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ABSTRACT

Glyoxalase system, a ubiquitous detoxification pathway protecting against cellular
damage caused by potent cytotoxic metabolites, is involved in the regulation of cellular
growth. Aberrations in the expression of glyoxalase genes in several human cancers
have been reported. Recently, we described a possible regulatory effect by estrogens
on glyoxalase genes in human breast cancer cell lines. This result, along with those
ones regarding changes in glyoxalases activity and expression in other human hormone-
regulated cancers, such as prostate cancer, has prompted us to investigate whether also
androgens, whose functional role in prostate cancer pathogenesis is well known, could
modulate glyoxalases gene expression. Therefore, we treated LNCaP androgen-respon-
sive and PC3 androgen-independent human prostate cancer cell lines with testosterone
at the concentrations of 1 nM and 100 nM. After a two days treatment, glyoxalases
mRNA levels as well as cell proliferation were evaluated by realtime RT-PCR analysis
and [®H]thymidine incorporation, respectively. Results pointed out that testosterone affects
the expression of glyoxalase system genes and cell proliferation in a different manner
in the two cell lines. The possibility that modulation of glyoxalase genes expression by
testosterone is due to glyoxalases-mediated intracellular response mechanisms to the
androgen-induced oxidative stress or to the presence of androgen response elements
(ARE) in glyoxalase promoters are discussed. Knowledge regarding the regulation of
glyoxalases by testosterone may provide insights into the importance of these enzymes in
human prostate carcinomas in vivo.

ABBREVIATIONS

PCa, prostate cancer; Gl, Glyoxalase I; Gll, Glyoxalase Il; MG, methylglyoxal; SLG,
S-D-lactoylglutathione; MDA, malondialdehyde; AGEs, advanced glication end products;
T, testosterone; ARs, androgen receptors; AREs, androgen response elements; L, letro-
zole; FBS, foetal bovine serum; E,, 17B-estradiol; PBS, phosphate-buffered saline; ATCC,
American Type Culture Collection; ERa., estrogen receptor alpha; ERB, estrogen receptor
beta; CSS, charcoal-stripped fetal bovin serum.

INTRODUCTION

Glyoxalase I (GI) together with glyoxalase II (GII) constitutes the glyoxalase system,
a ubiquitous detoxification pathway protecting against cellular damage caused by potent
cytotoxic metabolites, as methylglyoxal (MG). MG is converted to S-D-lactoylglutathione
(SLG) by GI with reduced glutathione as a cofactor, and SLG in turn is hydrolyzed to
D-lactate along with regeneration of reduced glutathione by GIL!

Methylglyoxal is a physiological substrate, derived from glycolysis, via degradation of
triose phosphate intermediates, lipid peroxidation, threonine degradation, fragmentation
of glycated proteins? and enzymatic isomerization from malondialdehyde (MDA).? As
a highly reactive metabolite, MG has a strong ability to cross-link with protein amino
groups to form stable products called advanced glycation end products (AGEs) and to
attack guanine residues of DNA leading to DNA glycation.* The cytotoxicity of MG is
due to its mutagenic and antiproliferative properties and to its ability to trigger apop-
tosis,”® apparently via oxidative signalling.”

It has been demonstrated that also LSG is able to exert a cytostatic action on cell
growth by modulating microtubule assembly.®

Cancer Biology & Therapy 2007; Vol. 6 Issue 12
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As known, the glyoxalase system is involved in the regulation of
cellular growth.?1 Abnormal expression of this system has been
demonstrated in a number of cellular disorders, including cancer.!!-15
In particular, altered expression and activities of GI and GII have
been documented in tumor urogenital tissues'>'!” and in prostate
tumor cell lines compared with corresponding normal tissues.!®
These alterations are considered to be crucial for sustaining tumor
viability/survival under an altering microenvironment with tumor
growth.

We recently described a possible regulatory role of estrogens on
gene expression of glyoxalase system enzymes in MCF7 and BT20
human breast cancer cells.!”

The observation of such a possible regulatory effect has prompted
us to investigate whether other hormones, in addition to estrogens,
could modulate glyoxalases gene expression. Besides, currently,
little is known about factors pertinent to regulation of glyoxalase
system.!*20 In particular, we focused on the prostate gland for at
least two reasons. Firstly, a distinguishing feature of prostate gland
is an intimate association with androgens, essential molecules for its
development, growth and functions. The androgen-dependence of
prostate cancer (PCa) is also well documented.?!:?? Secondly, PCa is
the leading cancer affecting men in the western world and we believe
that knowledge regarding the regulation of glyoxalase by androgens
in this tumor, may provide insights into the importance of these
enzymes in human prostate carcinomas in vivo.

As known, testosterone (T), the main circulating androgen,
stimulates or inhibits target gene transcription, via nuclear androgen
receptors (ARs)/androgen response elements (AREs) complexes.
Coactivators and corepressors interact with ARs/AREs complexes
and the general transcription apparatus to make T perform or
enhance its biological function.??

On the other hand, T can be converted into estrogens by
aromatase. The local production of estrogens in the prostate has been
hypothesized to influence prostate growth and possible incidence of
PCa, via their own receptors (ER).24

In order to verify a possible regulatory role of androgens on
glyoxalases gene expression, we treated the human androgen-
dependent LNCaP or androgen-independent PC3 prostate cancer cell
lines with T for two days and evaluated GI and GII gene expression
profiles (mnRNA levels), as well as cell proliferation after the treatment.
To ascertain that the observed biological effects were really due to T,
we also performed experiments in combination with the aromatase
inhibitor letrozole (L), that is capable of blocking the aromatase
activity for the transformation of androgens into estrogens.

Finally, to confirm the possible influence of estrogens on both cell
lines growth and glyoxalases gene expression modulation, suggested
by T and L treatments, we exposed them to 17f-estradiol.

MATERIALS AND METHODS

Materials. RPMI 1640 media, foetal bovine serum (FBS),
L-glutamine, sodium pyruvate, non-essential amino acids, penicillin
and streptomycin were purchased from Euroclone, UK. Testosterone
(T), 17B-Estradiol (E,) and phosphate-buffered saline (PBS) were
from Sigma-Aldrich, USA. Letrozole (L) was a kind gift from
Novartis, Basel, Switzerland. All the chemicals used in the present
study were analytical grade reagents from various sources.

www.landesbioscience.com
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Cell culture and hormone/inhibitor treatments. LNCaP and
PC3 cells were obtained from the American Type Culture Collection
(ATCC, Rockville, MD). LNCaP cells represent androgen- and
estrogen-responsive human prostate cancer cells, expressing both the
androgen receptor (AR) and the B isoform of the estrogen receptor
(ERP). PC3 cell line represents androgen-independent human pros-
tatic cancer cells, expressing both the endogenous estrogen receptors
o (ERa) and B (ERP). Both cell lines were maintained routenly
at 37°C in 5% CO, in RPMI 1640 supplemented with 10% heat
inactivated (1 h at 56°C) FBS, 1X L-glutamine, 1 mM sodium pyru-
vate, 1X non-essential amino acids, 100 units/ml of penicillin and
0.1 mg/ml of streptomycin. LNCaP and PC3 cells were seeded into
6-well plates at a density of 103 cells per well and cultured in whole
serum. Subsequently, to deplete endogenous steroids, the medium
was changed with another containing 10% charcoal-stripped fetal
bovin serum (CSS),? three days before treatments. Stock solutions
of T, E, and L were prepared in ethanol. The same ethanol concen-
tration (0.05%) was used in controls and ligand-treated samples. At
subconfluence, cells were incubated with either vehicle (controls) and
T or T and L in combination, vehicle (controls) and E, for two days
at the concentrations shown in the appropriate figures. The used L
concentrations were selected on the basis of our earlier observations
from preliminary experiments that showed almost total aromatase
inhibition associated with neither toxic effects on cells nor inhibi-
tory action on their growth. Four independent cultures of PC3 were
prepared and assayed in quadruplicate.

Cell proliferation studies. Cell number was determined by
[®H]thymidine incorporation assaty.26

RNA isolation and real-time RT-PCR analysis. Total cellular
RNA was isolated using TRIzol Reagent and following the manu-
facturer’s instructions. cDNA was then synthesized from 1 pg of
RNA using the RevertAid™ H Minus First Strand cDNA Synthesis
Kit (Fermentas) and random primers System (Gibco), according
to the manufacturer’s instructions. GI and GII mRNA expression
was detected by Real-Time TagMan PCR analysis on a LightCycler
instrument (MX3005P System, Stratagene, La Jolla, CA). The
sequences of oligonucleotide primers and TagMan probes for GI,
GII and B-actin (the housekeeping gene chosen for normalization)
as well as the PCRs conditions used in this study are listed in Table
1. The amplification reactions were performed in quadruplicate for
each sample. For comparative analysis of gene expression, data were
obtained using the AAC_method.?’

Bioinformatics analysis. Glyoxalases genomic sequences were
identified from the National Centre for Biotechnology Information
(NCBI) internet site (www.ncbi.nih.nim.gov), (GI: BC015934, GII:
BC002627). The sequences of both genes were screened for androgen
response eclements (AREs) using the online PROMO program
(www.Isi.upc.es/~alggen), 829
otide sequences that have been experimentally proved to be targets
for androgens.

Statistical analysis. The statistical significance of differences
between treated and untreated cells was assessed by analysis of vari-

against a gene bank collecting nucle-

ance. Experimental data were compared also by Student’s t-test. All
numerical data reported are expressed as the mean + standard error
(SE). Differences between groups were considered significant when
p < 0.05.
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Table 1 Primers, Probes sequences for TagMan RT-PCR Analysis and PCRs conditions
Gene Forward Primer (5'-3') Reverse Primer (5'-3') Probe (5'-3)
Gl CTCTCCAGAAAAGCTACACTTITGAG CGAGGGTCTGAATTGCCATTG TGGGTCGCATCATCTTCAGTGCCC *
(400 nM) (400 nM) (200 nM)
Gll AGAAAGCACGGGGTGAAACTG TACACCTTCAGTCCCGACTCC TGGGTCGCATCATCTTCAGTGCCC **
(200 nM) (200 nM) (200 nM)
BActin CACTCTTCCAGCCTTCCTTCC ACAGCACTGTGTTGGCGTAC TGCGGATGTCCACGTCACACTTCA* **
(600 nM) (600 nM) (200 nM)
Cycles 1 cycle: 95°C for 10 min 45 cycles: 95°C for 20 s

55°C for 1 min

*Labeled with FAM fluorochrome; **Labeled with HEX fluorochrome; ***Labeled with TexasRed fluorochrome.
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Figure 1. Effects of Testosterone (T) on glyoxalase | (Gl) expression of the
androgen-responsive human prostate cancer LNCaP cell line. Test agent was
added either alone (A) or simultaneously with letrozole (L) (B), for two days
in charcoal-stripped serum (CSS) medium. mRNA levels were measured by
realtime RT-PCR analysis. Cell cultured without T and L served as negative
controls. All the data are given as fold-increment related to negative controls.
Each value is the mean = SD of quadruplicate experiments. Significant differ-
ences from non-stimulated cells are denoted by two asterisks (p < 0.001).

RESULTS

Effect of testosterone (T), added singly or in combination with
the aromatase inhibitor letrozole (L), on GI mRNA expression in
LNCaP cells. To verify whether the T hormone regulation of GI
takes place at a transcriptional level, the expression of GI mRNA
was analyzed by real-time RT-PCR. The results of experiments
carried out using T alone or together with L on GI mRNA levels, are
shown in Figure 1A and B, respectively. Increasing concentrations
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of T (1 nM and 100 nM) strongly upregulated GI mRNA levels at
both the used doses, maximum effect (about 2-fold) being at 1 nM
(Fig. 1A). Experiments by combined treatment with L (1 nM T + 25
nM Land 1 nM T + 50 nM L), however, seem to indicate that induc-
tion of GI gene expression may be due to either T or E,, with a more
marked effect by T and a slight one by E, (Fig. 1B). Similar results
were obtained when cells were treated with T at the concentration of
100 nM with 25 nM and 50 nM L, respectively (data not shown). At
the used concentrations, L alone did not exert any significant effect
on GI mRNA expression (data not shown).

Effect of testosterone (T), added singly or in combination with
the aromatase inhibitor letrozole (L), on GII mRNA expression in
LNCaP cells. Following a two-day T exposure (I nM and 100 nM),
a significant (p < 0.001) and consistent dose-dependent decrease
(1.8- and 2.3-fold, respectively) in GII mRNA levels was observed
(Fig. 2A). T and L combination experiments indicate that this result
is likely due to estrogens, converted from T by aromatase, and that
T, conversely, would increase GII gene expression (Fig. 2B). Similar
results were obtained when cells were treated with T at the concen-
tration of 100 nM with 25 nM and 50 nM L, respectively (data not
shown). At the used concentrations, L alone did not exert any signifi-
cant effect on GII mRNA expression (data not shown).

Effect of testosterone (T), added singly or in combination
with the aromatase inhibitor letrozole (L), on cell proliferation in
LNCaP cells. To investigate the effects of T on the growth of LNCaP
cells, [H]thymidine incorporation was measured in LNCaP cells
pre-cultured for three days in steroid-deprived medium. As shown
in (Fig. 3A), after two-day exposure to different T concentrations
(1 nM and 100 nM), without the non-steroidal aromatase inhibitor
letrozole (L), the growth of LNCaP cells was significantly increased
in the presence of all T doses, with a stimulation peak of over
6-fold above the control value with the 1 nM dose (p < 0.001). The
results of separate experiments carried out in the presence of both T
(1 nM) and L (25 nM and 50 nM), however, would suggest that the
observed increase in LNCaP proliferation after T exposure, may be
due to the steroid hormone estradiol (E,), derived from aromatase
conversion activity in cells, rather than directly to T. On the contrary,
it appears that T would induce a significant (p < 0.001) inhibition of
cell growth (Fig. 3B). Comparable results were obtained when cells
were treated with T at the concentration of 100 nM with 25 nM and
50 nM L, respectively (data not shown). At the used concentrations,
L alone did not exert any significant effect on cell proliferation (data
not shown).

Effect of 17B-Estradiol (E2) on cell proliferation, GI and GII
mRNA expression in LNCaP cells. To confirm the possible role

2007; Vol. 6 Issue 12
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Figure 2. Effects of Testosterone (T) on glyoxalase Il (Gll) expression of the
androgen-responsive human prostate cancer LNCaP cell line. Test agent
was added either alone (A) or simultaneously with letrozole (L) (B), for
two days in charcoal-stripped serum (CSS) medium. mRNA levels were
measured by realtime RT-PCR analysis. All the data are given as fold-incre-
ment related to negative controls (represented by non-stimulated cells). Each
value is the mean = SD of quadruplicate experiments. **Significantly differ-
ent from the negative control (p < 0.001).

of estrogens in the regulation of cell proliferation, as well as in GI
and GII mRNA expression in LNCaP cells, suggested by T and L
treatments, we exposed LNCaP to E, (1 nM and 100 nM). Results
indicate that E, would significantly (p < 0.01) stimulate LNCaP cell
growth by upregulating GI gene transcription (in a combinatory
effect with T) and downregulating GII expression (Fig. 4).

Effect of testosterone (T), added singly or in combination with
the aromatase inhibitor letrozole (L), on GI mRNA expression in
PC3 cells. To verify whether the T hormone regulation of GI takes
place at a transcriptional level, the expression of GI mRNA was
analyzed by real-time RT-PCR. The results of experiments carried
out using T alone or together with L on GI mRNA levels are shown
in Figure 5A and B, respectively. Increasing concentrations of T
(1 nM and 100 nM) significantly upregulated GI mRNA levels at
both the used concentrations (Fig. 5A). Experiments by combined
treatment with L (1 nM T +25nM Land 1 nM T + 50 nM L) seem
to indicate that induction of GI gene expression is really due to T
(Fig. 5B). Similar results were obtained when the cells were treated by
100 nM T with 25 nM and 50 nM L, respectively (data not shown).
At the used concentrations, L alone did not give any significant effect
on GI mRNA expression (data not shown).

Effect of testosterone (T), added singly or in combination with
the aromatase inhibitor letrozole (L), on GII mRNA expression in

www.landesbioscience.com
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Figure 3. Effects of Testosterone (T) on proliferation of the androgen-responsive
human prostate cancer LNCaP cell line. Cells were incubated with T alone
(Panel A) or in combination with the aromatase inhibitor Letrozole (L) (Panel
B), for two days in charcoal-stripped serum (CSS) medium. Proliferation was
evaluated by [*H]thymidine incorporation assay. Cell cultured without T and
L served as negative controls. All the data are given as fold-increment related
to negative controls. Each value is the mean + SD of quadruplicate experi-
ments. Significant differences from non-stimulated cells are denoted by two
asterisks (p < 0.001).

PC3 cells. Following a two-day T exposure (1 nM and 100 nM), a
significant (p < 0.001) increase in GII mRNA levels was observed at
the lower dose of 1 nM T (Fig. 6A). Conversely, at the higher dose
of 100 nM T, GII gene expression showed a significant decrease
below the control (Fig. 6A). T and L combination experiments point
out that the increased GII transcript amount is likely due to estro-
gens, converted from T by aromatase, and that T, conversely, would
decrease GII gene expression (Fig. 6B). Comparable results were
obtained when cells were treated with T at the concentration of 100
nM with 25 nM and 50 nM L, respectively (data not shown). At the
used concentrations, L alone did not exert any significant effect on
GII mRNA expression (data not shown).

Effect of testosterone (T), added singly or in combination with
the aromatase inhibitor letrozole (L), on cell proliferation in PC3
cells. To investigate the effects of T on the growth of PC3 cells,
[H]thymidine incorporation was measured in PC3 cells pre-cultured
for three days in steroid-deprived medium. As shown in Figure 7A,
after two-day exposure to different T concentrations (1-100 nM),
without the aromatase inhibitor, letrozole (L), the growth of PC3
cells was significantly (p < 0.001) decreased in the presence of the
minimum dose of T (1 nM), being almost halved above the control
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Figure 4. Effects of 17B-Estradiol (E,) on cell proliferation, glyoxalase | (Gl)
and glyoxalase Il (Gll) gene expression in LNCaP cells. **Significantly
different from the negative control, represented by non-stimulated cells (p <
0.001).

value. Conversely, the maximum dose of T (100 nM) seems not to
affect cell proliferation. The results of separate experiments carried
out in the presence of T (1 nM) and L (25 nM and 50 nM), however,
would suggest that the observed drop in PC3 proliferation after T
exposure, may be due to the steroid hormone estradiol (E,), derived
from aromatase conversion activity in cells, rather than directly to T.
On the contrary, it appears that T would not induce any significant
change on cell growth (Fig. 7B). At the used concentrations, L alone
did not exert any significant effect on cell proliferation (data not
shown).

Effect of 17B-Estradiol (E2) on cell proliferation, GI and GII
mRNA expression in PC3 cells. To confirm the possible role of
estrogens in the regulation of cell proliferation, as well as in GI and
GII mRNA expression in PC3 cells, suggested by T and L treat-
ments, we exposed PC3 to E, (1 nM and 100 nM). Results indicate
that E, would significantly (p < 0.01) inhibit PC3 cell growth by
downregulating GI gene transcription and upregulating GII expres-
sion (Fig. 8).

Bioinformatics analysis. In order to find out whether glyoxalase
promoters contain sequences matching androgen response elements
(AREs) frames, we used bioinformatics methods. At present, compu-
tational methods do not exclude glyoxalases among the predicted
candidate genes responsive to androgen. In fact, analysing the
sequences of both GI and GII genes by PROMO program,?®2? nine
and six DNA binding sequences for GI and GII, respectively, were
predicted, similar to the canonic AREs sequences motif (5'-GGTAC
AnnnTGTTCT-3"3%). GI and GII promoter putative AREs, as well
as their related similarity scores to the canonic AREs sequences motif,
are reported in Figure 9, Figure 10 and Table 2, respectively.

DISCUSSION

Our results suggest that testosterone (T) affects the expression
of glyoxalase system genes and proliferative activity in a different
manner in LNCaP androgen-dependent and PC3 androgen-
independent prostate cancer cell lines.

In particular, in LNCaP cells, T causes a decrease in cell growth
by upregulating GI and GII mRNA levels. The upregulation of GI
and GII by T may be the result of the presence in LNCaP cells of
possible GI- and GII-mediated intracellular response mechanisms

1884
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Table 2 Predicted DNA sequences of androgen response
elements (AREs) on Gl and GIl promoters
and related similarity scores to the canonic ARE
motif (5'-ggTACAnNnnTgTTCT-3')

Gene Sequence Sequence Similarity

Number Score

Gl (1) 5'. HGGICAggcTGgTCTe-3! 8/12
(2) 5'- GGTAgAgaaTGTTCc-3' 11/12

(3) 5" GaAICgciTGTTCa-3" 8/12

(4) 5'- gAGAcCAgccTGgeCaa-3' 8/12

(5) 5'. AGAACAcatcGcTCT-3" 10/12

(6) 5'- ggaactaacagatee-3' 9/12

(7) 5'- agtactgcaagttat-3' 8/12

(8) 5'- agGGTeacttcaGecCa-3' 5/12

9) 5'. GaGTCAQciTGCTCT3" 10/12

Gll (1 5'- GGAtgAaacaGTTCC-3' 9/12
(2) 5'- agcactecttcagea-3' 6/12

(3) 5'- agcactgctictact-3' 9/12

(4) 5'- AGAcCAgctTGacCa-3' 8/12

(5) 5'- ggcacttecteatac-3' 7/12

(6) 5'- AtgtCAtacTGacCa-3' 6/12

Putative AREs (6) and (7) for GI, and (2), (3), (5) for Gll are positioned onto the DNA complementary strand
and are the following: (6) 5'-GGAtCtgttaGTTCC-3', (7) 5'-AtAACttgcaGTaCT-3'; (2) 5-AGcACicdiTeagCa -3,
(3) 5'-AGTAgAagcaGTgCT -3' and (5) 5'-GtAtgAggaaGTgCC-3'. The nucleotides whose positions are main-
tained in AREs core motif are in uppercase letters.

to androgen-induced oxidative stress.’1:32 As well known, oxidative
stress leads to lipid peroxidation, which is an important pathway
leading to the production of the intracellular toxic metabolite
MG.? In addition, it has been described that androgens control
lipid metabolism in human prostate cancer cells by inducing a
marked accumulation of cytoplasmic lipid droplets, likely giving
a consequent enhanced lipid metabolism. Since MG also derives
from this latter metabolic pathway,? enhanced androgen-stimulated
lipid metabolism, likely leads to an overproduction of this cytotoxic
metabolite. It is, therefore, possible that treatments with T may
induce such an overproduction of MG, that the high levels of GI
mRNA observed, potentially required and prearranged to produce
an elevated amount of the enzyme removing the excess of MG, are
not yet sufficient. Thus, a marked MG intracellular accumulation
may explain the decrease in proliferation even in the presence of an
upregulation of GI gene expression.

Moreover, it is known that MG can indirectly inhibit proliferation
and induce apoptosis by rising the formation of advanced glycation
end products (AGEs).23* AGEs cell surface receptor (RAGE) is an
immunoglobulin superfamily member, whose overexpression has
been recently associated with prostate cancer (PCa) development
either in vivo or in vitro.>> Therefore, the overexpression of RAGE on
LNCaP cells may potentiate the antiproliferative effect of free MG,
via MG/AGE-RAGE complexes, thus contributing to the observed
reduction in cell proliferation in the presence of GI mRNA levels
likely non-sufficient to produce enough protein. Similarly, it is likely
that the high expression levels of GII gene, occurring simultaneously
with the high GI gene expression, may be the consequence of a major
cell request of the corresponding GII enzyme essential to lower the

2007; Vol. 6 Issue 12
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GI enzyme-conversed product LSG, whose effects on growth arrest
are well known.® However, also in this case, the enhanced GII expres-
sion may be still inadequate to synthetize the sufficient amount of
enzyme required to remove the overproduced-LSG, thus explaining
the LNCaP reduced cell growth after T exposure. Besides, it is known
that, in general, GII is about ten-times less expressed than GI.! The
observed inhibition of LNCaP growth by T seem to be in agreement
with the existing literature.3¢-37

As to the androgen-indipendent PC3 cells, our results show that T
treatment leads to an increase in GI mRNA levels and to a decrease
in GII mRNA amount. Such results may be, once again, consequent
to the GI- and GlI-mediated intracellular response mechanisms to
androgen-induced oxidative stress, as above described for LNCaP
cells. However, in PC3 cells, GI and GII expression regulation by T,
is paralleled by no changes in proliferativa activity. It is likely that the
increased expression level of GI gene may prearrange the production
of enough protein to remove the excess of MG, physiological inhib-
itor of cell growth, produced by T-induced oxidative stress. However,
the low expression levels of GII, occurring simultaneously with the
high GI gene expression, may lead to an accumulation of the inter-
mediate product SLG, as a result of an increased production and a
slackened hydrolysis. Such a condition could inhibit tumor growth.?
It is likely that as a consequence of the two contemporaneous events,
no alteration in cell proliferation was observed after T treatment.
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An alternative hypothesis about the regulation of GI and GII gene
expression by T in both cell lines, regards the possibility of a direct
influence by T on glyoxalases genes.

Androgens are involved in the regulation of cell proliferation
and differentiation in a variety of tissues. Androgen receptors (ARs)
mediate hormone functions by binding to target gene selective
DNA sequences, just named androgen response elements (AREs),
whose consensus sequence is 5'-GGTACAnnnTGTTCT-3'.3°
Bioinformatics analysis does not exclude the presence in GI and GII
genes of AREs very similar, but not identical, to the canonic AREs
core motif. This is in accordance with the general assumption that
most of the AREs identified to date do not exactly fit the consensus,
suggesting that individual sequence variations may be important for
the specificity of gene control. In particular, recently, DNA response
elements mediating a preferential response to androgen stimulation
have been described in some androgen-regulated genes’®* having
selective AREs direct repeat features. Therefore, the presence of base
deviations from the consensus in the predicted AREs of glyoxalases
genes may lead to variations into the gene transcriptional activity,
providing to glyoxalases a sensitivity, even slight, towards androgen
receptors. If that is so, our study is the first suggesting the possible
presence of regulatory sequences for androgens in the glyoxalase
genes, providing insights into the function of these enzyme in
hormone-regulated cancers. In fact, currently little is known about
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(p < 0.001).

factors pertinent to regulation of glyoxalase system and very little
about hormonal ones. Only GI appears to be regulated by insulin
and zinc via insulin response element (IRE) and a metal response
element (MRE), respectively.?? In addition, both GI and GII appear
to be regulated by estrogens, as predicted by bioinformatics studies.!®
In general, however, the mechanisms by which androgens regulate
gene expression, are fundamentally so complex, that the intervention
of coactivator or corepressor proteins modulating ARs activation
in the presence of ligand,* as well as ARs cross-talk processes with
other cell signalling pathways,41 might not be excluded. In fact, it
has become widely recognized that diverse signalling pathways do not
act independently, but intersect and interact at different levels, being
subject to mutual cross-modulation.

The second part of our study, regarding the exposure of LNCaP
and PC3 to E,, shows that also estrogens may play an important
role in LNCaP and PC3 proliferation control, via regulation of
glyoxalases expression at a transcriptional level. In fact, in LNCaP
cells, E, treatment stimulates LNCaP cell growth by upregulating GI
gene transcription (in a combinatory effect with T) and downregu-
lating GII expression. The observed stimulatory effect of estrogens
on LNCaP proliferation would be in agreement with the results of
Castagnetta et al 42 Conversely, in PC3 cells, E, treatment leads to a
decrease in cell growth, paralleled by a decrease in GI mRNA levels
and a concomitant augmentation in GII mRNA levels. The observed
potential inhibitory effect of E, on PC3 growth is in agreement
with the observations of Carruba et al.43 The different behaviour
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and glyoxalase Il (Gll) gene expression in PC3 cells. **Significantly different
from the negative control, represented by non-stimulated cells (p < 0.001).

of LNCaP and PC3 cell lines, as to proliferation and GI and GII
gene expression, to E, exposure may reflect the different expression
pattern of estrogen receptors (ERs) isoforms: LNCaP cells express
only ERB, while PC3 cells have both ER0. and ERP. In fact, it has
been described that, the two ER isoforms may interact with the
same DNA response elements, exhibiting similar, but not identical,
biological effects through specific intracellular signalling pathways. 44
Thus, the impact of ERs on estrogens biology is likely to occur as a
consequence of (1) direct actions of ER[, where it is responsible for
regulating target gene transcription and (2) indirect activities, when
ERB modulates ERo. action in tissues where they are coexpressed.®547

In conclusion, our results show that T regulates glyoxalases gene
expression in human AR-positive LNCaP and AR-negative PC3 cell
lines, with a mechanism still to be more widely elucidated. However,
the modulation by T seems to be different according to the enzyme
and the cell line. This might reflect different potentials to develop
either androgen susceptibility or antiandrogen resistance of indi-
vidual tumor cells within a particular solid prostate tumor in vivo,
by means of glyoxalase system modulation. In addition, on a clinical
prospect, our findings appear to point out beneficial effects of both
antiestrogens and aromatase inhibitors in the adjuvant therapy for
human androgen-responsive prostate tumors. Moreover, our findings
suggest the possible use at pharmacological doses of estrogens as well
as the uselessness of aromatase inhibitors and/or antiestrogens, in the
treatment of human androgen refractory PCa.
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gooatttcaccatat

gtgatc ctcctggctcggcctcccaaactg ctggggttac aggcgtgageccccacte ceggactetototottte tttr:tttctrtc tttctttetttcttte tttctttc tttc tttctttl: cttctttc tttctttcttootitctitottt

ctetetetetttettecttecttecttcecteocteoctocttecttecttecte ttte tttcttte ctec cttcettectttetttecteco tto ctttec ttte thtcctoccttec ttteo ettt ctttttttgagacagggteteatte
tgtcgeccaagtaac gtgatcteaccteactgeaacctecaccteccaggttc aagtgattctectaccttagectectaagtagetgggattac aggeat gt gecaccacac ctggetaattitt gtacttttagtaga
getggggtttcactacgtagggeagacttggageaatttttcatatgaatatat gctatttetattctotetttt gtaaatt gectatte tio tttttggecattitttte tatc gagttat gt gtote tttcte att gatttctaac agtt
ttacatattctggatactgaacctttgttggetatgtgtgttge ceatactitctcctggtetatggtitaactttttac ctittagggt gt gttttagetitetittatact te gtgcttttatatc teattaagaaact to tctttott
ttttcttttttittggagatggagtettgetetgtcacceaggetggagtgeagtggeac gateteggeteactgeaaccectgocteccaggttc anacaatt ctectgecteagectece gagtagetgggactac
aagcacacgccaccacgectggotaattitttgaattttageagagac gaggtitcact gt gttgeccagge tggtetecaaactcctgaactc aggeaatecacctgtetcagecticcaaagtgetagtgagecac
cgcgeccagecttcattaagaaatitctaccatgaattcacaaaggeattttctaatatittattc ttcaaggtittaagttttge ctittcacatttat gtetataatcctettggac ttac gttttec titat ggtat gaaatagag
atctttttitatcac atac ataatcaattgtccttaccecattc attgaaaaaataatcttttcc coactageagtaagataacac atac caaatttatatatatatacacacacacagagacacaaacatggtat gt gtgtat
attggttgectattaatgeac aacaacttattccaaaacttagecagetgaaaacaataaacatttattatctcacagtttctgtggtitaagaat ctgggaatggtecagetaggtagttctggatcagggteteteac aa
gacagtgactaagaggttgge caaageageagte atittgaagetctactgaaaaaggace cacttgoaattttactgtgtagct gatggeaggtgtetggecttcact ggetgttgaccagagacattggtteottg
ccacatgcatctetocttagagttgetcacaac gtgacaacttgettacccteccaagtgagagatcaaagaaagtgacagagetcccaagataagaate acaacatttcatictc taatctcagaaatgacatgaagt
gacactttatcatgtetatcatgetetitgtatcagaagtgagecaccaaatccageccatactcaaggttagggaageagacaagactgtgaagac coggaggtggggatcatt gggattatettagagtggteta
ctacagtttccatttgttgatctatgccagectecctace atactgtctittttttttttttcatcct gtettaattactgtagettatacaaagtettgttatccG G TAgAgaaT GT T Ce(2) cotacttaattattattc
agtatatctttcctatitggogecctaaaaatagaatgtaGaAtCtgetT G TT Ca(3)ttitaattgaaaaccectgggecaggeacagtggttc atac ctgtaatcacactttggggaggecaaagtge gag
gatcacttgagctcaggagttcaagaccagectgggoaacatagtgagatgetgteictacaaaaactaaaataaaataaattatctggtittggtggtgcatgectatagtettagetatttgtgaggetgaggtags
tgggtgggtggattgctggagectgagaggttgaggetgeagtgagetgagacageaccactge actc cacactgggeaac agagtgagaccetatcttgaaagaaagaaagaagaaagaaaagaaagaaa
gaagaaagaaagaaagaaataaagaaagaaac aaataaagaaagaaganagaaagaaagaaagaaagaaagaaagaaagaaagaaagaaagaaagaaagaaagaaaggactctgttgggatitttattg
gaatttcattac atgaacagattaattagtaaatgaattgatattttatgatattgaglcltcctattcatttac atgctttatatctcac atagtctg agaagctcaccagaaagattagtgcaaaaggectgggaacagts
geteatgectgtaatcccageactttgggagaccga

actcc atctaaaaaagaaa rtaatgcaaaagaagac aatttgggggbctrttcaataartc agtggtaac acacagtatatggagagtttgtgtattgctecaattcccgagtita aaaggtttaaggtctagttccata
tagaagtcctgoagtictaatagactgtgtittgatgaaatatcctcagtaagttagtatgaggtatgeacaacatttctget gaaatecttatcctgectateattttgc agtggacatccat ggttcagtttgectggeaa
tecteecttetcata AG AACAtcate Ge TC T(S)tcttttagggaactaacagatee(6)tecc caaactccaatcaggtggtectaatccaggttgccaate gecagtgettcaatcacaggagtaageac
aggtcctaggecaggocaatc acagetocttcttggatittc caatttgataaaatc caggetggetggataaaatccagagggagagtttactccecactectagtgagagaacagetgecaaatttctagtettatg
gagctggtgtetgacaaactgaagetgogatgcagaaanaagetgagatgagagacggggacatcttggtggtggccaggtggctagtgecatatacatcoctgeccaac cteattttggttaggtgageacca
gtcattcccatttattctittaacaacaggaagtatttaatgageatctactattatgage caatcattgaagac acagtgatgactaage cttccagtgaacac aaaatatatattaatgtaaaaagta ctg:aagttat
(7)ggacat‘ttggaacctaagtaggcaaaccatg acttaaatctcatttaggctgggcacagtggctacacct

aaagaa aagaaaaaagaaaaa
ggaaaagaaaactt atttaattctcaacaaatcctgltaggaagctc agagagggtcagtaattattgc aagtttctagcgotaatatatagec ggaaccaagacttgaacataggtttic gactcaacaattgttttaatt
actctgcgetgegtaaactgagaaacctctgaatccttacaattttanaagaacaacttacagtittc agtttcc atcagattccaattttctacc aaattgecage coctgaggtatgaatggttaccaaactttagttaaac
aaacaaaattagctcattaagtaacagagaaaccactctgeccagectgeattitttitttitttttt gtatgagtitgectectitatge gcaaggete cttgggagttgtagtctgaggeatagte ctgtgggtggagge

getgactcactgggacceaatcageagaGaGTCAactTGeTCT(9)ccgegeagegattggctggaagtcageggtetecccgeccgoggegecatcgegecattc ctagttaaggeggeacaggg

cceaggcatastotegeteaCTCCTCCGTTCCTTGGGTCCCGTCGTCTGTGATACTGCAGCGCAGCC2ATG

Figure 9. Promoter sequence of the human glyoxalase I. The putative regulatory elements are shown in bold and numbered. The repeated sequences are
underlined. In uppercase letters and highlighted are sequentially the 5'UTR and the transcription start site (ATG).

7.

www.landesbioscience.com

regulatory role of glyoxalase I in cell viability of human prostate cancer. Urol Res 2002;
30(2):116-21.

Cancer Biology & Therapy

Hsuuw YD, Chang CK, Chan WH, Yu JS. Curcumin prevents methylglyoxal-induced 18. Ayoub F, Zaman M, Thornalley P, Masters J. Glyoxalase activities in human tumor cell lines
oxidative stress and apoptosis in mouse embryonic stem cells and blastocysts. ] Cell Physiol in vitro. Anticancer Res 1993; 13:151-156.
2005; 205(3):379-86. 19. Rulli A, Antognelli C, Prezzi E, Baldracchini E, Piva E Giovannini E, Talesa V. A possible
. Edwards LG, Adesida A, Thornalley PJ. Inhibition of human leukaemia 60 cell growth regulatory role of 17B-estradiol and tamoxifen on glyoxalase I and glyoxalase II genes
by S-D-lactoylglutathione in vitro: Mediation by metabolism to N-D-lactoylcysteine and expression in MCF7 and BT20 human breast cancer cells. Reast Cancer Res Treat 20065
induction of apoptosis. Leuk Res 1996; 20(1):17-26. 96(2):187-96.
. Kalapos MP. On the promine/retine theory of cell division: Now and then. Biochim 20. Ranganathan S, Ciaccio PJ, Walsh ES, Tew KD. Genomic sequence of human glyoxalase:
Biophys Acta 1999; 1426(1):1-16. Analysis of promoter activity and its regulation. Gene 1999; 240:149-155.
. Kalia S, Pal S, Guha-Mukherjee S. Activation of glyoxalase I during the cell division cycle 21. Hsing AW, Reichardt JK, Stankzyk FZ. Hormones and prostate cancer: Current perspectives
and its homology with auxin regulated genes. Plant Sc 1998; 132:55-62. and future directions. Prostate 2002; 52:213-235.
. Rulli A, Carli L, Romani R, Baroni T, Giovannini E, Rosi G, Talesa V. Expression of gly- 22. Shaneyfelt T, Husein R, Bubley G, Mantzoros CS. Hormonal predictors of prostate cancer:
oxalase I and II in normal and breast cancer tissues. Breast Cancer Research Treat 2001; A meta-analysis. ] Clin Oncol 2000; 18:847-853.
66:67-72. 23. Brinkmann AO, Blok L], de Ruiter PE, Doesburg P, Steketee K, Berrevoets CA, Trapman
. Mearini E, Romani R, Mearini L, Antognelli C, Zucchi A, Baroni T, Porena M, Talesa VN. J. Mechanisms of androgen receptor activation and function. J Steroid Biochem Mol Biol
Differing expression of enzymes of the glyoxalase system in superficial and invasive bladder 1999; 69:307-313.
carcinomas. Eur ] Cancer 2002; 38:1946-1950. 24. Risbridger GP, Bianco JJ, Ellem SJ, McPherson SJ. Oestrogens and prostate cancer. Endocr
. Davidson SD, Cherry JP, Choudhury MS, Tazaki H, Mallouh C, Konno S. Glyoxalase I Relat Cancer 2003; 10:187-191.
activity in human prostate cancer: A potential marker and importance in chemotherapy. J 25. Migliaccio A, Pagano M, Auricchio F. Immediate and transient stimulation of protein tyro-
Urol 1999; 161:690-691. sine phosphorylation by estradiol in MCF-7 cells. Oncogene 1993; 8:183-219.
. Antognelli C, Baldracchini F, Talesa VN, Costantini E, Zucchi A, Mearini E. Overexpression 26. Tso CL, McBride WH, Sun J, Patel B, Tsui KH, Paik SH, Gitlitz B, Caliliw R, van Ophoven
of glyoxalase system enzymes in human kidney tumor. Cancer ] 2006; 12(3):222-8. A, Wu L, deKernion J, Belldegrun A. Androgen deprivation induces selective outgrowth
. Dillio C, Angelucci S, Pennelli A, Zezza A, Tenaglia R, Sacchetta P. Glyoxalase activities in of aggressive hormone-refractory prostate cancer clones expressing distinct cellular and
tumor and non-tumor urogenital tissues. Cancer Letters 1995; 96:189-193. molecular properties not present in parental androgen-dependent cancer cells. Cancer J
. Samadi AA, Fullerton SA, Tortorelis DG, Johnson GB, Davidson SD, Choudhury MS, 2000; 6(4):220-33.
Mallouh C, Tazaki H, Konno S. Glyoxalase I phenotype as a potential risk factor for prostate 27. User Bulletin No 2. ABI prism 7700 sequence detection ststem. The Perkin-Elmer
carcinoma. Urology 2001; 57(1):183-7. Corporation. 1997, (P/N 4303859 Rev A Stock No 777802-001).
. Davidson SD, Milanesa DM, Mallouh C, Choudhury MS, Tazaki H, Konno S. A possible 28. Messeguer X, Escudero R, Farré D, Nunez O, Martinez J, Mar Alba M. PROMO: Detection

of known transcription regulatory elements using species-tailored searches. Bioinformatics
2002; 18(2):333-334.

1887



Downloaded by [119.93.239.47] at 05:32 09 November 2015

Glyoxalases and Androgens

gtcggtgtaaaggtaﬁcﬂ:aaacagtcttgtcaagtgcaacatggtagﬂtmttcctctgcasat!tggcaaaaagtgtcaaaatm:aaagtgcaaaccatttcaﬁgaﬁb:actbcnagacttcccbaaggaaas:aaacaagtgccaatgatgta
gotttogtog o 20 gatth aGGAtggg GTTCC(1)accteagatccaggeattagatactcataaggag

g g g g gggaag c atg gectectactgtgtggetecgtttataacaggecacgg
gctgguagcagtcagtggcctggaggttgggggacccrtgctgtagagwtatggaggatgccccl:tg:ab:aI:tgmcmwgca@gcaﬁctga&agtgtgc:iatctgﬁcggggaxgctcca:ccagaaaatcrhcacttgctgwgbc
cctcagcth:tatgagggtcagaaaaMCCtgaggaagcmtggaaagggcggggagagcagattctggtgccaacagacb:cb:gu:cagagcu:ccccttggﬂcaccagtgactgaagtgamccagcccagagaﬂ:cacttt
z ggctg ggggtacatgatctgagatacagecattaasaaggggtacct

gtaj:ttahattcactgacctggaaanatgttcgtgatabaﬁaagtggatgtgtaatactcatttrtttahaaaaggccaau:aacatgmtaaaaa:acaacagaagaacagatgtcaaaccabatatb:tgtacagactaatacactgtggaattattt
bctlaagcgtgataatgg!ctcatﬂa:catgtaggagaatab:ctgath:ttgggagatgtatgctgaaagggaagagtcmrtgcagmaccatcccgacgcatth:t:aaaaﬁtgggtglgtgtgtg!gtgtgtgtgtgtglgtatagagagaga
gaggtgcatgtetgeatatatacacatatatggcggggaggaaggs atg og g gotttaaat
gtattcaaaacgtggaaaaacguatcttctgaatgcmggatta:tatganﬁagcaatab:aggaattgtcggacttggtgtctctgtmtgatb:ttgcatctaaggacmg‘tgtgccmcacctgcwgctgatgtcaatgtttgtgacaaagc
ttgttctaccactgtggtgaacactgaccecaggggeactgtacteggtgetgactigtgecacctactagggetgeatgtgageactgettetact (3)ttataactitgactitaatagtetgteaacttggtagetatatete agetgaacegtg
tacctggtageagactaataatacacttccageatgageacgeccittgatecaactcticeacttatgggaacctage caaaggaaaaaacageacatgtgetgatactageaaatcattagagacaatctcaaggtec aaaaatggaggctt
gacttcagaahcttatgcaatocatgaaagttgtactgcagaaatgtgtcagl:taacaaggaaaaagatggtcacaahatacagtgaaauagcaagttaaabaattgbatggtat gctgggcacgg;ggctcatgcctggaacocggcacttt

caaactcntMaaaaatwoaanantccacagacrtggaagaacttgcaamaatgcmmggctchtctgggmgatgaaatm:tggtgttugnctaangcmtctcntmagactcthctgmattacatgcattgc caagraatg
aaaaaataatactazaagtagttaagatageatgatacttaataaagaaatccaattatggeacttecteatac (S)tatattataatttaageatgggsttocageatacctaagtatetgattettttatgtatctacttacaagatgcagectgea
ttgtggtcaaaacticacgitctggtcttgggggagetgggttacatetoggetetgocactaagetgagtgactitagecagectic goagectetagatetgicticatetgagtaatggggatggtagtgateatactaagettatggetigatt
getggitacataacacgtggaaatacagaataaactgettggeatggtgectaacagtactgigitcaatacatggggaccgttactactcaatc agatgtectaggetitettcaggggocageagatgatgtgaacgegaacaggaaccect
gcegaageccaaaggactoetocaggeattgacagetatgetgtgcatettgectggatgttititcagaggagagtgcaggeaagageasaageageagicceaggetaticaacticcacaaagectectiatcteeggtigggaagtac
agftgctgattaactgtgttaacacageacagtgcteagaaggecaaaggteaaagactaaggtetgaagec coacaaggaggaaatatecchocto gt attactgggagoaaaaaaattaceettgtaagecacttagaagggageacct
ttatttegaasacagtaatttcasaatcatcteccgaactcagaate gatgggtetggatagataccetaagtasacaggtgaaatcitcattacttgttcacttattaagtaaaatittaaattaacc gattatgtacaggagtattttc acatttectg
ataagaatcacttggaatgeectgtaaacacagettcactggagatiaatectatcaaatigattcageaagtec gagatgggecagtaatitgtggagatititatitttacaaatgcticctgatzatgac caaatetaagaaaatttggtasacaa
cggaaagttatctggaacataactitcagititctetgeagtititaagtgctgaactactgateate ctagagataacc cactgaaaagtctictetaato cagttttacaaaaggaaagtctitttaacatttggittgataaaatgtittecc gaagaaat
actitacttgectgttttcattictggeccaccegtictacticacgtitictigaagggticatetictatgagitgaggeatageaatetaate atttttaaaataaatggtttettititittitititttttgagac ggagtetogetgitgeccaggagtaca
gtggcgeaatcicageicactgtaagetecgectcecgggiteaatigattetoctgecteagectccagagtagetgggactacaggegecegecaccacgeccggctaatittitgtatititagtagagacggggtitcaccetgttageea
agatggtctggatctectgacgtegtgageegecegoeteggecteccaaagtgetgegattacaggegtgagecaccgogtccggocaataaatggtitetaattanaggattatgacatitaatagecgttgettgetettgtettgcto cott
ctetctegaaacttottaagaaataactc aatattctogettttecactttaadtagt CAtac TGacCa(6) gocogtatatgecagectegateteate gitttetttaac cggtec aactccetitgge steccagteaagataatatetecttet
tccaaggttatgatcttagaaacatagetgatgatgtaggggatggaaaaaateatggaggatgtcteaccetoctatetgagttcgecgttgaccttgagecagagetteagettgtgagggteagggateticto cttgggeacgaacgege
tgaccgggeaggacgeegtgaageteticgecagagtecagggeageeeeticticttgeactegtectgeacgticccgggeggteatatccaggeacagggeatageegeccacgtagtecatggecgeagectoggggactgegeg
geagegettgeccatcaccacgeccagetecagetegtggtacaggttgegagtgtacgegggeatgaggatgggegageeciogggegegtaggecgiggacggettcaggaacageacgggctegeteaacaccgegetaegea
tctecctgacgtggtecgegtaghicctecccacgeagacgatgtictticeccactocecagaagegggacaatggectggatgetgecatgatteccatcaagtgec cotgtagteac gtgggetgggecggteagetgatgectacggea
tcceggagaggaccaactgecteggaacgetgtecccCGCAGCGACGGCCCGTTCCACCTCGCGATCTGCCGGGTACCCGGGCGGCGTGGCGCTCGGCCTCCAGGG

ATCCACTGTGCGGTGCCAAAABAGAGGCGGAGGCTCGCGGCACAGCTCTCCCGGCGCAGCTCTCGGGCCGCCGCCGCCGCTCCCAGGCCCGT

CTCCCGGCCCGTGGCAGTCGGGGCTCGCGCACAAAACAAGTTCGAGCGCGAGCGCGTTCGATTGGTTGGCGGACGGTGCGAGGTGGACGCTGAT
TGGCTCGAGGGCAGCGCGAGGCGGGCGCTGATTGGCTGCGACGCGCCGACGCCGGTGTTTTGCAGTCCTGGGCAGCTCGGCAGTCCAGCCCGG

CCCGGGTCATGGTGGTGGGCCCAGGGCTGCTCGGCCGCCGCAGCCTCGCCGCGCTGGGAGCCGCCTGCGCCCGCCCGAGGCCTCGGTCCAGCC

CTGCTGGGAGTTTTCTGCCACACAGATTTGCGGAAGAACCTGACCGTGGACGAGGGCACC—2ATG

Figure 10. Promoter sequence of the human glyoxalase II. In bold and numbered are the putative regulatory elements. The repeated sequences are under-
lined. In uppercase letters and highlighted are sequentially the 5'UTR and the transcription start site (ATG).
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