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Abstract

Glyoxalase 1 is a scavenging enzyme of potent precursors in reactive oxygen species formation and is involved in the
occurrence and progression of human malignancies. Glyoxalase | A111E polymorphism has been suggested to influence its
enzymatic activity. The present study was aimed at investigating the association of this polymorphism with oxidative stress
and its implications in prostate cancer progression or survival. The polymorphism was genotyped in human differently
aggressive and invasive prostate cancer cell lines, in 571 prostate cancer or 588 benign prostatic hyperplasia patients, and
580 healthy subjects by Polymerase Chain Reaction/Restriction Fragment Length Polymorphism. Glyoxalase 1 activity, the
pro-oxidant Glyoxalase 1-related Argpyrimidine and oxidative stress biomarkers were evaluated by biochemical analyses.
Glyoxalase 1 polymorphism was associated with an increase in Glyoxalase 1-related pro-oxidant Argpyrimidine and
oxidative stress levels and cancer progression. The mutant A allele conferred a modest risk of prostate cancer, a marked risk
of prostate cancer progression and a lower survival time, compared to the wild C allele. The results of our exploratory study
point out a significant role for Glyoxalase 1 in prostate cancer progression, providing an additional candidate for risk
assessment in prostate cancer patients and an independent prognostic factor for survival. Finally, we provided evidence of
the biological plausibility of Glyoxalase 1 polymorphism, either alone or in combination with other ones, all related to
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oxidative stress control that represents a key event in PCa development and progression.
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Introduction

Glyoxalase 1 (GLOI1) is a glutathione-dependent enzyme
involved in the scavenging of Methylglyoxal (MG), a potent
cytotoxic o-oxoaldehyde, with a strong ability to cross-link with
protein amino groups, forming stable products called advanced
glycation end products (AGEs) [1,2]. Among them, argpyrimidine
(AP) represents one of the major products deriving from MG
modifications of proteins arginine residues [3,4]. Both MG and
AGEs are effective precursors of Reactive Oxygen Species (ROS)
and free radical [5,6], strongly implicated in cancer progression,
including prostate cancer (PCa) [7-10]. A single nucleotide
polymorphism (SNP), —419C>A (rs2736654), causing an Alalll-
Glu (A111E) substitution, has been identified in exon 4 of GLOI1
gene [11] and associated with a decrease of GLO1 enzymatic
activity [11-13]. GLO1 A111E polymorphism has been studied in
some human disorders [11,14-17], including cancer [18,19],
however, to the best of our knowledge, its role in PCa has never
been investigated before. In the present study, we hypothesized
that GLOI polymorphism, linked to a decrease of GLOI
enzymatic activity, and, consequently, to an accumulation of
GLOl-related pro-oxidative AP, could be associated with
oxidative stress induction, thus counting as a novel mechanism

in PCa progression. To this aim GLOI1 polymorphism, AP and
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oxidative stress biomarkers (ROS, reduced glutathione, GSH,
malonyldialdheyde, MDA) [20] levels were, firstly, studied in
human differently aggressive and invasive LNCaP and PC3
prostate cancer cell lines, secondly, in urine sediments [21,22] and
blood of PCa and Benign Prostatic Hyperplasia (BPH) men, or
healthy male age-matched subjects. Since our initial results
pointed out a role for GLO1 in PCa progression, providing a
biological background to the possible association of GLO1 A111E
polymorphism with PCa, we, additionally, examined its associa-
tion with progression, evaluated by stage and grade. A study on
the association of GLO1 polymorphism and PCa risk and survival
in selected subgroups was also performed. Besides, the evidence
that PCa has an important genetic component is compelling from
epidemiological, genetic and genome-wide association studies [23—
26]. Some risk gene variants have been identified, which may
predispose carriers to development and progression of such disease
[24]; nevertheless, conflicting results have been obtained. There-
fore, the study of other polymorphic genes is urgently needed.
Enhancing the knowledge of how genetic factors influence PCa
progression may improve the clinical management of such
worldwide neoplasia. Finally, since we believe that single allelic
variants themselves are not sufficient to predict, in many cases, the
predisposition to the risk of PCa, we evaluated GLO1 AlllE
polymorphism in combination with other oxidative stress control-
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related polymorphic genes, that we previously found to be
associated with the risk of PCa in a case/control study [27],
whose BPH and PCa cohorts has been here included in the new
enlarged populations. Additionally, the analysis was carried out in
healthy male age-matched subjects.

The results of our exploratory study point out a significant role
for GLO1 in PCa progression, providing an additional candidate
for risk assessment in PCa patients and an independent prognostic
factor for survival.

Materials and Methods

Cell Lines

Human prostate cancer LNCaP and PC3 cell lines were
obtained from American Type Culture Collection (ATCC) and
routinely maintained at 37°C in 5% COy in RPMI 1640
supplemented with 10% heat inactivated FBS, 1X L-glutamine,
1 mM sodium pyruvate, 1X non-essential amino acids, 100 units/
ml of penicillin and 0.1 mg/ml of streptomycin (Invitrogen).

Patients

A total of 1739 Caucasian Italian men were enrolled in this
study. Of them, 1423 (PCa, BPH, healthy men) were enrolled
between April 1999 and June 2005 from the Department of
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Table 1. Demographic and clinical data.

Variables PCa (n=571) BPH (n=588) Healthy men (n=580) p value
Age at diagnosis, yr (mean * SD) 68 (£5) 69 (*6) 66 (*7) >0.05*
PSA, ng/mL (mean * SD) 44.8 (£11.4) 10.0 (+8.3) 8.0 (£6.6) <0.0001*
Tumor Stage, n (%)

Localized 297 (52.0) N/A N/A N/A
Locally advanced 274 (48.0) N/A N/A N/A
Gleason score, n (%)

Low grade 255 (44.7) N/A N/A N/A
Moderate grade 161 (28.2) N/A N/A N/A
High grade 155 (27.1) N/A N/A N/A
BMI (kg/m?), n (%)

<25 340 (59.5) 367 (62.4) 354 (61.0) NS
25-30 211 (37.0) 206 (35.0) 215 (37.1) NS
>30 20 (3.5) 15 (2.6) 11 (1.9) NS
Physical activity

Moderate 512 (89.7) 516 (87.8) 512 (88.3) NS
Exhaustive 59 (10.3) 72 (12.2) 68 (11.7) NS
Current alcohol intake

Never 88 (15.4) 110 (18.7) 121 (20.9) NS
Once a month or less 160 (28.0) 177 (30.1) 167 (28.8) NS
Daily-weekly 323 (56.6) 301 (51.2) 292 (50.3) NS
Smoking status

Non-smokers® 320 (56.0) 312 (53.1) 326 (56.2) NS
Ex-smokers® 103 (18.0) 120 (20.4) 113 (19.5) NS
Current smokers® 148 (26.0) 156 (26.5) 141 (24.3) NS
PCa = prostate cancer; BPH =benign prostatic hyperplasia

*PCa versus BPH or healthy controls by Student’s t test; N/A =not applicable; PSA = prostate specific antigen, BMI =body mass index;

“never smokers;

Ptobacco consumption stopped from 6.5+3.2 years with a previous average tobacco consumption estimated at 45 pack-years (range, 18-104);
‘with an average tobacco consumption estimated at 39 pack-years (range, 16-196). NS = not significant by y? test for categorical variables.
doi:10.1371/journal.pone.0074014.t001

Urology (University of Perugia, Perugia, Italy), 316 (healthy men)
were recruited between July 2005 and June 2013 from the same
Department. The case group consisted of 571 patients with
previously untreated, histologically verified PCa, diagnosed by
transrectal ultrasound-guided biopsies. The indication for prostate
biopsy was either a suspicious finding on digital rectal examination
or elevated serum levels of Prostate Specific Antigen (PSA), or
both. Disease was classified according to the World Health
Organization criteria and staged according to the Tumour Node
Metastasis (TNM) classification and the Gleason grading system
(Gleason score). In particular, we stratified the analysis according
to tumour stage (localized: T'1/T2; locally advanced: T3/T4) and
histological grade (low grade: Gleason 2-6 or well differentiated;
moderate grade: Gleason 7 or moderately differentiated; high
grade: Gleason 8-10 or poorly differentiated), according to the
pathologic and/or radiologic reports. Evidence suggests that
prostate tumours designated as Gleason score of 7 differ quite
distinctly in regard to prognosis with those tumours with a Gleason
score of 3+4 =7 considered less aggressive than tumours with a
Gleason score of 4+3 =7 [28,29]. Since, in preliminary analyses,
we did not find any significant difference in GLO1 SNP
association between the 3+4 or 4+3 tumour grades, we decided
to gather them in a single group (Gleason score 7). The control
group consisted of 588 age-, ethnicity- and geographically-
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Figure 1. GLO1 —419C>A polymorphism genotyping, argpyr-
imidine and oxidative stress indices in LNCaP and PC3 cells. (A)
GLO1 —419C>A homozygous wild type (CC) LNCaP and homozygous
mutant type (AA) PC3 cells; (B) Argpyrimidine (AP) intracellular levels
and densitometric analysis from Western blot detection. Western blot
was obtained by using a mAb mouse anti-AP. The blot was stripped of
the bound Ab and re-probed with mouse anti-f-actin, to confirm equal
loading. The Western blot shown is representative of three separate
experiments. (C) Reactive oxygen species (ROS), malondialdehyde
(MDA) and reduced glutathione (GSH) intracellular levels. Histograms
indicate means = SD of three different cultures each of one was tested
in quadruplicate and expressed as fold change.**P<0.001, **P<<0.001.
doi:10.1371/journal.pone.0074014.g001

matched individuals with BPH, whose diagnosis was based on
lower-urinary tract symptoms, free uroflowmetry, evidence of
increased prostate size (obtained by palpation or transrectal
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ultrasound) and in whom the presence of PCa was carefully
excluded clinically and hystologically (negative biopsies for PSA
>4 ng/ml, no Tla-T1b disease). For comparison, an healthy men
group, including age-, ethnicity- and geographically-matched
individuals, not suffering from any prostatic disease, was included
in the study. The participation rates were 98%, 95% and 96% for
the PCa, BPH and healthy men, respectively. All individuals who
agreed to participate in the study were evaluated with a detailed
questionnaire, which proved information about life-style and
family history of cancer.

Ethics Statement

All subjects gave written informed consent to the study, which
was approved by the Committee on Bioethics of the University of
Perugia in accordance with the principles established in the
Helsinki declaration.

GLO1—419C>A Polymorphism Genotyping

DNA from peripheral blood leukocytes was extracted with the
NucleoSpin Blood Quick Pure Kit (Macherey-Nagel). GLOI1-
419C>A SNP detection was based upon Polymerase Chain
Reaction-Fragment Length Polymorphism (PCR-RFLP) analysis
as previously described [18], after PCR amplification. All
genotyping was carried out by laboratory personnel blinded to
case-control status of the samples, which included quality control
samples for validation. Concordance for quality control samples
was 100%.

Oxidative Stress Control-related Gene Polymorphisms
Genotyping

Single nucleotide polymorphisms (SNPs) for the oxidative stress
control-related genes Glutathione S-transferase 1 (GSTP1 Ile>"
Val), Paraoxonase 1 (PONI1-192Q>R, PONI-55 L>M) and
cytochrome P450 17 (CYP17A1> A2) were detected as described
by Antognelli et al. [27].

Collection of Urine Samples After Prostate Massage
Collection of urine samples was performed as previously

described [21,22].

Collection of Serum, Plasma and Lymphocytes from
Blood Samples

Serum, plasma and lymphocytes were obtained from blood
samples collected prior to rectal palpation, to exclude the
possibility of influencing the results due to prostate manipulation.
Serum and plasma were obtained according to standard protocols
and used for GLOl or MDA and GSH measurements,
respectively. Lymphocytes were isolated in Lymphoprep separa-
tion medium (Axis-Shield, Oslo, Norway) [30] and used for ROS
detection.

GLO1 Enzymatic Specific Activity

Preparation of extracts from cell lines and GLO1 enzymatic
specific activity were according to Antognelli et al. [31] and
Mannervik et al. [32], respectively. Serum GLO1 estimation was
performed as described by Chavan et al. [33].

Western Blot

Whole-cell protein extraction and western blot were performed
as previously described [31,34]. An appropriate dilution of mouse
anti-MG-AGE  (Arg-Pyrimidine, AP) mAb (Antibodies-online,
GmbH) and anti-B-actin mAb (Santa Cruz Biotechnology) were
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used. AP measurement in plasma was performed according to Raj
et al. [35].

Measurement of Oxidative Stress Biomarkers (ROS, GSH
and MDA)

ROS and GSH were detected according to Szabados et al. [36]
or Guzel etal [37], respectively. MDA was measured using
OxiSelect™ TBARS Assay Kit (MDA Quantitation) (Cell
Biolabs).

Statistical Analysis

Analysis of data was performed using SPSS 11.0 for Windows.
Descriptive analysis included determination of standard deviation
(SD) as well as Student’s t-test. GLO1 serum levels were log-
transformed as the subgroups (localized, locally advanced or low,
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Table 2. Association between GLO1 —419C>A polymorphism and metabolite levels in prostate cancer progression evaluated by
stage and grade.
Blood samples Cells from urine sediments
Localized (n=297) Localized (n=297)
GLO1 AP MDA GSH ROS GLO1 AP MDA GSH ROS
CC 239*0.10 9440*+420 2.51*0.10 891+0.41 0.39+0.03 1.32*0.10 93.92+5.90 2.49+0.09 8.82+0.46 0.37+0.05
CA 215*0.08 107.01*27 2.83*+0.04 7.92+0.15 0.59+0.02 1.18%0.02 106.75*+1.2 2.82+0.02 7.97+0.15 0.56+0.02
AA 1.84*0.10 118.60*2.1 3.21*£0.12 7.12%*0.11 0.77£0.03 1.02=0.03 119.30%+3.2 3.18+0.06 7.00%+0.55 0.76+0.02
Locally advanced (n=274) Locally advanced (n=274)
GLO1 AP MDA GSH ROS GLO1 AP MDA GSH ROS
CC  213%*0.11 98.47%8.61 267*+0.11  10.25£0.23  0.42*+0.02 1.30x0.10 97.96+6.21 2.62*+0.12 10.19£0.21 0.44+0.02
CA 1.85*0.07 120.54+3.10 3.14*0.01 8.22*0.10 0.67+0.01 1.03+0.04 122.55+3.4 3.11%0.08 7.7%0.01 0.66+0.02
AA 153*0.05 141.68+4.61 3.74*0.03 5.56*+0.11 0.89+0.01 0.67+0.07 141.95+5.5 3.69*+0.11 5.7%0.02 0.82+0.01
Low grade (n=255) Low grade (n=255)
GLO1 AP MDA GSH ROS GLO1 AP MDA GSH ROS
CC 237*0.17 92.78%£10.00 2.60*0.02 9.21*1.2 0.41+0.01 1.29%0.10 91.87£2.32 2.57+0.04 9.18+1.3 0.39+0.04
CA 200*0.10 117.12%1.2 279%0.01 7.86%0.05 0.60£0.02 1.14=0.04 113.88+2.3 2.79+0.06 7.40+0.09 0.60+0.01
AA 148*0.10 135.68+24 3.04*=0.01 5.94*0.16 0.82+0.01 0.98+0.02 130.49+3.1 3.03+0.06 5.00%+0.10 0.78+0.02
Moderate grade (n=161) Moderate grade (n=161)
GLO1 AP MDA GSH ROS GLO1 AP MDA GSH ROS
CC 220*0.11 95.01x7.10 2.65*=0.07 8.94+0.23 0.43+0.03 1.25x0.11 94.08+7.38 2.63*+0.04 8.90*0.21 0.40*0.01
CA 1.65*0.05 12436*4.0 3.05*£0.03 6.57+0.01 0.70+0.01 1.02=0.03 123.66+6.1 3.01+0.01 6.54+0.02 0.68+0.01
AA 1.25*0.08 163.83*5.8 3.53*£0.07 3.85*0.01 0.98+0.01 0.70+0.02 161.45%+5.2 3.49+0.01 3.80+0.03 0.94+0.02
High grade (n=155) High grade (n=155)
GLO1 AP MDA GSH ROS GLO1 AP MDA GSH ROS
CC 210*0.15 9821%11.11 2.68*0.03 8.78%0.69 0.43+0.06 1.20*£0.17 97.25+11.43 2.68+0.06 8.71+0.61 0.43+0.08
CA 147+0.08 14430*6.3 3.33*+0.10 6.12+0.09 0.77+0.01 0.89+0.01 143.28+5.10 3.29+0.09 6.20+0.12 0.74%+0.01
AA 093*0.06 193.90+42 3.87*£0.06 3.30%0.07 1.07£0.01 0.53+0.01 192.14+230  3.97*0.07 3.00%+0.05 1.04+0.01
GLO1(glyoxalase 1): umol/min (log-transformed); AP (argpyrimidine): pmol/10 pmol protein; MDA (malonyldialdheyde): nmol/mL; GSH (reduced glutathione): nmol/mg
protein; ROS (reactive oxygen species): expressed as rhodamine 123 fluorescence level. p values are calculated using linear regression under an additive model,
incorporating age and PSA as covariates; p<<0.05.
doi:10.1371/journal.pone.0074014.t002

intermediate and high grade) were not showing normal distribu-
tion of the data as per 1 sample-KS test. Distribution of
metabolites was normal in each of the above mentioned
subgroups. The y? test was used to compare genotype/allele
frequencies between PCa cases and BPH or healthy subjects
controls. Odds ratio (ORs) was calculated to estimate the Relative
Risk for PCa by unconditional logistic regression analysis and
adjusted for potential modifying factors, including age (continuous)
and Prostate-specific antigen (PSA, continuous). Allele frequencies
were calculated by direct gene counting. x? test was used for
testing of Hardy-Weinberg equilibrium (HWE). GLO1 SNP was
tested for possible effects on oxidative stress control-related traits
by linear regression analysis under an additive model, incorporat-
ing covariates of age and PSA. Survival analysis of selected PCa
cases was used to test the possible effect of genotypes on the risk of
dying from PCa. For this purpose survival curves were constructed
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using the Kaplan-Meier method, and the differences between the
groups were tested by the log-rank method. The multivariate
analysis of the probable prognostic factors for survival was
performed using Cox’s proportional hazard regression analysis.
The relative hazard ratios (HR) with 95% confidence intervals
were assessed adjusting for potential confounding variables, so
considered if they changed the HRs of any of the genetic variants
by at least 5%. Survival time was calculated from the dates of PCa
diagnosis to the date of PCa-specific death, collected from the
databases of the Regional Cancer Registry in 2010. Adjustment
for multiple testing was performed using permutation-based
methods [38,39]. For all results, a p-value of less than 0.05 was
regarded as statistically significant.

Table 3. Association between GLO1 —419C>A polymorphism and the progression of prostate cancer (PCa) evaluated by stage
and grade.
Categories Crude Adjusted*
cc CA+AA OR 95% Cl p value OR 95% CI p value
BPH, n=588 (%) 297 (50.5) 291 (49.5) 1.00 (reference) 1.00 (reference)
Healthy men, n=580 (%) 297 (51.2) 283 (48.8) 1.00 (reference) 1.00 (reference)
PCa, n=571
Clinical stage
Localized, n=297 (%) 117 (39.4) 180 (60.6) 1.57 1.17-2.11 =0.002 1.58 1.18-2.13 =0.002
1612 1.20-2.17 =0.001 1.60 1.19-2.15 =0.001
Locally advanced, n=274 (%) 28 (10.2) 246 (89.8) 8.97 5.77-14.02 <0.0001 8.96 5.75-13.99 <0.0001
9.22° 5.93-14.42 <0.0001 9.23 5.96-14.45 <0.0001
Grade
Low grade, n=255 (%) 105 (41.2) 150 (58.8) 1.46 1.07-1.98 =0.013 1.45 1.06-1.97 =0.012
1.50° 1.10-2.04 <0.01 1.51 1.12-2.05 <0.01
Moderate grade, n=161 (%) 20 (12.4) 141 (87.6) 7.20 4.28-12.20 <0.0001 7.21 4.30-12.23 <0.0001
7.40° 4.40-12.55 <0.0001 7.38 4.38-12.51 <0.0001
High grade, n=155 (%) 14 (9.0) 141 (90.9) 10.28 5.64-19.05 <0.0001 10.30 5.65-19.07 <0.0001
10.57 5.80-19.60 <0.0001 10.58 5.81-19.62 <0.0001
BPH = benign prostatic hyperplasia controls; Cl=Confidence Interval; OR=0dds Ratio *for age and Prostate Specific Antigen (PSA) in logistic regression model.
2compared with the healthy men group.
doi:10.1371/journal.pone.0074014.t003

Results

Characteristics of PCa Cases and BPH or Healthy Controls

The main characteristics of PCa cases and BPH or healthy
controls are presented in Table 1. The cases and controls
appeared well matched on age, Body Mass Index (BMI), drinking
or smoking status and physical activity (p>0.05). Serum PSA levels
were significantly higher in PCa compared to BPH or healthy men
(p<<0.0001). When stratified according to the clinical stage, 52.0%
and 48.0% of the patients had localized (T1/T2) and locally
advanced (1'3/T4) disease, respectively. When stratified according
to tumor grade (Gleason score), 44.7%, 28.2% and 27.1% of the
patients had low (2-6), moderate (7) and high (8-10) grade disease,
respectively.

Table 4. Genotype and allele frequencies of GLOT —419C>A polymorphism among prostate cancer (PCa) cases and benign
prostatic hyperplasia (BPH) or healthy controls and the associations with the risk of Pca.

Genotype
—419C>A PCa (n=571) (%) BPH (n=588) (%) Healthy men (n=580) (%) Crude Adjusted*

OR 95% CI p value OR 95% CI p® value
CcC 247 (43.3) 297 (50.5) 303 (52.2) 1.00 (reference) 1.00 (reference)
CA 264 (46.2) 245 (41.7) 236 (40.7) 1.30 1.01-1.66 0.036 1.29 1.00-1.65 0.035
AA 60 (10.5) 46 (7.8) 41 (7.1) 1.57 1.01-2.44 0.035 1.56 1.00-2.43 0.034
CA+AA 324 (56.7) 291 (49.5) 277 (47.7) 1.34 1.06-1.70 0.013 1.35 1.07-1.71 0.014
C allele 758 (66.4) 839 (71.3) 842 (71.5) 1.00 (reference) 1.00  (reference)
A allele 384 (33.6) 337 (28.7) 318 (27.8) 1.26 1.05-1.51 0.010 1.25 1.06-1.52 0.011

doi:10.1371/journal.pone.0074014.t004

PLOS ONE | www.plosone.org

*for age and PSA in logistic regression model. Cl = Confidence Interval; OR=0Odds Ratio.
?No significant differences were observed between healthy and BPH men, therefore BPH was chosen as the reference group.
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Figure 2. Kaplan-Meier survival curves for localized or low
grade prostate cancer patients subgroups by GLO1-419C>A.
The individuals with the variant CA/AA genotypes showed significantly
lower survival rates than individuals with the CC genotype in both
localized (A) or low grade (B) subgroups.
doi:10.1371/journal.pone.0074014.9g002

stage and grade.

Glyoxalasel A111E Polymorphism and Prostate Cancer

Association of GLO1 Polymorphism with Oxidative Stress
and PCa Progression

In order to study the association of GLO1 Al111E polymor-
phism with oxidative stress, we, firstly, studied GLO1 genotypes
and enzymatic specific activity in two differently aggressive and
invasive human prostate cancer cell lines. We found that poorly
aggressive, less invasive and androgen-dependent LNCaP cells
were homozygous for C allele (Figure 1A) and had a GLOI
specific enzymatic activity significantly (p<<0.03) higher (mean *
SD, 1.47%0.025 umol/min/mg protein) than highly aggressive,
more invasive and androgen-insensitive PC3 cells (mean * SD,
0.84*0.01 pmol/min/mg protein), omozygous for A allele
(Figure 1A). Since GLO1 is required for MG detoxification that
is, intracellularly, rapidly converted into AGEs [1], we then
analyzed intracellular levels of AP, the major AGE derived from
spontaneous MG adduction of arginine residues [3,4,40], finding
that in PC3 cells, harboring the Ala isoform of GLO1, they were
significantly (p<<0.001) doubled compared to LNCaP cells,
expressing the Glu isoform (Figure 1B). Finally, since AP has
been shown to be an effective precursor of ROS and free radical
production [5,6,41], we analyzed the intracellular levels of
oxidative stress biomarkers, finding a significant increase in
MDA and ROS or decrease in GSH intracellular levels in PC3
cells compared to LNCaP (Figure 1C). Since these i vitro results
appeared to support the potential association of GLO1 polymor-
phism with progression, we performed measurements of the same
parameters in blood samples and cells from urine sediments of
patients with localized and locally advanced or low, intermediate
and high grade PCa. GLOI activity, AP and oxidative stress
indices, both in blood or cells from urine sediments, were
significantly different among PCa patients stratified by stage and
grade, carrying CC, CA and AA genotypes of GLOI polymor-
phism (all p<0.05) (Table 2), reflecting the trend obtained in the
studied differently aggressive cell lines.

GLO1 Polymorphism and PCa Progression

Table 3 reports the effects of GLO1 polymorphism on PCa
progression evaluated by clinical stage and histological grade.
Individuals carrying at least one variant A allele (CA+AA) had a
moderately higher risk of developing localized PCa (OR =1.57,
95% CI=1.17-2.11, p=0.002) while a strong association was
found with locally advanced PCa stage (OR=8.97, 95%
CI=5.77-14.02, p<<0.0001), compared with individuals with
CC genotype. Similarly, individuals carrying at least one variant
A allele (CA+AA) had a moderately higher risk of developing low

Table 5. Association between GLO1 —419C>A genotypes and prostate cancer (PCa) survival in selected subgroups by tumor

Genotype Patients (n) Deaths (n) MST (years) Crude HR  95% CI p value HR® 95% CI p value
Localized (T1/T2)

(n=297)

cc 117 78 10.0 1.00 1.00

CA+AA 180 176 5.0 2.53 1.98-3.24 <0.0001 248  (1.91-3.19) <0.0001
Low grade (GS 2-6)

(n=255)

cC 105 67 10.0 1.00 1.00

CA+AA 150 147 5.0 2.38 1.82-3.11 <0.0001 235 (1.79-3.08) <0.0001

doi:10.1371/journal.pone.0074014.t005

PLOS ONE | www.plosone.org

Cl=Confidence Interval; HR = hazard ratio; ®adjusted by age and prostate specific antigen (PSA). MST =median survival time.
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Table 6. Prevalence of GSTP1, PON1/192, PON1/55 and CYP17 polymorphisms and risk of prostate cancer (Pca).

Genotype  PCa (n=571) (%) BPH (n=588) (%) Healthy men (n=580) (%) Crude Adjusted*

OR 95% CI p value OR 95% CI p value
GSTP1
w/w 255 (44.6) 357 (60.7) 375 (64.7) 1.00 (reference)® 1.00 (reference)®
w/m 285 (50.0) 194 (33.0) 176 (30.3) 2.06 1.60-2.64 <0.0001 2.03 1.62-2.65 <0.0001
m/m 31 (5.4) 37 (6.3) 29 (5.0) 1.17 0.69-2.00 0.534 1.15 0.65-2.06 0.538
PON1/192
w/w 291 (51.0) 347 (59.0) 360 (62.1) 1.00 (reference)® 1.00 (reference)®
w/m 250 (43.8) 136 (23.1) 122 (21.0) 2.19 1.68-2.87 <0.0001 2.16 1.66-2.84 <0.0001
m/m 30 (5.2) 105 (17.9) 98 (16.9) 0.34 0.22-0.54 <0.0001 0.36 0.25-0.55 <0.0001
PON1/55
w/w 180 (31.5) 241 (41.0) 256 (44.1) 1.00 (reference)® 1.00 (reference)®
w/m 291 (51.0) 273 (46.4) 267 (46.0) 143 1.10-1.86 0.006 1.45 1.11-1.89 0.005
m/m 100 (17.5) 74 (12.6) 57 (9.8) 1.81 1.25-2.63 0.001 1.78 1.29-2.66 0.001
CYP17
w/w 251 (44.0) 195 (33.2) 202 (34.8) 3.18 2.16-4.69 <0.0001 3.21 2.19-4.71 <0.0001
w/m 267 (46.7) 262 (44.5) 246 (42.4) 252 1.73-3.68 <0.0001 2.54 1.74-3.69 <0.0001
m/m 53 (9.3) 131 (22.3) 132 (22.8) 1.00 (reference)? 1.00 (reference)®

w: wild allele, m: mutant allele; *for age and PSA in logistic regression model. Cl = confidence interval; OR=odds ratio.
“Comparable results were observed between healthy and BPH men, therefore BPH was chosen as the reference group.
doi:10.1371/journal.pone.0074014.t006

Table 7. Risk level according to genotype combination and concentration of oxidative stress biomarkers in blood and cells from
urine sediments according to patients’ class of risk.

Genotype PCa (n) BPH (n) Crude Adjusted*
OR 95% Cl p value OR 95% Cl p value
Low risk 765 1131 1.00 (reference) 1.00 (reference)
Intermediate risk 1368 1484 1.36 1.21-1.54 <0.0001 1.40 1.26-1.58 <0.0001
High risk 946 654 217 1.89-2.49 <0.0001 222 1.92-2.51 <0.0001
PCa BPH

Blood samples

Blood samples

Genotype® MDA (nmol/mL) GSH (nmol/mg ROS# MDA (nmol/mL)  GSH (nmol/mg  ROS™
protein) protein)

Low risk 2.63+0.02 15.33%£1.50 0.35+0.05 2.41%0.10 18.03*£0.50 0.17+0.03

Intermediate risk 2.94+0.07 11.32+0.80 0.73%£0.11  2.67*0.02 13.32%0.20 0.32%+0.06

High risk 3.27%+0.12 7.20%0.20 2.70*+0.72 2.96%0.04 8.65+0.70 1.48+0.24

Cells from urine sediments Cells from urine sediments

Genotype® MDA (nmol/mL) GSH (nmol/mg ROS# MDA (nmol/mL)  GSH (nhmol/mg  ROS?#
protein) protein)

Low risk 2.83+0.05 18.00£1.50 0.38+£0.02 2.55%+0.03 21.29%1.00 0.160.06

Intermediate risk 3.02+0.01 12.50+£1.30 0.75*0.18 2.71*+0.06 14.66+0.20 0.35*0.03

High risk 3.62*+0.14 7.10%0.90 2.80*+1.52 3.22+0.08 9.06+0.30 1.52*0.12

PLOS ONE | www.plosone.org

Low risk genotype: GSTP1lle/lle-PON1/192RR-PON1/55LL-CYP17A2A2-GLO1CGC; Intermediate risk genotype: GSTP1lle/lle-PON1/192QQ-PON1/55LM-CYP17A1A2-
GLO1CA; High risk genotype: GSTP1lle/Val-PON1/192QR-PON1/55MM-CYP17A1A1-GLO1AA; BPH =benign prostatic hyperplasia, PCa = prostate cancer, *for age and PSA
in logistic regression model. Cl = confidence interval; OR = odds ratio. #expressed as Rhodamine 123 fluorescence level; MDA: malonyldialdheyde; GSH: reduced
glutathione; ROS: reactive oxygen species; °p values are calculated using linear regression under an additive model, incorporating age and PSA as covariates; p<<0.05.
doi:10.1371/journal.pone.0074014.t007
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grade PCa (OR=1.46, 95% CI=1.07-1.98, p=0.013) while a
strong association was found with moderate and high grade PCa
(OR=7.20, 95% CI=4.28-12.20, p<<0.0001 and OR =10.28,
95% CI=5.64-19.05, p<0.0001, respectively), compared with
individuals with CC genotype.

GLO1 Polymorphism and PCa Risk

A study on the association of GLO1 polymorphism and PCa
risk was also performed.The genotype and allele frequencies of
GLO1 —419C>A polymorphism in PCa cases and BPH or
healthy controls are shown in Table 4. The genotype frequencies
in BPH and PCa patients or healthy men all conformed to HWE
(p>0.05). We found that the prevalence of the wild type CC
genotype was lower in PCa (43.3%) than in BPH (50.5%) or
healthy men (52.2%) population, and that the frequency of CA
genotype was higher among the PCa (46.2%) than among BPH
(41.7%) or healthy men (40.7%) group. The prevalence of the
mutant AA genotype was higher among the PCa (10.5%)
compared to BPH (7.8%) or healthy men (7.1%) group. The
difference in the frequencies distribution of C and A allele among
PCa and BPH patients or healthy men was also significant
(p=0.010). Several studies reported that the frequencies of the
mutant A allele in different normal populations worldwide showed
values between 27.2% and 51.7% [11,17,18,42,43]. Our results on
A allele frequency in the BPH or healthy men groups were also in
the reported range. Since no significant differences were observed
between healthy and BPH men, BPH was chosen as the reference
group. Individuals with CA and AA genotypes had a marginal but
significant increased susceptibility to PCa occurrence, compared
with individuals with the CC genotype (OR=1.34, 95%
CI=1.06-1.70, p=0.013; OR=1.57, 95% CI=1.01-2.44,
p=0.035, respectively). Furthermore, the variant A allele was
also associated with a modest significant increased risk for PCa,
compared with the C allele (OR=1.26, 95% CI=1.05-1.51,
p=0.010).

GLO1 Polymorphism and PCa Survival in Selected
Subgroups by Tumor Stage and Grade

Since a significant percentage of patients with localized (60.6%,
Table 3) or low grade (58.8%, Table 3) PCa contained the risk A
allele, we hypothesized that in these groups, patients carrying the
variant A allele might be at a higher risk of a later tumor
progression, compared to patients carrying the CC. When the log-
rank and the Cox’s regression analysis were used to assess the
associations between GLO1 polymorphism and survival time,
individuals with the CA/AA genotypes showed a lower survival
time than the individuals with the CC genotype in both localized
or low grade subgroups (Table 5, Figure 2).

In addition, the multivariate analysis used to delineate
significant prognostic factors for survival, showed in both
subgroups that the risk A allele was an independent prognostic
factor for survival after adjustment for age and PSA (localized
PCa: adjusted HR =248, 95% CI: 1.91-3.19; low grade PCa:
adjusted HR =2.35, 95% CI: 1.79-3.08) (Table 5).

Combination of GLO1, GSTP1, PON1-192, PON-1 5, CYP17
Polymorphisms as Predictive Factor for PCa and
Association with Oxidative Stress

In a case/control study whose cohorts has now been included in
the present enlarged populations, we previously found that
polymorphisms in oxidative-stress control-related GSTPI,
PONI1-192, PON-1 55 and CYP17 genes were associated with
the risk of PCa. In that work, no association of the same gene

PLOS ONE | www.plosone.org

Glyoxalasel A111E Polymorphism and Prostate Cancer

polymorphisms was found with tumor progression or survival [27].
Here, we firstly confirmed the previously observed results
integrating them with a comparison with an healthy men group
(Table 6). Secondly, since we believe that the combination of more
polymorphisms in each single case, with respect to a single one,
may be a more predictive factor for the association to the risk of
PCa, we evaluated such a combination, also including GLOI
polymorphism. Table 7 shows that the detection of the GSTP1Ile/
Ile-PON1/192RR-PON1/55LL-CYP17A2A2-GLO1CC or
GSTP1Ile/Ile-PON1/1920Q0Q-PON1/55LM-CYP17A1A2-
GLOI1CA or GSTP1Ile/Val-PON1/192QR-PON1/55MM-CY-
P17A1A1-GLOIAA genotype combination at individual level,
might lead to the identification of patients with low, intermediate
and high risk for PCa, respectively. A significant (p<<0.05)
association of the Low, Intermediate and High risk genotypes
with the levels of ROS, GSH and MDA oxidative stress
biomarkers in blood and cells from urine sediments was observed
(Table 7).

Multiple Comparisons

Multiple comparisons were necessary before an overall defin-
itive statement about the significance of our findings could be
made. All results, except those on the association of GLOI
polymorphism with PCa risk, withstood correction for multiple
testing (p<<0.05).

Discussion

In the present study we evaluated, for the first time to our
knowledge, the association between GLO1 —419C>A polymor-
phism and oxidative stress levels in PCa progression.

In fact, as previously suggested, the A to E substitution due to
GLO1 SNP may determine a conformational modification in the
enzyme, leading to an isoenzyme with a lower detoxification
capacity [11-13]. As well known, GLO1 is an efficient antiglyca-
tion defence that decreases the concentration of reactive carbonyl
compounds, such as MG, one of the most potent precursors of
carbonyl stress-related AGEs [1]. Consequently, a decrease in the
activity of this enzyme may result in an accumulation of AGEs
and, in turn, of ROS and free radicals in human PCa cells. In fact,
as well known, MG-derived AGEs are also very effective pro-
oxidant molecules [5,6] that importantly contribute to oxidative
stress onset, a key event in PCa pathogenesis and progression [7].
Indeed, accumulation of AP, one of the most abundant MG-
derived AGEs [3,4], has been found in the present study, either in
differently aggressive and invasive PCa cell lines models, or in
biological fluids of patients with differently aggressive and invasive
PCa, where such an accumulation well matched the presence of a
less functioning GLO1 enzyme as well as a significant condition of
oxidative stress. Moreover, MG-induced posttranslational adduc-
tion of selected target proteins [44,45] is rapidly emerging as a
novel mechanism of cancer cell survival signaling, a condition
typically associated with cancer progression. Our results well
correlate with those of Hermani et al. who demonstrated that the
expression of the soluble form of AGEs receptor (SRAGE), which
sensitively reflects AGEs burden [42], is enhanced and strongly
associated with prostate carcinomas progression [46]. Besides,
RAGE-AGEs interaction triggers activation of a multiple signaling
pathways integrally linked to tumorigenesis [47] and essential for
PCa development [48] and progression [49]. The results on the
role of GLO1 polymorphism with oxidative stress in LNCaP and
PC3 cell lines, and, above all, in the biological samples of patients
with PCa at different grading and staging, suggested an important
biological role of such enzyme and its polymorphism to the
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assoclation with PCa progression. Therefore, it was reasonable to
expect that the presence of a lower activity form of GLO1- the
GLO1 A allele — might be predictive about severe consequences
for an individual’s PCa risk of progression. In fact, we found that
the mutant A allele conferred a dramatic risk of PCa progression
compared to the wild C allele, either when BPH or healthy men
controls were considered as the reference group. Less important
was the association of GLO1 polymorphism with the risk of PCa
development. In fact, we found that the mutant A allele conferred
a modest risk of PCa occurrence compared to the wild C allele,
again either when BPH or healthy men controls were considered
as the reference group. Therefore, our results suggested a
significant role for GLOI1 in the progression rather than in the
development of PCa. Recently, it has been demonstrated that also
other SNPs in GLOI locus result to be associated with GLOI
activity [13]. In the present exploratory study, we analyzed the
common coding GLO1 —419C>A polymorphism, reasonably
assuming that it might be more likely and directly correlated with
GLOL1 activity. In fact, it has been described that the substitution
of AlalllGlu in GLOI due to the-419C>A SNP, may cause
conformational changes of the protein, very likely interfering with
its 3D structure and affecting enzyme activity [14]. Certainly, we
cannot rule out the possibility that other SNPs or number of
tagSNPs from GLO1 locus, may affect the GLO1 enzymatic
activity. Therefore, selection of additional SNPs is mandatory in
future studies, in order to better evaluate the influence of genetic
variations on PCa progression.

As to survival analysis, we found that GLO1 —419 A allele was
significantly associated with an unfavourable survival prognosis in
patients with localized (T'1/T2) or low grade (GS 2-6) PCa.
Therefore, if confirmed by additional studies, this polymorphism,
preferably in combination with others, might help to differentiate
between clinically significant and indolent prostate cancers and to
predict the clinical course of early stages PCa. Unfortunately, the
additional polymorphisms studied in the present work, either
singly or in combination, did not show any significant association
with PCa survival or progression. The combination was, however,
significant in the association with PCa risk and positively
correlated with the oxidative stress status shown by patients
belonging to specific risk classes, thus providing biological
plausibility. In fact, such genes encode proteins related to the
control of oxidative stress, being able to detoxify free radicals
(PON 1 and GSTPIl) or reduce potential substrates for their
production (CYP17). Similarly to GLO1, the polymorphic variants
may determine conformational modifications leading to isoen-
zymes with an altered functional capacity and, consequently,
contributing to the onset of a marked oxidative stress condition as,
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indeed, here, pointed out by the genetic association with blood or
urinary levels of oxidative stress indices.

It is now well accepted that genetic association studies have
helped enhance our understanding of the pathogenesis of human
cancers, including PCa. However, establishing the clinical utility of
these SNPs have proven challenging mainly because of the
difficulties encountered in performing SNP analysis (lack of
reproducibility, inadequate sample sizes, publication bias, genetic
background) [50]. Another additional issue concerning SNPs
analysis is the biological plausibility of genetic association. The
chance that significant associations, even with impressive low p-
values, are really true, depends largely on whether the association
is biological plausible [51]. We would like to emphasize that the
present work, providing biological plausibility to the association of
GLO1 polymorphism with the progression or to the combination
of all the analyzed polymorphisms with the risk of PCa, bring up a
valid contribution to the study of genetic associations. Since a
significant number of independent statistical tests was applied in
the study, multiple comparisons were necessary before an overall
definitive statement about the significance of our findings could be
made. Except for the data on the already observed weak
association of GLOI1 polymorphism with PCa risk, that did not
withstand correction for multiple testing, thus certainly suggesting
further investigation, we found evidence against the null hypoth-
esis (the p value stayed still significant <0.05 after correction for
multiple testing using permutation-based methods) for all the other
analyses, indicating the robustness of the results.

In conclusion, our study pointed out a significant role for GLO1
in PCa progression and that GLO1 —419A risk allele may be an
independent prognostic factor for survival. Finally, we provided
evidence of the biological plausibility of such polymorphism, either
alone or in combination with other ones, all related to oxidative
stress control that, as known, represents a key event in PCa
development and progression. Since this is the first study
examining the association between GLO1 —419C>A polymor-
phism and PCa, additional research is required.
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