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Abstract

quality control filtering.

markers for myelodysplastic syndromes.

Background: Interactions between genetic variants and risk factors in myelodysplastic syndromes are poorly
understood. In this case-control study, we analyzed 1 421 single nucleotide polymorphisms in 408 genes involved
in cancer-related pathways in 198 patients and 292 controls.

Methods: The lllumina SNP Cancer Panel was used for genotyping of samples. The chi-squared, p-values, odds
ratios and upper and lower limits of the 95% confidence interval were calculated for all the SNPs that passed the

Results: Gene-based analysis showed nine candidate single nucleotide polymorphisms significantly associated with
the disease susceptibility (g-value < 0.05). Four of these polymorphisms were located in oxidative damage/DNA
repair genes (LIG1, RAD52, MSH3 and GPX3), which may play important roles in the pathobiology of myelodysplastic
syndromes. Two of nine candidate polymorphisms were located in transmembrane transporters (ABCBT and
SLC4A2), contributing to individual variability in drug responses and patient prognoses. Moreover, the variations in
the ROST and STK6 genes were associated with the overall survival of patients.

Conclusions: Our association study identified genetic variants in Czech population that may serve as potential
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Introduction

Myelodysplastic syndromes (MDS) are heterogeneous
hematopoietic diseases characterized by ineffective
hematopoiesis that frequently transform into acute
leukemia. Because genetic background is thought to
influence the risk of developing MDS, several case—
control studies have investigated the relationships
between specific genetic polymorphisms and the risk
of MDS [1-5]. For example, the GSTPI (glutathione
S-transferase pi 1) - 105Val allele has been reported
to be associated with an increased risk of MDS [3].
In addition, an association between a polymorphism
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in the erythropoietin gene and MDS has been
described [4]. Despite these studies, the genetic risk
factors for MDS remain poorly understood. In this
case—control study, we examined single nucleotide
polymorphisms (SNPs) in genes associated with an
increased risk of MDS in a Czech population.

Material and methods

Study population

Peripheral blood or bone marrow samples were obtained
from Caucasian Czech patients with de novo MDS or acute
myeloid leukemia with myelodysplasia-related changes
(n=198) and from Caucasian Czech age and gender
matched controls (n =292) in the Institute of Hematology
and Blood Transfusion and the First Department of
Internal Medicine, General Faculty Hospital, Prague. Sam-
ples were obtained during routine clinical assessment from
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2003 to 2010. Only patients with de novo MDS without
evidence of previous exposure to radiation or chemother-
apy were enrolled in the study. The MDS diagnoses were
based on the standard diagnostic criteria of the World
Health Organization [6]. WHO classification and therapy
of patients is summarized in Table 1. All the subjects
provided informed consent, and the study was approved by
the Local Ethics Committee. The median age of the
patients was 63 years (range: 18—89 years), and the median
age of the controls was 61 years (range: 19-98 years).
Patient group consisted of 69.7% women and control
group from 65.4% women.

Genotyping

We analyzed 1 421 SNPs in 408 genes involved in cancer-
related pathways using the Illumina GoldenGate Assay
(Ilumina Inc., USA). The Cancer SNP Panel contents over
400 genes involved in the etiology of various types of can-
cer selected from the National Cancer Institute’s Cancer
Genome Anatomy Project SNP500Cancer Database. This
panel contains more than 3 SNPs, on average, for each
gene represented. The list of all tested genes is accessible
in Additional file 1: Table S1. The assay was performed
according to the manufacturer’s protocol for the Illumina
GoldenGate Assay.

Statistical analysis

The raw data were imported into GenomeStudio V2009.2
(Hlumina) for SNP clustering and the generation of
genotype calls. The calculations were performed in the
statistical programming language R (version 2.12.0; www.
r-project.org). We excluded 35 samples with an overall call

Table 1 Characteristics of patients
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rate < 90% and 15 SNPs with a call rate < 80%. In addition,
the deviation of the genotype proportions from Hardy-
Weinberg equilibrium (HWE) was assessed in the con-
trols, and 22 SNPs with p-values < 3.56-05 (Bonferroni
correction for multiple testing: 0.05/1406) showed signifi-
cant deviations from HWE and were thus removed. This
resulted in the inclusion of a total of 1384 SNPs and 455
samples for our analysis. The chi-squared, p-values, odds
ratios (ORs) and upper and lower limits of the 95% confi-
dence interval (CI) of the OR were calculated for all the
SNPs that passed the QC filtering. Applying the false
discovery rate (FDR) for multiple testing at a 5% signifi-
cance level according to the Benjamini—Hochberg was
supposed to show significant association of the SNP with
the phenotype. We identified 9 genes with an adjusted
g-value lower than 0.05. Survival plots for the MDS cases
were generated using the Kaplan-Meier method, and the
differences between the genotypes were assessed using the
log-rank test.

Validation of SNPs results

The results of SNPs status of three selected genes (LIG,
RAD52, GPX3) were validated using SNPsTagMan®
Assays (Life Technologies, USA). Paired CD3 cells and
CD14 cells were used to distinguish germline or somatic
polymorphisms. We compared the SNP status between
CD3 T lymphocytes and CD14 monocytes in LIGI,
RADS52 and GPX3 genes in 68 patients.

Results and discussion
A gene-based analysis identified nine candidate SNPs that
were significantly associated (q-value < 0.05) with disease

WHO classification

n/% Blast (%) Cytogenetics, normal/abnormal
MDS del(5q) 24 (12.1) 28 0/24
RCUD 14 (7.1) 1.1 10/2
RARS 12 (6.1) 14 5/4
RCMD 59 (29.8) 1.6 36/17
RAEB-1 26 (13.1) 44 11/10
RAEB-2 25 (12.6) 125 10/9
MDS-U 3(1.5) 20 3/0
MDS/MPS 23 (11.6) 83 12/7
AML with MRC 12 6.1) 283 4/6
Age(yr)
Median/range 63 (18-89)
Sex
Male n/% 60 (30.3)
Female n/% 138 (69.7)

MDS del(5q): MDS associated with isolated del(5q); RCUD: Refractory cytopenias with unilineage dysplasia; RARS: Refractory anemia with ring sideroblasts; RCMD:
Refractory cytopenias with multilineage dysplasia; RAEB-1: Refractory anemia with excess blasts, type 1; RAEB-2: Refractory anemia with excess blasts, type 2;
MDS-U: MDS, unclassifiable; MDS/MPS: MDS and myeloproliferative syndromes; AML with MRC: Acute myeloid leukemia with myelodysplasia - related changes.
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susceptibility. The results of the association analysis are
presented in Table 2. The OR of the genes with significant
heterozygous and homozygous variants is listed in Table 3.
Furthermore, we examined the relationships between the
genotyping results and the clinical data. A Kaplan-Maier
analysis revealed that alleles in the c-ros oncogene 1
(ROSI) gene (p=0.001) and aurora kinase A (STK6/
AURKA) gene (p =0.0002) were independent prognos-
tic factors for survival in our patient cohort (Figure 1).
The other genetic polymorphisms identified in this
study did not play any prognostic role (LIGI: p =0.11;
ABCBI: p=0.08; SLC4A2: p=0.48; RAD52: p=0.41;
PGR: p =0.99; MSH3: p = NA; GPX3: p = 0.64).

The most significant association was observed for the
rs13240966 SNP (p =7.00E™!), which is located in the
solute carrier family 4, anion exchanger, member 2
(SLC4A2) gene. SLC4A2 is a widely distributed plasma
membrane anion exchange protein involved in the regu-
lation of intracellular pH through the exchange of intra-
cellular bicarbonate for extracellular ClI". We detected
an association between the homozygous C/C genotype
and MDS (OR 4.86; 95% CI 2.74-8.62). This SNP was
previously associated with bladder cancer in work by
Andrew et al. [7]. We also found a significant associ-
ation between MDS and a polymorphism in a gene that
encodes another transmembrane protein, which belongs
to the ABC (ATP-binding cassette) protein transporter
family. ABC sub-family B member 1 (ABCBI) is respon-
sible for decreased drug accumulation in multidrug-
resistant cells and often mediates the development of
resistance to anticancer drugs. In our patient cohort, the
heterozygous A/G genotype of ABCBI was associated
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with MDS susceptibility (OR 3.79; 95% CI 2.30-6.24).
The specific genotype of ABCBI has also been proposed
to influence the risk of acute lymphoblastic leukemia
(ALL), and other ABCBI variants may be linked to poor
ALL prognoses [8].

The gene that encodes ligase 1 (LIG1I) was represented
in the assay by the marker rs20580. We detected a rela-
tionship between the homozygous A/A genotype of this
LIGI SNP and MDS (p = 1.65E%; OR 3.28; 95% CI 1.77-
6.06). LIG1 plays roles in nucleotide excision repair and in
the long-patch base-excision repair pathway. An associ-
ation of this genetic variant with lung cancer was previ-
ously reported by Lee et al. [9]. We found significant
associations between MDS and of two other polymor-
phisms in genes related to DNA repair. One of these SNPs
was the rs11226 SNP (p = 1.70E ™) in the RADS52 gene,
which is involved in DNA double-strand break repair and
homologous recombination. The second polymorphism
was 13797896 (p = 2.16E®), which is located in the
MSH3 gene, a component of the post-replicative DNA
mismatch repair system. In addition, genetic variants in
several other genes involved in DNA repair were signifi-
cantly associated with MDS (p<0.01), including
rs2238335 in the BLM gene (Bloom syndrome, RecQ-heli-
case-like), rs2308327 in MGMT (O-6-methylguanine-
DNA methyltransferase), rs4149963 in EXO 1 (exonucle-
ase 1) and rs7607076 in MSH2 (mutS homolog-2, colon
cancer, nonpolyposis type-1). Previous work has demon-
strated that polymorphisms in DNA damage-response
genes and DNA repair genes influence DNA repair cap-
acity [10,11]. DNA damage caused by ineffective detoxifi-
cation or defects in DNA repair can lead to chromosomal

Table 2 SNPs showing significant genotypic associations with myelodysplastic syndromes

Gene  Name Gene dbSNPs Gene Genotype MAF MAF MAF OR 95% P Value
location reference region database controls patients confidence
number interval
SLC4A2 solute carrier family 4, 7g36.1 rs13240966 intron C/G 0227 04829 0.7110 263 194-363 7.00E-11
anion exchanger,
member 2
ABCB1 ATP-binding cassette, 7g21.12 rs2235074 intron  A/G 0.031 0.0575 0.1569 3.05 1.88-497 8.65E-07
sub-family B (MDR/
TAP), member 1
LIG1 ligase I, DNA, ATP- 19913.2-g13.3 1520580 coding A/C 0513 02216 03665 203 1.50-2.75 1.65E-06
dependent
ROS1 c-ros oncogene 1, 6g22 15574664 intron 0.145 0.1432 02593 210 148-3.00 1.24E-05
receptor tyrosine
kinase
PGR progesterone receptor 11q22-g23 rs1042838 coding T/G 0.199 0.1601 0.2804 205 146-2.87 1.46E-05
STK6 aurora kinase A 20q13 rs732417  5UTR  C/G 0.083 0.1051 01995 212 143-3.16 7.76E-05
GPX3  glutathione 523 158177426  intron  A/G 0217 02288 03567 187 137-255 4.26E-05
peroxidase 3
RAD52 RADS52 homolog 12p13-p12.2 rs11226 3UTR  T/C 0.224 02308 03509 180 1.31-248 1.70E-04
MSH3  mutS homolog 3 5q11-qg12 rs3797896 intron  G/C 0.066 00627 00131 020 0.07-054 2.16E-04

MAF: minor allele frequency; MAF database: Caucasian/European frequencies; OR: odds ratio.
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Table 3 Association between individual SNPs and MDS
(Continued)

SNP Genotype Controls Cases OR p-Values
N (%) N (%)  (95% CI) GG 155 82 10 (Ref)
rs13240966 SLC4A2 235 173 (59.62) (47.95)
GG 72 (30.64) 22 1.0 (Ref) AA 14 (538) 33 4.46 < 0.0001
(12.72) (19300 (2.16-9.32)
(e 64 (27.23) 95 4.86 < 0.0001 AG 91 (35.00) 56 1.16 (0.74-  0.51
(5791)  (2.74-862) (32.75) 182
cG 99 (42.13) 56 1.85 0.04 AA+AG 105 92 1.66 0.01
(3237)  (1.04-330) (40.38) (53.80)  (1.10-247)
CC+CG 163 151 3.03 < 0.0001 rs11226 RAD52 234 171
(69.36) (87.28)  (1.79-5.13) cC ©1.11) 83 10 (Ref)
rs2235074 ABCB1 261 188 (48.54)
GG 232 129 1.0 (Ref) T 17 (7.26) 32 3.24 0.0002
(88.55) (68.62) (1871)  (1.62-6.53)
AA 1(0.38) 0(0.00) NA TC 74 (3162) 56 1.30 (0.82- 0.26
AG 28(1069) 59 3.79 < 00001 B275)  207)
(31.38)  (230-6.24) TT+TC 91 (3888) 90 1.70 (1.15- 0.01
AA+AG 29 (1107) 59 3.66 < 00001 (6263) 254
(31.38)  (2.23-6.00) rs3797896 MSH3 262 191
rs20580 Lig1 264 191 CcC 232 186 1.0 (Ref)
cc 167 84 10 (Ref) ©821) 19738
(63.26) (43.98) GG 3(1.14) 0(0.000 NA
AA 20 (7.58) 33 3.28 < 0.0001 GC 27 (1027) 5(262) 0.23 0.001
(17.28)  (1.77-6.06) (0.09-0.61)
AC 77 (29.17) 74 1.91 0.002 GG+GC 30(1140) 5262 0.21 0.001
(38.74)  (1.26-2.89) (0.08-0.55)
AA+AC 97 (36.74) 110 2.25 < 0.0001
©6759) (034329 instability, which can be associated with tumor formation
rs574664  ROST 262 189 or progression. Thus, genetic variants in DNA repair may
l (17921 %0) (9550 26) 10 (Ref) modify the risk of MDS.
' : We also identified a significant association (p = 4.26E )
AR 4053 4@12) 201 g 032 between MDS and the rs8177426 SNP in glutathione per-
(049-8.22) _ ! ; & P
™ 67 2557) %0 270 00001 oxidase 3 (GPX3), with an OR of 4.46 (95% CI 2.16-9.32)
4762)  (181-403) for the homozygous A/A genotype. GPX3 protects cells
AA+TA 71 (2710) 94 2.66 < 00001 and enzymes from oxidative damage by catalyzing the re-
49.74)  (1.79-3.95) duction of hydrogen peroxide, lipid peroxides and organic
rs732417  STK6 257 188 hydroperoxide by glutathione. In our previous study, we
GG 203 113 10 Ref) detected a 1.6-fold decrease in GPX3 gene expression in
(78.99) (60.11) MDS patients [12], suggesting that altered gene expression
cc 0(000)  2(1.06) NA may be an impact of genetic variants.
cG 54(2101) 73 243 < 00007 Another SNP that was significantly associated with
(3883)  (1.60-3.70) MDS in the present work was rs732417 (p=7.76E %),
CC+CG  54(2101) 75 2.50 < 0.0001 which is located in the STK6/AURKA gene. AURKA, a
(3989) (161-388) serine/threonine kinase, regulates cell cycle checkpoints
rs1042838 PGR 253 189 and maintains genomic integrity. We detected an associ-
GG 174 86 1.0 (Ref) ation between the heterozygous C/G genotype and the risk
(68.77) 4550 of MDS (OR 243, 95% CI 1.60-3.70). Allelic variations in
1T 2(079  3(1.59) 304 (040- 034 AURKA have been associated with alterations in its expres-
26.49) . . . .
sion level and an increased risk of multiple cancers [13,14].
TG 77 (3043) 25020 o1) (2]‘67‘13 97) < 00001 Andrew et al. [7] demonstrated that subjects with certain
T+T6 790123 103 264 00007 AL[RI(A polymorphisms were significantly more suscep-
(5450)  (1.75-3.98) tible to bladder cancer. It is noteworthy that the individuals
158177426 GPX3 %60 7 with the homozygous G/G genotype displayed poorer sur-

vival than did the patients with other genotypes.
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Figure 1 Survival of myelodysplastic syndrome patients in
relation to (1a) ROS1 and (1b) STK6 genotypes. The Kaplan-Meier
plots show survival (y-axis) versus months from diagnosis (x-axis).

The gene encoding the progesterone receptor (PGR)
was represented by rs1042838 (p = 1.46E ) and was also
found to be associated with MDS. Steroid hormones and
their receptors are involved in the regulation of gene
expression and can affect cellular proliferation and differ-
entiation in target tissues. PGRs signal by binding to other
proteins, mainly transcription factors such as NFKBI,
AP-1 or STAT, which are deregulated in MDS [15,16].

The genotyping analysis also detected an association
between rs574664 (p = 1.24E°°) in ROSI gene and sus-
ceptibility to MDS. ROSI encodes a proto-oncogene
with tyrosine kinase activity that may function as a
growth or differentiation factor receptor. Specifically, we
detected an association between the heterozygous T/A
genotype and MDS (OR 2.70, 95% CI 1.81-4.03). How-
ever, the T/T genotype predicted a shorter survival time
in the MDS patients in our study.

To date, only limited number of studies [1-5] documen-
ted associations with individual SNPs localized particularly
in MTR (5-methyltetrahydrofolate-homocysteine methyl-
transferase reductase R), RMII (RecQ mediated genome
instability 1), GSTPI (glutathione S-transferase pi 1) and
EPO (Erythropoietin) genes. However, due to differences
in SNPs present on our array that did not include the
same polymorphisms as the mentioned studies, we could
not confirm these previous results. Recent study of genetic
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variants of BLM (Bloom syndrome, RecQ helicase-like)
gene and the proteins that form complexes with BLM,
such as TOP3A and RMI1, found the association with can-
cer risk in acute myeloid leukemia/myelodysplatic syn-
dromes [5]. In our study, we confirmed the association
with the BLM gene.

Results obtained from the arrays were validated using
another genotyping method - SNPsTagMan® Assays.
The correlation coefficient between both methods was
0.99, confirming the microarray results. Additionally, the
origin of selected polymorphisms (LIGI, RAD52, GPX3)
was investigated by comparison of SNP status in paired
CD3 monocytes and CD14 T lymphocytes. Genotyping
of DNA from separated CD3 and CD14 cells showed the
same sequences in both cell lineages, indicating the
germline origin of the tested polymorphisms.

Conclusions

In summary, we identified several genetic variants that
may contribute to the pathogenesis of MDS by modi-
fying disease risk. Interestingly, five of the polymorphisms
described in our study are located close to areas that are
frequently deleted in MDS (chromosome 7 - rs13240966
and rs2235074, chromosome 5 - rs8177426 and rs3797896,
and chromosome 20 - rs732417). This observation suggests
that in addition to large deletions, other types of genetic
alterations in MDS-related regions may play a role in the
development of MDS. As discussed above, the genetic var-
iants detected in this study are likely to be biologically rele-
vant, particularly the polymorphisms in oxidative damage/
DNA repair genes (LIGI, RAD52, MSH3 and GPX3),
which may play important roles in the pathobiology of
MDS. Functional polymorphisms in transmembrane trans-
porters (ABCBI and SLC4A2) may contribute to individual
variability in drug responses and patient prognoses. More-
over, the variations in the ROSI and STK6 genes were asso-
ciated with the overall survival of MDS patients. To our
knowledge, this is the first association study to examine
the relationships between a large number of SNPs and
MDS exclusively in primary MDS patients. Rigorous pa-
tient selection is critical because of the differences in
etiology observed in primary and secondary MDS, the lat-
ter of which is caused by radiation or chemotherapy that is
usually administered as a treatment for another type of
cancer. Therefore, the incorporation of secondary MDS
patients into epidemiological studies could lead to the
detection of SNPs related to other types of cancer. This
study provides the first evidence of a genetic predispo-
sition to myelodysplasia. However, subsequent genome-
wide association studies with larger numbers of subjects
are needed to confirm our findings, and further elucida-
tion of the relationships between these genetic variants
and MDS is required.
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Findings
Detected genetic variants of DNA repair genes may play
important roles in the pathobiology of MDS and poly-
morphisms in transmembrane transporters may contrib-
ute to individual variability in drug responses and patient
prognoses.
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