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Summary

Hyaluronan (HA) is a linear glycosaminoglycan (GAG) of extracellular matrix (ECM) synthesized by three hyaluronan
synthases (HASes) at the plasma membrane using uridine diphosphate (UDP)-glucuronic acid (UDP-GIcUA) and UDP-
N-acetylglucosamine (UDP-GIcNACc) as substrates. The production of HA is mainly regulated by hyaluronan synthase 2
(HAS2), that can be controlled at different levels, from epigenetics to transcriptional and post-translational modifications.
HA biosynthesis is an energy-consuming process and, along with HA catabolism, is strongly connected to the maintenance
of metabolic homeostasis. The cytoplasmic pool of UDP-sugars is critical for HA synthesis. UDP-GIcNAc is an important
nutrient sensor and serves as donor substrate for the O-GIcNAcylation of many cytosolic proteins, including HAS2. This
post-translational modification stabilizes HAS2 in the membrane and increases HA production. Conversely, HAS2 can be
phosphorylated by AMP activated protein kinase (AMPK), a master metabolic regulator activated by low ATP/AMP ratios,
which inhibits HA secretion. Similarly, HAS2 expression and the deposition of HA within the pericellular coat are inhibited
by sirtuin | (SIRT), another important energetic sensor, confirming the tight connection between nutrients availability and
HA metabolism. (] Histochem Cytochem 69: 35—47, 2021)
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several acute as well as chronic pathologies and ECM
plays an active role to modulate this pivotal process.®®
Among the different ECM components that are known
to interact with inflammatory cells, this review will focus
on hyaluronan (HA).

HA is one of the most abundant and ubiquitous
component of ECM and belongs to the family of gly-
cosaminoglycans (GAGs)."® HA is made by linear
repetitions of N-acetyl-D-glucosamine (GIcNAc) and
p-glucuronic acid (GIcUA) joined together via beta
(1,4) and beta (1,3) glycosidic bonds that, differently

Introduction

For many years, the extracellular matrix (ECM) was
considered an inert scaffold made of a complex net-
work of macromolecules where cells adhere and grow.
Nowadays, ECM has acquired a central role in cell
biology as it is able to regulate critical functions such
as motility, survival, proliferation, and differentiation.
Alterations of the composition of ECM are commonly
found in several pathologies and the study of factors
able to drive ECM remodeling can be useful to find
new pharmacological targets to treat widespread dis-
eases including cancer.2® ECM is also the battlefield
of the immune system, and it is well known that ECM
fragments (i.e., matrikines) generated by ECM remod-
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eling are potent signaling modulators able to trigger
many cellular responses via cell surface receptors.*®
Moreover, inflammation is a common denominator of
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from other GAGs, are not further chemically modified
by sulfation, or epimerization. This alternating struc-
ture produces a negatively charged polysaccharide
with a molecular mass ranging from 1000 to 8000
KDa." Importantly, in tissues, the chain length of HA
is not uniform (i.e., polydispersed) and physiologically,
the most common sizes are of about 1000 to 5000
MDa corresponding to high molecular weight HA
(HMW-HA).8'2 Many of the human-approved applica-
tions of HA (i.e., dermal filler or intra-articular injec-
tion) use HMW-HA (or chemically modified HMW-HA)
due to its viscoelastic properties and anti-inflamma-
tory effects.®14

HA of less than 0.5 MDa is known as low molecular
weight HA (LMW-HA) which is usually formed during
HA turnover but can accumulate also in inflammation
sites. Generally, LMW-HA and HA oligos activate Toll-
like receptor 4 (TLR4) and 2 (TLR2) signaling, although
the physical interaction between HA and these recep-
tors is still debated. Besides enzymatic degradation,
LMW-HA can be also generated by oxidative stress or
ultraviolet (UV) light.'®® It is worth mentioning that not
always LMW-HA is associated with inflammation and
pathological states;'® for example, during lactation the
~0.35 MDa LMW-HA contained in milk has the specific
function to induce antibacterial proteins in infant gut
contributing to microbiota colonization.”

Differently from other GAGs, HA does not form a pro-
teoglycan (PG); however, several proteins interact with
HA (hyaladherins) via a specific “Link domain” or mod-
ule (a sequence of ~100 amino acids composed of two
alpha-helices, two triple-stranded anti-parallel beta-
sheets, and two disulfide bonds) or a BX,B motif (where
the ‘B’s are arginine [R] or lysine (K) residues and the
“X” is a sequence of seven non-acidic amino acid).'®'®
Among hyaladherins, CD44 and RHAMM are consid-
ered the most important HA receptors, mediating cell
proliferation and migration, respectively.2’ On the other
hand, HA is able to interact with other ECM compo-
nents as the PGs aggrecan, versican, and neurocan,
altering ECM architecture and mechanical properties
(e.g., stiffness).2"22

Interestingly, HA can covalently bind with heavy
chains (HC) of inter-alpha-trypsin inhibitor (lal), making
complexes that are crucial in several physiological and
pathological processes including oocyte maturation,
dendritic cell activation, and asthma.2® Tumor necrosis
factor-inducible gene 6 (TSG6) is the secreted enzyme
catalyzing the HC transfer from lal to C6 hydroxyl of
GlcNAc residues of HA 2425

Alterations of HA content, size, and binding part-
ners are common factors in many biological pro-
cesses including development, differentiation, immune
response, senescence, apoptosis, and angiogenesis.

Similarly, HA microenvironment alterations lead to car-
diovascular diseases, kidney, liver, intestinal and lung
pathologies, musculoskeletal disorders, neurode-
generative diseases, neoplasia, and metastasis.?6-33
Although the role of HA in all these aspects is not the
topic of this review, the cellular production of HA is
critical for all the processes mentioned above and the
following chapters will focus on the mechanism of HA
synthesis and its regulation.

HA Metabolizing Enzymes

Differently from other GAGs that are synthetized in the
Golgi, HA is polymerized on the plasma membrane by
a family of glycosyl-transferases named HA synthases
(HASes).3* These enzymes are unique under different
points of view. They recognize two distinct uridine
diphosphate (UDP)-sugar precursors, and they cata-
lyze the two different glycosidic bonds on the growing
HA chain that can be extruded through the plasma
membrane.® Although the 3D structures of HASes
proteins are still not resolved due to structural complex-
ity, HASes have genetic similarity in their sequences
with cellulose and chitin synthases.3¢

Human genome contains three HAS genes coding
for three different isoenzymes named HAS1, 2, and
3.%7 The precise role of each HAS isoenzyme in differ-
ent biological processes is still under investigation,
but it is widely accepted that HAS2 is the most impor-
tant HA synthetic protein for several reasons: (1)
HAS2 null mice are not viable for severe cardiac mal-
formation, (2) HAS2 is highly expressed in several
tissues and cell lines, and (3) the catalytic properties
of HAS2 allow a very efficient HA synthesis. %339 |n
plasma membrane, HAS2 is active as homo- and het-
erodimers with HAS3 and it is in a cholesterol-rich
lipid microenvironment that increases its activity.04!
HASes do not directly use ATP, but utilize the two
cytosolic sugar nucleotides UDP-glucuronic acid
(UDP-GIcUA) and UDP-N-acetylglucosamine (UDP-
GlIcNAc) as precursors which contain high energy
bonds*? (Fig. 1). As HA deposition is mainly due to
HAS2,*3 the study of its regulation is fundamental to
understand HA biology. HAS2 displays a multistep
regulation that involves the action of different growth
factors and cytokines. These molecules include TGF-
B, insulin-like growth factor (IGF), fibroblast growth
factor (FGF), prostaglandins, and also oxidized ste-
rol-related species delivered through oxLDL that,
upon the interaction with specific receptors, increase
HAS2 and therefore HA deposition.*+45 Lastly, HAS2
undergoes post-translational and epigenetic modifi-
cations, that will be described in detail in the following
chapters.
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Figure |. Schematic representation of the biosynthesis of UDP-GIcUA and UDP-GIcNAc (through the hexosamine biosynthetic path-

way, shaded in light brown). Connections with the main biochemical pathways are indicated with dotted lines. Protein O-GlcNAcylation
in the cytosol and GAGs synthesis in the Golgi are also shown. The mechanism of TSG6 adding HCs from lal to form the HC-HA
matrix is shown in the extracellular space. Abbreviation: Glc, glucose; Gln, glucosamine; GlcNH2, glucosamine; Glc6éP, glucose-6-phos-
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UDP-N-acetyl-glucosamine; Glu, glutamate; Acetyl-CoA, acetyl-coenzyme A; PP, pyrophosphate. HK; hexokinase; GK, glucokinase; GPI,
glucose-6-phosphate isomerase; PGM, phospho glucomutase; UGPP, UDP-Glucose pyrophosphorylase; UGDH, UDP-Glucose dehy-
drogenase; GFAT, glutamine: fructose-6-phosphate amidotransferase; GNK, glucosamine kinase; GNPNAT I, GIcNH 2-6-phosphate
N-acetyltransferase; AGMI, phospho-GlcNAc mutase; UAP, UDP-GIcNAc pyrophosphorylase; OGT, O-GlcNAc transferase; OGA;
O-GlcNAcase.

The degradation of HA is due to several hyaluroni-
dases (HYALs) that chop HMW-HA into fragments at
the plasma membrane level (HYAL2) that, in turn, are
internalized in the cell via endocytosis and further
degraded in the lysosome (HYAL1)* (Fig. 2). HYALs
require an acidic pH to catalyze HA cleavage.*
Recently, other HA degrading enzymes have been
described to have hyaluronidase activity like, such as
the Hyaluronan Binding Protein Involved in Hyaluronan
Depolymerization (HYBID, also known with alias
KIAA1199/CEMIP) or the transmembrane protein 2

(TMEM2)#849 which is able to generate LMW-HA with
different functions in biological processes.®0-52

The complete intracellular degradation of HA, due
to the coordinated action of HYALs, B-glucuronidase
and hexosaminidase, leads to free GIcUA and GIcNAc
(Fig. 2). Differently from plants and probably from
some microorganisms that recycle GlcUA to GIcUA-1-
phosphate and then to UDP-GIcUA, in vertebrates
GlIcUA is converted by several redox and decarboxyl-
ation reactions into xylulose-5-phosphate. Cells with a
very high rate of HA turnover could alternatively use
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the main biochemical pathways are indicated with dotted lines. GIcNAc salvage shaded in light blue.

xylulose-5-phosphate to sustain pentose phosphate
pathway (i.e., for the synthesis of NADPH and ribose)
or, by shunting xylulose-5-phosphate to the non-oxi-
dative part of pentose phosphate pathway, by increas-
ing glycolysis and energy metabolism.5® In cancer
cells, that typically have high expression of HYALs,%*
these points could contribute to the metabolic repro-
gramming of cancer metabolism increasing the flux
through glycolysis to obtain ATP, and through pentose
phosphate pathway to have biosynthetic reducing
power and ribose for anabolism.®

The cytoplasmic pool of UDP-sugars influences
also HA chain length in some HA producing bacteria.
Bacteria usually do not synthesize HA but some path-
ological species acquired the capacity to produce an
HA coat to evade the host immune defenses.’® In
these organisms, the length of the final polysaccharide
depends on the availability of UDP-sugars: when one
precursor becomes limiting the chain stops growing.%”

GlcNAc is also converted in GIcNAc-6-phosphate by
the GIcNAc kinase in the GIcNAc salvage pathway.58:5°
Concluding, GIcNAc recycling is important to sustain
the synthesis of complex glycoconjugates without
affecting other biochemical pathways as carbohydrate,
amino acid, lipid, and nucleotide metabolisms.

Influence of UDP-sugars Availability on
HA Synthesis

HA biosynthesis is a dynamic process strictly influ-
enced by cell metabolism and the availability of energy
substrates, as it requires glucose- and glutamine-uti-
lizing pathways for the biosynthesis of its precursors
GlIcNAc and GiIcUA, respectively. GIcNAc is produced
through the hexosamine biosynthetic pathway (HBP),
a branch of glycolysis that metabolizes from 2% to 5%
of the glucose that enters the cell.®° HBP provides
UDP-GIcNAc units for the synthesis of several glyco-
conjugates and uses substrates coming from amino
acids (glutamine), nucleotides (uridine), carbohydrates
(glucose), and fatty acids (Acetyl-CoA) metabolism.
Therefore, it is not surprising that UDP-GIcNAc is con-
sidered a “sensing molecule” being one of the most
represented UDP-sugars with an intracellular concen-
tration comparable to ATP (from 100 pM to low milli-
molar).662 |n this regard, it has been shown that an
increased availability of glucosamine or glucose in cell
culture media stimulated the production of GIcNAc as
happens in different in vivo conditions, such as hyper-
insulinemia and cancer.®3-%¢ Besides glycoconjugates,
UDP-GIcNAc is also the substrate for O-glycosylation
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of nuclear, cytoplasmic and mitochondrial proteins.
This reaction, named O-GlcNAcylation, is a reversible
post-translational modification on serine/threonine
residues controlled by the enzymes O-GIcNAc trans-
ferase (OGT) and O-GlcNAc hydrolase (OGA).%” This
post-translational modification competes with protein
phosphorylation, modulating many cellular functions
including gene expression, signaling, degradation,
and trafficking.®8

Interestingly, in vitro experiments conducted on
Aortic Smooth Muscle Cells (AoSMCs) demonstrated
that the treatment with glucosamine increased the
synthesis of both HA and chondroitin sulfate (CS),®°
suggesting that elevated UDP-GIcNAc levels can
increase general GAG synthesis. However, the same
study showed that the chemical inhibition of OGA sig-
nificantly induced only HA production, without altering

CS levels. This specific effect on HA is due to HAS2
O-GlIcNAcylation on serine 221, which stabilizes the
enzyme in the membrane avoiding its proteasomal
degradation and increasing its half-life from 17 min to
5 hr® (Fig. 3). Such a modification can have important
consequences from a pathological point of view con-
sidering that a high glucose availability can induce a
dramatic UDP-GIcNAc and HA increase, especially
in cells where the uptake of glucose is insulin inde-
pendent. Indeed, clinical and experimental evidences
showed an accumulation of HA both in plasma and
vascular walls of hyperglycemic patients and strepto-
zotocin-induced diabetes animal models. The stimula-
tion of HA production, as a consequence of increased
UDP-GIcNAc, can be considered as an effort to reduce
the cytosolic pool of UDP-GIcNAc to acceptable levels.
This is consistent with the fact that when HA synthesis
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is significantly increased by overexpression of HASes,
UDP-GIcNAc pools decrease considerably’® and neg-
atively controls O-GlcNAcylation.”" HASes respond in
a different way to cellular UDP-GIcNAc levels, as HAST
requires higher UDP-GIcNAc amounts than HAS2 and
HAS3 to produce HA.”® The enhancement of HBP flux
and O-GlIcNAcylation has been observed in many
tumors,” where the nutrient request is sustained by
an increased glucose uptake and aerobic glycolysis
(Warburg effect). Multidimensional analysis of microar-
ray datasets demonstrated that HBP enzymes are up-
regulated in breast cancer and that the co-expression
of HAS2 and the HBP rate limiting enzyme glutamine-
fructose-6-phosphate transaminase (GFAT) is associ-
ated to a poor prognosis in advanced cancer patients.”
Moreover, the enhancement of HBP flux is related to
the activation of pro-tumorigenic pathways and ele-
vated overall levels of O-GlcNAcylation.” The over-
production of HA correlates to plasticity of breast
cancer cells, where the acceleration of the metabolism
of hexosamine, along with a metabolic shift toward gly-
colysis, reverts cancer cells phenotype to stem cell
states.” The analysis of human breast cancer biopsies
showed a dramatic increment of UDP-GIcNAc and
UDP-GIcUA in the tumors, elevated GFAT levels and a
strong accumulation of HA as compared to normal
glandular tissue obtained from breast reductions.”® All
these evidences clearly demonstrate that glucose flux
into UDP-sugars offers a new mechanistic insight into
tumor HA accumulation, as well as a new potential
therapeutic approach.

The other critical sugar nucleotide for the synthesis
of HA (and other GAGs) is UDP-GIcUA. Besides being
a substrate for GAGs synthesis, UDP-GICUA is also
necessary for the formation of PGs as its decarboxyl-
ation to UDP-xylose is necessary for the linking of
GAGs to core proteins. In addition, it is the donor sub-
strate for detoxification reactions such as glucuronida-
tion, which takes place in the liver to detoxify the
organism and in other cell types. The overexpression
of UDP-glucose dehydrogenase (UGDH) in AoSMCs
helped to understand the role of UDP-GICUA in the
synthesis of GAGs. UGDH catalyzes the oxidation of
UDP-glucose into UDP-GIcUA using two molecules of
NAD* as a cofactor and strongly influences HA synthe-
sis. In fact, UGDH up-regulation is associated to
increased HA in the cell culture media and in the peri-
cellular coat, without any changes in the other GAGs
levels. On the contrary, the knockdown of UGDH does
not alter HASes expression and reduces UDP-
GlIcUA levels with a corresponding decrease of HA
amounts in cell culture media.”® These experi-
ments suggest that HA is the most sensitive GAG
to UDP-GIcUA concentration inside the cytoplasm

and that the availability of this UDP-sugar can regulate
specifically HA synthesis (as also demonstrated for
UDP-GIcNAc). Moreover, the activity of UGDH is sensi-
tive to oxygen fluctuations and the ratio of NAD*/NADH,
demonstrating that HBP flux and the biosynthesis of HA
are strongly influenced by the energy status of the cell.

Interestingly, the cytoplasmic pool of UDP sugar sub-
strates can also regulate the intracellular trafficking and
the extracellular shedding of HAS3 via O-GlcNAcylation.
In melanoma, the depletion of UDP-GIcUA and UDP-
GIcNAc from the cytosolic pool is able to stimulate
HAS3 endocytosis and to inhibit HA production, while a
surplus of UDP-sugars favors HAS3 retention in the
plasma membrane, increasing HA synthesis and sus-
taining cancer progression.””

Another intermediate of HBP that influences HA
synthesis is UDP-glucose (UDP-Gic),”® obtained from
the reaction of UDP-glucose pyrophosphorylase (UPP)
that uses glucose-1-phosphate (Glc1P) and UTP as
substrates. UDP-Glc amount has to be finely tuned, as
it is a critical substrate for glycogen synthesis and a key
component of cellular energy homeostasis.

Metabolic Inhibition of HA Synthesis
by 4-MU

Another example demonstrating that UDP-sugars
availability controls HA synthesis is the use of
4-methylumbelliferone (4-MU) as an inhibitor of HA
production. 4-MU is a fluorescent derivative of cou-
marin widely used in experimental conditions to spe-
cifically inhibit HA production both in vitro and in vivo
models.?"7982 Although the mechanism of action is
still under debate, some evidences demonstrated
that 4-MU is metabolized to 4-MU-glucuronide (4-MUG)
functioning as a competitive substrate for UDP-
glucuronosyltransferase (UGT) with the consequent
decline of UDP-GIcUA concentration and HA levels.®3
Other mechanisms proposed are based on HAS2 and
HASS inhibition,® as well on UPP and dehydrogenase
(UGDH) mRNA reduction.8* As 4-MU acts on different
enzymes and intermediates of the HBP pathway, its
inhibitory activity has been investigated also for other
GAGs such as chondroitin and heparan sulfates.
Differently from HA, these GAGs are less sensitive to
UDP-GIcUA deficiency, probably because they are
synthesized in the Golgi apparatus, which has trans-
porters with a very high affinity that pump in UDP-
sugars from the cytosol. This mechanism might render
the inhibition by a competitive substrate such as 4-MU
less efficient. In contrast, HA is synthesized at the
cytoplasmic membrane. Lastly, it has been proposed
that 4-MU, altering the equilibrium among cytosolic
sugars, can affect protein O-GlcNAcylation.®®
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Role of AMPK in HA Metabolism and
Cell Homeostasis

As showed in Fig. 1 the synthesis of HA is an energy-
consuming process and requires the equivalent of
two molecules of ATP (five from double oxidation of
NADPH, minus three from the oxidation of UDP-
glucose for GIlcNAc production),”" UTP and other met-
abolic molecules like glucose, glucosamine and
acetyl-CoA. Therefore, it is not surprising that HA pro-
duction should be regulated by the energy status of
the cell and nutrients availability. Our group demon-
strated that the AMP activated protein kinase (AMPK)
and the availability of nutrients control HA synthesis
through post-translational modification on HAS2.85
AMPK is the main cellular energy sensor and contrib-
utes to the restoration of the metabolic balance acti-
vating various genes involved in cellular homeostasis.®
The enzyme is a trimeric complex composed by a
catalytic (o) and two regulatory ( and y) subunits, that
are particularly sensitive to intracellular changes of the
ATP/AMP ratio. In fact, AMP and ADP allosterically
activate AMPK through the binding to the y-subunit,
which causes, in turn, the phosphorylation of Thr172
by upstream kinases. The main upstream kinase
responsible of AMPK phosphorylation is the Liver-
Kinase-B1 (LKB1),878 which can increase AMPK
activity up to 100-fold in in vitro models. Moreover, the
binding of AMP or ADP to the regulatory subunit pro-
motes a conformational change that protects Thr172
from the activity of phosphatases. As a result, AMPK
increases ATP levels promoting glucose uptake and
controlling some enzymes involved in glycolysis, fatty
acid metabolism, gluconeogenesis, and protein syn-
thesis.® On the contrary, ATP inhibits the mechanism
described above. Besides the fluctuations of adenine
nucleotide, other mechanisms have been proposed
that can control the AMPK activity, like the phosphory-
lation of Thr172 by calcium/calmodulin-dependent
kinase kinase 2 (CAMKK) in response of intracellu-
lar Ca?+ increase.®® Recent studies have demon-
strated that AMPK activity is related to its localization
at the plasma membrane upon myristylation of the
B-subunit.®" Interestingly, HAS2 (which is a plasma
membrane protein) undergoes a great reduction of its
enzymatic activity after AMPK activation,*? with a con-
sequent depletion of HA levels and without any
changes in the other GAGs amount. This is due to the
phosphorylation of Thr110 (Fig. 3), a very well con-
served residue, from zebrafish to mouse, that it is not
present neither in HAS1 nor in HAS3 sequences.
These evidences, along with the fact that Thr110 is
situated in the cytoplasmic loop of HAS2, indicate that
AMPK can directly phosphorylate HAS2 decreasing

HA levels without any alteration in the amount of the
other GAGs, whose synthesis occurs in the Golgi.
Moreover, after the activation of AMPK significant
changes in HAS2 mRNA were also detected. This line
of regulation of HAS2 is a further step that helps
understanding how the synthesis of HA strictly
depends on the energetic homeostasis of the cell and
glucose availability. For example, in hypoglycemic con-
ditions, cells have a low energy charge and tend to
switch off non vital-anabolic processes (e.g., HA syn-
thesis) and to switch on lipid catabolism. In this way,
AMPK can increase the ATP/AMP ratio and overcome
stress periods. On the contrary, in hyperglycemic con-
ditions, cells inactivate AMPK and initiate several intra-
cellular stress responses included HA biosynthesis.
This would help to maintain the balance of intracellular
concentration of UDP sugars and the HBP flux.

During nutrient deprivation, AMPK is able to induce
autophagy,®>®* a lysosomal-dependent self-digestive
process whereby cytoplasmic organelles, proteins, and
even invading pathogens are hydrolyzed to recycle and
generate nutrients to maintain cell homeostasis. A
study of Chen et al. demonstrated that the C-terminus
part of perlecan (endorepellin)® induces HAS2 degra-
dation via autophagy and suppresses extracellular HA
deposition,® confirming that nutrient starvation nega-
tively regulates HA synthesis. Interestingly, a recent
paper reports that the activation of AMPK by salicylate
affects the expression levels of HASes as well as the
deposition of secreted and cell-associated HA, proba-
bly affecting HAS2 phosphorylation or salicylate gluc-
uronidation and therefore, altering the availability of
UDP-GIcUA.%"

Regulation of HAS2 by SIRTI and
HAS2-ASI

Metabolic homeostasis is a delicate balance among
energy intake, storage, and utilization. These pro-
cesses are finely regulated by different signaling path-
ways, such as those revolving around insulin, target
of rapamycin (mTOR) and food restriction. Besides
AMPK, sirtuins are another class of proteins consid-
ered important metabolic sensors. Only recently, it has
become evident that sirtuins and AMPK have similar
effects on cellular metabolism, inflammation and mito-
chondrial function®°® Moreover, it has been shown
that they both regulate each other and share many
common target molecules.®® % Sirtuins are a class of
NAD* dependent deacetylases, which received partic-
ular attention after the discovery that the yeast sirtuin
silent information regulator 2 (Sir2) extends lifespan. !
In mammals the sirtuin family comprises 7 members
that are classified according to their catalytic activity
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(mono-ADP-ribosyltransferase or deacetylase), sub-
cellular localization (cytoplasmic, nuclear or mitochon-
drial) and tissue specificity. The activation of sirtuins is
beneficial not only for metabolic diseases, such as type
2 diabetes and obesity,'>1% but also in cancer and
neurodegenerative disorders.’941% |n general, sirtuins
are sensitive to cytoplasmic fluctuations of NAD*, which
are directly linked to nutritional state of the cells via
NAD*/NADH ratio, the absolute levels of NAD* and
NADH, or the levels of nicotinamide (NAM), which at
high concentrations can non-competitively bind and
inhibit sirtuins. %

In this review article, we gave particular attention to
sirtuin1 (SIRT1), which is the most important meta-
bolic regulator of the family, as it can target several
genes involved in mitochondrial biogenesis, glucose
and lipid metabolism. SIRT1 has a deacetylase activ-
ity and is mainly localized in the nucleus. It also pos-
sesses export signals that allow its shuttling to the
cytosol under specific conditions. Although the physi-
ological importance of this shuttling is still unclear, it
has been shown that SIRT1 can deacetylase both
nuclear (including histones) and cytoplasmic targets,
like peroxisome proliferator-activated receptor-gamma
coactivator 1-o (PGC1-a), tumor protein 53 (p53),
nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-kB), hypoxia-inducible factor 1-a. (HIF1a),
liver X receptor (LXR) and sterol regulatory element-
binding protein 1-c (SREBP1c).1%”

The NAD* dependent activity of SIRT1 makes this
enzyme very interesting for the study of HA synthesis
regulation. Moreover, since HA production is likely a
high energy demanding process and sirtuins are acti-
vated during calorie restriction and energy stress,
there could be a competition between HA metabolism
and SIRT1 activity. Interestingly, UGDH catalyzes the
oxidation of UDP-Glc into UDP-GIcUA by using two
molecules of the cofactor NAD*, influencing the NAD*/
NADH ratio and, therefore, the activity of sirtuins. With
experiments conducted in vitro our group demon-
strated for the first time that SIRT1 can prevent inflam-
mation through inhibition of HA metabolism. The
activation of SIRT1 by the treatment with resveratrol or
SRT1720 decreased HAS2 expression and reduced
the amount of pericellular HA in AoSMCs. The com-
bined treatment with tumor necrosis factor o (TNFa)
and SIRT1 activators inhibited AoSMCs migration and
immune cells adhesion to the HA-rich ECM. From a
mechanistic point of view, we demonstrated that the
activation of SIRT1 prevented NF-kB/p65 nuclear
translocation and decreased the levels of HAS2-AS1,
which in turn regulates HAS243 (Fig. 3). HAS2-AS1 is a
long non coding RNA (IncRNA) belonging to the class
of natural antisense transcripts, which controls HAS2

expression via epigenetic modifications (Fig. 4).
IncRNAs are non-protein-coding RNA molecules lon-
ger than 200 base pairs that can regulate gene expres-
sion at multiple levels.'® HAS2-AS1 is synthesized
from the opposite strand of HAS2 and shares about
200 base pairs with HAS2 exon 1.7 This peculiarity
allows the formation of an RNA: RNA duplex between
HAS2 and HAS2-AS1, which, under particular stimuli
like NF-kB/p65 O-GlcNAcylation, stabilizes HAS2
expression and increases HA production.™® In addition
to the nuclear function of HAS2-AS1 as an epigenetic
regulator, some groups demonstrated its ability to
interact with other RNA species (e.g., miRNAS) in the
cytoplasm.™.112

These data are in line with the findings that SIRT1
controls inflammation altering histones and transcrip-
tion factors like NF-kB'3 and that HA plays a pivotal
role in tissue inflammation.2® Several studies suggest
that the sequential course of inflammation is linked
with metabolism."* The concentration of NAD* and
the levels of sirtuins are strongly reduced in certain
tissues during chronic inflammation, which is sus-
tained by a high glycolytic flux. This condition, along
with a decreased mitochondrial glucose oxidation, is
dependent upon HIF-1a'518 that can be regulated by
NF-kB™'7 providing a link between glucose metabolism
and inflammation. Interestingly, HA production and
HAS2 expression can be stimulated under hypoxic
conditions, as HAS2-AS1 promoter contains an
hypoxia-responsive element (HRE) that responds to
HIF-1¢."18

In conclusion, cell metabolism greatly affects the
synthesis of HA acting at different levels; many cyto-
solic processes involving energetic homeostasis, sugar
precursor availability and protein modifications can
directly regulate HAS enzymes transcription, activity,
and stability. Epigenetic factors such as miRNAs
or the long non-coding HAS2-AS1 can add further
levels of regulation. Moreover, the possibility of such
molecules to be spread in extracellular vesicles
(EVs) could allow a coordinated expression of critical
enzymes also in distant body district, influencing ECM
composition and signaling pathways. Interestingly,
the spreading of EVs coated with HA or containing
other GAGs is an important event for tissue regener-
ation, allowing ECM turnover and remodeling.'9-120
These mechanisms make HA synthesis a finely tuned
system that integrates almost all the signals deriving
from inside the cells but also from the cellular micro-
environment. Remarkably, the Golgi synthesis of
other GAGs is not affected by such cytosolic pro-
cesses as kinases and O-GlcNAcylation. The synthe-
sis of such polysaccharides is therefore regulated in
different manners involving the regulation of levels of
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Figure 4. Schematic representation of cytoplasmic and nuclear functions of HAS2-AS1.

polysaccharide synthetic enzymes, of the PG core
proteins and of the organelles sugars transporters.
This is a very important point as an ad hoc pharma-
ceutical approach could be specific for HA without
altering the other GAGs functions.
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