-
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cellulose (Amersham Pharmacia Biotech) column, equilibrated in the same buffer. The 

bound material was eluted from the DEAE-cellulose column with a NaCl gradient in 20 

mM Tris-HCl, pH 6.8. The peak fractions were pooled, dialyzed against 50 mM TrisHCl, 

pH 8.8, 1.2 M ammonium sulfate (buffer B), and loaded onto a column of phenyl-

Sepharose CL-4B (Amersham Pharmacia Biotech). Bound material was eluted with a 

linear gradient of ammonium sulfate in 50 mM Tris-HCl, pH 8.8 (buffer C). Given the 

very large size of the EMILIN aggregate, the hydrophobic chromatography was 

substituted by a size exclusion chromatography purification step using Sepharose CL-

4B (1.0 3 90.0 cm column). 

 

4.3 gC1q WT PRODUCTION, PURIFICATION AND SDS-PAGE 

ANALYSIS 

The gC1q domain as recombinant protein was expressed as His6-tagged protein and 

extracted under native conditions as previously described [37]. Briefly, 500 ml of liquid 

culture grown at 0.6 A600 nm was induced with 1 mM isopropyl-1-thio-D-

galactopyranoside for 4 h at 37 °C. The culture was then centrifuged at 4000 g for 20 

min, and the cell pellet was resuspended in sonication buffer (50 mM sodium 

phosphate, pH 8.0, 0.3 M NaCl) at 5 volumes/g of wet weight. The samples were frozen 

in a dry ice/ethanol bath, thawed in hot H2O, incubated 1h with 1 mg/ml lysozyme, and 

sonicated on ice (1-min bursts/1-min cooling/200–300 watts). The cell lysate was 

centrifuged at 10,000 x g for 20 min, the supernatant was collected and purification of 

the His6- tagged recombinant fragment was performed by affinity chromatography on 

nickel-nitrilotriacetic acid resin (Qiagen GmbH) under native conditions. The 

recombinant protein was eluted from the affinity column in sonication buffer, pH 6.0, 

containing 10% glycerol and 0.2 M imidazole. When resistance to denaturation by 

heating in the presence of 1% SDS was assayed, the samples were incubated in sample 

buffer (20mM Tris-HCl, pH 7.6, 100 mM NaCl, 25 mM EDTA, 1% SDS, 2 mM 

phenylmethanesulfonyl fluoride, 5mM N-ethylmaleimide) for 1h at different 

temperatures just before gel loading. 
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4.4 Enzymatic digestion 

Plasma FN (Sigma Aldrich), Collagen type I (BD Bioscience), EMILIN1 or gC1q WT and 

its mutated variants were incubated with the MMPs catalytic domain (Giotto Biotech 

Srl), full length recombinant MMP-9 (Calbiochem), NE (Calbiochem), Proteinase 3 (Enzo 

LifeScience, Inc) and Collagenase type I-A (Sigma-Aldrich) at different molar 

enzyme:substrate ratios for different times as indicated at 37°C. The digestion with 

recombinant catalytic domain of MMP-3, MMP-9, MT1-MMP and collagenase was 

carried out in a buffer containing 10 mM CaCl2, 120 mM NaCl, 50 mM Tris, pH 7.5. The 

solution for NE digestion contained 10 mM CaCl2, whereas for proteinase 3 (PR3) a 150 

mM NaCl, 50 mM Tris, pH 7.5 buffer was used. Controls were incubated in the 

appropriate buffer without enzymes.  After the indicated times, reactions were stopped 

by adding 5× Laemmli buffer, loaded onto 4%−20% polyacrylamide gel, and stained 

in a 0.05% wt/vol Coomassie G-250, 5% v/v glacial acetic acid solution to monitor 

substrate degradation. In some experiments, we analyzed fragmentation pattern by 

immunoblotting. Sivelestat sodium salt hydrate was purchased from Sigma (S7198) and 

suspended in a 20 mg/ml stock solution.  

4.5 Immunoblotting 

The enzymatic digestions were separated using 4-20% SDS-PAGE Criterion-TGX-stain 

free Precast Gels (Biorad) and transferred to Nitrocellulose membranes (Biorad). 

Membranes were blocked with 5% non-fat dried milk in TBS-0.1% Tween20, and 

incubated overnight with the following primary antibodies: AS556 and AP556 

(produced in our laboratory) at a diluition of 1:2000. The proteins were then decorated 

using horseradish peroxidase-conjugated anti-rabbit antibodies (GE Healthcare) at 

diluition of 1:3000 and autoradigraphed by Immobilion Western Chemoluminecsent 

HRP Substrate (Millipore, Darmstadt, Germany) or analyzed on Biorad Chemidoc Touch 

Imaging System. 
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4.6 Transfection of HEK 293 cell line 

HEK 293 cells were transiently transfected with expression vectors pCMV2-MMP3-Flag 

and pCMV-SP-MT1-MMP-flag (Sino Biological, Thermo Fisher Scientific) for MMP-3 

and MT1-MMP respectively, using the Fugene HD reagent method (Roche), according 

to the manufacturer's instructions. Cells were seeded into six well plates and grown to 

80% confluence. 2 μg of the pCDNA vectors were mixed with 100 μl Dulbecco's 

modified Eagle's medium and 7μl Fugene HD reagent. The mixture was incubated for 

15 min at room temperature. The lipofection mixture was added onto the cells and 

incubated at 37 °C for 4 hours before replacement with culture medium. After 24h has 

added 0.3 µg of recombinant EMILIN1. Conditioned medium and cell lysates are been 

collected after 24h, 48h and 72h. 

4.7 MALDI TOF analysis 

To determine the molecular weights of the gC1q NE cleaved fragments, the digestion 

mixture was separated by SDS-PAGE using a precast, gradient, 4-20% gel (Biorad). After 

Comassie G-250 staining, selected digestion bands were excised from the gel and 

submitted to the in-house proteomic facility for the MALDI TOF analyses. 

 

4.8 Site directed mutagenesis and cloning into pQE30 vector 

for  the production of the gC1q mutants 

  

The gC1q mutants were generated by site-directed mutagenesis using the overlapping 

PCR approach. In a first PCR the primer carrying the desired mutation was used in 

combination with 5’- and 3’- flanking primers to generate two overlapping fragments 

using, as template, the gC1q WT domain coding sequence inserted in the expression 

vector pQE-30 (Qiagen) between the BamHI and KpnI restriction sites. The overlapping 

fragments were gel-purified and used as templates in a two-step. PCR consisting of 12 

elongation cycles in which the overlapping region work as primers and addition of the 
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5’- and 3’- flanking primers carrying BamHI and KpnI restriction sites, respectively, 

followed by 25 amplification cycles. The used primers are listed in Table 1: 

 

Mutant Primers 

R914W 

 

Forward: 5’-gaggccgtgctgtcctggtccaaccagggcgtggcccgc-3’ 

Reverse: 5’-gcgggccacgccctggttggaccaggacagcacggcctc-3’ 

R914V 

 

Forward: 5’-gaggccgtgctgtccgtgtccaaccagggcgtggcccgc-3’ 

Reverse:  5’-gcgggccacgccctggttggacacggacagcacggcctc-3’ 

R914P 

 

Forward: 5’-gaggccgtgctgtcccgctccaaccagggcgtggcccgc-3’ 

Reverse:  5’-gcgggccacgccctggttggagcgggacagacggcctc-3’ 

R914E 

 

Forward: 5’-gaggccgtgctgtccgagtccaaccagggcgtggcccgc-3’ 

Reverse:  5’-gcgggccacgccctggttggactcggacagcacggcctc-3’ 

R914D 

 

Forward: 5’-gaggccgtgctgtccgagctccaaccagggcgtggcccgc-3’ 

Reverse:  5’-gcgggccacgccctggttggaagctcggacagcacggctc-3’ 

S913A 

 

Forward: 5’-gaggccgtgctggcccgctccaaccagggcgtggcccgc-3’ 

Reverse:  5’-gcgggccacgccctggttggagcgggccagcacggcctc-3’ 

S913G 

 

Forward: 5’-gaggccgtgctgtcccgctccaaccagggcgtggcccgc-3’ 

Reverse:  5’-gcgggccacgccctggttggagcgggacagcacggcctc-3’ 

S913T 

 

Forward:5’-gcgggccacgccctggttggagcgggtccagcacggcctc-3’ 

Reverse: 5’-gaggccgtgctggacccgctccaaccagggcgtggcccgc-3’ 

 

The final products were purified by Wizard SV columns (Promega), cut with BamHI and 

KpnI (Promega), and ligated in pQE-30 cut with the same enzymes (T4 DNA Ligase, 

Biolabs). Ligation products were transformed in MI5 bacterial strain. The expression 

constructs containing mutant sequences were verified by DNA sequencing. The 

oligonucleotides were purchased from Sigma Genosys. 

 

4.9 Gelatin zymography 

The proteolytic activity of MMP-9 has been evaluated by zymography assay.  Briefly, 

supernatants of osteoclast were analyzed by gelatin zymography in 0.1% gelatin 

(Sigma Aldrich srl) -8% acrylamide gels without reduction. After electrophoresis, gel 

was washed with a solution of Tris-HCl 50 mM pH 7.5 containing 2.5% Triton X-100 

(Sigma Aldrich srl). Then the gels were incubated in a solution of developing buffer a 

solution of Tris-HCl 50mM pH7.5 containing NaCl 150mM, CaCl2 10mM, e Brij 0.02% 

(Sigma Aldrich srl), overnight to induce gelatin lysis. Then the gel was washed in 
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distilled water, and stained in a 0.05% wt/vol Coomassie G-250, 5% v/v glacial acetic 

acid solution and decolorated with a mixture of methanol-glacial acetic acid (15%-5%) 

to monitor substrate degradation. 

4.10 Adhesion assay: quantitative cell adhesion assay: 

“CAFCA” 

The cell adhesion capability was tested by the use of the assay denoted CAFCA 

(Centrifugal Assay for Fluorescence-based Cell Adhesion) [238], which allows for both 

qualitative and quantitative parameters of cell-substratum adhesion to be established. 

CAFCA is based on two centrifugation steps: the first one to allow 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 

solutions”, composed of the gC1q WT and mutant gC1q R914W digested and not 

digested with NE (10 µg/ml), were prepared dissolving several protein concentrations 

in the 0.05 M bicarbonate buffer pH 9.6, and aliquoting 50 μl in each well of the bottom 

CAFCA miniplates. The miniplates were incubated at 4°C for 8-16 h. After removing the 

coating solution from the wells, they were fill with 200 μl of 1% (w/v) BSA blocking 

solution and incubated at room temperature for at least 2 h. Human Jurkat T Cell lines  

to be assayed for their binding capability to molecular substrates, were collected, 

centrifugated and re-suspended in DMEM (or another preferred medium). The cells 

were then incubated at 37°C for 10-20 minutes in the presence of 1-10 μM calcein (AM) 

(Molecular Probes Inc., Eugene, PO) to allow metabolization and subsequently 

fluorescent labelling. The incubation time with calcein AM may need to be extended; 

the optimal labelling is achieved when the cell pellet attains a yellowish color. The 

blocking agent were then removed from the wells, which were washed at least twice 

with 200 μl of the cell-adhesion medium containing polyvinylpyrrolidone (PVP). The 

wells were filled with 200 μl of the cell-adhesion medium with 2% (v/v) India Ink. 50 μl 

aliquots of the labelled cells were added in each well. The bottom CAFCA miniplates 

were placed in the opposite bottom black holder and centrifuged at 142g for 5 min, 

followed by incubation at 37°C for 20 min. The top CAFCA miniplate wells were filled 
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with the same PVP-and India ink-containing medium as used for the bottom CAFCA 

miniplates. After the CAFCA miniplates unit assembled, 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 fluorimeter (Infinite M1000, Tecan, 

Italia). The percentage of 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. 

4.11 Adhesion assay and proliferation by Xcelligence 

technology 
To quantitatively monitor cell adhesion and cell proliferation in real time, we adopted 

the xCELLigence technology provided by the Real-Time Cell Analyzer dual plate 

instrument (Roche). The cell index, an arbitrary measurement and a reflection of overall 

cell number, attachment quality, and cell morphology can change as a function of time. 

For adhesion assays, the E-Plates 96 (Roche) were precoated with gC1q WT or mutant 

gC1q R914W not digested or digested with NE (20 μg/ml) (4°C, overnight). Cells were 

then seeded at 5 x 103 cells/well. Cells were monitored every 15’ for 1 h for cell adhesion 

and every 1h for 48h for cell proliferation. Data analysis was performed using Real-

Time Cell Analyzer software (version 1.2) supplied with the instrument. Experiments 

were performed in quintuplicate. 

4.12 Statistical analysis 

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. A value 

of P < 0.05 was considered significant. 
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Chapter 5 

Results 

5.1 The MMPs exert a weak proteolytic activity on EMILIN1 

Stegemann et al [164], by a proteomic approach, have proposed EMILIN1 as an 

hypothetical substrate for MMPs, in particular MMP-3, MMP-9 and MT1-MMP. Pivetta 

et al have illustrated that NE, released by neutrophils, is able to impair EMILIN1 

functions and its tumor suppressor role [162]. We wanted to analyze if also MMP-3, 

MMP-9 and MT1-MMP were able to impair EMILIN1 functions. In order to answer this 

question EMILIN1 was incubated with recombinant catalytic domains of MMP-3, MMP-

9, and MT1-MMP at several time points and high molar ratio (1:4) E(Enzyme): 

S(Substrate) and recombinant EMILIN1 (blue arrow) with recombinant MMP-9 full 

length form at molar ratio of 1:20 (E:S). Coomassie staining evidenced a weak 

proteolytic activity of MMPs, among which MT1-MMP seemed to show a higher 

proteolytic activity than MMP-3 and MMP-9 (recombinant and full length) after 24h  

 

 

FIGURE 5.1A. MMPs digestion on EMILIN1. EMILIN1 was incubated with MMP-3, MMP-

9, MT1-MMP for the times indicated. MT1-MMP shows an higher proteolytic activity 

compared other MMPs. 
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(FIG 5.1A) After 30’ of incubation with MT1-MMP, it was evident the reduction of the 

main EMILIN1 band (150kDa) and the appearance of a band migrating very close to 

EMILIN1 principal band (black arrow) (FIG 5.1A). Also, MMP-3 was able to exert a 

proteolytic activity but only after longer time (yellow arrow). On the contrary, the 

proteolytic activity of MMP-9 was not detected for recombinant catalytic domain and 

the full length form.  We performed also experiments at several time points incubating 

EMILIN1 with MT1-MMP at molar ratio 1:10 (E:S), the Coomassie staining showed the 

presence of migrating band near the main EMILIN1 band just after 2h (black arrow) 

(FIG 5.1B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 5.1B. MT-MMP time course. EMILIN1 has been incubated with MT1-

MMP at time points. After 2h it is possible detect EMILIN1 fragmentation. 
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In order to compare the proteolytic activity of NE and MT1-MMP, the two enzymes 

that appeared to be most capable of degrading EMILIN1, We incubated EMILIN1 with 

these two enzymes. We observed that NE showed a higher proteolytic activity than 

MT1-MMP, indeed NE was able to completely degrade EMILIN1 at lower molar ratio of 

1:50 (E:S) already at 1h of incubation (white arrow); conversely, the principal band of 

EMILIN1, after 24h of incubation with MT1-MMP, although reduced, it was still visible 

(black arrows) (FIG 5.1C). In order to 

obtain a better analysis of digestion 

patterns we performed Western blot 

analysis using specific antibodies 

against EMILIN1. To do this we used 

both a rabbit antiserum against 

EMILIN1 (As556IgG), that recognizes 

protein full length, and a rabbit 

antiserum against the only gC1q 

domain (As556AP), in order to detect 

the different fragmented bands and 

to compare MT1-MMP and NE 

activity (red arrows) (FIG 5.1D). The 

NE and MT1-MMP digestion 

pathway detected by these two 

antibodies were very different. The 

MT1-MMP digestion pathway 

detected with antibody As556IgG 

confirmed the Coomassie results, 

MT1-MMP exerted a weak 

proteolytic activity on EMILIN1.  

Conversely, EMILIN1 digested with NE, its main band (150 kDa) completely disappeared 

and digestion bands of about 76 kDa were present (FIG 5.1D). Moreover, we 

performed dose and time dependent experiments, incubating EMILIN1 with NE, in 

FIGURE 5.1C. EMILIN digestion: NE vs MT1-MMP.  

EMILIN1 is more degraded after digestion with NE 

compared to MT1-MMP. 

f 
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order to show the effectiveness proteolytic activity of NE. Western blotting analysis 

revealed that the principal band of EMILIN1, digested by NE, was apparently greatly 

reduced after 2 h at molar ratio 1:50 (E:S) (white arrow). These results have been 

confirmed also by using the antibody, AS556AP, that is able to recognize the gC1q 

domain. We observed a reduction of the main band of EMILIN1 both at molar ratio 

1:100 (E:S) and (1:500) (white arrow) (FIG 5.1 E).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Conversely, at higher molar ratio 1:50 (E:S) this band completely disappeared (FIG 

5.1E). It can be speculated that the activity of the tested MMPs on EMILIN1 substrate 

is very low, or even absent for MMP-9, given that only at high enzyme concentrations 

FIGURE 5.1D. EMILIN digestion: NE vs MT1-MMP. Western blotting analysis of 

EMILIN1 samples incubated with MT1-MMP and NE at times and doses as indicated. 

Membranes were probed with polyclonal antibodies against EMILIN1 As556IgG and 

AS556AP.  

- 

- 

- 
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and long incubation times EMILIN1 was partially digested; on the contrary, NE was able 

to completely digest EMILIN1 also at low concentrations and short incubation times.  
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FIGURE 5.1E. Western Blot analysis NE dose and time dependent on EMILIN1. (A) EMILIN1 is 

incubated at several molar ratio with NE, membrane has been incubated with AS556IgG antibody 

that recognizes several epitopes of the protein. (B) EMILIN1 is incubated at several molar ratio with 

NE, membrane has been incubated with AS556AP antibody, that recognizes only the gC1q domain. 

A 

B 
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5.2 MMPs degradation in physiological conditions 

The recombinant MMPs need saline buffer to reach the optimal enzymatic activity. 

These buffer saline, determine pH values very different compared to the physiological 

conditions and for this reason are unsuitable for studies with cell lines. To perform the 

EMILIN1 digestion in a more physiological condition, we transfected HEK 293 cell line 

with expression vectors for MMP-3 and MT1-MMP. To assess if MMPs enzymes was 

expressed successfully we performed a Western Blot on cell lysates (to evaluate MT1-

MMP expression on membrane) and sovranatants (to evaluate the presence of secreted 

MMP-3) (FIG 5.2A). 

 

 

 

 

 

 

 

FIGURE 5.2A Western Blot analyses: MMP-3 and MT1-MMP expression. Membranes were 

incubated with antibody α-Flag 

 



 
52 

EMILIN1 was added after 24h from transfection to the cell cultures and the conditioned 

media used for different incubation times: 24h, 48h, 72h after transfection (FIG 5.2B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 5.2B Western Blot analyses: MMP-3 and MT1-MMP activities. Cells have been 

transfected with pCMV2-MMP-3-Flag or pCMV-SP-MT1-MMP14-Flag. EMILIN1 was added 

after 24h. The sovranatants have been collected after 24, 48 and 72h. The yellow arrows indicate 

MMP-3 digestion bands. Black arrows indicate MT1-MMP digestion bands. 
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Both MT1-MMP and MMP-3 showed a very weak proteolytic activity on EMILIN1, 

highlighting the same digestion patterns. Indeed, two large bands after 48h were 

visible and migrated near to the principal band of EMILIN1 not digested (FIG 5.2B). 

Moreover, it was possible to observe the presence of two minor fragments present at 

about 60 kDa (FIG 5.2B) Furthermore, another band of 50 kDa appeared showed only 

after MMP-3 digestion (FIG 5.2B). In order to analyze the proteolytic activity of MMP-

9 on EMILIN1 we performed digestion experiments using sovranatants derived from 

primary human osteoclast cell cultures, given that these cells highly express MMP-9 

also in activated form. To evaluate the activation level of MMP-9 released by human 

osteoclast cell cultures, we activated supernatants derived from different human 

osteoclast cell cultures with APMA for 24 h and performed zymography of human 

osteoclast supernatants (FIG 5.2C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 5.2C Zymography assay. Several sovranatants of osteoclasts have been activated 

with APMA. yellow arrow indicates inactive form of enzyme, white arrow indicates active form 

of enzyme. 
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We then incubated EMILIN1 with sovranatants of human osteoclasts containing 

activated MMP-9 for 1h, 6h, and 24h (FIG 5.2D).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Also with this approach we did not observe fragmentation bands of EMILIN1 after 24 

h of incubation, confirming in this manner the results obtained with the recombinant 

MMP-9. 

FIGURE 5.2D Western Blotting analysis. EMILIN1 has been incubated with sovranatants of 

osteoclasts activated, expressing MMP-9, for 1,6 and 24 h. MMP-9 is not able to degrade 

EMILIN1  
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5.3 EMILIN1 adhesive and antiproliferative properties were 

conserved after MT1-MMP proteolytic action  

In order to verify if MT1-MMP is able to affect the functional properties of EMILIN1, we 

performed adhesion assay using cells that express EMILIN1 ligand α4β1integrin [162]. 

To address this part we used SKLMS1 cell line that express this integrin and we  

 

 

prepared coating of EMILIN1 not digested or digested with MT1-MMP. We did not 

observe any reduction of cell adhesion of SKLMS1 on EMILIN1 digested by MT1-MMP. 

Given that MT1-MMP partially degrade EMILIN1, the proteolytic activity of MT1-MMP 

probably did not impair the functional role of the interaction between gC1q domain 

and α4β1 integrin (FIG 5.3A). Moreover, in order to assess variations on proliferation 

of SKLMS1 on EMILIN1 digested with MT1-MMP, we plated SKLMS1 on plates coated 

with EMILIN1 alone and EMILIN1 digested with MT1-MMP for 24 h. We did not observe 

FIGURE 5.3A. MT1-MMP treatment does not impair EMILIN1 functional properties. Dynamic 

monitoring of SKLMS1 cell attachment in response to the effect of MT1-MMP on EMILIN1 cleavage 

measured with the XCELLigence instrument and expressed as the cell index. A 1:25 (E:S) molar ratio 

was used for a 24h incubation time. The wells were finally coated with 10 μg/ml of EMILIN1 (digested 

or not by MT1-MMP). The data shown is the mean ± SD from n = 3 experiments with n = 6 replicates. 
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any changes of proliferation level after digestion of EMILIN1 with MT1-MMP (FIG 5.3B). 

These results support the hypothesis that despite MT1-MMP was able to digest 

EMILIN1, differently to NE, did not affect its adhesive and proliferative functions. 

 

 

 

 

 

 

 

 

 

 

5.4 NE cleaves the functional domain gC1q 

Considering that gC1q domain is involved in many of EMILIN1 features I wanted to 

analyze the capability of MMPs to impair directly the functionality of gC1q domain. 

Given that  the gC1q trimeric conformation  is crucial for the interaction with integrin, 

the gC1q domain degradation has been analyzed in non denaturing conditions. We 

performed digestion of gC1q domain (WT gC1q) (black arrow) with recombinant MMP-

3, MMP-9 and MT1-MMP at 2 and 24 hs (FIG 5.4A).  

FIGURE 5.3B. MT1-MMP treatment does not impair EMILIN1 functional properties. 

SKLMS1 cell proliferation 48 h after plating. The cell index of dynamic monitoring calculated as 

the mean ± SD from n = 3 experiments with n = 6 replicates is reported. The wells were coated 

with EMILIN1 (10 μg/ml) not digested or digested with MT1-MMP (1:25 – E:S). *, P < 0.05 

 



 
57 

 

 

 

 

 

 

 

Coomassie staining did not reveale any digestion pattern after 24h of incubation both 

for MMP-3, MMP-9 and MT1-MMP. These results confirmed the hypothesis obtained 

in cell adhesion experiments on SKLMS1 cell line, that MT1-MMP14 though showing a 

weak proteolytic activity on EMILIN1, is unable to impair the structure and the features 

of the gC1q domain.  Moreover, we wanted to analyze the proteolytic activity of NE 

and other enzymes such as PR3 and collagenase at variable amounts of enzymes and 

times on gC1q domain (black arrow) (FIG 5.4B).  

  

FIGURE 5.4A. MMPs aren’t able to cleave gC1q. gC1q is not cleaved by MMPs even at high enzyme 

concentration. Incubations at different times (2, 4 and 24 h) were performed with a molar ratio of 

1:37 (E:S). FN (blu arrow) was used as positive control of cleavage.  
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We observed that among these enzymes only NE (white arrows) was able to digest the 

gC1q domain. Interestingly PR3, another serine proteases belonging to the same NE 

family, is not able to degrade the gC1q domain. In order to analyze the alterations of 

trimeric gC1q domain  structure we performed digestions of gC1q domain with NE at 

several molar ratios and times (FIG 5.4C). As illustrated in Fig 5.4C, alterations of 

trimeric gC1q domain structure visible as two bands that migrated very close to the 

one of intact gC1q (white arrows) were observable already at low concentrations of NE 

and at low incubation times.  

 

FIGURE 5.4B. Only NE is able to degrade gC1q. NE, Collagenase and PR3 were incubated with gC1q 

for 1h at molar ratios as indicated. Collagen type I (coll) and FN were used as positive control of 

cleavage. Only NE among the enzymes tested is able to degrade gC1q domain.  
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The gC1q domain in SDS page under non denaturing conditions showed an apparent 

molecular weight of 33 kDa. After NE treatment it was possible to observe the 

appareance of digestion bands at the level of the trimeric structure, that could indicate 

a sort of “unrolling” of the gC1q domain trimer. We hypothesized that this was due to 

FIGURE 5.4C. gC1q digestion by NE. Dose- and time-dependent digestion curves of gC1q by NE 

showed that increasing concentration of NE and prolonging time of incubation produced the 

appearance of cleaved fragments (black arrows) and the formation of a slower migrating form of gC1q 

trimer (white arrows). Note that above all at very low doses of enzyme the stability of the gC1q 

homotrimer is highly compromised. 
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NE proteolytic activity, that may determine in 

this manner a loosener effect of the gC1q 

domain structure. This treatment showed a 

gC1q domain no longer formed by a single band 

but as a whole of three bands that are able to 

migrate more slowly than the not digested gC1q 

domain. Moreover, Coomassie staining revealed 

that at lower molar ratio E:S 1:1000 after 1 h of 

incubation, the gC1q domain is completely 

“unrolled” and the appearance of digestion 

bands is absent (FIG 5.4C). Moreover, it was 

evident the presence of two digestion bands of 

about 16 and 13 kDa, increasing in a dose 

dependent manner following NE incubation. 

These results confirmed the very high specificity 

of NE for the gC1q domain. In  order to confirm 

that the digestion pattern was due exclusively to 

NE and not, for example, to contaminant, we 

incubated recombinant form of gC1q WT (black 

arrow) with NE (white arrows) and Silvelestat, a 

specific inhibitor of NE, as illustrated (FIG 5.4D). When gC1q was incubated with NE 

and Silvelestat, we didn’t observe digestion bands demostrating that is NE to 

specifically cleave the EMILIN1 gC1q domain. In summary this results indicated that NE, 

among the enzymes tested, was the only one able to abolish the functional gC1q 

domain. 

5.5 Identification of NE cleavage site on the functional 

domain gC1q 

Given that only NE, among the enzymes tested, was able to digest and impair the gC1q 

domain functionality, we tried to pinpoint the precise cleavage site. First of all, we 

FIGURE 5.4D. Silvelestat inhibits NE 

activity. EMILIN1 has been incubated 

with NE at molar ratio E:S 1:100) for 30’ 

and 6o’, and with Silvelestat, an inhibitor 

of NE for 60’. 
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restrict the cleavage region by mass spectrometry analysis of the gc1q fragments 

obtained after incubation with NE in different conditions. In order to do this, I 

performed dose dependent experiments in which gC1q domain has been incubated 

with NE for 1h to obtain digestion bands for mass spectrometry analysis with MALDI 

TOF. At the highest concentration of NE, I observed two migrating bands of apparent 

molecular weights ranging from 12 to 17 kDa, that were extracted from the gel, purified 

and analyzed by MALDI TOF. The MALDI TOF analysis has detected two main peaks 

with a molecular weight of 8650,7 and 8646,3 Da (FIG 5.5A); these peaks matched 

almost perfectly to virtual fragments with a calculated mass of 8651 Da for cleavage 

between serine in position 913 (S913) and arginine in position 914 (R914), or 8647 for 

cleavage between lysine in position 912 (L912) and serine in position 913 (S913). These 

proposed cleavage sites were particularly interesting because are properly exposed to 

solvent as shown by NMR model (FIG 5.5B). As the NE cleavage sites are not well 

defined, we took a trial and error mutagenesis approach to identify the exact cleavage 

site.  
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FIGURE 5.5 (A-B) Scheme 
of gC1q primary structure 
with the possible cleavage 
sites emerged from MALDI 
TOF analysis, one placed 
between S913 and R914 
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The Schechter and Berger nomenclature [261] assigns residues C-terminal to the 

cleavage site as prime-side (P1) and N-terminal residues as nonprime-side (P). We 

consulted a specificity matrix, reported in MEROPS database, in which is reported how 

many times each amino acid is present in P1, P2, P3, P4 sides and P11, P21, P31, P41 after 

NE cleavage of FN in a peptide library. In order to obtain a gC1q domain resistant to 

NE cleavage, we used this database to perform several mutants of R914 and S913 by 

substituting arginine or serine respectively, with aminoacidic residues that presented 

lower cleavage frequency by NE when are in position P1 or P11. These mutants were 

performed by mutagenesis site-specific approach according to the indications of the 

specificity matrix reported in MEROPS database. Finally, I obtained eight mutants of 

R914, in which arginine has been substituted, and two mutants of S913, in which serine 

has been substituted. To evaluate the correct folding of these mutants, I performed 

solubility and thermo stability assays by incubation for 1 h at 0°C, 37°C and 42°C. 

 

 

FIGURE 5.5B NMR model of the gC1q domain. The cleavage site is showed on the gC1q 

structure loop indicating its good exposure to the solvent to favor the interaction with NE. 
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5.6 The mutant R914W gC1q is resistant to NE 

The mutants showing a correct trimeric structure were digested, with NE for 1h at molar 

ratio 1:200 (E:S). Among the mutants obtained, only the mutant R914W gC1q (R914W), 

in which arginine aminoacid residue is substituted with tryptophan aminoacid residue, 

was more resistant to NE treatment: more than 90% of the trimeric peptide was intact 

after 1h of NE digestion compared to gC1q domain (WT gC1q) (FIG 5.6a). Among the 

mutants obtained by the substitution of the arginine aminoacid residue in position 914, 

the mutant R914K gC1q (R914K) was more sensible to NE digestion compared to WT 

gC1q, indicating a positive gain when lysine in position P11. The mutant R914H gC1q 

(R914H), in which arginine is substituted with histidine, showed a digestion pattern 

(black arrows) like WT gC1q (FIG 5.6b). Among the mutants obtained by the 

substitution of the serine aminoacid residue in position 913, only the mutant S913T 

gC1q (S913T) presented a correct folding, but it was completely digested by NE 

treatment (black arrows) (FIG 5.6c). The mutants, R914G, R914E and R914D in which 

arginine is substituted with glycine, glutamic acid, aspartic acid respectively were 

digested even more efficiently (black arrows) (FIG 5.6d). Moreover, when we digested 

with NE, a gC1q mutant that showed a mutations distant from the hypothesized 

cleavage site, such as E933A gC1q (E933A), involved in the binding with α4β1 integrins, 

this mutant showed a NE digestion (black arrows) pattern very similar to WT gC1q (FIG 

5.6e). This data indicates that NE cleavage impairs the functionality of WT gC1q but at 

the same time that the NE consensus sequence on WT gC1q is outside of region that 

is able to recognize α4β1 integrin.  
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FIGURE 5.6.gC1q WT and mutants 

digested with NE at molar ratio E:S 

1:200. (a) Comassie staining reveals 

that R914W is more resistant to NE 

treatment compared to gC1q WT and 

other mutants.ThegC1q mutants (b-e) 

after NE treatment are completely 

digested.  
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5.7 R914W preserves its features after NE treatment 

The EMILIN1 through its domain gC1q is able to determine the cellular adhesion with 

α4β1 integrin [46]. To demonstrate the R914W capability to maintain its function after 

NE treatment, we performed an adhesion assay (CAFCA assay) of Jurkat line, that 

expresses great amounts of α4β1 integrin. Both WT gC1q and the R914W mutant were 

digested with NE at high molar ratio 1:25 (E:S). We plated Jurkat cells on plates coated 

with WT gC1q or the R914W mutant alone or digested by NE. Applying standard assay 

conditions (Spin at 1000 RPM, Spin off at 500 RPM), we observed as expected that cells 

adhered on plates coated not digested WT gC1q but not on WT gC1q digested with 

NE. On the contrary, Jurkat cells adhered at the same level on plates coated with the 

R914W both digested and not digested with NE (FIG 5.7A).  

 

 

 

 

 

 

 

 

 

 

These results demonstrated that gC1q WT after treatment with NE was not able to bind 

α4β1 integrin and consequently it lost its adhesive property. Furthermore, these results 

suggested, that, although NE proteolytic activity occurs on a site that is far from the 

E933 amino acid residue, important for the interaction with α4β1 integrin, the NE 

FIGURE 5.7A Adhesion (CAFCA assay) 

of Jurkat cells on WT or R914W gC1q 

preincubated with NE or not (w/o NE) 

with NE. The E:S molar ratios and 

incubation times are “boxed” in the 

corresponding gel at the bottom of 

the graphic indicating the status 

(fragmented or not) of the resulting 

gC1q used to coat the wells (10 µg/ml) 
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activity is able to determine a structural alteration of a region important for the 

interaction with the integrin receptor. On the contrary, the R914W is resistant to NE 

treatment and maintains its functional activity even in the presence of the enzyme. In 

order to demonstrate the importance of the gC1q trimer integrity to maintain the 

interaction with α4β1integrin, we digested WT gC1q with NE at lower molar ratio 1:200 

(E:S) for 15’ to obtain a partial digestion. When we plated Jurkat cells on plates coated 

with partial digested gC1q domain, we observed a dramatic decrease of the percentage 

of cell adhesion if compared with the percentage of cell adhesion on gC1q WT not 

digested (FIG 5.7B). This results confirm the crucial importance of the trimeric integrity 

of the gC1q WT for the binding with α4β1integrin . 

 

 

 

 

 

 

 

 

 

 

 

In order to evaluate the adhesion level on plates coated with WT gC1q or R914W, we 

used SKLMS1 cell line that, despite to Jurkat cell line, are capable of growing in 

FIGURE 5.7B Adhesion (CAFCA assay) of  Jurkat cells on WT preincubated (with NE) or not (w/o NE) 

with NE. Remarkably the impairment of the gC1q trimer structure determines the loss of its 

functionality.   
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condition of adhesion to substrate. The adhesion cells determine morphological 

changes. The term “spreading” indicates the spatial distribution of cells that are able to 

interact with the substrate. In order to evaluate the capability of spreading both on WT 

gC1q and R914W after NE treatment we performed cell adhesion assay. We incubated 

several types of gC1q (WT gC1q, R914K and R914W) with NE at molar ratio 1:25 (E:S) 

for 1 hr. We observed that, in the absence of NE treatment, SKLMS1 cell line was able 

to adhere on all type of gC1q domains. Conversely, upon NE digestion, SKLMS1 cell 

line was able to adhere only on R914W (FIG 5.7C e 5.7D)  

 

  

FIGURE 5.7C R914W gC1q mutant 

retains functional properties after 

NE treatment Dynamic monitoring of 

SKLMS1 cell attachment in response 

to the effect of NE on WT and R914W 

gC1q cleavage measured with the 

XCELLigence instrument and 

expressed as cell index.  

FIGURE 5.7D SKLMS1 adhesion on several 

coating Morphological appearance of SKLMS1 

adhering (30 min) on WT or gC1q mutants 

treated or not with NE (1:25 – E:S, 1 h). BSA was 

used as control.  
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Considering that the WT gC1q, through interaction with α4β1 integrin, is able to 

regulate cell proliferation, we performed a proliferation assay (FIG 5.7E). We plated 

SKLMS1 cells on plates coated with WT gC1q alone or digested with NE and we 

observed that the percentage of cells proliferating was more elevated when WT gC1q 

has been treated with NE. Conversely, when we plated SKLMS1 cells on wells coated 

with R914W alone or digested with NE, we didn’t observe differences of proliferation 

levels.  

Moreover, in order to assess if also a low amount of R914W was able to compensate 

the functionality loss of gC1q WT after NE treatment, we monitored cell proliferation 

(Jurkat cell line) and cell adhesion (SKLMS1) using the full-length EMILIN1 together 

with the R914W at different doses as an agonist. 

We observed that just a low amount of R914W was able to compete in cell adhesion 

after NE treatment, and moreover, we observed in the proliferation assay the presence 

of the R914W that is not digested by NE was able to suppress cell proliferation. These 

results confirm the hypothesis that R914W is more resistant to NE cleavage respect to 

the gC1q WT, and moreover is able to maintain the regulatory features of the gC1q 

domain (FIG 5.7F).  

FIGURE 5.7E Proliferation of 

SKLMS1. Cells plated on gC1q (WT 

or R914W mutant) (10 μg/ml) 

treated with NE (1:25 – E:S, 1 h). The 

cell index after 48 h of dynamic 

monitoring calculated as the mean ± 

SD from n = 3 experiments with n = 

6 replicates is reported. *, P < 0.05 
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FIGURE 5.7F (a-b)In adhesion (Jurkat cells, CAFCA assay, a) and proliferation (SKLMS1 cells, dynamic 

monitoring by XCelligence instrument, b) assays R914W gC1q mutant was present as an agonist at 

different doses as indicated. The mixtures (R914W gC1q mutant at different doses and EMILIN1, E1 

at 5 µg/ml) were preincubated for 1 h with NE or not (w/o NE) and the resulting products used to 

coat the wells. Data are expressed as the means ± SD of  n= 3 independent experiments with n = 6  

replicates. **, P < 0.001; NS, not significant. 
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Chapter 6 

Discussion 

During my PhD program, we focused the attention above on the importance of the 

structural integrity of EMILIN1. In particular, the gC1q domain was investigated to 

understand how the maintenance of its conformational structure was crucial to display 

the regulatory properties of the protein. EMILIN1 is an ECM glycoprotein, involved in 

several functions such as regulation of blood homeostasis [50], regulation of the 

functionality and the maintenance of the structure of the lymphatic system [48], [83], 

[154] and, through its gC1q domain, following interaction with α4β1 and α9β1 integrins, 

in several important cellular processes such as cell adhesion, migration and skin 

proliferation, playing an important role in oncology field [46][53].  

Studies previously performed in my laboratory demonstrated that incubating EMILIN1 

with several supernatants of inflammatory cells, only supernatant derived from 

neutrophils were able to degrade EMILIN1 and then impair its tumor suppressor 

functions [162]. In addition to this, among the proteases released by neutrophils, only 

NE was able to impair the tumor suppressor role of the protein. NE exerts an important 

role in ECM breakdown. During inflammation human neutrophils, among the cells 

involved in immunity response, are the first cells to occur in inflammation site. After 

stimulation they release proteolytic enzymes such as NE that belongs to serine 

proteases family and shows a wide substrate specificity among several ECM 

components for example laminin, collagens, elastin and fibronectin [241].  

A study performed by Stegemann et al, demonstrated, by a proteomic approach, that 

EMILIN1 could be as a possible substrate of several MMPs [164].  

One of the principal objective of this thesis was to understand, if, in addition to NE, 

there were any others enzymes, involved in ECM break-down, capable to degrade 

EMILIN1, and above all, to impair its tumor suppressor functions. For this purpose 

“biochemical” and “physiological” approach were performed to verify MMPs activity on 

EMILIN1. The presence of salts in activation buffer, composed of CaCl2, NaCl and Tris-

HCl, of recombinant MMPs, had to be taken into consideration. In particular the 
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presence of Tris-HCl is a critical point for viability of cells. Moreover, we observed that 

the only presence of Tris-HCl can determine an alteration of EMILIN1 stability and that, 

chloride ions, that result from the dissociation of Tris-HCl, can interact with cysteine 

residues present in EMILIN1 structure, in particular at EMI domain, and determine 

formation of aggregates. With biochemical approach, we did not observe a glaring 

proteolytic activity on EMILIN1 by these MMPs. Indeed, only MT1-MMP, among MMPs 

tested, showed a modest proteolytic activity but at long times of incubation. Moreover, 

the incubation of EMILIN1 with recombinant MMP-9 catalytic domain did not show any 

degradation pattern. Interestingly, the partial disappearance of the EMILIN1 main band 

after incubation with the full-length form of MMP-9 (FIG 5.1A), may be due to 

degradation of the protein by salts rather than its digestion by MMP-9. To obtain as 

closely as possible physiological conditions of protein degradation we performed 

transfection of HEK 293 cell line with pCMV2-MMP3-Flag for MMP-3 and pCMV-SP-

MT1-MMP-Flag to obtain the expression of full length enzymes. On the other hand, to 

test the MMP-9 proteolytic activity we used osteoclast surnatants previously activated 

with APMA. This more physiological approach showed a weak activity on EMILIN1 only 

for MMP-3. No digestion pattern of EMILIN1 after incubation with osteoclast surnatans 

expressing MMP-9 was observed confirming that the partial degradation of EMILIN1 

obtained with “biochemical” approach, was due to the saline buffer of recombinant 

MMP-9. Interestingly, the proteolytic activity of MT1-MMP and MMP-3 was quite 

negligible if compared with the proteolytic activity of NE. More importantly, the weak 

proteolytic activity of MT1-MMP on EMILIN1 did not affect the tumor suppressor role 

of EMILIN1: the capability of EMILIN1 to regulate cell adhesion and to inhibit cell 

proliferation was maintained in SKLMS1 cell after treatment with MT1-MMP. The lack 

of interference on regulatory functions of the protein was due to the fact that MT1-

MMP was not able to fragment the gC1q domain. Probably, the MMPs proteolytic 

activities, in particular MT1-MMP, may occur in pathological diseases where the 

degradation of elastic fibers could affect for example the vascular wall. The study of 

Stegemann et al showing a possible proteolytic activity on EMILIN1 was performed 

using aortic vascular tissues. This possibility is supported by other authors. Tamarina et 
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al  illustrated an increase of MMP-9 expression in aneurysmal aortas, which are 

characterized by cleavage of elastin and collagen fibers[242]. They showed that MMP-

9 was the principal MMP present in aneurysm tissue. Kelly et al, demonstrated the 

involvement of MT1-MMP in the reorganization in rat uterine artery [243]. Other 

studies demonstrated that the levels of MMP-2, MMP-3, MMP-9 MMP13 were elevated 

in varicose veins, showing that MMPs can promote the pathogenesis of the diseases 

by weakening of vessels walls [244].May be, in these cases it would be interesting to 

demonstrate EMILIN1 integrity, or its degradation. One of the most interesting result 

obtained in this thesis is represented by the ability of NE to determine an “unrolling” 

of the trimeric structure. This effect is detectable at lower concentration of NE and at 

short time of incubation. The trimer unrolling is a sufficient conditions to inhibit cell 

adhesion suggesting that WT gC1q structure integrity is crucial and needful to allow 

the binding to α4β1 integrin. The identification of NE cleavage site on gC1q it has been 

an important step of this thesis. The strategy used to obtain this site was developed by 

a site-specific mutagenesis approach. gC1q was digested at elevated concentrations in 

order to obtain well-defined bands of digestion. MALDI TOF analysis revealed a 

possible cleavage site of NE on gC1q between serine amino acid residue located in 

position 913 and arginine amino acid residue located in position 914. The NMR 

structure located this possible NE cleavage site in a flexible loop structure at the apex 

of the WT gC1q domain, resulting in this manner exposed to NE cleavage. 

Identification of proteases cleavage sites is generally performed by Edman degradation 

and sequencing. Anyway, in presence of high molecular weight proteins Edman 

sequencing is difficult to apply. Indeed, each of numerous proteolytic fragments 

obtained by proteases may be analyzed and almost never it is possible to obtain an 

elevate coverage of cleavage sites. Ultimately, it is very difficult to obtain the precise 

cleavage sites of proteases such as MMPs and NE on ECM proteins that present a high 

structural complexity such as EMILIN1. Doucet et al [239], by a novel proteomic 

approach, identified 44 NE cleavage sites on FN and 11 NE cleavage sites along the 

three chain of laminin. Moreover, the authors by analysis of the cleaved peptides 

observed that the NE cleavage occurred primarily when at the P1 position were present 
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Val, Ile, Thr, and Ala. Remarkably FN and laminin have a similar aminoacidic sequence 

length. The differences in number of NE cleavage sites on FN and laminin suggest that 

NE consensus site of cleavage strongly depends from the secondary and terziary 

polypeptide structure more than the primary structurepoj.  

Several peptidase data-base, such as MEROPS and substitution matrices were 

consulted.  The first substitution matrix has been designed by Margaret Dayhoff in 

1970. These substitution matrices were created by analyzing alignments of similar 

proteins sequences and the frequencies of each type of substitution occurred. 

Subsequently, these matrices have been adapted to study the prediction of proteases 

cleavage sites. I found a substitution matrix in which are reported the frequency of NE 

cleavage when each single aminoacidic is at position P1, P2, P3, or P11, P21, P31 is 

reported. The most conserved amino acid residues are present in position P1 and P11. 

Accordingly, with these databases I generated several gC1q mutants in which serine or 

arginine have been substituted with amino acids that rarely are present at position P1 

or P11 after NE cleavage. Among the gC1q mutants obtained, some of these presented 

a correct folding of the trimeric structure; others, instead, presented an incorrect 

folding. We were able to analyze only the mutants that presented a correct folding of 

the trimeric structure. The presence or absence of the trimeric folding in the mutants 

was probably due to the instauration of new chemical bonds as a result of substitution 

of one or more aminoacids. Among the mutants that presented a correct folding of the 

trimeric structure, I found that mutant R914W, in which arginine at position P11, was 

substituted with tryptophan, was resistant to NE treatment. The correct folding of this 

mutant appears very interesting, since arginine and tryptophan present several 

differences both in the physical and chemical properties such as the structure and the 

aminoacid chain charge. To verify if mutant R914W was able to maintain its properties 

after NE treatment I performed functional analyses revealing that the R914W, 

differently from WT gC1q, was still able to retain its functional properties after NE 

treatment. Interestingly, the NE cleavage site, is very far from the site that is able to 

interact with integrins, located in position 933. These data suggest that a specific 

conformation of the gC1q trimer is crucial for the interaction with integrins. Probably, 
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the NE proteolytic activity is able to impair the interaction stability of gC1q domain-

integrins. Considering that other amino acid substitutions, in position 914, were not 

able to impair NE cleavage, it has showed that the NE cleavage site takes on more 

characteristics of conformational activity of substrate rather than the specific sequence. 

Given that NE is able to impair the WT gC1q structure and its functions, the NE cleavage 

site detection represents a very useful and important result for future studies. 

Previously, Pivetta et al, illustrated that the use of NE inhibitors, such as Silvelestat, is 

able to restore the lymphatic vessels function [154]. In a scenario, in which neutrophils 

are present and secrete NE, determining the loss of EMILIN1 functions, such as tumor 

microenvironment, it is thinkable a therapeutics approach in which the administration 

of a specific inhibitor is able to restore the EMILIN1 antiproliferative functions. 

Alternatively, the administration of R914W fragments that are resistant to proteolytic 

activity could be a winning strategy.  
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Neutrophil elastase cleavage of the 
gC1q domain impairs the EMILIN1-
α4β1 integrin interaction, cell 
adhesion and anti-proliferative 
activity
Orlando Maiorani, Eliana Pivetta, Alessandra Capuano, Teresa Maria Elisa Modica, 
Bruna Wassermann, Francesco Bucciotti, Alfonso Colombatti, Roberto Doliana* & 
Paola Spessotto*

The extracellular matrix glycoprotein EMILIN1 exerts a wide range of functions mainly associated 
with its gC1q domain. Besides providing functional significance for adhesion and migration, the direct 
interaction between α4β1 integrin and EMILIN1-gC1q regulates cell proliferation, transducing net 
anti-proliferative effects. We have previously demonstrated that EMILIN1 degradation by neutrophil 
elastase (NE) is a specific mechanism leading to the loss of functions disabling its regulatory properties. 
In this study we further analysed the proteolytic activity of NE, MMP-3, MMP-9, and MT1-MMP on 
EMILIN1 and found that MMP-3 and MT1-MMP partially cleaved EMILIN1 but without affecting the 
functional properties associated with the gC1q domain, whereas NE was able to fully impair the 
interaction of gC1q with the α4β1 integrin by cleaving this domain outside of the E933 integrin binding 
site. By a site direct mutagenesis approach we mapped the bond between S913 and R914 residues 
and selected the NE-resistant R914W mutant still able to interact with the α4β1 integrin after NE 
treatment. Functional studies showed that NE impaired the EMILIN1-α4β1 integrin interaction by 
cleaving the gC1q domain in a region crucial for its proper structural conformation, paving the way to 
better understand NE effects on EMILIN1-cell interaction in pathological context.

Studies in recent decades have established the constituents of the extracellular matrix (ECM) as dynamic struc-
tures that can profoundly influence diverse aspects of cellular behaviour and functions1,2. Integrins, a large family 
of α​β​ heterodimeric cell membrane receptors, have emerged as key sensory molecules that translate chemical 
and physical cues from the ECM into biochemical signals that regulate cell adhesion and shape, migration and 
tumour cell metastases, differentiation, proliferation, and survival3,4. EMILIN1 is an ECM glycoprotein contain-
ing the amino-terminal EMI domain, a cysteine-rich sequence of approximately 80 amino acids, and a gC1q 
domain at the carboxyl-terminal end5–7. EMILIN1 belongs to the C1q/TNF superfamily whose hallmark is a 
homo- and hetero-trimeric gC1q domain. The members of this superfamily play a broad spectrum of functions 
in innate immunity, insulin sensitivity and collagen hexagonal lattice organization to name a few8,9. EMILIN1 is 
strongly expressed in the blood and lymphatic vessels and in the connective tissues of a wide variety of organs10–13. 
It is involved via the EMI domain in the maintenance of blood vascular cell morphology and function14; in addi-
tion, EMILIN1 promotes adhesion and migration15,16 and controls cell proliferation13,17 through its gC1q domain. 
So far, among the gC1q domains of several other ECM components, EMILIN1 gC1q is the only one capable of 
interacting with the α​4β​1 integrin15–18, which is predominantly expressed on the surface of hemopoietic cells, 
working as a receptor to allow adhesion to blood vessel wall19 or extracellular matrix constituents20. The inter-
action between α​4β​1 and EMILIN1 gC1q is particularly efficient because even very low ligand concentrations 
provide very strong adhesion and migration15,16. The residue E933 located by NMR in a unstructured loop at the 
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apex of the gC1q homotrimer, plays a crucial role in specifically engaging α​4β​1 integrin18. Mutagenesis of several 
residues around E933 indicated that the α​4β​1 integrin binding site involved exclusively this residue18. However, 
recent results showed that the EMILIN1-α​4β​1 interaction results likely different respect to conventional α​4β​
1 binding to short linear peptide consensus sequences that represents a common feature of ECM integrin lig-
ands21,22. In fact, regions outside the main ligand loop are implicated in the interaction mechanism (Capuano 
et al. in preparation). Targeted inactivation of the emilin1 gene in the mouse, in addition to a lymphatic pheno-
type12,23, induces an increased thickness of epidermis and dermis13. The interaction between EMILIN1 with α​4β​1 
(expressed on fibroblasts) and the closely related α​9β​1 (expressed on keratinocytes) provides an important exter-
nal regulatory signal for the maintenance of a correct homeostasis between proliferation and differentiation in 
the skin. All these findings highlight the uniqueness of EMILIN1 for its integrin receptors: differently from what 
happens when other ECM ligands bind to α​4 or α​924–26, the signal transduced by EMILIN1 through integrins has 
net anti-proliferative effects.

We previously demonstrated that among the proteolytic enzymes released in the tumour microenvironment 
neutrophil elastase (NE) was the most effective cleaving enzyme able to fully impair the regulatory function of 
EMILIN127. EMILIN1 was fragmented in sarcomas and ovarian cancers and likely was associated to a higher pro-
liferation rate in these tumors27. Moreover, EMILIN1 digestion by NE with the consequent weakness of the inter-
cellular junctions of lymphatic endothelial cells was correlated to the acute phase of acquired lymphoedema28. 
EMILIN1 fragmentation results in a condition similar to that of the ablated molecule in Emilin1−/− mice leading 
to uncontrolled cell proliferation and lymphatic phenotype12,13,23. It is reasonable to argue that EMILIN1 digestion 
by the action of proteolytic enzymes can be a pathogenic mechanism leading to the loss of functions associated 
to the functional gC1q domain. Using a proteomic approach on components of vasculature, other authors have 
proposed EMILIN1 as a potential candidate substrate also for MMP-3, -9 and MT1-MMP29. Considering that 
gC1q is involved in most of the crucial properties of EMILIN1, we aimed to investigate if proteolytic enzymes, in 
particular NE and the proposed MMPs, were able to efficaciously cleave this functional domain.

Results
EMILIN1 is partially cleaved by MMPs.  To test whether MMPs were able to cleave EMILIN1, recombi-
nant EMILIN1 was incubated with the recombinant catalytic domains of MT1-MMP, MMP-3 or MMP-9 at very 
high molar ratios (1:4–E [Enzyme]:S [Substrate]) and also with the full length form of the recombinant MMP-9 
at a ratio of 1:20 - E:S at 37 °C. The digestions were carried out for different times as indicated. Under these con-
ditions, Coomassie staining revealed a slight cleavage activity especially by MT1-MMP after a 24 h incubation 
with the reduction of the principal band (Fig. 1a). EMILIN1 digested with MT1-MMP formed a characteristic 
band migrating very close to the principal intact EMILIN1 band and already visible after 0.5 h of incubation 
(Fig. 1a, smaller arrow). A similar band was detectable also in the presence of MMP-3 but only after much longer 
incubation times. MMP-9 was ineffective. Fibronectin (FN), used as positive control of digestion and incubated 
with the enzymes at the same molar ratio used for incubation with EMILIN1, was cleaved by all MMPs with 
different pattern and extent (Fig. 1a). To further confirm whether MT1-MMP and MMP-3 cleaved EMILIN1, 
the full-length enzymes were transiently transfected into HEK293 cells (Supplemental Fig. S1a). After 24 h from 
transfection recombinant EMILIN1 was added to the cell cultures and the resulting conditioned media collected 
following different incubation times. Both MMP-3 and MT1-MMP show a very limited activity on EMILIN1 
generating a similar pattern of fragmentation: two large preponderant bands were detectable and migrated very 
close to the main band (about 140 kDa) corresponding to the intact EMILIN1 still present after long incubation 
times (Supplemental Fig. S1b, red arrow heads) and two minor smaller fragments were found at about 60 kDa 
(Supplemental Fig. S1b, red arrows). An additional band of 50 kDa was produced only by the MMP-3 proteo-
lytic action (Supplemental Fig. S1b). The intensity of the slower migrating bands (250 kDa), corresponding to 
EMILIN1 dimers30, progressively decreased in both MMP conditioned media, indicating that the proteolytic 
action targeted also EMILIN aggregates (Supplemental Fig. S1b). To verify MMP-9 activity on EMILIN1 we used 
supernatants from human osteoclasts since these cells very efficiently and constitutively produce this enzyme 
which is present also in the activated form (Supplemental Fig. S1c). No fragmentation bands were detectable 
following a 24 h incubation with recombinant EMILIN1 (Supplemental Fig. S1d), confirming the results obtained 
using the recombinant enzyme (Fig. 1a). Comparing MMP and NE proteolytic action on EMILIN1, we observed 
that NE displayed a much higher affinity for this substrate since lower amounts of NE (1:50 - E:S) were able to 
cleave EMILIN1 even earlier: after 1 h, the intact band of EMILIN1 was no more detectable, whereas after a 24 h 
incubation with MT1-MMP the band of intact EMILIN1 was still present even if slightly reduced (Fig. 1b). The 
fragmentation pattern was analyzed also in WB with a rabbit antiserum against EMILIN1 (As556) to detect the 
specificity of fragmented bands and to compare MMPs and NE activity. Again lower doses and earlier times of 
incubation were sufficient to obtain EMILIN1 fragmentation by NE (Fig. 1c). Moreover, after 24 h MMPs were 
unable to completely cleave EMILIN1 since the band corresponding to the intact form was clearly still detectable 
(Fig. 1c). NE activity was very efficient in EMILIN1 cleavage: we performed dose and time dependent experi-
ments, detecting fragmentation patterns by both As556 antibody and the same antiserum subjected to affinity 
purification to recognize only the gC1q domain (AP As556). The results indicated that in the presence of NE 
the loss of EMILIN1 intact band as well as that of fragments containing immunodetectable gC1q was rapid even 
at low enzyme concentrations (Fig. 1d). NE derived products still detectable with As556 lost very early positive 
staining for AP As556, suggesting that NE action likely affects more efficaciously the immunogenicity of the gC1q 
domain (Fig. 1d). From these experiments we can conclude that in this system the activity of the tested MMPs on 
EMILIN1 substrate is very low, if not absent at least for MMP-9, as only at high enzyme concentrations and long 
incubation times a minor fraction of the molecule was fragmented, whereas NE completely digested EMILIN1 at 
low concentrations and short incubation time.
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MMP proteolytic action does not interfere with EMILIN1 adhesive and anti proliferative prop-
erties.  We have previously demonstrated that the anti-proliferative role of EMILIN1 is impaired only by NE 
cleavage27, suggesting that very likely the integrity of the regulatory domain gC1q is lost in the presence of this 
enzyme. To verify if the cleavage of EMILIN1 by MMPs could modify the functional properties of the protein, 
we first examined if cells were still able to attach to the fragmented protein. EMILIN1 was first incubated with 
MT1-MMP for 24 h, then the products of digestion were distributed into 96-plate wells and SKLMS1 cells, that 

Figure 1.  Enzymatic action of MMPs and NE on EMILIN1. (a) EMILIN1 was incubated with the 
recombinant catalytic domain of MMP-3, MMP-9 or MT1-MMP (MT1) at a 1:4 (E:S) molar ratio and with 
the full length (FL) form of the recombinant MMP-9 at a 1:20 molar ratio at 37 °C for 30 min, 2 h or 24 h. The 
cleavage products were detected by Coomassie staining. FN was used as a positive control of cleavage.  
(b) Coomassie staining of EMILIN1 samples incubated with NE (1:50, 1 h) or MT1-MMP (1:4, 24 h). Black 
arrows and smaller black arrows indicate the intact band and fragmented band of EMILIN1, respectively.  
(c) Western blotting analysis of EMILIN1 samples incubated with MMP-3 and MT1-MMP (MT1) or NE at 
times and doses as indicated. Membranes were probed with polyclonal antibodies against EMILIN1 (As556). 
(d) Western blotting analysis of dose and time-dependent EMILIN1 fragmentation by NE. Reactivity for As556 
(left) and AP As556 (right) is displayed.
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express α​4β​1 integrin27, were added to the wells and allowed to adhere. We did not notice any reduction in cell 
adhesion after digestion with MT1-MMP (Fig. 2a). Therefore, even if MT1-MMP partially cleaved EMILIN1, 
this proteolityc action did not affect the site of interaction with α​4β​1 integrin. Alternatively, as MT1-MMP was 
unable to fully digest the total amount of EMILIN1 in its intact form, as detected by gel and WB analyses (Fig. 1 
and Supplemental Fig. S1), the uncleaved protein was sufficient to fully sustain the adhesion of SKLMS1 cells to 
EMILIN1. Accordingly, no variation on proliferation regulated by EMILIN1 was detected after its incubation with 
MT1-MMP (Fig. 2b). On the contrary, SKLMS1 proliferated on NE-treated EMILIN1 more than cells grown on 
intact EMILIN1 (Fig. 2b), as we previously showed27.

NE is able to digest gC1q.  Considering that a specific cleavage within the functional domain could be a 
reasonable mechanism to impair EMILIN1 binding capabilities, to verify a direct proteolytic action we focused 
our attention on the gC1q domain. The recombinant gC1q domain was incubated with different enzymes and the 
resulting mixtures loaded on SDS PAGE gels. MMPs did not display any effect on gC1q even at long time of incu-
bations (Fig. 3a). We checked if other serine proteinases such as proteinase-3 (PR3) which shares high homology 
with NE and is able to digest the full-length EMILIN127, could display a proteolytic activity on gC1q. We did not 
detect any fragmentation suggesting that PR3 cleaves EMILIN1 outside the gC1q domain (Fig. 3b). Similarly, also 
collagenase did not digest gC1q domain (Fig. 3b). On the contrary, the incubation with NE produced a time and 
dose-dependent gC1q fragmentation (Fig. 3b,c). As shown in Fig. 3c, the gC1q monomers became visible over 
time together with a concomitant increase of two bands migrating between 12 and 17 kDa. Depending on dose 
and time, almost all the gC1q trimeric structures were converted in digested fragments by NE (Fig. 3b,c, arrow 
heads). Another characteristic effect of the NE enzymatic action was represented by the migratory changes of 
the trimeric form of gC1q: the domain has a compact structure that confers a characteristic faster migration in 
SDS gel, resulting in an apparent molecular weight of about 33 kDa, much different from the calculated 52 kDa. 
NE was apparently able to produce a progressive “unwinding” of the complex with a decompacting effect of the 

Figure 2.  MT1-MMP treatment does not impair EMILIN1 functional properties. (a) Dynamic monitoring 
of SKLMS1 cell attachment in response to the effect of MT1-MMP on EMILIN1 (E1) cleavage measured with 
the XCELLigence instrument and expressed as the cell index. A 1:25 (E:S) molar ratio was used for a 24 h 
incubation. The wells were finally coated with 10 μ​g/ml of EMILIN1 (incubated or not with MT1-MMP). The 
data shown is the mean ±​ SD from n =​ 3 experiments with n =​ 6 replicates. (b) SKLMS1 cell proliferation 48 h 
after plating. The cell index of dynamic monitoring calculated as the mean ±​ SD from n =​ 3 experiments with 
n =​ 6 replicates is reported. The wells were coated with EMILIN1 (10 μ​g/ml) treated with MMP-3, MT1-MMP 
(1:25–E:S) or NE (1:200–E:S) or incubated in the corresponding (M3, MT1, NE) buffer for 24 h. *P <​ 0.05.
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trimer and the formation of mixed slowly migrating forms (Fig. 3c). The different migration could reflect a subtle 
modification of the trimeric domain folding due to the cleavage of one, two or three monomers still remaining 
associated in the trimer via the known strong hydrophobic interactions18. At low NE concentrations the unwound 
trimers partially released intact monomers migrating at about 20 kDa, whereas at higher concentration and/or 
prolonged incubation the trimers completely dissociated and all the monomers were cleaved (Fig. 3c). Moreover, 
using a very low E:S molar ratio (1:1000) (comparing to that of MMPs that was 1:37) we were able to detect the 
unwinding trimeric form and the digestion fragments already at 1 h of incubation (Fig. 3c), indicating that NE 
had a very high affinity for gC1q. This data allowed us to conclude that NE, among the enzymes analysed, was the 
only one able to display a relevant proteolytic activity on gC1q.

Identification of the cleavage site on gC1q.  According on the MEROPS peptidases database (http://
merops.sanger.ac.uk) and a recent analysis based on the proteomic PICP approach31, NE has a quite loose 
active site specificity, lacking a canonical cleavage site with each subsite accommodating several residues 
(Supplemental Fig. S2). Thus, we followed a mutagenesis analysis approach to experimentally determine the pre-
cise cleavage sites. First, to restrict as much as possible the cleavage site the main product derived from gC1q 
digested with NE and migrating at the apparent molecular weights ranging from 12 to 17 kDa were gel purified 
and analyzed by MALDI TOF analyses. The resulting two main peaks (data not shown) with a MW of 8650,7 and 
8646,3 Da matched almost perfectly to virtual fragments with a calculated mass of 8651 Da for cleavage between 
S913 (P1) and R914 (P1′​), or 8647 for cleavage between L912 (P1) and S913 (P1′​) (Fig. 4a). These hypothetical 

Figure 3.  NE cleaves EMILIN1 functional domain. Coomassie staining of gC1q digestion curves by MMPs, 
collagenase, PR3, and NE. The resulting mixtures were loaded on SDS PAGE gels without boiling to prevent the 
dissociation of the trimeric gC1q into monomers. Representative full length gels (a and b) or the lower part (c) are 
shown. (a) gC1q is not cleaved by MMPs even at high enzyme concentration. Incubations at different times  
(2, 4 and 24 h) were performed with a molar ratio of 1:37 (E:S). FN was used as positive control of cleavage.  
(b) Collagenase and PR3 were added to gC1q for 1 h at different doses as indicated. Collagen type I (coll) and FN 
were used as positive control of cleavage. No digestion fragments are detected. Vertical lines indicated cropped 
gels derived from independent runs. (c) Dose- and time-dependent digestion curves of gC1q by NE show that 
increasing concentration of NE and prolonged time of incubation produce the appearance of cleaved fragments 
and the formation of a slower migrating form of gC1q trimer, as indicated by arrow heads. Note that above all at 
very low doses of the enzyme the stability of the gC1q homotrimer is highly compromised.

http://merops.sanger.ac.uk
http://merops.sanger.ac.uk
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cleavage sites are properly exposed to solvent as shown by NMR model (Fig. 4b). Thus, several mutants of R914 
and S913 were produced as recombinant gC1q domain with the aim to impair NE recognition and cleavage 
(Fig. 4c). The correct global folding of the soluble mutants (four for R914 position and one for S913 position) was 
assessed by solubility and thermostability assays as described18 (Fig. 4d) and then subjected to NE digestion. In 
line with the weak consensus cleavage site of NE, mutants S913T, R914H and R914V as well as the wild type form 
were digested (Fig. 5a,b); the mutant R914K was digested even more efficiently, indicating a positive gain when 
lysine is introduced in P1′​ (Fig. 5b). On the contrary, the mutant R914W displayed a significant resistance to NE 
digestion: more than 90% of the trimeric polypeptide appeared intact after 1 h treatment (Fig. 5a). To be noted, 
according to the NE specificity matrix reported in MEROPS Database, Tryptophan frequency in position P1′​ is 
close to zero (2/483) (Supplemental Fig. S2). Several other mutants distant from the hypothesized cleavage site, 
including the mutation E993A that impairs the interaction of gC1q with α​4β​1 integrin18, displayed a NE sensitiv-
ity comparable to that of the wild type (Fig. 5c).

Figure 4.  Identification of the possible NE cleavage site on gC1q. (a) Schematic representation of gC1q 
primary structure with the two possible cleavage sites emerged from MALDI TOF analysis, one placed between 
S913 and R914 (8651calculated MW, blue arrow) and a second between L912 and S913 (8647 calculated MW, 
red arrow). (b) NMR model of the gC1q domain where the cleavage site is highlighted in yellow to indicate its 
good exposure to the solvent to favor the interaction with NE. (c) gC1q mutants produced with a site-directed 
mutagenesis approach. Soluble mutants are indicated in green whereas the insoluble in red. (d) Coomassie 
staining of the melting transition profile of the gC1q domain. Ten μ​g of WT and mutants of gC1q domain were 
incubated in sample buffer for 1 h at the indicated temperature and then separated in a 4–20% gradient SDS-
PAGE. Mutants show a melting pattern comparable to that of the WT domain.
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The R914W gC1q mutant retains its functions after NE treatment.  The EMILIN1 gC1q domain 
promotes the firm adhesion of Jurkat cells via α​4β​1 integrin interaction15. Here, we used this model as a functional 
read out to evaluate the effect of NE on the adhesion properties of the gC1q domain. As reported in  Fig. 6(a and b),  
Jurkat cells adhered as expected to the WT gC1q, but this capability was completely lost after incubation of the 
ligand with NE. On the other hand, treatment of R914W with NE did not impair cell adhesion, indicating that the 
impairment by NE was due exclusively to gC1q fragmentation and not to a possible activity on different cell com-
ponents. To better define the effect of gC1q adhesion properties differential centrifugal forces were applied in the 
second centrifugal step of the CAFCA assay (see Materials and Methods), where the reverse direction allowed for 
removal of the unbound/weakly bound cells under controlled conditions, in order to estimate the relative Jurkat 
cell adhesion strengths to WT and R914W gC1q treated or not with NE. The mutant R914W gC1q incubated 
with NE was still able to bind cells even at high force used in the reverse direction (1,000 RPM), whereas WT 
gC1q digested by NE bound cells very weakly even at low detaching forces (250 RPM) (Fig. 6b). Moreover, we 
monitored in real time if the R914W gC1q was capable to support cellular spreading after NE treatment. Of note, 
SKLMS1 cells spread well on R914W gC1q also after incubation with NE (Fig. 6c,d). It is known that the inter-
action between gC1q and α​4β​1 integrin has an inhibitory effect on cell proliferation13. To verify if NE digestion 

Figure 5.  R914W gC1q mutant is resistant to NE enzymatic degradation. Degradation pattern (Coomassie 
staining of representative gels, lower part) of gC1q mutants (a) R914W and S913T; (b) R914K, R914H and 
R914V; (c) E976A and E933A) after incubation with NE at 1:200 (E:S) molar ratios at different times as 
indicated. Note that all the mutants except R914W are well fragmented as well as WT gC1q after very short 
times of incubation.
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Figure 6.  R914W gC1q mutant retains functional properties after NE treatment. (a) Adhesion (CAFCA 
assay) of Jurkat cells on WT or R914W gC1q preincubated (with NE) or not (w/o NE) with NE. The E:S molar 
ratios and incubation times are “boxed” in the corresponding gel at the bottom of the graphic indicating the 
status (fragmented or not) of the resulting gC1q used to coat the wells (10 μ​g/ml). (b) Differential centrifugal 
forces applied in the reverse direction during the second centrifugal step of CAFCA assay (see Materials and 
Methods) to allow the removal of the unbound/weakly bound cells under controlled conditions. The relative 
Jurkat cell adhesion strengths to WT and R914W gC1q preincubated or not with NE at the same conditions 
applied in (a) are reported. R914W gC1q incubated with NE allowed Jurkat cell adhesion at each reverse 
centrifugal force applied. (c) Dynamic monitoring of SKLMS1 cell attachment in response to the effect of NE on 
WT and R914W gC1q cleavage measured with the XCELLigence instrument and expressed as cell index. Dose 
and incubation time are the same as used in (a). The wells were coated with 10 μ​g/ml of gC1q (incubated or not 
with NE). (d) Morphological appearance of SKLMS1 adhering (30 min) on WT or gC1q mutants treated or  
not with NE (1:25–E:S, 1 h). BSA was used as control. (e) Proliferation of SKLMS1 cells plated on gC1q  
(WT or R914W mutant) (10 μ​g/ml) treated with NE (1:25–E:S, 1 h). The cell index after 48 h of dynamic 
monitoring calculated as the mean ±​ SD from n =​ 3 experiments with n =​ 6 replicates is reported. *P <​ 0.05. 
(f) Adhesion of Jurkat cells on WT gC1q preincubated or not with NE. The E:S molar ratio and incubation 
time are “boxed” in the corresponding gel next to the graphic. Data are expressed as the means ±​ SD of n =​ 3 
independent experiments with n =​ 6 replicates. **P <​ 0.001.
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could affect this property we performed a proliferation assay using SKLMS1 cells. When the WT gC1q was treated 
with NE the anti-proliferative regulatory properties were strongly affected (Fig. 6e). On the contrary, the NE 
treated R914W mutant maintained a strong inhibitory effect on SKLMS1 proliferation. Moreover, a low NE:WT 
gC1q molar ratio and a very short time of incubation were sufficient to abolish the binding properties, even if the 
digestion was only partial after 15 min, with apparently a consistent amount of trimeric form still present (Fig. 6f). 
However, the migration pattern indicated that the majority of the trimers were unwound after NE treatment, sug-
gesting that the conformational properties of the gC1q trimeric form were absolutely crucial for a proper integrin 
interaction. Taken together these results demonstrate that NE cleaved specifically the gC1q domain between S913 
and R914, and that the fragmented gC1q lost its capacity to support both cell adhesion and cell proliferation.

To further support our hypothesis we performed cell adhesion as well as proliferation assays using the 
full-length EMILIN1 together with the R914W gC1q mutant at different doses as an agonist. We determined that 
the R914W gC1q mutant was able to fully compete in cell adhesion after NE treatment (Fig. 7a). Furthermore, 
in the proliferation assay the presence of the R914W mutant that is not digested by NE was able to suppress cell 
proliferation (Fig. 7b).

Discussion
EMILIN1 is involved in cell adhesion, migration and skin proliferation homeostasis via interaction of its 
C-terminal gC1q domain with the α​4β​1 integrin. Proteases secreted by infiltrated neutrophils are able to frag-
ment EMILIN1 in lymphoedematous tissues. This degradation is abolished by the NE specific inhibitor sivelestat 
but not by the MMPs broad-spectrum inhibitor GM600128. In the present study we demonstrated that the func-
tional properties of EMILIN1 were impaired only by enzymes able to digest gC1q and that NE is the only one 
among those we tested that specifically cleaves the EMILIN1 regulatory gC1q domain. MMPs activity on recom-
binant EMILIN1 in vitro was very limited if compared to that observed with NE. However, MMPs did not digest 
the recombinant gC1q domain that displayed resistance also to collagenase and PR3. Accordingly, MMPs were 
not able to impair adhesion nor proliferation of cells plated on EMILIN1 after enzymatic treatment. By a pro-
teomic approach it has been showed that EMILIN1 from arterial tissue could be a substrate for MMP-3, MMP-9 
and MT1-MMP29. Thus, the proteolytic action of MMPs could be fundamental in some pathological conditions 
affecting vessels, likely contributing to weakening of the vascular wall via their capacity to digest fundamental 

Figure 7.  R914W gC1q mutant is able to fully compete in cell adhesion and proliferation assays when 
used as agonist. In adhesion (Jurkat cells, CAFCA assay, (a) and proliferation (SKLMS1 cells, dynamic 
monitoring by XCelligence instrument, (b) assays R914W gC1q mutant was present as an agonist at different 
doses as indicated. The mixtures (R914W gC1q mutant at different doses and EMILIN1, E1 at 5 μ​g/ml) were 
preincubated for 1 h with NE or not (w/o NE) and the resulting products used to coat the wells. Data are 
expressed as the means ±​ SD of n =​ 3 independent experiments with n =​ 6 replicates. **P <​ 0.001; NS, not 
significant.
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structural ECM components of elastic fibers. It will be interesting in the future to functionally investigate how 
crucial the EMILIN1 structural integrity is in the blood vascular context.

EMILIN1 cleavage by NE is critical in the regulation of cell proliferation. In the tumor microenvironment 
NE is likely the inflammatory enzyme displaying a proteolytic action on gC1q, thus impairing its integrity and 
then its suppressor role. NE is a neutrophil-derived serine proteinase with broad substrate specificity, including 
most components of the ECM such as elastin, collagens, laminin, entactin, and fibronectin32. In addition, a key 
role for NE in cleaving and either activating or inactivating cytokines and growth factors has been shown33,34. NE 
promotes cellular proliferation in several, different lung and breast cancer cell lines and in fibroblasts, as well35–37. 
In tumour cells NE accomplishes this by entering endosomes via the classic clathrin pit-mediated endocytosis, 
and then targeting intracellular substrates within the cytosol, such as IRS-1, a key mediator of PI3K signaling36,38. 
In our study we describe an indirect modality used by NE to favour cell proliferation.

The cleavage site within the gC1q domain lies between S913 and R914 residues and the mutant R914W was 
fully resistant to the NE proteolytic action and worked as agonist very well. This mutant was instrumental to 
demonstrate in a cellular context that the loss of gC1q-integrin interaction in the presence of NE was determined 
exclusively by the gC1q cleavage and not by other possible NE targets present in the milieu.

The EMILIN1 gC1q domain has been identified as a fundamental component of the whole molecule, both 
from a structural and a functional viewpoint7: it is the domain able to initiate and drive the homo-trimerization 
of the protein and it plays regulatory properties through the interaction with the α​4/α​9β​1 integrins13,15,16,23. The 
α​4β​1 binding site is located in a flexible loop at the apex of the trimeric structure and it is absolutely dependent 
on the E933 residue18. In addition to the E933 residue it appears that also other regions of the gC1q domain are 
important for the integrin recognition (Capuano et al., in preparation), suggesting that the global folding of the 
gC1q is necessary for its full activity. The present data is in agreement with this concept: by partial digestion of 
gC1q with low concentrations and/or short times of incubation with NE an heterogeneous mix of unwound tri-
mers was obtained, possibly due to the cleavage of one, two or three monomers still associated into trimers. These 
mixed products did not support any cellular adhesion in comparison with the untreated domain, underlying 
the requirement for a 3D-fold arrangement of the interaction to bind the integrin counterpart: the precise and 
stable geometry pattern around the flexible loop at the apex of the trimeric structure is essential for the correct 
interaction of α​4β​1 integrin with the E933 residue. EMILIN1 presents unique structural features compared to 
all the other members of the C1q superfamily. While it presents the classical jelly-roll​ β​-sandwich fold, EMILIN1 
has only 9 instead of 10 β​-strands and this different structural organization is associated with the specific and 
unique capability to be recognized by α​4β​1 integrin at an inserted short flexible sequence18. It is of note that the 
present findings of a very specific cleavage site for NE in the gC1q domain of EMILIN1 that profoundly affects 
the pro-adhesive as well as the proliferation suppressive functions of EMILIN1 depend on a cleavage within the 
gC1q domain. The cleavage of some members belonging to the gC1q-TNF family has been documented39–42, but 
almost always outside the globular domain. In particular, adiponectin cleavage by NE in the collagen-like region 
generates globular fragments with distinct biological activity40; the collagen-like region of the C1q subunit of the 
complement (C1q-CLR) can be cleaved by MMPs42; the cardioprotective cardiokine C1q-TNF-related protein-9, 
requires proteolytic cleavage to obtain a biologically active globular domain isoform41; and the differential proteo-
lytic processing of CTRP12 by PCSK3/furin in the N-terminal domain generates functionally distinct isoforms39. 
Only one example of a cleavage site for trypsin located in the globular region of C1q that affected the B chain 
capability to interact with fucoidan in vitro was reported suggesting that the compactness of this domain is very 
rarely affected by enzymes43. To our knowledge, our study demonstrates for the first time the cleavage within the 
globular domain under physio-pathological conditions of proteolytic process establishing both a unique role of 
NE as enzyme and a novel specificity for the EMILIN1-gC1q as substrate.

In conclusion, our findings reinforce the uniqueness of the gC1q-α​4β​1 integrin binding which is highly 
dependent on the overall structural conformation of the homotrimeric assembly employing a different mode of 
integrin engagement generally located in mobile loops protruding from the main core of the whole ligand44. In 
this study we demonstrated that only NE is able to disrupt the correct folding of gC1q domain thus impairing its 
suppressor role on cellular proliferation.

Materials and Methods
Antibodies and reagents.  Rabbit antiserum against human EMILIN1 (As556) was obtained as previously 
described5,27. The antiserum was also purified by affinity chromatography for gC1q recognition (AP As556). 
EMILIN1, secreted by HEK293 cells, constitutively expressing the EBNA 1 protein, was obtained as previously 
described30. Briefly, the cells were expanded to mass culture and were then maintained for 2 days in serum-free 
medium to allow accumulation of EMILIN1 in the cell supernatant. Partial purification was achieved by dialysis 
of the conditioned medium at 4 °C against 0.1 M NaCl, 20 mM Tris-HCI, pH 6.8. A further purification step was 
achieved by chromatography on a DEAE-cellulose column and size exclusion chromatography using Sepharose 
CL 4B (Amersham Pharmacia Biotech) as described30. The preparation was checked for the presence of laminin 
and FN by immunoblotting with specific antibodies and proved to be nearly devoid of these contaminants. The 
C-terminal gC1q domain was produced as previously described15,18. Plasma FN was purchased from Sigma. Rat 
tail collagen type I was provided by BD Bioscience. Human NE was provided by Calbiochem, (Merk Millipore); 
recombinant catalytic domain of MMP-3, MMP-9 and MT1-MMP were purchased by Giotto Biotech Srl. Full 
length recombinant MMP-9 was provided by Merck Millipore. Collagenase Type I-A and PR3 were provided by 
Sigma-Aldrich and Enzo LifeScience, Inc., respectively.

Cell cultures.  The human leiomyosarcoma SKLMS1, the immortalized human T lymphocyte Jurkat cell lines 
were purchased by ATCC and cultured in DMEM supplemented with 10% FCS and antibiotics.
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Enzymatic digestion.  FN, EMILIN1 or gC1q and its mutated variants were incubated with the recombinant 
MMPs or NE at different molar enzyme/substrate ratios for different times as indicated at 37 °C. The digestion 
with MMP-3, MMP-9, MT1-MMP and collagenase was carried out in a buffer containing CaCl2 (10 mM for 
MMP-9 and MT1-MMP; 5 mM for MMP-3), 150 mM NaCl, 50 mM Tris, pH 7.5. The solution for NE digestion 
contained 10 mM CaCl2, whereas for PR3 a 150 mM NaCl, 50 mM Tris, pH 7.5 buffer was used. Controls were 
incubated in the appropriate buffer without enzymes. After the indicated times, reactions were stopped by adding 
5 ×​ Laemmli buffer, loaded onto 4–​20% polyacrylamide gel, and stained in a 0.05% wt/vol Coomassie G-250, 5% 
v/v glacial acetic acid solution to monitor substrate degradation. In some experiments we analyzed fragmentation 
pattern by western blotting technique. The nitrocellulose membranes were saturated with TBS buffer (20 mM 
Tris and 0.15 M NaCl) containing 0.1% Tween-20 (TBST) and 5% non-fat dry milk for 1 h at room temperature 
and then incubated at 4 °C overnight with primary antibodies against EMILIN1 or gC1q (As556 and AP As556, 
respectively). After extensive washing in TBST, the membranes were incubated with rabbit HRP-conjugated sec-
ondary antibodies (Amersham, GE Healthcare) and then revealed with the ECL Plus chemiluminescence kit 
(Amersham, GE Healthcare).

MALDI TOF analysis.  To determine the molecular weights of the gC1q NE cleaved fragments, the digestion 
mixture was separated by SDS-PAGE using a precast, gradient, 4–20% gel (Biorad). After Comassie G-250 stain-
ing, selected digestion bands were excised from the gel and submitted to the in-house proteomic facility for the 
MALDI TOF analyses.

Site-directed Mutagenesis.  Matching the molecular weights of the digestion fragments with those calcu-
lated on the basis of the gC1q primary sequence, resulted in two possible cutting sites, located between L912 (P1) 
and S913 (P1′​) or between S913 (P1) and R914 (P1′​). Several point mutations of S913 and R914 were generated by 
site-directed mutagenesis using the overlapping PCR approach45. Briefly, in a first PCR round the primer carrying 
the desired mutation was used in combination with 5′- and 3′-flanking primers to generate two overlapping frag-
ments using as template the wild type EMILIN1 gC1q coding sequence inserted in the expression vector pQE-30 
(Qiagen) between the BamHI and KpnI restriction sites. The overlapping fragments were gel-purified and used 
as templates in a two-step PCR round consisting of 12 elongation cycles in which the overlapping regions work as 
primers and addition of the 5′- and 3′-flanking primers carrying BamHI and KpnI restriction sites, respectively, 
followed by 25 amplification cycles. The final products were purified by wizard SV columns (Promega), cut with 
BamHI and KpnI, and ligated into pQE-30 vector, cut with the same enzymes. Ligation products were trans-
formed in MI5 bacterial strain. The expression constructs containing mutant sequences were verified by DNA 
sequencing. The oligonucleotides were purchased from Sigma Genosys.

Purification of recombinant gC1q mutants and SDS-PAGE analysis.  Recombinant proteins 
(WT and mutant gC1q) were expressed as His6-tagged proteins and extracted under native conditions as pre-
viously described30. The purification of the soluble mutants was performed by affinity chromatography on 
nickel-nitrilotriacetic acid resin (Qiagen). When resistance to denaturation by heating in the presence of 1% SDS 
was assayed, the samples were incubated in sample buffer (20 mM Tris-HCl, pH 7.6, 100 mM NaCl, 25 mM EDTA, 
1% SDS, 2 mM phenylmethanesulfonyl fluoride, 5 mM N-ethylmaleimide) for 1 h at different temperatures just 
before gel loading.

Functional cellular assays.  The quantitative cell adhesion assay used in this study is based on centrifuga-
tion (CAFCA assay)46. 6-well strips of flexible polyvinyl chloride covered with double-sided tape (bottom units) 
were coated with EMILIN1, gC1q, the mutated variants or their cleavage products (10 μ​g/ml; unless noted other-
wise). Cells were labelled with the vital fluorochrome calcein acetoxymethyl (Invitrogen) and then aliquoted into 
the bottom CAFCA miniplates, which were centrifuged to synchronize the contact of the cells with the substrate. 
The miniplates were then incubated for 20 min at 37 °C and were subsequently mounted together with a similar 
CAFCA miniplate to create communicating chambers for subsequent reverse centrifugation. The relative number 
of cells bound to the substrate and cells that failed to bind to the substrate was estimated by top/bottom fluores-
cence detection in a computer-interfaced Infinite M1000 PRO microplate reader (Tecan Group Ltd.). In addition, 
to quantitatively and qualitatively monitor cell behaviour in real time, we adopted the technology provided by the 
Real-Time Cell Analyzer dual plate instrument (XCELLigence system, Roche). The strategy is based on contin-
uous quantitative monitoring of cells as they adhere/spread and proliferate by measuring electrical impedance47. 
The change in impedance caused by cell attachment and dependent on the cell number is expressed as the cell 
index, which is an arbitrary measurement defined as (Rn − Rb)/15, in which Rb is the background impedance of 
the well measured with medium alone, and Rn is the impedance of the well measured at any time with cells pres-
ent. Thus, the cell index is a reflection of overall cell number, attachment quality, and cell morphology that can 
change as a function of time. For adhesion/spreading experiments, the E-plates 96 were precoated with EMILIN1, 
gC1q, the mutated variants or the cleavage products (10 μ​g/ml, unless noted otherwise). Cells were then seeded 
at 20 ×​ 103 cells/well in FCS-free medium and monitored every 3 or 5 min for the time indicated. To monitor cell 
proliferation, 5% FCS was added to the wells 2 h after plating. Data analysis was performed using Real-Time Cell 
Analyzer software supplied with the instrument. Experiments were performed in triplicate.

Statistical analysis.  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. A value of P <​ 0.05 was considered 
significant.
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