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HYAL-1 (hyaluronoglucosaminidase-1) belongs to the hyalu-
ronidase family of enzymes that degrade hyaluronic acid. HYAL-1
is a marker for cancer diagnosis and a molecular determinant of
tumor growth, invasion, and angiogenesis. The regulation of
HYAL-1 expression is unknown. Real time reverse transcription-
PCR using 11 bladder and prostate cancer cells and 69 bladder
tissues showed thatHYAL-1mRNA levels are elevated 10–30-fold
in cells/tissues that express high hyaluronidase activity. Although
multiple transcription start sites (TSS) for HYAL-1 mRNA were
detected in various tissues, themajor TSS inmany tissues, includ-
ing bladder and prostate, was at nucleotide 27274 in the cosmid
clone LUCA13 (AC002455). By analyzing the 1532 base sequence
5� to thisTSS,usingcloningand luciferasereporterassays,we iden-
tified a TACAAA sequence at position �31 and the minimal pro-
moter region betweennucleotides�93 and�38.Mutational anal-
ysis identified that nucleotides �73 to �50 (which include
overlapping binding consensus sites for SP1, Egr-1, and AP-2),
bases C�71 and C�59, and an NF�B-binding site (at position �15)
are necessary for promoter activity. The chromatin immunopre-
cipitation assay identified that Egr-1, AP-2, and NF�B bind to the
promoter in HYAL-1-expressing cells, whereas SP1 binds to the
promoter in non-HYAL-1-expressing cells. 5-Aza-2�-deoxycyti-
dine treatment, bisulfite DNA sequencing, and methylation-spe-
cific PCR revealed that HYAL-1 expression is regulated bymethy-
lation atC�71 andC�59; bothCs are part of the SP1/Egr-1-binding
sites. Thus, HYAL-1 expression is epigenetically regulated by the
binding of different transcription factors to the methylated and
unmethylatedHYAL-1 promoter.

The hyaluronidase (HAase)3 family of endoglycosidases
degrades hyaluronic acid (HA) into smaller fragments, some of

which are angiogenic (1, 2). HA is a high molecular mass non-
sulfated glycosaminoglycan that is made up of repeating disac-
charide units, D-glucuronic acid and N-acetyl-D-glucosamine
(3–5). In addition to its roles in absorbing water and maintain-
ing osmotic balance,HA regulates cell adhesion,migration, and
proliferation (5–7). There are six HAase genes found in the
human genome. These genes occur in two clusters, and
HYAL-1, HYAL-2, and HYAL-3 genes are present in the chro-
mosome 3p21.3 locus andHYAL-4,HYAL-P1, and PH20 reside
in the chromosome 7q31.3 locus (2, 8, 9).
Normally HYAL-1 is present in serum and urine; however,

elevated concentrations are also found in tumor tissues and
cells (10–18). In fact, HYAL-1 was the first tumor-derived
HAase to be identified (19, 20). In bladder, prostate, and head
and neck carcinomas, elevated HA and HYAL-1 levels are
found in tumor cells, tissues, and related body fluids (e.g. urine
for bladder cancer and saliva for head and neck cancer). Impor-
tantly, these levels have been shown to correlate with the
aggressiveness of the tumor (12–18). For example, urinary
HAase levels measured by the HAase test, have �85% accuracy
in detecting high grade bladder tumors, which have high inva-
sive potential and worse prognosis (21–23). Urinary HA and
HAase levels, measured by the HA-HAase test, have �88%
accuracy in detecting bladder cancer, regardless of the tumor
grade and stage (21, 23). Furthermore, elevated HA and HAase
expression in tumor tissues correlates with a positive
HA-HAase test (13). HYAL-1 expression also serves as an accu-
rate (86–88%) and independent prognostic indicator for dis-
ease progression in prostate cancer patients treatedwith radical
prostatectomy (16, 17).
Recent work from our laboratory showed that HYAL-1 is a

molecular determinant of tumor growth, invasion, and
angiogenesis. Silencing HYAL-1 expression in bladder and
prostate cancer cells results in cell cycle arrest and decreased
invasive activity in vitro. In xenografts, silencing HYAL-1
expression causes a decrease in tumor growth, inhibition of
infiltration into muscle, lymphatics, and the vasculature, and
reduction in angiogenesis (24, 25). However, overexpression of
HYAL-1 in tumor cells, at levels significantly higher than the
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levels expressed in tumor cells or cancer tissues, induces apo-
ptosis and inhibits tumor formation (25). Because both the
overexpression and silencing of HYAL-1 expression inhibit
tumor growth, it appears thatHYAL-1 expression is tightly reg-
ulated in tumor tissues and cells, such that it promotes tumor
growth and progression.
Only a few studies have examined the regulation of HAase

expression. One study has identified the HYAL-2 promoter
region and determined that its expression, at least in chondro-
cytes, is constitutive (26). One of the mechanisms of HYAL-1
regulation involves alternativemRNA splicing, which results in
several splice variants that encode enzymatically inactive pro-
teins (27). Recently, we have shown that one of the splice vari-
ants, HYAL1-v1, acts as a negative regulator of tumor growth,
invasion, and angiogenesis (28). Selbi et al. (29) showed that
bone morphogenetic protein-7 decreases HYAL-1 and
HYAL-2 mRNA expression in renal proximal tubular cells,
whereas Ohno et al. (30) showed that interleukin 1� increases
HYAL-1 expression in periodontal ligament fibroblasts.
Recently, Li et al. (31) showed that transforming growth fac-
tor-�1 increases HYAL-1 expression in dermal fibroblasts.
With the exception of these few studies, which indicate some
type of transcriptional regulation, little is known about the
mechanisms by which the expression of HYAL-1 or any of the
other HAase genes is regulated. In this study, we investigated
whether HYAL-1 expression is regulated at the transcriptional
or the translational level. In addition, we identified theminimal
promoter region in the HYAL-1 gene and examined its regula-
tion by DNA methylation and transcription factor binding.

EXPERIMENTAL PROCEDURES

Materials—IQTM Supermix, HYAL-1, and actin PCR prim-
ers and 5�-FAM/3�-BHQ-labeled HYAL-1 and actin probes
were purchased from Bio-Rad, Sigma Genosys, and Integrated
DNA Technology (Coralville, IA), respectively. Human Sure-
RACETM cDNA 5� end discovery panel was purchased from
OrigeneTechnologies Inc. (Rockville,MD). pGL4.10[luc2] vec-
tor, pGL4.74[hRluc/TK] vector, and Dual-GloTM luciferase
assay system were purchased from Promega Corp. (Madison,
WI). TOPOTACloning� kit (pCR�2.1-TOPO� vector), Super-
script� II reverse transcription kit, and Platinum� TaqDNA
polymerase (high fidelity) were purchased from Invitrogen.
KpnI and NheI restriction endonucleases and M.SssI DNA
methylase were purchased from PerkinElmer Life Sciences.
Genomic DNA isolation kit, QIAquick� PCR purification kit,
EpiTect�Bisulfite kit, and Effectene� transfection reagent were
fromQiagen (Valencia, CA).MG132was purchased fromEMD
Biosciences Inc. (San Diego, CA), and human genomic DNA
was obtained from Clontech. Human umbilical cord HA was
purchased fromMPBiomedicals (Solon, OH). HA (1� 106 Da)
andHAoligosaccharides (HA-oligo) of averagemolecularmass
2,000 Da were purchased from Genzyme Corp. (Cambridge
MA). Antibodies for the chromatin immunoprecipitation
(CHIP) assay were bought from Santa Cruz Biotechnology Inc,
Santa Cruz, CA (anti-NF�B, anti-Egr-1, anti-AP-2), and Milli-
pore-Upstate, Billerica, MA (anti-SP1). 5-Aza-2�-deoxycyti-
dine (5-AzaC) and trichostatin A (TSA) were purchased from
Sigma.

Cell Culture and Tissues—Bladder (HT1376, UMUC-3, T24,
J82, RT4, HT1197, and HT5637) and prostate (DU145 and
LNCaP) cancer cells were purchased fromAmerican Type Cul-
ture Collection. 253J-Lung and 253J-Parent cells were kindly
provided by Dr. Colin Dinney (M. D. Anderson Cancer Center,
Houston, TX). PC3-ML cells were provided by Dr. Mark
Stearns (Department of Pathology,DrexelUniversityCollege of
Medicine, Philadelphia, PA). All tumor cell lines were cultured
in RPMI 1640� 10% fetal bovine serum� gentamicin. Normal
urothelial cells (TEU-1 and PD07i) were cultured in EpiLife/
HKGS medium (Invitrogen) containing 200 �g/ml neomycin.
Inhibitor Treatments, Immunoprecipitation, Immunoblot-

ting, and the HAase Activity Assay—Bladder cancer cells incu-
bated in RPMI 1640 medium were treated with cycloheximide
(10�g/ml) for various time periods or withMG132 (2.5�M) for
8 h. Following incubation, the culture conditionedmedia (CM)
and the cell lysates were subjected to HYAL-1 immunoblotting
using a rabbit anti-HYAL-1 IgG as described previously (19, 20,
28). The blots for the cell lysates were reprobed with an anti-
actin antibody (BD Biosciences), as a loading control. Because
there is no well accepted protein standard that can be used as a
loading control for theCM, an equal amount of total protein (10
�g) was loaded for each sample. For sumoylation studies,
HT1376 (1 � 106) cells were lysed in a RIPA buffer (50 mM
Tris-HCl, pH 7.4, 150 mM NaCl, 0.5% Triton� X-100, 0.5%
Nonidet P-40, 10 mM N-ethylmaleimide, and protease mix-
ture). Then the cell lysates were immunoprecipitated using the
anti-HYAL-1 IgG (28), and the immunoprecipitates were
immunoblotted using an anti-sumo1 or an anti-sumo2/3
mouse monoclonal antibody (MBL, Nagoya, Japan). As a con-
trol, the HT1376 cell lysate, immunoprecipitated using normal
rabbit IgG, was immunoblotted under similar conditions.
HAase activity in the serum-free culture CM was measured
using the HAase ELISA-like assay and normalized to milli-
grams/ml protein as described before (19, 20).
HYAL-1 Real Time RT-PCR—Total RNA was isolated from

bladder cancer cells and tissues (�30 mg). In some cases, the
cells were treated with actinomycin-D (2 �M), and total RNA
was prepared at different time intervals. Alternatively, to test
the effect of HA or HA-oligo (�2 kDa) on HYAL-1 mRNA
expression, HT1376 cells cultured in 6-well plates were serum-
starved for 24 h. The cells were then treated with various con-
centrations (0–50 �g/ml) of HA or HA-oligo for 0, 4, 8, 14, and
24 h. Total RNAwas prepared from treated and untreated cells.
Total RNA from various samples was reverse-transcribed, and
the cDNAswere subjected to real time PCR as described before
(32), using HYAL-1(1746L) andHYAL-1(1886R) primers and a
5�-FAM/3�-BHQ labeled HYAL-1(1841) probe (Table 1).
HYAL-1 mRNA levels were normalized to �-actin and
expressed as 1/2�Ct � 10,000, as described before (32).
Mapping of HYAL-1 Transcription Start Site—The human

Sure-RACE Discovery panel contains 24 RACE-ready tissue-
specific cDNAs, each of which were subjected to nested PCR
using two sets of PCR primers as follows: set 1, ADP1/HYAL-
1(1919R), and set 2, ADP2/HYAL-1(666R). The sequences of all
primers used in this study are shown in Table 1. PCR products
were cloned into the pCR2.1-TOPO vector and sequenced. To
determine the TSS in bladder tissues and cells, cDNAs were

Identification and Regulation of HYAL-1 Promoter

29216 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 43 • OCTOBER 24, 2008



subjected to PCR using the HYAL-1(666R) primer and one of
the forward primers, �1L, �23L, or �30L, to detect HYAL-1
transcripts starting at �30, �23, �1, or �5. PCR products (if
generated) were cloned into the pCR2.1-TOPO vector and
sequenced.
Generation of HYAL-1 Promoter-Reporter Constructs—

HYAL-1 genomic sequence, up to 1532 nucleotides upstream
of the HYAL-1 TSS, was PCR-amplified using the �1532L/
HYAL-1(666R) primer pair and human genomicDNAas a tem-
plate (Table 1). The PCR product was cloned into the pCR2.1-
TOPO vector. Using this HYAL-1 sequence as the template, 13
HYAL-1 genomic constructs were generated by PCR using the
primer pairs listed in Table 1. The forward primers contained a
KpnI restriction site at the 5� end, and the reverse primers con-
tained an NheI site. Each PCR product was cloned into the
pGL4.10[luc2] vector between the KpnI and NheI restriction
sites, using a two-step cloning process, in which the first step
involved the cloning of each PCR product into the pCR2.1-
TOPO vector. The position of each construct is described rel-
ative to the TSS (�1) in the bladder tissues and cells.
Generation of HYAL-1 Oligonucleotide Mutants—The

HYAL-1 sense and antisense oligonucleotides containing the
�80 to �17 sequence were custom-synthesized with a KpnI or
a NheI restriction site, respectively. Each oligonucleotide con-
tained either a desired mutation or no mutation (wild type).
Following annealing, the double-stranded oligonucleotides
were cloned into the pGL4.10[luc2] vector.
Transient Transfection and Luciferase Reporter Assay—Blad-

der and prostate cells cultured in 96-well plateswere transiently
transfected with a HYAL-1 promoter-firefly luciferase reporter
construct or an oligonucleotide-firefly luciferase reporter con-
struct, together with a Renilla luciferase normalization vector,
using the Effectene transfection reagent. Following 48 h of
incubation, firefly and Renilla luciferase activities were meas-
ured using the Dual-Glo assay, as per the manufacturer’s
instructions. To test the effect of HA or HA-oligo on the pro-
moter activity of HYAL-1 promoter mutants, HT1376 and T24
cells were transiently transfected with wild type or a HYAL-1
promoter mutant construct. 24 h following transfection, the
cells were incubated in serum-free RPMI 1640medium for 24 h
and then with HA/HA-oligo (20 �g/ml) for 14 h. HYAL-1 pro-

moter activity was determined as described above. The pro-
moter activity of the HYAL-1 wild type promoter construct
was designated as 100%, and the promoter activity of the wild
type construct in HA-treated cells and of the mutant con-
structs in HA-treated and untreated cells was expressed as a
percentage of the wild type untreated construct. The statis-
tical significance of the observed change in the HYAL-1 pro-
moter activity, by the various treatments, was examined by
the Bonferroni’s multiple comparison test.
Chromatin Immunoprecipitation (CHIP) Assay—CHIP

assays were performed using the EZ-CHIPTM kit (Millipore
Corp., Billerica, MA) and a protocol supplied by the manufac-
turer with somemodifications (32). Briefly,�2� 107 cells were
fixed in 0.5% formaldehyde for 10min to cross-link bound pro-
teins, lysed in SDS lysis buffer, and sonicated to yield chromatin
fragments between 200 and 1000 bp. The cell lysates (�1� 106
cells) were immunoprecipitated using anti-SP1, anti-Egr-1,
anti-AP-2, or anti-NF�B antibody or normal rabbit IgG (con-
trol antibody). Immunoprecipitation using anti-RNA polymer-
ase IgG was included as a positive control (supplied in the kit).
Following immunoprecipitation, the bound chromatin (beads)
and unbound chromatin (supernatant) were separated. Follow-
ing washing of the beads to remove nonspecifically bound pro-
teins, the cross-linking was reversed in the bound, unbound,
and input (sonicated cell lysate) samples, and the immunopre-
cipitated protein was digested with proteinase K. DNA was
purified and subjected to real time PCR using�146L and�84R
primers. PCRwasperformed for50cycles at anannealing temper-
ature of 64 °C for bothHYAL-1 and the positive control (glyceral-
dehyde-3-phosphate dehydrogenase primers). A standard curve
was prepared using serial dilutions of the �146/�84 promoter
construct. The amount of HYAL-1 promoter that was present in
the bound and unbound (or input) fractions was calculated from
the standard curve. The amount of HYAL-1 promoter in the
unboundand the input fractionswasvery similar.The resultswere
expressedas (bound� input)�104.Alternatively, the resultswere
expressed as (1/fold difference)� 104, where the fold difference is
2(Ct bound � (Ct input or unbound). The results obtained by bothmeth-
ods were similar. The latter method is advantageous and perhaps
more accurate, because the results are calculated from the actual
Ct values andnot from the amount ofHYAL-1 PCRproduct pres-

TABLE 1
Sequences of the primers used for RT-PCR and generating promoter constructs
The numbering for forward L-primers and reverse R-primers is based on the TSS at position 1 (base 27274 in the cosmid clone LUCA13 from 3p21.3 accession number
AC002455). The sequences for the primers ADP1 and ADP2 primers were provided in the Human Sure-RACE panel kit. As indicated, a KpnI (GGTACC) or NheI
(GCTAGC) restriction site was added on some of the primers, and it is underlined in the primer sequence.

Name Forward L-primers Name Reverse R-primers
ADP1 5�-CGGAATTCGTCACTCAGCG-3� HYAL-1(1919R) 5�-ATCACCACATGCTCTTCCGC-3�
ADP2 5�-AGCGCGTGAATCAGATCG-3� HYAL-1(666R) 5�-TCGAGTAAGGTCAGGAAGAG-3�
�1L 5�-CTTCCTCCAGGAGTCTCTGGT-3� �410R 5�-GCTAGCCACATCCGAGTTGCCTCTCA-3�
�30L 5�-ACAAAAGCTCAGAATTTCCA3� �84R (with NheI linker) 5�-GCTAGCTCCAAATTTCCTGACCCCAG-3�
�23L 5�-CTCAGAATTTCCAGCAGCGG-3� �84R (with KpnI linker) 5�-GGTACCTCCAAATTTCCTGACCCCAG-3�
�1532L 5�-GGTACCGAGGCAATGGAGGCAATCAT-3� �612R 5�-GCTAGCCGGGACTGGTCGAGGACAAC-3�
�1326L 5�-GGTACCGGATCTCATGCTCACAAGAC-3� Real Time PCR primers and probe
�1150L 5�-GGTACCTGACTTCATGAACACAGTGC-3� HYAL-1 (1746L) 5�-AAGCCCTCCTCCTCCTTAACC-3�
�853L 5�-GGTACCGTCTTGCTACATTGCCTAGG-3� HYAL-1 (1886R) 5�-AGCCAGGGTAGCATCGAC-3�
�663L 5�-GGTACCGTAGCACAGTGGAGCAGTCT-3� HYAL-1 (1841 Probe) FAM5�-CAGGCACAGATGGCTGTGGAGTT3�-BHQ
�452L 5�-GGTACCAAGTGCTAGGATTATAGGCG-3� �224(BS)L 5�-TTTTAGTTTAGGTAAGGTTATAAAGTTTTG-3�
�146L 5�-GGTACCAACCAAGATCCCTTTGCCAG-3� �25(BS)R 5�-CTACACCAAAAACTCCTAAAAAAAA-3�
�93L (with KpnI linker) 5�-GGTACCCCTGGCCTCCTAATCCAAGG-3� M(�70) Probe FAM5�-TCGTTTTTTGGTTCGTTTTTGGTTTGGGTGG3�-BHQ
�93 L (with NheI linker) 5�-GCTAGCCCTGGCCTCCTAATCCAAGG-3� UM(�70) Probe FAM5�-TTGTTTTTTGGTTTGTTTTTGGTTTGGGTGG-3�-BHQ
�38L 5�-GGTACCGACCCCCTACAAAAGCTCAG-3�
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ent in each sample, as determined by the extrapolations from the
standard graph. To examine the effect ofHAon transcription fac-
tor binding, HT1376 cells were incubated in serum-free RPMI
1640 medium for 24 h and then treated with HA (20 �g/ml) for
14 h. CHIP assay was conducted on both HA-treated and
untreated cells. The results were expressed as a percentage of
the untreated, i.e. for each IgG (1/fold difference) � 104 of the
untreated sample was considered as 100% and the (1/fold differ-
ence)� 104 of theHA-treated samplewas expressed as a percent-
age of the untreated.
5-AzaC and TA Treatment—T24 and J82 cells cultured in

12-well plates were treated with 5-AzaC (0–2.5�M) continuously
for 96 h, and in some samples 100 nM TSA was added for the last
16 h. RNA was isolated and subjected to HYAL-1 real time RT-
PCR. For HAase activity determination and HYAL-1 immuno-
blotting, the growthmediumwas removed after 60 h and replaced

with serum-free RPMI 1640medium.
HAase activitywas determinedby the
HAase ELISA-like assay.
Bisulfite Treatment andMethyla-

tion-specific Real Time PCR—
Genomic DNA was isolated from
bladder and prostate cells and sub-
jected to bisulfite treatment using the
EpiTect� bisulfite kit. This treatment
converts unmethylated cytosine to
uracil, whereas the 5-methylcytosine
remains unchanged (34). Following
bisulfite treatment, DNA was puri-
fied, and the HYAL-1 promoter
region was amplified using the
�224(BS)L and �25(BS)R primers.
The amplified HYAL-1 promoter
fragment was purified using the
QIAquick� PCR purification kit
and then sequenced using the
�224(BS)L primer. Alternatively,
bisulfite-treated DNA was sub-
jected to real time PCR using
�224(BS)L and �25(BS)R primers
and the M(�70) or UM(�70)
probe. The M(�70) and UM(�70)
probes were used to selectively detect
HYAL-1 promoter methylated or
unmethylated at C�71 and C�59. The
�93/�84 construct was methylated
in vitro, usingM.SssI DNAmethylase
(PerkinElmer Life Sciences) and then
subjected to bisulfite treatment for
use as a positive control for themeth-
ylated DNA. The bisulfate-treated
�93/�84 construct was used as a
positive control for the unmethylated
DNA. The results were expressed as
(UM � (M � UM)) � 100.

RESULTS

Transcriptional Regulation of
HYAL-1 Expression—HYAL-1

expression is elevated in invasive cancer cell lines and in tumor
tissues (12–22). However, little is known whether HYAL-1
expression is controlled at the transcriptional or translational
levels, or both. Therefore, we investigated whether the up-
regulation is because of differences in protein synthesis
and/or degradation among low and highHYAL-1-expressing
cells. We analyzed HYAL-1 expression in cell lysates and
CM, after the treatment of HT1376 (high HYAL-1 expresser)
and T24 (low HYAL-1 expresser) bladder cancer cells with
either cycloheximide, a protein synthesis inhibitor, or MG132,
a reversible ubiquitin 26 S proteosome inhibitor. As shown in
Fig. 1A, theHYAL-1 protein level in T24 cells is�10-fold lower
than the level in HT1376 cells. In the cell lysates two protein
bands are detected by the anti-HYAL-1 IgG. These proteins are
HYAL-1 related, because the control IgG does not detect either

FIGURE 1. Determination of the translational and transcriptional regulation of HYAL-1 expression.
A, analysis of HYAL-1 protein levels. HT1376 and T24 cells were treated with cycloheximide (Cyclohex) or MG132
and HYAL-1 protein levels in cell lysates, and conditioned media (CM) were examined by immunoblotting.
Loading control for cell lysates, actin. For CM, equal amount of total protein (10 �g) was analyzed. Control IgG
immunoblot was performed using cell lysates from time 0 and CM from 14-h time point, using normal rabbit
IgG. B, measurement of HYAL-1 mRNA levels. Panel a, HYAL-1 mRNA levels were measured in various bladder
and prostate cancer cell lines by real time RT-PCR, as described under “Experimental Procedures.” HYAL-1
mRNA levels normalized to �-actin mRNA levels are shown. HAase activity secreted in CM was measured by
HAase ELISA-like assay and was normalized to total protein. Panel b, 253J-Lung and T24 cells were treated with
actinomycin D, and HYAL-1 mRNA levels were measured by real time RT-PCR at indicated time intervals.
C, HYAL-1 mRNA levels were measured by real time RT-PCR on total RNA isolated from bladder tissues. HYAL-1
mRNA levels normalized to �-actin mRNA levels for individual tissues, as well as mean � S.E. HYAL-1 mRNA
levels per category are shown.
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band (Fig. 1A). In the cell lysates, HYAL-1 protein disappears at
about 8 h. This could either be due to its degradation or secre-
tion into the CM. Immunoblot analysis of the CM shows that
HYAL-1 is present in the CM and that the protein is stable
beyond 24 h. Although the differences exist between the
amount ofHYAL-1 protein expressed inHT1376 andT24 cells,
HYAL-1 protein processing appears to be similar in both cell
types (Fig. 1A). The difference in the two cell lines with respect
to HYAL-1 protein levels is not because of the ubiquitin-medi-
ated degradation of HYAL-1 protein, as the MG132 treatment
did not increase HYAL-1 levels in the cell lysates or culture CM
from either cell types (Fig. 1A). No sumoylation sequence is
found in the HYAL-1 protein (33). Consistent with this obser-
vation, HYAL-1 immunoprecipitation, followed by anti-sumo1
or anti-sumo2/3 immunoblotting, showed that HYAL-1 pro-
tein is not sumoylated (data not shown). These results show
that the differences in HYAL-1 expression among different cell
lines are very likely not at the protein synthesis or degradation
level.
To determine whether high and low HYAL-1-expressing

cells show differences at HYAL-1 mRNA levels, we performed
real time RT-PCR analysis. As shown in Fig. 1B, panel a,
HYAL-1 mRNA levels are 10–30-fold elevated in bladder and
prostate cancer cells, which express high HAase activity and
HYAL-1 protein (19, 20). To determinewhether the differences
in HYAL-1 mRNA levels in high and low HYAL-1-expressing
cells are because of the differences in HYAL-1mRNA degrada-
tion, the rate of HYAL-1 mRNA degradation was determined
by treating 253J-Lung and T24 cells with actinomycin-D, an
mRNAsynthesis inhibitor. Fig. 1B, panel b, shows that although
253J-Lung cells express 30-fold higher HYAL-1 mRNA levels
than T24 cells, the rate of HYAL-1 mRNA degradation (nor-
malized to�-actin) among both cell lines is similar; t1⁄2 � 10 h. It
is noteworthy that because theHYAL-1mRNA levels were nor-
malized to �-actin levels at each time point, the levels did not
reach “zero” even at 12 h. This is because the �-actin mRNA
levels also decreased in a time-dependent manner. The time
course could not be conducted beyond 12 h, because the acti-
nomycin D treatment became cytotoxic at later time periods.
HYAL-1mRNA levels are also elevated by 5–12-fold in bladder
tumor tissues when compared with normal bladder tissues
obtained either from organ donors or histologically normal
bladder tissues obtained from patients with bladder tumors
(Fig. 1C). The differences in theHYAL-1mRNA levels between
normal and bladder tumor tissues are statistically significant
(p 	 0.001; Dunn’s multiple comparison test; nonparametric
distribution). These results show that the control of HYAL-1
expression is at least partly at the transcriptional level.
Identification of TSS for HYAL-1—To better understand the

control of HYAL-1 expression, we embarked on identifying the
promoter element(s) in the HYAL-1 gene. To map the pro-
moter element(s) in the HYAL-1 gene, we first determined the
TSS for HYAL-1 mRNA using the human Sure-RACE discov-
ery panel. As shown in Fig. 2A, HYAL-1 mRNA is detected in
several tissues, excluding normal prostate, breast (very low
expression), pituitary, and peripheral blood leukocytes. The
cloning and the sequencing of the RACE-PCR products gener-
ated in each of the remaining tissues showed several TSS (Table

2 and Fig. 2B). The TSS at nucleotide 1 (Fig. 2B) corresponds to
base 27274 in the human cosmid clone LUCA13 (accession
number AC002455). Except for the transcripts which begin at
TSS �377 or �550, the region between �109 and �596 is
spliced out in all HYAL-1 transcripts that were detected in var-
ious tissues. In the transcript beginning at �450, which was
found in fetal brain, the nucleotides between �210 and �596

FIGURE 2. Determination of transcription start site(s) for HYAL-1. A, hu-
man Sure-RACE panel involving 24 tissues was used to determine the TSS for
HYAL-1 mRNA, using RT-PCR. PCR products were analyzed by agarose gel
electrophoresis and ethidium bromide staining. Molecular markers, pGEM
(Promega). B, schematic representation of HYAL-1 gene showing various TSS
(�450, �30, �2, �1, �5, �41, �65, �377, and � 550) identified using the
human Sure-RACE panel, alternatively spliced region (—) and the transla-
tional start site. C, RT-PCR analysis of normal bladder (NBL) and bladder tumor
(TBL) tissues and bladder cancer cells using the �1L and HYAL-1(666R) primer
pair.

TABLE 2
Tissue distribution of HYAL-1 transcripts with different TSS
HYAL-1 transcripts expressed in each of the 24 tissues in the Sure-RACEpanel were
cloned and sequenced to determine the TSS for each transcript. The position of
each TSS is indicated with respect to the base 27274 (TSS�1) in the human cosmid
clone LUCA13 (accession number AC002455).

TSS Tissue
�450 Fetal brain
�30 Kidney, brain
�1 Adrenal, liver, small intestine, spleen
�1 Muscle, pancreas, uterus, ovary, lung, placenta, testis
�5 Liver, lung, heart, breast
�41 Fetal liver
�65 Liver
�377 Colon, small intestine, thyroid, colon
�550 Fetal liver, fat
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were spliced out. These results show that, although there are
multiple TSS in the HYAL-1 gene, the transcription predomi-
nantly starts between nucleotides �1 and �5.

Because bladder tissue was not included in the Sure-RACE
discovery panel, we subjected bladder tissues (normal and
tumor) and bladder cancer cells to RT-PCR using PCR primers
that amplify cDNAs starting at �1 or �5 (primer pair �1L and
HYAL-1(666R), seeTable 1). As shown inFig. 2C, twoPCRprod-
ucts of 666 and 181 bases are generated in bladder tissues and
bladder cancer cells using this primer pair. Sequencing of both

PCRproducts revealed that theTSS is
at (or upstream of) nucleotide�1. As
described before (27), the 666-base
PCR product is the unspliced
HYAL-1 transcript. The 181-base
product is generated by splicing the
region between nucleotides 109 and
596 present within the 5�-untrans-
lated region of the HYAL-1 tran-
script (27, 35). RT-PCR was also
performed using primers that can
amplify a cDNA starting at �30
(primer pair �23L or �30L and
HYAL-1(666R), see Table 1). How-
ever, no PCR product was observed
using these primers (data not
shown).
Examination of the Minimal Pro-

moter Region inHYAL-1—Todeter-
mine the minimal HYAL-1 pro-
moter region, we cloned up to
�1.5-kb region upstream of the
HYAL-1 TSS (position �1), using a
firefly luciferase reporter vector and
a two-step cloning strategy. We ini-
tially generated eight HYAL-1
genomic fragments by PCR amplifi-
cation. The positions of these
genomic fragments and the PCR
products are shown in Fig. 3, A and
B. These fragments were cloned
into the pGL4.10[luc2] vector, and
the firefly luciferase activity was
measured following the transfection
of 253J-Lung cells with each con-
struct. As shown in Fig. 4A, all of the
constructs, including the smallest
construct (�93/�410), induce pro-
moter activity 15–20-fold over the
basal reporter activity induced by
the promoterless pGL4.10[luc2]
vector (vector construct). To iden-
tify the minimal promoter region,
we generated three new constructs,
�146/�84, �93/�84, and �38/�
84 (Fig. 3,C andD). As shown in Fig.
4B, the �146/�84 and �93/�84
constructs induce 170–180-fold

more reporter activity than the vector construct, but the �38/
�84 construct has the same reporter activity as the vector con-
struct. Therefore, theminimal promoter activity in theHYAL-1
gene is between nucleotides�93 and�38. Cloning of the�93/
�84 construct, in the reverse orientation with respect to the
firefly luciferase gene, sharply decreases the reporter activity
from �180-fold to just �10-fold higher than the basal reporter
activity induced by the pGL4.10[luc2] vector (Fig. 4B). This
suggests that the region �93 to �38 contains and is essential
for the HYAL-1 promoter activity.

FIGURE 3. Generation of HYAL-1 promoter constructs. A, schematic representation of various HYAL-1 pro-
moter constructs starting at different 5� positions and ending at �410 position. The numbers in the parenthe-
ses indicate the starting position of each construct 5� to the TSS designated as “1.” B, PCR amplification of
various constructs shown under “A” using different forward primers with KpnI linker and the �410R primer
with NheI linker. The sequences of these primers are shown in Table 1. C, schematic representation of various
HYAL-1 promoter constructs. The arrows and the numbers in parentheses indicate the starting and the ending
position of each construct. �93/84R is the reverse construct in which HYAL-1 promoter was cloned in reverse
orientation with respect to luciferase cDNA. D, PCR amplification of various constructs shown under C using
various forward and reverse primer pairs as shown in Table 1.

FIGURE 4. Analysis of HYAL-1 promoter-reporter constructs. A, 253J-Lung cells were transiently co-trans-
fected with a Renilla vector and an HYAL-1 promoter-luciferase construct starting at a specific 5� position and
ending at �410 at the 3� end, as described under “Experimental Procedures.” Firefly luciferase activity (luc2)
was measured and normalized to Renilla luciferase (hRluc). Normalized reporter activity (ratio of firefly lucifer-
ase to Renilla luciferase (Luc/Renilla)) is shown. B, normalized reporter activity induced by various HYAL-1
promoter constructs was assayed in 253J-Lung cells following transient transfection. C, reporter activity
induced by the �93/�84 construct was assayed in various bladder cell lines following a transient co-transfec-
tion, as described above. In the same assay, the vector construct was also co-transfected in each cell line along
with the Renilla luciferase vector. The normalized basal reporter activity from the vector construct varied
between 0.8 and 3.1 in various cell lines. D, reporter activity induced by the �93/�84 construct was assayed in
prostate cancer cell lines following a transient co-transfection. The normalized basal reporter activity from the
vector construct varied between 1.2 and 2.5 in the three cell lines.
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Because the �93/�84 construct induces �170-fold more
reporter activity than the vector, but the �93/�410 construct
induces the reporter activity only �20-fold over the control,
this suggests two possibilities. First, a negative regulatory ele-
ment(s) may be present within the �84 to �410 region, result-
ing in the loss of luciferase activity. Second, improper splicing
of theHYAL-1-luciferase transcriptmay occur, causing the loss
of the luciferase coding region. Although the �410 constructs
contain the�109 splice donor site, they lack the�592 (AGGT)
splice acceptor site present within the 5�-untranslated region of
the HYAL-1 transcript. To test these two possibilities, we gen-
erated the �93/�612 construct (Fig. 3, C and D) that contains
both the splice donor and acceptor sites of the HYAL-1 tran-
script. As shown in Fig. 4B, the �93/�612 construct induces
�80-fold more reporter activity than the vector construct. In
the pGL4.10[luc2] sequence, 10 AGGT sites are found, and the
nucleotides (AGCC) preceding the AGGT site at nucleotide
1613 in the pGL4.10[luc2] sequence are similar to those preced-
ing the acceptor site at�592 (GGCC) in theHYAL-1 sequence.
RT-PCR of the total RNA isolated from 253J-Lung cells trans-
fected with �146/�410 construct, using �1L and
pGL4.10[luc2]1758R primers, resulted in a smear of PCR
products with a major PCR band of �300 bases (data not
shown). This suggests that themodest reporter activity induced
by various �410 constructs is most likely because of improper
splicing and not because of the negative regulation of HYAL-1
promoter activity by sequences present within the �84 and
�410 region.
Examination of HYAL-1 Promoter-Reporter Activity in Blad-

der and Prostate Cell Lines—Because the minimal promoter
region was found to reside between nucleotides �93 and �38,
we next examined whether the �93/�84 construct is able to
induce the firefly luciferase reporter activity in bladder and
prostate cancer cell lines. As shown in Fig. 4C, in the RT4 blad-
der cancer cell line and the TEU-1 and PD07i normal urothelial
cell lines, the reporter expression following transfection with
the �93/�84 construct is �20-fold higher than the basal
expression. However, in all other bladder cancer cell lines, the
reporter activity of the �93/�84 construct is 150–230-fold
over the basal activity, regardless of the endogenous HYAL-1
expression andHAase activity production (Fig. 4C). Similarly in
prostate cancer cells, PC3-ML which express low HYAL-1
mRNA levels and HAase activity, the �93/�84 construct
induced reporter activity (�170-fold) that is comparable with
LNCaP and DU145 cells, which express HYAL-1 (Fig. 4D).
Identification of Putative HYAL-1 Promoter Transcription

Factor Binding Sites—Because we experimentally identified
the region between �93 and �38 as the minimal promoter
region, we examined whether promoter analysis programs
identify a similar region as the promoter in HYAL-1 gene.
We used two promoter analysis programs, “www tools for
promoter scan” (www-bimas.cit.nih.gov) and “Genomatix
MatInspector.” Both programs identified a putative pro-
moter region in the HYAL-1 gene between nucleotides �262
and �12, which includes the experimentally identified
HYAL-1 promoter region. The programs identified a TATA-
box like sequence (TACAAA) at �31, overlapping binding
sites for transcription factors Egr-1, SP1, and AP-2 between

nucleotides �73 and �50 and an NF�B-binding site at �15
(Fig. 5A). No CpG island was found within the predicted
promoter region, but three CpGs were found at �71, �59,
and �6.
To determine whether the region containing the transcrip-

tion factor binding sites (i.e.�73 to�50 and�15) and the CpG
dinucleotides (�71, �59, and �6) are important to promoter
activity, we performed oligonucleotide-basedmutagenesis.We
synthesized a wild type oligonucleotide containing the region
between�80 and�17 and also sevenmutated oligonucleotides
encompassing the same region (Fig. 5A). These oligonucleo-
tides were cloned into the same firefly luciferase reporter vec-
tor, pGL4.10[luc2]. As shown in Fig. 5B, the wild type oligonu-
cleotide resulted in reporter activity (�100–120-fold) that is
comparable with the �93/�84 construct in bladder cancer
(T24 and HT1376) and prostate cancer (LNCaP and PC3-ML)
cell lines. This suggests that the region between �80 and �17
nucleotides is sufficient for HYAL-1 promoter activity. In
mutantsM1 andM2, one of the two CCGCCC sites (consensus
for Egr-1/SP1-binding sites) was deleted. As shown in Fig. 5B,
deletion of the CC�71GCCC site (M1) results in �90% loss of
promoter activity in all four cells lines. Although not as drastic
asM1mutation, the deletion of the CC�59GCCC (M2) site also
results in the loss of promoter activity (50–70%). It is notewor-
thy that in prostate cancer cell lines, mutation of both C�71 and
C�59 results in a greater loss of promoter activity (�90% loss)
than in bladder cancer cell lines (65–70% loss; Fig. 5, A and B).
In both bladder and prostate cancer cell lines, mutant M4
(mutation of C�71 to A�71) has 50–60% lower reporter activity

FIGURE 5. Determination of luciferase activity induced by HYAL-1 pro-
moter mutants. A, schematic representation of the minimal HYAL-1 pro-
moter region illustrating the putative transcription factor binding sites
and of the oligonucleotide mutagenesis for generating seven HYAL-1 pro-
moter mutants. The position of each mutant is shown. B, T24, HT1376,
LNCaP, and PC3-ML cells were transiently transfected with vector, wild
type (wt) (oligonucleotide �80 to �17 construct), or an oligonucleotide
mutant, together with the Renilla vector. Firefly luciferase and Renilla lucif-
erase activities were measured. In each cell line, the normalized firefly
luciferase activity (promoter activity) for the wild type construct is consid-
ered as 100%,and promoter activity of each mutant is expressed as per-
cent of HYAL-1 wild type.
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when compared with the wild type construct (Fig. 5, A and B).
Some difference is observed in prostate and bladder cancer cell
lines with respect to themutation of C�59 (mutant 5).Whereas
in prostate cancer cell lines M5 shows 60–70% loss of the pro-
moter activity, in bladder cancer cell lines the loss is 30–40%.
Contrary to the effect of C�71 and C�59 mutations on the
reporter activity, alteration of C�6 to an A, does not cause any
loss of reporter activity. Finally, the deletion of the putative
NF�B site also results in 40–50% loss of the promoter activity.
Therefore, although somedifferences exist among cell lines, the
region between nucleotides �73 and �50 nucleotides and the
putativeNF�B-binding site appear to be important forHYAL-1
promoter activity in both prostate and bladder cancer cell lines.
Identification of Transcription Factors That Bind to HYAL-1

Promoter—To determine whether any of the transcription fac-
tors (e.g. SP1, AP-2, Egr-1, and NF�B) that have putative bind-
ing sites within the minimal HYAL-1 promoter region actually
bind the promoter, we performed the CHIP assay. As shown in
Fig. 6A, in 253J-Lung and HT1376 bladder cancer cell lines,
which show high HYAL-1 expression, transcription factors
Egr-1, AP-2, and NF�B bind the HYAL-1 promoter. However,
there is no SP1 binding to the promoter (Fig. 6A). As expected,
little HYAL-1 promoter binding is detected in the control IgG
sample. The difference in Egr-1, AP-2, or NF�B binding to the
HYAL-1 promoter, when compared with control IgG, was sta-
tistically significant (p 	 0.001; Bonferroni’s test). The binding
of Egr-1 to the HYAL-1 promoter is 5-fold higher than of AP-2
or NF�B binding, and this difference is also statistically signif-
icant (p 	 0.01). In LNCaP cells, which have some HYAL-1
mRNA expression (Fig. 1), only AP-2 binding is observed to the
HYAL-1 promoter. The CHIP assay onHYAL-1 nonexpressing
cells showed a different pattern of transcription factor binding.
In T24, J82, HT5637, and PC3-ML cells, which do not express
HYAL-1, SP1 binds to the HYAL-1 promoter (Fig. 6B). The
difference in SP1 binding to the HYAL-1 promoter, when com-
pared with control IgG, was statistically significant (p 	 0.001;
Bonferroni’s test). No Egr-1, AP-2, or NF�B binding was
observed to the HYAL-1 promoter in the T24, J82, or HT5637
cells. In PC3-ML cells, AP-2 bound the HYAL-1 promoter;
however, SP1 bindingwas 4-fold higher thanAP-2 binding (p	
0.001). Real time PCR results were confirmed by analyzing the
PCR-amplified product on agarose gel, along with a HYAL-1
promoter standard amplified in the same experiment. As
shown in Fig. 6C, an expected 230-bp HYAL-1 promoter PCR
product (�146/�84) is detected in the anti-Egr-1, anti-NF�B,
and/or anti-AP-2 real time PCR samples from 253J-Lung cells.
In T24 cells, the PCR-amplified HYAL-1 promoter product is
detected only in the anti-SP1 real time PCR sample.
Regulation of HYAL-1 Expression by DNAMethylation—Be-

cause similar reporter activity of HYAL-1 promoter constructs
was detected in bladder and prostate cells, regardless of the
endogenous HYAL-1 expression, and different transcription
factorswere found to bind to the promoter inHYAL-1-express-
ing and in HYAL-1 nonexpressing cells, we examined whether
promoter methylation (at C�71, C�59, and possibly C�6) regu-
lates HYAL-1 expression. Therefore, we treated T24 and J82
cells for 4 days with a DNA-demethylating agent, 5-AzaC.
HYAL-1 mRNA expression was determined by real time RT-

PCR. The cell CM were assayed for HAase activity using the
HAase test, and HYAL-1 protein expression was analyzed by
immunoblotting. As shown in Fig. 7A, 5-AzaC treatment
induces HYAL-1 mRNA expression in T24 and J82 cells, in a
dose-dependent manner, with a maximum �4-fold increase
observed at �1 �M concentration. Methylated DNA binds
methylcytosine-binding proteins, which in turn interact with
histone deacetylases to silence gene expression (36). Consistent
with this finding, when TSA, a histone deacetylase inhibitor,
was combined with 5-AzaC, �10-fold induction of HYAL-1
mRNA expression was observed in both the T24 and J82 cells
(Fig. 7A). However, TSA alone did not induce HYAL-1 expres-
sion (data not shown). The increase in HYAL-1 mRNA expres-
sion is accompanied by an increase in HAase activity and

FIGURE 6. Examination of transcription factor binding to HYAL-1 pro-
moter by CHIP assay. Formaldehyde-fixed and sonicated lysates of bladder
and prostate cancer cells were subjected to CHIP assays using normal rabbit
IgG (Ctrl IgG), or IgGs for anti-SP1, anti-Egr-1, anti-AP-2, and anti-NF�B. Fol-
lowing CHIP, immunoprecipitated DNA was subjected to real time PCR using
HYAL-1 primers (�146L and �84R) that amplify the HYAL-1 promoter region,
as described under “Experimental Procedures.” A, real time PCR assay results;
B, agarose gel electrophoresis of the real time PCR samples of 253J-Lung and
T24 cells shown under “A.” C, HYAL-1*, PCR product generated by PCR ampli-
fication of the �146L/�84R promoter construct, in the same real time PCR
experiment.
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HYAL-1 protein levels. As shown in Fig. 7B, 5-AzaC alone
increases HAase activity from undetectable levels to up to 5–10
milliunits/105 cells, whereas, togetherwithTSA, theHAase lev-
els are similar to those secreted by HYAL-1-expressing 253J-
Lung and HT1376 cells (�20–40 milliunits/105 cells). As
shown in Fig. 5C, 5-AzaC induces HYAL-1 protein expression
in T24 and J82 cells, and the expression is increased further in
the presence of TSA. Similar results were also observed in other
low HYAL-1-expressing cells (i.e. 253J-parent, HT5637; data
not shown). These results show that the endogenous HYAL-1
expression is regulated by DNA methylation. It is noteworthy
that because CpG methylation does not occur in prokaryotes,
various HYAL-1 reporter constructs tested in this study were
unmethylated and therefore showed comparable promoter
activity in bladder and prostate cells, regardless of the methyl-
ation status of the endogenous HYAL-1 promoter.
Analysis of HYAL-1 Promoter Methylation—To determine

whether HYAL-1 promoter methylation occurs at C�71, C�59,
and/or C�6, genomic DNA isolated from bladder and prostate
cancer cells was treated with sodium bisulfite and then

sequenced. As shown in Fig. 8A, inHT1376 cells, bothC�71 and
C�59 are partially methylated (both C and T peaks are
detected). However, in T24 cells, bothC�71 andC�59 aremeth-
ylated. In both cell lines, C�6 was methylated (data not shown).
To quantify methylation at C�71 and C�59 in bladder and pros-
tate cancer cell lines, we performed methylation-specific real
time PCR (37, 38) using primers that amplify the bisulfite-mod-
ified HYAL-1 promoter region and detection probes that dis-
tinguish between methylated and unmethylated C�71 and
C�59. As shown in Fig. 8B, in HYAL-1-expressing bladder can-
cer cells, the percentage of unmethylated C�71 � C�59 is 4–7-
fold higher than in low to noHYAL-1-expressing cells. Further-
more, the difference between the percentage of unmethylated
C�71 � C�59 in HYAL-1-expressing cells (i.e. HT1376, 253J-
Lung, HT1197, and UMUC-3) and in HYAL-1 nonexpressing
cells (i.e. 253J-Parent, RT4, T24, TEU1, and HT5637) is statis-
tically significant (p 	 0.001; Bonferroni’s test). Similarly, in
prostate cancer cells, the percentage of unmethylated C�71 �
C�59 in low HYAL-1-expressing PC3-ML is 2–3-fold higher
than in HYAL-1 expressing LNCaP and DU145 cells, respec-
tively. Furthermore, Pearson’s correlation analysis showed that

FIGURE 7. Examination of HYAL-1 expression and HAase activity follow-
ing 5-AzaC and TSA treatment. T24 and J82 cells were treated with 5-AzaC
either alone or in combination with TSA (100 nM) as described under “Exper-
imental Procedures.” A, measurement of HYAL-1 mRNA expression by RT-real
time PCR; B, measurement of HAase activity in the CM of 5-AzaC-treated or
untreated T24 and J82 cells by the HAase ELISA-like assay. C, immunoblot
analysis of HYAL-1 protein in T24 and J82 cell CM following 5-AzaC and TSA
treatment.

FIGURE 8. Analysis of HYAL-1 promoter methylation. Genomic DNA iso-
lated from bladder and prostate cells was treated with sodium bisulfite and
subjected to direct sequencing or methylation-specific real time PCR as
described under “Experimental Procedures.” A, sequencing of bisulfite-
treated DNA. HYAL-1 promoter region was amplified from bisulfite-treated
DNA by PCR and then sequenced using the �224(BS)L primer as described
under “Experimental Procedures.” B and C, bisulfite-treated DNA was sub-
jected to real time PCR using the �224(BS)L and �25(BS)R primers and
�M(�70) and UM(�70) probes to distinguish between methylated and
unmethylated C�71 and C�59.
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in bladder and prostate cells, the correlation between the per-
centage of unmethylated C�71 � C�59 and HAase activity (as
shown in Fig. 1) is statistically significant (Spearman r 
 0.879;
p 	 0.0001; two-tailed). We also attempted to use detection
probes that distinguishmethylated and unmethylatedC�71 and
C�59 separately. However, these probes could not distinguish
the methylation status at single nucleotides even in the bisul-
fite-treatedHYAL-1 promoter standard (�146/�84 construct)
that was unmethylated or methylated in vitro using the M.SssI
DNA methylase (data not shown).
Effect ofHAandHA-oligo onHYAL-1 PromoterActivity—Be-

cause very little is known about the regulation of HYAL-1
expression, we examined whether HYAL-1 expression is under
the regulation of its own substrate (i.e. HA) or the degradation
product (i.e. HA-oligo �2 kDa). We examined their effect on
HYAL-1 mRNA expression by real time RT-PCR. As shown in
Fig. 9A, HA increases HYAL-1 expression in HT1376 cells in a
dose-dependent manner, with a maximum increase of �3-fold
observed at 20 �g/ml concentration, at the 14-h time point.
HA-oligo did not alter HYAL-1 mRNA expression when tested
at similar concentrations and time intervals (data not shown).
HA also did not cause any induction inHYAL-1mRNA expres-

sion in T24 or J82 cells, which show
little HYAL-1 expression. We next
examined the effect of HA on
HYAL-1 promoter activity in
HT1376, T24, and PC3-ML cells
transfected with the �93/�84 con-
struct. Because HA caused a maxi-
mum increase in HYAL-1 mRNA
levels at 20 �g/ml concentration
after 14 h of incubation, we used
these conditions to examine the
effect of HA on HYAL-1 promoter
activity. As shown in Fig. 9B, HA
increases HYAL-1 promoter activ-
ity in both T24 and HT1376 cells in
a dose-dependent manner with a
maximum increase of �2.3-fold
(p 	 0.01; Bonferroni’s multiple
comparison test). In PC3-ML cells
that express highHA levels (20), HA
did not increase HYAL-1 promoter
activity and, at higher concentra-
tion, a slight decrease (�25%) was
observed (Fig. 9B). The increase in
HYAL-1 promoter activity by HA
was observed with two different
sources of HA (i.e. human umbilical
cord HA and HA prepared by bac-
terial fermentation (Genzyme
Corp.)). As in the case of HYAL-1
mRNA expression, the HA-oligo
did not induce any HYAL-1 pro-
moter activity.
To determine which sequence in

the minimal HYAL-1 promoter
region is responsible for HA-in-

duced increase in HYAL-1 expression, we examined the effect
of HA on HYAL-1 promoter activity induced by HYAL-1 wild
type promoter and promoter mutant constructs. As shown in
Fig. 9C, in HT1376 cells, HA causes �2-fold induction of the
promoter activity displayed by the wild type construct. How-
ever, HAdoes not cause any increase in the promoter activity of
mutants M1, M3, and M4. In contrast, HA increases the pro-
moter activity ofmutantsM2,M5,M6, andM7. As described in
Fig. 5,M1 lacks theCC�71GCC site; inM3, bothC�71 andC�59

aremutated, and inM4, C�71 ismutated. This suggests thatHA
most likely inducesHYAL-1 promoter activity through the Egr-
1-binding site that involves C�71. Similar results are also
obtained in T24 cells, suggesting that in bothHYAL-1-express-
ing and nonexpressing cells (Fig. 9D), HA induces promoter
activity through the same mechanism. We next used the CHIP
assay to examine whether HA increased the binding of certain
transcription factors to the HYAL-1 promoter in HT1376 cells.
As shown in Fig. 9E, HA increased the binding of Egr-1 (�2.5-
fold) and to a lesser extent of AP-2 (1.6-fold) to the HYAL-1
promoter, and this increase was statistically significant (p 	
0.01; t test). HA treatment induced very little increase (1.2-fold)
inNF�B binding to theHYAL-1 promoter inHT1376 cells (Fig.

FIGURE 9. Effect of HA on HYAL-1 expression, HYAL-1-promoter activity, and transcription factor bind-
ing. A, effect of HA on HYAL-1 expression. HT1376 cells were treated with various concentrations of HA for
different time periods, and HYAL-1 mRNA expression was examined by real time RT-PCR analysis, as described
under “Experimental Procedures.” HYAL-1 mRNA expression was normalized to �-actin mRNA expression.
B, bladder and prostate cancer cells co-transfected with the �93/�84 and Renilla vector were exposed to
various concentrations of HA for 14 h. The normalized firefly luciferase activity in the untreated control is
considered as 100%, and the results of the treated samples are expressed as percent of untreated. C and D,
effect of HA on the promoter activity of vector, HYAL-1 wild type, and oligonucleotide mutants. HT1376 (C) and
T24 (D) cells were transiently transfected with vector, HYAL-1 wild type, and an oligonucleotide mutant
(described in Fig. 5A). 48 h following transfection, the cells were treated with HA (20 �g/ml) for 14 h, and the
firefly and Renilla luciferase activities were determined as described under “Experimental Procedures.” The
normalized firefly luciferase activity in the untreated HYAL-1 wild type construct transfected cells is considered
as 100%, and the results of all other samples are expressed as percent of HYAL-1 wild type (HYAL-1-Wt). E, effect
of HA on transcription factor binding to HYAL-1 promoter by CHIP assay. HT1376 cells were treated with 20
�g/ml HA for 14 h. Following treatment, the cell lysates were subjected to CHIP assay using normal rabbit IgG
(Ctrl IgG) or IgGs for anti-Eg-1, anti-AP-2, and anti-NF�B. Following CHIP, immunoprecipitated DNA was sub-
jected to real time PCR using �146L and �84R primers as described under “Experimental Procedures.” The
results are expressed as percent untreated, where the 1/fold difference � 104 for the untreated sample for each
IgG was considered as 100%. The mean (1/fold difference) � 104 for the untreated samples are as follows: 0.837
(rabbit IgG), 2.72 (AP-2), 28.72 (Egr-1), and 7.18 (NF�B).
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9E). Consistent with the finding that HA did not induce
HYAL-1 expression in HYAL-1 nonexpressing cells, HA did
not alter SP1 binding to the HYAL-1 promoter in T24 cells.
Furthermore, HA did not induce Egr-1, AP-2, or NF�B binding
to the HYAL-1 promoter in T24 cells (data not shown). These
results show that althoughHA increases HYAL-1 expression in
cells that normally expressHYAL-1, it does not induceHYAL-1
expression in HYAL-1 nonexpressing cells. This suggests that
the binding of different transcription factors to the methylated
and unmethylated HYAL-1 promoter is the key regulator of
HYAL-1 expression in bladder and prostate cancer cells.

DISCUSSION

HYAL-1 HAase is overexpressed in a variety of carcinomas
such as bladder, prostate, head and neck, and breast. Further-
more, elevated HYAL-1/HAase levels are an accurate diagnos-
tic and prognostic marker for cancer progression (12–23, 39).
HYAL-1 is involved in promoting tumor growth, infiltration,
and angiogenesis (24, 25, 40). However, the overexpression of
HYAL-1, at concentrations much higher than those usually
expressed in tumor tissues and tumor cells, induces apoptosis
and inhibits tumor formation (25). Besides these studies, there
is little information about howHYAL-1 expression is regulated.
Our study shows that in normal and tumor tissues and cells,

HYAL-1 expression is controlled mainly at the transcription
level. HYAL-1 mRNA levels in high HYAL-1-expressing cells
are 10–50-fold greater than in low HYAL-1-expressing cells.
Furthermore, HYAL-1 mRNA levels in bladder tumor tissues
are 6–10-fold higher than in normal bladder tissues. We have
previously shown that in tumor tissues, HYAL-1 is exclusively
expressed in tumor cells (13, 16, 19, 20). Therefore, the elevated
HYAL-1 levels in tumor tissues aremost likely attributed to the
increased HYAL-1 expression in tumor cells. It is noteworthy
thatHYAL-1 expression is low in normal bladder specimens (as
compared with bladder tumor specimens) from patients with
active bladder cancer. This suggests that HYAL-1 is most likely
not turned on as a result of the “field effect.” Field effect has
been suggested to prime the entire urothelium for developing
tumors because of the prolonged exposure of the urothelium to
carcinogens, such as those in cigarette smoke or paints and dyes
(41).
Analysis of TSS shows that HYAL-1 is expressed in a vari-

ety of normal tissues and that there are multiple TSS. In the
majority of tissues, including bladder and prostate tissues/
cells, transcription starts between nucleotides �1 and �5.
These TSS are 30–36 bases downstream of the canonical
TACAAA box. TACAAA is a weak TATA box with the
TATA-binding proteins interacting at the TACA sequence
(42, 43). No canonical TACAAA or TATA box is found
upstream of any of the other TSS (i.e. �450, �30, �41, �65,
�377, and �550). It is noteworthy that HYAL-2 transcrip-
tion also starts at multiple TSS but no canonical TATA box is
found within the HYAL-2 gene (26). At the present time, the
function of the untranslated nucleotide sequence between �1
and �616 is unknown. However, the detection of TSS at �41,
�65, �377, and �550 nucleotides indicates that at least in
some tissues, this untranslated leader sequence is necessary for
HYAL-1 transcription.

The region between nucleotides�93 and�84 (the�93/�84
construct) is equally effective at inducing the reporter activity
in bladder and prostate cancer cell lines that either express high
HYAL-1 levels (e.g. 253J-Lung,HT1376, andDU145),moderate
HYAL-1 levels (e.g.UMUC-3, 253J-Parent, andLNCaP), or very
low/no HYAL-1 (e.g. T24, J82, HT5637, and PC3-ML). This
discrepancy between endogenous HYAL-1 expression and
HYAL-1-reporter activity can be explained by the fact that
methylation of the HYAL-1 promoter at C�71 and C�59

inversely correlates with the endogenous HYAL-1 expression.
Because in prokaryotes there is no CpG methylation, the
HYAL-1-promoter constructs are unmethylated and therefore
induceHYAL-1 promoter activity regardless of themethylation
status of the endogenous HYAL-1 promoter.
DNA hypermethylation is often associated with silencing of

tumor suppressor genes, and it involves a CpG island (35). In con-
trast, HYAL-1 promotes tumor growth, invasion, and angiogene-
sis, and the promoter contains no CpG island (24, 25). Similar to
HYAL-1, heparanase, which degrades heparan sulfate, promotes
tumor growth and progression (44, 45). DNA methylation is the
main epigenetic event for heparanase regulation in cancer (46, 47).
In bladder and prostate carcinomas, heparanase expression
inversely correlates with the methylation of an Egr-1-binding site
(46, 48). DNA hypomethylation occurs commonly in cancer,
especially in bladder cancer, and it induces the expression of
genes involved in tumor growth and progression (49–52). It is
noteworthy that such hypomethylation occurs at CpGswithin a
promoter, but these CpGs are not part of a CpG island (49).
Thus, DNAhypomethylationmay induce the expression of gly-
cosaminoglycan-degrading enzymes such as HYAL-1 and
heparanase that promote tumor invasion and angiogenesis (40,
44, 53).
Because HYAL-1 promoter activity was low in normal

urothelial cells, it suggests that the nuclear environment (e.g.
transcription factor expression/activation) is important in reg-
ulating HYAL-1 expression. CHIP assay results show that in
cells that express HYAL-1, Egr-1 (and to a lesser degree AP-2)
binds to theHYAL-1 promoter. Egr-1 andAP-2 consensus sites
are present between nucleotides �73 and �50. Because the
deletion of the CC�71GCCC site leads to �90% reduction in
HYAL-1 promoter activity, the binding of Egr-1 (and possibly
Ap-2) to this site appears to be necessary for the induction of
HYAL-1 promoter activity. On the contrary, in cells which do not
expressHYAL-1, we found SP1 binding to theHYAL-1 promoter.
Because both SP1 and Egr-1 have two overlapping binding sites
within the promoter (Fig. 5), it appears that although SP1 binding
to themethylatedHYAL-1promoter turnsoff transcription, bind-
ing of Erg-1 (and also AP-2) to the unmethylated promoter turns
on transcription. Furthermore, binding of NF�B to its consensus
sequence is not necessary for turning on transcription, but it may
enhance the promoter activity. The lack of Egr-1 binding to the
HYAL-1 promoter in LNCaP cells may be due to the lower per-
centage of unmethylatedC�71 andC�59 in theHYAL-1 promoter
(Fig. 8). This alsomay explain whyHYAL-1 expression is lower in
LNCaP cells when compared with the expression in 253J-Lung,
HT1376, or DU145 cells.
Identification of the minimal promoter region in the

HYAL-1 gene should allow the evaluation of the regulation of
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HYAL-1 expression in normal and tumor tissues. We found
that HA induces HYAL-1 expression and also the promoter
activity. The mechanism of HA-induced HYAL-1 expression
most likely involves increased binding of transcription factors
Egr-1, AP-2, and to a lesser extent of NF�B to the HYAL-1
promoter. In contrast, the �2-kDa HA-oligo, which is the end
product of HA degradation by HYAL-1, does not have any
effect on HYAL-1 expression or promoter activity. Themodest
induction (2–2.5-fold) of HYAL-1 expression and promoter
activity by HAmay be because the bladder and prostate cancer
cells used in this study also synthesize and secrete HA (20, 32).
Thus, the exogenous addition of HAmay only have a moderate
effect on the overall induction of HYAL-1 by HA.
Taken together, in this study we established that the elevated

expression of HYAL-1 protein and HAase levels in tumor cells
and high grade tumor tissues is mainly because of increased
HYAL-1 mRNA levels. The minimal HYAL-1 promoter region
contains overlapping transcription factor binding sites, and
these sequences are important for the promoter activity.
HYAL-1 expression appears to be epigenetically regulated. Pro-
moter methylation and the binding of different transcription
factors to the methylated and unmethylated promoter appear
to be the key regulators of HYAL-1 expression in normal and
tumor cells. Our study also raises an interesting question about
cancer therapeutics involving DNA-demethylating agents.
Hyper-methylation of tumor suppressor genes has been exten-
sively investigated for developing cancer markers and thera-
peutics. However, if DNAhypo-methylation turns on the genes
that function in tumor growth and metastasis (e.g. heparanase,
urokinase-type plasminogen activator,MMP-2, HYAL-1), then
DNA hypo-methylation-inducing therapies may only have
short term efficacy, as they could speed up the progression of
surviving cancer cells (49). Identification of the HYAL-1 pro-
moter and plausible mechanisms of promoter regulation
should allow future studies on how various environmental and
cellular factors and DNA-demethylating treatments affect
HYAL-1 expression in normal and disease conditions.
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