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1. 1 Extracellular Matrix 
 
The extracellular matrix (ECM) is the noncellular component present within 

all tissues and organs, and provides not only essential physical scaffolding 

for the cellular constituents but also triggers crucial biochemical and 

biomechanical cues that are required for tissue morphogenesis, 

differentiation and homeostasis. 

Although, fundamentally, the ECM is composed of water, proteins and 

polysaccharides, each tissue has an ECM with a unique composition and 

topology that is generated during tissue development through a dynamic 

and reciprocal, biochemical and biophysical dialogue between the various 

cellular components (e.g. epithelial, fibroblast, adipocyte, endothelial 

elements) and the evolving cellular and protein microenvironment. Indeed, 

the physical, topological, and biochemical composition of the ECM is not 

only tissue-specific, but is also markedly heterogeneous. Cell adhesion to 

the ECM is mediated by ECM receptors, such as integrins, discoidin 

domain receptors and syndecans. 

Moreover, the ECM is a highly dynamic structure that is constantly being 

remodeled, either enzymatically or non-enzymatically, and its molecular 

components are subjected to a myriad of post-translational modifications. 

Through these physical and biochemical characteristics the ECM generates 

the biochemical and mechanical properties of each organ, such as its 

tensile and compressive strength and elasticity, and also mediates 

protection by a buffering action that maintains extracellular homeostasis 

and water retention. In addition, the ECM directs essential morphological 

organization and physiological function by binding growth factors (GFs) and 

interacting with cell-surface receptors to elicit signal transduction and 

regulate gene transcription. The biochemical and biomechanical, protective 

and organizational properties of the ECM in a given tissue can vary 

tremendously from one tissue to another and even within one tissue, as 

well as from one physiological state to another. In fact, the ECM is involved 

in several physiologic processes of degradation and remodeling and 

moreover in regulating the behavior of the cells that contact it, influencing 

their development, function, shape, proliferation, and migration. This last 
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phenomenon holds a pivotal role during the development of inflammatory 

and pathologic status, such as in the atherosclerosis and formation of 

metastasis. 

The ECM is composed of two main classes of polysaccharides: 

glycosaminoglycans (GAGs), which are usually found covalently linked to 

protein in the form of proteoglycans (PGs) and fibrous proteins (Schaefer 

and Schaefer, 2010). The main fibrous ECM proteins are collagens, 

elastins, fibronectins and laminins. PGs fill the majority of the extracellular 

interstitial space within the tissue in the form of a hydrated gel (Jarvelainen 

et al. 2009). PGs have a wide variety of functions that reflect their unique 

buffering, hydration, binding and force-resistance properties. 

 

 

1. 2 Glycosaminoglycans and Proteoglycans 
 
Proteoglycans (PGs) are biological molecules composed of a specific core 

protein substituted with covalently linked glycosaminoglycan (GAG) chains. 

Hyaluronan (HA) is an exception to this definition, as it lacks a protein 

core. GAGs are linear, sulfated, negatively charged polysaccharides, which 

can be divided into two classes, namely sulfated GAGs comprising 

chondroitin sulfate (CS), dermatan sulfate (DS), keratan sulfate (KS), 

heparin, and heparin sulfate (HS), and non-sulfated GAGs such as HA. 

GAG chains are made up of disaccharide repeating regions containing 

acetylated amino sugar moieties (N-acetylgalactosamine or N-acetyl-

glucosamine) and mainly uronic acid (glucoronic acid or iduronic acid).  

The biosynthesis of proteoglycans, in addition to the ordinary biosynthetic 

processes of O- and N-linked oligosaccharide components as in other 

glycoproteins, further requires biosynthesis of glycosaminoglycans in the 

Golgi apparatus, which can be considered to be a most complex 

biosynthetic process for complex carbohydrates. It requires a number of 

glycosyltransferases and sulfotransferases and involves multiple subregions 

of the Golgi apparatus, which poses a great challenge for researchers in 

elucidating the organization and regulatory mechanisms involved in 

proteoglycan biosynthesis. 
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PGs can be classified into three main groups according to their localization, 

extracellularly secreted, those associated with the cell surface and 

intracellular. 

The wide molecular diversity of PGs derives from the multitude of possible 

combinations of protein cores, O-linked and N-linked oligosaccharides, and 

various types and numbers of GAG chains. The specific structural 

characteristics of GAG types provide some of the structural basis for the 

multitude of their biological functions. PGs exhibit numerous biological 

functions acting as structural components in tissue organization, and affect 

several cellular parameters, such as cell proliferation, adhesion, migration 

and differentiation. PGs interact with growth factors and cytokines, as well 

as with growth factor receptors, and are implicated in cell signaling.  

 

 

1. 3 Hyaluronan 
 
Hyaluronan is considered the simplest of the GAGs because it consists of a 

regular repeating sequence of non sulfated disaccharide units and because 

it’s not bound to a core protein. It is an unusual polysaccharide that has a 

simple chemical structure but extraordinary properties. It is synthesized as 

a large, negatively charged, unbranched polymer that is composed of 

repeating disaccharides (from 2000 to 25000) of glucuronic acid and N 

acetylglucosamine linked with β-1,3 and β-1,4 glycosidic bonds respectively 

(Figure 1). 

 
 

Figure 1- Repeated disaccharidic structure of hyaluronan 
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Although HA belongs to the family of glycosaminoglycans it differs from 

these in many ways. Other GAGs are made as PGs that are synthesized and 

assembled in the rough endoplasmic reticulum and Golgi apparatus, and 

are secreted in a similar way to other glycoproteins. 

Moreover, whereas other GAGs are synthesized inside the cell and released 

by exocytosis, HA is spun out directly from the cell surface by an enzyme 

complex that is embedded in the plasma membrane. 

Many of the functions of HA depend on specific hyaluronan-binding 

proteins and proteoglycans, some of which are constituents of the 

extracellular matrix, while others are integral components of the surface of 

cells. 

HA has multiple functions, such as space filling, hydration, lubrication of 

joints, and provision of a matrix through which cells can migrate (Toole, 

2004). HA is actively produced during tissue injury, tissue repair, and 

wound healing (Slevin et al. 2002). In addition to providing a framework for 

ingrowth of blood vessels and fibroblasts, HA also regulates many aspects 

of  molecular mechanisms of tissue repair, such as activation of 

inflammatory cells to mount an immunological response and regulation of 

behavior of epithelial cells and fibroblasts. Elucidation of the role and 

mechanisms of HA is crucial in aiding the development of novel therapy for 

many diseases. 

 
 

1. 4 Biosynthesis of Hyaluronan  
 
HA is synthesized as an unmodified polysaccharide by three different, but 

related, hyaluronic acid synthases (HASs). These are multipass 

transmembrane enzymes, the active sites of which protrude from the inner 

face of the plasma membrane. HA is extruded through porelike structures 

onto the cell surface or into the ECM during its polymerization. 

HA biosynthesis requires not only HASs participation but it needs also the 

synthesis of UDP-sugars throughout a complex pathway organized in 

several steps. The enzymes use UDP-β-N-acetyl-D-glucosamine and UDP-β-

D-glucuronate as substrates. Two additional enzymes are necessary for the 
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glucuronic acid biosynthesis: the UDP-glucose pyrophosphorylase (UGPP) 

and the UDP-glucose dehydrogenase (UGDH). The first enzyme transfers 

glucose-1-phosphate to the UTP, producing UDP-glucose. This sugar is 

used as a substrate by the UGPP in an NAD+-dependent, 2-fold oxidative 

reaction to generate UDP-glucuronic acid. The conversion of glucose to 

UDP-GlcNAc is mediated by the hexosamine biosynthetic pathway (HBP). 

This pathway merges from glycolysis using fructose-6-phosphate (Fruc-6-P) 

to form glucosamine-6-P (GlucN-6-P) and this main reaction is catalyzed by 

the rate-limiting enzyme glutamine:fructose-6-phosphate-amidotransferase 

(GFAT). GlucN-6-P is rapidly acetylated, isomerized to N-

Acetylglucosamine-6-phosphate (GlucNAc-1-P) and activated to UDP-N-

acetylglucosamine (UDP-GlucNAc) that serves as common precursor for all 

amino sugars used for the synthesis of glycoproteins, glycolipids, and PGs 

(Figure 2).  
 

 
Figure 2- HA biosynthesis 
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In mammals the synthesis of HA is guaranted by three enzymes on the cell 

membrane (HAS1, 2 and 3); they differ in kinetic characteristics and 

product size. The existence of three different HAS isoforms with different 

characteristics implies that these enzymes have distinct biological and 

physiological roles. All the HAS isozymes are highly homologous in their 

amino acid sequences and have similar hydropathic features, suggesting 

that they are similarly organized within the membrane. (Itano et al. 1996). 

In human the genes encoding for the three HAS’s are located on different 

autosome: HAS1 is located on Chr 19q13.4, HAS2 on Chr 8q24.12 and 

HAS3 on Chr 16q22.1. The expression profile of HAS genes during 

development are spatially and temporally regulated, suggesting that HA 

may play a different role during development in different tissues or cell 

types (Itano, 2008). Structurally, all HAS enzymes are integral membrane 

proteins composed of seven membrane-spanning regions with hydrophobic 

amino acid cluster and large cytoplasmatic loops (Figure 3). Unlike typical 

glycosiltransferases, this enzyme is localized in the plasma  membrane.  

  

 
Figure 3- Structure of mammalian hyaluronan synthase 

 

 

To complete the rapid HA-turn over in physiological conditions, this GAG is 

cleaved by enzymes known as hyaluronidases. In human there are six 

different genes encoding for hyaluronidases with different properties and 

cellular locations (Stern, 2004). 
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1. 5 The exosamine biosynthetic pathway 
 
Uridine diphosphate-N-acetylglucosamine (UDP-GlcNAc) is synthesized 

from glucose as the final product of the hexosamine biosynthetic pathway 

(HBP) (Figure 4).  

 

 
 

Figure 4- the exosamine pathway 

 

 

Only a small percentage of the glucose entering in the cells, approximately 

2–5% of intracellular glucose, depending on cell type, is routed to the HBP. 

Furthermore, flux through the pathway is thought to be regulated largely 

by the levels of glucose and the rate-limiting enzyme GFAT 

 



  
Introduction 

10 

 

(glutamine:fructose-6-phosphate amidotransferase). In fact, after entering 

the cells, glucose is rapidly phosphorylated and converted to fructose-6- 

phosphate (F-6-P), which is mainly metabolized through the glycolytic 

pathway. However, under chronic hyperglycemic conditions of a diabetic 

state, a greater part of F-6-P is diverted by the action of GFAT and 

converted into glucosamine-6-phosphate (GlcN-6-P). GlcN-6-P is then 

metabolized into various hexosamine products, including the main product 

UDP-GlcNAc. This elevated UDP-GlcNAc has three effects on the pathway. 

At first, UDP-GlcNAc feedback inhibits GFAT, thus blunting synthesis; also 

provide glycosidic precursors for the synthesis of glycoproteins, glycolipids 

and proteoglycans. Furthermore, it can be used to covalently modify 

proteins and affect their functions, through a single O-linked glycosylation, 

referred to O-GlcNAcylation. These O-GlcNAc modifications play critical 

roles in regulation of wide spectrum of cellular functions. Since its first 

discovery, it has been suggested that elevated O-GlcNAc contributes to 

many deleterious effects of hyperglycemia and glucotoxicity including 

insulin resistance, diabetic cardiovascular damage associated with 

oxidative stress and inflammation (Masson et al. 2006). 

 
 

1. 6 O-GlcNac modification 
 
The HBP connects a nutrient-sensing system to a signaling pathway by 

providing GlcN-6-P, the key precursor of UDP-GlcNAc, the substrate for O-

GlcNAc modification. Indeed, O-GlcNAcylation results from the addition of a 

single UDP-GlcNAc on the hydroxyl groups of Ser and/or Thr residues of 

target proteins. O-GlcNAcylation is a unique type of glycosylation that it is 

not elongated to more complex glycan structures and is not restricted to 

the cell surface and/or luminal face of secreted proteins. This 

nucleocytoplasmic dynamic post-translational modification is rapidly 

responsive to hormones, nutrients, and cellular stress.  

 
 

Enzymes that catalyze the addition and removal of O-GlcNAc have been 

cloned and characterized (Figure 5). Unlike protein phosphorylation, where 

650 genetically distinct enzymes regulate the addition and removal of 
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phosphate, just two catalytic polypeptides catalyze the turnover of O-

GlcNAc; a uridine diphospho-N-acetylglucosamine: peptide β-N-

acetylglucosaminyl transferase (OGT; EC 2.4.1) and a neutral β-N-

acetylglucosaminidase (OGlcNAcase; EC 3.2.1.52).  

 

 
Figure 5- O-GlcNAcylation cycles 

 

 

The sensitivity of O-GlcNAc levels to extracellular glucose concentrations 

supports a model in which O-GlcNAc plays a role as a nutritional sensor, 

regulating cell growth in response to the available nutrients by altering 

alters protein-protein interactions, intracellular localization, protein 

turnover and activity. Studies showing that altering UDP-GlcNAc levels, 

and increasing and decreasing levels of O-GlcNAc, disrupt cell cycle lend 

additional support to this model (Butkinaree et al. 2010).  

Several studies have shown that such a crosstalk between GlcNAcylation 

and phosphorylation exists, as disturbing phosphorylation events affects 

GlcNAcylation levels and vice versa. 

Site-mapping studies have shown that on some proteins O-GlcNAc and O-

phosphate compete dynamically for the same serine or threonine hydroxyl 

moiety. This reciprocal occupancy seems to produce different activities or 

stability in the proteins (Figure 6).  
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Figure 6- Dynamic interplay between O-GlcNAc 

and O-phosphate. 
 

 

In certain proteins, O-GlcNAc and O-phosphate can also occur next to each 

other. Adjacent occupancy by each modification reciprocally influences the 

functions or turnover of proteins, as has recently been reported for the 

tumour suppressor p53 (Yang et al. 2006).  

Our group demonstrated that HAS2 could be phosphorylated by AMPK in 

the intracytoplasmatic loop, which is important for HAS glycosyl 

transferase activity (Vigetti et al. 2011). Bioinformatic analysis have shown 

the presence of a putative AMPK phosphorylation consensus motif at 

treonine 110 (T110). Therefore, we mutated T110 to alanine (T110A) in 

order to prevent phosphorylation, and we found that the T110 residue can 

be target of AMPK and that the phosphorylation of HAS2 strongly reduces 

the HA synthetic activity. Because regulatory phosphorylation modulates 

the function of cellular proteins similar to that of O-GlcNAcylation, in the 
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present study we investigated whether HAS2 is subject to GlcNAc protein 

modification, and its consequence for the activity and the stability of HAS2. 

 
 

1. 7 O-GlcNAc transferase (OGT) 
 

OGT catalyses the addition of O-GlcNAc to protein. OGT was identified in 

and first purified from rat liver, and has since been cloned in rats, humans, 

C. elegans and other organisms. In mammals, OGT gene is highly 

conserved and is present as a single X linked gene localized near the 

centromere where recombination rates are low. This chromosomal region is 

linked to several neurological diseases, including Parkinson’s disease 

(Nemeth et al. 1999). Although there is only one OGT gene present, 

mammalian has three different isoforms, all of which share an identical 

catalytic domain, but differ in the number of tetratricopeptide (TPR) repeat 

motifs found at the N-terminus. The longest form  (116-kDa, ncOGT) is  a 

nucleocytoplasmic isoform and the next longest isoform (103-kDa, mOGT) 

is mitochondrial.  The shortest form of OGT (sOGT; 73-kDa) is also 

nuclear/cytoplasmic. In addition to the differential targeting of these 

isoforms, the level of expression varies depending on the target tissue. OGT 

is highly expressed in the pancreatic–β-cells and in the brain (Hanover et 

al. 1999). All OGT isoforms consist of two distinct domains: the N-terminal 

domain contains TPR motifs, which are common protein–protein interaction 

domains, while the C-terminal is the catalytic domain that is highly 

conserved. The main difference among OGT isoforms is the number of TPRs 

each isoform contains (Figure 7). 

 

 
 

Figure 7- Structure of OGT isoforms 
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The mechanism by which OGT specifically modifies proteins are unclear, 

although it appears that UDP-GlcNAc concentration, protein–protein 

interactions, glycosylation, and phosphorylation may all play a role. The 

mRNA and protein expression levels of OGT are tissue-specific and are 

dependent upon specific cellular signaling, such as nutrient availability. 

Several proteins have been identified that interact with OGT (Yang et al, 

2002), and while these interactions are not known to change the activity of 

OGT, they do act to anchor and/or target OGT to signaling and 

transcriptional complexes. These interactions may modulate the activity of 

OGT by affecting its localization, modulating the binding of substrate 

proteins, or targeting to complexes where it is specifically activated by 

signal transduction events. Notably, OGT is both O-GlcNAc modified and 

tyrosine phosphorylated (Lubas and Hanover, 2000). Finally, OGT activity 

is influenced by the levels of its donor substrate UDP-GlcNAc, suggesting 

that as levels of UDP-GlcNAc change within the cell, OGT will target a 

different population of substrates (Kreppel and Hart, 1999).  

The coordinate regulation of substrate binding, substrate preference, 

association with target complexes, and post-translational modification may 

mediate OGT in such a way that it specifically modifies different proteins in 

response to diverse signals, appropriately regulating cellular function. 

 

 

1. 8 O-GlcNAcase 
 

O-GlcNAcase is a soluble, cytosolic β-N-acetylglucosaminidase expressed in 

all tissues examined and predominantly in brain (Wells et al. 2002). O-

GlcNAcase is well conserved in mammals, with 97.8% identity between the 

human and mouse gene, and 29% identity (and 43% homology) between 

the human and C. elegans gene (Gao et al. 2001). O-GlcNAcase co-purifies 

with a complex of proteins suggesting that, like OGT, it is regulated by its 

interactions with other proteins (Gao et al. 2001). In addition, it has been 

shown that O-GlcNAcase is phosphorylated, suggesting an additional 

mechanism of regulation. O-GlcNAcase is efficiently inhibited by PUGNAC 

(O-(2-acetamido-2-deoxy-D-glucopyranosylidene)amino-N-
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phenylcarbamate; Haltiwanger et al. 1998). The gene encodes two 

alternatively spliced isoforms of OGA, the longest form of OGA has two 

distinct domains, an O-GlcNAcase domain at the N-terminus that shows 

high homology with bacterial hyaluronidases and a putative 

acetyltransferase domain at the C-terminus (Schultz and Pils, 2002). The 

acetyltransferase domain may have histone acetyltransferase (HAT) activity 

(Toleman et al. 2004) but its sequence is dissimilar to other, canonical HAT 

domains (Figure 8). Interestingly, OGA contains a caspase-3 cleavage site 

between these domains (Wells et al. 2002). Two variants of O-GlcNAcase, in 

which amino acids 250–345 and 250–398 (exons 6 and 7) are deleted, have 

no activity suggesting that the O-GlcNAcase active site is within the N-

terminal half of this protein. 

 

 
 

Figure 8- O-GlcNAcase structure 
 
 

1. 9 O-GlcNAc and disease 
 
The HBP connects a nutrient-sensing system to a signaling pathway by 

providing the substrate for O-GlcNAc modification of cytosolic and nuclear 

proteins in all cell types, including those involved in the cardiovascular 

system. This dynamic post-translational modification is rapidly responsive 

to hormones, nutrients, and cellular stress. It is reciprocal with 

phosphorylation on some proteins and is thought to play an analogous role 

to this modification in cellular regulation. O-GlcNAc modification alters 

protein-protein interactions, intracellular localization, protein turnover and 

activity (Zachara and Hart, 2002). The list of proteins targeted by O-
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GlcNAcylation is ever growing and includes key intracellular proteins such 

as transcription factors, cytoskeletal proteins, tumor suppressor and 

oncogenes, nuclear and cytosolic proteins and enzymes. Accumulating data 

suggest that global O-GlcNAc protein modification is regulated in a cell-

cycle dependent manner and that any disruption of this cycling results in 

major cell-cycle defects. In this connection, a recent study by Slawson et al. 

showed that excessive O-GlcNAc modification alters cell-cycle progression 

while intact O-GlcNAcylation is nevertheless necessary for proper cell cycle 

function. Several studies indicate that O-GlcNAc might induce nuclear 

localization of some transcription factors and may affect their DNA binding 

activities. For instance, transcriptional activation of Sp1, a ubiquitous 

transcription factor, has been reported several times to be induced 

(Goldberg et al. 2005), or inhibited (Yang et al. 2001) by O-GlcNAcylation. 

Other transcription factors have also been shown to be modified by O-

GlcNAc including cAMP response element-binding protein (CREB) 

(Lamarre-Vincent and Hsieh-Wilson, 2003) and pancreatic duodenal 

homeobox (PDX-1) (Gao Y et al. 2003). More recent findings have 

strengthened that increased levels of O-GlcNAc have been implicated as a 

pathogenic contributor to glucose toxicity and insulin resistance, which are 

major hallmarks of type 2 diabetes and diabetes-related cardiovascular 

complications. Marshall and collegue demonstrated that flux through the 

HBP is responsible for the development of insulin resistance and remarked 

that the development of insulin resistance requires glucose, insulin, and 

glutamine. The role of glutamine in the development of insulin resistance 

has been found to occur via the regulation of GFAT, the rate limiting 

enzyme in the HBP. Inhibition of GFAT with either azaserine or DON 

abrogated the effects of hyperglycemia on the development of insulin 

resistance (Rajapakse et al. 2009). Studies have shown that an increase in 

cellular UDP-GlcNAc and O-GlcNAcylation levels on target proteins due to 

high glucose and glucosamine treatments leads to oxidative stress and 

endoplasmic reticulum stress, which have been shown to cause chronic 

inflammation and insulin resistance (Werstuck et al. 2006). Increasing the 

level of O-GlcNAc using either PUGNAC, a chemical inhibitor of OGA, or 

elevating O-GlcNAc levels with glucosamine induces insulin resistance in 
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3T3-L1 adipocytes (Vosseller et al. 2002). Insulin resistance and the 

corresponding decrease in glucose uptake are correlated with a defect in 

the translocation of the glucose transporter GLUT4 to the plasma 

membrane (Yang et al. 2008). 

 

 

1. 10 O-GlcNAcylation on smooth muscle cell 
 
Vascular smooth muscle cell dysfunction is a major risk factor of diabetic 

cardiovascular disease. AoSMCs are highly specialized cells whose principal 

functions are the contraction of blood vessels and the regulation of blood 

vessel tone-diameter, which regulate the blood pressure and the blood flow, 

respectively. Under diabetic conditions, an increased flux of glucose 

through the HBP has been proposed to cause vascular disease. It has been 

observed that prolonged exposure to high glucose leads to the increase of 

GFAT expression in VSMCs (Nerlich et al. 1998) indicating that GFAT is 

possibly involved in the development of the diabetic vascular complications. 

Inhibition of GFAT activity using DON decreases the hyperglycemia-

induced tumor growth factor-alpha (TGF-α) expression in VSMCs, 

suggesting that the adverse effects of hyperglycemia in VSMCs are 

mediated by the HBP. Hall et al. (2001) demonstrated that expressions of 

GLUT1 and GLUT4 are increased in the neointima of the aorta after balloon 

injury. Increased proliferation and decreased apoptosis of AoSMCs provides 

a possible linkage with the increased risks of restenosis and atherosclerosis 

in patients with diabetes. Akimoto et al. (2001) found that the pattern of O-

GlcNAc modification of proteins changed when rat aortic smooth muscle 

cells (RASMCs) were cultured in medium containing a high concentration of 

glucose. High glucose also elevates both the expression and activity of OGT. 

In addition, high glucose and glucosamine also induced an increase in the 

expression of growth factors in RASMCs. The effects of O-GlcNAc on cell 

growth and division may also contribute to the increase in VSMC 

proliferation seen in diabetes. Based on the above findings, it is clear that 

O-GlcNAcylation on specific vascular proteins has an important role in the 

regulation vascular reactivity, and further research is necessary to 
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determine the impact of O-GlcNAcylation on vascular reactivity. Thus, 

altering the O-GlcNAc levels in vascular tissues may represent a novel 

therapeutic approach for the treatment of diabetic cardiovascular disease. 

 



 

 
 
 
 
 
 
 
1. Materials and Methods
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2.1 Cell Culture and treatments 
 
Human primary aortic smooth muscle cells (hAoSMC) were purchased from 

Lonza and grown in SmGm2 complete culture medium (Lonza) 

supplemented with 5% fetal bovine serum (FBS) (Lonza) and 1% glutamax 

(Lonza). 3x 105 cells were seeded in 35 mm dishes, and after 6 hours, 

SmGm2 medium was replaced with high glucose DMEM (Lonza) 

supplemented with 0,2% FBS. After 48 h to induce quiescence, the media 

was changed to low glucose (5 mM) DMEM-F12 (Euroclone) supplemented 

with 10% FBS. Cells were stimulated with 30 mM glucose, 2 mM 

glucosamine (GluN), 40 μM 6-diazo 5-oxonorleucine (DON), 5 mM alloxan, 

100 μM O-(2-acetamido-2-deoxy-D-glucopyranosylidene) amino-N-

phenylcarbamate (PUGNAc), 1mM benzyl-2-acetamido-2-deoxy-α-D-

galactopyranoside (BG) for 24 h (all from Sigma) to modulate O-

GlcNacylation. 

NIH3T3 cells were grown to confluence in high glucose DMEM medium 

supplemented with 10% FBS and 1% glutamax. After preliminary 

experiments, a final concentration of 4 mM GluN, 150 μM PUGNAc, 2mM 

BG, 40 μM DON was used for 24 h treatments. Cultures were maintained 

in an atmosphere of humidified 95% air, 5% CO2 at 37°C. 

 

 

2.2 Transient and stable transfection  
 

8x 105 hAoSMCs were cultured before nucleofection in SmGm2 complete 

culture medium until 70%-80% confluency. Cells were transiently 

transfected with 5 μg of plasmid DNA using Human AoSMC Nucleofector Kit  

(AMAXA) as described previously (Vigetti et al, 2006) to have high efficiency 

and low mortality.  

1.5x 105 NIH3T3 cells were transiently transfected with 3 μg of total DNA 

using ExGen 500 in Vitro Transfection Reagent (Fermentas) following the 

manufacturer’s protocol. Cells were incubated for 24-48 hours for the 

following analyses. For stable transfections, human HAS2 with N-terminal 
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c-myc tag in pcDNA3.1 was transfected in NIH3T3 using ExGen 500 and 

clones were selected in 400 μg/ml G-418 (Euroclone). Protein expression 

levels was assayed by immunoblot analysis with anti-C-Myc monoclonal 

antibody (Santa Cruz Biotecnology). 

 

 

2.3 Gene expression determination by RT-PCR 
 

RNAs extraction were performed using TRI Reagent Solution  (Sigma) 

following the manufacturer’s protocol. To remove DNA contamination, 

DNase treatment (Ambion) was done in all samples. 5 μg of extracted RNA 

were retrotranscribed using the High Capacity cDNA synthesis kit (Applied 

Biosystems). Quantitative RT-PCR was done on an Abi Prism 7000 

instrument (Applied Biosystems) using Taqman Universal PCR Master Mix 

(Applied Biosystems) following the manufacturer’s instructions. The 

following TaqMan Gene Expression Assays were used: HAS1 (Hs00155410), 

HAS2 (Hs00193435), HAS3 (Hs00193436), YY1 (Hs00231533), GAPDH 

(Hs99999905). Fluorescent signals generated during PCR amplifications 

were monitored and analyzed with Abi Prism 7000 SDS Software (Applied 

Biosystems). To check the SP1 abrogation we used a SYBR Green based 

quantitative RT-PCR (Applied Biosystem) using primers 

CTCCAGACCATTAACCTCAGTG  and TGTATTCCATCACCACCAGC. 

Comparison of the amount of each gene transcript among different samples 

was made using GAPDH as the reference and the ΔΔCt method.  

 

 

2.4 Human siRNA 
 

Small interfering RNA (siRNA) was used to reduce the expression of human 

YY1 and SP1 in AoSMCs. SiRNA antisense sequence was the following: YY1 

(IDs14958, 5’-UGAACUCUCAACAAAAGCUtt-3’), SP1 (ID13319, 5’-

UGAGUUGUAAAGGUCUGCCct-3’), and negative control siRNA #1 kit 

(scramble, code 4611), a siRNA sequence not homologous to any known 
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gene, were purchased from Ambion. The transfections were done using the 

Human AoSMC Nucleofector Kit as previously described. After 24 h of 

incubation, cells were treated and the next day the silencing efficiency was 

quantified by quantitative RT-PCR measuring gene expression. The working 

concentration of siRNA in cell experiments was 50 nM. 

 

 

 

2.5 Glycosaminoglycans determinations  
 

GAGs released into the culture medium were purified by proteinase K 

(Finnzyme) digestion and ethanol precipitation. Δ-disaccharides obtained by 

the enzymatic digestions with hyaluronidase SD and chondroitinase ABC 

(Seikagaku Corporation) were fluorotagged with 2-aminoacridone (AMAC, 

Molecular Probes). AMAC-tagged disaccharides were separated and 

quantified by PAGEFS and HPLC analyses as previously described 

(Karousou et al, 2004). Identification and quantification of sample bands in 

PAGEFS gel were done by comparing their migration and pixel density with 

standard Δ-disaccharides using ImageJ software. Separation and analysis 

of AMAC-derivatives of Δ-disaccharides were performed using an HPLC 

system coupled with a Jasco-Borwin chromatograph system with a 

fluorophore detector. Sample peaks were identified and quantified 

comparing the fluorescence spectra with standard Δ-disaccharides, using 

Jasco-Borwin software.  Pericellular HA matrices were visualized by using a 

particle exclusion assay (Knudson W and Knudson CB, 1991). 

Representative cells were photographed at a magnification of ×40 and 

matrices and cellular areas were quantify using ImageJ software.  

 

 

2.6 hAoSMCs mobility and adhesion assay 
 

Confluent hAoSMc were scratched by pipette tip and then cultured in 

DMEM-F12 supplemented with 10% FBS in the presence of several 
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treatment. Migrated cells were quantified after 6 and 24 h as previously 

described (Vigetti et al, 2009). To test the adhesiveness of hAoSMCs in 

different condition, we performed the monocyte adhesion assay by using 

the monocyte U937 cell line (Vigetti et al, 2009). The quantification of 

adhered monocytes was done using an inverted microscope (Olympus) 

counting seven independent fields.  

 

 

2.7 Western Blot Analysis 
 

Wester blotting experiment were performed using the monoclonal antibody  

CTD110.6 (Sigma) in order to detected O-GlcNacylated proteins, polyclonal 

anti-GAPDH antibodies (Santa Cruz Biotechnology) or monoclonal anti-

tubulin antibodies (Sigma). In some experiment monoclonal anti C-Myc 

antibodies (Santa Cruz Biotechnology) was also used to detected 

recombinant fused c-myc-HAS2 protein. 

 

 

2.8 Immobilization of O-GlcNAc-modified 
Proteins with Wheat Germ Agglutinin 

 

NIH 3T3 and hAoSMC cells are transfected with C-Myc-HAS2 or C-Myc- 

HAS2 and OGT coding plasmid or empty vector (pcDNA3.1). The next day, 

cells were treated to modulate protein O-GlcNAcylation and after 24 h 

growth medium was removed. Cells were scrapered in lysis buffer (10 mM 

Tris, 1.5 mM MgCl2, 10 mM KCl in mQ water supplemented with proteases 

inhibitors (ROCHE)).  The lysates were incubated on ice for 5 min, 

sonicated and the protein content was quantified using Bradford Assay 

(Sigma). 100 μg of total protein was incubated with 100 μl of (WGA)-

conjugated agarose beads (Vector Laboratories). The preparation was 

rotated for 20 h at 4 °C and WGA-coniugated beads were collected by 

centrifugation; washed three times with lysis buffer and immobilized 

proteins were eluted by boiling in a waterbath for 5 min in lysis buffer with 
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1 M GluN. The eluited materials containing WGA-binding glycoproteins 

were assayed by western blot. 

 

 

2.9 Microsome purification and HASs Activity 
Assay  

 

Microsomes containing vesciculated fragments of the plasma membrane 

were obtained from control or transfected NIH3T3 cells as previously 

described (Vigetti et al, 2011). The quantification of HAS enzymatic activity 

was also carried out on proteins eluited from WGA-agarose beads. In some 

experiments, hexosaminidase digestions were conducted by treating cell 

lysates with N-acetylglucosaminidase from jack beans (Sigma). Lysates not 

digested with hexosaminidase were protected from deglycosylation by the 

addition of 50 μM PUGNAc in lysis buffer that inhibits endogenous O-

GlcNAcase; as a control prior to determine HAS activity N-

acetylglucosaminidase was boiled.  

 

 

2.10 C-myc HAS2 stability 
 
Stably transfected clones with high expression of c-myc-HAS2 were selected 

by growing NIH3T3 cells in the presence of 400 μg/mL of G418 (Euroclone) 

as described elsewhere (Badi et al. 2009). Cells were plated 24h prior to 

treatment with 150 μg/mL cycloheximide (CHX), GluN, PUGNAC and 

MG132 at 5 μM. At different time points, Western blotting analyses were 

carried out as described above to detect c-myc-HAS2 decay. 

 

 

2.11 Luciferase gene reporter assay 
 

hAOSMc were nucleofected with a -2118/+43 HAS2 promoter-luciferase 

reporter construction; a gift of Katri Makkonen. 24 h post-trasfection, cells 
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were treated to modulate protein O-GlcNAcylation. Cells extract were 

assayed using a luciferase reporter gene assay kit (ROCHE) at different time 

point as indicated. Protein concentration in cell lysates were analyzed using 

bratdford assay and the activity of luciferase was normalized to total 

protein concentration in lysates as previously described (Badi et al,2009).  

 

 

2.12 Statistical Analyses 
 

Unpaired Student’s t-tests were done for statistical analyses. Probability 

values of P<0.05 were considered statistically significant (*). Experiments 

were repeated three times each time in duplicate, and data are expressed 

as mean ± standard error (SE). 



 

 

 

 

 

 

3. Results
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3. 1 O-GlcNAcylation induces HA secretion 
 
It is generally known that an increase flux of glucose through the HBP is 

correlated with a global increase of the UDP-GlcNac level and subsequently 

can augment protein O-GlcNAcylation. This post translational modification 

could be a signal of nutrient abundance and modulates several cellular 

responses (Issad et al. 2008). Our hypothesis is to study whether O-

GlcNacylation could regulate ECM polysaccharides synthesis. Since UDP-

GlcNac, with UDP-GlcUA, is a precursor of HA, one of the main component 

of the ECM, we investigated the role of O-GlcNAcylation in the control of the 

cellular microenvironment with particular attention to HA synthesis.  

To find out whether the HBP is required for GAG synthesis by O-

GlcNAcylation, we treated cells with different compound that are able to 

interfere with protein glycosylation. Western blotting of hAoSMC and 

NIH3T3 cells lysates using a specific anti O-GlcNAc antibody, CTD110.6, 

revealed increase protein glycosylation as compared with control cells after 

glucosamine and PUGNAC treatments (Figure 9).  

AoSMC

α: CTD 110.6

NIH 3T3

α: GAPDH

 
 

Figure 9- Representative immunoblot for O-linked glycoprotein 
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GluN, which bypasses the rate-limiting enzyme of the HBP, GFAT, is known 

to induce protein modification in the same cell lines (Raman et al, 2007); 

PUGNAC, a potent inhibitor of the enzyme O-GlcNAcase mimicking the 

enzyme-stabilized transition state, increases O-glycosylation of intracellular 

protein. To confirm that the HBP mediate protein glycosylation, we used 

specific inhibitors of GFAT and direct glycosylation inhibitors that 

interfered with the transfer of a sugar moiety to a protein. Preincubation of 

hAoSMCs with DON and alloxan, in order to inhibit the glucose flux 

through the HBP by inhibiting GFAT and OGT respectively, revealed a 

marked decrease in protein glycosylation as compared with cells not 

treated. The inhibitory effect of DON was reversed by GluN, confirming the 

specifity of DON effect; conversely, the simultaneous treatment with alloxan 

and GluN still inhibit O-GlcNAcylation as alloxan block OGT that acts 

downstream GluN entry point. Interestingly, in our condition, treatments 

with 30mM of glucose did not induce protein glycosylation suggesting that 

hAoSMCs used in the experiments were insulin-dependent for glucose 

uptake as previously described (Chisalita et al. 2009). 

To verify whether the HBP and protein glycosylation could control GAG 

biosynthesis and secretion we performed an HPLC quantification of the 

unsaturated disaccharides (Δ) deriving from HA, chondroitin 4 sulfate (C4S) 

and chondroitin 6 sulfate (C6S) secreted into the hAoSMCs culture medium 

treated with the previous compound. As shown in figure 10, HPLC 

highlights that after GluN treatment, that induce UDP-GlcNAc level, both 

HA and chondroitins accumulate in the medium. DON and alloxan did not 

change GAG quantification, but the same treatments with GluN increased 

HA and chondroitins. On the contrary, modulation of protein O-

GlcNAcylation with PUGNAC treatment, showed a specific HA augment 

without any effect on other GAG; while the simultaneous treatment with 

PUGNAC and GluN still increased both HA and chondroitins. These results 

suggested that an elevated UDP-GlcNac availability is critical for the 

biosynthesis of HA as well as that of other GAGs, while protein O-

GlcNAcylation seems to be critical only for HA metabolism. 
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Figure 10- HPLC analyses on the hAoSMCs conditioned medium 

 

We also investigated the correlation between protein O-GlcNAcylation and 

HA biosynthesis in NIH3T3 cells; the experiments confirmed the results 

obtained in SMCs. After treatments we used the culture media for PAGEFS 

and HPLC analyses, in order to quantify the amount of HA synthesized and 

secreted by the cells. In both PAGEFS and HPLC analyses, treatments that 

markedly induced UDP-GlcNac level also induce a significant increase of 

HA synthesis. Moreover, NIH3T3 cells treated with DON or alloxan showed 

a complete abolishment of this biosynthetic process, whereas the control 

cells cultured in medium enriched with DON+GluN or alloxan+GluN 

treatment were able to synthesize and secrete a large amount of HA, as 

shown in figure 11.  
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Figure 11- PAGEFS and HPLC analyses on the NIH3T3 conditioned cell medium 
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In addition, also in this cell line,  is important to underline the specificity of 

this effect. In fact, PUGNAC treatments revealed the ability of this 

compounds to selectively regulate only HA synthesis by PAGEFS analysis: 

the amount of the other GAGs, as chondroitins, appears to be unchanged 

after treatments that modified O-GlcNAcylated protein level.  
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3. 2 O-GlcNAcylation regulates hAoSMCs cell 
behavior and microenvironment 

 

As hAoSMCs are involved in vascular pathology through their proliferation, 

migration and immune cells recruitment, and HA has a pivotal role in these 

phenomena, we investigated the existence of correlation between HA 

biosynthesis due to protein O-GlcNAcylation analyzing its amount in 

pericellular coat by particle exclusion assay. Forty-eight hours after O-

GlcNAc induction by GluN or PUGNAC treatments we observed an 

increment of pericellular space respect to the cells without any treatment 

(Figure 12). In contrast, treatments that reduce protein O-GlcNAcylation, as 

DON or BG, also reduce pericellular HA amount. This space between 

hAoSMCs and red blood cells is predominantly filled by HA, as 

demonstrated by digestion with hyaluronidase.  
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 Figure 12- Particle exclusion assay quantification and microphotograph 
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One of the earlier events in vessel thickening is SMCs proliferation and 

migration from the tunica media to the intima, which determines neointima 

formation. SMC motility in vivo can depend on different factor, but it is well 

accepted that HA is a critical molecule favoring migration. Thus we 

evaluated if O-GlcNAcylation is able to regulate this process through the 

induction of HA-synthesis. As shown in figure 13, GluN or DON+GluN 

treatments, that increased O-GlcNAcylation, also induced hAoSMCs 

migration. To test the involvement of HA in migration, we adding in the 

medium 4-MU, a compound that decrease HA synthesis and secretion 

without any effect on chondroitins. We found that the addition of GluN to 

4-MU treated cells is not able to restored the migration to levels similar to 

cells treated with GluN alone, indicating the specificity of HA in this 

phenomenon.  
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Figure 13- Cell migration using scratch wounding assay 
 

 

At last, we verified the HA role in monocytes adhesion, process involved in 

inflammatory response. In addition to integrins and selectins, by means of 

CD44 circulating monocytes can adhere to HA. Therefore an accumulation 

of such GAG can be considered a proinflammatory signal. We quantified 

the number of adhesive U937 monocytes on hAoSMCs after treatments that 

induce or decrease O-GlcNAcylation and subsequently HA secretion. The 

induction of protein O-GlcNAcylation after PUGNAC or GluN treatments 
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showed a significant increase of U937 adhesion to hAoSMCs respect to the 

control cells (Figure 14).  
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Figure 14- U937 monocytes adhesion on hAoSMCs 

 

 

As a control, we treated hAoSMCs with hyaluronidase and interestingly, 

this pretreatment inhibited U937 binding, underlining that the interaction 

of monocytes with SMCs was due to HA and not to other GAGs. 
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3. 3 O-GlcNAcylation could regulate HAS 2 
metabolism 

 

O-GlcNAc modifications can occur either in the cytosplasm or in the 

nucleus and correspond to a dynamic process. This reversible O-

GlcNAcylation is distinct from stable, complex glycosylations of membrane 

or secreted proteins, that take place in the lumen of the endoplasmic 

reticulum and in the Golgi apparatus. In contrast, O-

GlcNAcylation/deglycosylation constitutes a dynamic regulatory 

mechanism that can modify the activity, the localization or the stability of 

cytosolic and nuclear proteins. Moreover, serine and threonine residues, 

that are targets for O-GlcNAc modifications, often correspond to residues 

that can also be phosphorylated, resulting in additional levels of protein 

regulation (Kuo et al. 2008). Our group recently demonstrated that HAS2 

could be phosphorylated by AMPK at the Thr-110 and also the 

phosphorylation of this amino acid drastically reduces the HA synthetic 

activity (Vigetti et al. 2011). Infact this residue is localized in the 

intracytoplasmatic loop, which is important for HAS glycosyl transferase 

activity. As our preliminary experiments showed that treatments that 

increase protein O-GlcNAcylation or inhibit their deglycosylation could 

affect HA accumulation only, we hypothesized that the large cytoplasmic 

loops, critical for the enzymatic functions of HASes, could be accessible to 

nucleo-cytoplasmic OGT. In order to evaluate if the Thr-110 could be the 

target of OGT, we mutated this amino acid to alanine (T110A) in the C-Myc-

HAS2 plasmid and transfected the mutant construct with or without OGT. 

After 48h, we quantified the HAS enzymatic activity in microsomes and we 

found a strong increase of HAS activity only after OGT cotransfection, 

whereas the functionality of c-myc HAS2+OGT was not affected by alloxan 

and GlcNAcase treatments. These results strongly suggest that Thr-110 

could not be the target of OGT even if this enzyme drastically induce the 

HA synthetic activity (Figure 15).  
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Figure 15- HAS2 activity in NIH3T3 cells transfected with c-Myc-HAS2 T110A  
 

In order to evaluate if HAS2 is modified by O-GlcNAc we transiently 

transfected NIH3T3 cells with plasmids coding for c-myc-HAS2 or OGT or 

empty vector (pcDNA3.1). After treatments with GluN and PUGNAC, O-

GlcNAcylated proteins are purified by  agarose WGA beads bindings. 

Complexes was incubated and analyzed by western blotting using anti C-

Myc antibody. The results show that HAS2 is recognized by WGA when is 

cotransfected with OGT or after glucosamine and PUGNAC treatments. 

Interestingly, after transfection with HAS2 C-Myc alone no O-GlcNAc 

modification is detectable (figure 16). As a control, we detected c-myc-HAS2 

in all total protein extracts and in the wash fraction. These data suggested 

that HAS2 is O-Glycosylated after treatments that increase O-

GlcNAcylation or impair deglycosylation. 
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Figure 16- HAS2 is modified by O-GlcNAc in NIH3T3 cells 

 

To confirm that HAS2 is O-GlcNacylated by cytoplasmatic OGT we 

transiently transfected NIH3T3 cells with plasmids coding for c-myc-HAS2 

and OGT and treated them with alloxan. As shown in figure 15, HAS2 

binding to WGA was markedly reduced after alloxan treatment. This 

experiment was performed also in hAoSMCs and confirmed the results 

obtained in NIH3T3 cells (data not shown). Together, these results indicate 

that HAS2 is subject to modification by O-GlcNAc. To identify putative O-

GlcNAcylated  residue, bioinformatic searches revealed the presence of a 

critical site in HAS2 protein at serine 221 (S221). Further, this residue is 

localized in the intracytoplasmatic loop that was previously shown to be 

important for HAS glycosyl transferase activity. For that reason, we 

mutated S221 to alanine (S221A) in the 6myc-HAS2 plasmid in order to 

prevent O-GlcNAylation and transfected the mutated construct in NIH3T3 

cells with OGT. Since WGA binds O-GlcNAc residues, S221A mutants were 

used to determine whether HAS2 binding to WGA was mediated by O-

GlcNAc. After 48h from transfections, microsomes were prepared by 

centrifugation, O-GlcNacylated proteins purified by binding with agarose 

WGA beads and HAS2 tested in the eluate by western blotting using anti C-

Myc antibody. As shown in Figure 17, we found that the S221A mutation 

prevented HAS2 identification after WGA beads elution; this result strongly 

suggests that the S221 residue can be the target of OGT and that the 

mutation of this aminoacid drastically reduces HAS2 O-GlcNAcylation.  
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Figure 17- Identification of the critical residue involved in HAS2 O-GlcNAcylation  

 

As the highly abundant and dynamic post-translational modification, O-

GlcNAcylation, is implicated in several biological processes and in protein 

metabolism, we studied whether the HAS2 O-GlcNacylation could regulate 

its functionality. We quantified the HAS enzymatic activity in microsomes 

containing plasma membranes after NIH3T3 cells transfection and 

treatment as described above. As shown in Figure 18, the transfection of c-

myc-HAS2 alone slightly increased HA synthetic activity, whereas the 

cotransfection with OGT, or the treatment with GluN or PUGNAC increased 

HAS2 activity. These results support the idea that HAS2 O-GlcNAcylation 

induces its HA synthetic capability. To confirm this point, two methods 

were used to determine whether HAS2 activity was mediated by O-GlcNAc. 

Firstly, we treated with alloxan cells cotransfected with c-myc-HAS2+OGT 

and we found a highly reduction of HAS activity. Secondly, N-

acetylglucosaminidase (GlcNAcase) incubation, which removes O-GlcNAc, 

restored HAS activity to the control level. As a control we incubated an 

aliquots of sample with boiled N-acetylglucosaminidase; this enzyme 

inactivation did not affected HAS2 synthetic capability, which strongly 

suggests that one or more O-GlcNAcylation sites in the HAS2 enzyme can 

induce HAS2 activity.  
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Figure 18- Relative quantification of HAS2 activity after O-GlcNAc  modulation  

 

To test the efficiency of N-acetylglucosaminidase used before, lysates were 

incubated with excess GlcNAcase or with boiled GlcNAcase, and then 

proteins were immunoblotted for CTD110.6. As shown in Figure 19A, N-

acetylglucosaminidase had a high efficiency to hydrolize O-GlcNacylation. 

Interestingly, the activity of HAS3, the other HAS expressed in hAoSMCs, 

was not affected by O-GlcNacylation (Figure 19B). 
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Figure 19- A:Jack bean N-acetylglucosaminidase efficiency. B: HAS3 activity assay 
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Our studies have shown that O-GlcNAc has a relationship with HA 

biosynthesis and has been implicated in modulating HAS2 synthetic 

activity. Since O-GlcNAcylation has been shown to regulate a great number 

of cellular functions we studied whether such HAS2 glycosylation could 

modify its stability. To investigate this issue, we generated a stable cell line 

overexpressing wild-type c-myc-HAS2 in order to eliminate the problem to 

have the same transfection efficiency of transient transfections. After the 

selection of a highly expressing clone (clone 8) by Western blotting (data not 

shown), we treated such clone with the protein synthesis inhibitor 

cycloheximide (CHX) and we visualized c-myc-HAS2 protein by Western 

blotting after different incubation time. In these experiments, the level of c-

myc-HAS2 protein decreased rapidly and after 30 min completely 

disappeared (Figure 20A); showing that c-myc-HAS2 is a short-lived 

protein. We then turned out attention to the intracellular pathway 

responsible for the rapid HAS2 turnover. As recently HAS2 has been 

described to be an ubiquitinated protein (Karousou et al. 2010), we 

investigated whether 26S proteasome was involved in the degradation of c-

myc-HAS2. We treated the clone 8 with CHX in the presence or absence of 

MG132, a specific 26S proteasome inhibitor. Cell extracts were then 

subjected to immunoblotting analysis using anti c-myc and tubulin 

antibodies to determine the presence of c-myc-HAS2. As shown in Figure 

20B, a significant stabilization of the wild-type HAS2 protein was observed 

after 60 min of incubation with MG132 suggesting that this protein can be 

targeted to a 26S proteasome.  
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Figure 20- A: Determination of c-myc-HAS2 half-life. B: Proteasome system is involved 
in HAS2 degradation. 
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Since O-GlcNAc generally protects from protein degradation, we 

investigated O-GlcNAcylation ability to affect the intracellular stability of 

wild-type c-myc-HAS2. To study this issue, we treated stable NIH3T3 cell 

lines overexpressing wild-type c-myc-HAS2 with CHX+GluN, in order to 

induce O-GlcNAcylation, or CHX+GluN+Alloxan, to prevent O-

GlcNAcylation. After different incubation times, cell extracts were 

immunoblotted to visualize c-myc-HAS2. As shown in Figure 21A, c-myc-

HAS2 stability was greatly induced after GluN treatment allowing the 

detection of c-myc-HAS2 band until 3 hours after CHX addition. Such an 

effect was clearly dependent on the O-GlcNAcylation, since the OGT specific 

inhibitor, alloxan, caused HAS2 degradation (Figure 21B). This experiment 

provided a very strong support for a role of the O-GlcNAcylation in the 

control of HAS2 turnover. 
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Figure 21- Determination of c-myc-HAS2 half-life after GluN (panel A) or GluN+alloxan 
treatments (panel B).  

 

To further evaluate the role of protein stability on GAG metabolism, we 

treated hAoSMCs with CHX for 24 hours and analyzed GAG secreted into 

the conditioned cell medium using PAGEFS analysis. As shown in Figure 

22A, HA was clearly the unique GAG susceptible to a very high turnover, 

since its production levels were significantly decrease by CHX treatments.  

This issue is confirmed by HPLC analyses that permitted us to quantify HA 

after CHX treatments, either in presence or absence of GluN or PUGNAC 

treatments (Figure 22B).  
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Figure 22- PAGEFS (panel A) and HPLC (panel B) analysis performed after GluN and 
PUGNAC  treatments in hAoSMCs. 

 
Our results showed that O-GlcNAcylation induction, which is implicated in 

HAS2 activation and stabilization, did not protect the HA degradation 

suggesting a complex mechanism of regulation that probably involved both 

26S proteasome-mediate degradation and also hyaluronidases. We 

investigated the role of proteasomal degradation in HA biosynthesis by 

treatments of quiescent hAoSMCs with CHX and\or GluN for 24 hours, 

followed by incubation of the cells, at different times, in the presence or 

absence of MG132. Notably, a decrease of HA release into the culture 

medium was confirmed after CHX+GluN treatment (figure 23). 
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Figure 23- Determination of the role of proteasome mediate degradation in HA secretion 

by HPLC analysis. 
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Interestingly, a clear time-dependent increase of HA secretion was observed 

after blocking the proteasome-mediated degradation confirming that HA 

possessed a very rapid turnover that is completely rescue after 3 hours 

from the blocking of protein degradation.  
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3. 4 O-GlcNAc could regulate HAS 2 gene 
expression 

 

O-GlcNAc modifications are tightly dependent on the concentration of UDP-

GlcNAc produced by the HBP which itself depends on how much glucose 

enters the cell. Therefore, our results suggested that the extent of UDP-

GlcNAc is essential for the synthesis of HA as well as that of other GAGs 

while O-GlcNAcylation seems to be critical only for HA synthesis. As the 

amount of protein O-GlcNAc modification is directly related to HA 

metabolism, we next studied the effect of this dynamic protein modification 

on the gene expression levels involved in HA biosynthesis. We treated 

quiescent hAoSMCs in order to modulate O-GlcNAcylation as previously 

described, and quantified the mRNA level using a quantitative RT-PCR. We 

studied the gene coding for the three HASs and also UGPP and UGDH, 

genes required for the reaction to generate UDP-glucuronic acid. 

Interestingly, treatments that induce O-GlcNAc or UDP-GlcNAc content did 

not change HAS3, UGDH and UGPP transcription level (Figure 24A and 

24B); HAS1 mRNA expression was not detectable. On the contrary, as 

shown in Figure 24A, the HBP is a candidate for the up-regulation of HAS2 

mRNA levels. 
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Figure 24- HASs (Panel A), UGDH and UGPP (Panel B) relative expression by 

quantitative RT-PCR analysis. 
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To confirm that the activation of the HBP results in increased expression of 

HAS2, we incubated hAoSMCs for 24 h with GluN and PUGNAc. As shown 

in Figure 25, HAS2 mRNA expression in response to GluN or PUGNAC was 

induced up by 5-fold and 3-fold, respectively, as compared with control 

cells. To confirm that the UDP-GlcNAc level and protein glycosylation 

mediate the up-regulation of HAS2, we used specific inhibitors of GFAT, the 

rate limiting enzyme of the hexosamine pathway, and direct glycosylation 

inhibitors that interfered with the transfer of a sugar moiety to a protein. 

Preincubation of hAoSMCs with DON inhibited the increase of HAS2 mRNA 

level. To show that the effect of GFAT inhibitors on HAS2 expression is the 

result of specific inhibition of the HBP and that the addition of downstream 

metabolites can overcome the effect of GFAT inhibitors, GluN was used to 

stimulate cells treated with DON. The inhibitory effect of DON on HAS2 

mRNA expression was completely reversed when cells were treated with 

GluN. Similarly, when cells were preincubated with alloxan, that directly 

inhibit OGT, there was no increase in HAS2 mRNA expression. This 

inhibitor also down-regulated the level of HAS2 in the presence of GluN, 

suggesting that the O-GlcNAcylation is critical for the regulation of HAS2 

transcription. 
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Figure 25- Effect of activation and inhibition of the HBP and protein O-GlcNAcylation on 
HAS2 mRNA expression in hAoSMCs. 

 

We, therefore, proceeded with the aim to identify the molecular mechanism 

of up-regulation of HAS2 mRNA by GluN in hAoSMCs to confirm that the 

 
 



  
Results 

47 

 
hexosamine pathway affects this mechanism directly. Cells were incubated 

with or without GluN for 24h, then treated with actinomycin D (ActD) and 

lysed at 1h to 2h. Although HAS2 mRNA levels increased dramatically after 

stimulation with GluN (Figure 26), the inhibition of RNA synthesis with 

ActD maintained the relative amount of HAS mRNA unchanged after 1 or 2 

h after the treatments. Therefore, the increment of HAS2 transcript seen 

after GluN addition can not be ascribed to a change in HAS2 transcript 

turnover rate (i.e., messenger stabilization). Our hypothesis is that HAS2 

mRNA has a constant degradation rate and the increase of HAS2 transcript 

after GluN can be due to gene induction the involve RNA synthesis rather 

than messenger stabilization. 
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Figure 26- Effect of GluN treatment on HAS2 mRNA stability. 

 

To determine whether the transcription of the endogenous HAS2 gene is 

increased in response to acute GluN stimulation we transiently transfected 

cultured hAoSMCs with a human HAS2 promoter-luciferase reporter gene 

construct and compared its activation in GluN-stimulated and control cells 

at different time set. We used a -2118/+43 HAS2 promoter-luciferase 

reporter construction and a control vector, CMV, that has high level of 

basal activity. After GluN stimulation, the activity of the HAS2 -2118/+43 

luciferase reporter construct was not increased (Figure 27). Taken together, 

these results showed that GluN could not activates directly the HAS2 gene 

at the level of transcription. 
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Figure 27- Effect of GluN treatment on HAS2 promoter activity. 
 

Gene transcription in response to extracellular and intracellular stimuli 

depends both on the promoter structure and on the signal- and cell type–

specific patterns of activation of transcriptional activators, coactivators, 

and suppressors. Many transcription factors are modified by O-

GlcNAcylation in response to physiological stimuli, cell cycle stage, and 

developmental stage, and this modification can modulate their function in 

different ways. Since our results highlighted that HAS2 expression is 

induced by O-GlcNAc we wanted to investigate the role of Sp1 and YY1 in 

transcriptional regulation. In fact, it is known that a great number of 

transcription factors, such as YY1 and Sp1, which are regulated by O-

GlcNAcylation, are involved in the regulation of HAS2 mRNA synthesis 

(Saavalainen K et al. 2007). YY1 was shown to act as a transcriptional 

activator or repressor depending on the context of its binding site within a 

particular promoter and on other cell type-specific factors. In order to 

investigate whether YY1 was involved in HAS2 transcription we silenced its 

expression using a siRNA approach. After 48 h from siRNA transfections, 

we assayed the gene silencing efficiency and HAS2 gene expression by 

quantitative RT-PCR. As shown in Figure 28B, we observed an about 80% 

reduction of YY1 transcripts; moreover, the YY1 expression rate was 

comparable in cells with or without GluN treatment. We found a non 

specific and not statistically significant reduction of HAS2 transcripts 
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respect to scrambled negative control siRNA (siSCR) after YY1 silencing, 

furthermore HAS2 gene expression did not subjected to siYY1 after GluN 

treatments suggesting that this transcription factor was not involved in 

HAS2 gene regulation in our cell system. 
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Figure 28- YY1 silencing effect on HAS2 (Panel A) and YY1 (Panel B) gene expression. 

 
We then turned our attention to Sp1, a ubiquitously expressed zinc finger 

transcription factor. Beyond constitutive activation of housekeeping genes, 

hundreds of genes are regulated by this protein, and its activity is 

controlled by numerous post-translational modifications, including at least 

eight O-GlcNAc sites. Sp1 can be also phosphorylated and acetylated by 

several factors in response to different stimuli making it extensively 

involved in gene regulation. We thus decided to investigate its role in HAS2 

trascription. Relative expression of HAS2 mRNA was evaluated by 

quantitative RT-PCR 48 h following siRNA transfection. Knockdown of Sp1 

mRNA decreased HAS2 transcription by 80% indicating that such 

transcription factor is needed for the basal transcription of HAS2 gene as 

already reported (Monslow et al. 2006). Interestingly, reduction of HAS2 

gene expression is also maintained after GluN treatment suggesting that 

Sp1 could induce HAS2 expression after O-GlcNAcylation (Figure 29A). The 

ability of siSp1 to knock down its respective mRNA was also confirmed and 

the result of this experiment is shown in Figure 29B. 
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Figure 29- Sp1 silencing effect on HAS2 (Panel A) and Sp1 (Panel B) gene expression. 
 

To support the idea that O-GlcNAcylation induces HAS2 expression via Sp1 

we overexpressed this transcription factor in hAoSMC. Interestingly Sp1 

overexpression did not induce HAS2 transcription in a significant fashion 

as GluN treatment. When Sp1 overexpression and GluN treatment were 

combined, the HAS2 mRNAs level increased to those observed in the 

control cells treated with GluN alone, even if without a statistically 

significant difference respect to samples without GluN (Figure 30). To 

confirm that protein glycosylation mediate the up-regulation of HAS2 via 

Sp1, we treated transfected hAoSMCs with GluN and alloxan, that block O-

GlcNAcylation, and we found a highly reduction of HAS2 expression. These 

results could support the idea that HAS2 gene expression is regulated by 

Sp1 O-GlcNAcylation.  

0

1

2

3

4

5

H
A
S2

 r
el
at

iv
e 

ex
pr

es
si
on

 
Figure 30- Sp1 overexpression effect in hAoSMCs. 
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O-GlcNAc modification of transcription factors is important in regulation of 

gene expression in various tissues. O-linked GlcNAc moieties on 

transcription factors may be recognized by various components of the 

transcriptional machinery, serve as a nuclear localization signal, 

antagonize the action of protein kinases by masking the potential serine 

and threonine sites for phosphorylation, modulate the DNA binding activity 

or the half-life, and increase the stability of transcription factors in the cell. 

To further confirm that Sp1 O-GlcNAcylation activate the transcription of 

HAS2 gene, we transfected hAoSMC with a -2118/+43 HAS2 promoter-

luciferase reporter gene construct, that is known to contain several Sp1 

binding sites, and compared its activation in GluN stimulated and control 

cells. After GluN stimulation, the activity of the HAS2 -2118/+43 luciferase 

reporter construct was not increased, confirming data obtained previously 

(see Figure 27). Interestingly, after cotrasfection of Sp1 with the reporter 

vector we observed an increase luciferase activity. Surprisingly, when we 

treated with GluN the cells cotransfected, as described above, we could not 

observed the transcriptional activation of the HAS2 promoter (Figure 31). 

This data demonstrated that Sp1 acts as an activator of the HAS2 gene as 

already reported (Monslow et al. 2006) but probably other unidentified 

transcription factors and coactivators form signal- and cell type–specific 

multiprotein complexes on the HAS2 promoter after O-GlcNAcylation. 

Very recently, it has been reported that SP1 O-GlcNacylation inhibited 

HAS2 transcription (Jokela et al. 2011, paper in press). 
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Figure 31- Effect of Sp1 expression and GluN treatment on HAS2 promoter activity.
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Hyperglycemia and insulin resistance are major causative factors for 

diabetes type 2 and its vascular complications, which are the first causes of 

death in the western countries. The development of vascular pathology is 

often coupled to dramatic alterations of the ECM, which provides critical 

support for vascular tissue as a scaffold for maintaining the organization of 

vascular cells into blood vessels, for blood vessel stabilization, 

morphogenesis, and for cell proliferation, migration, and survival (Davis et 

al. 2005). Thus, it is critical to understand how cells regulate ECM 

synthesis. In recent paper, it was demonstrated that HA accumulates in 

arteries in diabetic patient and in a porcine model for diabetes and this 

strongly influences atherosclerotic lesion formation (Heickendorff et al. 

1994; Suzuki et al. 2001). Hyperglycemia can induce vascular 

complications via several different mechanisms, and one of the 

mechanisms is an increase of the HBP flux of glucose and O-GlcNAcylation 

of target protein (Karunakaran and Jeoung, 2010). Thus, the purpose of 

this study was to characterize, in a hAoSMCs model, how protein O-

GlcNAcylation affect content of specific ECM components, in particular HA. 

Changes in HA production have mostly been associated with the regulation 

of HASs via different mechanism including the expression level of Has 

genes (Vigetti et al. 2009), UDP-sugar substrates availability and 

ubiquitination (Karousou et al. 2010). Our research and that of others have 

revealed the critical role of the UDP-sugar precursors in the regulation of 

HA synthesis. This synthesis requires ATP, UTP, and other critical 

metabolic molecules, including glucose, glutamine, glucosamine, and 

acetyl-CoA, which makes GAGs production an energy-consuming process. 

Our group recently demonstrated that the energy charge is critical for the 

regulation of HA metabolism, in fact at low ATP/AMP ratios, AMPK activity 

can block HA synthesis without altering the synthesis of other GAGs 

(Vigetti et al. 2011). Moreover, previous studies presented evidence that the 

cellular concentration of UDP-GlcUA and UDP-GlcNAc can become limiting 

in HA synthesis. Increasing the UDP-GlcUA level by overexpression of 

UGDH, HA production was enhanced (Vigetti et al. 2006); also HA synthesis 

was negatively influenced by mannose treatments through its ability to 

decrease the UDP-GlcNAc content (Jokela et al. 2008). HA synthesis 
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required UDP-GlcNAc, the end product of the HBP, which itself reflects the 

flux through this pathway and, therefore, could serve as a glucose sensor 

(Issad et al. 2008). The UDP-GlcNAc increment, induced by the nutrient 

availability, brings to protein O-GlcNAcylation which controls a plethora of 

cellular enzymes. This thesis is focused on the hypothesis that the rate of 

HA synthesis could be regulated by the level of HAS substrate 

concentration with particular attention to protein O-GlcNAcylation. Our 

results suggested that an elevated UDP-GlcNAc availability is critical for the 

biosynthesis of HA as well as that of other GAGs, while protein O-

GlcNAcylation is critical only for HA metabolism. We found an augment of 

both HA and chondroitins by increasing the flux through the HBP with 

GluN treatments suggesting that the UDP-GlcNAc content may affect GAGs 

synthesis. This is probably due to the equilibrium between UDP-GlcNAc 

and UDP-N-acetylgalactosamine (UDP-GalNAc) mediated by UDP-galactose 

4-epimerase resulting in UDP-GlcNAc/UDP-GalNAc ratio of 3:1 (Sweeney et 

al. 1993). Such results suggest that the UDP-GlcNAc induce all GAGs 

synthesis, in fact the nucleotide sugar transporter located on the Golgi 

membrane is necessary to furnish the substrates for the complex GAG 

synthesis systems (i.e., GAGosome).  Moreover, PUGNAC treatments, that 

induce protein O-GlcNAcylation without any effect on UDP-GlcNAc content, 

seems to be critical only for HA biosynthesis without any change in the 

amount of the other GAGs. It is generally known that the nutrient 

availability induces an increment of UDP-GlcNAc concentration that brings 

to protein O-GlcNAcylation which controls a plethora of cellular enzymes. 

In fact, O-GlcNAc modifies various transcription factors and cellular 

proteins in a process dynamically reciprocal to phosphorylation of the same 

Ser and Thr residues or adjacent residues, and is important in regulating 

protein function (Love and Hanover, 2005; Hart et al. 2007). HASs are on 

plasma membrane and have large cytoplasmic loops which could be 

accessible to nucleo-cytoplasmic OGT. Bioinformatics searches revealed the 

presence of a putative O-GlcNAcylated  residue in HAS2 protein at ser-221, 

which is localized in the intracytoplasmatic loop that was previously shown 

to be important for HAS glycosyl transferase activity (Weigel and DeAngelis, 

2007). We were able to unequivocally detect O-GlcNAc on HAS2, which 
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could be significantly increased by co-expressed OGT, purifying O-

GlcNAcylated proteins by agarose WGA beads bindings. Interestingly, 

mutation of ser-221 drastically reduces HAS2 O-GlcNAcylation. 

Interestingly, the Thr-110, that our group previously demonstrated to be 

phosphorylated by AMPK (Vigetti et al. 2010) could not be also glycosylated 

by O-GlcNAc. Furthermore, O-GlcNAcylation led to activation of the 

enzymatic activity of HAS2; although HASs share a high degree of amino 

acidic identity the O-GlcNAc effect seems to be specific only on HAS2. Such 

results suggest that HAS proteins, and HAS2 in particular, could have 

different regulatory mechanisms with several possibilities for post-

translational modifications capable of modulating enzymatic activity. Since 

O-GlcNAcylation has been shown to regulate a great number of cellular 

functions including protein degradation (Zhang et al. 2003), we studied 

whether such HAS2 glycosylation could modify its stability. Our findings 

clearly indicate that c-myc-HAS2 has a very rapid turnover due to 

proteasomal activity and O-GlcNAcylation prevents its degradation as 

previously described for other proteins as SP1 (Zachara and Hart, 2004). 

Interestingly, at cellular level, the blocking of protein synthesis dramatically 

reduced only secreted HA maintaining unchanged the level of other GAGs 

indicating a complex mechanism of regulation that probably involved both 

26S proteasome-mediate degradation as MG132 induced a rapid secretion 

of HA (Figure 32). 
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Figure 32- High UDP-GlcNAc mediate 26S proteasome degradation of HAS2. 

 

 

We also confirmed the existence of correlation between HA biosynthesis due 

to protein O-GlcNAcylation analyzing its amount in pericellular coat. 

Interestingly, high glucose concentration did not affect O-GlcNAcylation 

level suggesting that hAoSMCs used in the experiments were insulin-

dependent for glucose uptake as previously described (Chisalita et al. 

2009). Actually, whether insulin, at physiological concentrations, has direct 

effects on SMCs remains controversial. Since the HA pericellular coat has 

been suggested to be involved as the cellular microenvironment in a variety 

of important biological and pathological events, its formation is probably 

strictly controlled (Toole, 2004). In fact, HA is increased in amount in 

atherosclerotic and restenotic lesions (Riessen et al. 1996) and has been 

implicated in tissue macrophage recruitment in other inflammatory 

diseases (De La Motte et al. 1999). Moreover, in the media and neointima, 

HA exert a proatherosclerotic effect (Vigetti et al. 2009); thus, HA could 
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mediate increased plaque inflammation. Consistent with this hypothesis, 

we found a crucial role of O-GlcNacylation favoring immune cells adhesion 

and SMC migration via HA. Therefore, hyaluronidase and 4-MU treatments 

of hAoSMCs after GluN treatment inhibited U937 binding and cells 

migration, respectively, underlining the crucial role of HA, and not to other 

GAGs, in SMCs behavior. From a functional point of view, it has been 

shown that GlcN ameliorates parameters of several diseases including 

adjuvant and rheumatoid arthritis and cardiac allograft survival. In 

cardiovascular system an increased of protein O-GlcNAcylation inhibits 

inflammatory and neointimal responses to acute endoluminal arterial 

injury suggesting a vasoprotective role of this post-translational 

modification in vivo (Xing et al. 2008). Our results seem to show a different 

role of O-GlcNacylation favoring immune cells adhesion and SMC migration 

and, therefore, highlighted simultaneous negative (i.e., increase insulin 

resistance, impair Ca2+ signaling, and increase angiotensin 2 synthesis) 

and positive (i.e., increase cardioprotection post trauma, and decrease ER 

and oxidative stresses) effects of O-GlcNacylation on cardiovascular system 

as already reported (Marsh et al. 2011; Laczy et al. 2009). 

As the amount of protein O-GlcNAc modification is directly related to HA 

metabolism, we next studied the effect of this dynamic protein modification 

on the gene expression levels involved in HA biosynthesis. In fact, 

numerous transcription factors are O-GlcNAc modified, and the 

transcription of multiple genes is up- and downregulated when 

extracellular glucose/glucosamine concentrations are changed (Butkinaree 

et al. 2010). Quantitative RT-PCR study permitted to demonstrate that O-

GlcNacylation and not a UDP-GlcNac increase up-regulated HAS2 mRNA 

levels. Moreover, these data demonstrated that the increased expression of 

HAS2 mRNA is not due to an increase in mRNA stability and suggested that 

RNA synthesis is involved in this mechanism of up-regulation. 

Interestingly, treatments that induce O-GlcNAcylation or UDP-GlcNAc 

content did not change the transcription level of HAS3, UGDH and UGPP, 

genes required for the reaction to generate UDP-glucuronic acid. Previous 

study, demonstrated that UDP-GlcUA content was able to regulate both 

HAS2 and HAS3 mRNA level (Vigetti et al. 2006), suggesting a different 
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mechanism that control HASs expression in response to the two substrates. 

On the other hand, GluN treatments could not modify the activation of the 

HAS2 promoter directly. It has been recently found that intracellular 

glucose metabolism, through UDP-GlcNAc content, inhibits HAS2 

transcription through the transcription factors YY1 and Sp1 in 

keratinocytes (Tammi et al. 2011). The regulation of the HAS2 promoter by 

YY1 and Sp1 in hAoSMCs appears to be different; in fact, checking the 

GluN-induced changes in HAS2 expression we found a non specific and not 

statistically significant reduction of HAS2 transcript after YY1 silencing, 

suggesting that this transcription factor was not involved in HAS2 gene 

regulation. Surprisingly, it can be assumed that Sp1 contributes both to 

the basal mRNA expression of the HAS2 gene as well as to its super-

induction after GluN treatment, although these data are not statistically 

significant; probably other unidentified transcription factors and 

coactivators form signal- and cell type–specific multiprotein complexes on 

the HAS2 promoter after O-GlcNAcylation. Recently it has been reported 

that histones can be O-GlcNacylated proteins, therefore the pathway that 

regulates HAS2 transcription could involve a more complex epigenetic 

mechanism (Slawson and Hart, 2011). 

In conclusion, our results demonstrated that the availability of UDP-sugar 

substrates can modulate GAGs production and that protein O-

GlcNAcylation influence only HA synthesis. We provided evidence that the 

HAS2 Ser-221 is O-GlcNacylated; this protein modification is correlated 

with HAS2 activity and stability. Moreover, we found that HAS2 has a very 

rapid turnover due to proteosomal activity and O-GlcNAcylation prevents 

its degradation. We also demonstrated that increasing UDP-GlcNAc in 

hAoSMC enhanced HAS2 gene expression; in this mechanism of up-

regulation is not involved the mRNA stability. These results support the 

hypothesis that the synthesis of HA is tightly controlled both at substrate 

and gene expression levels. 
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