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Abstract

Aim: To characterize the matrix metall oproteinases (MMP)-2 promoter and to identify androgen response elements
(ARES) involved in androgen-induced MMP-2 expression. M ethods: MMP-2 mRNA levels was determined by
reverse transcri ption-polymerase chain reaction (RT-PCR). MM P-2 promoter-driven luciferase assays were used to
determine the fragments responsible for androgen-induced activity. Chromatin-immunoprecipitation assay and elec-
trophoretic mobility shift assays (EMSA) were used to verify the identified AREs in the MMP-2 promoter. Results:
Androgen significantly induced MMP-2 expression at the mMRNA level, which was blocked by the androgen antagonist
bicalutamide. Deletion of a region encompassing base pairs -1591 to -1259 (relative to the start codon) of the MMP-2
promoter led to a significant loss of androgen-induced reporter activity. Additional deletion of the 5'-region up to -562
bp further reduced the androgen-induced MM P-2 promoter activity. Sequence analysis of these two regions revealed
two putative ARE motifs. Introducing mutations in the putative ARE motifs by site-directed mutagenesis approach
resulted in a dramatic loss of androgen-induced MM P-2 promoter activity, indicating that the putative ARE motifs are
required for androgen-stimulated MM P-2 expression. Mast importantly, the androgen receptor (AR) interacted with
both motif-containing promoter regions in vivo in a chromatin immunoprecipitation assay after androgen treatment.
Furthermore, the AR specifically bound to the wild-type but not mutated ARE motifs-containing probesin anin vitro
EMSA assay. Conclusion: Two ARE motifs were identified to be responsible for androgen-induced MMP-2 expres-
sion in prostate cancer cells. (Asian J Androl 2007 Jan; 9: 41-50)
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are capable of distant metastasis when tumors are gener-
ated orthotropically. MMP-2, also called gelatinase A, has
been localized by immunohistochemistry to basal and to a
lesser extent secretory epithelial cdls, but not stromd cdlls
of normal and benign prostatic hyperplagtic (BPH) tissues
[2, 3]. It has been shown that higher expression levels of
MMP-2 correlated with tumor metastasis and aggressive
behavior of prostate cancer [1, 3].

Transcription of the human mmp-2 gene is regulated
in cel- and stimulus-specific manner, and sequence analy-
sis of the MMP-2 promoter has reveal ed some potential
cis-acting regulatory e ementsincluding p53, AP-1, Ets-1,
C/EBP, CREB, PEA3, Sat3, GATA-2, Spl and AP-2 that
could beinvolved inthe regulation of MM P-2 expression.
Many factors including cytokines, growth factors and
extracellular matrix proteins have been reported to pro-
mote expression of MMP-2 in human prostate tissue.
Although some MMPs (MMP-1, -3, -7) aredownregulated
by androgen treatment in vitro via androgen receptor
(AR)-Ets protein interaction and increased collagen con-
tent was found in the ventral prostate of the rat after
castration, increased expression of MMP-2, -7 and -9
was observed in both premalignant and malignant tis-
sues after androgen treatment in the Noble rat [3].
Recently, we demonstrated that MMP-2 expression is
increased upon androgen treatment in prostate cancer
cellsvia atranscriptional mechanism[4].

Androgen-induced gene regulation typically occurs
through AR interaction with specific DNA sequences
termed as androgen response e ement (ARE). Thelocation,
sequence and number of ARE motifs associated with a
given androgen target gene varies, although androgen-re-
sponsive regions typically contain multiple nonconsensus
ARE sequences 5'-tgttct-3' [5]. In the present study, we
characterized the MMP-2 promoter and identified two ARE
motifs that are responsible for androgen-induced MM P-2
expression in prostate cancer cells.

2 Materialsand methods

2.1 Cell culture and reagents

The human prostate cancer LNCaP, PC-3, PC-3/AR
and PC-3/Neo cells have been described previoudly [4,
6]. Cellswere maintained in RPM| 1640 supplemented
with 10% fetal bovine serum (FBS) and antibiotics. An-
tibodies against human AR and secondary antibodies were
purchased from Santa Cruz Biotech (Santa Cruz, CA,
USA). Other reagentswere supplied by Sigma (St. Louis,
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MO, USA). Charcoal-stripped fetal bovine serum (cFBS)
was obtained from Atlanta Biologicals (Norcross, GA,
USA).

2.2 mRNA expression analysis and reverse transcrip-
tion-polymerase chain reaction (RT-PCR)

Total RNA was prepared using TriZol™ reagent
(Invitrogen, Carlsbad, CA, USA). To assess mMRNA
expression, a semiquantitative RT-PCR method was used
as described previously [6]. RT-PCR was carried out
using an RETROscript kit from Ambion (Austin, TX,
USA) fallowing the manufacturer’s manual. The primers
and PCR conditions were described as follows: for hu-
man mmp-2 gene (forward 5'-ctgacattgaccttggcacc-3';
backward 5'-tagccagtcggatttgatge-3"), for human PSA
gene (5'-agaacagcaagtgctagete-3' and 5'-aggtggtaagettggy
gctg-3'). 28S ribozyme RNA (forward 5'-gttcacccac
taatagggaacgtg-3'; backward, 5'-gattctgacttagaggcgttcagt-
3") was used as an internal control [7]. The primers
were synthesized by IDT Inc. (Coralville, 1A, USA). The
amplification profile was as follows: 95°C for 30 s, 56°C
for 30 s, and 72°C for 1 min running in a total of 25
cycles. After 25 amplification cycles, the expected PCR
products were size fractionated onto a 2% agarose gel
and stained with ethidium bromide. The band density
was quantitatively measured with a Gel Logic 100 sys-
tem (K odak, New Haven, CT, USA).

2.3 Ste-directed mutagenesis of the human MMP-2 pro-
moter

Site-directed mutagenesis was used to mutate the
putative ARE motifsin the MMP-2 promoter using acom-
mercial QuickChangekit (Stratagene, La Jalla, CA, USA).
Two pairs of PCR primers were used in these experi-
ments. for ARE-1 (wild-type [WT] 5'-tgtatct-3"), for-
ward 5'-gctctatttcccaaggCgCGCctageatctcgeactatacg-3'
and backward 5'-cgtatagtgcgagatgctagGCGgGcecttggga
aatagagc-3'; for ARE-2 (WT 5'-tgttcct-3Y), forward 5'-
cccecacaagtataGgGGecGgattctttcagecectg-3' and back-
ward 5'-caggggctgaaagaatcCggCCcCatatacttgtggggg-3'.
M utated nucl eotides were shown as capital letters. First,
two individual site-directed mutants on each ARE motifs
(termed as ARE-1M and ARE-2M, respectively) were
generated using the WT promoter construct as template.
And then, ancther construct (ARE-1/2M) containing mu-
tations within both ARE motifs was generated by mutat-
ing the ARE-2 motif with the ARE-1M construct as a
template. Successful mutation was confirmed by direct
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sequencing, and the constructs were used in luciferase
reporter assays.

2.4 Luciferaseand secreted alkaline phosphatase reporter
(SEAP) assay

The luciferase reporters controlled by the WT (1 716
bp) and various truncated forms of the human MM P-2
promoter were obtained from Dr Etty N. Benveniste
[8]. The reporter vector pCMV-SEAP, expressing SEAP
under the control of the cytomegalovirus (CMV)
promoter, was described previoudly [4, 6] and was used
as an internal reference control. The reporter assays
were carried out as described in our previous studies [4,
6]. Briefly, cells plated in 6-well tissue culture plates
were transfected in the following day with different
MMP-2 reporter constructs (WT, truncated or mutant
promoters) together with pPCMV-SEAP construct using the
Cytofectene reagent (BioRad, Hercules, CA, USA) accord-
ing to the manufacturer’ s protocal. After 24 h, cellswere
serum-starved for another 24 h and then treated with R1881
(2.0 nmoal/L) in 2% cFBS o fibroblast growth factor-2 (FGF-
2) (10 ng/mL) in serum-free media. Culture supernatants
were collected 24 h later and assayed for SEAP activity.
Cdl lysates were used for luciferase assay and protein as-
says as described in our previous studies [4, 6]. The
luciferase activity of each sample was normalized against
the corresponding SEAP activity before the fold induc-
tion value relative to control cells was cal cul ated.

2.5 Chromatin immunoprecipitation (ChlP) assay
Cells were maintained in 10-cm dishes in medium
without serum for at least 16 h and treated with or with-
out 1.0 nmal/L R1881 for 12 h. The androgen antagonist
bi cal utamide was added 30 min before R1881 treatment
whereindicated. The ChlP assay was carried out by us-
ing a ChlP assay kit and the polyclonal antibody against
AR were obtained from upstate according to the manual
(Charlottesville, VA, USA). Normal rabhit serum (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) wasused asa
negative control. The primersfor the PCR reactions were
listed as follows: for ARE-1 region (-784/-576), forward
5'-agtgcagcccagcaggtctc-3' and backward 5'-
gagacagtggaaggtcccag-3'; for ARE-2 region (-1676/
-1460), 5'-ccaccagacaagcctgaact-3' and backward 5'-
gcccagagatgaaaaacage-3'; for the region beyond Exon 1
(thethird pair), forward 5'-ccaccgtttgcaagagactc-3' and back-
ward 5'-ctcaggeggtggetggaggctge-3' (based on gene bank
sequence NC_000016). The PCR products were run on
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1% agarose gel and stained with ethidium bromide for
visualization.

2.6 Nuclear extract and electrophoretic mobility shift
assay (EMSA)

Essentially, nuclear extracts were prepared using a
NE-PER kit, oligonucleotide probes were biotin-labeled
with a Biotin 3’ labeling kit and EMSA were carried out
with the LightShift kit. All these kits were purchased from
Pierce Inc. (Rockford, IL, USA) and the experiments
were carried out according to the manufacturer’ s manuals.
Briefly, cells grown in 100-mm cell culture dishes were
serum-starved for 24 h and then treated with R1881 (1.0
nmol/L) for ancther 6 h. After washed in cold phosphate-
buffered saline (PBS), cells were harvested and nuclear
proteins were extracted using the buffer system from the
NE-PER kit. Protein concentrations were determined us-
ing Bio-Rad protein assay as described [4, 6].

EMSA was carried out using the following oligonucle-
otides as probes and/or competitors: positive AR binding
probes containing the consensus ARE sequence (5'-
CTAGAAGTCTGGTACAGGGIGTTCTTTTTGCA-3)
was purchased from Santa Cruz Biotech Inc. The oligo-
nucleotide probes are listed as follow: WT ARE-1: 5'-
ctctatttcccaaggtgtatctagcatctcgeacta-3'; WT ARE-2: 5'-
cccecacaagtatattgttectgattctttcagecce-3'; mutant ARE-1.:
5'-ctctatttcccaaggCgCGCctagcatctegeacta-3'; mutant
ARE-2: 5'-cccccacaagtatatGgGGecGgattctttca
gceee-3'. The putative ARE sequences are underlined
and the mutations are indicated by capital letters. DNA
probes were synthesized by IDT Inc. (Coralville, IA,
USA). The probeswere 3-end labeled with biotin using
akit as mentioned above. In EMSA analysis, 20 fmol/L
biotin-labeled probes were incubated with 5 g nuclear
proteins for 30 min at room temperature in a volume of
20 pL containing 1 pg of poly (dI-dC). For competition
assay, a 100-fold molar excess of unlabeled probes was
incubated with the nuclear extracts at 4°C for 20 min
before addition of labeled probe. Bound and free probes
were resolved by electrophoresis through 0.5% agarose
gel and then transferred to nylon membrane (Hybond-
N*; Amersham Bioscience, Piscataway, NJ, USA). Bi-
otin-labeled DNA probes were visualized by chemilumi-
nescence protocol provided by the kit.

2.7 SKatistical analysis

All experiments were carried out in triplicates and re-
peated two or threetimes. The RT-PCR results are pre-
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sented from a representative experiment (Figure 1). The
mean and SD from two or three separate experiments for
luciferase assay are shown (Figures 2 and 3). The signifi-
cant differences between groups were analyzed using SPSS
computer software (SPSS, Chicago, IL, USA). P < 0.05
was considered significantly different.

3 Results

3.1 Androgen stimulates the transcription of mmp-2 gene
via the androgen receptor

We have recently shown that androgen treatment in-
creases the MMP-2 protein level and activity in prostate
cancer cells[4] in which the mechanism at a gene tran-
scriptional level was proposed. To further determine the
mechanism at the transcriptional level, we carried out a
RT-PCR assay to measure the MMP-2 mRNA level after

R1881 (1.0 nmoal/L) - + - +
Bicalutamide (10 umol/L) - - + +

mmp-2
PSA
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Figure 1. Androgen stimulates mmp-2 gene expression via an an-
drogen receptor (AR)-dependent mechanism. After serum starva
tion for 24 h, LNCaP cells were |eft untreated (lanes 1 and 3) or
treated (lanes 2 and 4) with R1881 (1.0 nmol/L) in the present
(lanes 3 and 4) or absent (lanes 1 and 2) of bicdutamide (10 pmol/L)
for 24 h. Cellswere harvested and the mRNA levels of mmp-2 gene
were determined by reverse transcription-polymerase chain reac-
tion (RT-PCR) assay. 28S gene served as internal control. The
upper panel shows a representative image from one of two sepa-
rate experiments and the relative band densities of PCR results for
mmp-2 gene and PSA from two experiments wereillustrated in the
bottom panel after normalization against 28S control. P < 0.05,
compared with the 28S control. PSA, prostate specific antigen.
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androgen treatment. A well-known androgen target, hu-
man prostate specific antigen (PSA), was included as a posi-
tive control. LNCaP cdls were serum-starved for 24 h and
then stimulated with a synthetic androgen R1881 for 6 h.
Total cdlular RNA was extracted for RT-PCR assay. As
showninFigure 1, R1881 treatment dramatically increased
the mRNA level of mmp-2 gene, which was completely
abalished by a pretreatment of the cdls with an androgen
antagonist bicalutamide. The sameinhibition was aso seen
for PSA gene, indicating that androgen-induced MM P-2
expression is an AR-dependent genomic effect. These
data confirmed our previous observation that androgen
stimulates MMP-2 expression viathe AR at the transcrip-
tional level (Figure 1).

3.2 Two putative ARE motifs in the MMP-2 promoter

As mentioned earlier, androgen-induced genomic ef-
fects usually act through ARE motifs located in the pro-
moter of AR-target genes. To determine if there are any
putative ARE motifs responsible for androgen-induced
MMP-2 up-regulation, we utilized a series of 5'-del etional
MM P-2 promoter constructs (Figure 2A) in aluciferase
assay. Because the basal activities of these truncated
promoters were studied by another group [8], we directly
went on to compare the androgen-induced activities be-
tween WT and the truncated promoters. LNCaP cells
plated in 6-wdl plates were transfected with WT or vari-
ous truncated forms of MMP-2-Luc reporters. After
serum starvation, cells were incubated with R1881 for
24 h. Cdlular extracts were assayed intriplicate for lu-
ciferase activities. As shownin Figure 2A, deletion of
the 5'-fragment up to -1 259 (D4) resulted in adramatic
reduction of androgen-stimulated MM P-2 promoter
activity. Deletion of the 5'-region up to -562 (D6) led to
additional reduction of MMP-2 promoter activity com-
pared to the WT promoter; although the difference be-
tween D4 and D6 was not significant. These data sug-
gest that there are putative ARE motifs localized within
the deleted regions in D4 and D6 that are responsible for
androgen-stimulated MMP-2 promoter activity.

Next, we analyzed the MM P-2 promoter sequence and
noticed that there were two putative ARE-like motifs corre-
sponding to the 5' deletion data, as shown in Figure 2B.
These dements are very similar to either consensusARE or
some natural ARE matifs, as shown in Figure 2C [8].

Because truncation on a promoter sequence also re-
moves other regulatory elements in addition to those pu-
tative ARE-like motifs, the specificity to androgen-in-
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Fgure 2. Effect of 5-deletion on androgen-induced matrix metalloproteinases (MMP)-2 promoter activity in prostate cancer cells. (A):
Following transfection with the wild-type (WT) or individual 5' truncated MM P-2 promoter constructs and the internal control reporter
as described in the text, LNCaP cells were treated with R1881 (1.0 nmol/L) and then harvested 24 h later for reporter assays (Luciferase and
secreted alkaline phosphatase [SEAP] activities). The luciferase activity from the WT promoter was set up as 100% after normalization
with protein level and SEAP activity. The relative fold reduction from different truncated promoters was compared with the WT one. °P
< 0.05, compared with the WT promoter. Data represent triplicate data from two independent experiments. (B): Putative ARE-like motifs
identified within the MMP-2 promoter are indicated. (C): Comparison of consensus, severa published androgen response element (ARE)
sequences and MMP-2 ARE-like motifs. Matched residues with consensus sequence are shown in capital letters.

duced promoter activity needs to be verified by addi- and ARE-2 (5'-tgttcct-3") was mutated to 5'-GgGGcecG-
tional approaches. Therefore, we mutated four nucle- 3, termed asARE-2M. In the third construct, both ARE
otides (multiple site-directed point mutations) withinthe ~ motifs were mutated simultaneously, termed as ARE-1/
core sequences of the two putative ARE-like motifs us- 2M. Then, we examined their responses to androgen-
ingthe WT MMP-2 promoter asatemplate. ARE-1 (5'- stimulated promoter activity. Growth factor FGF-2 was
totatct-3) was mutated to 5-CgCGCct-3', termed asARE-1M used to examine the specificity of the mutations to an-
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drogen stimulation. The WT and mutated MMP-2 pro-
moter constructs were transfected into LNCaP cells and
their responsiveness to androgen stimulation was eval u-
ated in aluciferase reporter assay. Asshown in Figure
3, compared with the WT one, mutations on either one
ARE-like motif or both motifs did not result in any sig-
nificant change in terms of their basal activities of the
promoters at the culture condition with either charcoal-
stripped FBS (Figure 3A) or serum-free (Figure 3B)
media. However, the mutated promoters completely lost
the responsiveness to androgen stimulation, indicating
that both ARE-like matifsare required for androgen regu-
lation of MMP-2 expression. These results are consis-
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Fgure 3. Effect of androgen-r&ponse element (ARE) mutations on
androgen-induced matrix metalloproteinases (MM P)-2 promoter
activity in prostate cancer cells. Following transfection with the
wild-type (WT) or individual ARE-mutated MMP-2 promoter
constructs as indicated and control reporter as described in the text
(ARE-like 1M, ARE-like 2M and ARE-like 1/2M), LNCaP cells
were treated with the solvent as control, R1881 1.0 nmol/L in 2%
cFBS-containing media (A), or fibroblast growth factor-2 (FGF2)
(10 ng/mL) in serum-free media (B). Cells were harvested for
reporter assays (L uciferase and SEAP activities) 24 h later. The
luciferase activity was presented as fold induction against control
samples after normalization with protein level and SEAP activity.
P < 0.05, compared with the WT promoter. Data represent three
independent experiments.
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tent with the observation from the experi ments with the
truncated promoters (D4 and D6). To determineif these
ARE-like matifs are only specific to androgen stimulation,
we tested another MM P-2 inducer, FGF-2, in the next
experiments. FGF-2 has been demonstrated to induce
MMP-2 expression by our group and others [4, 9]. Af-
ter transfection of the cells with the mutated MMP-2
promoter constructs, cells were treated with FGF-2 and
luciferase assay was carried out thereafter. Asshownin
Figure 3B, compared with the WT promoter, mutations
on either one of the ARE-like motifs had no significant
effect on FGF-2-induced MM P-2 promoter activities. These
data suggest that these ARE-like motifs are specific to an-
drogen-induced MMP-2 promoter activity.

3.3 AR binds to the putative ARE-like motifsin re-
sponding to androgen stimulation in vivo

To determine if the AR binds to the putative ARE
motifs of the MM P-2 promoter in response to androgen
stimulation, we carried out an in vivo protein-DNA bind-
ing assay (ChIP assay) in LNCaP cells. In this assay,
androgen-induced AR-DNA binding was first fixed and
the genomic DNAs were then broken down to ~500 bp
fragments by sonication. After immunopreci pitation with
anti-AR antibodies, the AR-bound DNA fragments were
released from the AR binding, and then amplified by a
PCR reaction. Two pairs of PCR primers were designed
to amplify the fragments spanning on either ARE motifs.
The primer binding sites for the ARE-like motifs are il-
lustrated in Figure 4A. After treatment with R1881,
LNCaP cdlls were harvested and nuclear extracts were
used for the ChiP assay. FGF-2 treatment was used to
verify the AR specificity. Asshown in Figure 4B, using
the primer pairs spanning either ARE-like motif-contain-
ing sequence, a PCR product was obtained after R1881
treatment but not FGF-2 treatment. In addition, to rule
out the possihility that the AR only binds to one ARE site
within the MM P-2 promoter, we carried out a PCR re-
action using apair of two far-distant primers, P1 and P4
(Figure 4A), which amplifies the DNA sequence span-
ning both putative ARE motifs. As shown in Figure 4B
(lower panel), as expected, no PCR product was ob-
tained when the primers of P1/P4 were used. However,
a positive PCR product was obtained when a plasmid
construct bearing the WT MMP-2 promoter was used
as atemplate (data not shown), indicating that the P1/P4
primers are functional. Finally, when anti-AR antibody
was replaced with an anti-Actin antibody, or athird pair
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A ARE-like 2 ARE-like 1 “IIFD
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Figure 4. Androgen promotes androgen receptor (AR) binding to the
matrix metalloproteinases (MMP)-2 promoter in vivo. (A): The
putative androgen (ARE)-response d ement-like motifsand the primer
binding sites used in ChlP assay are indicated. (B): LNCaP cells
were serum-starved for 24 h and then left untreated or treated with
R1881 (1.0 nmal/L) or fibroblast growth factor-2 (FGF2) (10 ng/mL)
for 18 h. Binding of AR to the MMP-2 promoter was determined
with the ChlIP assay as described in the text. The upper panel
represents input signals obtained from 1% input chromatin. IP,
immunoprecipitation; P, primer. Data represent three independent
experiments.

of primers designed to amplify a region after Exon 1
within mmp-2 gene was used for the PCR reaction as a
negative control in the ChlP assay, no PCR product was
obtained, indicating the specificity of AR binding to the
ARE-like motifs (data not shown). These results dem-
onstrated that the positive results from the PCR reac-
tions using P1/P2 or P3/P4 primers were not to the re-
sult of contamination of alonger DNA fragment contain-
ing both ARE moatifs. These data suggest that androgen
treatment promotes AR binding to two putative ARE
motifs of the MMP-2 promoter.

3.4 The AR interacts specifically with the putative ARE
motifsin vitro

Next, we carried out an in vitro EM SA assay (also
called gel retardation assay) to determine AR specific
binding to the putative ARE-like motifs. Nuclear extracts
were obtained from R1881-stimulated LNCaP cells and
used in the experiments. Two oligonuclectide probes
spanning each of the ARE-like motifs from MMP-2 pro-
moter were synthesized. A consensus ARE-containing
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oligonuclectide probe was used as a positive control. All
the probes were labeled with biotin for non-isotopic
detection. As expected, a band shift was seen when the
positive probe was added to the reaction (Figure 5A, right
panel). Similarly, when a probe containing either the
putative ARE motifs was mixed with the nuclear extracts,
a protein-DNA binding complex was detected (Figure
5A, left panel). Then, to verify the specificity of AR
binding to the ARE-containing probes, we prepared
nuclear protein extracts from a pair of prostate cancer
cdl lines, PC-3/Neo and PC-3/AR after R1881 treatment.
PC-3/Neois an AR-null cell line stably transfected with
an empty vector, and PC-3/AR is a stable subline ex-
pressing ahuman AR gene. Therationale to usethis pair
of cell linesis that once a protein-DNA complex is de-
tected in a reaction using PC-3/AR nuclear extract but
not PC-3/Neo, it will indicate to us that the AR binds to
the putative ARE motif. As expected, a band-shift was
detected when the labeled probes carrying the putative
ARE motifs were mixed with PC-3/AR nuclear extract
but not PC-3/Neo (Figure 5B). These results indicate
that the putative ARE-like motifsin MMP-2 promoter
are bona fide AR binding sites. We also noticed that the
binding efficiency was much higher when the ARE-2-
containing probes were used compared with the ARE-1
ones (also from the data shown later).

To further verify that the AR binding specificity was
not a non-specific protein-DNA interaction, we used two
mutated probes, which contained the same mutations
used in luciferase assay. As shown in Figure 5C, muta-
tionsin both ARE motifs abolished the AR binding abili-
ties (lane 4 vs. 2, and lane 8 vs. 6). In a competition
experiment, unlabel ed probes were used to examine the
AR binding specificity again. As shown in Figure 5D,
adding a 100-fold molar excess of unlabeled wild-type
ARE probes (Figure 5D, lanes 3 and 7) significantly in-
hibited AR interaction with the label ed wild-type probes.
However, adding a 100-fold molar excess of unlabeled
mutated ARE probes (Figure 5D, lanes 4 and 8) did not
cause any reduction of AR interaction with the wild-type
probes. Taken together, these data demonstrated that
the putative ARE motifs are bona fide AR binding sites
responsible for androgen-stimulated mmp-2 gene
expression.

4 Discussion

It has been shown that MMP-2 expression is regu-
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Fgure 5. Androgen receptor (AR) specifically binds to the putative androgen-response element (ARE) motifsin vitro. LNCaP, PC-3/Neo
or PC-3/AR cdlsweretreated with R1881 (1.0 nmol/L) overnight, and then nuclear extracts (N.E.) were prepared. EM SA assay was carried
out with biotin-labeled wild type (WT) probes as indicated using LightShift kit (described in the text). (A): LNCaP N.E. were used and a
WT ARE probe was used as the positive control (right panel). (B): EMSA assay was carried out using PC-3/Neo and PC-3/AR N.E.. (C):
EM SA assay was carried out with LNCaP N.E. and biotin-labeled WT or mutated-ARE probes as indicated using the LightShift kit
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of unlabeled WT or mutated-ARE probes as indicated. Data shown are representative of three separate experiments.

lated at both transcriptional and post-transcriptional levels.
Although a large body of information is available for the
regulation of MM P-2 activity at the proteinlevel, thetran-
scriptional mechanisms are not well characterized. We
have previously shown that androgen increased MM P-2
production and promoter activity in human prostate can-
cer cells, indicating a mechanism at the transcription level
[4]. Analysis of the MMP-2 promoter was only carried
out in afew cell types of both rat and human origin[3, §].

The objective of the present work was to analyze the
MMP-2 promoter for androgen-regulated activity. By
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screening the published sequence of human MMP-2 pro-
moter [8], we noticed that there were two putative ARE-
like motifs in the promoter region. Functional analysis
of the promoter was initially carried out using serial 5'-
deletion constructsin human prostate cancer LNCaP cells,
which endogenously express a functional AR protein and
produce more MM P-2 proteins on androgen stimulation
[4]. Deetion of the distal ARE moatif (ARE-like 2, D4
construct) caused a dramatic decrease of androgen-in-
duced promoter activity compared with the WT promoter.
Whereas, additional deletion of the MMP-2 promoter until
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the proximal ARE-like motif (ARE-like 1, D6 construct)
caused a further reduction of the promoter activity com-
pared with D4 deletion. Meanwhile, in a mutagenesis
assay, mutations on the core sequences of the two ARE-
like matifs separately or smultaneoudy caused asimilar re-
duction of androgen+induced promoter activity compared with
theWT promoter. Furthermore, the AR bound to the two
ARE-like matifs in response to androgen in vivo and in
vitro using two different approaches, ChiP and EMSA
assays. These results clearly indicate that the two ARE
motifs are bona fide AR binding sites responsible for an-
drogen-stimulated mmp-2 gene expression.

Androgens act through their cognate AR, whichis a
member of the steroid nuclear receptor superfamily, to
induce genomic effects. On androgen stimulation, the
AR translocates from the cytoplasm to nuclear compart-
ment and then interacts with specific ARE motifs within
androgen target genes. Previous reports have shown
that AR binds to multiple ARE in the target gene pro-
moter or enhancer regions. ARE motifs have been found
in regions within or proximal to the promoter, or even
several kilobases away upstream from the promoter, in
some cases, within introns or exons of the target genes[9,
11-19]. Consensus steroid response dement (SRE) usu-
ally exists as a semipalindromic sequence of 5-TGTTCT-
3', whereas natural ARE motifs in androgen-regulated
genes display suboptimal binding sites and show weaker
affinity to the AR compared with the consensus SRE
sequence [5, 20]. Recently, a proposal divided AR bind-
ing sites into two groups; class| and 1. Theclass | site
displaysaconventional patterninterms of guanine contact,
whereas the class Il site shows an unusual pattern to
facilitate cooperative binding to the adjacent class| site
[20]. Either type alone cannot fully mediate androgen
responses, whereas a combination of class | and Il sites
synergistically increase the DNA binding affinity, hor-
mone sensitivity and levels of transcription in compari-
sontoasingular site. Thus, cooperation among multiple
ARE motifs might be necessary for selective stimulation,
as shown for regulation of the sex-limited protein (SIp),
the probasin, the PSA and 20-kDa protein genes [ 14—
18]. In addition, studies have shown that interaction
between different ARE motifs is essential to achieve
maximal responses at suboptimal DNA-binding sequence
[18, 20, 21]. Consistent with these notions, we also
identified two ARE motifsin the MMP-2 promoter, in
which mutation on either one of them resulted in com-
plete loss of androgen responses. The ARE-like 2 motif

Tel: +86-21-5492-2824; Fax: +86-21-5492-2825; Shanghai, China

isvery smilar to the class |; however, the ARE-like 1 motif
could not fit into either class | or 11 [20]. Nonetheless,
their similarity to the consensus core sequence plus our
functional analysis data suggest that the two ARE motifs
are working together in androgen-induced MMP-2 pro-
moter activity, as proposed for androgen regulation of
PSA promoter [22].

In conclusion, we identified two ARE moatifs in the
MMP-2 promoter. Mutagenesis analyses, including 5'-
sequential truncation and multi-point mutations, indicated
that they are responsible for androgen-induced MM P-2
expression in prostate cancer cells. These indications
were further supported by AR-specific binding assays,
ChiPand EMSA. Our data also indicated that these two
ARE motifs are involved in mediating androgen-induced
MM P-2 expression in prostate cancer cells. Further in-
vestigation of possible differences between these two
ARE motifs in recruiting cofactors after AR binding is
under way by our group. Future studies will determine
how these two ARE motifs are working together in re-
sponse to androgen stimulation in prostate cancer cells
and other cell types, as well as the role of androgen-
induced MMP-2 expression in organ development and
tumor metastasis.
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