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Abstract

The serum level of prostate-speciWc antigen (PSA) is useful as a clinical marker for diagnosis and assessment of the progression of
prostate cancer, and in evaluating the eVectiveness of treatment. We characterized four Sp1/Sp3 binding sites in the proximal pro-
moter of the PSA gene. In a luciferase assay, these sites contributed to the basal promoter activity in prostate cancer cells. In an elec-
trophoretic mobility shift assay and chromatin immunoprecipitation assay, we conWrmed that Sp1 and Sp3 bind to these sites.
Overexpression of wild-type Sp1 and Sp3 further upregulated the promoter activity, whereas overexpression of the Sp1 dominant-
negative form or addition of mithramycin A signiWcantly reduced the promoter activity and the endogenous mRNA level of PSA.
Among the four binding sites, a GC box located at nucleotides ¡53 to ¡48 was especially critical for basal promoter activity. These
results indicate that Sp1 and Sp3 are involved in the basal expression of PSA in prostate cancer cells.
  2005 Elsevier Inc. All rights reserved.
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Prostate cancer is one of the most frequent cancers in
older men. Prostate-speciWc antigen (PSA)1 is expressed
exclusively in normal, hyperplastic, and malignant pros-
tatic epithelia [1]. The serum level of PSA is a useful clin-
ical marker for the diagnosis and assessment of the
progression of prostate cancer, and in evaluating the
eVectiveness of treatment [2]. After androgen ablation
therapy, cancer progression and serum PSA levels are
reduced in most patients. However, in most cases, the
tumor progresses again despite androgen deprivation,
and no longer responds to endocrine therapy. The pro-

gression of prostate cancer to androgen independence is
commonly associated with a rebound in serum PSA lev-
els [3]. PSA is a 33 kDa chymotrypsin-like serine prote-
ase that belongs to the kallikrein family. The well-known
biological function of this enzyme is in the liquefaction
of seminal coagulum by digestion of the high-molecular-
weight seminal–vesicle protein, seminogelin [4]. PSA also
degrades insulin-like-growth-factor-binding protein 3
[5]. It is thought to play several roles in tumor biology,
such as in the attachment of cancer cells to bone-marrow
endothelium [6].

The expression of PSA is tightly regulated by andro-
gens through the androgen receptor (AR) [7–9]. The reg-
ulation of the PSA gene has been intensively
characterized. A region of up to 6 kb upstream from the
transcription start site is responsible for its expression
[10,11]. The proximal PSA promoter has been deWned as
the fragment to nucleotide ¡630, which contains a core
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TATA box [10,12], and the enhancer element has been
mapped to around the ¡4 kb region [10,11]. There are
several androgen receptor (AR)-binding sites in both the
proximal promoter and the enhancer region [10,12].
Other transcription factors also bind in these regions
[13–16]. The enhancer region contains most of the ele-
ments required for the androgen regulation and pros-
tate-speciWc expression of the PSA gene [10,11,17]. On
the other hand, little progress has been made in deter-
mining the AR-independent regulation of PSA gene
expression.

SpeciWcity protein (Sp)1 is a ubiquitously expressed
transcription factor that plays an important role in the
transcription of many genes containing GC-rich motifs
in their promoters [18]. To date, other members of the
Sp family, Sp2–Sp8, have been reported [19]. The bio-
chemical properties of Sp5–Sp8 have not been well
studied. Sp2 does not recognize the same sequences as
Sp1. Sp4 expression is restricted to brain tissue. Both
Sp1 and Sp3 are expressed ubiquitously and compete
for common target sequences. Sp1 is a transcriptional
activator, whereas Sp3 can act as either a transcrip-
tional activator or a repressor. Although the activity of
Sp1 is believed to be constitutive, it has recently been
shown to participate in activities such as cell diVerenti-
ation [20], the cell cycle [21], development [22], toler-
ance of low pH conditions [23], and the enhancement
of drug resistance [24]. Sp1 mRNA level and Sp1 DNA
binding activity are increased in squamous cell
carcinoma in the skin [25], and Sp1 is constitutively
overactive in human pancreatic [26] and gastric cancers
[27].

In this study, we showed that Sp1 and Sp3 bind in the
proximal region of the PSA promoter, and contribute to
the basal expression in prostate cancer cells.

Materials and methods

Materials

The materials used and their sources were as follows:
RPMI 1640 and Mithramycin A, from Sigma (St. Louis,
MO); Lipofectamine Plus Reagent System, from Invitro-
gen (Carlsbad, CA); Dual-Luciferase Reporter Assay
System, from Promega (Madison, WI); ECL Plus, from
Amersham Biosciences (Piscataway, NJ); ChIP Assay
Kit, from Upstate Biotechnology (Lake Placid, NY); and
the polyclonal rabbit antibodies against human Sp1 and
Sp3, from Santa Cruz Biotechnology (Santa Cruz, CA).

Cells and cell-culture conditions

The human prostate cancer cell line, LNCaP, was
purchased from the American Type Culture Collection
(ATCC, Rockville, MD) and maintained in RPMI 1640

medium containing 10% heat-inactivated fetal bovine
serum (Sanko Junyaku, Tokyo, Japan) at 37 °C in a
humidiWed 5% CO2/95% air environment.

Construction of chimeric plasmids

PCR procedures were used to generate 5� stepwise
deletion constructs of the PSA promoter. PCR was per-
formed using sets of oligonucleotide primers speciWc for
the human PSA gene sequence, of which the forward
primer was SacI-site-linked and the reverse primer
HindIII-site-linked (Table 1). LNCaP genomic DNA
was used to generate the pGL3 ¡761/+12 construct,
which was used as the template for the other constructs.
These PCR products were subcloned into the pGEM-T
Easy vector (Promega), then digested with SacI and
HindIII and subcloned into the SacI/HindIII sites of the
pGL3 Basic vector (Promega).

Substitution mutation constructs were generated by
site-directed mutagenesis [28] using the pGL3 ¡761/+12
plasmid as template. For six-base substitutions, we intro-
duced the PstI sequence, CAGCTG, into the substitu-
tion sites. The primers used in the PCR ampliWcations
are shown in Table 1. The PCR products were digested
with endonuclease and then self-ligated. All mutagenesis
plasmids were digested with SacI and HindIII, and recl-
oned into the SacI/HindIII sites of the pGL3-Basic
vector.

The expression plasmids used were pCMV-Sp1,
kindly provided by Dr. Elder [29], and pRC/CMV-Sp3
from Dr. Suske [30]. Both plasmids are under the control
of the cytomegalovirus (CMV) promoter. The domi-
nant-negative Sp1 plasmid, pEBG-Sp1, was a generous
gift from Dr. Thiel [31].

Transient transfection and luciferase assay

LNCaP cells were plated at a density of 2£105/35 mm
dish about 18 h before transfection. For transient trans-
fections, 0.5 �g of plasmid DNA was transfected into
these cells using the Lipofectamine Plus Reagent System
(Invitrogen). The plasmid phRL-TK vector (Promega)
was always cotransfected as an internal control for
transfection eYciency. After further cultivation under
serum-deprived conditions for 24 h, the transfected cells
were harvested, lysed, centrifuged to pellet the debris,
and subjected to the luciferase assay. Luciferase activity
was measured as chemiluminescence in a luminometer
(Lumat LB 9507, Perkin–Elmer Life Sciences) using the
Dual-Luciferase Reporter Assay System (Promega)
according to the manufacturer’s protocol. Cotransfec-
tion experiments were performed with 0.5 �g of Sp1 or
Sp3 expression plasmids or 1 �g of the dominant-nega-
tive Sp1 plasmid. Mithramycin A was incubated with
concentration of 5, 25, and 100 nM for 24 h before lucif-
erase assays [32]. All transfections were performed in
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triplicate and the results are expressed as
means § standard deviations (SD) of three independent
experiments.

Preparation of nuclear extracts

Nuclear extracts from LNCaP cells were prepared
according to the method of Dignam et al. with some
modiWcations [33,34]. All buVers contained the protease
inhibitors leupeptin (2 �g/ml), aprotinin (2 �g/ml), pep-
statin A (2�g/ml), phenylmethylsulfonyl Xuoride
(PMSF; 0.5 mM), and dithiothreitol (DTT; 1 mM). Cells
(1 £ 108) were brieXy scraped in ice-cold phosphate-
buVered saline (PBS), centrifuged for 5 min at 1500 rpm,
and washed with PBS before recentrifugation. The pel-
lets were resuspended in buVer (10 mM Hepes, pH 7.8,
10 mM KCl, 0.1 mM ethylenediaminetetraacetic acid
[EDTA], and 0.1% Nonidet P-40), incubated on ice for
10 min, and homogenized. Nuclei were pelleted by centri-
fugation at 3000 rpm for 10 min at 4 °C, then resus-
pended in buVer (50 mM Hepes, pH 7.8, 420 mM KCl,
5 mM MgCl2, 0.1 mM EDTA, and 20% glycerol) and
mixed by rotation at 4 °C for 1 h. After centrifugation at
24,000g for 30 min at 4 °C, the supernatants were col-
lected and stored at ¡80 °C until used. The protein con-
centrations of the nuclear extracts were determined by
Bradford assay (Bio-Rad, Hercules, CA) using bovine
serum albumin as the standard.

Electrophoretic mobility shift assays

Probes used for electrophoretic mobility shift assays
(EMSA) were generated by PCR using each set of
HindIII-site-linked primers (Table 1). All PCR products
were subcloned into the pGEM-T Easy vector. All plas-
mids were digested with HindIII and the digested
fragments were radiolabeled with [�-32P]dCTP using
Klenow fragment to Wll in the HindIII overhanging
sites.

The binding reaction was carried out for 30 min at
25 °C in 25�l of binding buVer (50 mM Hepes, pH 7.8,
250 mM KCl, 25 mM MgCl2, 5 mM EDTA, and 50%
glycerol) containing 20,000–30,000 cpm of labeled probe,
3 �g of poly(dI–dC), and 15 �g of nuclear extract.

For the competition assays, a double-stranded
oligonucleotide containing the consensus Sp1 binding
site was generated by annealing equimolar complemen-
tary single-stranded oligonucleotides. The consensus Sp1
binding site is 5�-ATTCGATCGGGGCGGGGC
GAGC-3�.

For the supershift assay, anti-Sp1 and anti-Sp3 poly-
clonal antibodies and preimmune goat IgG were pur-
chased (Santa Cruz Biotechnology). For the interference
assays, a 20- or 100-fold molar excess of unlabeled com-
petitor or 4�g of antibody was added to the reaction
mixture for 1 h at 4 °C before the addition of radiola-
beled probe.

Table 1
Primers used for PCR procedure in the experiments

1. For generation of luciferase constructs of 5� stepwise deletion (see Fig. 1A)
pGL ¡761/+12: (sense; ¡761) 5�-gagctcTATTTGTTGGAGAAGGGGCATTG-3�

pGL ¡153/+12: (sense; ¡153) 5�-gagctcCTCTCCCTCCCCTTCCAC-3�

pGL ¡100/+12: (sense; ¡100) 5�-gagctcGCAGCATGGGGAGGGCCT-3�

pGL ¡81/+12: (sense; ¡81) 5�-gagctcGGTCAGCCTCTGGGTGCC-3�

Common: (anti-sense; +12) 5�-aagcttGGGGCTGGGGAGCCTCCC-3�

(Italic letters indicate tagged SacI and HindIII sites in the sense and anti-sense primer for cloning.)

2. For generation of oligonucleotides used for EMSA (see Figs. 2A and 6A)
¡302/¡256: (sense) 5�-aagcttTATGAAGAATCGGGGATC-3�

(anti-sense) 5�-aagcttAGGATGAAACAGAAACAG-3�

¡147/¡101: (sense) 5�-aagcttCTCCCCTTCCACAGCTCT-3�

(anti-sense) 5�-aagcttTGGAGGCTGGACAACCCC-3�

¡109/¡68: (sense) 5�-aagcttCCCAGAGGCTGACCAAGG-3�

(anti-sense) 5�-aagcttCAGCCTCCAGCAGCATGG-3�

¡72/¡31: (sense) 5�-aagcttCTGGGTGCCAGCAGGGCA-3�

(anti-sense) 5�-aagcttCTTCATTCCCCAGGACTC-3�

(Italic letters indicate tagged HindIII sites in the primer for cloning.)

3. For generation of oligonucleotides and luciferase constructs of substitution mutation (see Figs. 6A and 7A)
M1: (sense M1) 5�-ctgcagGAGTCCTGGGGAATAAG-3�

(anti-sense M1) 5�-ctgcagTGCCCTGCTGGCACCCAG-3�

M2: (sense M2) 5�-ctgcagCCTTGGTCAGCCTCTGGG-3�

(anti-sense M2) 5�-ctgcagCCATGCTGCTGGAGGCTG-3�

M3: (sense M3) 5�-ctgcagAGGGGGTTGTCCAGCCTC-3�

(anti-sense M3) 5�-ctgcagCCCAGAGCTGTGGAAGGG-3�

M4: (sense M4) 5�- ctgcagCCTGTTTCTGTTTCATCC-3�

(anti-sense M4) 5�- ctgcagGTACGATCCCCGATTCTT-3�

(Italic letters indicate tagged PstI sites in the primer for generating mutation.)
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The DNA–protein complexes were separated on a
4.5% nondenaturing polyacrylamide gel in 0.25£ Tris–
borate electrophoresis buVer at 200 V. Following electro-
phoresis, the gel was transferred onto 3 MM paper
(Whatman, Maidstone, England) and dried under
vacuum. The dried gel was visualized by autoradiogra-
phy using the FLA-5000 imaging system (Fuji Film,
Tokyo, Japan).

Western blot analysis

Immunoblotting was performed as described by
Sambrook et al. [35]. BrieXy, proteins were separated on a
sodium dodecyl sulfate (SDS)–10% polyacrylamide gel
and transferred to a 0.2�m Pall FluoroTrans W Mem-
brane (Nippon Genetics, Tokyo, Japan). NonspeciWc
binding was blocked overnight with 5% nonfat milk in
PBS. Anti-Sp1 or anti-Sp3 polyclonal antibody (Santa
Cruz Biotechnology) was used as the primary antibody at
a 1:1000 dilution. Secondary antibody directed against
the anti-Sp1 and anti-Sp3 antibodies (horseradish–perox-
idase-conjugated anti-rabbit antibody) was used at a
1:3000 dilution. Detection was performed with ECL Plus
(Amersham Biosciences).

Chromatin immunoprecipitation assay

The chromatin immunoprecipitation (ChIP) assay
was performed with a kit (Upstate Biotechnology)
according to the manufacturer’s protocol, with some
modiWcations. All buVers contained PMSF (1 mM),
aprotinin (1 �g/ml), and pepstatin A (1 �g/ml). BrieXy,
LNCaP cells (2 £ 106) were suspended in 1 ml of culture
medium and Wxed in a Wnal concentration of 1% form-
aldehyde for 15 min at room temperature. After the
addition of 100 �l of 1.5 M glycine and incubation for
10 min at room temperature, the cells were pelleted by
centrifugation at 3000 rpm for 5 min at 4 °C, then resus-
pended in cold PBS and mixed by rotation at 4 °C for
10 min. After centrifugation, the cell pellets were resus-
pended in SDS lysis buVer, incubated for 10 min at
4 °C, and sonicated four times for 10 s, yielding DNA
fragments of 200–1000 bp. After centrifugation, the
supernatant was diluted in ChIP dilution buVer,
precleared with a salmon sperm DNA (ssDNA)/pro-
tein A–agarose slurry, and immunoprecipitated with
the indicated antibodies overnight at 4 °C. Immuno-
complexes were captured in the ssDNA/protein A–aga-
rose slurry, and washed with low salt wash buVer,
high-salt wash buVer, and LiCl wash buVer, then Wnally
washed twice with TE buVer. The immunocomplexes
were eluted by incubation for 15 min at 25 °C with
400 �l of elution buVer (1% SDS, 100 mM NaHCO3,
and 1 mM DTT). To reverse the DNA cross-linking,
the eluates were treated with 16 �l of 5 M NaCl and
incubated for 6 h at 65 °C, then treated with proteinase

K for 1 h at 45 °C. The DNA fragments were extracted
with phenol/chloroform and precipitated with ethanol.
PCR was performed for 35 step cycles of 94 °C for 30 s,
60 °C for 1 min, and 72 °C for 1 min, followed by 72 °C
for 2 min. The PCR products were analyzed by electro-
phoresis on a 2% agarose gel stained with ethidium
bromide.

RNA extraction, cDNA synthesis, and LightCycler 
real-time PCR

For the inhibition experiments, the dominant-nega-
tive Sp1 plasmid (4 �g) was transfected or mithramycin
A (100 nM) was added to each 100 mm dish of subcon-
Xuent LNCaP cells for 24 h before the cells were
harvested. Total RNA was prepared from the cells using
an ISOGEN kit (Nippon Gene, Tokyo, Japan). Total
RNA (2 �g) was reverse-transcribed using MuLV
reverse transcriptase (Applied Biosystems, Warrington,
UK) after random hexamer priming. The mRNA levels
of PSA were quantiWed with the LightCycler System
using LightCycler FastStart DNA Master SYBR Green
I (Roche Diagnostics GmbH, Mannheim, Germany).
As an internal control, human ribosomal S26 RNA was
also quantiWed. The primers for PSA were 5�-CCTCC
TGAAGAATCGATTCCT-3� (sense) and 5�-CGTCC
AGCACACAGCATGAA-3� (anti-sense). The primers
for S26 were 5�-CGTGCCTCCAAGATGACAAA-3�
(sense) and 5�-TAAATCGGGG TGGGGGTGTT-3�
(anti-sense). The PCR protocol included a denaturation
step at 95 °C for 5 min followed by 45 cycles of
denaturation at 95 °C for 15 s, annealing at 57 °C for
10 s, and extension at 72 °C for 15 s. The speciWcity of
the PCR products was conWrmed with melting curve
analysis by the presence of single melting curves and
reconWrmed by agarose gel electrophoresis. The Wt
point method was used to determine the concen-
tration using LightCycler Software version 3.3 (Roche
Molecular Biochemicals). The PSA mRNA levels are
expressed relative to the levels of S26 RNA in the same
samples, as the means § SD of three independent
experiments.

DNA sequencing

Nucleotide sequences were determined by auto-
mated DNA sequencing (ABI PRISM 310 Genetic
Analyzer, Applied Biosystems, Foster, CA) using the
BigDye Terminator Cycle Sequencing Kit (Applied
Biosystems).

Statistical analysis

An unpaired t test was used to determine statistical
signiWcance.



T. Shin et al. / Archives of Biochemistry and Biophysics 435 (2005) 291–302 295

Results

IdentiWcation of Sp1/Sp3 binding sites and deletion 
analysis of the human PSA promoter

Sp1 and Sp3 are involved in the regulation of many
aspects of cancer biology. To analyze the role of Sp1 and
Sp3 transcription factors in the regulation of the human
PSA gene, we initially searched for the consensus
Sp1/Sp3 binding element in the proximal promoter region
using MatInspector (http://www.genomatrix.de) and
TFSEARCH (http://molsun1.cbrc.aist.go.jp/research/db/
TFSEARCH.html). In the ¡761 to +12 region of the
proximal promoter, we found four putative Sp1/Sp3
binding sites that included one GC box and three GT/A-
rich motifs (Fig. 1A).

To remove the Sp1/Sp3 binding sites one by one, a
series of chimeric 5� stepwise deletion constructs linked
to the luciferase gene were generated. Luciferase assays
were performed with LNCaP cells, a human prostate
cancer cell line. The longest construct, pGL3 ¡761/+12,

had detectable promoter activity compared with that of
the negative control, pGL3 Basic. The activity of the
shorter constructs decreased gradually as the Sp1/Sp3
binding sites were lost (Fig. 1B).

Binding of Sp1 and Sp3 to the four consensus elements of 
the human PSA promoter

To identify Sp1/Sp3 binding to the consensus ele-
ments in vitro and in vivo, EMSA and ChIP assay were
performed, respectively. For the EMSA, we prepared
four oligonucleotides that cover the putative Sp1/Sp3
sites (Fig. 2A). First, the ¡72/¡31 probe bound nuclear
protein extracted from LNCaP cells, producing three
bands (Fig. 2B). These bands were competitively inhib-
ited with unlabeled excess ¡72/¡31 oligonucleotide or
consensus Sp1/Sp3 binding oligonucleotides in a dose-
dependent manner, but were not competitively inhibited
by random ssDNA.

To determine whether these bands were DNA–Sp1 or
DNA–Sp3 complexes, we used an interference assay

Fig. 1. IdentiWcation of Sp1/Sp3 binding sites and deletion analysis of the PSA promoter. (A) Schematic representation of the PSA proximal pro-
moter and the 5�-deleted promoter-luciferase constructs. Computer analysis revealed four Sp1/Sp3 binding sites, Sp-A, -B, -C, and -D. (B) Luciferase
activity in LNCaP cells. All the constructs were cotransfected with the phRL-TK vector as an internal control for transfection eYciency. The histo-
grams indicate activities (%) relative to that of pGL3 ¡761/+12. Data are means § SD of three independent experiments.

http://www.genomatrix.de
http://www.genomatrix.de
http://molsun1.cbrc.aist.go.jp/research/db/TFSEARCH.html
http://molsun1.cbrc.aist.go.jp/research/db/TFSEARCH.html
http://molsun1.cbrc.aist.go.jp/research/db/TFSEARCH.html
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with speciWc antibodies. The upper band was supershif-
ted by anti-Sp1 antibody and the middle and lower
bands by anti-Sp3 antibody. On the other hand, control
normal goat IgG did not supershift any band. These
results are consistent with the results of the experiment

in which the consensus Sp1/Sp3 binding oligonucleotide
was used as probe. We concluded that the upper band
was a DNA–Sp1 complex and the middle and lower
bands were DNA–Sp3 complexes.

As shown in Fig. 2C, the other probes, oligonucleo-
tides ¡302/¡256, ¡147/¡101, and ¡109/¡68, showed
bands similar to those produced with ¡72/¡31, although
additional complexes were also seen when these probes
were used. To examine whether these bands contained
Sp1 or Sp3 complexes, competition assays were per-
formed. Three bands, which migrated to positions simi-
lar to those of the Sp1 and Sp3 complexes formed in the
experiment with the ¡72/¡31 probe, were competitively
inhibited with an unlabeled 100-fold molar excess of the
corresponding oligonucleotides or consensus Sp1/Sp3
binding oligonucleotides. However, other bands were
inhibited incompletely and no band was ever inhibited
with ssDNA. Consistent with these data, the inhibited
bands were shifted with speciWc anti-Sp1 or anti-Sp3
antibody, but the other bands were not (Fig. 2D). These
results indicate that Sp1 and Sp3 bind speciWcally to one
GC box and three GT/A-rich motifs in the PSA proxi-
mal promoter in vitro.

To examine whether Sp1 and Sp3 bind directly to the
PSA promoter, we performed a ChIP assay. DNA–pro-
tein complexes were immunoprecipitated with antibod-
ies, the cross-links were reversed, and the recovered
DNA fragments were monitored by PCR using primers
for the ¡302 to ¡31 bp region of the PSA gene. As
shown in Fig. 3, DNA fragments immunoprecipitated

Fig. 2. EMSA analysis of the PSA promoter. (A) Schematic represen-
tation of four double-stranded oligonucleotides used as probes for
EMSA. (B) The 32P-labeled ¡72/¡31 (lanes 1–12) and Sp1/Sp3 con-
sensus oligonucleotide (lanes 13–16) were incubated with nuclear
extract from LNCaP cells. Lane 1 lacks nuclear extract. Competition
analyses were performed in the presence of a 20- or 100-fold excess of
unlabeled ¡72/¡31 (lanes 3 and 4), ssDNA (lanes 5 and 6), or Sp1/Sp3
consensus oligonucleotide (lanes 7 and 8) as competitors. Supershift
analysis was performed in the presence of 4 �g of various antibodies,
anti-Sp1 (lanes 10 and 14), anti-Sp3 (lanes 11 and 15), or control IgG
(lanes 12 and 16). Control assays were performed without competitor
or without antibody (lanes 2, 9, and 13). Arrowheads and asterisks
indicate the protein–DNA complexes and the supershifted complexes,
respectively. (C) Competition analyses were performed using ¡302/¡256,
¡147/¡101, or ¡109/¡68 as probes. The competitor was a 100-fold
excess of unlabeled oligonucleotides corresponding to the probe (lanes
3, 8, and 13), Sp1/Sp3 consensus oligonucleotides (lanes 4, 9, and 14),
or ssDNA (lanes 5, 10, and 15). Control assays were performed with-
out nuclear extract and competitor (lanes 1, 6, and 11), and with
nuclear extract but without competitor (lanes 2, 7, and 12). Arrow-
heads indicate speciWc protein–DNA complexes. Note that some non-
speciWc bands appear, depending on the probes. Open arrowheads
indicate the apparently nonspeciWc bands. (D) Supershift analyses
were performed using ¡302/¡256, ¡147/¡101, or ¡109/¡68 as
probes. Antibodies used were anti-Sp1 (lanes 2, 6, and 10), anti-Sp3
(lanes 3, 7, and 11), or control IgG (lanes 4, 8, and 12). Control assays
were performed without antibody (lanes 1, 5, and 9). Arrowheads,
asterisks, and open arrowheads indicate the speciWc, supershifted, and
nonspeciWc protein–DNA complexes, respectively.
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with polyclonal antibodies against Sp1 and Sp3 were
ampliWed by PCR, as was the positive control, whereas
those immunoprecipitated with normal IgG were not.
These results indicate that Sp1 and Sp3 bind speciWcally
to the expected binding sites in the PSA proximal pro-
moter in vivo.

To further conWrm the speciWcity of this binding, we
used nuclear extracts from LNCaP cells transfected with
Sp1 and/or Sp3 expression vectors. Western blot analysis
showed signiWcant increases in Sp1 and Sp3 proteins in
experiments using these expression vectors, compared
with that in which a mock vector was used, whereas no
change in the internal control, �-tubulin, was seen
(Fig. 4A). In EMSA, three DNA–protein complexes,
which could contain Sp1 or Sp3, were enhanced by
transfection with expression vectors encoding both Sp1
and Sp3 in an experiment using all the oligonucleotide
probes (Fig. 4B). When the Sp1 or Sp3 expression vector
was cotransfected with a luciferase reporter plasmid,
luciferase activity increased markedly in parallel with the
number of binding sites (Fig. 4C). Conversely, when a
dominant-negative Sp1 (DN-Sp1) plasmid was cotrans-
fected with the PSA promoter-luciferase construct pGL3

Fig. 3. ChIP assay. A ChIP assay was performed to conWrm the bind-
ing of Sp1 and Sp3 to the PSA promoter in vivo. The protein–DNA
complexes were incubated with polyclonal antibodies directed against
Sp1 or Sp3, and isolated by immunoprecipitation (lanes 4 and 5). All
immunoprecipitated DNA fragments were analyzed by PCR with the
indicated primers. Input before immunoprecipitation was used as the
positive control (lane 1). As the negative controls, the protein–DNA
complexes were incubated without antibodies and with normal IgG
(lanes 2 and 3, respectively).

Fig. 4. Overexpression of Sp1 and/or Sp3 in LNCaP cells. (A) Western blot analysis was performed with nuclear extracts (15 �g) from LNCaP cells
that had been transfected with the Sp1 (pCMV-Sp1), Sp3 (pRC/CMV-Sp3), or mock expression vector. Sp3 produced three speciWc bands, which
indicate the existence of isoforms [51]. �-Tubulin was used as an internal control. (B) EMSA was performed after overexpression of both Sp1 and Sp3
(lanes 2, 4, 6, 8, 10, and 12) or not (lanes 1, 3, 5, 7, 9, and 11) in LNCaP cells. The 32P-labeled ¡302/¡256 (lanes 3 and 4), ¡147/¡101 (lanes 5 and 6),
¡109/¡68 (lanes 7 and 8), ¡72/¡31 (lanes 9 and 10), or Sp1/Sp3 consensus oligonucleotides (lanes 11 and 12) were used as probes. A control assay
was performed without probe (lanes 1 and 2). Arrowheads and open arrowheads indicate the DNA–Sp1/DNA–Sp3 and nonspeciWc complexes,
respectively. (C) LNCaP cells were cotransfected with the promoter–reporter plasmid and the Sp1, Sp3, or mock expression vector. Relative activities
(%) were normalized against the activity of the pGL3 ¡761/+12 cotransfected with the mock expression vector. Data are means § SD of three inde-
pendent experiments.
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¡761/+12 (Fig. 5A), DN-Sp1 inhibited the basal tran-
scriptional activity of the PSA promoter (p < 0.05).
Mithramycin A, which interferes with the binding of the
Sp family of transcription factors to GC-rich promoter
regions [32], also decreased the promoter activity in a

dose-dependent manner (Fig. 5B). Furthermore, DN-
Sp1 or mithramycin A signiWcantly reduced the endoge-
nous mRNA levels of PSA by 27% or by 61% (Fig. 5C).
These results indicate that Sp1 and Sp3 transcription
factors upregulate the human PSA gene through multi-
ple Sp1/Sp3 binding sites in the proximal promoter
region.

Sp1/Sp3 binding sites cooperatively regulate the activity 
of the PSA promoter

To examine whether each sequence at the putative
Sp1/Sp3 binding site is critical for binding, we generated
mutated oligonucleotides (Fig. 6A). Competition EMSA
with the mutated oligonucleotides showed that no band
was competitively inhibited by any mutated oligonucleo-
tide, whereas the Sp1 or Sp3 complexes were competi-
tively inhibited with an unlabeled 100-fold molar excess
of the corresponding wild-type oligonucleotide (Fig. 6B).
These results conWrm that Sp1 and Sp3 bind to the
predicted Sp1/Sp3 binding sites. To determine which
Sp1/Sp3 binding site is functional and most important, a
series of substitution mutations in the luciferase con-
struct were prepared (Fig. 7A). LNCaP cells were
cotransfected with the mutated pGL3 ¡761/+12 con-
structs and the mock, Sp1, or Sp3, expression vector, and
the luciferase activity was assayed. Although the activity
gradually decreased with stepwise deletions from the 5�
end (Figs. 1B and 4C), the activity of the M1 construct
was suppressed to the basal level in transfections with
the mock vector (Fig. 7B). The activities of the M2 and
M4 constructs were also suppressed by 29 and 54%,
respectively. The suppression of the activity of the M3
construct was not statistically signiWcant. These results
demonstrate the diVerences in the activity of the four
Sp1/Sp3 binding sites. Furthermore, with overexpression
of Sp1 or Sp3, the tendencies were consistent with those
of the mock vector. The activity of the M1 construct was
signiWcantly lower than that of the other constructs. The
activities of M2 and M4 were slightly suppressed,
whereas that of M3 was not. These results indicate that
the most downstream binding site, Sp-A, located from
¡53 to ¡48, is critical for basic promoter activity, and
that the other sites also contribute cooperatively to the
activity of the PSA promoter.

Discussion

In this study, we analyzed the role of Sp1 and Sp3
transcription factors in the regulation of the human PSA
promoter in prostate cancer cells. We showed that Sp1
and Sp3 transcription factors bind directly to the PSA
promoter at four binding sites and upregulate the activ-
ity of the promoter. Of the four Sp1/Sp3 binding sites in
the PSA promoter region, the most downstream

Fig. 5. Inhibition of basal promoter activity and mRNA expression of
PSA. (A) LNCaP cells were cotransfected with 0.5 �g of the pGL3
Basic or pGL3 ¡761/+12 construct and 1 �g of the dominant-negative
Sp1 expression vector (pEBG DN-Sp1) or empty vector (pEBG), and
a luciferase assay was performed. Relative activities (%) were normal-
ized against the activity of the pGL3 construct cotransfected with the
empty vector (pEBG). Data are means § SD of three independent
experiments and diVerences are statistically signiWcant (*p < 0.05). (B)
Luciferase assay was performed after LNCaP cells were incubated
with various concentrations of mithramycin A for 24 h. Relative activ-
ities (%) were normalized against the activity of the pGL3 ¡761/+12
construct without mithramycin A. Data are means § SD of three inde-
pendent experiments. (C) Analysis of PSA mRNA expression using
LightCycler real-time PCR. LNCaP cells were transfected with pEBG
DN-Sp1 or treated with mithramycin A (100 nM) for 24 h before the
cells were harvested. The levels of mRNA were normalized against
that of ribosomal S26 from the same preparation of cDNA and
expressed relative to the levels in control cells. Data are means § SD of
three independent experiments. A value of *p < 0.05 or **p < 0.01
when compared with the results for pEBG-Mock or without mithra-
mycin A, respectively.
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Sp1/Sp3 site, which is a “classical” GC box, is most criti-
cal for maintaining basal promoter activity. This Wnding
concurs with Franco et al.’s [36] report that the “B”
motif centered at ¡60 bp is essential for the basal activa-
tion of the promoter, analyzed with a luciferase assay.
However, they reported that the “B” motif does not
interact with Sp family members. Using a footprinting
method, Yeung et al. [37] identiWed a key cis-acting ele-
ment located at ¡68 to ¡52. Their EMSA and UV cross-
linking experiments indicated that a 45-kDa cell-speciWc
transcription factor associates with this element. How-
ever, this element does not contain a complete GC box,
and they excluded Sp family members. In same article,
they mentioned the P2 element, which is essential for
basal activation, deduced from the data of a luciferase
assay. This element is located from ¡62 to ¡48, where a

GC box occurs. Recently, MooreWeld et al. [38] reported
that PSA expression is stimulated by a subset of Sp fam-
ily members in prostatic epithelia. Taking these data and
our own together, we infer that Sp1/Sp3 and the 45-kDa
transcription factor might be involved in this region.

Sp1 is a ubiquitous transcription factor that binds to
consensus elements in the proximal promoters of a wide
variety of genes and acts as a transcriptional activator.
Sp3 is another transcription factor that binds to the
same sequences and can act as a transcriptional activa-
tor or repressor [18]. We have shown that Sp3 acts as a
transcriptional activator, like Sp1, in the proximal region
of the PSA gene promoter in LNCaP cells (Fig. 4C).
Transfection of the Sp1 expression vector increased the
expression of Sp3 as well as that of Sp1, and vice versa
(Fig. 4A). These results lead us to conjecture that Sp1

Fig. 6. Mutation analysis of the four Sp1/Sp3 binding sites in the PSA promoter. (A) Schematic representation of four double-stranded mutant
oligonucleotides used as competitors for EMSA. (B) Competition EMSA with the mutant oligonucleotides. The 32P-labeled Sp1/Sp3 consensus oli-
gonucleotide was used as a probe. The competitor was a 100-fold excess of wild-type or mutant ¡72/¡31 (lanes 3 and 4), ¡109/¡68 (lanes 5 and 6),
¡147/¡101 (lanes 7 and 8), or ¡302/¡256 (lanes 9 and 10). Lane 1 lacks a competitor. Arrowheads indicate Sp1– or Sp3–DNA complexes.
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and Sp3 cross-regulate the expression of one another in
LNCaP cells. This cross-regulation may be partly
explained by the fact that Sp3 is able to bind to the Sp1
promoter [39].

Sp1 and Sp3 are ubiquitous transcription factors, and
are involved in the regulation of many aspects of physio-
logical and pathological conditions, including cell
growth, apoptosis, angiogenesis, and invasion [26,40–49].
Recent studies have shown that Sp1 expression is related
to tumor development and progression in cancer cells
including those of epidermal tumors [25], pancreatic can-
cer [26], and gastric cancer [27]. As shown in Fig. 5C,
DN-Sp1 or mithramycin A signiWcantly reduced the
endogenous mRNA levels of PSA in LNCaP cells. These
Wndings conWrm that Sp1 and Sp3 are involved in the
transcriptional regulation of PSA. During tumor devel-
opment and progression, Sp1 and Sp3 can be overacti-
vated by several mechanisms. Sp1 activity can be
modulated by stress factors, such as hypoxia [50] and

low pH [23], which are common characteristics of solid
tumors. Therefore, Sp1 and Sp3 might play some roles in
the tumor biology of prostate cancer through the regula-
tion of the PSA gene.

The combination of diVerent transcription factors in
regulating gene expression has been widely observed.
Like AR, other factors that are activated via diVerent
signal transduction pathways might also contribute to
the expression of the PSA gene. Perez-Stable et al. [13]
suggested that GATA-2 and -3 are involved in the
androgen-mediated regulation of the PSA gene. Wang
et al. [16] identiWed a novel cis-acting element, GAG-
ATA, that contributes to the expression of the PSA gene
in response to androgen. Curiously, there are discrepan-
cies between the data of Fig. 1B (or Fig. 4C) and Fig. 7B.
In the former experiment, the constructs were deleted
stepwise at the 5� end, whereas in the latter experiment,
all the constructs were the same length but mutated at
each Sp1/Sp3 binding site. The 5� stepwise deletion con-

Fig. 7. Functional analysis of the four Sp1/Sp3 binding sites in the PSA promoter. (A) Schematic representation of a series of substitution mutations
in the Sp1/Sp3 binding sites of the promoter. (B) Luciferase assay was performed with the mutation constructs transfected into LNCaP cells. The Sp1
(pCMV-Sp1), Sp3 (pRC/CMV-Sp3), or mock expression vector was cotransfected. Relative activities (%) were normalized against the activity of the
wild-type pGL3 ¡761/+12 cotransfected with the mock expression vector. Data are means § SD of three independent experiments. Asterisks indicate
statistically signiWcant results (p < 0.01) compared with the results for the wild-type pGL3 ¡761/+12 that was cotransfected with each expression vec-
tor. pGL3 Basic was used as the negative control.
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structs might have lost not only the Sp1/Sp3 binding
sites but also other binding sites, which might explain the
diVerence between the data in those experiments. These
observations imply that other unidentiWed positive/nega-
tive factors work in the proximal promoter of the PSA
gene. Clinically, the progression of prostate cancer from
androgen-dependent to androgen-independent states is
considered a major and serious problem. In the andro-
gen-independent state induced by androgen ablation
therapy, a rebound in serum PSA is observed in many
patients in parallel with the progression of the cancer.
Several studies have shown that transcription factors
such as NF-�B [15] and prostate-derived Ets factor
(PDEF) [14] are involved in hormone-refractory mecha-
nisms. However, except for the AR pathway, the mecha-
nisms that involve other transcription factors have not
been well characterized. In Fig. 7A, the promoter activi-
ties of the M1–M4 constructs in the presence of dihydro-
testosterone (DHT) decreased in the same proportion as
those in the absence of DHT (data not shown). These
results support the view that Sp1 and Sp3 directly bind
to the PSA promoter and do not act via the androgen–
AR pathway.

In conclusion, we have shown that Sp1 and Sp3 tran-
scription factors upregulate the human PSA gene
through multiple Sp1/Sp3 binding sites in the proximal
promoter region in LNCaP cells. This study should pro-
vide new insight into the functional roles of Sp1 and Sp3
in prostate cancer, such as in the androgen-independent
state.

Acknowledgments

We thank Drs. Gregory A. Elder, Guntram Suske, and
Gerald Thiel for kindly providing the pCMV-Sp1, pRC/
CMV-Sp3, and pEBG-Sp1, respectively. We also thank
the staV of Division of Radioisotope Research, Institute
of ScientiWc Research, Oita University where we per-
formed some experiments. This work was supported by
Grant-in-Aid for ScientiWc Research (11470312 and
14370468 to H.Y.) from the Ministry of Education, Cul-
ture, Sports, Science and Technology of Japan.

References

[1] P. Henttu, P. Vihko, Ann. Med. 26 (1994) 157–164.
[2] J.E. Oesterling, J. Urol. 145 (1991) 907–923.
[3] T.A. Stamey, J.N. Kabalin, M. Ferrari, N. Yang, J. Urol. 141

(1989) 1088–1090.
[4] E.D. Crawford, E.P. DeAntoni, C.A. Ross, J. Cell. Biochem. Suppl.

25 (1996) 149–155.
[5] S. Rehault, P. Monget, S. Mazerbourg, R. Tremblay, N. Gut-

man, F. Gauthier, T. Moreau, Eur. J. Biochem. 268 (2001)
2960–2968.

[6] V.I. Romanov, T. Whyard, H.L. Adler, W.C. Waltzer, S. Zucker,
Cancer Res. 64 (2004) 2083–2089.

[7] C.Y. Young, B.T. Montgomery, P.E. Andrews, S.D. Qui, D.L. Bil-
hartz, D.J. Tindall, Cancer Res. 51 (1991) 3748–3752.

[8] B.T. Montgomery, C.Y. Young, D.L. Bilhartz, P.E. Andrews,
J.L. Prescott, N.F. Thompson, D.J. Tindall, Prostate 21 (1992)
63–73.

[9] J. Trapman, K.B. Cleutjens, Semin. Cancer Biol. 8 (1997) 29–36.
[10] K.B. Cleutjens, C.C. van Eekelen, H.A. van der Korput, A.O.

Brinkmann, J. Trapman, J. Biol. Chem. 271 (1996) 6379–6388.
[11] E.R. Schuur, G.A. Henderson, L.A. Kmetec, J.D. Miller, H.G.

Lamparski, D.R. Henderson, J. Biol. Chem. 271 (1996) 7043–
7051.

[12] S. Pang, S. Taneja, K. Dardashti, P. Cohan, R. Kaboo, M.
SokoloV, C.L. Tso, J.B. Dekernion, A.S. Belldegrun, Hum. Gene
Ther. 6 (1995) 1417–1426.

[13] C.M. Perez-Stable, A. Pozas, B.A. Roos, Mol. Cell. Endocrinol.
167 (2000) 43–53.

[14] P. Oettgen, E. Finger, Z. Sun, Y. Akbarali, U. Thamrongsak, J.
Boltax, F. Grall, A. Dube, A. Weiss, L. Brown, G. Quinn, K. Kas,
G. Endress, C. Kunsch, T.A. Libermann, J. Biol. Chem. 275 (2000)
1216–1225.

[15] C.D. Chen, C.L. Sawyers, Mol. Cell. Biol. 22 (2002) 2862–2870.
[16] C. Wang, F. Yeung, P.C. Liu, R.M. Attar, J. Geng, L.W. Chung, M.

Gottardis, C. Kao, J. Biol. Chem. 278 (2003) 32423–32430.
[17] W. Huang, Y. Shostak, P. Tarr, C. Sawyers, M. Carey, J. Biol.

Chem. 274 (1999) 25756–25768.
[18] G. Suske, Gene 238 (1999) 291–300.
[19] P. Bouwman, S. Philipsen, Mol. Cell. Endocrinol. 195 (2002) 27–38.
[20] R.W. Leggett, S.A. Armstrong, D. Barry, C.R. Mueller, J. Biol.

Chem. 270 (1995) 25879–25884.
[21] A.R. Black, D. Jensen, S.-Y. Lin, C. Azizkhan, J. Biol. Chem. 274

(1999) 1207–1215.
[22] J.D. SaVer, S.P. Jackson, M.B. Annarella, Mol. Cell. Biol. 11 (1991)

2189–2199.
[23] T. Torigoe, H. Izumi, Y. Yoshida, H. Ishiguchi, T. Okamoto, H.

Itoh, K. Kohno, Nucleic Acids Res. 31 (2003) 4523–4530.
[24] V. Noe, C. Alemany, M. Nicolas, C.J. Ciudad, Eur. J. Biochem. 268

(2001) 3163–3173.
[25] A.P. Kumar, A.P. Butler, Cancer Lett. 137 (1999) 159–165.
[26] Q. Shi, X. Le, Z. Peng, H. Tang, Q. Xiong, B. Wang, X.-C. Li, J.L.

Abbruzzese, K. Xie, Cancer Res. 61 (2001) 4143–4154.
[27] L. Wang, D. Wei, S. Huang, Z. Peng, X. Le, T.T. Wu, J. Yao, J.

Ajani, K. Xie, Clin. Cancer Res. 9 (2003) 6371–6380.
[28] H. Nagato, N. Matsuo, H. Sumiyoshi, K. Sakata-Takatani, M.

Nasu, H. Yoshioka, J. Biol. Chem. 279 (2004) 46373–46383.
[29] G.A. Elder, Z. Liang, C. Li, R.A. Lazzarini, Nucleic Acids Res. 20

(1992) 6281–6285.
[30] G. Hagen, S. Muller, M. Beato, G. Suske, EMBO J. 13 (1994)

3843–3851.
[31] D. Petersohn, G. Thiel, Eur. J. Biochem. 239 (1996) 827–834.
[32] S.W. Blume, R.C. Snyder, R. Ray, S. Thomas, C.A. Koller, D.M.

Miller, J. Clin. Invest. 88 (1991) 1613–1621.
[33] J.D. Dignam, P.L. Martin, B.S. Shastry, R.G. Roeder, Methods

Enzymol. 101 (1983) 582–598.
[34] N. Matsuo, Y.-H. Wang, H. Sumiyoshi, K. Sakata-Takatani, H.

Nagato, K. Sakai, M. Sakurai, H. Yoshioka, J. Biol. Chem. 278
(2003) 32763–32770.

[35] J. Sambrook, E.F. Fritsch, T. Maniatis, Molecular Cloning: A
Laboratory Manual, second ed., Cold Spring Harbor Laboratory,
Cold Spring Harbor, NY, 1989.

[36] O.E. Franco, T. Onishi, K. Yamakawa, K. Arima, M. Yanagawa,
Y. Sugimura, J. Kawamura, Prostate 56 (2003) 319–325.

[37] F. Yeung, X. Li, J. Ellett, J. Trapman, C. Kao, L.W. Chung, J. Biol.
Chem. 275 (2000) 40846–40855.

[38] K.S. MooreWeld, S.J. Fry, J.M. Horowitz, J. Biol. Chem. 279 (2004)
13911–13924.

[39] M. Nicolas, V. Noe, C.J. Ciudad, Biochem. J. 371 (2003) 265–
275.



302 T. Shin et al. / Archives of Biochemistry and Biophysics 435 (2005) 291–302

[40] X. Zhang, Y. Li, C. Dai, J. Yang, P. Mundel, Y. Liu, Am. J. Phys-
iol. Renal Physiol. 284 (2003) F82–F94.

[41] R. Parakati, J.X. DiMario, J. Biol. Chem. 277 (2002) 9278–9285.
[42] E. Kutoh, J.B. Margot, J. Schwander, Cancer Lett. 136 (1999) 187–

194.
[43] P. Sorensen, E. Wintersberger, J. Biol. Chem. 274 (1999) 30943–

30949.
[44] D.A. Grillot, M. Gonzalez-Garcia, D. Ekhterae, L. Duan, N. Ino-

hara, S. Ohta, M.F. Seldin, G. Nunez, J. Immunol. 158 (1997)
4750–4757.

[45] F. Li, D.C. Altieri, Cancer Res. 59 (1999) 3143–3151.

[46] H. Qin, Y. Sun, E.N. Benveniste, J. Biol. Chem. 274 (1999) 29130–
29137.

[47] I. Ibanez-Tallon, C. Ferrai, E. Longobardi, I. Facetti, F. Blasi,
M.P. Crippa, Blood 100 (2002) 3325–3332.

[48] T.A. Luster, L.R. Johnson, T.K. Nowling, K.A. Lamb, S. Philipsen,
A. Rizzino, Mol. Reprod. Dev. 57 (2000) 4–15.

[49] P. Gerwins, E. Skoldenberg, L. Claesson-Welsh, Crit. Rev. Oncol.
Hematol. 34 (2000) 185–194.

[50] Q. Xu, Y.S. Ji, J.F. Schmedtje Jr., J. Biol. Chem. 275 (2000) 24583–
24589.

[51] C. Kingsley, A. Winoto, Mol. Cell. Biol. 12 (1992) 4251–4261.


	Sp1 and Sp3 transcription factors upregulate the proximal promoter of the human prostate-specific antigen gene in prostate cancer cells
	Materials and methods
	Materials
	Cells and cell-culture conditions
	Construction of chimeric plasmids
	Transient transfection and luciferase assay
	Preparation of nuclear extracts
	Electrophoretic mobility shift assays
	Western blot analysis
	Chromatin immunoprecipitation assay
	RNA extraction, cDNA synthesis, and LightCycler real-time PCR
	DNA sequencing
	Statistical analysis

	Results
	Identification of Sp1/Sp3 binding sites and deletion analysis of the human PSA promoter
	Binding of Sp1 and Sp3 to the four consensus elements of the human PSA promoter
	Sp1/Sp3 binding sites cooperatively regulate the activity of the PSA promoter

	Discussion
	Acknowledgments
	References


