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Aberrant expression of the human hyaluronan synthase 2
(HAS2) gene has been implicated in the pathology of malig-
nancy, pulmonary arterial hypertension, osteoarthritis, asthma,
thyroid dysfunction, and large organ fibrosis. Renal fibrosis is
associatedwith increased cortical synthesis of hyaluronan (HA),
an extracellular matrix glycosaminoglycan, and we have shown
thatHA is a correlate of interstitial fibrosis in vivo. Our previous
in vitro data have suggested that both HAS2 transcriptional
induction and subsequent HAS2-driven HA synthesis may con-
tribute to kidney fibrosis via phenotypicmodulation of the renal
proximal tubular epithelial cell (PTC). Post-transcriptional reg-
ulation of HAS2 mRNA synthesis by the natural antisense RNA
HAS2-AS1 has recently been described in osteosarcoma cells,
but the antisense transcript was not detected in kidney. In this
study, PTC stimulation with IL-1� or TGF-�1 induced coordi-
nated temporal profiles of HAS2-AS1 and HAS2 transcription.
Constitutive activity of the putative HAS2-AS1 promoter was
demonstrated, and transcription factor-binding sequence
motifs were identified. Knockdown of Sp1/Sp3 expression by
siRNA blunted IL-1� induction of both HAS2-AS1 and HAS2,
and Smad2/Smad3 knockdown similarly attenuated TGF-�1
stimulation. Inhibition of IL-1�-stimulated HAS2-AS1 RNA
induction usingHAS2-AS1-specific siRNAs also suppressed up-
regulation of HAS2 mRNA transcription. The thermodynamic
feasibility of HAS2-AS1/HAS2 heterodimer formation was
demonstrated in silico, and locus-specific cytoplasmic double-
stranded RNAwas detected in vitro. In summary, our data show
that transcriptional induction of HAS2-AS1 and HAS2 occurs
simultaneously in PTCs and suggest that transcription of the
antisense RNA stabilizes or augments HAS2 mRNA expression
in these cells via RNA/mRNA heteroduplex formation.

The linear non-sulfated glycosaminoglycan hyaluronan
(HA)5 is a ubiquitous component of the vertebrate extracellular

matrix with a multiplicity of cellular functions in both physio-
logical and pathophysiological contexts (1–8). HA is synthe-
sized at the cell membrane by theHA synthase (HAS) enzymes,
encoded in humans by the corresponding multigene family
HAS1–3 (9–11).
Frequently associated with the fibrotic response in major

organs, HA is a highly effective biomarker for liver fibrosis (12,
13). Similarly, in lung fibrosis, accumulation of HA has been
observed (14, 15), and in some cases, up-regulated HAS2 tran-
scription has also been reported (14). For all progressive renal
diseases, the rate of progression correlates with the degree of
corticointerstitial fibrosis. Increased HA synthesis and extra-
cellular matrix expansion in the renal corticointerstitium are
common features of kidney fibrosis (16), and our recent studies
on renal biopsy samples from diabetic nephropathy patients
demonstrate that HA is a correlate of interstitial fibrosis in vivo
(17). A number of our in vitro studies have suggested that HA
may contribute to renal fibrosis via regulation of the renal prox-
imal tubular epithelial cell (PTC) phenotype and differentiation
of fibroblasts to myofibroblasts (18, 19), processes in which up-
regulated HAS2 transcription may also play a role (20, 21).
TheHAS2 gene, with the current reference mRNA sequence

NM_005328.2, is located at 8q24.13 on the minus strand of
human chromosome 8 and spans positions 122625271 to
122653630 according to the February 2009 freeze at the UCSC
GenomeBioinformatics site. Ourwork has extended thisHAS2
reference mRNA sequence by 130 upstream nucleotides (22)
and has shown that the ubiquitously expressed zinc finger tran-
scription factors Sp1 and Sp3 (specificity proteins 1 and 3) bind
tomultiple recognition sites upstreamof this repositioned tran-
scription start site to mediate constitutive HAS2 transcription
(23). In collaboration, we have also described activity at the
HAS2 promoter of retinoic acid response elements in response
to all-trans-retinoic acid and of NF-�B following tumor necro-
sis factor-� stimulation (24); all-trans-retinoic acid- and fors-
kolin-stimulated complexes of retinoic acid response elements
and CREB1 (cAMP response element-binding protein 1) have
also been reported (25).
Post-transcriptional regulation of HAS2 expression by a tet-

raexonic RNA, transcribed from the opposite genomic DNA
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strand at the HAS2 locus, has been described by Chao and
Spicer (26). This transcript was originally called HASNT, for
HA synthase 2 antisense (26), but has since been annotated
formally with the NCBI Entrez Gene definition HAS2-AS1
HAS2 antisense RNA (non-protein coding) (Homo sapiens).
The most recent HAS2-AS1 reference sequence has NCBI
accession number NR_002835.2 and is located on the plus
strand of human chromosome 8 from positions 122651586 to
122657564. HAS2-AS1 exon 2 shares sequence complementa-
rity with the first exon of the HAS2 gene (see Fig. 1A). Overex-
pression of this complementary antisense region has been
shown to down-regulate HAS2 transcription and HA synthesis
in osteosarcoma cells, but the antisense transcript was not
detected in kidney (26).
The aim of this study was to identify the expression of

HAS2-AS1 in PTCs and then to investigate the role of this
RNA in the post-transcriptional regulation of HAS2 expres-
sion in these cells. Having established that HAS2-AS1 was
transcribed in PTCs, subsequent time course analyses
showed coordinated up-regulation of HAS2 and HAS2-AS1
transcription in response to stimulation with the pro-in-
flammatory cytokine IL-1� or the key fibrotic regulator
TGF-�1. We then set out to identify the factors regulating
this simultaneous sense and antisense expression and to ana-
lyze the effects on HAS2 expression of modulating HAS2-
AS1 transcription in these cells. Finally, we investigated the
thermodynamic feasibility of HAS2-AS1/HAS2 heterodimer
formation in silico and detected locus-specific ribonuclease-
resistant double-stranded RNA, providing evidence for the
formation of RNA/mRNA duplexes in vitro.

EXPERIMENTAL PROCEDURES

Cell Culture—The culture of the human kidney PTC line
HK-2 was as described previously (22). Recombinant IL-1� and
TGF-�1were obtained fromR&DSystems Europe Ltd. (Abing-
don, Oxfordshire, United Kingdom) and were used in accord-
ance with the recommendations of the manufacturer.
Reverse Transcription and End-point RT-PCR—Extraction of

total (22) as well as nuclear and cytoplasmic (27) RNAs was
carried out as described previously. Nuclear and cytoplasmic
RNA extracts were treated with 20 units/ml DNase (Promega
UK Ltd., Southampton, Hampshire, United Kingdom) and,
where appropriate, 100 �g/ml RNase A (Roche Diagnostics
Ltd., Burgess Hill, West Sussex, United Kingdom) at 37 °C for
2 h. First-strand cDNA synthesis from 0.5–1 �g of total RNA
was performed using the cDNA reverse transcriptase high
capacity kit from Applied Biosystems (Warrington, Cheshire,
United Kingdom). End-point RT-PCR primers were designed
to span intron-exon boundaries to obviate amplification from
contaminating genomic DNA, with the exception of the oligo-
nucleotides used in heteroduplex detection, sequence data for
which are given in the legend to Fig. 8B. Details of all other
HAS2-AS1-specific primer sequences/binding sites are shown
in Fig. 1B. All oligonucleotides were obtained from Invitrogen
Ltd. (Paisley, Renfrewshire, United Kingdom) or Metabion
(Martinsried, Bavaria, Germany). As we have detailed previ-
ously (22), end-point RT-PCRs were carried out; their prod-
ucts were visualized; and where appropriate, gel fragments

were purified and sequenced to confirm the identity of both
HAS2-AS1-related products and products of nonspecific
amplification.
Reverse Transcription and SYBR Green Quantitative RT

(qRT)-PCRAnalysis ofHAS2-AS1—OurSYBRGreenqRT-PCR
assay for HAS2-AS1 was optimized for linear detection with an
efficiency of �100% using the oligonucleotide primers shown
in Fig. 1B. Total RNAwas isolated as described above, followed
by a HAS2-AS1-specific RT step using 250 ng to 2 �g of total
RNA and the SYBR-RT primer at a final concentration of 100
nM, 500 nM, or 1.0 �M. RT was carried out at 45 °C for 5 min,
37 °C for 1 h, and 85 °C for 5 min, followed by chilling at 4 °C.
qRT-PCR was then performed in a total reaction volume of
20 �l using 1.3 �l of cDNA, the Power SYBR Green PCR
Master Mix (Applied Biosystems), and HAS2-AS1-specific
PCR primers SYBR-F and SYBR-R at a final concentration of
300 nM. Samples were processed in Applied Biosystems fast
optical 96-well reaction plates in a 7900HT fast real-time
PCR system (Applied Biosystems) with cycling parameters of
95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and
60 °C for 1 min. Melting curve analysis was performed to
confirm amplification of a single product. Following optimi-
zation, routine HAS2-AS1 analyses were carried out using
RT from 1 �g of total RNA, followed by qRT-PCR as
described above. Onboard SDS Version 2.3 software was
used for the analysis of output data from biological
triplicates.
qRT-PCR using TaqMan Assays—TaqMan assays for HAS2

(catalog no. Hs00193435_m1), Smad2 (Hs00183425_m1),
Smad3 (Hs00232222_m1), Sp1 (Hs00412720_m1), Sp3
(Hs01595811_m1), and 18 S rRNA (4310893E) were obtained
from Applied Biosystems. A custom HAS2-AS1 TaqMan assay
(HAS2-AS1_LS) was also purchased from Applied Biosystems
and used, as recommended by the manufacturer, to analyze
cDNA generated from subsequent siRNA knockdown experi-
ments. For HAS2 and 18 S rRNA qRT-PCR, 1 �l of cDNA was
added to 19 �l of a qRT-PCRmixture in 1� TaqMan Fast Uni-
versal PCRMasterMix (Applied Biosystems); 2�l of cDNAwas
added to 18 �l for the corresponding HAS2-AS1 reaction. Bio-
logical triplicates of all TaqMan assays were analyzed as
described above.
Absolute Quantification of HAS2 andHAS2-AS1 Copy Num-

bers Using SYBR Green qRT-PCR—Absolute quantification of
HAS2 mRNA was carried out by standard means using the
HAS2 open reading frame (a gift from Dr. Andrew P. Spicer,
Texas A&M University System Health Science Center, Hous-
ton, TX) inserted into an expression vector that we have
described previously (28) and oligonucleotide sequences
aqHAS2-F (tagaagaagatcccatggttgg) and aqHAS2-R (ggaat-
gagatccaggaatcgta). HAS2-AS1 RNA was quantified similarly
using the full-length antisense sequence in pBluescript (Epoch
Biolabs Inc., Missouri City, TX) together with oligonucleotide
primer sequence aqHAS2-AS1-F and an oligonucleotide bind-
ing at the aqHAS2-AS1-R site shown in Fig. 1B.
HAS2-AS1-Luciferase Reporter Analysis—Putative HAS2-

AS1 promoter sequences were PCR-amplified using the prim-
ers/primer-binding sites highlighted in Fig. 1B, high fidelity
Platinum Pfx DNA polymerase (Invitrogen Ltd.), and the
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FIGURE 1. Genomic organization of HAS2-AS1 and HAS2 at locus 8q24.13 and locations of TFBS consensus motifs and primer-binding sites for
luciferase reporter, end-point RT-PCR, and qRT-PCR analyses of the human HAS2-AS1 gene. A, the four exons of HAS2-AS1 on the upper (�) strand of
chromosome 8 at locus 8q24.13 are shown as black boxes, with the transcription start site indicated by an arrow. HAS2 on the lower (�) strand is depicted
similarly, and the overlap of HAS2-AS1 exon 2 and HAS2 exon 1 is evident. The sequences displayed in B are highlighted in A by four gray boxes on the scale bar.
B, the complete HAS2-AS1 cDNA sequence NR_002835 (26) is shown from the 5� terminus at nucleotide �1 to the 3� terminus at nucleotide �1656 in uppercase
letters, with the following exceptions. Exon boundaries are numbered and delineated by vertical lines and arrows, e.g. �2�3� for the boundary between
HAS2-AS1 exons 2 and 3. Oligonucleotide primer sequences and primer-binding site positions are displayed with orientation and labeled as described below.
Primer positions for SYBR Green qRT-PCR analyses are shown in lowercase letters and are indicated as SYBR-F for the qRT-PCR sense-strand primer, SYBR-R for
the qRT-PCR antisense-strand primer-binding site, SYBR-RT for the RT antisense-strand primer-binding site, aqHAS2-AS1-F for the absolute quantification
qRT-PCR sense-strand primer, and aqHAS2-AS1-R for the absolute quantification qRT-PCR antisense-strand primer-binding site. End-point RT-PCR primer
positions are underlined and designated A–F (including AR), with the exception of primer E, which overlaps for some of its length with primer D, and the relevant
sequence is italicized. The alternatively spliced nucleotides in HAS2-AS1 exon 2 are shown in boldface type. Upstream of NR_002835 is genomic sequence from
nucleotides �1 to �800. Selected discrete putative TFBSs identified by in silico analysis (30, 31) are shown in uppercase letters. The NF-Y/CCAAT site around
nucleotide �100 is shown in italic type, and the overlapping NF-�B motif is shown wholly in uppercase letters. Sense-strand PCR primer sequences for the
amplification of luciferase reporter construct inserts spanning �0.1– 0.7 kb of putative HAS2-AS1 promoter sequence are underlined and designated accord-
ingly, and the common antisense-strand primer-binding site is designated R.
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cycling parameters recommended by the manufacturer. Sense-
strand primers 0.1–0.7 (KpnI) and antisense-strand primer R
(NotI) bore tails suitable for restriction endonuclease digestion
and subsequent ligation into a modified pGL3 luciferase
reporter vector, after which they were sequenced to ensure
fidelity of amplification as described previously (29). Transient
transfection into HK-2 cells cultured in 6-well plates (BD Bio-
sciences, Oxford, Oxfordshire, United Kingdom) was carried
out using Lipofectamine LTX and Plus Reagent (Invitrogen
Ltd.) in accordancewith themanufacturer’s recommendations.
The ability of eachHAS2-AS1 promoter fragment to drive tran-
scription of the firefly luciferase gene was tested, according to
the manufacturer’s instructions, using the Dual-Luciferase
reporter assay system (Promega UK Ltd.). In each test sam-
ple, in addition to the above firefly luciferase activity, this
assay also detected the Renilla reniformis luciferase activity
of a second vector that was cotransfected to control for var-
iation in transfection efficiency. The relative luciferase activ-
ity of the test constructs was then expressed as the ratio of
firefly to Renilla luciferase activities. We have described the
growth medium to maximize luciferase output previously
(22).
siRNA Knockdown of Gene Expression—Annealed oligonu-

cleotide siRNA reagents for the knockdown of Smad2 (catalog
no. 107875), Smad3 (115717), Sp1 (143158), and Sp3 (115337)
and scrambled negative control transfection (4611) were pur-
chased from Applied Biosystems and used in accordance with
the manufacturer’s guidelines. Three custom siRNAs specific
for HAS2-AS1, and not for HAS2, were purchased from
Applied Biosystems (catalog no. 295471, 295472, and 295473).
A final concentration of 30 nM each siRNAwas transfected into
HK-2 cells cultured in 12-well plates (BD Biosciences) using
siPORT amine transfection reagent as described previously
(23). The previously determined time points of 3 h for IL-1�
and 48 h for TGF-�1 were used for subsequent cytokine
stimulations.
Sequence Data Base Analysis—HAS2-AS1 locus sequences

were retrieved from the genome browser at the UCSCGenome
Bioinformatics site and analyzed for the presence of putative
transcription factor-binding sites (TFBSs) using the CISTER
program (30) and the updatedMatInspector program from the
Genomatix suite (31). Selected putativeTFBSs are shown in Fig.
1B.
Secondary Structure Investigations—The secondary struc-

tures ofHAS2mRNAandHAS2-AS1RNAwere investigated in
silico to verify the thermodynamic feasibility of interaction to
form a heterodimer. Minimum free energy and partition func-
tion calculations were performed using the Vienna suite of pro-
grams to probe the relative stabilities of foldedRNAmonomers,
homodimers, and heterodimers (32, 33).
Statistical Analysis of Promoter Activity Assay Data—Data

were calculated as the ratio of the firefly luciferase activity for
each HAS2-AS1 promoter-reporter construct to the corre-
sponding value for the cotransfected R. reniformis luciferase
vector. Where appropriate, statistical analysis was performed
using the Wilcoxon signed rank test, and p � 0.05 was consid-
ered statistically significant.

Statistical Analysis of qRT-PCR Data—Fold changes in
expressionwere calculated using 2�(�Ct1��Ct2), where�Ct rep-
resents the difference between the threshold cycle (Ct) for each
target gene and 18 S rRNA (34). Values for pwere calculated by
the t test usingMicrosoft Excel and were considered significant
below 0.05.

RESULTS

PCR Analysis of HAS2-AS1—Fig. 2A shows that, following
RT from total PTC RNA, HAS2-AS1 RNA-specific amplifica-
tion was detected by end-point RT-PCR using primers span-
ning two intron-exon junctions. We then optimized a SYBR
Green qRT-PCR assay from which the typical amplification
data shown in Fig. 2B were obtained, and the melting curve
of the products generated is shown in Fig. 2C. Both panels
demonstrate that the amplification from negative control
reactions, including any contaminating genomic DNA
remaining in the RNA extracts, was negligible. Fig. 2D illus-
trates that, using this assay, the detection of HAS2-AS1 was
quantitative within the range of 250 ng to 2 �g of total PTC
input RNA for the three RT primer concentrations shown.
The absolute quantification of HAS2 and HAS2-AS1 RNAs
shown in Fig. 2E showed that the ratio of mRNA to RNA was
4.7:1 in quiescent HK-2 cells and 4.4:1 in IL-1�-stimulated
cells.
Expression of HAS2-AS1 and HAS2 in Response to Cytokine

Stimulation—Time courses following the expression of HAS2-
AS1 andHAS2 by qRT-PCR in response to stimulation of PTCs
with IL-1� are shown in Fig. 3 (A and B, respectively). An initial
peak of HAS2-AS1 and HAS2 expression was seen at �2–3 h.
The expression of both RNAs then declined rapidly after 6 h
before rising steadily through 48 h. Fig. 3 (C and D) shows that
the addition of TGF-�1 also led to the up-regulation of both
transcripts in a coordinated fashion, increasing over time
points to 72 h.
Promoter Activity Analysis of Genomic DNA Sequences

Upstream of HAS2-AS1 NR_002835—Each luciferase reporter
construct containing an insert of putativeHAS2-AS1 promoter
sequence showed significant luciferase activity in comparison
with the promoterless pGL3-Basic control vector, as shown in
Fig. 4. The magnitude of activity varied from �5-fold greater
than pGL3 for the 0.1-kb vector to �10-fold greater for the
0.7-kb construct. The ability of these inserts to drive the tran-
scription of the luciferase gene demonstrated the constitutive
promoter activity of each and implied the presence of the
HAS2-AS1 proximal promoter.
All insert sequences spanned a putative TFBS for both Sp1

and Sp3, mediators of constitutive HAS2 transcription (23),
and a binding element for Smad proteins, the transcription fac-
tors that mediate response to TGF-�. These motifs were iden-
tified in silico within the first 100 nucleotides upstream of
HAS2-AS1 NR_002835 (see Fig. 1B).
StimulatedHAS2-AS1 andHAS2 Expression following siRNA

Knockdown of Transcription Factors—Combined transcription
factor siRNAs for either Sp1/Sp3 or Smad2/Smad3 were
administered prior to the addition of IL-1� or TGF-�1, respec-
tively. The knockdown of Sp1 and Sp3mRNAs inhibited IL-1�-
stimulated up-regulation of HAS2 (Fig. 5A) and HAS2-AS1
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FIGURE 2. End-point RT-PCR detection of HAS2-AS1 transcription, optimization of SYBR Green qRT-PCR, and absolute quantification of HAS2 and
HAS2-AS1 RNAs. A, detection of HAS2-AS1 expression in PTCs by end-point RT-PCR using primers A and AR (see Fig. 1B for details of all HAS2-AS1-specific
primers not used in duplex detection). B (from left to right), pairs of HAS2-AS1 qRT-PCR profiles are shown following amplification using primers SYBR-F and
SYBR-R from 2 �g, 1 �g, 500 ng, and 250 ng of input RT product, respectively. Each pair comprises amplifications from RT reactions carried out using either 0.1
or 1.0 �M primer SYBR-RT. Profiles for negative control reactions with no reverse transcriptase, no RNA, and no cDNA are contained within a box that is
highlighted with an asterisk. C, melting curve of HAS2-AS1 SYBR Green amplification products shown in B. The negative control reaction range is illustrated by
a bracket highlighted with an asterisk. D, variation in Ct in the presence of different quantities of input RNA (see B above) and the different concentrations of
HAS2-AS1-specific RT primer displayed in the key. E, absolute quantification of the copy number of HAS2 mRNA using primers aqHAS2-F and aqHAS2-R (see
“Experimental Procedures” for details) and of HAS2-AS1 RNA using primers aqHAS2-AS1-F and aqHAS2-AS1-R in unstimulated cells (white bars) and in response
to stimulation with IL-1� (1 ng/ml) for 3 h (black bars). Data are displayed from one of two replicate experiments, each carried out in quadruplicate, and error
bars are S.D.
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(Fig. 5B). This effect was also seen when Smad2 and Smad3
mRNAs were knocked down and the induction of HAS2 by
TGF-�1 was blunted (Fig. 5, C and D).
StimulatedHAS2-AS1 andHAS2 Expression following siRNA

Knockdown of HAS2-AS1—Low abundanceHAS2-AS1 expres-
sion was detected in quiescent PTCs. Therefore, the effective-
ness of HAS2-AS1 siRNA knockdown was evaluated following
transcriptional induction by IL-1�, which repeatedly induced a
greatermagnitude of up-regulation of HAS2-AS1 transcription
than TGF-�1 (see Figs. 3 and 5). Each of the three siRNAs ana-
lyzed significantly inhibited IL-1� induction of HAS2-AS1
RNA, as shown in Fig. 6A. In addition, Fig. 6B shows that each
siRNA also blunted the up-regulation of HAS2 mRNA synthe-
sis, but this inhibitory effect was statistically significant only in
two of three cases.
End-point RT-PCR Analysis of HAS2-AS1 Splice Variants—

The original description of HAS2-AS1 reported alternative

splicing of HAS2-AS1 exon 2, resulting in “long” (L) and
“short” (S) HAS2-AS1 isoforms varying in length by 83
nucleotides and sharing either 257 nucleotides (L-HAS2-
AS1) or 174 nucleotides (S-HAS2-AS1) of complementary
sequence with the first exon of HAS2 (Fig. 7A) (26). Fig. 7B
shows the detection of both L- and S-HAS2-AS1 expression
in PTCs by agarose gel electrophoresis of end-point
RT-PCR-amplified fragments. For L-HAS2-AS1-specific
reactions A–C and B–F, oligonucleotides were designed to
prime amplification from the 83-nucleotide alternatively
spliced region of exon 2. S-HAS2-AS1-specific products
were amplified using primers A–D and E–F.
Thermodynamic Feasibility of HAS2-AS1/HAS2 Hetero-

dimer Formation and Heteroduplex Detection—HAS2 mRNA
and HAS2-AS1 RNA were predicted to interact primarily
through duplex formation of their perfectly complementary
regions (174 nucleotides for S-HAS2-AS1 and 257 nucleotides
for L-HAS2-AS1), with little other intermolecular hybridiza-
tion predicted between the sequences (Fig. 8A). Based on the
ensemble free energies of the species, at equilibrium at 37 °C,
an equimolar mixture of HAS2 mRNA and L-HAS2-AS1 was
predicted to exist overwhelmingly as a heterodimer (�2180
kcal/mol) without competition from homodimers (�2055
and �1696 kcal/mol for HAS2 mRNA and L-HAS2-AS1,
respectively) or intramolecularly folded monomer forms
(�1022 and �841 kcal/mol for HAS2 mRNA and L-HAS2-
AS1, respectively). Comparable results were obtained for the
interaction of HAS2 mRNA with S-HAS2-AS1 (data not
shown). The calculations therefore support the existence of a
dimer of HAS2mRNA andHAS2-AS1 RNA in the absence of
sequestration of the RNAs in kinetic or thermodynamic
traps, which were not considered by this analysis. The RT-
PCR assay data shown in Fig. 8B depict the detection of a
ribonuclease- and deoxyribonuclease-resistant HAS2-AS1/

FIGURE 3. Cytokine-stimulated up-regulation of HAS2-AS1 and HAS2 expression is coordinated. Shown is the relative expression of HAS2-AS1 RNA (A)
and HAS2 mRNA (B) in response to IL-1� (1 ng/ml) stimulation and of HAS2-AS1 RNA (C) and HAS2 mRNA (D) following the addition of TGF-�1 (10 ng/ml). Data
are shown from one of two replicate experiments, each carried out in triplicate, and error bars are S.D. *, p � 0.05.

FIGURE 4. HAS2-AS1 proximal promoter constructs exhibit constitutive
luciferase activity. The ratio of firefly to Renilla luciferase activities for each
promoter construct is normalized relative to the promoterless pGL3-Basic
construct (C). The promoter constructs are labeled in accordance with the
approximate length of the putative HAS2-AS1 promoter that they amplify, as
shown in Fig. 1B. Data are shown from one of three replicate experiments,
each carried out in triplicate, and error bars are S.D. *, p � 0.05.
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HAS2 heteroduplex in PTC cytoplasmic RNA. Very little
duplex signal was detected in nuclear RNA extracts (data not
shown).

DISCUSSION

Understanding the mechanisms that regulate the expression
of the human HAS genes is part of an ongoing series of studies
in our laboratory that aim to determine the pathogenic mech-

FIGURE 5. IL-1�-stimulated up-regulation of HAS2-AS1 and HAS2 is mediated by Sp1 and Sp3, and TGF-�1-stimulated up-regulation of HAS2-AS1 and
HAS2 is mediated by Smad2 and Smad3. Shown is the relative expression of HAS2 mRNA (A) and HAS2-AS1 RNA (B) in response to IL-1� (1 ng/ml) stimulation
for 3 h and of HAS2 mRNA (C) and HAS2-AS1 RNA (D) following the addition of TGF-�1 (10 ng/ml) for 48 h. White bars, unstimulated PTCs, and black bars,
cytokine-treated cells. Target gene siRNAs were used at 30 nM, and scrambled siRNA (SCR) was used at 60 nM. Data are shown from one of two replicate
experiments, each carried out in triplicate, and error bars are S.D. *, p � 0.05.

FIGURE 6. siRNA knockdown of HAS2-AS1 down-regulates HAS2 tran-
scription. Shown is the relative expression of HAS2-AS1 RNA (A) and HAS2
mRNA (B) in response to the presence of IL-1� (1 ng/ml) for 3 h following
transfection with three different siRNAs designed to knockdown HAS2-AS1
RNA. White bars, unstimulated PTCs; black bars, cytokine-treated cells. HAS2-
AS1 siRNAs were used at 30 nM, and scrambled siRNA (SCR) was used at 30 nM.
Data are shown from one of four replicate experiments, each carried out in
triplicate, and error bars are S.D. *, p � 0.05.

FIGURE 7. Organization of HAS2-AS1 and HAS2 exon 1 at locus 8q24. 13
and end-point RT-PCR amplification of L- and S-HAS2-AS1-specific frag-
ments from total RNA. A, exons of HAS2-AS1 sequence NR_002835 are
depicted as white boxes, with the exception of HAS2-AS1 exon 2, for which the
alternatively spliced section is shown as a black box. The HAS2-AS1 exon 1
arrow shows the direction of transcription. Exon 1 of HAS2 NM_005328 plus
AJ_604570 (22) is shown as a dashed box, and the dashed arrow shows the
direction of HAS2 transcription. The location of HAS2 genomic regions is
labeled on the line above. B, end-point RT-PCR showed that L- and S-HAS2-
AS1 are expressed in PTCs. L- and S-HAS2-AS1 RNAs are represented as
labeled boxes above and below the RT-PCR data. End-point RT-PCR products
are displayed as bands on agarose gels following staining with ethidium bro-
mide and are labeled according to the primers used for their amplification,
which are displayed in Fig. 1B. A double-stranded DNA size marker is also
shown.
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anisms underlying renal fibrosis. In this investigation, we ana-
lyzed the expression of the HAS2 natural antisense RNA,
HAS2-AS1, and investigated its role in the regulation of HAS2
expression.
Since the prescient identification of HAS2-AS1 as a post-

transcriptional regulator of HAS2 expression andHA synthesis
(26), amore detailed knowledge of the transcriptional output of
the human genome has been revealed, including the pan-
genomic significance of noncoding RNAs in gene expression
(35, 36). Indeed, numerous subsequent reports have suggested
that cell phenotype is a function of the total transcriptome (35–
38). There is also a growing appreciation of the widespread
occurrence of long noncoding RNAs, including antisense tran-
scripts like HAS2-AS1, and that their impact on gene expres-
sion is likely to vary depending on genomic locus and cellular
context (38–40). Therefore, following previous data describing
the down-regulation of HAS2 and HA synthesis by HAS2-AS1
in osteosarcoma cells (26), in this investigation, we analyzed the
expression of this natural antisense RNA in PTCs.
End-point RT-PCR data confirmed the presence of HAS2-

AS1 expression in PTCs. Subsequent absolute quantification
revealed that constitutiveHAS2-AS1was expressed in low copy
number, particularly in quiescent HK-2 cells, and that the
HAS2/HAS2-AS1 ratio in both quiescent and IL-�-stimulated
cells was �4.5:1.
Our qRT-PCR assay showed that the induction of HAS2

sense and HAS2-AS1 antisense transcription occurred simul-
taneously in response to stimulation with IL-1� or TGF-�1.
Correlated expression of overlapping sense/antisense tran-

scripts has been reported in the expression of rat inducible
NOS, where inducible NOS mRNA is stabilized by interaction
with a natural antisense inducible NOS RNA (41). The biphasic
response to IL-1� seen in Fig. 3 (A and B) has been shown
previously in the PTC line HK-2 (42). Luo et al. (42) demon-
strated that short-term IL-1� treatment inhibited Smad2/3-
mediated TGF-� signaling via rapid and transient NF-�B acti-
vation but that longer IL-1� exposure augmented the
endogenous/exogenousTGF-�-stimulated Smad response, fol-
lowing a switch in NF-�B nuclear subunit composition.

To analyze further the mechanisms regulating coexpression
of HAS2-AS1 and HAS2, we created a nested series of putative
promoter-luciferase reporter constructs amplified from the
genomic DNA upstream of the 5�-end of the NR_002835
HAS2-AS1 RNA sequence. As demonstrated previously in our
identification of the HAS2 promoter (22), our data suggested
that sufficient HAS2-AS1 proximal promoter was contained in
all vectors to drive luciferase gene transcription.
Analysis in silico showed that all inserts spanned Sp1/Sp3

and Smad consensus motifs. The suppression of induction of
both HAS2 and HAS2-AS1 by IL-1� or TGF-�1 following
siRNA knockdown of Sp1/Sp3 or Smad2/Smad3, respectively,
was consistent with these in silico data. This suggested that
cytokine-stimulated up-regulation of HAS2-AS1 and HAS2
transcription involved simultaneous binding of these transcrip-
tion factors at both proximal promoters at the HAS2-AS1/
HAS2 locus.
These data supported our previous findings that Sp1 and Sp3

mediate constitutive transcription of HAS2, which is down-
regulated following siRNA knockdown of these transcription
factors (23). The additional observation from the present study
that IL-1� induction of HAS2 transcription was also sup-
pressed by the mRNA knockdown of these ubiquitous tran-
scription factors implied that Sp1 and Sp3 might perform a
gatekeeper role in the transcriptional induction of HAS2
mRNA. However, because HAS2-AS1 was expressed constitu-
tively at low abundance, the same conclusion could not be
drawn for the antisense RNA in these cells.
The simultaneous abrogation of induction of both HAS2-

AS1 and HAS2 by HAS2-AS1-specific siRNAs suggested that
the antisense RNA stabilized or augmentedHAS2 expression in
PTCs. Very similar siRNA data have been reported in neuro-
blastoma cells from a study on BACE-1 (beta-site amyloid pre-
cursor protein-cleaving enzyme 1), a candidate gene for
Alzheimer disease that may drive disease-associated pathology
(43). Furthermore, BACE-1 mRNA expression is coordinately
up-regulated in vitro by increased transcription of the natural
antisense RNABACE-1-AS in response to cell stressors (43). In
contrast to the above, Chao and Spicer (26) showed that over-
expression of HAS2-AS1 in osteosarcoma cells down-regulates
both HAS2 mRNA synthesis and subsequent HA synthesis,
underlining the importance of cellular context in sense/anti-
sense interactions (38–40).
We identified in PTCs both known HAS2-AS1 splice vari-

ants (26). L-HAS2-AS1 shares 257 nucleotides of complemen-
tary sequence with HAS2 exon 1; the corresponding region for
S-HAS2-AS1 is 183 nucleotides (26). Recent data show that the
opposite genomic DNA strand at the Wilms tumor suppressor

FIGURE 8. RNA duplex modeling and detection. A, computed minimum free
energy secondary structure of the heterodimer of L-HAS2-AS1 RNA (green)
and HAS2 mRNA (red) showing the duplex formed by regions of perfect com-
plementarity. B, detection of ribonuclease- and deoxyribonuclease-resistant
cytoplasmic RNA duplex by RT-PCR with primers designed to amplify tran-
scription outside (a, 5�-cttcgagcagcccattgaac-3� and 5�-agcctgtggaagact-
cagca-3�) or within (b, 5�-aaacagttgccctttgcatc-3� and 5�-tgatttgtctctgc-
ccatga-3�) the predicted region of L-HAS2-AS1/HAS2 heteroduplex
formation.
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gene (WT1) locus encodes conserved multiple antisense RNAs
that may regulate WT1 expression via RNA/mRNA interac-
tions and that are deregulated by epigenetic defects and are
abnormal in carcinogenesis (44).
In this investigation, we have provided evidence fromboth in

silico and in vitro analyses that HAS2 mRNA and HAS2-AS1
RNA interact by heteroduplex formation. The predominantly
cytoplasmic localization of the RNA/mRNA duplex that we
observed has also been reported at the WT1 locus (44). The
formation of HAS2-AS1/HAS2 duplexes raises the possibility
that HAS2 expression might be affected differently due to the
sequence variation in L- and S-HAS2-AS1 transcripts. We
intend to pursue this line of investigation further in future stud-
ies of the RNA/mRNA interaction while bearing in mind that
additional levels of regulation of gene expression by noncoding
RNAs continue to come to light (e.g. Refs. 45 and 46).

In summary, we have identified expression in PTCs of the
previously described natural antisense RNA for the human
HAS2 gene,HAS2-AS1. Coordinated temporal profiles of tran-
scriptional induction ofHAS2-AS1 andHAS2were observed in
response to stimulation with IL-1� or TGF-�1. In each case,
IL-1� induction was blunted following siRNA knockdown of
Sp1 and Sp3,whereas pretreatmentwith siRNAs for Smad2 and
Smad3 suppressed TGF-�1-stimulated up-regulation of both
RNAs. The use of HAS2-AS1-specific siRNAs inhibited the up-
regulation of both antisense RNA and HAS2 mRNA by IL-1�.
End-point RT-PCR revealed the expression of L- and S-HAS2-
AS1 splice variants that differ only in their length of sequence
complementarity with HAS2 and provided evidence of HAS2-
AS1 RNA/HAS2 mRNA duplex formation. We suggest that
these data infer a role for HAS2-AS1 in the stabilization or
augmentation of HAS2 expression in PTCs. Furthermore, the
presence of the above-mentioned HAS2-AS1 splice variants
provides evidence of a potential additional level of regulation of
HAS2 expression in these cells by formation of heteroduplexes
of different lengths.
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37. Mendes Soares, L. M., and Valcárcel, J. (2006) EMBO J. 25, 923–931
38. Gingeras, T. R. (2007) Genome Res. 17, 682–690
39. Prasanth, K. V., and Spector, D. L. (2007) Genes Dev. 21, 11–42
40. Mercer, T. R., Dinger, M. E., and Mattick, J. S. (2009) Nat. Rev. Genet. 10,

Coordinated Expression of HAS2 and HAS2-AS1

JUNE 3, 2011 • VOLUME 286 • NUMBER 22 JOURNAL OF BIOLOGICAL CHEMISTRY 19531



155–159
41. Matsui, K., Nishizawa, M., Ozaki, T., Kimura, T., Hashimoto, I., Yamada,

M., Kaibori,M., Kamiyama, Y., Ito, S., andOkumura, T. (2008)Hepatology
47, 686–697

42. Luo, D. D., Fielding, C., Phillips, A., and Fraser, D. (2009) Nephrol. Dial.
Transplant. 24, 2655–2665

43. Faghihi, M. A., Modarresi, F., Khalil, A. M., Wood, D. E., Sahagan, B. G.,
Morgan, T. E., Finch, C. E., St Laurent, G., 3rd, Kenny, P. J., andWahlest-
edt, C. (2008) Nat. Med. 14, 723–730

44. Dallosso, A. R., Hancock, A. L., Malik, S., Salpekar, A., King-Underwood,

L., Pritchard-Jones, K., Peters, J., Moorwood, K., Ward, A., Malik, K. T.,
and Brown, K. W. (2007) RNA 13, 2287–2299

45. Taft, R. J., Glazov, E. A., Cloonan, N., Simons, C., Stephen, S., Faulkner,
G. J., Lassmann, T., Forrest, A. R., Grimmond, S. M., Schroder, K., Irvine,
K., Arakawa, T., Nakamura, M., Kubosaki, A., Hayashida, K., Kawazu, C.,
Murata, M., Nishiyori, H., Fukuda, S., Kawai, J., Daub, C. O., Hume, D. A.,
Suzuki, H., Orlando, V., Carninci, P., Hayashizaki, Y., and Mattick, J. S.
(2009) Nat. Genet. 41, 572–578

46. Taft, R. J., Pang, K. C., Mercer, T. R., Dinger, M., and Mattick, J. S. (2010)
J. Pathol. 220, 126–139

Coordinated Expression of HAS2 and HAS2-AS1

19532 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 22 • JUNE 3, 2011


