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Hyaluronan (HA) is one of the most prevalent glycosamino-
glycans of the vascular extracellular matrix (ECM). Abnormal
HA accumulation within blood vessel walls is associated with
tissue inflammation and is prominent in most vascular patho-
logical conditions such as atherosclerosis and restenosis. Hyalu-
ronan synthase 2 (HAS2) is the main hyaluronan synthase
enzyme involved in HA synthesis and uses cytosolic UDP-glucu-
ronic acid and UDP-GlcNAc as substrates. The synthesis of
UDP-glucuronic acid can alter the NAD�/NADH ratio via the
enzyme UDP-glucose dehydrogenase, which oxidizes the alco-
hol group at C6 to the COO� group. Here, we show that HAS2
expression can be modulated by sirtuin 1 (SIRT1), the master
metabolic sensor of the cell, belonging to the class of NAD�-de-
pendent deacetylases. Our results revealed the following. 1)
Treatments of human aortic smooth muscle cells (AoSMCs)
with SIRT1 activators (SRT1720 and resveratrol) inhibit both
HAS2 expression and accumulation of pericellular HA coats. 2)
Tumor necrosis factor � (TNF�) induced HA-mediated mono-
cyte adhesion and AoSMC migration, whereas SIRT1 activation
prevented immune cell recruitment and cell motility by reduc-
ing the expression levels of the receptor for HA-mediated motil-
ity, RHAMM, and the HA-binding protein TNF-stimulated
gene 6 protein (TSG6). 3) SIRT1 activation prevented nuclear
translocation of NF-�B (p65), which, in turn, reduced the levels
of HAS2–AS1, a long-noncoding RNA that epigenetically con-
trols HAS2 mRNA expression. In conclusion, we demonstrate
that both HAS2 expression and HA accumulation by AoSMCs
are down-regulated by the metabolic sensor SIRT1.

Hyaluronan (HA)5 is a ubiquitous glycosaminoglycan (GAG)
that is one of the main components of extracellular matrices
(ECMs) (1). It is composed of the repeating disaccharide D-glu-
curonic acid (GlcNAc), and differently from other GAGs, HA
does not possess any chemical modifications (sulfation, acety-
lation, and epimerization), lacks a protein anchor, and can
reach millions of Da of molecular mass (2). In addition to its
well-known physical– chemical properties, HA has a critical
role in the control of cell behavior, including proliferation,
motility, differentiation, and survival (3–9) through the inter-
action with several receptors, including CD44, RHAMM, and
TLR2/4 that are able to trigger specific signaling cascades (10).
Moreover, HA can modulate immune systems, and it is gener-
ally accepted that low and high molecular mass HA have pro-
and anti-inflammatory properties, respectively (11). Further-
more, heavy chains (HC) of inter-�-trypsin inhibitor can be
covalently bound to HA, forming HC–HA matrices, through
the action of tumor necrosis factor-inducible gene 6 protein
(TSG6) (12, 13). Although HC–HA has an essential physiolog-
ical role during mammalian oocyte maturation (14), in patho-
logical conditions monocytes interact with HC–HA matrices
via cell-surface CD44, thereby contributing to immune cells’
recruitment to the site of inflammation (15). As HA regulates a
variety of cellular phenomena, it is not surprising that it has
critical roles in several pathologies, including cancers (16, 17),
vascular diseases (18), diabetes (19), and respiratory diseases
(20) that are the first causes of death in Western countries.

In tissues, HA has a rapid turnover, and its synthesis is cata-
lyzed by a family of three isoenzymes HAS1, -2, and -3. Con-
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versely, its degradation is due to different hyaluronidases
(HYAL1– 6) that work at acidic pH, and other related enzymes
(i.e. TMEM2 and KIAA1199) that have an optimum pH around
the physiological value (21, 22). HASes are very unusual pro-
teins as they are transported to the plasma membrane where
they are able to form homo- and heterodimers and are acti-
vated to extrude the nascent HA chain into the extracellular
space (23). In physiological conditions, HAS1 and HAS2 syn-
thesize HA polymers of high molecular mass, whereas HAS3
synthesizes shorter HA polymers (24), and the production of
low molecular mass HA can be obtained by the action of
degrading enzymes as well as by oxidative stress or UV light
(25, 26). Interestingly, the stoichiometry of the cytosolic
UDP substrates has a critical role to define HA polymer
length, and the C-terminal region of HASes appears to have
regulatory functions (27).

At the cellular level, the specific role of each HAS isoenzyme
is still unknown, but among the three HASes, HAS2 is consid-
ered the most important one. Its genetic deletion leads to early
embryonic death due to cardiac defects, whereas the HAS1 and
HAS3 knockouts are viable and fertile (28). Interestingly, HAS2
activity is strictly regulated by several mechanisms that can
act both at the protein level (as phosphorylation, O-linked
N-acetylglucosamine, and ubiquitination) (29) as well as at the
genetic level (30). Another critical point to consider in HAS2
regulation is its intracellular trafficking, as has recently been
shown by Melero-Fernandez de Mera et al. (31). Several tran-
scription factors are known to modulate HAS2 in response to
growth factors, hormones, and cytokines (30). Recently, it has
been described that HAS2 antisense 1 (HAS2–AS1), a long-
noncoding RNA that belongs to the class of natural antisense
transcripts, is able to control HAS2 epigenetically (32) and that
HAS2–AS1 is able to alter the chromatin structure around the
HAS2 promoter inducing HAS2 transcription in vascular
smooth muscle cells (33) and tumor cells (34, 35).

HAS substrates are cytosolic UDP-GlcNAc and UDP-glucu-
ronic acid (UDP-GlcUA), which are synthesized by UDP-
glucose (UDP-Glc) dehydrogenase (UGDH). We previously
showed that UGDH overexpression and silencing led to an
increase and a decrease of the HAS2 transcript, respectively,
suggesting a regulatory mechanism involving cytosolic UDP-
Glc that is able to coordinate the expression of HAS2 with the
presence of its substrate (36). Interestingly, UGDH catalyzes
the double oxidation of the C6 of UDP-Glc converting the alco-
holic group into a carboxylic group by using two molecules of
the cofactor NAD� that are converted to NADH. Therefore,
the synthesis of UDP-GlcUA is able to influence the NAD�/
NADH ratio (32).

NAD� controls the activity of several enzymes, including
sirtuins (37). Sirtuin 1 (SIRT1) belongs to the family of NAD�-
dependent deacetylases, and its protective role in cancers, vas-
cular diseases, and aging is well-known (38 –40). It is generally
accepted that when nutrients are not limiting, NAD� levels are
low, although when there is nutrient shortage or caloric restric-
tion NAD� increases and activates sirtuins (41). SIRT1 is
located in both the nucleus, where it can deacetylate histones,
and in the cytosol, where it can deacetylate several proteins,
including RelA/p65 that inhibits NF-�B activation (42, 43).

Interestingly, SIRT1 controls critical aspects of vascular SMC
biology and pathology, including differentiation (44) and calci-
fication (45).

As HAS2 is a critical enzyme involved in atherosclerosis with
vessel thickening and its transcription is regulated by NF-�B
(46), this study investigated whether HAS2 expression could be
regulated by SIRT1 in human aortic smooth muscle cells and
whether SIRT1 could control pro-atherogenic behavior of
AoSMCs after TNF� proinflammatory treatments.

Results

HAS2 is the main enzyme involved in HA synthesis in AoSMCs

AoSMCs generally produce high amounts of HA, which is
the main component of vascular ECM, along with type I and III
fibrillar collagen, elastin, and versican (47). Gene expression
analysis of AoSMCs showed that HAS2 is the prevalent HAS
isoform with mRNA levels 30 times higher than HAS3, whereas
HAS1 expression was not detected (Fig. 1A). To determine the
contribution of each isoform on HA synthesis, AoSMCs were
nucleofected with 50 nM siRNA against the three HAS isoforms,
and after 48 h of incubation, the amounts of HA secreted in cell
culture media were analyzed by PAGEFS (Fig. 1B) (48). The
electrophoretic analysis showed that the silencing of HAS2
caused a 70% decrease in the levels of unsaturated HA disac-
charides (�HA), whereas the knockdown of HAS3 and HAS1

Figure 1. HASes expression and HA synthesis in AoSMCs. A, quantitative
RT-PCR analyses are shown for basal HASes mRNA levels in AoSMCs. Data are
expressed as mean � S.E. of three independent experiments. ***, p � 0.001;
N.D., not determined. B, image is shown of a representative PAGEFS analysis
of �HA and �CS-0S disaccharides in the culture medium of AoSMCs after the
silencing of HASes. AoSMCs were transfected with 50 nM of scrambled siRNA
(siScrambled) or transfected with 50 nM of each HAS siRNA. After 48 h, cell
culture media were collected, and �HA and �CS-0S were analyzed by
PAGEFS. The quantification of the bands was done by measuring their optical
density using the ImageJ software.
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reduced HA disaccharides amount by only 5 and 10%, respec-
tively, providing evidence for a pivotal role of HAS2 in AoSMC
HA synthesis. No effects were detected on the band corre-
sponding to the unsaturated chondroitin 0 –sulfate disaccha-
ride (�CS-0S). Considering the importance of HAS2 with
respect to HAS1 and HAS3, our study focused primarily on
HAS2 expression.

SIRT1 activators inhibit HAS2 expression and reduce
pericellular HA matrix

To investigate the effects of SIRT1 on HAS2 expression, we
treated AoSMCs for 24 h with resveratrol (RESV), an antioxi-
dant polyphenol nonflavonoid compound that is able to indi-
rectly activate SIRT1 (49), and with SRT1720, a selective syn-
thetic SIRT1 activator (50, 51). The exposure to SRT1720
showed a dose-response effect on HAS2 mRNA expression,

with a stronger inhibitory effect at the concentration of 1 �M

(Fig. 2A). A similar trend was observed with increasing amounts
of RESV, where the concentration of 100 �M was the most effi-
cient to decrease HAS2 mRNA levels to near zero (Fig. 2B).
Considering the effects on HAS2 transcript, all the following
experiments used 1 �M SRT1720 and 100 �M RESV. At these
concentrations, both the compounds did not show any effects
on cells viability (data not shown). The effects of SRT1720 and
RESV were specific on HAS2 mRNA as these compounds failed
to modulate HAS3 transcript levels (Fig. 2C). As HAS2 expres-
sion can be regulated by HAS2–AS1, we found that SRT1720
and RESV were also able to inhibit the expression of HAS2–
AS1 by 85% (SRT1720) and 80% (RESV) (Fig. 2D), confirming
the co-regulation of HAS2 and HAS2–AS1 in these cells (33).
Western blotting experiments showed that SRT1720 reduced
HAS2 protein �30% after 24 and 48 h, whereas RESV did not

Figure 2. Effects of SRT1720 and RESV on HAS2 expression and HA production. Quantitative RT-PCR analyses are shown for HAS2 expression in AoSMCs
treated for 24 h with 0.1 or 1 �M SRT1720 (A) and 1, 10, or 100 �M RESV (B). Data are reported as mean � S.E. of three independent experiments. ***, p � 0.001.
Quantitative RT-PCR of HAS3 (C) and HAS2–AS1 (D) expression after AoSMCs were treated with 1 �M SRT1720 or 100 �M RESV for 24 h. Data are reported as
mean � S.E. of three independent experiments. ***, p � 0.001. Western blotting analyses and relative quantification (bar graph) are show for a 30-�g protein
extract from AoSMCs treated with 1 �M SRT1720 or 100 �M RESV for 24 h (E) and for 48 h (F). The images report a representative immunoblot for HAS2 and
GAPDH upon the treatment with 1 �M SRT1720 or 100 �M RESV. Numbers represent the molecular mass of the relative protein expressed in kDa. The analysis
was performed measuring the optical density of the bands, and values are expressed as percentage variation of the control � S.E. of four independent
experiments. **, p � 0.01, and ***, p � 0.001. G, quantification of HA amounts determined by ELISA-like assays is shown for AoSMCs cultured in media after a
24-h treatment with 1 �M SRT1720 or 100 �M RESV. Results are represented as nanograms of HA normalized to total micrograms of RNA of three independent
experiments. H, pericellular coat areas were determined by particle exclusion assay. As a control, AoSMCs were incubated for 1 h with 2 units/ml of HYAL from
S. hyaluroliticus. Results are expressed as the ratio between the area of the ECM and the area of the cells. Experiments were conducted four times, and HA
pericellular coat values are reported as mean � S.E. ***, p � 0.001; CNTR, control.
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have any effects on HAS2 protein levels at 24 and 48 h of treat-
ment (Fig. 2, E and F).

As HAS2 is the most important enzyme in AoSMCs for the
production of HA, we measured HA levels after the treat-
ment with SRT1720 and RESV and did not find significant
changes in the levels of secreted HA in the culture medium
(Fig. 2G). However, both SRT1720 and RESV caused signif-
icant reductions of the pericellular coats of AoSMCs (Fig. 2H
and in Fig. S1) comparable with the treatment with HYAL,
suggesting that the pericellular matrix of AoSMCs is pre-
dominantly composed of HA, which can be stimulated by the
two SIRT1 activators.

SIRT1 regulates HAS2 expression in AoSMCs

To confirm whether SIRT1 could regulate HAS2 expression,
we transfected AoSMCs with an siRNA against SIRT1, which
silenced SIRT1 �60% (Fig. 3A). The silencing of SIRT1 caused
an �60% increment of HAS2 mRNA expression with respect to

the control (Fig. 3B). Moreover, Western blot analysis using a
HAS2-specific polyclonal antibody showed the presence of an
immunoreactive band at 63 kDa, and the relative densitometric
quantification revealed a 30% increase of the HAS2 protein lev-
els (Fig. 3C), indicating that SIRT1 was able to regulate both
HAS2 mRNA and protein expressions.

SIRT1 activators protect AoSMCs from inflammation

Recent studies have shown that SRT1720 and RESV have
anti-inflammatory effects and exert a protective role in athero-
sclerosis (52, 53). To mimic the inflammatory status of
AoSMCs during atherosclerosis, we treated the cells with
TNF�, a pleiotropic cytokine that mediates vascular SMC
migration and proliferation (54, 55). Fig. 4A shows that stimu-
lation with 0.1 �g/ml TNF� greatly increased the HAS2 mRNA
level. Interestingly, the treatment of SRT1720 or RESV together
with TNF� restored HAS2 mRNA almost to control levels,
indicating the ability of SIRT1 to modulate HAS2 expression
and confirming the powerful anti-inflammatory effect of the
compounds used. As inflammation can induce monocyte bind-

Figure 3. SIRT1 regulates HAS2 expression in AoSMCs. Quantitative RT-
PCR analyses show SIRT1-silencing efficiency (A) and HAS2 mRNA expression
after transfection of 100 nM siRNA against SIRT1 in AoSMCs (B). Experiments
were done three times and are displayed as mean � S.E. *, p � 0.05, and ***,
p � 0.001. C, HAS2 protein levels were analyzed by Western blottings of
AoSMC lysates after 100 nM siSIRT1 transfection, and bars show relative quan-
tification. Images represent one experimental replicate of the immunoreac-
tive bands for HAS2 and �-tubulin in the different experimental conditions.
Numbers on the margin of the blots represent the molecular masses expressed
in kDa. The analysis was performed measuring the optical density of the
bands, and values are expressed as percentage variation of the control of four
independent experiments. **, p � 0.01.

Figure 4. Effects of SIRT1 activators on TNF�-induced inflammation. A,
HAS2 mRNA levels were determined by quantitative RT-PCR in AoSMCs
treated for 24 h with 0.1 �g/ml TNF� alone or in combination with 1 �M

SRT1720 or 100 �M RESV. Experiments were conducted five times, and data
are represented as gene relative expression � S.E. *, p � 0.05; **, p � 0.01. B,
U937 monocyte adhesion assays were performed on AoSMCs treated for 24 h
with TNF� alone or in combination with 1 �M SRT1720 or 100 �M RESV. Exper-
iments were conducted three times, and data are expressed as percentage of
control � S.E. **, p � 0.01; ***, p � 0.001. C, AoSMC migration was measured
by scratch assay after treatment with 0.1 �g/ml TNF� alone or in combination
with 1 �M SRT1720 or 100 �M RESV. Cell migration was calculated by analyz-
ing the scratch area at different time points (0, 3, 6, and 9 h) normalized to the
starting scratched area values. **, p � 0.01; ***, p � 0.001. D, AoSMC viability
was determined by MTT assay after 24 h of treatment with 0.1 �g/ml TNF�
alone or with 1 �M SRT1720 or 100 �M RESV. Values are expressed as mean �
S.E. of three independent experiments performed in quadruplicate. CNTR,
control.
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ing to HA (56, 57), we evaluated the ability of U937 monocytes
to bind to HA produced by AoSMCs. The exposure to TNF�
enhanced the adhesion of U937 monocytes �60% to AoSMCs
(Fig. 4B and Fig. S3), which was reduced to control levels by
HYAL. Interestingly, the simultaneous treatment of 0.1 �g/ml
TNF� with 1 �M SRT1720 or 100 �M RESV decreased the num-
ber of adherent monocytes below control levels (Fig. 4B and Fig.
S2) similar to the digestion with HYAL alone. This suggests that
some monocyte binding in the control and the TNF� plus
HYAL cultures may be independent of HA.

A critical event during vessel wall thickening is TNF�-medi-
ated migration of AoSMCs to neointima (58). We therefore
performed a scratch assay to evaluate the effects of SRT1720
and RESV on AoSMC motility (Fig. 4C and Fig. S3). The expo-
sure of AoSMCs to 0.1 �g/ml TNF� significantly increased cell
motility with respect to the control, whereas the simultaneous
treatment with TNF� and SRT1720 or RESV reduced the clo-
sure of the scratch, suggesting that such compounds can
directly influence AoSMC migration counteracting the pro-in-
flammatory stimulus of TNF�. However, TNF� and the activa-
tors of SIRT1 did not alter AoSMC proliferation and viability
(Fig. 4D).

SIRT1 activators modulate HA receptor expression and
HA-modifying enzymes

HA triggers several cellular responses interacting with differ-
ent HA receptors as well as with the modifying enzyme TSG6
(15). RHAMM is the main receptor mediating AoSMC motility
during vascular injury (59). As shown in Fig. 5B, TNF�
enhanced the expression of RHAMM, whereas the addition of
SRT1720 and RESV significantly decreased RHAMM mRNA
levels (Fig. 5B). Notably, these treatments did not significantly
change CD44 mRNA expression (Fig. 5A), the main HA recep-
tor involved in the regulation of vascular SMC proliferation and
viability (60).

Furthermore, we studied the expression of TSG6, which
has a critical role in immune cells and HA recognition in
pericellular HC–HA coats (15). Fig. 5C shows that treatment
with 0.1 �g/ml TNF� induced a 2.5-fold increase of TSG6

mRNA expression, whereas the simultaneous addition of 1
�M SRT1720 or 100 �M RESV significantly reduced the
TSG6 messenger.

These results suggest that SIRT1 activators modulate the
expression of the critical proteins involved in HA-mediated
motility and inflammation, likely by formation of a monocyte
adhesive HC–HA matrix.

SIRT1 activators reduce natural antisense transcript HAS2–
AS1 expression and inhibit NF-�B nuclear translocation

To investigate the molecular mechanism through which
SIRT1 activators inhibit HAS2 expression, we studied HAS2–
AS1, one of the main regulators of HAS2 transcription in
AoSMCs (33). Quantitative RT-PCR analysis demonstrated
that HAS2–AS1 levels increased three times upon the treat-
ment with TNF� (Fig. 6A). Interestingly, the simultaneous
treatment with TNF� or SRT1720 and RESV significantly
reduced HAS2–AS1 expression (Fig. 6A).

Control experiments were carried out to exclude a possible
involvement of HAS2 in the control of HAS2–AS1 expression.
As shown in Fig. 6B, silencing HAS2 by siRNA nucleofection
did not influence HAS2–AS1 levels. Moreover, HAS2 knock-
down did not affect the up-regulation of HAS2–AS1 caused by
0.1 �g/ml TNF� treatment (Fig. 6B) thus confirming the criti-
cal role of HAS2–AS1 in the regulation of HAS2 expression and
not vice versa.

NF-�B is an important mediator of the inflammatory re-
sponses triggered by TNF�. The activation of this pathway
involves the translocation of the p65 subunit from the cyto-
plasm to the nucleus and the subsequent transcription of the
target genes (61). To visualize the subcellular localization of
p65, we nucleofected AoSMCs with a plasmid coding for a
GFP–p65 fusion protein. Our results show that the exposure of
AoSMCs to 0.1 �g/ml TNF� stimulated the translocation of
GFP–p65 from the cytoplasm to the nucleus (Fig. 6C), whereas
the combined treatment with SRT1720 or RESV retained the
subunit in the cytoplasm. These results suggest that the stimu-
lation of SIRT1 can prevent the activation of an NF-�B–
signaling pathway.

Control experiments demonstrated that HAS2 silencing
did not affect p65 localization (Fig. S5), whereas greatly
reduced AoSMC migration after the stimulation with 0.1
�g/ml TNF� confirmed the critical role of HAS2 to sustain
cell motility (Fig. S5).

To verify the pivotal role of NF-�B in the regulation of
HAS2–AS1 in vascular cells, we evaluated p65 localization by
treating AoSMCs for 24 h with 10 �M PDTC, a selective inhib-
itor of IKB� phosphorylation that blocks p65 nuclear translo-
cation (62). Fig. 7A shows that AoSMCs exposed simultane-
ously to PDTC and TNF� retained p65 in the cytoplasm.
Moreover, this combined treatment inhibited AoSMC migra-
tion (Fig. S6) and significantly decreased the expression of
HAS2–AS1 and HAS2 compared with stimulation with TNF�
alone (Fig. 7, C and D). These data confirm the critical role of
SIRT1 activators in the regulation of a NF-�B pathway and
HAS2–AS1 expression.

Figure 5. SIRT1 activators modulate expression of HA receptors and HA-
modifying enzymes. Quantitative RT-PCR experiments show CD44 (A),
RHAMM (B), and TSG6 (C) mRNA levels. Gene expressions were analyzed in
AoSMCs treated for 24 h with 0.1 �g/ml TNF� alone or with 1 �M SRT1720 or
100 �M RESV. Data are represented as mean � S.E. of four independent exper-
iments. *, p � 0.05; **, p � 0.01; *** p � 0.001; CNTR, control.
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Discussion

In this study, we demonstrate a new regulatory mechanism of
HAS2 in vascular SMCs exerted by SIRT1, the yeast sir2 homo-
log that belongs to the class of NAD�-dependent deacetylases.
Several studies have shown that the regulation of HA synthesis
and the control of HAS2 activity are influenced at multiple lev-
els, including transcriptional, post-translational, and epigenetic
regulative mechanisms (23). Interestingly, also the availability
of the HA precursor UDP-GluUA is able to influence HA pro-
duction, and the overexpression of UGDH (the enzyme that
converts UDP-Glc into UDP-GlcUA) increased HA levels and
HAS2 expression in AoSMCs (36). From a metabolic point of
view, this reaction is very important, as it requires two mole-

cules of NAD�, suggesting that the synthesis of HA can be a
crucial anabolic pathway able to influence the NAD�/NADH
ratio. Besides synthesis of GAGs, UDP-GlcUA is fundamental
for other cellular processes like the reaction of hepatic detoxi-
fication (2). Furthermore, the NAD�/NADH ratio tightly reg-
ulates SIRT1 activity, as NAD� is a critical cofactor for sub-
strate deacetylation. Other metabolic processes able to strongly
influence this ratio are the mitochondrial �-oxidation of fatty
acid, the conversion of pyruvate into lactate catalyzed by the
lactate dehydrogenase, and the NAD salvage pathway (63).

Importantly, the metabolism of HA shares another aspect
with SIRT1 activity, the contrasting action involved in cardio-
vascular diseases. In atherosclerosis, HA exerts a negative role
in the onset and the progression of the disease. Under patho-
logical conditions, the ECM of AoSMCs is altered and is mainly
composed of HA, which stimulates cell proliferation and migra-
tion toward the intimal layer, contributing to vessel thickening
(46, 64). Moreover, an overproduction of HA in the genetic
background of the apoE-deficient mouse strain promotes ath-
erosclerosis development in the aorta (64). However, the sys-
temic inhibition of HA synthesis by 4-methylumbelliferone
showed severe damage in the endothelial cell glycocalyx and
promoted the progression of atherosclerosis (65), suggesting
that a minimum amount of HA is necessary to maintain the
structure of cellular glycocalyces. On the contrary, SIRT1 has
been demonstrated to have a protective role in vascular pathol-
ogies as it can inhibit neointima formation, atherosclerosis, and
vascular SMC hypertrophy (38, 66–68). Thompson et al. (69)
showed a significant difference in SIRT1 levels from human
vascular SMCs isolated from occluded arteries with atheroscle-
rotic lesions compared with nonoccluded sections of the same
arteries, confirming that the reduced expression or activity of
SIRT1 is a key point in vascular dysfunction.

To investigate the correlation between HAS2, HA produc-
tion, and SIRT1 activity, we treated AoSMCs with two different
SIRT1 activators, SRT1720 and RESV. Although their mecha-
nism of action is still under debate (70), these compounds have
been shown to activate SIRT1 in in vivo and in vitro models
(71–73) probably acting like allosteric effectors (74, 75). Indeed,
our data show that the exposure of AoSMCs to SRT1720 and
RESV did not alter SIRT1 mRNA expression (Fig. S4). This
result is in line with the findings of other groups, where the
treatment with SRT1720 did not increase SIRT1 expression but
caused metabolic effects that required SIRT1 activity (71, 76).

Our results showed that the exposure to SRT1720 decreased
HAS2 expression both at the mRNA and protein levels,
although the reduction on HAS2 protein was not as efficient as
the reduction of HAS2 transcript (probably due to post-trans-
lational modifications that alter HAS2 expression and enzy-
matic activity (77)). However, the selective silencing of SIRT1
increased HAS2 mRNA and protein levels. Interestingly, the
treatment with RESV inhibited HAS2 mRNA but not the pro-
tein production, suggesting that SIRT1 may have different
effects on HAS2 protein. Indeed, SRT1720 and RESV are struc-
turally unrelated, and SRT1720 is hundreds of times more effi-
cient than RESV to activate SIRT1 (78). Moreover, the activa-
tion of SIRT1 by SRT1720 and RESV reduced the amount of
pericellular HA, suggesting that SIRT1 could be able to regulate

Figure 6. SIRT1 activators affect HAS2–AS1 expression and NF-�B
nuclear translocation. A, quantitative RT-PCR analyses are shown for HAS2–
AS1 expression in AoSMCs treated for 24 h with 0.1 �g/ml TNF� alone or with
1 �M SRT1720 or 100 �M RESV. Data are expressed as relative expression of
HAS2–AS1 with respect to its control (CNTR). Values are reported as mean �
S.E. of three independent experiments performed in duplicates. *, p � 0.05; **,
p � 0.01; ***, p � 0.001. B, quantitative RT-PCR analyses are shown for
AoSMCs nucleofected with 50 nM scrambled siRNA or HAS2 siRNA and left
untreated or treated with 0.1 �g/ml TNF� for 24 h. Data are shown as mean �
S.E. of three independent experiments. *, p � 0.05; **, p � 0.01. C, represen-
tative images are shown for AoSMCs nucleofected with 4 �g of
pcDNA3-GFP-RelA plasmid and grown on coverslips. Twenty four hours after
the transfection, cells were treated as indicated for 24 h, washed in PBS, and
observed by confocal microscopy (�63 objective). Bars, 20 �m.
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HAS2 expression and hence HA production. As the ability of
vascular SMCs to migrate and proliferate to the intima is sus-
tained by pro-inflammatory cytokines (79), we treated AoSMCs
with TNF� to mimic a pro-inflammatory microenvironment in
vitro.

Our data demonstrate that treatment with TNF� alone
induced AoSMC migration, increased the adhesion of mono-
cytes to the pericellular HA, and stimulated HAS2 production.
The changes observed in cell motility are supported by the
modulation of RHAMM, the HA receptor that specifically reg-
ulates vascular SMC migration (59). The up-regulation of TSG6
upon TNF� exposure could explain the formation of an
HC–HA-enriched pericellular coat that is adhesive for mono-
cytes. Interestingly, SRT1720 and RESV counteracted the
TNF� effects, reducing RHAMM expression and AoSMC
motility, as well as the levels of TSG6 and monocyte adhesion.

The stimulation with TNF� without or with SRT1720 or
RESV did not influence AoSMC proliferation and viability. This
result is in line with the lack of CD44 modulation, as CD44
is one of the main regulators of vascular SMC proliferation
(60, 80).

All these data strongly support the hypothesis that HA is one
of the main players to trigger SMC motility and to induce
immune cell recruitment. SIRT1 activation, through the inhi-
bition of HA metabolism, can reduce the effects of a proinflam-
matory microenvironment on vascular cells in vitro.

To investigate the mechanism that allows the regulation of
HAS2 by SIRT1, we examined the antagonistic cross-talk
between SIRT1 and NF-�B. NF-�B is the major transcription
factor that mediates TNF�-induced inflammatory responses

through the nuclear translocation of its subunit p65. It is known
that SIRT1 mediates deacetylation of p65 thereby preventing its
translocation into the nucleus, even upon the stimulation with
RESV or SRT1720 (81–83). Moreover, the acetylation/deacety-
lation balance is important to regulate nuclear trafficking.
Indeed, some sirtuins (i.e. SIRT7 and SIRT2) can control the
nuclear export of NF-�B by deacetylating the small GTPase Ran
(84, 85). Alternatively, modifications in NF-�B shuttling could
be due to an impairment of the nuclear transport proteins, such
as importin �5 (86). Although we did not investigate the acety-
lation status of p65, our results revealed that the treatment with
TNF� stimulated p65 nuclear translocation in AoSMCs,
whereas the activation of SIRT1 retained p65 in the cytoplasm,
confirming the inhibitory effect of SIRT1 on the TNF�-induced
inflammatory response.

Previous studies revealed the presence of NF-�B– binding
sites on the HAS2–AS1 promoter (33, 87), which could explain
the increase of HAS2–AS1 mRNA levels after TNF� stimula-
tion. According to our working model (Fig. 8), the pro-inflam-
matory stimulus of TNF� causes p65 nuclear translocation and
the subsequent activation of the HAS2–AS1 promoter, which
in turn stimulates HAS2 expression. In contrast, the activation
of SIRT1 by SRT1720 and RESV (although at different extents)
inhibited p65 nuclear translocation, HAS2–AS1 promoter acti-
vation, and therefore HAS2 expression. As HAS2–AS1 has spe-
cific effects on chromatin structure around the HAS2 promoter
(32), it is not surprising that all the treatments have strong
effects on HAS2 rather than on HAS3 expression. HAS2–AS1
exhibited a coordinated expression with HAS2 as already dem-
onstrated by Michael et al. (87). To confirm the proposed path-

Figure 7. NF-�B blockade influences HAS2–AS1 expression. A, confocal microscopy images are shown for AoSMCs seeded on coverslips, nucleofected with
4 �g of pcDNA3-GFP-RelA, and treated with 0.1 �g/ml TNF� alone or in combination with 10 �M PDTC (�63 objective). Bars, 20 �M. Quantitative RT-PCR
analyses are shown for HAS2–AS1 (B) and HAS2 (C) expression of AoSMCs treated with 0.1 �g/ml TNF� alone or with 10 �M PDTC for 24 h. Data are displayed
as mean � S.E. of three independent experiments. *, p � 0.05; **, p � 0.01; ***, p � 0.001; CNTR, control.
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way, the HAS2 silencing did not influence HAS2–AS1 expres-
sion or NF-�B localization, whereas the inhibition of NF-�B
nuclear translocation prevented both HAS2–AS1 and HAS2
expression in proinflammatory conditions. Therefore, our data
support the hypothesis that SIRT1 regulates HAS2 expression
via NF-�B and HAS2–AS1.

The partnership between SIRT1 and AMPK is longstanding.
AMPK is the main ATP/AMP sensor in mammalian cells acti-
vated during calorie restriction and energy stress status. In the
literature there are many papers describing that AMPK can
function as a SIRT1 activator and that, mutually, SIRT1 is
required for AMPK activation (72, 88). The anabolic pathway
related to HA synthesis is a high-energy– demanding process,
and it is allowed only when all the cellular energetic require-
ments are satisfied. Indeed, in vitro experiments with AoSMCs
demonstrated that HAS2 activity and, subsequently, HA pro-
duction can be inhibited by AMPK through the phosphoryla-
tion of HAS2 Thr-110 (89).

Because SIRT1 can function both in the nucleus and in the
cytoplasm, the deacetylase activity of SIRT1 can also be
addressed to HAS2 protein itself or to the histones regulating
chromatin accessibility to the HAS2 promoter. In conclusion,
the effects of SIRT1 on HAS2 regulations are widespread and
can be the result of a synergic activity of SIRT1, which could act
at the nuclear level controlling p65 deacetylation or chromatin
accessibility after histone modifications or at cytoplasmic levels
activating AMPK or de-acetylating HAS2 protein.

Experimental procedures

Cell cultures and treatments

Primary human AoSMCs were purchased from Lonza,
grown for 5– 8 passages in SMGM2 culture medium supple-
mented with 5% FBS, and maintained at 37 °C in the presence of
5% CO2. Briefly, 1.2 � 105 cells were plated in a 35-mm dish and
incubated for 24 h with DMEM (Euroclone) containing 0.2%

FBS to induce starvation. After 24 h, DMEM was replaced with
complete medium, and cells were treated for 24 h with 1 �M

SRT1720 (Selleck Chemicals), 100 �M RESV (Selleck Chemi-
cals), and/or with 0.1 �g/ml TNF� (Abnova) to induce the
inflammatory responses. To inhibit p65 nuclear translocation,
cells were treated with 10 �M ammonium pyrrolidinedithiocar-
bamate (PDTC, Sigma) for 24 h.

Gene expression determinations by quantitative RT-PCR

Total RNA was isolated from AoSMCs with the PureLinkTM

RNA mini kit (Invitrogen), retrotranscribed using the high-ca-
pacity cDNA synthesis kit (Applied Biosystems), and amplified
with an ABI Prism 7000 instrument (Applied Biosystems). The
following human TaqMan gene expression assays were used:
HAS1 (Hs00155410_m1); HAS2 (Hs00193435_m1); HAS3
(Hs00193436_m1); HAS2–AS1 (Hs03309447_m1); SIRT1
(Hs01009006_m1); CD44 (Hs01075861_m1); RHAMM
(Hs00234864_m1); TSG6 (Hs00200178_m1); and �-actin
(Hs99999903_m1). The relative gene expressions were
determined by 2���Ct method (90).

Cell transfection

To knock down SIRT1 expression, 8 � 105 AoSMCs were
transiently nucleofected using a Nucleofector Apparatus
(Amaxa) and the human AoSMC nucleofection kit (Lonza)
with 100 nM SIRT1 siRNA (Silencer Select SIRT1, Ambion) or a
scrambled siRNA (silencer negative control 1, Ambion).

The same nucleofection kit was used to silence HASes
expressions using 50 nM siRNAs against HAS1 (Silencer� Select
HAS1, Ambion), HAS2 (Silencer� Select Pre-Designed HAS2,
Ambion), and HAS3 (Silencer� Select HAS3, Ambion). To
study GFP–p65 subcellular localization 4 �g of pcDNA3-
GFP-RELA plasmid (23255, Addgene) was nuclefected in
AoSMCs.

HA determination

To quantify the amount of HA produced by AoSMCs, cell
culture media were collected 24 h after the treatments and
diluted 1:100. The quantification of HA was done with the hya-
luronan quantikine ELISA kit (R&D Systems) according to the
manufacturer’s instructions.

The analysis of �HA and �CS-0S was done by PAGEFS, as
described previously (48). Briefly, AoSMC culture medium was
digested with 10 milliunits/ml proteinase K (Fynnzymes), and
the glycosaminoglycans were purified by ethanol precipitation.
The specific unsaturated disaccharides of HA (�HA) and �CS
were obtained by specific glycosidase digestions, derivatized
with 2-aminoacridone, and separated by gel electrophoresis.

To evaluate the pericellular coat of HA, a particle exclusion
assay was used (91, 92). Briefly, 1.5 � 103 cells were seeded in a
12-well plate and treated with 1 �M SRT1720 and 100 �M RESV.
After 24 h, 1.5 � 107 fixed human red blood cells were added to
each well. After an incubation time of 30 min at 37 °C, cells were
examined by contrast microscopy, and 10 pictures per well
were taken. As a control, cells were treated with 2 units/ml
Streptomyces hyalurolyticus HYAL (Sigma). The analysis of the
images and the relative quantification were done using the
image analysis software ImageJ.

Figure 8. Working model for protective effects of SIRT1 via HAS2–AS1
and NF-�B. Stimulation of AoSMCs with TNF� can activate the p65 subunit of
NF-�B through acetylation with its consequent translocation into the nucleus
and the activation of target genes involved in the inflammatory response. In
the nucleus, p65 is able to activate HAS2–AS1 promoter, which induces HAS2
expression and subsequent synthesis of a monocyte adhesive extracellular
HA matrix on AoSMCs. The activation of SIRT1 by SRT1720 and RESV initiates
the inhibition pathway (red) by retaining p65 in the cytoplasm, probably by
promoting deacetylation of p65, which prevents p65 nuclear translocation
that prevents activation of an HAS2–AS1 promoter. This would inhibit HAS2
mRNA and protein expression, thereby preventing formation of the mono-
cyte adhesive HA matrix, immune cells recruitment, and AoSMC migration,
thus protecting AoSMCs from TNF�-induced inflammation.
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Western blotting

Proteins were collected from treated or untreated AoSMCs
by using RIPA buffer supplemented with 10% of protease inhib-
itors (Sigma) and separated on precast 4 –12% gradient acryl-
amide gels (Genscript) at 120 V in 1� Mops Buffer (Genscript).
Protein samples were transferred to nitrocellulose membrane
at 250 mA for 1 h at 4 °C, blocked in 5% BSA, 0.1% TBS-Tween
20 for 1 h, and incubated with primary antibody overnight at
4 °C. After extensive washing, the membranes were incubated
with primary antibody and with horseradish peroxidase–
conjugated secondary antibody. Chemiluminescence was de-
tected using the LiteAblot� turbo chemiluminescent substrate
(Euroclone), and bands were revealed using the LI-COR Odys-
sey� IR imaging system (LI-COR Biosciences). Western blot-
ting experiments were done using antibodies against HAS2
(polyclonal Y14, sc34068, Santa Cruz Biotechnology), GAPDH
(polyclonal V18, sc20357, Santa Cruz Biotechnology), and
�-tubulin (monoclonal 11H10, Cell Signaling).

Monocyte adhesion assay

Adhesion of U937 monocytes to AoSMC cultures was done
as described previously (89, 93). Briefly, 1 � 106 U937 mono-
cytes were resuspended in complete medium, plated on
untreated or treated AoSMCs, and incubated for 1 h at room
temperature. Subsequently, cells were washed three times with
their appropriate medium, and the evaluation of adherent U937
cells was detected by microscopy, counting the number of
adherent monocytes in 10 independent fields. To verify that
U937 binding was specific to HA, AoSMCs were treated with 2
units/ml of S. hyalurolyticus HYAL (Sigma) for 1 h at 37 °C.

Migration assay

AoSMC migration was determined by a scratch assay (94).
Briefly, 1.8 � 105 cells were plated in a 35-mm dish and serum-
deprived (0.2% FBS) for 24 h. Three scratches per well were
done with a 20-�l pipette tip, and new complete medium was
added with 0.1 �g/ml TNF� alone or in combination with 1 �M

SRT1720 or 100 �M RESV. Pictures were taken through light
microscopy at different time points (0, 3, 6, and 9 h) and ana-
lyzed using ImageJ software.

Cell proliferation assay (MTT)

To study cell proliferation, 5 � 103 AoSMCs were seeded in a
96-well plate and incubated for 24 h with DMEM 0.2% FBS.
After 24 h, AoSMCs were treated with 0.1 �g/ml TNF� alone or
with 1 �M SRT1720 or 100 �M. At the end of the treatment (24
h), the medium was replaced with 200 �l of fresh SMGM2 cul-
ture medium supplemented with 50 �l of 5 mg/ml MTT and
incubated at 37 °C for 5 h. The reaction was stopped adding 200
�l of DMSO and 25 �l of Sorensen glycine buffer per well. The
plate was read at 570 nm.

Evaluation of NF-�B nuclear translocation

AoSMCs were nucleofected with the plasmid pcDNA3-
GFP-RELA (Addgene) coding for the GFP–p65 protein fusion,
plated on poly-L-lysine (100 ng/liter) pre-coated glass cover-
slips (35 mm in diameter), and treated with 0.1 �M TNF� alone

or in combination with 1 �M SRT1720, 100 �M RESV, or 10 �M

PDTC (Sigma). After 48 h, cell culture medium was removed,
and AoSMCs were washed three times with PBS and fixed with
a 4% paraformaldehyde/PBS solution for 10 min at room tem-
perature. Coverslips were mounted on glass slides, and p65 sub-
cellular localization was analyzed by confocal microscopy using
a Leica TCS SP5 instrument.

Statistical analysis

All data are expressed as mean � S.E. Statistical significance
was calculated with Student’s t test for unpaired data or one-
way ANOVA followed by Bonferroni post hoc test. For the
migration assays, two-way ANOVA followed by Bonferroni
post hoc test analysis were performed. All statistical tests were
carried out using GraphPad Prism (GraphPad software, version
5.3, San Diego, CA). All experiments were repeated at least
three times (figure legends report the exact number of repli-
cates of each experiments).

Author contributions—I. C., G. D. L., A. Passi, and D. V. conceptual-
ization; I. C., P. M., D. L. V., M. V., and D. V. formal analysis; I. C.,
B. B., A. Parnigoni, M. V., and D. V. investigation; I. C., P. M.,
A. Parnigoni, E. C., and D. L. V. methodology; I. C., B. B., L. A.,
A. Passi, and D. V. writing-original draft; I. C., V. C. H., A. Passi, and
D. V. writing-review and editing; E. K. and A. Passi funding acquisi-
tion; A. Passi and D. V. supervision.

Acknowledgments—We thank Dr. Ileana Badi (University of Oxford,
United Kingdom) and Dr. Angela Raucci (Centro Cardiologico
Monzino, Milan, Italy) for collaboration. We gratefully acknowledge
the “Centro Grandi Attrezzature per la Ricerca Biomedica” Univer-
sità degli Studi dell’Insubria, for instruments facility (confocal
microscopy and quantitative PCR).

References
1. Viola, M., Vigetti, D., Karousou, E., D’Angelo, M. L., Caon, I., Moretto, P.,

De Luca, G., and Passi, A. (2015) Biology and biotechnology of hyaluronan.
Glycoconj. J. 32, 93–103 CrossRef Medline

2. Karamanos, N. K., Piperigkou, Z., Theocharis, A. D., Watanabe, H., Fran-
chi, M., Baud, S., Brézillon, S., Götte, M., Passi, A., Vigetti, D., Ricard-
Blum, S., Sanderson, R. D., Neill, T., and Iozzo, R. V. (2018) Proteoglycan
chemical diversity drives multifunctional cell regulation and therapeutics.
Chem. Rev. 118, 9152–9232 CrossRef Medline

3. Karousou, E., Misra, S., Ghatak, S., Dobra, K., Götte, M., Vigetti, D., Passi,
A., Karamanos, N. K., and Skandalis, S. S. (2017) Roles and targeting of the
HAS/hyaluronan/CD44 molecular system in cancer. Matrix Biol. 59,
3–22 CrossRef Medline

4. Vigetti, D., Rizzi, M., Moretto, P., Deleonibus, S., Dreyfuss, J. M., Karou-
sou, E., Viola, M., Clerici, M., Hascall, V. C., Ramoni, M. F., De Luca, G.,
and Passi, A. (2011) Glycosaminoglycans and glucose prevent apoptosis in
4-methylumbelliferone-treated human aortic smooth muscle cells. J. Biol.
Chem. 286, 34497–34503 CrossRef Medline

5. Filpa, V., Bistoletti, M., Caon, I., Moro, E., Grimaldi, A., Moretto, P., Baj,
A., Giron, M. C., Karousou, E., Viola, M., Crema, F., Frigo, G., Passi, A.,
Giaroni, C., and Vigetti, D. (2017) Changes in hyaluronan deposition in
the rat myenteric plexus after experimentally-induced colitis. Sci. Rep. 7,
17644 CrossRef Medline

6. Caon, I., Bartolini, B., Parnigoni, A., Caravà, E., Moretto, P., Viola, M.,
Karousou, E., Vigetti, D., and Passi, A. (2019) Revisiting the hallmarks
of cancer: the role of hyaluronan. Semin. Cancer Biol. 2019,
S1044 –579X(19)30042–2 CrossRef Medline

7. Manou, D., Caon, I., Bouris, P., Triantaphyllidou, I.-E., Giaroni, C., Passi,
A., Karamanos, N. K., Vigetti, D., and Theocharis, A. D. (2019) The com-

SIRT1 reduces HAS2 expression via NF-�B and HAS2–AS1

J. Biol. Chem. (2020) 295(11) 3485–3496 3493

http://dx.doi.org/10.1007/s10719-015-9586-6
http://www.ncbi.nlm.nih.gov/pubmed/25971701
http://dx.doi.org/10.1021/acs.chemrev.8b00354
http://www.ncbi.nlm.nih.gov/pubmed/30204432
http://dx.doi.org/10.1016/j.matbio.2016.10.001
http://www.ncbi.nlm.nih.gov/pubmed/27746219
http://dx.doi.org/10.1074/jbc.M111.266312
http://www.ncbi.nlm.nih.gov/pubmed/21768115
http://dx.doi.org/10.1038/s41598-017-18020-7
http://www.ncbi.nlm.nih.gov/pubmed/29247178
http://dx.doi.org/10.1016/j.semcancer.2019.07.007
http://www.ncbi.nlm.nih.gov/pubmed/31319162


plex interplay between extracellular matrix and cells in tissues. Methods
Mol. Biol. 1952, 1–20 CrossRef Medline

8. Viola, M., Brüggemann, K., Karousou, E., Caon, I., Caravà, E., Vigetti, D.,
Greve, B., Stock, C., De Luca, G., Passi, A., and Götte, M. (2017) MDA-
MB-231 breast cancer cell viability, motility and matrix adhesion are reg-
ulated by a complex interplay of heparan sulfate, chondroitin-/dermatan
sulfate and hyaluronan biosynthesis. Glycoconj. J. 34, 411– 420 CrossRef
Medline

9. Vitale, D. L., Spinelli, F. M., Del Dago, D., Icardi, A., Demarchi, G., Caon, I.,
García, M., Bolontrade, M. F., Passi, A., Cristina, C., and Alaniz, L. (2018)
Co-treatment of tumor cells with hyaluronan plus doxorubicin affects
endothelial cell behavior independently of VEGF expression. Oncotarget
9, 36585–36602 CrossRef Medline

10. Vigetti, D., Karousou, E., Viola, M., Deleonibus, S., De Luca, G., and Passi,
A. (2014) Hyaluronan: biosynthesis and signaling. Biochim. Biophys. Acta
1840, 2452–2459 CrossRef Medline

11. Petrey, A. C., and de la Motte, C. A. (2014) Hyaluronan, a crucial regulator
of inflammation. Front. Immunol. 5, 101 CrossRef Medline

12. Spinelli, F. M., Vitale, D. L., Icardi, A., Caon, I., Brandone, A., Giannoni, P.,
Saturno, V., Passi, A., García, M., Sevic, I., and Alaniz, L. (2019) Hyaluro-
nan preconditioning of monocytes/macrophages affects their angiogenic
behavior and regulation of TSG-6 expression in a tumor type-specific
manner. FEBS J. 286, 3433–3449 CrossRef Medline

13. Rugg, M. S., Willis, A. C., Mukhopadhyay, D., Hascall, V. C., Fries, E.,
Fülöp, C., Milner, C. M., and Day, A. J. (2005) Characterization of com-
plexes formed between TSG-6 and inter-�-inhibitor that act as interme-
diates in the covalent transfer of heavy chains onto hyaluronan. J. Biol.
Chem. 280, 25674 –25686 CrossRef Medline

14. Mukhopadhyay, D., Hascall, V. C., Day, A. J., Salustri, A., and Fülöp, C.
(2001) Two distinct populations of tumor necrosis factor-stimulated
gene-6 protein in the extracellular matrix of expanded mouse cumulus
cell– oocyte complexes. Arch. Biochem. Biophys. 394, 173–181 CrossRef
Medline

15. Day, A. J., and Milner, C. M. (2019) TSG-6: a multifunctional protein with
anti-inflammatory and tissue-protective properties. Matrix Biol. 78,
60 – 83 CrossRef Medline

16. Chanmee, T., Ontong, P., and Itano, N. (2016) Hyaluronan: a modulator of
the tumor microenvironment. Cancer Lett. 375, 20 –30 CrossRef Medline

17. Passi, A., Vigetti, D., Buraschi, S., and Iozzo, R. V. (2019) Dissecting the
role of hyaluronan synthases in the tumor microenvironment. FEBS J.
286, 2937–2949 CrossRef Medline

18. Viola, M., Karousou, E., D’Angelo, M. L., Moretto, P., Caon, I., De Luca, G.,
Passi, A., and Vigetti, D. (2016) Extracellular matrix in atherosclerosis:
hyaluronan and proteoglycans insights. Curr. Med. Chem. 23, 2958 –2971
CrossRef Medline

19. Hull, R. L., Bogdani, M., Nagy, N., Johnson, P. Y., and Wight, T. N. (2015)
Hyaluronan: a mediator of islet dysfunction and destruction in diabetes?
J. Histochem. Cytochem. 63, 592– 603 CrossRef Medline

20. Lauer, M. E., Dweik, R. A., Garantziotis, S., and Aronica, M. A. (2015) The
rise and fall of hyaluronan in respiratory diseases. Int. J. Cell Biol. 2015,
712507 CrossRef Medline

21. Yamamoto, H., Tobisawa, Y., Inubushi, T., Irie, F., Ohyama, C., and Yama-
guchi, Y. (2017) A mammalian homolog of the zebrafish transmembrane
protein 2 (TMEM2) is the long-sought-after cell-surface hyaluronidase.
J. Biol. Chem. 292, 7304 –7313 CrossRef Medline

22. Yoshida, H., Nagaoka, A., Kusaka-Kikushima, A., Tobiishi, M., Kawabata,
K., Sayo, T., Sakai, S., Sugiyama, Y., Enomoto, H., Okada, Y., and Inoue, S.
(2013) KIAA1199, a deafness gene of unknown function, is a new hyalu-
ronan binding protein involved in hyaluronan depolymerization. Proc.
Natl. Acad. Sci. U.S.A. 110, 5612–5617 CrossRef Medline

23. Heldin, P., Lin, C.-Y., Kolliopoulos, C., Chen, Y.-H., and Skandalis, S. S.
(2019) Regulation of hyaluronan biosynthesis and clinical impact of exces-
sive hyaluronan production. Matrix Biol. 78, CrossRef Medline

24. Itano, N., and Kimata, K. (2002) Mammalian hyaluronan synthases.
IUBMB Life 54, 195–199 CrossRef Medline

25. Moretto, P., Karousou, E., Viola, M., Caon, I., D’Angelo, M. L., De Luca, G.,
Passi, A., and Vigetti, D. (2015) Regulation of hyaluronan synthesis in

vascular diseases and diabetes. J. Diabetes Res. 2015, 167283 CrossRef
Medline

26. Tavianatou, A. G., Caon, I., Franchi, M., Piperigkou, Z., Galesso, D., and
Karamanos, N. K. (2019) Hyaluronan: molecular size-dependent signaling
and biological functions in inflammation and cancer. FEBS J. 286,
2883–2908 CrossRef Medline

27. Baggenstoss, B. A., Harris, E. N., Washburn, J. L., Medina, A. P., Nguyen,
L., and Weigel, P. H. (2017) Hyaluronan synthase control of synthesis rate
and hyaluronan product size are independent functions differentially af-
fected by mutations in a conserved tandem B-X7-B motif. Glycobiology 27,
154 –164 CrossRef Medline

28. Siiskonen, H., Oikari, S., Pasonen-Seppänen, S., and Rilla, K. (2015) Hya-
luronan synthase 1: a mysterious enzyme with unexpected functions.
Front. Immunol. 6, 43 CrossRef Medline

29. Vigetti, D., Viola, M., Karousou, E., De Luca, G., and Passi, A. (2014)
Metabolic control of hyaluronan synthases. Matrix Biol. 35, 8 –13
CrossRef Medline

30. Tammi, R. H., Passi, A. G., Rilla, K., Karousou, E., Vigetti, D., Makkonen,
K., and Tammi, M. I. (2011) Transcriptional and post-translational regu-
lation of hyaluronan synthesis. FEBS J. 278, 1419 –1428 CrossRef Medline

31. Melero-Fernandez de Mera, R. M., Arasu, U. T., Kärnä, R., Oikari, S., Rilla,
K., Vigetti, D., Passi, A., Heldin, P., Tammi, M. I., and Deen, A. J. (2018)
Effects of mutations in the post-translational modification sites on the
trafficking of hyaluronan synthase 2 (HAS2). Matrix Biol. 80, 85–103

32. Vigetti, D., Viola, M., Karousou, E., Deleonibus, S., Karamanou, K., De
Luca, G., and Passi, A. (2014) Epigenetics in extracellular matrix remod-
eling and hyaluronan metabolism. FEBS J. 281, 4980 – 4992 CrossRef
Medline

33. Vigetti, D., Deleonibus, S., Moretto, P., Bowen, T., Fischer, J. W., Grandoch,
M., Oberhuber, A., Love, D. C., Hanover, J. A., Cinquetti, R., Karousou, E.,
Viola, M., D’Angelo, M. L., Hascall, V. C., De Luca, G., and Passi, A. (2014)
Natural antisense transcript for hyaluronan synthase 2 (HAS2–AS1) induces
transcription of HAS2 via protein O-GlcNAcylation. J. Biol. Chem. 289,
28816–28826 CrossRef Medline

34. Kolliopoulos, C., Lin, C.-Y., Heldin, C.-H., Moustakas, A., and Heldin, P.
(2019) Has2 natural antisense RNA and Hmga2 promote Has2 expression
during TGF�-induced EMT in breast cancer. Matrix Biol. 80, 29 – 45
CrossRef Medline

35. Zhu, G., Wang, S., Chen, J., Wang, Z., Liang, X., Wang, X., Jiang, J., Lang,
J., and Li, L. (2017) Long noncoding RNA HAS2–AS1 mediates hypoxia-
induced invasiveness of oral squamous cell carcinoma. Mol. Carcinog. 56,
2210 –2222 CrossRef Medline

36. Vigetti, D., Ori, M., Viola, M., Genasetti, A., Karousou, E., Rizzi, M., Pal-
lotti, F., Nardi, I., Hascall, V. C., De Luca, G., and Passi, A. (2006) Molec-
ular cloning and characterization of UDP-glucose dehydrogenase from
the amphibian Xenopus laevis and its involvement in hyaluronan synthe-
sis. J. Biol. Chem. 281, 8254 – 8263 CrossRef Medline

37. Imai, S., and Guarente, L. (2014) NAD� and sirtuins in aging and disease.
Trends Cell Biol. 24, 464 – 471 CrossRef Medline

38. Stein, S., and Matter, C. M. (2011) Protective roles of SIRT1 in atheroscle-
rosis. Cell Cycle 10, 640 – 647 CrossRef Medline

39. Bosch-Presegué, L., and Vaquero, A. (2011) The dual role of sirtuins in
cancer. Genes Cancer 2, 648 – 662 CrossRef Medline

40. Yuan, Y., Cruzat, V. F., Newsholme, P., Cheng, J., Chen, Y., and Lu, Y.
(2016) Regulation of SIRT1 in aging: roles in mitochondrial function and
biogenesis. Mech. Ageing Dev. 155, 10 –21 CrossRef Medline

41. Guarente, L. (2013) Calorie restriction and sirtuins revisited. Genes Dev.
27, 2072–2085 CrossRef Medline

42. Yeung, F., Hoberg, J. E., Ramsey, C. S., Keller, M. D., Jones, D. R., Frye,
R. A., and Mayo, M. W. (2004) Modulation of NF-�B– dependent tran-
scription and cell survival by the SIRT1 deacetylase. EMBO J. 23,
2369 –2380 CrossRef Medline

43. Kauppinen, A., Suuronen, T., Ojala, J., Kaarniranta, K., and Salminen, A.
(2013) Antagonistic crosstalk between NF-�B and SIRT1 in the regulation
of inflammation and metabolic disorders. Cell. Signal. 25, 1939 –1948
CrossRef Medline

44. Yu, X., Zhang, L., Wen, G., Zhao, H., Luong, L. A., Chen, Q., Huang, Y.,
Zhu, J., Ye, S., Xu, Q., Wang, W., and Xiao, Q. (2015) Upregulated sirtuin

SIRT1 reduces HAS2 expression via NF-�B and HAS2–AS1

3494 J. Biol. Chem. (2020) 295(11) 3485–3496

http://dx.doi.org/10.1007/978-1-4939-9133-4_1
http://www.ncbi.nlm.nih.gov/pubmed/30825161
http://dx.doi.org/10.1007/s10719-016-9735-6
http://www.ncbi.nlm.nih.gov/pubmed/27744520
http://dx.doi.org/10.18632/oncotarget.26379
http://www.ncbi.nlm.nih.gov/pubmed/30564299
http://dx.doi.org/10.1016/j.bbagen.2014.02.001
http://www.ncbi.nlm.nih.gov/pubmed/24513306
http://dx.doi.org/10.3389/fimmu.2014.00101
http://www.ncbi.nlm.nih.gov/pubmed/24653726
http://dx.doi.org/10.1111/febs.14871
http://www.ncbi.nlm.nih.gov/pubmed/31044513
http://dx.doi.org/10.1074/jbc.M501332200
http://www.ncbi.nlm.nih.gov/pubmed/15840581
http://dx.doi.org/10.1006/abbi.2001.2552
http://www.ncbi.nlm.nih.gov/pubmed/11594731
http://dx.doi.org/10.1016/j.matbio.2018.01.011
http://www.ncbi.nlm.nih.gov/pubmed/29362135
http://dx.doi.org/10.1016/j.canlet.2016.02.031
http://www.ncbi.nlm.nih.gov/pubmed/26921785
http://dx.doi.org/10.1111/febs.14847
http://www.ncbi.nlm.nih.gov/pubmed/30974514
http://dx.doi.org/10.2174/0929867323666160607104602
http://www.ncbi.nlm.nih.gov/pubmed/27281127
http://dx.doi.org/10.1369/0022155415576542
http://www.ncbi.nlm.nih.gov/pubmed/26216136
http://dx.doi.org/10.1155/2015/712507
http://www.ncbi.nlm.nih.gov/pubmed/26448757
http://dx.doi.org/10.1074/jbc.M116.770149
http://www.ncbi.nlm.nih.gov/pubmed/28246172
http://dx.doi.org/10.1073/pnas.1215432110
http://www.ncbi.nlm.nih.gov/pubmed/23509262
http://dx.doi.org/100-117 10.1016/j.matbio.2018.01.017
http://www.ncbi.nlm.nih.gov/pubmed/29374576
http://dx.doi.org/10.1080/15216540214929
http://www.ncbi.nlm.nih.gov/pubmed/12512858
http://dx.doi.org/10.1155/2015/167283
http://www.ncbi.nlm.nih.gov/pubmed/25834831
http://dx.doi.org/10.1111/febs.14777
http://www.ncbi.nlm.nih.gov/pubmed/30724463
http://dx.doi.org/10.1093/glycob/cww089
http://www.ncbi.nlm.nih.gov/pubmed/27558839
http://dx.doi.org/10.3389/fimmu.2015.00043
http://www.ncbi.nlm.nih.gov/pubmed/25699059
http://dx.doi.org/10.1016/j.matbio.2013.10.002
http://www.ncbi.nlm.nih.gov/pubmed/24134926
http://dx.doi.org/10.1111/j.1742-4658.2011.08070.x
http://www.ncbi.nlm.nih.gov/pubmed/21362137
http://dx.doi.org/10.1111/febs.12938
http://www.ncbi.nlm.nih.gov/pubmed/25040101
http://dx.doi.org/10.1074/jbc.M114.597401
http://www.ncbi.nlm.nih.gov/pubmed/25183006
http://dx.doi.org/10.1016/j.matbio.2018.09.002
http://www.ncbi.nlm.nih.gov/pubmed/30194979
http://dx.doi.org/10.1002/mc.22674
http://www.ncbi.nlm.nih.gov/pubmed/28485478
http://dx.doi.org/10.1074/jbc.M508516200
http://www.ncbi.nlm.nih.gov/pubmed/16418163
http://dx.doi.org/10.1016/j.tcb.2014.04.002
http://www.ncbi.nlm.nih.gov/pubmed/24786309
http://dx.doi.org/10.4161/cc.10.4.14863
http://www.ncbi.nlm.nih.gov/pubmed/21293192
http://dx.doi.org/10.1177/1947601911417862
http://www.ncbi.nlm.nih.gov/pubmed/21941620
http://dx.doi.org/10.1016/j.mad.2016.02.003
http://www.ncbi.nlm.nih.gov/pubmed/26923269
http://dx.doi.org/10.1101/gad.227439.113
http://www.ncbi.nlm.nih.gov/pubmed/24115767
http://dx.doi.org/10.1038/sj.emboj.7600244
http://www.ncbi.nlm.nih.gov/pubmed/15152190
http://dx.doi.org/10.1016/j.cellsig.2013.06.007
http://www.ncbi.nlm.nih.gov/pubmed/23770291


1 by miRNA-34a is required for smooth muscle cell differentiation from
pluripotent stem cells. Cell Death Differ. 22, 1170 –1180 CrossRef
Medline

45. Badi, I., Mancinelli, L., Polizzotto, A., Ferri, D., Zeni, F., Burba, I., Milano,
G., Brambilla, F., Saccu, C., Bianchi, M. E., Pompilio, G., Capogrossi, M. C.,
and Raucci, A. (2018) miR-34a promotes vascular smooth muscle cell
calcification by downregulating SIRT1 (sirtuin 1) and Axl (AXL receptor
tyrosine kinase). Arterioscler. Thromb. Vasc. Biol. 38, 2079–2090 CrossRef
Medline

46. Fischer, J. W. (2019) Role of hyaluronan in atherosclerosis: current knowl-
edge and open questions. Matrix Biol. 78, 324 –336 CrossRef Medline

47. Viola, M., Karousou, E., D’Angelo, M. L., Caon, I., De Luca, G., Passi, A.,
and Vigetti, D. (2015) Regulated hyaluronan synthesis by vascular cells.
Int. J. Cell Biol. 2015, 208303 CrossRef Medline

48. Karousou, E. G., Militsopoulou, M., Porta, G., De Luca, G., Hascall, V. C.,
and Passi, A. (2004) Polyacrylamide gel electrophoresis of fluorophore-
labeled hyaluronan and chondroitin sulfate disaccharides: application to
the analysis in cells and tissues. Electrophoresis 25, 2919 –2925 CrossRef
Medline

49. Beher, D., Wu, J., Cumine, S., Kim, K. W., Lu, S.-C., Atangan, L., and
Wang, M. (2009) Resveratrol is not a direct activator of SIRT1 enzyme
activity. Chem. Biol. Drug Des. 74, 619 – 624 CrossRef Medline

50. Villalba, J. M., and Alcaín, F. J. (2012) Sirtuin activators and inhibitors.
Biofactors 38, 349 –359 CrossRef Medline

51. Feige, J. N., Lagouge, M., Canto, C., Strehle, A., Houten, S. M., Milne, J. C.,
Lambert, P. D., Mataki, C., Elliott, P. J., and Auwerx, J. (2008) Specific
SIRT1 activation mimics low energy levels and protects against diet-in-
duced metabolic disorders by enhancing fat oxidation. Cell Metab. 8,
347–358 CrossRef Medline

52. Chen, Y. X., Zhang, M., Cai, Y., Zhao, Q., and Dai, W. (2015) The Sirt1
activator SRT1720 attenuates angiotensin II-induced atherosclerosis in
apoE�/� mice through inhibiting vascular inflammatory response.
Biochem. Biophys. Res. Commun. 465, 732–738 CrossRef Medline

53. Ramprasath, V. R., and Jones, P. J. (2010) Anti-atherogenic effects of res-
veratrol. Eur. J. Clin. Nutr. 64, 660 – 668 CrossRef Medline

54. Davis, R., Pillai, S., Lawrence, N., Sebti, S., and Chellappan, S. P. (2012)
TNF-�-mediated proliferation of vascular smooth muscle cells involves
Raf-1-mediated inactivation of Rb and transcription of E2F1-regulated
genes. Cell Cycle 11, 109 –118 CrossRef Medline

55. Kleinbongard, P., Heusch, G., and Schulz, R. (2010) TNF� in atheroscle-
rosis, myocardial ischemia/reperfusion and heart failure. Pharmacol.
Ther. 127, 295–314 CrossRef Medline

56. Levesque, M. C., and Haynes, B. F. (1996) In vitro culture of human pe-
ripheral blood monocytes induces hyaluronan binding and up-regulates
monocyte variant CD44 isoform expression. J. Immunol. 156, 1557–1565
Medline

57. Lee-Sayer, S. S., Dong, Y., Arif, A. A., Olsson, M., Brown, K. L., and John-
son, P. (2015) The where, when, how, and why of hyaluronan binding by
immune cells. Front. Immunol. 6, 150 CrossRef Medline

58. Jovinge, S., Hultga˚rdh Nilsson, A., Regnström, J., and Nilsson, J. (1997)
Tumor necrosis factor-� activates smooth muscle cell migration in cul-
ture and is expressed in the balloon-injured rat aorta. Arterioscler.
Thromb. Vasc. Biol. 17, 490 – 497 CrossRef Medline

59. Savani, R. C., Wang, C., Yang, B., Zhang, S., Kinsella, M. G., Wight, T. N.,
Stern, R., Nance, D. M., and Turley, E. A. (1995) Migration of bovine aortic
smooth muscle cells after wounding injury. The role of hyaluronan and
RHAMM. J. Clin. Invest. 95, 1158 –1168 CrossRef Medline

60. Cuff, C. A., Kothapalli, D., Azonobi, I., Chun, S., Zhang, Y., Belkin, R., Yeh,
C., Secreto, A., Assoian, R. K., Rader, D. J., and Puré, E. (2001) The adhe-
sion receptor CD44 promotes atherosclerosis by mediating inflammatory
cell recruitment and vascular cell activation. J. Clin. Invest. 108,
1031–1040 CrossRef Medline

61. Maguire, O., Collins, C., O’Loughlin, K., Miecznikowski, J., and Minder-
man, H. (2011) Quantifying nuclear p65 as a parameter for NF-�B activa-
tion: correlation between ImageStream cytometry, microscopy, and
Western blot. Cytometry A 79, 461– 469 CrossRef Medline

62. Meylan, E., Dooley, A. L., Feldser, D. M., Shen, L., Turk, E., Ouyang, C., and
Jacks, T. (2009) Requirement for NF-�B signalling in a mouse model of
lung adenocarcinoma. Nature 462, 104 –107 CrossRef Medline

63. Cantó, C., Gerhart-Hines, Z., Feige, J. N., Lagouge, M., Noriega, L., Milne,
J. C., Elliott, P. J., Puigserver, P., and Auwerx, J. (2009) AMPK regulates
energy expenditure by modulating NAD� metabolism and SIRT1 activity.
Nature 458, 1056 –1060 CrossRef Medline

64. Chai, S., Chai, Q., Danielsen, C. C., Hjorth, P., Nyengaard, J. R., Ledet, T.,
Yamaguchi, Y., Rasmussen, L. M., and Wogensen, L. (2005) Overexpres-
sion of hyaluronan in the tunica media promotes the development of
atherosclerosis. Circ. Res. 96, 583–591 CrossRef Medline

65. Nagy, N., Freudenberger, T., Melchior-Becker, A., Röck, K., Ter Braak, M.,
Jastrow, H., Kinzig, M., Lucke, S., Suvorava, T., Kojda, G., Weber, A. A.,
Sörgel, F., Levkau, B., Ergün, S., and Fischer, J. W. (2010) Inhibition of
hyaluronan synthesis accelerates murine atherosclerosis. Circulation 122,
2313–2322 CrossRef Medline

66. Li, L., Zhang, H.-N., Chen, H.-Z., Gao, P., Zhu, L.-H., Li, H.-L., Lv, X.,
Zhang, Q.-J., Zhang, R., Wang, Z., She, Z.-G., Zhang, R., Wei, Y.-S., Du,
G.-H., Liu, D.-P., and Liang, C.-C. (2011) SIRT1 acts as a modulator of
neointima formation following vascular injury in mice. Circ. Res. 108,
1180 –1189 CrossRef Medline

67. Li, L., Gao, P., Zhang, H., Chen, H., Zheng, W., Lv, X., Xu, T., Wei, Y., Liu,
D., and Liang, C. (2011) SIRT1 inhibits angiotensin II-induced vascular
smooth muscle cell hypertrophy. Acta Biochim. Biophys. Sin. 43, 103–109
CrossRef Medline

68. Gorenne, I., Kumar, S., Gray, K., Figg, N., Yu, H., Mercer, J., and Bennett,
M. (2013) Vascular smooth muscle cell sirtuin 1 protects against DNA
damage and inhibits atherosclerosis. Circulation 127, 386 –396 CrossRef
Medline

69. Thompson, A. M., Wagner, R., and Rzucidlo, E. M. (2014) Age-related loss
of SirT1 expression results in dysregulated human vascular smooth mus-
cle cell function. Am. J. Physiol. Circ. Physiol. 307, H533–H541 CrossRef
Medline

70. Pacholec, M., Bleasdale, J. E., Chrunyk, B., Cunningham, D., Flynn, D.,
Garofalo, R. S., Griffith, D., Griffor, M., Loulakis, P., Pabst, B., Qiu, X.,
Stockman, B., Thanabal, V., Varghese, A., Ward, J., et al. (2010) SRT1720,
SRT2183, SRT1460, and resveratrol are not direct activators of SIRT1.
J. Biol. Chem. 285, 8340 – 8351 CrossRef Medline

71. Mitchell, S. J., Martin-Montalvo, A., Mercken, E. M., Palacios, H. H.,
Ward, T. M., Abulwerdi, G., Minor, R. K., Vlasuk, G. P., Ellis, J. L., Sinclair,
D. A., Dawson, J., Allison, D. B., Zhang, Y., Becker, K. G., Bernier, M., and
de Cabo, R. (2014) The SIRT1 activator SRT1720 extends lifespan and
improves health of mice fed a standard diet. Cell Rep. 6, 836 – 843
CrossRef Medline

72. Price, N. L., Gomes, A. P., Ling, A. J., Duarte, F. V., Martin-Montalvo, A.,
North, B. J., Agarwal, B., Ye, L., Ramadori, G., Teodoro, J. S., Hubbard,
B. P., Varela, A. T., Davis, J. G., Varamini, B., Hafner, A., et al. (2012) SIRT1
is required for AMPK activation and the beneficial effects of resveratrol on
mitochondrial function. Cell Metab. 15, 675– 690 CrossRef Medline

73. Zhang, P., Li, Y., Du, Y., Li, G., Wang, L., and Zhou, F. (2016) Resveratrol
ameliorated vascular calcification by regulating Sirt-1 and Nrf2. Trans-
plant. Proc. 48, 3378 –3386 CrossRef Medline

74. Borra, M. T., Smith, B. C., and Denu, J. M. (2005) Mechanism of human
SIRT1 activation by resveratrol. J. Biol. Chem. 280, 17187–17195 CrossRef
Medline

75. Kaeberlein, M., McDonagh, T., Heltweg, B., Hixon, J., Westman, E. A.,
Caldwell, S. D., Napper, A., Curtis, R., DiStefano, P. S., Fields, S., Bedalov,
A., and Kennedy, B. K. (2005) Substrate-specific activation of sirtuins by
resveratrol. J. Biol. Chem. 280, 17038 –17045 CrossRef Medline

76. Minor, R. K., Baur, J. A., Gomes, A. P., Ward, T. M., Csiszar, A., Mercken,
E. M., Abdelmohsen, K., Shin, Y.-K., Canto, C., Scheibye-Knudsen, M.,
Krawczyk, M., Irusta, P. M., Martín-Montalvo, A., Hubbard, B. P., Zhang,
Y., et al. (2011) SRT1720 improves survival and healthspan of obese mice.
Sci. Rep. 1, 70 CrossRef Medline

77. Vigetti, D., and Passi, A. (2014) Hyaluronan synthases posttranslational
regulation in cancer. Adv. Cancer Res. 123, 95–119 CrossRef Medline

SIRT1 reduces HAS2 expression via NF-�B and HAS2–AS1

J. Biol. Chem. (2020) 295(11) 3485–3496 3495

http://dx.doi.org/10.1038/cdd.2014.206
http://www.ncbi.nlm.nih.gov/pubmed/25526086
http://dx.doi.org/10.1161/ATVBAHA.118.311298
http://www.ncbi.nlm.nih.gov/pubmed/30026277
http://dx.doi.org/10.1016/j.matbio.2018.03.003
http://www.ncbi.nlm.nih.gov/pubmed/29510229
http://dx.doi.org/10.1155/2015/208303
http://www.ncbi.nlm.nih.gov/pubmed/26448750
http://dx.doi.org/10.1002/elps.200406034
http://www.ncbi.nlm.nih.gov/pubmed/15349930
http://dx.doi.org/10.1111/j.1747-0285.2009.00901.x
http://www.ncbi.nlm.nih.gov/pubmed/19843076
http://dx.doi.org/10.1002/biof.1032
http://www.ncbi.nlm.nih.gov/pubmed/22730114
http://dx.doi.org/10.1016/j.cmet.2008.08.017
http://www.ncbi.nlm.nih.gov/pubmed/19046567
http://dx.doi.org/10.1016/j.bbrc.2015.08.066
http://www.ncbi.nlm.nih.gov/pubmed/26296466
http://dx.doi.org/10.1038/ejcn.2010.77
http://www.ncbi.nlm.nih.gov/pubmed/20485301
http://dx.doi.org/10.4161/cc.11.1.18473
http://www.ncbi.nlm.nih.gov/pubmed/22185776
http://dx.doi.org/10.1016/j.pharmthera.2010.05.002
http://www.ncbi.nlm.nih.gov/pubmed/20621692
http://www.ncbi.nlm.nih.gov/pubmed/8568260
http://dx.doi.org/10.3389/fimmu.2015.00150
http://www.ncbi.nlm.nih.gov/pubmed/25926830
http://dx.doi.org/10.1161/01.ATV.17.3.490
http://www.ncbi.nlm.nih.gov/pubmed/9102167
http://dx.doi.org/10.1172/JCI117764
http://www.ncbi.nlm.nih.gov/pubmed/7533785
http://dx.doi.org/10.1172/JCI200112455
http://www.ncbi.nlm.nih.gov/pubmed/11581304
http://dx.doi.org/10.1002/cyto.a.21068
http://www.ncbi.nlm.nih.gov/pubmed/21520400
http://dx.doi.org/10.1038/nature08462
http://www.ncbi.nlm.nih.gov/pubmed/19847165
http://dx.doi.org/10.1038/nature07813
http://www.ncbi.nlm.nih.gov/pubmed/19262508
http://dx.doi.org/10.1161/01.RES.0000158963.37132.8b
http://www.ncbi.nlm.nih.gov/pubmed/15705963
http://dx.doi.org/10.1161/CIRCULATIONAHA.110.972653
http://www.ncbi.nlm.nih.gov/pubmed/21098434
http://dx.doi.org/10.1161/CIRCRESAHA.110.237875
http://www.ncbi.nlm.nih.gov/pubmed/21474819
http://dx.doi.org/10.1093/abbs/gmq104
http://www.ncbi.nlm.nih.gov/pubmed/21118843
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.124404
http://www.ncbi.nlm.nih.gov/pubmed/23224247
http://dx.doi.org/10.1152/ajpheart.00871.2013
http://www.ncbi.nlm.nih.gov/pubmed/2526588
http://dx.doi.org/10.1074/jbc.M109.088682
http://www.ncbi.nlm.nih.gov/pubmed/20061378
http://dx.doi.org/10.1016/j.celrep.2014.01.031
http://www.ncbi.nlm.nih.gov/pubmed/24582957
http://dx.doi.org/10.1016/j.cmet.2012.04.003
http://www.ncbi.nlm.nih.gov/pubmed/22560220
http://dx.doi.org/10.1016/j.transproceed.2016.10.023
http://www.ncbi.nlm.nih.gov/pubmed/27931585
http://dx.doi.org/10.1074/jbc.M501250200
http://www.ncbi.nlm.nih.gov/pubmed/15749705
http://dx.doi.org/10.1074/jbc.M500655200
http://www.ncbi.nlm.nih.gov/pubmed/15684413
http://dx.doi.org/10.1038/srep00070
http://www.ncbi.nlm.nih.gov/pubmed/22355589
http://dx.doi.org/10.1016/B978-0-12-800092-2.00004-6
http://www.ncbi.nlm.nih.gov/pubmed/25081527


78. Knutson, M. D., and Leeuwenburgh, C. (2008) Resveratrol and novel po-
tent activators of SIRT1: effects on aging and age-related diseases. Nutr.
Rev. 66, 591–596 CrossRef Medline

79. Boesten, L. S., Zadelaar, A. S., van Nieuwkoop, A., Gijbels, M. J., de Win-
ther, M., Havekes, L. M., and van Vlijmen, B. J. (2005) Tumor necrosis
factor-� promotes atherosclerotic lesion progression in APOE*3-leiden
transgenic mice. Cardiovasc. Res. 66, 179 –185 CrossRef Medline

80. Jain, M., He, Q., Lee, W. S., Kashiki, S., Foster, L. C., Tsai, J. C., Lee, M. E.,
and Haber, E. (1996) Role of CD44 in the reaction of vascular smooth
muscle cells to arterial wall injury. J. Clin. Invest. 97, 596 – 603 CrossRef
Medline

81. Zhu, X., Liu, Q., Wang, M., Liang, M., Yang, X., Xu, X., Zou, H., and Qiu,
J. (2011) Activation of Sirt1 by resveratrol inhibits TNF-� induced inflam-
mation in fibroblasts. PLoS ONE 6, e27081 CrossRef Medline

82. Lin, Q., Geng, Y., Lin, S., and Tian, Z. (2016) Sirtuin1 (SIRT1) regulates
tumor necrosis factor-� (TNF-�-induced) aquaporin-2 (AQP2) expres-
sion in renal medullary collecting duct cells through inhibiting the NF-�B
pathway. Med. Sci. Monit. Basic Res. 22, 165–174 CrossRef Medline

83. Yang, H., Zhang, W., Pan, H., Feldser, H. G., Lainez, E., Miller, C., Leung,
S., Zhong, Z., Zhao, H., Sweitzer, S., Considine, T., Riera, T., Suri, V.,
White, B., Ellis, J. L., et al. (2012) SIRT1 activators suppress inflammatory
responses through promotion of p65 deacetylation and inhibition of
NF-�B activity. PLoS ONE 7, e46364 CrossRef Medline

84. de Boor, S., Knyphausen, P., Kuhlmann, N., Wroblowski, S., Brenig, J.,
Scislowski, L., Baldus, L., Nolte, H., Krüger, M., and Lammers, M. (2015)
Small GTP-binding protein Ran is regulated by posttranslational lysine
acetylation. Proc. Natl. Acad. Sci. U.S.A. 112, E3679 –E3688 CrossRef
Medline

85. Sobuz, S. U., Sato, Y., Yoshizawa, T., Karim, F., Ono, K., Sawa, T., Miy-
amoto, Y., Oka, M., and Yamagata, K. (2019) SIRT7 regulates the nuclear
export of NF-�B p65 by deacetylating Ran. Biochim. Biophys. Acta 1866,
1355–1367 CrossRef Medline

86. Saikia, P., Bellos, D., McMullen, M. R., Pollard, K. A., de la Motte, C., and
Nagy, L. E. (2017) MicroRNA 181b-3p and its target importin �5 regulate
toll-like receptor 4 signaling in Kupffer cells and liver injury in mice in
response to ethanol. Hepatology 66, 602– 615 CrossRef Medline

87. Michael, D. R., Phillips, A. O., Krupa, A., Martin, J., Redman, J. E., Altaher,
A., Neville, R. D., Webber, J., Kim, M. Y., and Bowen, T. (2011) The human
hyaluronan synthase 2 (HAS2) gene and its natural antisense RNA exhibit
coordinated expression in the renal proximal tubular epithelial cell. J. Biol.
Chem. 286, 19523–19532 CrossRef Medline

88. Ruderman, N. B., Xu, X. J., Nelson, L., Cacicedo, J. M., Saha, A. K., Lan, F.,
and Ido, Y. (2010) AMPK and SIRT1: a long-standing partnership? Am. J.
Physiol. Endocrinol. Metab. 298, E751–E760 CrossRef Medline

89. Vigetti, D., Clerici, M., Deleonibus, S., Karousou, E., Viola, M., Moretto, P.,
Heldin, P., Hascall, V. C., De Luca, G., and Passi, A. (2011) Hyaluronan
synthesis is inhibited by adenosine monophosphate-activated protein ki-
nase through the regulation of HAS2 activity in human aortic smooth
muscle cells. J. Biol. Chem. 286, 7917–7924 CrossRef Medline

90. Livak, K. J., and Schmittgen, T. D. (2001) Analysis of relative gene expres-
sion data using real-time quantitative PCR and the 2���CT method. Meth-
ods 25, 402– 408 CrossRef Medline

91. Simpson, M. A., Wilson, C. M., Furcht, L. T., Spicer, A. P., Oegema, T. R.,
Jr., and McCarthy, J. B. (2002) Manipulation of hyaluronan synthase ex-
pression in prostate adenocarcinoma cells alters pericellular matrix reten-
tion and adhesion to bone marrow endothelial cells. J. Biol. Chem. 277,
10050 –10057 CrossRef Medline

92. Vigetti, D., Rizzi, M., Viola, M., Karousou, E., Genasetti, A., Clerici, M.,
Bartolini, B., Hascall, V. C., De Luca, G., and Passi, A. (2009) The effects of
4-methylumbelliferone on hyaluronan synthesis, MMP2 activity, prolifer-
ation, and motility of human aortic smooth muscle cells. Glycobiology 19,
537–546 CrossRef Medline

93. de la Motte, C. A., Hascall, V. C., Drazba, J., Bandyopadhyay, S. K., and
Strong, S. A. (2003) Mononuclear leukocytes bind to specific hyaluronan
structures on colon mucosal smooth muscle cells treated with polyinos-
inic acid:polycytidylic acid: inter-�trypsin inhibitor is crucial to structure
and function. Am. J. Pathol. 163, 121–133 CrossRef Medline

94. Viola, M., Bartolini, B., Vigetti, D., Karousou, E., Moretto, P., Deleonibus,
S., Sawamura, T., Wight, T. N., Hascall, V. C., De Luca, G., and Passi, A.
(2013) Oxidized low density lipoprotein (LDL) affects hyaluronan synthe-
sis in human aortic smooth muscle cells. J. Biol. Chem. 288, 29595–29603
CrossRef Medline

SIRT1 reduces HAS2 expression via NF-�B and HAS2–AS1

3496 J. Biol. Chem. (2020) 295(11) 3485–3496

http://dx.doi.org/10.1111/j.1753-4887.2008.00109.x
http://www.ncbi.nlm.nih.gov/pubmed/18826454
http://dx.doi.org/10.1016/j.cardiores.2005.01.001
http://www.ncbi.nlm.nih.gov/pubmed/15769461
http://dx.doi.org/10.1172/JCI118455
http://www.ncbi.nlm.nih.gov/pubmed/8609213
http://dx.doi.org/10.1371/journal.pone.0027081
http://www.ncbi.nlm.nih.gov/pubmed/22069489
http://dx.doi.org/10.12659/MSMBR.901909
http://www.ncbi.nlm.nih.gov/pubmed/27980322
http://dx.doi.org/10.1371/journal.pone.0046364
http://www.ncbi.nlm.nih.gov/pubmed/23029496
http://dx.doi.org/10.1073/pnas.1505995112
http://www.ncbi.nlm.nih.gov/pubmed/26124124
http://dx.doi.org/10.1016/j.bbamcr.2019.05.001
http://www.ncbi.nlm.nih.gov/pubmed/31075303
http://dx.doi.org/10.1002/hep.29144
http://www.ncbi.nlm.nih.gov/pubmed/28257601
http://dx.doi.org/10.1074/jbc.M111.233916
http://www.ncbi.nlm.nih.gov/pubmed/21357421
http://dx.doi.org/10.1152/ajpendo.00745.2009
http://www.ncbi.nlm.nih.gov/pubmed/20103737
http://dx.doi.org/10.1074/jbc.M110.193656
http://www.ncbi.nlm.nih.gov/pubmed/21228273
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.1074/jbc.M110069200
http://www.ncbi.nlm.nih.gov/pubmed/11790779
http://dx.doi.org/10.1093/glycob/cwp022
http://www.ncbi.nlm.nih.gov/pubmed/19240269
http://dx.doi.org/10.1016/S0002-9440(10)63636-X
http://www.ncbi.nlm.nih.gov/pubmed/12819017
http://dx.doi.org/10.1074/jbc.M113.508341
http://www.ncbi.nlm.nih.gov/pubmed/23979132

	Sirtuin 1 reduces hyaluronan synthase 2 expression by inhibiting nuclear translocation of NF-B and expression of the long-noncoding RNA HAS2–AS1
	Results
	HAS2 is the main enzyme involved in HA synthesis in AoSMCs
	SIRT1 activators inhibit HAS2 expression and reduce pericellular HA matrix
	SIRT1 regulates HAS2 expression in AoSMCs
	SIRT1 activators protect AoSMCs from inflammation
	SIRT1 activators modulate HA receptor expression and HA-modifying enzymes
	SIRT1 activators reduce natural antisense transcript HAS2–AS1 expression and inhibit NF-B nuclear translocation

	Discussion
	Cell cultures and treatments
	Gene expression determinations by quantitative RT-PCR
	Cell transfection
	HA determination
	Western blotting
	Monocyte adhesion assay

	Migration assay
	Cell proliferation assay (MTT)
	Evaluation of NF-B nuclear translocation
	Statistical analysis
	References

