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Background: Intracellular proteins glycosylation with O-GIcNAc is able to influence cell microenvironment.

Results: O-GlcNAcylation increases hyaluronan synthase 2 (HAS2) transcription via its natural antisense transcript HAS2-AS1.
Conclusion: A novel mechanism to regulate hyaluronan synthesis via long non-coding RNA is described.

Significance: This finding highlights a new target to regulate HA synthesis, critical in many pathophysiological processes.

Changes in the microenvironment organization within vascu-
lar walls are critical events in the pathogenesis of vascular
pathologies, including atherosclerosis and restenosis. Hyaluro-
nan (HA) accumulation into artery walls supports vessel thick-
ening and is involved in many cardiocirculatory diseases. Exces-
sive cytosolic glucose can enter the hexosamine biosynthetic
pathway, increase UDP-N-acetylglucosamine (UDP-GlcNAc)
availability, and lead to modification of cytosolic proteins via
O-linked attachment of the monosaccharide B-N-GlcNAc
(O-GlcNAcylation) from UDP-GIcNAc by the enzyme O-GlcNAc
transferase. As many cytoplasmic and nuclear proteins can be
glycosylated by O-GIcNAc, we studied whether the expression
of the HA synthases that synthesize HA could be controlled by
O-GlcNAcylation in human aortic smooth muscle cells. Among
the three HAS isoenzymes, only HAS2 mRNA increased after
O-GIcNAcylation induced by glucosamine treatments or by
inhibiting O-GlcNAc transferase with PUGNAC (O-(2-acet-
amido-2-deoxy-p-glucopyranosylidene)amino-N-phenylcarbamate).
We found that the natural antisense transcript of HAS2 (HAS2-
AS1) was absolutely necessary to induce the transcription of the
HAS2 gene. Moreover, we found that O-GlcNAcylation modu-
lated HAS2-AS1 promoter activation by recruiting the NF-«B
subunit p65, but not the HAS2 promoter, whereas HAS2-AS1
natural antisense transcript, working in cis, regulated HAS2
transcription by altering the chromatin structure around the
HAS2 proximal promoter via O-GlcNAcylation and acetylation.
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These results indicate that HAS2 transcription can be finely reg-
ulated not only by recruiting transcription factors to the pro-
moter as previously described but also by modulating chromatin
accessibility by epigenetic modifications.

HA*is an ubiquitous linear macromolecule composed of glu-
curonic acid and N-acetylglucosamine (GlcNAc) without any
additional chemical modifications typical of the other glycos-
aminoglycans. HA can modulate a plethora of cellular functions
in both physiological as well as pathological conditions (1),
interacting with many receptors and proteins (2). HA is synthe-
sized on the plasma membrane by three isoenzymes, HA syn-
thase 1,2, and 3 (HAS1, -2, and -3), that have several transmem-
brane domains, use cytosolic UDP-glucuronic acid, and
UDP-GIcNAc as precursors and extrude the elongating chain
through the plasma membrane into the extracellular matrix.
HA synthesis is known to be finely regulated by several factors,
including growth factors and proinflammatory cytokines, at
both transcriptional and post-translational levels (3, 4).

Cardiovascular diseases are the leading causes of death in
western countries and are characterized by a strong extracellu-
lar matrix remodeling with high deposition of HA in the
neointima (5-7). HA has been described to have a critical role
favoring vessel wall thickening and neointima formation
(8-10), and inhibition of HA synthesis can be considered a new
strategy to face vascular pathologies (11, 12).

“The abbreviations used are: HA, hyaluronan; O-GIcNAcylation, O-linked
N-acetylglucosamine; OGA, O-GIcNAcase; HAS, hyaluronan synthase;
A0oSMCs, human aortic smooth muscle cells; NAT, natural antisense tran-
script; PUGNAC, O-(2-acetamido-2-deoxy-d-glucopyranosylidene)amino-
N-phenylcarbamate; PDTC, pyrrolidine dithiocarbamate; ActD, actinomy-
cin D; gPCR, quantitative PCR; Ct, threshold cycle; IP,immunoprecipitation;
L, long; S, short.
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FIGURE 1. Genomic organization of HAS2 and HAS2 genes at locus 8q24.13, localization of primers, luciferase constructs, and NF-«B sites. A, schematic
representation of HAS2 (RefSeq gene NM_005328.2 on the minus DNA strand) and HAS2-AS1 (RefSeq gene NR_002835 on the plus DNA strand) genes. The
scheme reports the starting and ending positions of the genes as indicated by UCSC site (Genome Bioinformatics). Light blue arrows indicate the transcription
direction, and boxes are exons. The scheme is in scale. B, representation of the first exon of HAS2 gene and the exon number 1 and 2 of HAS2-AST gene. The
scheme is not in scale, and black arrows indicate the position of the primers used in this work. The three reporter constructs used in this work containing the
luciferase (Luc.) under the control of HAS2 promoter (—2118 + 43) or HAS2 promoter with the HAS2:HAS2-AS1 complementarity region (—2118 + 475; HAS2
exon 1) or HAS2-AS1 promoter (—700) are indicated. C, genomic sequence around HAS2 transcription start site that is indicated as the +1 position. Lowercase
letters indicate the first 370 nucleotides of the proximal promoter region, whereas uppercase letters indicate part of HAS2 exon 1. The primer position is also
indicated by arrows. D, the genomic sequence around HAS2-AS1 transcription start site is indicated as the +1 position. Lowercase letters indicate the first 444
nucleotides of the proximal promoter region, whereas uppercase letters indicate part of HAS2-AS1 exon 1. The position of primers is also indicated by arrows.
The NF-kB subunit p65 binding sites are highlighted in green.

Angiopathies are one of the main complications of diabetes
(13), and although the molecular mechanisms involved in such
diseases are poorly understood, the hexosamine biosynthetic
pathway appears to have a crucial role (14). In fact, the elevated
flux of nutrients that enters in the hexosamine biosynthetic
pathway in hyperglycemic conditions increases the formation
of UDP-GIcNAc (15). High availability of UDP-sugars induces
the synthesis of HA (16 -18).

Elevated levels of UDP-GIcNAc induces the activity of
O-GIlcNACc transferase, which catalyzes the transfer of GIcNAc
from UDP-GIcNAc to serine and threonine residues (O-GIcNA-
cylation) (19). This intracellular glycosylation controls many
cellular processes and is also involved in diabetes, cardiovascu-
lar diseases, and tumors (20, 21). O-GlcNAcylation can be easily
hydrolyzed from proteins by O-GlcNAcase (OGA) (19). Several
nucleo-cytoplasmic proteins are known to be regulated by
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O-GlcNAcylation including RNA polymerase 2 (22) and HAS2
(16).

HAS?2 is mainly responsible for HA synthesis in adult mam-
malian tissues, and at the genetic level, HAS2 possesses a natu-
ral antisense transcript (NAT) named HAS2-AS1 (23). NAT is
part of long non-coding RNA (24, 25), which has a crucial role
in the modulation of gene transcription (24, 26 —30).

HAS2-AS1 NAT is transcribed in the opposite strand of the
HAS2 gene localized on chromosome 8 (Fig. 1). HAS2 exon 1
and HAS2-AS1 exon 2 are partially complementary. Further-
more, an alternative splicing can generate two HAS2-AS1 NAT
isoforms, named long (L) and short (S), that have 257 or 174
nucleotides of perfect complementary sequence to the region
starting ~70 bp from the presumed transcription start site of
human HAS?2, respectively (23). This complementarity permits
HAS2 mRNA-HAS2-AS1 NAT duplex formation that stabilizes
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the HAS2 transcript (31) as already described for other mRNA
(32).

The aim of this study was to investigate whether O-GIcNA-
cylation could modulate HAS2 gene transcription. We found
that O-GlcNAcylation induces HAS2 mRNA accumulation,
and this event is strictly dependent to HAS2-AS1, which can
modulate the chromatin aperture around HAS2 promoter
favoring transcription.

EXPERIMENTAL PROCEDURES

Cell Cultures, Treatments, and Mammalian Samples—Pri-
mary human aortic smooth muscle cells (AoSMCs) were pur-
chased from Lonza and grown for 5—8 passages in complete
SmGm?2 culture medium (Lonza) supplemented with 5% FBS as
previously described (16, 33). Briefly, 3 X 10°> AoSMCs were
incubated with DMEM (Euroclone) supplemented with 0.2%
FBS to induce quiescence. After 48 h the medium was changed
to normal glucose (5 mm) DMEM-F-12 with 10% FBS, and the
cells were left untreated or treated with 2 mm GlcN or 5 mm
alloxan or 100 um O-(2-acetamido-2-deoxy-p-glucopyrano-
sylidene) amino-N-phenylcarbamate (PUGNAC) for 24 h (all
from Sigma) to modulate protein O-GlcNAcylation (16). In
some experiments 5 ug/ml actinomycin D (ActD) was used to
inhibit RNA synthesis as previously described (34), and pyrrol-
idine dithiocarbamate (PDTC) was used to block NF-uB activ-
ity (35, 36).

Eight-week-old male apolipoprotein E knock-out (apoE
knock-out (KO); The Jackson Laboratory, Bar Harbor, ME)
mice were fed a Western type diet containing 21% saturated fat
and 0.15% cholesterol or normal chow for 4 weeks. At the end of
the treatment mice were euthanized by asphyxiation, and the
aortas were dissected.

c¢DNA from atherectomy specimens were derived from
patients of both genders undergoing carotid endarterectomy
with a disease severity ranging from elective, asymptomatic
(stage I), and patients with transitory ischemic attack (stage II)
to stroke patients (stage 4). Tissue collection and analysis were
approved by the Ethics Committee of the Heinrich-Heine-Uni-
versity (ethics approvals number 3944) based on the patients’
consent. Atherectomy specimens were directly snap-frozen in
liquid nitrogen, and total RNA was extracted using peqGOLD
TriFast (PEQLAB Biotechnologie GmbH, Erlangen, Germany)
according to the manufacturer’s instructions. 1 ug of total RNA
was transcribed into ¢cDNA using the QuantiTect Reverse
Transcription kit (Qiagen, Hilden, Germany). Hearts from
wild-type and OGA knock-out newborn mice (37) were
obtained from newborns animals and stored at —80°C in
RNAlater.

Quantitative RT-PCR and Silencing—Total RNAs were
extracted from AoSMCs or from mouse hearts with TRI re-
agent (Invitrogen), retro-transcribed using the High Capacity
c¢DNA synthesis kit (Invitrogen), and amplified on an Abi Prism
7000 instrument (Applied Biosystems). Pre-developed Tagman
gene expression assays (Invitrogen) were used to quantify tran-
scripts coding for human HAS2, HAS2-AS1, HAS3, and mouse
HAS2 and HAS2-AS1. B-Actin was used as a reference. The
relative gene expression was determined by comparing ACt
(38). Short interfering RNA (siRNA) from Ambion (assay ID
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n265529 or a scramble control) were used to abrogate the
expression of HAS2-AS1 by using a nucleoporator (Nucleofec-
tor, AMAXA) (36). After 24 h of incubation, AoSMCs were
treated with GlcN as described above to induce O-GlcNA-
cylation, and the next day, RNA was extracted to measure gene
expression.

Luciferase Gene Reporter Assay—The reporter vector (based
on pGL3, Promega) expressing luciferase cloned downstream
from the HAS2 promoter (—2118/+43 bp) was a gift of Katri
Makkonen (39), whereas the luciferase under the control of the
HAS2-AS1 promoter (—700 bp) was previously described (31).
The promoter of HAS2 and part of HAS2 exon 1 (—2118/+475)
were synthesized by Biomatik and cloned in the pGL3 vector
(Promega) by using the Kpnl and Smal restriction sites. This
construct contains all the region of HAS2 exon 1 complemen-
tary to HAS2-AS1.

One million AoSMCs were nucleofected with the two HAS2
promoter-reported plasmids, split 1:2, and seeded in 35-mm
dishes wells. After 24 h of incubation, AoSMCs were harvested,
and 3 X 10° cells were divided in six-well plates and treated with
GIcN or alloxan to modulate protein O-GlcNAcylation. CMV
promoter-luciferase reporter and a pRL-TK vector (Renilla
luciferase under the control of thymidine kinase promoter; Pro-
mega) were used as a positive control and nucleofection effi-
ciency normalization, respectively. The pcDNA3-SP1 express-
ing vector (a gift of Professor Stephen Safe) was nucleofected
in AoSMCs with the —2118 + 43 HAS2 promoter-luciferase
reporter construct as an additional control. In other experi-
ments the HAS2 gene promoter-luciferase plasmids were
nucleofected with pcDNA3 vectors expressing HAS2-AS1 (see
below). After 24 h of incubation, cell extracts were assayed for
luciferase activity using Dual-GLO luciferase assay kit (Pro-
mega). Luciferase activities were normalized to both the pro-
tein content and the nucleofection efficiency calculated by
Renilla luciferase activity as previously described (31).

Chromatin Immunoprecipitation (ChIP)—The Pierce aga-
rose ChIP kit was used to immunoprecipitate chromatin fol-
lowing the manufacturer’s instructions. Briefly, formaldehyde
was added to 2 X 10° cells/ChIP reaction to cross-link DNA and
proteins. After an incubation of 10 min at room temperature,
glycine was added to quench the excess of formaldehyde. Cells
were scraped into cold PBS, pelleted, and resuspended in Lysis
Buffer 1 containing a 1 X Halt mixture. Nuclei were isolated and
resuspended in MNase Digestion Buffer. Cross-linked DNA
was digested with 0.25 ul of micrococcal Nuclease (10 units/ul)
at 37 °C for 15 min and centrifuged to recover the nuclei.
Digested chromatin was resuspended in Lysis Buffer 2. For each
IP, diluted chromatin was incubated overnight with a specific
monoclonal antibody against O-GlcNAcylated proteins (HGACS5;
Pierce) (40) or with anti-p65 monoclonal antibody (D14E12,
Cell Signal) or with anti RNA polymerase 2 monoclonal anti-
body (Pierce; used as positive control) or with normal rabbit
IgG (used as negative control) at 4 °C. Each immunoprecipi-
tated complex was column-purified using the agarose resin and
eluted in IP Elution Buffer. Reverse cross-linked DNA was puri-
fied by usinga DNA clean-up column according to the manufac-
turer’s instructions. 5 ul of each of the purified DNAs was used
as a template for 48 cycles of quantitative PCR (qPCR) amplifi-
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cation using primers designed on the proximal promoter
(~—300 bp from the transcription start site) of HAS2 (5'-CTCA-
GGGTTCCCCAGTCCACACCTC-3', 5'-TCTCTGGTTCA-
ATGGGCTGCTCGAA-3"), HAS2-AS1 (5'-AGCGGCCTCA-
CTCCTTCAGCAAAG-3', 5'-GACCGTTGCTGCCTGTTG-
GGTCTC-3'), HAS2 exon 1 (5'-TTTTAAAGTGGGGAAGA-
ATCAAACA-3', 5'- GGCAGTTTCCAAAATTGAGGTA-
ATA-3') (see Fig. 1 for primer positions), and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH, primers provided with
the ChIP kit). HAS2, HAS2-AS1, and HAS2 exon 1 primers
were designed using Primer3 internet site setting parameters to
have an annealing temperature of 60 °C and an amplicon size of
100 bp. gPCRs were carried out in two steps: denaturation at
95 °C for 30 s and annealing/elongation at 60 °C for 1 min using
the Abi Prism 7000 instrument (Applied Biosystems) and the
SYBR Green qPCR Mastermix (Invitrogen). All primers were
tested on genomic DNA to avoid primer dimers and to check
polymerase efficiency. Normalization was done using the AACt
method. Briefly, IP samples and total input threshold cycles
(Ct) for each treatment were subtracted from the Ct of the
corresponding control IP (rabbit IgG). The resulting corrected
value for the total input was then subtracted from the corrected
experimental IP value (AACt), and these values were raised to
the power of 2 (2*4<"). These values were then expressed as a
relative promoter binding *S.D. as previously described (41).

Nuclease Accessibility Assay—EpiQ chromatin analysis kit
(Bio-Rad) was used to perform nuclease accessibility assays fol-
lowing the manufacturer’s protocol to measure open and closed
chromatin (42). Briefly, AoSMCs were treated with reagents to
modulate O-GlcNAcylation and processed in two treatment
groups: undigested and digested (each in triplicate). The undi-
gested group was not digested with the EpiQ nuclease, and the
digested group was treated with limited EpiQ nuclease diges-
tion (1 hat 37 °C) according to the kit instruction. The genomic
DNA samples for both groups were isolated and subjected to
qPCR to amplify the proximal promoter of HAS2, HAS2-AS1
(see sequences above), and HAS3 (5'-GCCCCACTGCGGAATT-
CAAAGCTAA-3', 5'-CCCGCAAAACCTACTCAC-3’) genes
by using the conditions described in ChIP section. qPCR results for
all samples were normalized to an internal control, a fragment of
an unexpressed rhodopsin gene (RHO) according to the kit in-
structions. Nuclease accessibility index was calculated as the ratio
between the undigested sample and the digested sample at the
same time point. The equation used was: accessibility index = (test
region undigested/RHO region undigested):(test region digested/
RHO region digested) as previously reported (43).

HAS2-AS1 Overexpression—The two variants of HAS2-AS1
(long (L) and short (S)) were generated by an alternative splic-
ing within the exon 1 of HAS2-AS1. L-HAS2-AS1 and S-HAS2-
AS1 have a complementary region of 257 and 174 bp with exon
2 of HAS2, respectively. L-HAS2-AS1 was synthesized by
Epoch Life Science Inc. and subcloned in pcDNA3 expressing
vector, whereas S-HAS2-AS1 in pcDNA3 was already available
in the Bowen laboratory. Three micrograms of expressing con-
struct were nucleofected in AoSMCs. After 24 h of incubation,
the gene expression and the nuclease accessibility assays were
performed as described above.
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Statistical Analyses—Statistical analysis of the data was done
using analysis of variance (analysis of variance) followed by post
hoc tests (Bonferroni) using Origin 7.5 software (OriginLab).
Probability values of p < 0.01 or 0.05 were considered statisti-
cally significant. Experiments were repeated three times, each
time in duplicate, and data are expressed as the means = S.E.

RESULTS

O-GlcNAcylation Induces HAS2 mRNA and HAS2-ASI
Transcript Accumulation—As we previously reported (16),
treatments with 2 mm GlcN or 100 um PUGNAC led to an
accumulation of O-GlcNAcylated proteins in AoSMCs after
24 h of incubation. The O-GlcNAcylation of HAS2 enzyme in
the plasma membrane together with an increase of UDP-
GlcNAc availability induced HA accumulation ~3-fold over
the controls (16). As O-GlcNAcylation is also present in many
transcription factors that regulate HA metabolism (i.e. NF-«kB,
SP1,and YY1) (3,44), we investigated whether expression of the
HA synthases could be controlled by O-GlcNAcylation. To
increase protein O-GlcNAcylation, quiescent (i.e. serum-
starved) AoSMCs were incubated with DMEM-F-12 with 10%
FBS, and the cells were left untreated or treated with 2 mm GIcN
or 100 um PUGNAC (an OGA inhibitor). On the other hand, to
reduce protein O-GlcNAcylation, quiescent AoSMCs were
incubated with DMEM-F-12 with 10% FBS, and the cells were
left untreated or treated with 5 mm alloxan (an O-GlcNAc
transferase inhibitor). As a further control, we treated AoSMCs
with alloxan + GIcN to consider the effect augmenting
UDP-GIcNAc without O-GlcNAcylation (16). After 24 h of
incubation the expressions of HAS2 and HAS3 (the main HAS
isoenzymes present in AoSMCs) were assayed by quantitative
RT-PCR (Fig. 24). The expression of HAS3 was not signifi-
cantly modified by O-GlcNAcylation and was ~8-fold lower
than HAS2 in the control. HAS2 mRNA significantly accumu-
lated after treatments with both GIcN and PUGNAC that
increase O-GlcNAcylation. Interestingly, increasing UDP-
GlcNAc without O-GlcNAcylation (alloxan + GlcN treatment)
did not induce HAS2 mRNA over the control level.

Recently a positive effect of HAS2-AS1 NAT on HAS2
mRNA stability was described (31). Therefore, we quantified
this transcript and surprisingly found that HAS2-AS1 NAT
expression was also up-regulated by O-GlcNAcylation similar
to HAS2 mRNA (Fig. 2B).

HAS2-AS1 NAT Is Expressed in Healthy and Pathological
Mammalian Tissues—Although HAS2-AS1 NAT was reported
in several tumor cell lines, we investigated whether HAS2-AS1
expression could also be detected in normal mammalian tissues
(23, 31). Because of the importance of HA in the onset and
progression of atherosclerosis, we analyzed the HAS2 and
HAS2-AS1 expression by qRT-PCR in atherectomy samples of
carotid arteries at different stages of the disease. We found that
both transcripts were significantly increased in atherectomy
specimens derived from more severe lesions (Fig. 2C).

To study the expression of HAS2-AS1 in an animal model of
atherosclerosis, we fed apoE KO mice with normal chow or
western diet (high cholesterol) for 4 weeks as this treatment is
known to strongly induce plaque formation. Interestingly, we
found significant increases of both HAS2 and HAS2-AS1 tran-
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FIGURE 2. HAS2, HAS3, and HAS2-AS1 expression after modulating
0-GlcNAcylation in AoSMCs and mammalian tissues. A, relative quantifi-
cation of transcripts coding for HAS2 (red bars) or HAS3 (gray bars) in
untreated (Control) and 48 h after treating AoSMCs with 2 mm GIcN, 100 um
PUGNAC, 5 mm alloxan, or combinations of alloxan and GlcN. The results of
the relative quantification were calculated by setting the control HAS3
expression as 1, and the S.E. is shown on each bar. *, p < 0.01 control versus
treated samples. B, relative quantification of HAS2 mRNA (red bars) and the
HAS2-AS1 NAT (blue bars) in AoSMCs treated as described above. The results
were calculated by setting the control HAS2 and HAS2-AS1 expressions as 1,
andthe S.E.is shown on each bar.*, p < 0.01 control versus treated samples. C,
relative quantification of HAS2 mRNA and the HAS2-AS1 NAT in human
atherectomy specimen at different stages of severity (Stage I, n = 22; Stage ll,
n = 9; Stage IV, n = 9). The results were calculated setting stage | HAS2 and
HAS2-AS1 expressions as 1,and the S.E.is shown on each bar. *, p < 0.01 stage
| versus the other stages. D, relative quantification of HAS2 mRNA and the
HAS2-AS1 NAT in aortas dissected from ApoE KO mice fed for 4 weeks with
normal chow (n = 4) or western diet (WD) (n = 7). The results were calculated
by setting normal chow HAS2 and HAS2-AS1 expressions as 1, and the S.E. is
shown on each bar. *, p < 0.01 chow versus western diet. E, relative quantifi-
cation of HAS2 mRNA and the HAS2-AS1 NAT in hearts dissected from new-
born OGA KO (n = 2), heterozygotes (n = 6), and wild-type (n = 5) mice. The
results were calculated by setting normal chow HAS2 and HAS2-AS1 expres-
sions as 1, and the S.E. is shown on each bar. *, p < 0.01 wild-type versus OGA
KO.

scripts in aortas from atherosclerotic mice (Fig. 2D), highlight-
ing a putative role of such a NAT in atherosclerosis.

To study the relationship of O-GlcNAcylation with the
expressions of HAS2 and HAS2-AS1, we quantified their tran-
scripts in hearts of OGA KO and wild-type newborn mice. Fig.
2E shows that HAS2-AS1 expression was significantly higher in
hearts from mice with elevated levels of O-GlcNAcylation com-
pared with hearts from wild-type or heterozygote mice. Sur-
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FIGURE 3. HAS2-AS1 NAT is necessary to increase HAS2 mRNA transcrip-
tion after O-GlcNAcylation. A, relative expression of HAS2-AS1 after HAS2-
AS1 abrogation by siRNA (siHAS2-AST). AoSMCs were nucleofected with
siHAS2-AS1 or a scrambled control (siSCR) and after 24 h treated with or with-
out 2 mm GlcN. After 24 h, total RNA was extracted, retrotranscribed, and
subjected to gRT-PCR. The results of the relative quantification are calculated
by setting the HAS2-AS1 expression in control samples as 1, and the S.E. is
shown on each bar. *, p < 0.01 siSCR+GIcN- versus siHAS2-AS1-treated sam-
ples. B, relative expression of HAS2 (red bars) and HAS3 (gray bars) mRNAs
after HAS2-AS1 abrogation by siRNA. AoSMCs were treated as described
above, and the results were calculated setting HAS2 and HAS3 expression in
control samples as 1. The S.E. is shown on each bar. *, p < 0.01 siSCR+GIcN-
versus siHAS2-AS1-treated samples. C, HAS2-AS1 overexpression increases
expression of HASs mRNA. AoSMCs were nucleofected with no DNA (control)
or with 3 ug of pcDNA3 vector or with 3 ug of pcDNA3 that expresses the
splice variant of HAS2-AS1 short (S) the splice variant long (L). After 48 h the
relative expressions of HAS2 and HAS3 were assayed by qRT-PCR. The results
are calculated setting HAS2 and HAS3 expression in control samples as 1,and
the S.E. is shown on each bar. *, p < 0.01 control versus treated samples.

prisingly, in hearts from OGA KO mice, HAS2 expression was
not increased relative to hearts from control animals, highlight-
ing the specific effect of O-GIlcNAcylation on HAS2-AS1
expression.

HAS2-AS1 NAT Is Required for HAS2 mRNA Accumulation
after GlcN Treatment—A previous study revealed that HAS2-
AS1 NAT is necessary for HAS2 mRNA accumulation in renal
proximal tubular epithelial cells after cytokine treatments (31).
To assess whether HAS2-AS1 NAT was involved in HAS2
mRNA accumulation after O-GlcNAcylation induction, we
efficiently abrogated HAS2-AS1 NAT in AoSMCs by siRNA
relative to the control and the siSCR treatment (Fig. 34). The
abrogation of HAS2-AS1 also eliminated the NAT augment
after the treatment with GIcN, in contrast with the siSCR plus
GIcN treatment. As shown in Fig. 3B, the HAS2-AS1 NAT
silencing prevented the HAS2 mRNA increase due to GIcN
treatment. The abrogation of HAS2-AS1 NAT reduced the
HAS2 mRNA expression by ~50%, indicating that it could also
be involved in HAS2 basal transcription. The effects of HAS2-
AS1 NAT knockdown were specific, as the treatment with a
scrambled siRNA did not alter the expected results and because
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FIGURE 4. HAS2 expression induced by O-GlcNAcylation is not due to
mRNA stability. A, AoSMCs were incubated with (black bar) or without (white
bar) 2 mm GIcN for 24 h and then left untreated or treated with 5 ug/ml ActD.
After 60 or 120 min (red bars) of incubation total RNA was extracted, retrotran-
scribed, and subjected to qRT-PCR. The results were calculated by setting
HAS2 expression in untreated samples as 1, and the S.E. is shown on each bar.
B, HAS2 expression induced by HAS2-AS1 L overexpression is not due to
mRNA stability. AoSMCs were nucleofected with no DNA (control) or with 3
g of pcDNA3 vector or with 3 ug of pcDNA3 expressing the HAS2-AS1 long
(L) isoform. After 24 h cells were treated with ActD (5 wg/ml final concentra-
tion) or with vehicle alone and incubated for 120 min. The results are calcu-
lated setting HAS2 expression in untreated samples as 1, and the S.E.is shown
on each bar.

the HAS3 expression was not influenced by HAS2-AS1 NAT
silencing.

To confirm the positive role of HAS2-AS1 NAT, we nucleo-
fected pcDNA3 based vectors that drive the expression of the
two splice variants HAS2-AS1 short (S) and long (L), which
have a complementarity region of 174 and 257 bp, respectively,
with the HAS2 exon 1. Overexpression of both HAS2-AS1 S
and LNATSs induced a significant increase of HAS2 mRNA (Fig.
3C) confirming the positive effects on HAS2 mRNA favoring its
accumulation probably through stabilization of HAS2 messen-
ger or facilitating its transcription.

mRNA Stabilization Is Not Involved in HAS2 Messenger
Accumulation—NATs can form duplexes with their cognate
mRNAs, and it has been demonstrated that such complexes are
protected from ribonuclease degradation (31, 32). To investi-
gate this possibility, we treated AoSMCs with GlcN and with
ActD, a common inhibitor of transcription that has already
been used in these cells (34). AoSMCs were treated without
GIcN or with GleN for 24 h (Fig. 44, first and second bars,
respectively). ActD was then added or not to the cultures, and
the expression of HAS2 mRNA was assayed after 60 and 120
min (Fig. 44, red bars). Interestingly, the inhibition of tran-
scription by ActD prevented the HAS2 messenger increase at
120 min, suggesting that RNA stabilization was not involved in
HAS2 mRNA accumulation after GIcN treatment. Similarly,
the increase of HAS2 mRNA due to HAS2-AS1 L overexpres-
sion was strictly dependent on transcription as shown by the
ability of ActD to block the increase of HAS2 transcription after
24 h of GlcN treatment of AoSMCs nucleofected with the
HAS2-AS1 L coding vector (Fig. 4B).

HAS2 and HAS2-AS1 Promoters Are Activated by O-GlcNA-
cylation—As mRNA stability was not involved in HAS2 mes-
senger accumulation after O-GlcNAcylation, we investigated
whether the GIcN treatments could activate HAS2 and HAS2-
AS1 promoters. Luciferase reporter assays were performed by
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FIGURE 5. O-GlcNAcylation induces HAS2-AS1 and HAS2 promoter activi-
ties. A, AoSMCs were nucleofected with the —2118/+43 HAS2 promoter-
luciferase reporter construct and incubated for 24 h. The cells were then
plated in six-well plates, treated with or without 2 mm GIcN, and incubated for
24 h before determining luciferase activity. Normalized luciferase activity is
expressed as -fold increase with respect to untreated control samples (set as
1). As a positive control, AoSMCs were conucleofected with an SP1 overex-
pression vector and the —2118/+43 HAS2 promoter-luciferase construct.
After 48 h of incubation, the activity of luciferase was assayed. *, p < 0.01
control versus transfected samples. B, AoSMCs were nucleofected with a
—700 HAS2-AS1 promoter-luciferase reporter construct. After 24 h of incuba-
tion the cells were plated in six-well plates, treated with or without 2 mm GIcN
or 5 mm alloxan, and incubated for 24 h before determining luciferase (Luc.)
activity. Results are expressed as the mean = S.E. in three different determi-
nations. *, p < 0.01 control versus treatment, respectively. C, HAS2:-HAS2-AS1
complementarity region (i.e. HAS2 exon 1) is critical to modulate transcrip-
tion. AoSMCs were nucleofected with a —2118/+475 HAS2 promoter-lucifer-
ase reporter construct, and after 24 h the cells were plated in six-well plates
treated with or without GIcN or alloxan. After 24 h, the luciferase activity was
assayed as described above. *, p < 0.01 control versus treated samples. D,
AoSMCs were nucleofected with either the —2118/+43 or the —2118/+475
HAS2 promoter-luciferase reporter constructs (Control) or conucleofected
with the —2118/+43 or —2118/+475 constructs with 3 ug of pcDNA3 vector
or pcDNA3 expressing either the splice variant of HAS2-AS1 short (S) or long
(L). After 24 h, the activity of luciferase was measured as described above.
*,p < 0.01 control versus transfected samples.

using the two HAS2 promoters (—2118/+43 and —2118 + 475
from the transcription start site, respectively) (39) and the
HAS2-AS1 promoter (—700 from the transcription start site)
(31). The first HAS2 promoter construct has only a small part of
exon 1, whereas the second possesses all the regions of HAS2
exon 1 complementary to the HAS2-AS1 exon 2 (see the
schemes in Fig. 1). The vectors were nucleofected in AoSMCs,
and the cells were treated with GlcN with or without alloxan to
modulate O-GlcNAcylation. As shown in Fig. 54, the —2118/
+43 HAS2 promoter was not able to induce luciferase activity
when the nucleofected cells were treated with GIcN. As SP1 is
known to activate the HAS2 promoter as a positive control,
AoSMCs were nucleofected with a pcDNA3 plasmid coding for
SP1 together with the —2118/+43 HAS2 promoter/luciferase
vector and, as expected, found an increase of luciferase activity.
These data provide evidence that the —2118/+43 HAS2 pro-
moter was not directly involved in HAS2 transcription after
O-GlcNAcylation.

Surprisingly, the promoter of HAS2-AS1 significantly induced
luciferase activity after GIcN treatment (Fig. 5B), and the addi-
tion of alloxan prevented the induction. These results clearly
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indicate that O-GlcNAcylation can directly regulate the tran-
scription of HAS2-AS1 by modulating its promoter activity.

We then determined whether the HAS2 exon 1 could have a
role in the activation of transcription after inducing O-GIcNA-
cylation as it is partially complementary to the HAS2-AS1 exon
2 (see Fig. 1). AoSMCs nucleofected with the —2118 + 475
HAS2 promoter-luciferase construct increased luciferase activ-
ity significantly after inducing O-GlcNAcylation with GIcN
treatment (Fig. 5C). To further demonstrate the critical role of
exon 1 in the regulation of HAS2 gene transcription, we
conucleofected the —2118 + 475 or the —2118/+43 HAS2 pro-
moter-luciferase plasmids with the pcDNA3 vectors expressing
HAS2-AS1 S or L and found that only the HAS2 promoter
construct containing the exon 1 was able to drive luciferase
activity when nucleofected with the HAS2-AS1 L expressing
vector (Fig. 5D).

p65 and O-GlcNAcylated Factor(s) Binds to HAS2-AS1 and
HAS2 Promoters—As HAS2-AS1 promoter was activated by
GIcN, whereas the HAS2 (—2118/+43) promoter was not able
to drive luciferase activity after GIcN treatment, we hypothe-
sized that a transcription factor(s) could interact with HAS2-
ASIbut notwith —2118/+43 HAS2 promoters after O-GlcNA-
cylation. To test this we performed ChIP analyses using or the
HGACS85 monoclonal antibody that is specific for O-GlcNAc
modifications on proteins or anti-p65 (also known as RelA, one
of the major components of the NF-kB complex) or anti RNA
polymerase 2 antibodies. The cross-linked and digested chro-
matin was immunoprecipitated with the antibodies or rabbit
IgG (control), and the amount of promoter DNA associated
with the IP chromatin was quantified by quantitative PCR with
primers specific to the human HAS2-AS1 or HAS2 proximal
promoter regions. After GIcN treatments, we found significant
increases of O-GlcNAcylated proteins associated to the HAS2-
AS1 proximal promoter, whereas no significant changes were
observable in O-GlcNAcylated proteins bound to the HAS2
proximal promoter (Fig. 6A). Interestingly, we found that a sig-
nificant increase of O-GlcNAcylated proteins associated with
the overlapping region between HAS2 exon 1 and HAS2-AS1
exon 2 after GIcN treatment (Fig. 6A4), highlighting the crucial
role of this genomic region in the regulation of HAS2
transcription.

As previous analyses revealed the presence of NF-«B binding
sites on the HAS2-AS1 promoter (31) (see Fig. 1), we investi-
gated whether p65 was present on the HAS2-AS1 promoter
after GIcN treatments. As shown in Fig. 6B, ChIP analyses
revealed that GIcN treatment induced a strong and specific
recruitment of p65 on HAS2-ASI proximal promoter, whereas
p65 was not detected on the HAS2 proximal promoter or in the
overlapping region. As the positive control experiment, we per-
formed ChIP with anti-RNA polymerase 2 antibody and found
an increased recruitment of this enzyme on HAS2-ASI and
HAS2 promoters as well as on the overlapping region as
expected.

NF-kB Is Required after GIcN Treatment to Induce HAS2-
AS1 NAT Accumulation—To demonstrate the role of NF-«B
subunit p65 in the accumulation of HAS2-AS1 NAT after
induction of O-GlcNAcylation with GIcN treatments, quies-
cent AoSMCs were untreated or treated with GlcN or treated
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FIGURE 6. O-GIlcNAcylated factor(s) and p65 are associated with HAS2-
AS1 proximal promoter. AoSMCs were left untreated (Control) or treated
with 2 mm GIcN. After 48 h, chromatin was purified, and ChIP experiments
were performed by using specific monoclonal antibodies against O-GIcNAc
(A), p65 (B), RNA polymerase 2 (RNA pol 2) (C) or rabbit IgG. PCR conducted on
DNA derived from the input chromatin template served as a positive control,
and that of the IgG-precipitated template served as a specificity control. The
amount of proximal promoter DNAs (—300 bp with respect to the transcrip-
tion start site) associated with the IP chromatin was quantified by gPCR with
specific primers for HAS2-AS1 proximal promoter or HAS2-HAS2-AS1 comple-
mentarity region or HAS2 proximal promoter. ChIP promoter binding in con-
trol AoSMCs was set at 1 = S.D. Results are expressed as the mean = S.E. in
three different determinations. *, p < 0.01 untreated versus treatment,
respectively. The IgG control ChIP assays produced only 0.05X of the anti-
body binding levels observed with untreated as well as treated AoSMCs.

with GlcN and PDTC, an inhibitor of NF-«B, at 0.5 and 2 uM as
final concentrations. PDTC specifically prevented the GlcN-
induced HAS2-AS1 NAT accumulation in a dose-response
manner without altering HAS3 expression (Fig. 7) and, there-
fore, highlighted the involvement of NF-«B in the regulation of
HAS2-AS1 NAT.

HAS-AS1 Induces Chromatin Remodeling in the HAS2 Prox-
imal Promoter—NATSs can regulate their cognate transcript in
several ways (26). We focused on the possibility that HAS2-AS1
NAT could interact in cis with the HAS2 gene and modulate
chromatin structure. To investigate this point, we performed
nuclease accessibility assays on AoSMCs treated with reagents
that modulate O-GlcNAcylation. The nuclease accessibility
assay can be used to determine the sensitivity of DNA regions to
nucleases revealing the location of open or closed chromatin.
The method is based on the more rapid nuclease-catalyzed
hydrolysis observed with open chromatin structures than with
closed chromatin structures. As shown in Fig. 84, the induction
of O-GlcNAcylation by GIcN or PUGNAC treatments
increased the nuclease accessibility index of the proximal pro-
moters of HAS2 and HAS2-AS1, suggesting an open chromatin
structure. Conversely, the chromatin structure around the
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FIGURE 7.HAS2-AS1 expression is mediated by NF-«B. Relative quantifica-
tion of HAS2-AS1 (blue bars) and HAS3 (gray bars) in untreated (Control) and
after 48 h of treatment of AoSMCs with 2 mm GIcN or with 2 mm GlcN plus 0.5
or 2 um PDTC (an NF-«B inhibitor). The results of the relative quantification
were calculated by setting control HAS2-AS1 and HAS3 expression as 1, and
the S.E.is shown on each bar. *, p < 0.01 GIcN- versus PDTC-treated samples.

HAS3 promoter, which shares no complementarity with HAS2-
AS1 NAT, was not influenced by O-GlcNAcylation.

To determine whether the compaction status of chromatin
around the HAS2 proximal promoter could depend on HAS2-
AS1 NAT, we silenced HAS2-AS1 by siRNA in AoSMCs and
treated the cells with GIcN and alloxan to modulate protein
O-GlcNAcylation. Abrogation of HAS2-AS1 did not permit the
opening of chromatin around the HAS2 proximal promoter
after inducing O-GlcNAcylation (Fig. 8B). To confirm the role
of HAS2-AS1 in modulating the chromatin structure, we
nucleofected pcDNA3 vectors expressing HAS2-AS1 S or L
variants and found that overexpression of these NATs was suf-
ficient to increase the aperture of the region around the HAS2
proximal promoter (Fig. 8C). This change in chromatin struc-
ture was specific for the HAS2 gene as the region around the
HAS2-AS1 proximal promoter was not altered by HAS2-AS1.

DISCUSSION

O-GlcNAcylation is an intracellular glycosylation involved in
many pathologies as diabetic vascular diseases (21). At the
nuclear level, O-GlcNAcylation has been already described to
modify histones as well as several transcription factors and
RNA polymerase 2 (46). Therefore, the alteration in chromatin
structure could be due to histone glycosylation and, in this
study we found that O-GlcNAcylation increased the accessibil-
ity index of the proximal promoters of both HAS2 and HAS2-
AS1. Furthermore, the chromatin opening of the HAS2 pro-
moter required the HAS2-AS1 NAT, and the overexpression of
such a NAT was able to induce similar chromatin remodeling
specifically at HAS2 promoter.

Although all histones can by modified by O-GlcNAc (47),
GIcN treatment is known to induce histone H3 O-GlcNA-
cylation with a reduction of H3 phosphorylation. As O-GlcNA-
cylated H3 was found in association with both H3K4me3 or
H3K9me3, which are active or inactive histone marks, respec-
tively, the role of histone glycosylation in chromatin regulation
is still under investigation (48).

To alter chromatin structure many factors can be involved,
but epigenetic modifications represent the most common
mechanism that allows the aperture of nucleosomes, permit-
ting a more efficient interaction between DNA and the tran-
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FIGURE 8. O-GIcNAcylation and HAS2-AS1 induce chromatin remodeling.
A, AoSMCs were left untreated or treated with 2 mm GIcN, 100 um PUGNAC, 40
um DON, 5 mm alloxan, or combinations of alloxan and GIcN. After 48 h, the
nuclease accessibility index was calculated for the proximal promoter of HAS2
(red bars), HAS2-AS1 (blue bars), and HAS3 (gray bars). The nuclease accessibil-
ity index was set at 1in control samples. Results are expressed as the mean *=
S.E.in three different determinations. *, p < 0.01 untreated versus treatment,
respectively. B, HAS2-AS1 abrogation prevented the aperture of chromatin in
proximal promoter (Prom.) of HAS2. AoSMCs were nucleofected with siHAS2-
AS1 (white bars) or a scrambled control (red bars). After 24 h of incubation, the
cells were left untreated (Control) or treated with 2 mm GlcN or 5 mm alloxan or
a combination of alloxan and GIcN. After 24 h nuclease accessibility assays
were performed as described above. Results are expressed as the mean *+ S.E.
in three different determinations. *, p < 0.01 untreated versus treatment,
respectively. C, overexpression of HAS2-AS1 S and Linduced aperture of chro-
matin around HAS2 proximal promoter. AoSMCs were nucleofected with no
DNA (Control) or with 3 g of pcDNA3 vector or with 3 ug of pcDNA3 express-
ing either splice variant of HAS2-AS1 short (S) or long (L). After 48 h the acces-
sibility of nuclease to HAS2 (red bars) or HAS2-AS1 (blue bars) proximal promot-
ers was determined. Results are expressed as the mean = SE. in three
different determinations. *, p < 0.01 control versus treatment, respectively.

scription machinery (49, 50). Recently, O-GlcNAc transferase
has been found associated with promoters where it regulates
ten-eleven translocation (TET) family enzymes that have a role
in DNA demethylation process (22, 51-53).

Based on the observation that many histone-modifying
enzymes lack specific DNA binding domain (54) and that long
non-coding RNAs and NATs might interact with ubiquitously
expressed histone modifying enzymes providing the required
level of binding specificity (24), we speculated that HAS2-AS1
could bind an uncharacterized factor(s) able to modify histones
and mediate chromatin structure change (Fig. 9). Several epi-
genetic modification proteins have been described to interact
with long non-coding RNA as the histone methyltransferase
mixed-lineage leukemia that is able to activate transcription at
HOXA locus (55).

The specific activity of HAS2-AS1 NAT to induce HAS2
expression could be due to the complementarity region that is
close to HAS2 promoter. HAS2-AS1 could interact in cis with
HAS2 exon 1 and permit the modification of chromatin specif-
ically on HAS2 promoter as outlined in the scheme of Fig. 9.
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FIGURE 9. Working model of HAS2-AS1 mechanism of action. In basal con-
ditions the accessibility of both HAS2 and HAS2-AST promoters are low allow-
ing a limited production of transcripts. After induction of O-GlcNAcylation or
in hyperglycemic conditions in vivo, O-GlcNAcylated p65 binds to the HAS2-
AST promoter, increasing HAS2-AS1 NAT accumulation. HAS2-AS1, pairing
with the complementarity region on HAS2 exon 1, could bring the enzyme(s)
(circle with question mark) involved in epigenetic modification of histones
(indicated by the triangle flags on cylinders), permitting chromatin aperture
on HAS2 promoter and allowing a more efficient transcription.

How such a complementary region between HAS2 and HAS2-
AS1 controls transcription is still under investigation, but as the
simple overexpression of HAS-AS1 (in particular the long iso-
form that has an extended complementarity region respect to
the short isoform) without any treatment is able to induce tran-
scriptional activity, we hypothesize a RNA-DNA interaction
between HAS2-AS1 NAT and HAS?2 gene at exon 1 level. An
intriguing point to investigate would be whether HAS2 could
control HAS2-AS1 expression in an opposite regulation.

The importance of HAS-ASI is supported by the fact that
HAS2-AS1 promoter is finely tuned by SP1 And SMAD2/3 (31).
Our results show that this promoter is activated by O-GIcNA-
cylation and that NF-«B subunit p65 is associated with the
HAS2-AS1 promoter after GIcN treatment. Interestingly, p65 is
known to increase its transcriptional activity after O-GIcNA-
cylation (45, 56). On the other hand, although HAS2 promoter
is known to be finely regulated by several transcription factors
(3), we found that the activity of HAS2 promoter was not altered
by O-GlcNAcylation, and no O-GlcNAcylated factor(s) was
detectable bound with it. Interestingly, the addition of the com-
plementarity region between HAS2 and HAS2-AS1 to the
HAS2 promoter (construct —2218/+475) led to an increment
of luciferase activity after induction of O-GlcNAcylation, high-
lighting a crucial role of this region (i.e. HAS2 exon 1) in tran-
scription regulation. This issue is also supported by the fact that
this region was able to interact with the O-GlcNAcylated
factor(s).

As the overexpression of HAS2 and HA accumulation can be
detrimental in vivo in the case of malignancies and vascular
pathologies (10), we found that the expression of HAS2-AS1
NAT is augmented in human atheromatous plaque with an
increased grade of severity known as the proatherosclerotic
effect of HA. Furthermore, in a mouse model of atherosclerosis
induced by high cholesterol, the accumulation of both HAS2
and HAS2-AS1 is evident highlighting the potential role in the
pathology of such NAT. Although our in vivo data cannot
explore the molecular mechanism of HAS2-AS1 action, the
expression of HAS2-AS1 in mice with a high level of
O-GlcNAcylation was double with respect to wild-type or
heterozygous animals, confirming the role such glycosylation
to control the NAT expression.
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In conclusion, our data identify HAS2-AS1 as new important
player in the regulation of HAS2 gene transcription and high-
light the coordinated expression of such NAT and its sense
counterpart in healthy and atherosclerotic human carotids as
well as in murine model of atherosclerosis.
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