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ABSTRACT
Genetic variations in 3’ untranslated regions of target genes may affect microRNA 

binding, resulting in differential protein expression. microRNAs regulate DNA repair, 
and single-nucleotide polymorphisms in miRNA binding sites (miRSNPs) may account 
for interindividual differences in the DNA repair capacity. Our hypothesis is that 
miRSNPs in relevant DNA repair genes may ultimately affect cancer susceptibility 
and impact prognosis. 

In the present study, we analysed the association of polymorphisms in predicted 
microRNA target sites of double-strand breaks (DSBs) repair genes with colorectal 
cancer (CRC) risk and clinical outcome. Twenty-one miRSNPs in non-homologous 
end-joining and homologous recombination pathways were assessed in 1111 cases 
and 1469 controls. The variant CC genotype of rs2155209 in MRE11A was strongly 
associated with decreased cancer risk when compared with the other genotypes (OR 
0.54, 95% CI 0.38–0.76, p = 0.0004). A reduced expression of the reporter gene was 
observed for the C allele of this polymorphism by in vitro assay, suggesting a more 
efficient interaction with potentially binding miRNAs. In colon cancer patients, the 
rs2155209 CC genotype was associated with shorter survival while the TT genotype of 
RAD52 rs11226 with longer survival when both compared with their respective more 
frequent genotypes (HR 1.63, 95% CI 1.06-2.51, p = 0.03 HR 0.60, 95% CI 0.41–0.89,  
p = 0.01, respectively).

miRSNPs in DSB repair genes involved in the maintenance of genomic stability 
may have a role on CRC susceptibility and clinical outcome.
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INTRODUCTION

Colorectal cancer (CRC) is among the most frequent 
malignancies worldwide and is the third highest cause of 
cancer mortality among men and women [1]. Though 
CRC detected at an early stage can be successfully 
removed, cancers undetected until an advanced stage with 
metastases remain incurable [2]. The growing incidence of 
CRC (2001– 2011 growth index 6.0%) was accompanied 
by a relatively low rate of early detection of the disease 
[3]. Therefore, there is an urgent need to find biomarkers 
to aid prevention, treatment and prognosis in CRC.

The molecular etiology of CRC has been explored 
extensively, revealing that this cancer develops from 
an accumulation of genomic mutations. Accumulating 
cellular DNA damage, if not correctly repaired, can lead 
to genomic instability, apoptosis or senescence and may 
ultimately predispose the organism to various disorders 
including cancers. The importance of DNA repair is 
highlighted by the fact that mutations in a number of 
DNA repair genes lead to human syndromes that include 
multiple cancers, immunodeficiency, and phenotypes with 
chromosomal anomalies [4]. There is a large body of 
evidence on the associations between DNA repair and the 
risk of cancer, including CRC [5].

The repair of double-strand breaks (DSBs), the 
most deleterious type of DNA damage, is a fundamental 
cellular mechanism to preserve genomic stability [6]. Two 
pathways are specifically dedicated to the repair of DSBs: 
homologous recombination (HRe) and non-homologous 
end joining (NHEJ) [7–9]. The repression of these efficient 
repair systems permits an accumulation of damage in 
rapidly dividing cells (such as cancer cells) that can induce 
apoptosis. Such an effect may also be exerted by radiation 
therapy (an inducer of DSBs) in cancer patients [7, 9, 10].

DNA repair capacity varies markedly among 
individuals, and there is evidence that its decrease is 
associated with increased cancer risk [11, 12]. In this 
respect, DNA repair genes present numerous single 
nucleotide polymorphisms (SNPs) with different 
allelic distributions in the general population. Some of 
these SNPs have been reported to be associated with 
cancer susceptibility in a number of malignancies that 
include CRC [13]. We have previously investigated 
associations between functional SNPs in DNA repair 
genes (including DSB repair genes XRCC3 and NBS1) 
and CRC susceptibility in cases and controls from the 
Czech Republic [14, 15]. Our findings have suggested that 
variations in DNA repair genes may be associated with 
cancer susceptibility through an altered repair function 
that can also explain some of the phenotypic differences 
observed in CRC [11, 16, 17].

In recent years, there has been a growing interest 
in the role of post-transcriptional regulation of gene 
expression modulated by microRNAs (miRNAs). In 

concomitance, the importance of the SNPs located within 
miRNA-binding target sites (miRSNPs) on cancer risk has 
been highlighted [18, 19]. Regulation and coordination 
between genes involved in the DNA repair pathways are 
fundamental for maintaining genome stability, and post-
transcriptional gene regulation by miRNAs is one of the 
critical players in these processes [20]. Thus, subtle effects 
displayed by SNPs in DNA repair signaling genes may 
account for some of these variations. In this sense, specific 
polymorphisms in regulatory regions such as miRNA 
target sites may also modulate survival and response to 
therapy in cancer patients [18, 21]. 

We recently reported associations between miRSNPs 
in genes of 3 DNA repair pathways (Nucleotide Excision 
Repair, Base Excision Repair and Mismatch Repair) and 
CRC risk or clinical outcome [21–23]. SNPs in miRNA 
target regions of important genes for DSBs repair may 
also affect the efficiency of translation of corresponding 
proteins. Thus, in the present study, we hypothesized that 
variations in DSB genes may modulate signaling response 
and the maintenance of genomic stability ultimately 
affecting cancer susceptibility, cancer survival and 
efficacy of chemotherapy. We investigated the role of 21 
polymorphisms in miRNA predicted target sites of NHEJ 
and HRe genes in association with CRC risk and its clinical 
outcome in cases and controls from the Czech Republic.

RESULTS

miRSNP selection

Out of the 21 genes involved in the HRe pathway, 
only 11 had polymorphisms predicted to bind miRNAs in 
their 3′UTRs. After further selection based on MAF and 
LD study criteria (see Materials and Methods section), 
15 miRSNPs within the 3′UTRs of seven genes (RAD51, 
RAD52, BRCA1, MRE11A, NBN, GEN1 and XRCC2) were 
identified. For NHEJ, from the initial seven genes involved 
in the pathway, a total of 39 miRSNPs in the 3′UTRs were 
found. Since the majority of the SNPs are not represented 
in the Caucasian population, only six polymorphisms in 
four genes (XRCC4, XRCC5, LIG4, and NHEJ1) passing 
the selection criteria were finally included in the study.

Case-control study

The characteristics of the study participants are 
presented in Table 1 [21]. 

None of the 21 SNPs deviated from Hardy-Weinberg 
equilibrium in control subjects. The strongest association 
with CRC susceptibility was observed for rs2155209 in 
MRE11A, a gene involved in HRe. The variant genotype CC 
of this SNP was associated with a decreased risk of cancer 
(odds ratios (OR) 0.54, 95% confidence intervals (CI) 0.38–
0.76, p = 0.0004). This association remained significant also 
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after correction for multiple testing. Moreover, a similar 
significant association was observed when stratifying the 
case group according to tumor site (for rectal cancer: OR 
0.32, 95% CI 0.18–0.59, p = 0.0002; for colon cancer: 
OR 0.66, 95% CI 0.45–0.96, p = 0.03) (Table 2 and 
Supplementary Table 1). Conversely, the variant genotype 
AA of RAD52 rs1051669 was associated with increased risk 
of cancer (OR 1.68, 95% CI 1.11–2.54, p = 0.01).

After stratification for tumor site, two 
polymorphisms in RAD52 gene (rs1051669 and 
rs11571475) were associated with colon cancer risk while 
one SNP in NBN (rs14448) was associated with rectal 
cancer risk. In particular, carriers of the AA genotype or 
the variant A allele in rs1051669 were at increased risk to 
develop cancer in the colon (OR 1.78, 95% CI 1.13– 2.80, 
p = 0.01 and OR 1.72, 95% CI 1.10–2.692, p = 0.02, 
respectively); whereas carriers of the heterozygous TC 
genotype of rs11571475 were at decreased risk to develop 
colon cancer (OR 0.76, 95% CI 0.58–1.00, p = 0.05). This 
last observed association should be cautiously considered: 
in the dominant model the presence of the variant C allele 
was associated with a decreased risk of colon cancer 
(OR 0.74, 95% CI 0.57–0.97, p = 0.03). However, due to 
the low frequency of the CC genotype in our study group 
it was not possible to observe the same effect in the co-
dominant model (Table 2). A decreased risk of rectal cancer 
was observed for carriers of the heterozygous genotype in 
rs14448 (OR 0.41, 95% CI 0.21–0.80, p = 0.01). 

Globally, no significant associations with the risk of 
CRC were found for any of the studied polymorphisms 
in the NHEJ pathway. The only observed exception was 
for XRCC5 rs1051677 when comparing only rectal cancer 
patients with controls (codominant model: OR 3.84, 95% 
CI 1.11–13.31, p = 0.03; recessive model: OR 3.75, 95% 
CI1.08–12.95, p = 0.04) (Supplementary Table 2).

Contingency tables for SNP interaction analyses

As the variants under investigation are part of two 
DNA repair pathways where genes work functionally 
coupled, the polymorphisms emerging from the case-
control study were also explored for their potential 
SNP-SNP interaction in modulating CRC susceptibility. 
In general, the results revealed a tendency for the under-
representation of cases in comparison with controls 
among carriers of the variant rs2155209 genotype CC 
in MRE11A in combinations with other SNPs in genes 
of HRe pathway (Supplementary Table 3). Among the 
most interesting results, the observed protective effect of 
rs2155209 was increased by the concomitant presence 
of AA genotype of XRCC2 rs3218547, whose protective 
effect was not reaching the significance when analysed 
alone. Conversely, there was an under-representation of 
RAD52 rs1051669 AA genotype (alone associated with an 
increased risk to develop cancer) in carriers of the variant 
C allele of rs2155209 (Supplementary Table 3). 

Survival analyses

The mean (median) overall survival (OS) and event-
free survival (EFS) for patients were 86.5 (80.5) and 
72.6 (62.4) months, respectively. Age, gender, T, N, M 
status, chemotherapy treatment and CRC stage were 
associated with OS and EFS in the preliminary univariate 
assessment of covariates (Table 3). Advanced age, male 
gender and current smoking status were related to a shorter 
OS. Likewise, men were also at higher risk of relapse or 
metastasis (OS: Hazard ratio (HR) 1.54; 95% CI 1.23– 1.92; 
p = 0.0001; EFS: HR 1.35; 95% CI 1.09–1.68; p = 0.006). 
Four established prognostic factors (T, N, M status and 
stage) were associated with decreased patients’ survival 
and increased risk of recurrence. Moreover, adjuvant 
chemotherapy was also associated with survival (Table 3).

After adjusting for above significant covariates, CRC 
patients, particularly those with colon cancer carrying the 
TT genotype of RAD52 rs11226, displayed a longer survival 
in a recessive model (HR 0.70; 95% CI 0.52–0.93; p = 0.02 
and HR 0.60; 95% CI 0.41–0.89; p =  0.01, respectively; 
Supplementary Table 4). Overall, patients also showed a 
similar significant trend across genotypes in the Kaplan–
Meier curves (log-rank test p = 0.004; Median survival time 
(MST) for CT carriers was 136 months; MST not reached 
for the other genotypes; Figure 1). Likewise, a similar 
trend was also found for colon cancer patients (log-rank 
test p = 0.005; MST for CT carriers was 162 months; MST 
not reached for the other genotypes; data not shown). Colon 
cancer patients with the variant CC genotype of MRE11A 
rs2155209 showed a shorter survival when compared 
with the most frequent TT genotype (HR 1.63; 95% 
CI 1.06– 2.51; p = 0.03) or with T-allele carriers (HR 1.54; 
95% CI 1.03–2.31; p = 0.04) (Supplementary Table 4). 
A similar trend was observed in the univariate Cox model 
and in the relative Kaplan–Meier curves (log- rank test 
p  = 0.005; MST for CC carriers being 99 months; MST not 
reached for the other genotypes; Figure 2). No significant 
association with recurrence risk was observed for any of the 
HRe genes (Supplementary Table 5).

Overall, no strong associations with survival and risk 
of recurrence were observed for all analysed miRSNPs in 
NHEJ genes (Supplementary Table 6 and Supplementary 
Table 7). Among CRC cases, carriers of the GG genotype 
of XRCC5 rs1051685 showed a decreased survival (OS: 
HR 2.12; 95% CI 1.04–4.32; p = 0.04). A similar trend was 
observed in the univariate Kaplan–Meier curves, although 
not being statistically significant (log-rank test p = 0.07; 
MST for AA and AG carriers = 176 and 178 months, 
respectively; MST for GG carriers = 65 months).

Luciferase assay

The role of rs2155209 in modulating MRE11A 
expression was investigated by a dual 3′UTR luciferase 
reporter assay. A statistically significant difference 
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between the two constructs carrying the different alleles of 
the SNP was observed (p = 0.007, MANOVA). Figure  3 
shows the luciferase activity following transfection 
with the pmirGLO vector without the 3′UTR (used as 
reference and set as 100%) and with the vectors carrying 
the alternative alleles in HCT-116 cell line. The average 
luciferase activity of the vector carrying the C-allele 
showed a reduction by 14% in comparison with the values 
obtained for the construct with the T-allele.

Validation on TCGA database

RNA sequencing (RNAseq) data of CRC patients 
in The Cancer Genome Atlas (TCGA) database were 
downloaded. The results from RNAseq from 327 tumor 
tissues and 13 normal-appearing, adjacent mucosa 
were available [24]. A general overexpression of all 20 
transcripts of MRE11A was observed in the tumor tissues 
when compared with healthy tissues (for all p < 10−7).

DISCUSSION

In the present study, we investigated the role of 
21 miRSNPs in DSB repair genes in modulating CRC 
susceptibility and clinical outcome. The major finding was 
the association of the variant CC genotype of MRE11A 
rs2155209 with a decreased risk of CRC. This association 
was observed independently of the stratification of the 
cases according to tumor site recorded at diagnosis. The 
C-allele of the SNP was also related to a reduced activity 
of the reporter gene in a dual luciferase assay. 

MRE11A encodes for a protein that is a component 
of the MRE11-RAD50-NBS1 (MRN) complex involved in 
DSB repair by both HRe and NHEJ, in the maintenance of 
telomere integrity, in DNA recombination during meiosis, 
and in the signaling of DSB damage [25]. Mutations in 
NBS1, MRE11A, and RAD50 disrupting the functionality 
of MRN complex may lead to genome instability and 
carcinogenesis. For instance, these mutations have been 

Figure 1: Kaplan-Meier OS curves for RAD52 rs11226 in all CRC patients. MST = median survival time.

Figure 2: Kaplan-Meier OS curves for MRE11A rs2155209 in colon cancer patients. MST = median survival time. 
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Table 1: Characteristics of the study population
Cases Controls OR 95% CI P

Age (years) [18,47] 90 591 Ref
(47, 55] 208 422 3.24 2.45–4.27 < 0.00001
(55, 65] 375 286 8.61 6.57–11.28 < 0.00001
(65,91] 438 170 16.92 12.74–22.47 < 0.00001

Sex Females 433 660 Ref
Males 678 809 1.28 1.09–1.50 0.003

BMI [0, 23.7] 187 367 Ref
(23.7, 26.2] 195 362 1.06 0.82–1.35 0.70
(26.2, 28.9] 229 323 1.39 1.09–1.78 0.01
(28.9, 53.1] 224 329 1.34 1.05–1.71 0.02

Smoking Non smokers 541 815 Ref
Smokers 161 328 0.74 0.59–0.92 0.006

Ex-smokers 341 253 2.01 1.65–2.45 < 0.001
Family History 

CRC
No 736 1204 Ref

Yes 146 142 1.68 1.31–2.16 < 0.0001
Living Area Town 520 952 Ref

Town and 
country

128 171 1.37 1.06–1.76 0.02

Country 244 269 1.66 1.35–2.04 < 0.00001
Education Primary 271 224 Ref

Secondary 473 819 0.48 0.39–0.59 < 0.00001
University or 

higher
141 345 0.34 0.26–0.44 < 0.00001

Abbreviations: BMI: Body Mass Index OR, odds ratio, 95% CI, confidence interval

Figure 3: Data show mean values of luminescence activity, normalized to Renilla luciferase levels, (FLUC/RLUC) 
from four independent experiments. MRE11A expression show a statistical significant (p = 0.007) decrease of about 14% in presence 
of the rs2155209 C-variant, compared to the expression obtained with the T-variant.
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reported for acute lymphoblastic leukemia [26], head and 
neck [27], prostate, breast and colorectal [28] cancers. 
MRE11A has been identified as a possible candidate for 
breast cancer susceptibility by Bartkova and colleagues 
[29]. Interestingly, MRE11 overexpression, commonly 
observed among cancer patients, has been postulated as a 
mechanism responsible for increasing cancer risk [24]. To 
support this hypothesis, RNAseq data available in TCGA 
database also show an overexpression of all available 
MRE11A transcripts in CRC tumor tissues when compared 
with their healthy tissue counterparts. In this sense, we 
may hypothesize that a miRNA post-transcriptional 
regulation of MRE11A may be finely modulated by the 
presence of the identified miRSNP, with the CC genotype 
contributing to a reduced risk of developing CRC. The 
low-risk allele (C) is in fact associated with a lower 

expression of MRE11A most probably due to the C-allele 
stronger interactions with the putative binding miRNAs, as 
suggested by the results of the functional study. 

To correctly interpret these results, we should not 
exclude the possibility that the observed association may 
be due to the linkage disequilibrium (LD) structure of the 
investigated locus. Rs2155209 in the Caucasian population 
is in a LD block spanning over 125Kbp and containing 
31 SNPs. Among those SNPs, it is the only one in the 
3′UTR and is indicated as one of the variants in the block 
describing one of the most common haplotypes (with a 
frequency of approx 25.4% of haplotypes harbouring the 
C allele) by Haploview software (HG19). The MRE11A 
3`UTR hosts several binding sites for transcription factors 
(for instance SMC3, CTCF, RAD21). However, the 
region surrounding rs2155209, and including the seed of 

Table 2: Significant associations of SNPs in HRe genes with CRC risk (stratification for colon and 
rectal cancer is also reported)

Gene
SNP Genotype

aControls
(n = 1442)

All cancer patients Rectal cancer patients Colon cancer patients
aCases

(n = 1090)
bOR 95% CI P

aCases
(n = 369)

bOR 95% CI P Cases
(n = 710)

bOR 95% CI P

RAD52 GG 839 610 Ref 213 Ref 395 Ref

rs1051669 GA 505 381 1.05 0.85–1.29 0.65 121 0.96 0.70–1.30 0.78 260 1.09 0.86–1.37 0.49

AA 70 81 1.68 1.11–2.54 0.01 28 1.39 0.74–2.59 0.31 52 1.78 1.13–2.80 0.01
GA+AA 575 462 1.12 0.92–1.37 0.25 149 1.01 0.75–1.35 0.97 312 1.17 0.93–1.46 0.18
GG+GA 1344 991 Ref 334 Ref 655 Ref

AA 70 81 1.65 1.10–2.50 0.02 28 1.41 0.76–2.61 0.28 52 1.72 1.10–2.69 0.02
RAD52 TT 1045 820 Ref 266 Ref 551 Ref

rs11571475 TC 353 237 0.88 0.70–1.11 0.29 88 1.14 0.82–1.59 0.45 149 0.76 0.58–1.00 0.05
CC 24 20 0.90 0.41–1.96 0.79 12 2.36 0.97–5.73 0.06 8 0.41 0.14–1.26 0.12

TC+CC 377 257 0.88 0.70–1.11 0.29 100 1.21 0.88–1.67 0.24 157 0.74 0.57–0.97 0.03
TT+TC 1398 1057 Ref 354 Ref 700 Ref

CC 24 20 0.92 0.42–2.01 0.84 12 2.28 0.95–5.52 0.07 8 0.44 0.14–1.34 0.15
RAD52 TT 1024 808 Ref 280 Ref 526 Ref

rs7963551 TG 375 246 0.83 0.66–1.04 0.11 80 0.88 0.64–1.23 0.47 165 0.81 0.63–1.05 0.12

GG 35 17 0.53 0.26-1.11 0.09 5 0.29 0.08–1.13 0.07 12 0.64 0.29–1.38 0.25
TG+GG 410 263 0.80 0.64–1.00 0.05 85 0.83 0.60–1.15 0.26 177 0.80 0.62–1.02 0.08
TT+TG 1400 1054 Ref 360 Ref 691 Ref

GG 35 17 0.56 0.27–1.16 0.12 5 0.30 0.08–1.16 0.08 12 0.67 0.31–1.46 0.31
MRE11A TT 610 499 Ref 181 Ref 316 Ref

rs2155209 TC 638 485 0.86 0.70–1.06 0.16 162 0.75 0.56–1.01 0.06 322 0.94 0.75–1.19 0.61
CC 180 92 0.54 0.38–0.76 0.0004 22 0.32 0.18–0.59 0.0002 70 0.66 0.45–0.96 0.03

TC+CC 818 577 0.79 0.65–0.96 0.02 184 0.66 0.49–0.87 0.004 392 0.88 0.70–1.09 0.24
TT+TC 1248 984 Ref 343 Ref 638 Ref

CC 180 92 0.58 0.42–0.81 0.001 22 0.37 0.21–0.67 0.0009 70 0.68 0.47–0.97 0.03
NBN TT 1308 1010 Ref 343 Ref 664 Ref

rs14448 TC 107 74 0.67 0.45–1.00 0.05 22 0.41 0.21–0.80 0.01 52 0.78 0.51–1.19 0.24
CC 0 0 - – – 0 – – – 0 – – –

TC+CC 107 74 0.67 0.45–1.00 0.05 22 0.41 0.21-0.80 0.01 52 0.78 0.51-1.19 0.24
TT+TC 1415 1084 Ref 365 Ref 716 Ref

CC 0 0 – – – 0 – – – 0 – – –
Abbreviations: OR, odds ratio; 95% CI, confidence interval. Significant results in bold.
aNumbers may not add up to 100% of available subjects because of genotyping failure. All samples that did not give a reliable result in the first round of 
genotyping were resubmitted to up to two additional rounds of genotyping. Data points that were still not filled after this procedure had been left blank.
bAdjusted for sex, age and smoking.
cχ2 and P-values for the deviation of observed and the numbers expected from the Hardy–Weinberg equilibrium (HWE) considering  all controls.
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the miRNAs predicted to bind on the SNP of interest, is 
not a site for RNA-binding proteins (RBPs), supporting 
the hypothesis of a miRNA related post-transcriptional 
mechanism. Although evidence highlighted a potential 
miRNA-dependent regulation of the gene, MRE11A 
expression could not be affected solely by rs2155209; 
other SNPs could be causally linked to the risk of CRC by 
different mechanisms.

A significant role for genetic factors in CRC has 
been confirmed by genome-wide association studies 
(GWAS) and large-scale replication studies, which 
have identified so far 124 SNPs associated with this 
cancer (the GWAS catalog: https://www.ebi.ac.uk/gwas/
search?query = colorectal% 20cancer). However, the 

loci identified were estimated to account collectively 
for approximately 6% of the excess familial risk of 
CRC [30], suggesting that additional SNPs remain to 
be identified. The rs2155209 polymorphism has also 
been previously associated with an increased risk of 
myocardial infarction, breast and bladder cancer [31–33]. 
For the latter, the rare allele was found at an increased 
risk, but genotype distribution in controls was not found 
in HW equilibrium. To the best of our knowledge, no 
reports have documented any association with CRC 
risk. Interestingly, other genetic variants in MRE11 (not 
in linkage with rs2155209) have been associated with 
various cancers including breast, bladder and ovarium 
[28, 29, 34, 35].

Table 3: Clinical and anamnestic characteristics significantly affecting Overall Survival (OS) and 
Event Free Survival (EFS) of the CRC patients with complete follow up (Cox regression)

OS EFS
Na HR (95% CI) P HR (95% CI) P

Sex Females 427 Ref Ref
Males 656 1.54 (1.23–1.92) 0.0001 1.35 (1.09–1.68) 0.006

Age (years) 55 ≤ 293 Ref Ref
56–62 248 1.43 (1.05–1.95) 0.02 1.41 (1.06–1.87) 0.02
63–70 294 1.39 (1.04–1.88) 0.03 1.19 (0.90–1.58) 0.22
> 70 248 2.02 (1.50–2.72) < 0.0001 1.04 (0.76–1.42) 0.80

Smoking habit* No 533 Ref Ref
Yes 493 1.26 (1.02–1.56) 0.03 1.14 (0.93–1.41) 0.19

pT 1 50 Ref Ref
2 166 2.64 (0.94–7.40) 0.06 2.18 (0.85–5.55) 0.10
3 535 5.84 (2.17–15.71) 0.0005 5.58 (2.30–13.53) 0.0001
4 136 9.21 (3.36–25.26) < 0.0001 6.96 (2.80–17.27) < 0.0001

pN 0 498 Ref Ref
1 260 2.17 (1.69–2.79) < 0.0001 1.87 (1.46–2.41) < 0.0001
2 68 3.40 (2.35–4.91) < 0.0001 3.43 (2.45–4.81) < 0.0001

pM 0 725 Ref Ref
1 177 4.80 (3.83–6.02) < 0.0001 4.56 (3.68–5.65) < 0.0001

5FU-based chemotherapy Yes 411 Ref Ref
No 440 1.42 (1.13–1.790) 0.003 0.85 (0.68–1.06) 0.14

Histologic Grade 1 125 Ref Ref
2 464 1.84 (1.26–2.69) 0.002 1.42(1.00–2.02) 0.05

3-4 199 2.35 (1.57–3.53) < 0.0001 1.88 (1.29–2.76) 0.001
Stage 1 149 Ref Ref

2 293 2.14 (1.32–3.48) 0.002 2.47 (1.51–4.05) 0.0003
3 244 3.75 (2.33–6.03) < 0.0001 3.87 (2.38–6.31) < 0.0001
4 177 11.87 (7.44–18.95) < 0.0001 11.86 (7.42–18.98) < 0.0001

*Ex-smokers included in non-smokers
Abbreviations: HR, hazard ratio; 95% CI, confidence interval. Significant results in bold.
a Numbers may not add up to 100% of available subjects because of missing information
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In the last years, the interest on miRNAs has increased 
since they have been recognized as pivotal players in 
diverse biologic processes, including DNA repair and DNA 
damage response [36, 37]. An increasing body of evidence 
indicates the possibility to use miRNAs as diagnostic, 
prognostic and predictive clinical biomarkers [20]. In this 
context, the presence of SNPs within the 3′UTRs of target 
DNA repair genes could alter the binding with specific 
miRNAs, modulating gene expression and ultimately 
affecting, besides cancer susceptibility [18, 22, 38], also 
therapy outcomes [39] and survival [21]. As an example, 
an association between a miRNA binding site SNP within 
the DNA repair gene RAD51 with bladder cancer risk and 
radiotherapy outcomes has been reported [39]. 

miRNAs typically mediate fine regulation of gene 
expression, tuning rather than altering protein levels [37]. 
There is evidence that miRNAs can control DNA damage 
response by interacting with DNA repair genes. Most of 
the studies have been conducted on cancer cell lines, and 
it is not clear whether miRNAs mediate DNA repair in 
healthy cells [37]. Most recently it has been hypothesized 
that high expression levels of DNA repair proteins are 
detrimental to DSB repair as the stoichiometry of factors 
in specific pathways is important. miRNAs could then 
facilitate DNA repair by maintaining the optimal levels 
of repair proteins [37], and there could be a further 
modulation mediated by SNPs in miRNA seeds or in target 
regions. In the context of CRC and DNA repair, our group 
has provided the first evidence that variations in miRNA-
binding sites in Base Excision Repair genes 3′UTRs 
may modulate prognosis and therapy response [21]. In 
the present study, among CRC patients, and specifically 
those with colon cancer, carriers of the TT genotype of 
RAD52 rs11226 displayed a better survival while carriers 
of the MRE11A rs2155209 variant CC genotype showed a 
shorter survival. Notably, MRE11 protein deficiency has 
been recently observed to be associated with improved 
survival of stage III colon cancer patients, independently 
of treatment [40]. This study supports our finding where 
CC genotype of MRE11A rs2155209 is associated with 
shorter survival. We can theorize that the modulatory role 
by the observed SNP on the expression of MRE11 protein 
may also influence the prognosis of cancer. RAD52 is a 
key protein in the homologous recombination pathway. 
In humans, it is known to exist in an oligomeric form 
in order to bind single-stranded DNA (ssDNA), to 
promote ssDNA annealing, to interact with RPA, and 
under certain specialized conditions, to simulate Rad51-
mediated homologous DNA pairing [41]. There is an 
established interplay between MRE11A and RAD52 genes 
since the binding of MRN complex to a DSB permits a 
following recruitment of RAD52 to start the resolution 
of the damage [42]. Both genes have numerous predicted 
binding miRNAs in their 3′UTRs, although only very few 
of them have been validated so far. We have investigated 
miRNAs predicted to bind to RAD52 and MRE11A 

where the SNPs found in association lie (reported in 
Supplementary Table 8). From the available data (source 
http://www.genecards.org/), many of these miRNAs are 
expressed in colon tissue. Interestingly, among them, two 
miRNAs (miR-1296 and miR-296–5p) are predicted to 
bind both genes. These miRNAs have been described 
deregulated in cancer and other diseases and, in particular, 
miR-296–5p has frequently been associated with cancer 
prognosis [43, 44].

Protein expression levels of NBS1, MRE11, and 
RAD50 in malignant tissues have also been measured in 
previous studies. For instance, it was observed that a lower 
MRE11 expression in tumor cells in bladder and breast 
tissues was also associated with worse cancer-specific 
survival compared with high expression [45, 46], and the 
underlying control mechanism determining these lower 
expression levels was essentially post-transcriptional and 
regulated by miR-153 [47]. Additionally, RAD50 and 
NBS1 mRNA levels correlated with expression of all three 
proteins, implying that transcription of these two genes 
determines the amount of MRN complex formed. In this 
sense, MRE11 protein levels seem to adapt in line with 
the complex formation, with the following degradation 
of protein molecules that are not required for complex 
formation [47]. This strong interconnection may explain 
the other observed associations, in particular for the 
variants related to patient clinical outcome.

To our knowledge, this is the first study 
comprehensively investigating the role of SNPs residing 
in miRNA target sites of DSB repair genes in association 
with CRC risk and clinical outcome. The study population 
included in the present work is genetically homogeneous 
(all Caucasian from the Czech Republic), and clinically 
well-defined (cases and controls recruited in the same 
centers with follow-up data collected by the same 
physicians), thus excluding any possible population 
stratifications and bias. In addition, the inclusion of 
‘colonoscopically negative’ individuals ensured disease-
free control individuals because a negative colonoscopy 
result is the best available proof of the CRC absence 
[48]. Since this group of individuals may not necessarily 
represent the general population, we also included healthy 
cancer-free individuals recruited among volunteers from 
blood centers.

We are aware of certain limitations of the present 
investigation. In the case-control study, controls differed 
from cases in age and gender distribution, as well as 
other parameters such as BMI. However, we attempted 
to control tentative age effect by matching cases and 
controls by age quartiles through bootstrap sampling, and 
no changes were observed in the ten different resamplings. 

The main and novel finding of the present study 
was that MRE11A rs2155209 resulted strongly associated 
with a decreased risk of CRC, taking into account also 
multiple comparisons (by considering a 5% Bonferroni-
corrected significance threshold). Moreover, the presence 
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of one or the other allele of rs2155209 was associated with 
a different luciferase activity. The present results support 
the emerging idea of a “miRNA network“ that may 
contribute to CRC [49]. Other miRSNPs, both in the same 
gene and in other DSB repair genes, were also associated 
with clinical outcomes highlighting the importance 
of this repair pathway in survival, most probably as a 
consequence of an impaired DNA repair system. 

It is generally accepted that all DNA repair pathways 
act in an integrative and collaborative way. Numerous 
factors affect the decision to repair a DSB via NHEJ or 
HRe, and accumulating evidence suggests these major 
repair pathways both cooperate and compete with each 
other at DSB sites to facilitate efficient repair and promote 
genomic integrity [50, 51]. We have observed in particular 
that both MRE11A and RAD52 share miRNAs predicted to 
bind to regions where SNPs were associated with survival 
while a SNP interaction analyses revealed an under-
representation of certain genotypes among concomitant 
genotypes of SNPs in both genes in association with CRC 
risk. However, a larger population is necessary to test the 
interaction/cooperation of different genes/SNPs in various 
pathways. 

In conclusion, we identified plausible candidate 
miRSNPs potentially affecting miRNA binding in DSB 
repair genes that were related either to CRC susceptibility 
or to patients‘ survival. Further studies are needed to 
replicate our findings and assess these miRSNPs as 
predictive biomarkers in independent populations, to 
functionally characterize the significant genetic variants 
and to find the biologic mechanisms underlying the 
associations.

MATERIALS AND METHODS

Study population and data collection

Blood samples were collected from 1126 patients 
with histologically confirmed CRC attending between 
September 2003 and October 2010 several oncological 
departments in the Czech Republic (three in Prague, 
one in Benesov, Brno, Liberec, Ples, Pribram, Usti nad 
Labem, and Zlin). Two control groups, whose samples 
were collected at the same time of cases recruitment, 
were included in the study. The first group consisted 
of 688 hospital-based individuals admitted to five of 
the above mentioned gastroenterological departments 
that had negative colonoscopy results for malignancy 
or idiopathic bowel diseases (Control Group 1). The 
reasons for undergoing the colonoscopy were: i) positive 
fecal occult blood test, ii) hemorrhoids, iii) abdominal 
pain of unknown origin, and iv) macroscopic bleeding. 
The second group of controls consisted of 781 healthy 
blood donor volunteers (Control Group 2) collected 
from a blood donor centre in Prague. All individuals 
were subjected to standard examinations to verify the 

health status for blood donation and were cancer-free 
at the time of the sampling. Among the CRC cases, 
397 patients were diagnosed with a tumor in the colon, 
334 in the sigmoideum and 377 with rectal cancer (3 
cases were lacking the information about the site of the 
tumor; however, since they had complete survival data, 
they remained in the survival analysis). Out of the 1469 
controls, 688 were cancer-free colonoscopy inspected 
controls (Control Group 1) and 781 were healthy blood 
donor volunteers (Control Group 2). Details of CRC 
cases and controls have been reported previously [21].

All subjects were informed and provided written 
consent to participate in the study and to approve the use 
of their biological samples for genetic analyses, according 
to the Helsinki declaration. The design of the study was 
approved by the local Ethics Committee. Study subjects 
provided information on their lifestyle habits, BMI, 
diabetes, and family/personal history of cancer, using 
a structured questionnaire to determine demographic 
characteristics and potential risk factors for CRC. 

Follow-up of patients 

Eight hundred sixty-six CRC cases were monitored with 
follow-ups until August 31st, 2011. A second group consisting 
of 232 CRC patients was recruited later on and followed up 
until March 31st, 2013. For all subjects, clinical data at the 
time of diagnosis, including location of the tumor, UICC 
(International Union Against Cancer) tumor-node-metastasis 
(TNM) stage system, grade and adjuvant chemotherapy 
treatment were collected, along with information about distant 
metastasis, relapse and date of death [52].

Four hundred and eleven CRC cases received a 
5-FU-based adjuvant regimen as first-line postoperative 
therapy. The therapy consisted of either a Mayo regimen, 
delivered as a bolus infusion of 5-FU (425 mg/m2) and 
leucovorin (10 mg/m2) for five days every four weeks 
six times or a simplified De Gramont regimen which 
consisted of a 2 h intravenous (i.v.) infusion of leucovorin 
(200 mg/ m2), then a 5-FU i.v. bolus (400 mg/ m2) 
followed by a 46h 5-FU continuous i.v. infusion 
(2400–3000 mg/m2). Four hundred forty subjects did 
not receive any adjuvant chemotherapy after surgery. In 
this study, the outcome variables measured were 5-FU-
based chemotherapy, OS (time from diagnosis until 
death or censorship), and EFS (time of surgery or end of 
chemotherapy until date of relapse, death or censorship).

Selection of candidate genes and SNPs in miRNA 
target binding sites

From the complete list of DNA repair genes 
available online (http://sciencepark.mdanderson.org/labs/
wood/DNA_Repair_Genes.html March 2014 version), 
seven genes were retrieved in the NHEJ pathway and 21 
genes in the HRe pathway. 
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The approach used to select the candidate miRSNPs 
was similar to that described in [21]. Briefly, for each 
gene, SNPs within target binding sites for miRNAs 
were identified by using the freely available software: 
MicroSNiper (http://cbdb.nimh.nih.gov/microsniper [53], 
MiRSNP (http://202.38.126.151/hmdd/mirsnp/search/ 
[54]), Mirnsnpscore (http://www.bigr.medisin.ntnu.no/
mirsnpscore/ [55]), and Polymirt (http://compbio.uthsc.edu/
miRSNP/ [56]). The 50 detected SNPs were then filtered 
for their minor allele frequency (MAF > 5%) in Caucasian 
populations in the SNP database to reach an appropriate 
representation of all genotypes in our set of cases and 
controls. The information was primarily derived from 
1000genomes project database, phase 1, CEU population; 
whenever this was not possible, other reference populations 
were considered (i.e. HAPMAP CEU population) (dbSNP; 
http://www.ncbi.nlm.nih.gov/SNP/). SNPs with the 
required MAF were further tested for the possibility to 
be in LD using HaploView (v. 4.2) with the data from 
HapMap v. 3, release R2 in the CEU population. 

SNP genotyping

Genomic DNA was isolated from peripheral blood 
lymphocytes using standard procedures. The DNA from 
cases and controls was randomly placed on plates where 
an equal number of samples could be run simultaneously. 
The selected SNPs were genotyped using the KASPTM 
genotyping assay, a competitive allele-specific PCR SNP 
genotyping system (LGC Genomics, Hoddesdon, Herts, 
UK). For quality control purposes, duplicate samples (5% of 
the total numbers of samples) were repeated for each SNP, 
no template controls were included in each plate (NTCs).

DNA cloning and in vitro assay

A Dual-Luciferase reporter assay was used to 
investigate whether the MRE11A rs2155209 alleles were 
associated with a differential gene expression. Initially, 
a 1031 bp fragment of the 3′UTR region of MRE11A 
containing the T-allele of the SNP was PCR-amplified. 
The PCR primers were specifically designed to allow the 
cloning reaction with ClonEZ enzyme. The bases at the 
primers 3′ ends were specific to the region to be amplified, 
whereas the 15 bases at the 5′ ends were homologous to 
either side of the XhoI restriction site within the multiple 
cloning sites of the pmirGLO vector (Promega, Madison, 
USA). Each primer was also designed to include a 
XhoI restriction site sequence (c^tcgag) between the 
two sequences. The complete sequences were: sense 
primer = AACGAGCTCGCTAGCCTCGAGGGGTG 
ATAAATCTCTCCAGCTAATTC; and anti-sense 
primer = CAGGTCGACTCTAGACTCGAGAGCCC 
ATTGAGATACTTTTTTACTCAG. The vector was 
linearized with XhoI (NEB Inc, Ipswich, USA) and the 
PCR product was cloned downstream from the firefly 
luciferase (Photinus pyralis) reporter gene, using the 

Clone EZ PCR Cloning Kit (Genscript, Piscataway, USA). 
Competent cells NZY5α (NZYTech, Lisbon, Portugal) 
were used for transformation after the cloning reaction, 
as suggested by manufacturers. To obtain a vector with 
an MRE11A 3′UTR bearing the C-allele of rs2155209, 
the construct underwent site-specific mutagenesis using 
the Quick Change Lightning Site Direct Mutagenesis 
kit (Agilent, Milano, Italy). The sequences of the 
mutagenic primers were: sense = attgttttctcctttctgggtaaca 
cgccctaacttctg; and anti-sense = cagaagttagggcgtgttacccaga 
aaggagaaaacaat. Following the digestion of the parental 
(methylated) supercoiled double-stranded DNA with 
Dpn  I, XL10-Gold ultra-competent cells (Agilent, Milano, 
Italy) were used for transformation. 

For the functional assay, HCT-116 cells were plated 
at a density of approximately 7 × 104 cells per well in 
24- well plates and incubated overnight at 5% CO2, 
37°C in a humidified incubator. Cells were transiently 
transfected at about 80% confluence using 3 µl of Polyfect 
transfection reagent (Qiagen, Milano, Italy) and 0.4 µg of 
the chimeric construct carrying the T or the C allele. 

The assays were carried out using the dual-
luciferase reporter assay kit (Promega, Milano, Italy). 
A pmirGLO vector without 3′UTR insert was used as a 
reference. PmirGLO vectors contain the luciferase gene 
from Renilla reniformis (hRluc-neo), acting as a control 
reporter to normalize transfection efficiency. Twenty- four 
hours after transfection, cells were washed with a 
phosphate-buffered saline solution and lysed with 100 µl 
of Passive Lysis Buffer (PLB Promega, Milano, Italy) for 
an optimal stability of the firefly and Renilla luciferase 
reporter enzymes. The culture vessel was shaken for 
8 minutes at room temperature. The lysates were used 
for measuring the activity of firefly (FLUC) and Renilla 
(RLUC) luciferases. Three replicates of all experimental 
points were performed in each experiment. For each 
transfection, luminescence intensity was evaluated by 
a luminometer (Optima FluoStar, BMG, Ortenberg, 
Germany), and luciferase activities were averaged from 
four measurements. The luminescence intensities of 
firefly and Renilla luciferase of the non-transfected cells 
(background) were subtracted from the values obtained for 
the transfected cells with the pmiRGLO vector containing 
the 3′UTR. The luminescence of the Renilla luciferase was 
used as the control reporter to calculate the normalized 
firefly luciferase activity (FLUC/RLUC activity).

Statistical analyses

Pearson`s chi-square test (1 degree of freedom), 
with a type-I error threshold set at α = 0.05, was used to 
verify whether the genotypes were in Hardy-Weinberg 
equilibrium in controls. SNPs were excluded from 
further analyses if the call rate was < 95%, deviated 
from Hardy-Weinberg equilibrium in controls at p < 102, 
or if genotypes were discrepant in more than 2% of 
duplicate samples. The multivariate logistic regression 
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(MLR) analysis was used to test the association between 
genotypes and risk of CRC. The covariates analysed in the 
multivariate model were: sex, age, smoking habit (non-
smokers vs. smokers and ex-smokers), BMI, familial 
history of CRC, education level (high, intermediate and 
low) and living area (country, suburbs, and town). The 
associations between SNPs and CRC risk were calculated 
by estimating the ORs and their 95% CI, adjusted for both 
continuous and discrete covariates. For all the genotypes, 
regression coefficients for additive models were estimated. 
For each SNP, we evaluated its association with cancer 
risk using two different genetic models—dominant, and 
recessive—to define the best fitting model with the most 
significant p-value. The Bonferroni-corrected significance 
threshold is 0.002 (for 21 SNPs and α = 0.05).

The model with the highest likelihood was 
additionally checked for the significance of possible 
interaction terms in the MLR analysis. Statistical analyses 
were performed using R (http://www.rproject.org).

OS in CRC patients was estimated using the date 
of death or the date of follow-up termination as the end 
point. For the EFS, in patients who did not have distant 
metastasis at the time of diagnosis, date of relapse, 
death or end of the study were used as the end point of 
follow- up. EFS was defined as the time from surgery/
end of therapy to the occurrence of distant metastasis, 
recurrence or death, whichever came first. The survival 
curves for OS and EFS were derived by the Kaplan–Meier 
method (R version 2.14–2, Survival package). The relative 
risk of death was estimated as HR using Cox regression 
(R version 2.14–2, Survival package). Multivariate 
survival analyses were adjusted for age, gender, smoking 
and stage.

For the in vitro assays, the ratios (FLUC/RLUC) of 
the measurements of luminescence, each subtracted of its 
respective background, were compared between genotypes 
using the multifactor analysis of variance with interactions 
(MANOVA), where “experiment” and “genotype” were 
entered as independent factors in the model. The statistical 
tests were 2-tailed and carried out using Statgraphics 
Centurion software (StatPoint Technologies, Warrenton, Va).
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Abstract

According to the Vogelstein’s model of colorectal carcinogenesis, genetic variations in highly 
penetrant genes may be involved in the colorectal cancer (CRC) pathogenesis. Similarly, aberrant 
function and/or altered expression of microRNAs (miRNAs) often occur in CRC. In this context, 
polymorphisms in miRNA-binding sites (miRSNPs) may affect miRNA/target gene interaction, 
resulting in differential mRNA/protein expression and increased susceptibility to common diseases. 
To explore this phenomenon, we have mined the 3ʹ untranslated regions (3ʹUTRs) of genes known to 
be frequently mutated in CRC to search for miRSNPs and tested their association with CRC risk and 
clinical outcome. Eight miRSNPs (rs1804191, rs397768, rs41116 in APC; rs1137918, s227091, rs4585 in 
ATM; rs712, rs1137282, rs61764370 in KRAS; rs8674 in PARP1 and rs16950113 in SMAD7) were tested 
for their association with CRC risk in a case-control study (1111 cases and 1469 healthy controls). The 
role of these miRSNPs was also investigated in relation to clinical outcome on a subset of patients 
with complete follow-up. rs8679 within PARP1 was associated with CRC risk and patients’ survival. 
In the dominant model, carriers of at least one C allele were at a decreased risk of cancer (P = 0.05). 
The CC genotype in rs8679 was also associated with an increased risk of recurrence/progression in 
patients that received 5-FU-based chemotherapy (log-rank test P = 0.03). Carriers of the homozygous 
variant genotype TT for rs712 in KRAS gene were associated with a decreased risk of rectal cancer 
(odds ratio (OR) = 0.65, 95% confidence intervals (CI) 0.43–1.00, P = 0.05) while individuals with colon 
cancer carrying the heterozygous GT genotype showed a longer overall survival (OS) (P = 0.04). 
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We provide the first evidence that variations in potential miRNA-binding target sites in the 3ʹ UTR 
of PARP1 gene may modulate CRC risk and prognosis after therapy. Further studies are needed to 
replicate our finding and assess miRSNPs as predictive biomarkers in independent populations.

Introduction

Colorectal cancer (CRC) ranks among the leading causes of cancer-
related deaths worldwide (1). In the Czech Republic, the incidence 
of this kind of cancer ranks the seventh highest worldwide and rep-
resents a serious health problem (2 and www.svod.cz). Survival of 
CRC patients largely depends on the disease stage at diagnosis: the 
5-year survival for stage I is 93.6%, whereas it drops dramatically 
to 8.1% for stage IV patients (3). 5-Fluorouracil (5-FU) is the most 
frequently used chemotherapeutic agent for treating patients with 
CRCs. A better understanding of the regulatory factors and signal-
ling pathways that are altered in CRC could provide new insights 
into disease etiology and individual response to chemotherapeutics.

Decades of studies have revealed that certain genes and path-
ways, such as KRAS, BRAF, PIK3CA, SMAD7, PARP1, TP53 and 
mismatch repair genes, are important in initiation and progression 
of CRC (4). The KRAS mutational status is a predictive marker for 
response to established epidermal growth factor receptor (EGFR) 
inhibitors used for the treatment of advanced CRC. In fact, muta-
tions in KRAS are associated with resistance to anti-EGFR mono-
clonal antibody (mAb) therapy with cetuximab or panitumumab. 
The adverse prognostic impact of BRAF mutations has also been 
documented (5, 6), while that of PIK3CA mutations on survival has 
been restricted to patients with a BRAF wild-type tumour (7).

Genetic variability is an important factor modulating disease onset 
as well as response to therapy and drug toxicity. For example, inherited 
changes in DNA repair genes have been indicated as useful tools to 
identify patients at risk for aberrant pharmacokinetic or pharmacody-
namic effects (8). Genome-wide association studies have identified an 
increasing number of single nucleotide polymorphisms (SNPs) showing 
solid associations with CRC risk that have also been replicated in inde-
pendent cohorts (9, 10). However, meta-analyses suggest that altogether 
those SNPs account for only a small proportion of CRC risk so far (11).

In recent years, the interest on the mechanisms of post-transcrip-
tional regulation of gene expression mediated by microRNAs (miR-
NAs) has increased. In concomitance, the role of SNPs located within 
miRNA-binding target sites (miRSNPs) on cancer susceptibility has 
been highlighted. Thus, subtle effects exerted by SNPs in genes relevant 
for CRC may contribute to its etiopathogenesis. In this sense, specific 
genetic variations in regulatory regions such as miRNA target sites may 
also modulate survival and response to therapy in CRC patients (12). 
We recently reported associations between miRSNPs in genes of four 
relevant DNA repair pathways (nucleotide excision repair, base exci-
sion repair (BER), double-strand breaks repair and mismatch repair) 
and CRC risk or clinical outcome (13–16). SNPs in miRNA target 
regions of important genes for CRC etiology (APC, ATM, BRAF, KRAS, 
PARP1, PIK3CA, SMAD7 and TP53) may also affect the efficiency of 
translation of the corresponding proteins. Thus, in the present study, we 
hypothesised that variations in above genes might modify CRC suscep-
tibility, survival and efficacy of chemotherapy via a modulation of the 
signalling response and the maintenance of genomic stability.

Materials and Methods

Study population
Blood samples were collected from patients with histologically con-
firmed CRC, recruited between September 2003 and May 2012 at 

several oncological departments in the Czech Republic. The study 
included 1111 CRC patients and 1469 controls that provided bio-
logical samples and could be genotyped appropriately. All CRC 
patients suffered from adenocarcinomas. Cases and controls were 
previously described in details elsewhere (14). All subjects were 
informed and provided written consent to participate in the study 
and to use their biological samples for genetic analyses, according 
to the Helsinki declaration. The design of the study was approved 
by the local Ethics Committees. Lifestyle and demographic charac-
teristics and potential risk factors for CRC, such as body mass index 
(BMI), diabetes and family/personal history of cancer were collected 
in structured questionnaires.

Follow-up of the patients
Eight hundred and sixty-six CRC cases were monitored with follow-
up until March 31, 2013. A second group consisting of 232 CRC 
patients was recruited later on and followed up until March 31, 
2013. For all subjects, clinical data at the time of diagnosis, includ-
ing the location of the tumour, the International Union Against 
Cancer (UICC) tumour-node-metastasis (TNM) stage system, grade 
and adjuvant or first line FU-based chemotherapy treatment were 
assembled, along with information about distant metastasis, relapse 
and date of death.

Four hundred and eleven CRC cases received as first-line 
5-FU-based post-operative therapy. The therapy consisted of either 
a Mayo regimen, delivered as a bolus infusion of 5-FU (425  mg/
m2) and leucovorin (10 mg/m2) for 5 days every 4 weeks 6 times 
or a simplified De Gramont regimen which consisted of a 2 h intra-
venous (i.v.) infusion of leucovorin (200  mg/m2), then a 5-FU i.v. 
bolus (400  mg/m2) followed by a 46  h 5-FU continuous i.v. infu-
sion (2400–3000  mg/m2). Metastatic CRC (mCRC) patients were 
administrated with FOLFOX4 regimen: oxaliplatin (85 mg/m2) and 
leucovorin (200 mg/m2) infusions both given over 120 min at the 
same time, followed by 5-FU (400 mg/m2) bolus given over 2–4 min, 
followed by 5-FU (600 mg/m2) on the first day. On the second day, 
leucovorin (200  mg/m2) infusion both given over 120  min at the 
same time, followed by 5-FU (400 mg/m2) bolus given over 2–4 min, 
followed by 5-FU (600 mg/m2). The recommended dose schedule is 
given every 2 weeks. Four hundred and forty subjects did not receive 
any adjuvant chemotherapy after surgery. In this study, the outcome 
variables measured were 5-FU-based chemotherapy, overall survival 
(OS) (time from diagnosis until death or censorship), and event-free 
survival (EFS) (time of surgery or end of chemotherapy until the date 
of relapse, death or censorship). mCRC patients were not included in 
the 5-FU-based survival analysis.

Selection of candidate genes and SNPs in miRNA- 
binding target sites
Eight genes (APC, ATM, BRAF, KRAS, PARP1, PIK3CA, SMAD7 
and TP53) frequently mutated in CRC and important for its etiol-
ogy were included into this analysis. SNPs in miRNA target regions 
of above genes may also affect the efficiency of translation of the 
corresponding proteins. Thus, in the present study, we hypothesised 
that variations in above genes may modify CRC susceptibility, sur-
vival and efficacy of chemotherapy via a modulation of the signalling 
response and the maintenance of genomic stability.
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For each of them, we mined their 3ʹUTR (untranslated 
region) for miRSNPs by using the freely available software 
MicroSNiPer [http://cbdb.nimh.nih.gov/microsniper (17), miRSNP 
http://202.38.126.151/hmdd/mirsnp/search/ (18), Mirnsnpscore 
http://www.bigr.medisin.ntnu.no/mirsnpscore/ (19) and PolymiRTS 
http://compbio.uthsc.edu/miRSNP/ (20)] which interrogate the 
3ʹUTR and predicts if an SNP within the target site will disrupt/
eliminate or enhance/create a miRNA-binding site.

All 160 detected SNPs were tested for minor allele frequency 
(MAF, >5% in Caucasian populations) in the dbSNP database 
(http://www.ncbi.nlm.nih.gov/SNP/) to reach an appropriate sta-
tistical power. The selection was primarily done by HapMap CEU 
population. Whenever this was not possible, other populations were 
checked as well (i.e. 1000 genomes: phase 1, CEU population). SNPs 
with the required MAF were further tested for the possibility to be in 
linkage disequilibrium using HaploView (v. 4.2) with the data from 
HapMap v. 3 (release R2) in the CEU population.

After this selection, 11 SNPs (rs1804191, rs397768, rs41116 
in APC; rs1137918, s227091, rs4585 in ATM; rs712, rs1137282, 
rs61764370 in KRAS; rs8674 in PARP1 and rs16950113 in 
SMAD7) in the 3ʹUTRs of five candidate genes complied with the 
required selection criteria. The workflow for the selection of the 
miRSNPs is depicted in Figure 1.

SNP genotyping
Genomic DNA was isolated from peripheral blood lymphocytes using 
standard procedures. The DNA samples from cases and controls were 
randomly placed on plates where an equal number of cases and con-
trols could be run simultaneously. Genotyping of the selected SNPs 
was carried out by using the KASPar chemistry of LGC Genomics 
(Hoddesdon, Herts, UK: http://www.lgcgenomics.com/genotyping/
kasp-genotyping-reagents/), as previously described (21). For qual-
ity control purposes, duplicate samples (5% of the total numbers of 
samples) were repeated for each SNP, and no template controls were 
included in each plate. The genotype screening was performed simul-
taneously for cases and controls. The results were regularly confirmed 
by random re-genotyping of more than 5% of the samples for each 
polymorphism, which yielded concordant results. The genotypes with 
unclear results were excluded from the study.

Bioinformatics
For the selected SNPs, the algorithm RNAcofold (http://rna.tbi.uni-
vie.ac.at/cgi-bin/RNAcofold.cgi) was run to assess the Gibbs binding 
free energy (ΔG, expressed in KJ/mol), both for the common and the 
variant alleles. The algorithm RNAcofold computes the hybridiza-
tion energy and base-pairing pattern of two RNA sequences (13, 22). 

Figure  1. Workflow strategy for selection and analysis of SNPs residing in potential miRNA-binding sites in 3ʹUTR of genes involved in colorectal cancer 
etiopathogenesis.
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The difference of the free energies between the two alleles was com-
puted as ‘variation of ΔG’ (i.e. |ΔΔG|). Since the neighbour sequence 
of each SNP can be a target for different miRNAs, we calculated the 
sum of the absolute values of ΔΔGs for each SNP (i.e. |ΔΔG|tot = Σ 
|ΔΔG|) (22). The |ΔΔG| tot should be considered as a sort of ‘dis-
turbance index’ predicting the likelihood for a given SNP to affect 
the function of the 3ʹUTR and it allows a ranking of SNPs for their 
relevance, as illustrated in previous studies (13, 22).

We have searched on miRanda (http://www.microrna.org/micro-
rna/getDownloads.do) for the miRSV scores of those miRNAs tar-
geting rs8679 on PARP1 and rs31764370 on KRAS. Similarly, we 
mined TargetScan (http://www.targetscan.org/vert_71/) for evolu-
tionary conservation of miRNA-binding sites.

Identification of candidate miRSNPs through eQTL 
analysis
The association between the miSNPs analysed in the study and gene 
expression levels was obtained from the Genotype-Tissue Expression 
project (GTEx; https://gtexportal.org/home/, version V6p) and 
SCAN database (http://www.scandb.org/newinterface/about.html). 
The GTEx project allows viewing and downloading computed 
eQTL results and provides a controlled access system for de-iden-
tified individual-level genotype, expression and clinical data. The 
SCAN database provides the number of differentially transcribed 
genes for each SNP in lymphoblastoid cell lines (LCL) from indi-
viduals of Caucasian origin.

Statistical analyses
Chi-square test (1 degree of freedom), with a type-I error threshold set 
at α = 0.05, was used to verify whether the genotypes were in Hardy–
Weinberg equilibrium in controls. The multivariate logistic regression 
(MLR) analysis was used to test the association between genotypes 
and risk of CRC. The covariates analysed in the multivariate model 
were sex, age, smoking habit (non-smokers vs. smokers and ex-smok-
ers), BMI, any positive familial history of CRC, education level (high, 
intermediate and low) and living area (country, town neighbourhood 
and town). The association between SNPs and CRC risk was calcu-
lated by estimating the odds ratio (ORs) and their 95% confidence 
intervals (CI), adjusted for both continuous and discrete covariates. 
For all the genotypes, regression coefficients for the additive model 
were estimated. For all SNPs with significant p values per genotype, 
the best model (dominant or recessive) was calculated. The Bonferroni-
corrected significance threshold is 0.006 (for 9 SNPs and α = 0.05).

To overcome a potential age effect due to the difference between 
cases and controls, they were matched by age quartiles through 
bootstrap sampling (10 repetitions). For each subset, the association 
between investigated SNPs and CRC risk was recalculated by esti-
mating the ORs and their 95% CI adjusted for both continuous and 
discrete covariates (including age).

OS in CRC patients was evaluated using the date of death or the 
date of the end of the study (August 31, 2011) as the end point of 
follow-up. For the EFS, in patients who did not have distant metasta-
sis at the time of diagnosis, date of relapse, death or end of the study 
was used as the end point of follow-up. EFS was defined as the time 
from surgery/end of therapy to the occurrence of distant metastasis, 
recurrence or death, whichever came first. The relative risk of death 
and recurrence was estimated as hazard ratio (HR) using Cox regres-
sion. The survival curves for overall and EFS were derived by the 
Kaplan–Meier method. Multivariate survival analyses were adjusted 
for age, gender, T, N, M and chemotherapy. Statistical analyses were 
performed using R (http://www.rproject.org, R version 2.14-2).

Results

SNP selection
Out of the eight genes selected (APC, ATM, BRAF, KRAS, PARP1, 
PIK3CA, SMAD7 and TP53), only five had miRSNPs in their 3ʹUTRs 
(160 miRSNPs retrieved). All miRSNPs were filtered according to the 
study criteria previously described (i.e. MAF and linkage disequilib-
rium (LD)). In total, 149 SNPs were excluded. Finally, 11 SNPs in 
5 genes (rs1804197, rs397768 and rs41116 in APC; rs1137918, 
rs227091 and rs4585 in ATM; rs712, rs1137282 and rs61764370 
in KRAS; rs8674 in PARP1 and rs16950113 in SMAD7) passed the 
selection and were analysed in the present study. The workflow strat-
egy used in the study for the selection and the analysis of miRSNPs 
residing in the 3ʹUTR of genes relevant for CRC is depicted in Figure 1.

After the genotyping run, the assays for SNPs rs1137282 in KRAS 
and rs227091 in ATM failed to pass their validation. The data from 
these assays showed only non-specific amplification and so could not 
be used to generate any genotyping results. All the other SNPs were 
genotyped successfully. However, rs1137918 in ATM resulted mono-
morphic in all cases and controls (only AA genotype). Therefore, these 
three SNPs were not included in the following analyses. Finally, in 
the present study, we reported the genotype results of eight miRSNPs 
(Supplementary Table 1, available at Mutagenesis online).

Case–control study
The characteristics of the study participants are shown in 
Supplementary Table  2, available at Mutagenesis online. Among 
the 1111 CRC cases, 731 patients were diagnosed with a tumour in 
the colon and 377 with rectal cancer (despite for 3 cases the infor-
mation about the site of the tumour was missing, they remained in 
the survival analysis since they had complete survival data). Out 
of the 1469 controls, 688 were cancer-free colonoscopy inspected 
controls (control group 1) and 781 were healthy blood donor vol-
unteers (control group 2). Compared with subjects of both control 
groups, CRC cases were more likely to be older and had a slightly 
higher BMI and were more likely to have a positive family history 
of CRC and lower formal education. Control group had a higher 
number of male individuals and current smokers and non-smokers 
(Supplementary Table 2, available at Mutagenesis online).

Thirty-one CRC cases and 28 control samples were eliminated 
due to genotyping faulty. The distribution of genotypes within the 
studied genes in the controls was in agreement with Hardy–Weinberg 
equilibrium (Table 1). None of the investigated miRSNPs showed an 
association with CRC risk in a co-dominant model. rs8679 within 
PARP1 was associated with CRC risk when a dominant model 
was applied. In particular, carriers of at least one C allele were at 
a decreased risk of CRC, with a statistically significant OR of 0.82 
(95% CI 0.67–1.00, P = 0.05). When outcomes were analysed strati-
fying for cancer site, carriers of the homozygous variant genotype 
TT for rs712 in KRAS gene were associated with a decreased rectal 
cancer risk (OR = 0.65, 95% CI 0.43–1.00, P = 0.05; Table 1). SNPs 
within APC, ATM and SMAD7 were not associated with CRC risk.

However, by taking into account also multiple comparisons (by 
considering a 5% Bonferroni-corrected significance threshold), none 
of the above associations remained significant.

Survival analysis
The average (median) OS and EFS for the studied population were 
86.5 (80.5) and 72.6 (62.4) months, respectively. In the prelimi-
nary univariate assessment of covariates known to affect progno-
sis, several parameters, such as gender, age, BMI, smoking habit, 
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T, N, M status and chemotherapy treatment, were associated with 
OS (Table  2). Advanced age, male gender and current smoking 
status were related to a shorter OS. Likewise, men also exhibited 
shorter OS and higher risk of relapse or metastasis (OS: HR 1.54; 
95% CI 1.23–1.92; p = 0.0001; EFS: HR 1.35; 95% CI 1.09–1.68; 
p  =  0.006). Four established prognostic factors (T, N, M status 
and stage) were associated with decreased patients’ survival and 
increased risk of recurrence.

Overall, no association with survival was observed for all 
the analysed SNPs after adjustment for significant covariates 
(Supplementary Tables 3 and 4, available at Mutagenesis online). 
After stratification of patients according to tumour location, carri-
ers of the GT genotype in KRAS rs712 with a malignancy in colon 
showed a longer OS (HR  =  0.71; 95% CI 0.51–0.98, P  =  0.04; 
Supplementary Table 3, available at Mutagenesis online).

In patients undergoing 5-FU-based chemotherapy, rs8679 in 
PARP1 gene was associated with EFS (log-rank test P  =  0.03; 
Figure 2). In the univariate analysis, the CC genotype in rs8679 was 
associated with an increased risk of recurrence or progression only 
in patients that received 5-FU-based chemotherapy. Additionally, we 
have also observed a longer OS in patients carrying the TT genotype 
of rs712 in KRAS and not undergoing 5-FU-based chemotherapy 
(HR = 0.60; 95% CI 0.37–0.97, P = 0.04) (Supplementary Table 5, 
available at Mutagenesis online).

Further stratification of patients according to the stage of disease 
did not show any significant associations with the OS or EFS (data 
not shown).

Identification of candidate miRSNPs through eQTL 
analysis
According to GTEx data, no significant eQTLs were found for SNP 
rs8679 and rs61764370 in any tissues. Significant cis-eQTL effect 
was observed for rs712 and KRAS in brain, lung, nerve, skin, thy-
roid and esophagus tissues. Strong eQTL effect was also observed 
for rs712 and CASC1 in nerve and skin tissues. In the SCAN data-
base, we observed several differentially expressed genes associated to 
rs8679 genotypes. In particular, CDCA7, ULK2 and C11orf76 genes 
resulted differentially expressed according to the different rs8679 
genotypes. For rs712, only SFI1 gene expression was altered but 
only in population from Nigeria. No significant eQTLs were found 
for rs61764370.

Searching on miRanda for the miRSV scores of those miRNAs 
targeting rs8679 on PARP1 and rs31764370 on KRAS, we could 
not retrieve information for any of the miRNAs predicted to bind 
on KRAS. On the other hand, for PARP1, 3 out of the 6 miRNAs 
had a miRSV score (Supplementary Table 6, available at Mutagenesis 
online). In general, only miR-335-5p shows a quite high score, for 
the other miRNAs the values were close to 0.

Additionally, we searched on TargetScan for the target genes 
(PARP1 and KRAS) and looked whether the predicted miRNAs 
reported on Supplementary Table VI were binding or not in an evo-
lutionary conserved site. Again, for KRAS none of the predicted 
miRNAs was found in TargetScan database while the three miR-
NAs were binding to PARP1 on a poorly conserved site (7- to 8-mer 
binding).

Table 2. Clinical and anamnestic characteristics significantly affecting OS and EFS of the CRC patients with complete follow-up (cox regression)

OS EFS

Na HR (95% CI) P HR (95% CI) P

Sex Females 427 Ref Ref
Males 656 1.54 (1.23–1.92) 0.0001 1.35 (1.09–1.68) 0.006

Age (years) 55≤ 293 Ref Ref
56–62 248 1.43 (1.05–1.95) 0.02 1.41 (1.06–1.87) 0.02
63–70 294 1.39 (1.04–1.88) 0.03 1.19 (0.90–1.58) 0.22
>70 248 2.02 (1.50–2.72) <0.0001 1.04 (0.76–1.42) 0.80

Smoking habitb No 533 Ref Ref
Yes 493 1.26 (1.02–1.56) 0.03 1.14 (0.93–1.41) 0.19

T 1 50 Ref Ref
2 166 2.64 (0.94–7.40) 0.06 2.18 (0.85–5.55) 0.10
3 535 5.84 (2.17–15.71) 0.0005 5.58 (2.30–13.53) 0.0001
4 136 9.21 (3.36–25.26) <0.0001 6.96 (2.80–17.27) <0.0001

N 0 498 Ref Ref
1 260 2.17 (1.69–2.79) <0.0001 1.87 (1.46–2.41) <0.0001
2 68 3.40 (2.35–4.91) <0.0001 3.43 (2.45–4.81) <0.0001

M 0 725 Ref Ref
1 177 4.80 (3.83–6.02) <0.0001 4.56 (3.68–5.65) <0.0001

5-FU-based 
chemotherapy

Yes 411 Ref Ref
No 440 1.42 (1.13–1.790) 0.003 0.85 (0.68–1.06) 0.14

Stage I 149 Ref Ref
II 293 2.14 (1.32–3.48) 0.002 2.47 (1.51–4.05) 0.0003
III 244 3.75 (2.33–6.03) <0.0001 3.87 (2.38–6.31) <0.0001
IV 177 11.87 (7.44–18.95) <0.0001 11.86 (7.42–18.98) <0.0001

HR, hazard ratio; 95% CI, confidence interval.
aNumbers may not add up to 100% of available subjects because of missing information.
bEx-smokers included in non-smokers.
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Discussion

The ability of miRNAs to locate and bind mRNA is critical for reg-
ulating transcripts level and protein expression (23). The discovery 
of the role played by miRNAs in biological processes has also pro-
vided evidence that genetic variations affecting miRNA function 
may have a pathogenic role in cancer. SNPs within miRNA-binding 
sites have been demonstrated highly penetrant for certain pheno-
types (24). On the other hand, miRNA-binding site sequences in 
the majority of protein-coding genes are highly conserved (25). In 
the last years, a number of studies have suggested the importance 
of inherited variants in miRNA target sites to human disease sus-
ceptibility and progression (24, 26, 27). In this respect, we have 
searched for miRSNPs within the 3ʹUTRs of eight genes commonly 
mutated in CRC (APC, ATM, BRAF, KRAS, PARP1, PIK3CA, 
SMAD7 and TP53) to evaluate whether these genetic variations 
could potentially alter the binding with specific miRNAs. The 
identified miRSNPs were tested in association with CRC risk and 
clinical outcomes. There is an increasing interest to identify muta-
tions/variations in genes important in tumourigenesis such as APC, 
BRAF and KRAS because they are involved in the Wnt and the 
Ras-Raf-MEK-MAPK signalling cascades (28). Interestingly, BRAF, 
PIK3CA and TP53 did not present any miRSNPs while several 
other polymorphisms were present at a very low allele frequency 
in the Caucasian population. The most important result was that 
carriers of at least one C allele in rs8679 located in the 3ʹUTR of 
PARP1 were at a decreased risk of CRC. Similarly, patients with 
homozygous variant genotype TT for rs712 in KRAS gene were 
found to be associated with a decreased rectal cancer risk.

Teo et al. previously observed that individuals homozygous for 
the variant allele of rs8679 within PARP1 were at increased risks 
of both breast and bladder cancers (29). MiR-145-3p is predicted 
to bind to the region where this polymorphism lies (as reported 
in Supplementary Table VII). The predicted difference of binding 
energy according to the allele (ΔΔG −5.71 kJ/mol) implies that the 
less common C allele ΔG being less negative than the more common 
T allele (29, 30). This suggests a less efficient binding of miR-145-3p 
in the presence of the C allele on the 3′UTR of PARP1 mRNA and 
implicates a potentially decreased post-transcriptional repression of 
PARP1 by this miRNA. Previous studies have reported a downregu-
lation of miR-145 expression in CRC (31–33). In CRC cell lines, 
an ectopic overexpression of miR-145 inhibited cell proliferation, 

motility and invasion in vitro; on the other hand, a stable overex-
pression of miR-145 suppressed tumour growth and pulmonary 
metastasis in vivo (31). Another miRNA predicted to bind to rs8679 
polymorphism is miR-27b, which is frequently downregulated in 
several malignancies, including lung, breast, colon and prostate can-
cer (34, 35). This evidence suggests that miR-27b may function as a 
tumour suppressor (36–38). However, it is still not clear the mecha-
nisms underlying miR-27b downregulation, as well as its targets in 
human cancers.

We have also calculated the ΔG for the miRNA target region 
using RNAcofold software as previously described (39, 40). We have 
investigated the flanking regions of rs8679 that correspond to the 
binding sites with the predicted miRNAs. By calculating the ΔG, we 
can predict the impact of the change of allele to affect or impair the 
binding with predicted miRNAs evaluating the effect of the pres-
ence of the two alleles on miRNA binding. For rs8679, there were 
six miRNAs that could bind in the same position in presence of 
both alleles and for which we calculated ΔΔG (as reported in the 
Supplementary Table VI). rs8679 is located within a predicted target 
region for miR-2116-3p, miR-335-5p and miR-4469. These miR-
NAs showed the highest energy needed to bind to the 3ʹUTR with 
the common T allele. miR-3074-5p exhibited the opposite trend: the 
highest binding energy was necessary when binding to the region 
in the presence of the rare C allele, whereas for miR-27b-5p and 
miR-188-3p there was almost no difference in the binding between 
alleles. Thus, the miRNA–mRNA binding when the C allele is pre-
sent, it might be globally more favourable and, theoretically, in this 
case, it may result in a more stringent repression of translation (i.e. 
decreased target gene expression). Interestingly, findings from our 
association study show that carriers of at least one C allele were at 
a decreased risk of CRC. With an observed decreased risk of cancer 
for the C allele carriers, this finding supports once again our initial 
hypothesis of different allele specificity on miRNA-binding target 
sites that may be reflected in miRNA regulation.

We have observed that the CC genotype in rs8679 was also 
associated with an increased risk of recurrence or progression 
only in patients that received 5-FU-based chemotherapy. In light of 
our results, genetic variations within PARP1 gene might lead to a 
decrease in its activity eventually impacting in the failure of apop-
tosis and ultimately cancer susceptibility. The effectiveness of apop-
totic activity after 5-FU treatment could be then lower. As previously 
mentioned, miR-335-5p is predicted in silico to bind to C allele of 

Figure 2. Kaplan–Meier EFS curves in CRC patients undergoing 5-FU-based chemotherapy stratified for rs8679 in PARP1 gene.
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rs8679. Recently, increased expression levels of miR-335 were mark-
edly associated with CRC tumour size and differentiation. An over-
expression of miR-335 in CRC cells facilitated cell proliferation in 
vitro and tumour growth in vivo (41).

The study of the modulating effect of miRNAs on PARP1 protein 
levels in CRC tumours is particularly important because of the current 
interest in the use of PARP1 inhibitors as a single agent or as a chemo 
or radiosensitizer in cancer treatment (42). Interestingly, for the same 
polymorphism, the CC genotype was associated with an increased risk 
of recurrence or progression only in patients that received 5-FU-based 
chemotherapy. The close association between PARP1 gene and 
5-FU-based chemotherapy was shown in the study of Cheng and col-
leagues (43). Authors observed a decrease in PARP1 expression in mice 
with induced liver cancer treated by galactosylated chitosan/5-FU. 
PARP1 is an enzyme that performs central roles in the repair of dam-
aged DNA since it initiates BER. The activation of PARP1 following 
severe DNA damage induced by 5-FU results in depletion of cellular 
energy. In order to prevent the consumption of NAD+ and adeno-
sine triphosphate, activated caspase-3 cleaves and inactivates PARP1, 
which results in apoptosis (44). In light of our results, genetic variations 
within PARP1 gene might lead to a decrease in its activity.

rs61764370, residing in the lethal-7 (let-7) miRNA complemen-
tary binding site (LCS6) and rs712 of KRAS 3ʹUTR are two miRSNPs 
that were previously associated with CRC risk and patients sur-
vival (45–50). However, according to a recent meta-analysis KRAS 
rs61764370 is not suitable for personalised therapeutic strategies 
for CRC outcome (51). Our results support the conclusions from 
this study. No comprehensive meta-analysis has been conducted on 
the predictive role of rs712 yet. Concerning this specific miRSNP, 
our results are in disagreement with a recent study where T allele 
carriers had an increased risk of developing CRC (49). However, 
this study comprised a considerably smaller population than the 
present one (339 CRC patients and 313 age- and sex-matched con-
trols). miR-34 family is predicted to bind to the region where this 
polymorphism lies (reported in Supplementary Table VII). miR-34a 
and miR-34b/c are involved in the suppression of epithelial-to-mes-
enchymal transition (EMT) by directly inhibiting the expression of 
the EMT-inducing transcription factor (EMT-TF) SNAIL (52). A few 
studies have already described that miR-34 family is abnormally 
expressed in several types of cancers and regulate several cellular 
events, including cell cycle, cell migration and apoptosis (53, 54), 
and since recently miR-34a is considered as a critical mediator of 
p53 function (55). miR-34b/c expression was reported to be con-
sistently downregulated in CRC (56, 57). A meta-analysis showed 
that miR-34 family members could become potential diagnostic and 
prognostic biomarkers in some types of human cancer (58). In addi-
tion to the already discussed meta-analysis (51), studies of Zhang 
et  al. (47), Graziano et  al. (45) and Ruzzo et  al. (46) focused on 
patients whose primary tumours were positive for a KRAS codon 
61 mutation and who were treated with cetuximab in combination 
with irinotecan. While some authors (45, 46) found that carriers of 
the KRAS (LCS6; rs61764370) variant G allele showed worse OS 
and progression-free survival (PFS), in the study of Zhang et al. (47), 
patients with the same allele had longer OS and PFS. Other studies 
reported an improvement in the survival of early-stage CRC cases 
with the LCS6 variant (59) and a reduced risk of mortality in late-
stage CRC for the same carriers (60). No effect of the LCS6 variant 
allele was observed on response rate in mCRC receiving cetuximab 
(48). Winder et al. (50) found that TT carriers with mutated KRAS 
treated with irinotecan/cetuximab in the EPIC trial had significantly 
better PFS compared with those harbouring the G allele (TG + GG). 

These conflicting results refer that the LCS6 variant allele has differ-
ent predictive values in mCRC patients treated with cetuximab alone 
or in combination with 5-FU/oxaliplatin than in patients treated 
with cetuximab in combination with irinotecan. As several of the 
studies reported significant associations with outcomes in well-con-
ducted, prospective studies, the prognostic value of KRAS (LCS6; 
rs61764370) genotype should be largely dependent on the combina-
tion of therapy used in conjunction with the anti-EGFR treatment. 
Additional studies are required to determine the effectiveness of 
KRAS miRSNPs in the prognosis of patients treated with specific 
anti-EGFR therapy regimens. Future studies should also analyse the 
effect of let-7 and its genetic modulation in early stage patients and 
those treated with chemotherapy. There are several miRNAs pre-
dicted to bind in the region where rs61764370 polymorphism in 
KRAS gene lies. However, for many of them, there is no evidence on 
their functionality or expression levels in colorectal tissues. In fact, 
few data and no publications are retrievable for miR-6089, miR-
4705, miR-3975 and miR-6134. miR-1972 resulted the miRNA with 
more impact in the binding with the region hosting rs61764370. 
miR-1972 was identified as serum diagnostic miRNA in lung (61) 
and bladder cancer (62).

Only three miRNAs are predicted to bind to the region where 
rs61764370 lies, independently of the allele present. Interestingly, 
calculating the ΔΔG for the different alleles, the miRNA–mRNA 
binding is stronger with the presence of the variant G allele. This 
results in a stronger negative regulation of the target gene expres-
sion. miR-3975 and miR-6134, also binding to this region, did not 
show any difference in the binding with the target region according 
to the presence of the different alleles (Supplementary Table VI).

Supposing that miRNA-binding site might result in the change 
of target gene expression, a cis-eQTL effect was investigated using 
the GTEx and SCANDB databases. Significant cis-eQTL effect was 
observed for rs712 and KRAS gene in brain, lung, nerve, skin, thyroid 
and esophagus tissues. For rs8679 polymorphism, CDCA7, ULK2 
and C11orf76 genes resulted differentially expressed. However, 
mechanisms behind these interactions have to be further clarified. 
No significant eQTLs were found for rs61764370.

We are aware of some limitations of the present study. For 
instance, there was a different distribution in age and gender 
between cases and controls, as well as other parameters such as BMI. 
We attempted to control the potential age effect by matching cases 
and controls by age quartiles through bootstrap sampling; however, 
the results from the MLR did not change considerably between ten 
different bootstrap rounds of re-sampling.

The principal and novel finding of the present study is an associa-
tion between rs8679 in PARP1 and either a decreased risk of CRC 
or an increased risk of recurrence or progression in patients that 
received 5-FU-based chemotherapy. Further studies are needed to 
validate our findings and assess this miRSNP as a predictive bio-
marker in independent patient cohorts, to functionally characterise 
this genetic variant and to find the biological mechanisms underlying 
the associations.
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Supplementary data is available at Mutagenesis online.
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Abstract

Polymorphisms in microRNA (miRNA) binding sites may affect miRNA/target gene interaction, resulting in differential 
mRNA/protein expression and susceptibility to common diseases. Mucins have been identified as markers of adverse 
prognosis. We hypothesized that genetic variations in miRNA binding sites located in mucin genes may modulate signaling 
response and the maintenance of genomic stability ultimately affecting cancer susceptibility, efficacy of chemotherapy 
and survival. In this study, we analyzed the association of single nucleotide polymorphisms in predicted miRNA target 
sites (miRSNPs) of mucin genes with colorectal cancer (CRC) risk and clinical outcome. Thirteen miRSNPs in 9 genes were 
assessed in 1111 cases and 1469 controls. No strongly significant associations were observed in the case–control study. 
Patients carrying the CC genotype of rs886403 in MUC21 displayed a shorter survival and higher recurrence risk when 
compared with TT carriers [overall survival (OS): hazard ratios (HR) 1.69; 95% confidence intervals (CI) 1.13–2.46; P = 0.01 and 
event-free survival (EFS): HR 1.99; 95% CI 1.38–2.84; P = 0.0002, respectively]. The observed associations were more striking 
after stratification for tumor site (in patients with colon cancer, OS: HR 2.63; 95% CI 1.69–4.10; P < 0.0001 and EFS: HR 2.65; 
95% CI 1.72–4.07; P < 0.0001). In contrast, rectal cancer cases carrying the CC genotype of rs4729655 in MUC17 displayed a 
longer survival (OS: HR 0.27; 95% CI 0.14–0.54; P = 0.0002) than those with the most common genotype. To our knowledge, 
this is the first study investigating miRSNPs potentially affecting miRNA binding to mucin genes and revealing their impact 
on CRC susceptibility or patient’s survival.

Introduction
One of the most common malignancies, colorectal cancer (CRC), 
accounts annually for almost half a million deaths worldwide. 
Mortality of cases results from uncontrolled metastatic dis-
ease, particularly in peritoneum, lymph nodes and liver. Tumor 

metastasis itself is responsible for ~90% of all CRC-related 
deaths (1,2). The molecular basis of CRC pathogenesis and pro-
gression is complicated and poorly understood at present.

Mucinous colorectal carcinoma is generally defined as 
having greater than 50% of the tumor area with a mucinous 
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differentiation by histologic examination. The incidence of 
mucinous carcinoma is about 12% among CRC patients, ranging 
from 6 to 19% in different studies (3). The increased incidence 
occurs in proximal colon and among younger patients, as com-
pared to nonmucinous adenocarcinoma. Mucinous CRCs have 
been found to have a higher Duke stage at diagnosis and, conse-
quently, a lower survival (4).

Mucins are large extracellular glycoproteins produced by 
epithelial cells, which are heavily glycosylated with complex 
oligosaccharides (5,6). The core proteins for human mucins 
(MUC1-MUC8, MUC12, MUC13, MUC15-17 and MUC19-21) 
have already been identified (7). Many mucins are abnormally 
expressed and aberrantly glycosylated in adenocarcinomas. In 
general, increased levels of mucin genes have been associated 
with increased cancer risk, tumor invasion, and a poor patient 
outcome (8–11). Previous studies have found that an upregula-
tion of MUC1 and MUC5AC and a down-regulation of MUC2 are 
involved in the development and progression of CRC (3,12,13). 
Recently, the overexpression of MUC20 was considered as a pre-
dictor of poor prognosis in CRC (10). In CRC, the overexpression 
of transmembrane mucins suggests their role in signaling cell 
growth and survival. Mucins have thus been identified as mark-
ers of adverse prognosis (6).

Interestingly, recent studies have unraveled a role of micro-
RNAs (miRNAs) also in the regulation of various mucins (14). 
MiRNAs are short (20–22 nucleotide) non-coding RNAs that reg-
ulate gene expression by binding mainly to the 3′ untranslated 
regions (3′ UTR) of target mRNA thereby hampering protein 
translation or inducing mRNA destabilization. Aberrant miRNA 
expression and/or function are frequently observed in many 
malignancies, including CRC (15). The increasing need for newer 
diagnostic strategies to target tumors has led to the appearance 
of miRNAs as potential cancer therapeutics of new generation. 
Moreover, genetic variations in the 3′ UTR of target genes may 
affect miRNA binding, ultimately adding additional variability in 
the differential mRNA and protein expressions.

We recently reported associations between single nucleotide 
polymorphisms (SNPs) in miRNA target regions of DNA repair 
pathway genes and CRC risk or clinical outcome (16–19). In the 
present study, we hypothesized that genetic variations in mucin 
genes may also affect cancer susceptibility, patient’s survival and 
efficacy of chemotherapy. SNPs in miRNA target regions (miRSNPs) 
of mucin genes might affect the efficiency of translation of cor-
responding proteins, thus affecting individual’s susceptibility to 
cancer. So far, the impact of miRSNPs in mucin genes on the CRC 
risk has not been tested yet. We have studied this assumption in 
patients with CRC from the Czech Republic, a country with one of 
the highest incidence worldwide for this cancer (20).

Material and methods

Study population and data collection
Blood samples were collected from 1111 patients with histologically con-
firmed CRC attending several oncological departments in the Czech Republic 

[Prague (3 hospitals), Benesov, Brno, Liberec, Ples, Pribram, Usti nad Labem 
and Zlin] between September 2003 and October 2010. Two control groups, 
whose samples were collected at the same time of cases recruitment, were 
included in the study. The first group consisted of 688 hospital-based indi-
viduals admitted to five of the above-mentioned gastroenterological depart-
ments that had negative colonoscopy results for malignancy or idiopathic 
bowel diseases (Control group 1). The reasons for undergoing the colonos-
copy were: (1) positive fecal occult blood test, (2) hemorrhoids, (3) abdominal 
pain of unknown origin and (4) macroscopic bleeding. The second group 
of controls consisted of 781 healthy blood donor volunteers (Control group 
2) collected from a blood donor centre in Prague. All individuals were sub-
jected to standard examinations to verify the health status for blood dona-
tion and were cancer-free at the time of the sampling. Details of CRC cases 
and controls have been reported previously (18).

All subjects were informed and provided written consent to partici-
pate in the study and to approve the use of their biological samples for 
genetic analyses, according to the Helsinki declaration. The local Ethics 
Committee approved the design of the study. Study subjects provided 
information on their lifestyle habits, body mass index (BMI), diabetes 
and family/personal history of cancer, using a structured questionnaire 
to determine demographic characteristics and potential risk factors for 
CRC.

Follow up of patients
Eight hundred sixty-six CRC cases and a second group consisting of 232 
CRC patients recruited later on were monitored and followed up until 31st 
March 2013. For all subjects, clinical data at the time of diagnosis, includ-
ing location of the tumor, UICC (International Union Against Cancer) 
tumor-node metastasis stage system, grade and adjuvant chemotherapy 
treatment were collected, along with information about distant metasta-
sis, relapse and date of death (21). In our patients dataset, a subgroup of 
patients (n = 47) was diagnosed with mucinous cancer.

Four hundred and eleven CRC cases received a 5-FU-based adjuvant 
regimen as first-line postoperative therapy.  The therapy was based on 
either a Mayo regimen, delivered as a bolus infusion of 5-FU (425 mg/m2) 
and leucovorin (10 mg/m2) for five days every four weeks six times or a sim-
plified De Gramont regimen which consisted of a 2-h intravenous (i.v.) infu-
sion of leucovorin (200 mg/m2), then a 5-FU i.v. bolus (400 mg/m2) followed 
by a 46-h 5-FU continuous i.v. infusion (2400–3000 mg/m2). Four hundred 
forty subjects did not receive any adjuvant chemotherapy after surgery.

Selection of candidate genes and SNPs in miRNA 
target binding sites
The list of all mucin genes was retrieved by literature mining (3,6,7). The 
approach used to select the candidate miRSNPs was similar to the one 
previously described (18). Briefly, for each gene, SNPs within predicted 
miRNA binding sites were identified by using the freely available software: 
MicroSNiper (http://epicenter.ie-freiburg.mpg.de/services/microsniper/), 
Mirnsnpscore (http://www.bigr.medisin.ntnu.no/mirsnpscore/) and Polymirt 
(http://compbio.uthsc.edu/miRSNP/). The 59 detected SNPs were then 
filtered for their minor allele frequency (MAF> 5%) in Caucasian popu-
lations (dbSNP; http://www.ncbi.nlm.nih.gov/SNP/) to reach an appropri-
ate representation of all genotypes in our set of cases and controls. The 
information was primarily derived from 1000genomes project database, 
phase 1, CEU population; whenever this was not possible, other reference 
populations were considered (i.e. HAPMAP CEU population). SNPs with the 
required MAF were further tested for the possibility to be in linkage dis-
equilibrium (LD) using HaploView (v. 4.2) with the data from HapMap (v. 3, 
release R2 in the CEU population). 

SNP genotyping
Genomic DNA was isolated from peripheral blood lymphocytes using 
standard procedures. The DNA from cases and controls was randomly 
placed on plates where an equal number of samples could be run simul-
taneously. The selected SNPs were genotyped using the KASPTM genotyp-
ing assay, a competitive allele-specific PCR SNP genotyping system (LGC 
Genomics, Hoddesdon, Herts, UK). For quality control purposes, duplicate 
samples (5% of the total numbers of samples) were repeated for each SNP, 
no template controls were included in each plate (NTCs).

Abbreviations 

BMI  body mass index
CRC  colorectal cancer
EFS  event-free survival
HRs  hazard ratios
miRNA  microRNA
OS  overall survival
ORs  odds ratios
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Statistical analyses
Pearson`s chi-square test (1  degree of freedom), with a type-I error 
threshold set at α  =  0.05, was used to verify whether the genotypes 
were in Hardy–Weinberg equilibrium in control population. SNPs were 
excluded from further analyses when: (1) the call rate was <95%; (2) pol-
ymorphisms deviated from Hardy–Weinberg equilibrium in controls at 
P < 0.01; (3) genotypes were discrepant in more than 2% of duplicate sam-
ples. The multivariate logistic regression analysis was used to test the 
association between genotypes and risk of CRC. The covariates analyzed 
in the multivariate model were: sex, age, smoking habit (non-smokers 
vs. smokers and ex-smokers), BMI, familial history of CRC, education 
level (high, intermediate and low) and living area (country, suburbs, and 
town). The associations between SNPs and CRC risk were calculated by 
estimating the odds ratios (ORs) and their 95% confidence intervals (CI), 
adjusted for both continuous and discrete covariates. For all the geno-
types, regression coefficients for additive models were estimated. For 
all SNPs, the dominant or recessive models were also calculated. The 
Bonferroni-corrected significance threshold is 0.004 (for 13 SNPs and 
α = 0.05).

The model with the highest likelihood was additionally checked for 
the significance of possible interaction terms in the multivariate logistic 
regression analysis. Statistical analyses were performed using R (http://
www.rproject.org).

In this study, the outcome variables measured were overall survival 
(OS, time from diagnosis until death or censorship), and event-free sur-
vival (EFS, time of surgery or end of chemotherapy until date of relapse, 
death or censorship whichever came first). The survival curves for OS and 
EFS were derived by the Kaplan–Meier method (R version 2.14-2, Survival 
package). The relative risk of death was estimated as hazard ratio (HR) 
using Cox regression (R version 2.14-2, Survival package). Multivariate sur-
vival analyses were adjusted for age, gender, smoking and stage.

Results

miRSNP selection

Out of the 20 genes categorized as human mucins, only 12 had 
miRSNPs in their 3′ UTRs (62 miRSNPs retrieved). For three of 

them we could not retrieve any information. The remaining 59 
miRSNPs were filtered according to the study criteria previously 
described (i.e. MAF and LD). In total, 46 SNPs were excluded. 
The remaining 13 miRSNPs in nine genes (MUC6, MUC7, 
MUC13, MUC14, MUC15, MUC17, MUC20, MUC21 and MUC24) 
were included in the study (Supplementary Table I, available at 
Carcinogenesis Online).

Case–control study

The characteristics of the study participants are presented in 
Table 1. Among the 1111 CRC cases, 397 patients were diagnosed 
with a tumor in colon, 334 in sigmoideum and 377 with rectal 
cancer (3 cases were missing the information about the site of 
tumor; however, since they had complete survival data, they 
remained in the survival analysis). Out of the 1469 controls, 688 
were cancer-free colonoscopy inspected controls (Control group 
1) and 781 were healthy blood donor volunteers (Control group 
2). Compared to subjects of both control groups, CRC cases were 
more likely to be older, have a slightly higher BMI while, com-
pared to the Control group 2, they were more likely to have a 
positive family history of CRC and lower formal education 
(Table 1).

Results of the associations between the investigated 
miRSNPs and CRC susceptibility are reported in Supplementary 
Table II, available at Carcinogenesis Online. A  decreased cancer 
risk was observed for rs4071 in MUC14 gene: carriers of the AA 
genotype were at decreased risk to develop either CRC or rectal 
cancer (OR 0.57, 95% CI 0.34–0.95, P = 0.03 and OR 0.42, 95% CI 
0.18–1.00, P = 0.05, respectively). This association was confirmed 
in a recessive model as well (OR 0.55, 95% CI 0.34–0.91, P = 0.02 
and OR 0.40, 95% CI 0.17–0.94, P  =  0.04, respectively). Another 
SNP in EMCN/MUC14 gene, rs17552409, was also found associ-
ated with decreased risk of CRC (for the AA genotype: OR 0.27, 
95% CI 0.09–0.80, P = 0.02; for the A-allele: OR 0.27, 95% CI 0.09–
0.79, P = 0.02) and colon cancer (for the AA genotype OR 0.18, 

Table 1. Characteristics of the study population 

Cases (%) Controls (%) OR 95% CI P value
Colon cancer 
casesa

Rectal cancer 
casesa

Age (years) (≤47] 90 (8.1) 596 (40.1) Ref 67 (9.2) 23 (6.1)
(47, 55] 208 (18.7) 424 (28.5) 3.24 2.46–4.28 <0.001 131 (17.9) 77 (20.4)
(55, 65] 375 (33.8) 289 (19.4) 8.59 6.56–11.25 <0.001 237 (32.4) 138 (36.6)
>65 438 (39.4) 177 (12.0) 16.39 12.36–21.73 <0.001 296 (40.5) 139 (36.9)

Sex Females 433 (39.0) 672 (45.2) Ref 317 (43.4) 116 (30.8)
Males 678 (61.0) 814 (54.8) 1.29 1.10–1.51 0.002 414 (56.6) 261 (69.2)

BMI Underweight ≤18.4 12 (1.4) 5 (0.4) Ref 8 (1.5) 4 (1.4)
Normal weight (18.4, 24.9] 278 (33.3) 532 (38.2) 0.22 0.08–0.62 0.003 188 (34.2) 90 (31.6)
Overweight (24.9, 29.9] 388 (46.5) 618 (44.3) 0.26 0.09–0.75 0.01 249 (45.4) 138 (48.4)
Obese >29.9 157 (18.8) 239 (17.1) 0.27 0.09–0.79 0.02 104 (18.9) 53 (18.6)

Smoking Non smokers 541 (51.9) 821 (58.2) Ref 385 (56.0) 155 (43.8)
Smokers 161 (15.4) 330 (23.4) 0.74 0.60–0.92 0.006 89 (12.9) 72 (20.3)
Ex smokers 341 (32.7) 260 (18.4) 0.42 0.32–0.56 <0.001 214 (31.1) 127 (35.9)

Family 
history 
CRC

No 736 (83.4) 1215 (89.4) Ref 468 (81.7) 267 (86.7)
Yes 146 (16.6) 144 (10.6) 1.67 1.31–2.14 <0.001 105 (18.3) 41 (13.3)

Living area Town 520 (58.3) 957 (68.0) Ref 334 (57.3) 186 (60.4)
Town and country 128 (14.3) 177 (12.6) 1.33 1.04–1.71 0.03 98 (16.8) 30 (9.7)
Country 244 (27.4) 273 (19.4) 1.64 1.34–2.02 <0.001 151 (25.9) 92 (29.9)

Education Basic 271 (30.6) 229 (16.3) Ref 173 (30.0) 98 (31.9)
High school 473 (53.4) 827 (58.9) 0.48 0.39–0.60 <0.001 302 (52.3) 170 (55.4)
University 141 (15.9) 347 (24.7) 0.34 0.26–0.45 <0.001 102 (17.7) 39 (12.7)

Significant results in bold. Numbers may not add up to 100% of available subjects because of missing data.
aThree cases missed tumor location information.

http://www.rproject.org
http://www.rproject.org


 V.Vymetalkova et al. | 31

95% CI 0.04–0.81, P = 0.02; for the variant A allele OR 0.18, 95% CI 
0.04–0.80, P = 0.02). An association with CRC risk was observed 
for a SNP in MUC13. The variant AA genotype of rs1532602 was 
in fact associated with a decreased risk of cancer (OR 0.75, 95% 
CI 0.56–1.00, P = 0.05). After stratification according to the tumor 
site, the association was still observed in colon cancer patients 
(OR 0.72, 95% CI 0.51–1.00, P  =  0.05), and resulted stronger for 
the dominant model (OR 0.79, 95% CI 0.63–0.99, P = 0.04). Finally, 
a decreased risk of CRC was observed in a recessive model for 
rs974034 in MUC24 (OR 0.76, 95% CI 0.58–1.00, P = 0.05).

None of the above associations remained significant after 
applying correction for multiple testing (Bonferroni’s correction).

We have also repeated the analyses in the subgroup of 
patients with diagnosed mucinous CRC histology (47 patients). 
However, in this subgroup of patients, we did not find any sig-
nificant association with the CRC risk for any of the analyzed 
SNPs (data not shown). This last result should be cautiously con-
sidered due to the low frequency of mucinous CRC in our study 
group.

Survival analysis

The mean (median) OS and EFS for patients were 86.5 (80.5) 
and 72.6 (62.4) months, respectively. Age, gender, T, N, M status, 
chemotherapy treatment and CRC stage were associated with 
OS and EFS in the preliminary univariate assessment of covari-
ates (Table  2). Advanced age, male gender and current smok-
ing status were related to a shorter OS. Likewise, men were 
also at higher risk of relapse or metastasis (OS: HR 1.54; 95% CI 
1.23–1.92; P = 0.0001; EFS: HR 1.35; 95% CI 1.09–1.68; P = 0.006).  
Four established prognostic factors (T, N, M status and stage) 

were associated with decreased patients’ survival and increased 
risk of recurrence. Moreover, adjuvant chemotherapy was also 
associated with survival (Table 2).

After adjusting for sex, age, smoking and CRC stage, the 
strongest association with patient´s survival was observed for 
rs886403 in MUC21 (Tables 3 and 4). CRC patients carrying the 
CC genotype displayed a shorter survival and higher recurrence 
risk (OS: HR 1.69; 95% CI 1.13–2.46; P = 0.01 and EFS: HR 1.99; 95% 
CI 1.38–2.84; P = 0.0002, respectively) when compared with car-
riers of the most frequent genotype. The observed associations 
were more striking, after stratification for tumor site, in patients 
with colon cancer (OS: HR 2.63; 95% CI 1.69–4.10; P < 0.0001 and 
EFS: HR 2.65; 95% CI 1.72–4.07; P = 0.0001 and in the recessive 
model OS: HR 2.70; 95% CI 1.77–4.12; P < 0.0001 and EFS: HR 2.43; 
95% CI 1.61–3.64; P < 0.0001). Particularly for EFS, CRC patients 
also showed a similar significant trend across genotypes in the 
Kaplan–Meier curves (log-rank test P  =  0.03; Median survival 
time for TT carriers=353 months; MST for CT =231 months; MST 
for CC carriers=79 months; Figure 1A). A similar trend was found 
also for colon cancer patients (log-rank test P = 0.03; MST for CC 
carriers = 115 months; MST not reached for the other genotypes; 
Figure 1B) but not for rectal cancer patients (Figure 1C).

Among colon cancer patients, carriers of the TC genotype 
of MUC6 rs4077531 showed a decreased survival (OS: HR 1.38; 
95% CI 1.00–1.90; P = 0.05). On the other hand, individuals with 
rectal cancer and carrying variant CC genotype of rs4729655 in 
MUC17 displayed a longer survival when compared with the 
reference genotype (OS: HR 0.27; 95% CI 0.14–0.54; P = 0.0002). 
Overall, rectal cancer patients also showed a similar significant 
trend across genotypes in the Kaplan–Meier curves (log-rank 

Table 2. Clinical and anamnestic characteristics significantly affecting overall survival (OS) and event free survival (EFS) of the CRC patients 
with complete follow up (Cox regression) 

OS EFS OS

Na HR (95% CI) P HR (95% CI) P

Sex Females 427 Ref Ref
Males 656 1.54 (1.23–1.92) 0.0001 1.35 (1.09–1.68) 0.006

Age (years) ≤55 293 Ref Ref
56–62 248 1.43 (1.05–1.95) 0.02 1.41 (1.06–1.87) 0.02
63–70 294 1.39 (1.04–1.88) 0.03 1.19 (0.90–1.58) 0.22
>70 248 2.02 (1.50–2.72) <0.0001 1.04 (0.76–1.42) 0.80

Smoking habitb No 533 Ref Ref
Yes 493 1.26 (1.02–1.56) 0.03 1.14 (0.93–1.41) 0.19

pT 1 50 Ref Ref
2 166 2.64 (0.94–7.40) 0.06 2.18 (0.85–5.55) 0.10
3 535 5.84 (2.17–15.71) 0.0005 5.58 (2.30–13.53) 0.0001
4 136 9.21 (3.36–25.26) <0.0001 6.96 (2.80–17.27) <0.0001

pN 0 498 Ref Ref
1 260 2.17 (1.69–2.79) <0.0001 1.87 (1.46–2.41) <0.0001
2 68 3.40 (2.35–4.91) <0.0001 3.43 (2.45–4.81) <0.0001

pM 0 725 Ref Ref
1 177 4.80 (3.83–6.02) <0.0001 4.56 (3.68–5.65) <0.0001

5FU-based  
chemotherapy

Yes 411 Ref Ref
No 440 1.42 (1.13–1.790) 0.003 0.85 (0.68–1.06) 0.14

Stage 1 149 Ref Ref
2 293 2.14 (1.32–3.48) 0.002 2.47 (1.51–4.05) 0.0003
3 244 3.75 (2.33–6.03) <0.0001 3.87 (2.38–6.31) <0.0001
4 177 11.87 (7.44–18.95) <0.0001 11.86 (7.42–18.98) <0.0001

Significant results in bold.
aNumbers may not add up to 100% of available subjects because of missing information.
bEx-smokers included in non-smokers.
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test P = 0.002; MST for TT carriers = 67 months; MST for TC car-
riers=152; MST for CC carriers=176; Figure  2C). For the same 
variant genotype, CRC patients showed also better survival 
in a recessive model (OS: HR 0.73; 95% CI 0.55–0.98; P  = 0.03). 
Conversely, no significant changes in survival were observed 
in CRC patients and in colon cancer patients in the univariate 
model (Figure 2A and B).

Finally, CRC and colon cancer patients carrying variant GG 
genotype of rs6782006 in MUC20 showed worse survival (OS: HR 
1.80; 95% CI 1.10–2.97; P  =  0.02 and HR 1.90; 95% CI 1.00–3.69; 
P = 0.05, respectively).

Discussion
Mucins are high molecular weight glycoproteins predominantly 
expressed at the epithelial surface of tissues that provide pro-
tection for colon surface under normal physiological conditions 
(22). Several lines of evidence point towards a biological role of 
mucins in CRC (22,23). These include: observations on mucinous 
CRC in in vitro and in vivo experiments and alterations of mucin 
structure in polyps and cancer. Although mucinous CRC have a 
higher Dukes stage at diagnosis and show a worse prognosis, 
the cause of such negative phenotypes is not comprehensively 
elucidated. Mucins have an important role in epithelial cell pro-
tection and maintenance of homeostasis by covering human 
colon surface by gel mucous layer. Lower cell adhesion may 
contribute to incorrect cellular organization and structure, pro-
liferation and survival, and ultimately gene expression altera-
tion. The appropriate cell adhesion is necessary for numerous 
physiological processes and can be deranged in many diseases, 
including thrombosis, inflammation, and cancer (24). Recently, 
miRNAs have emerged as important regulators responsible for 
an altered mucin expression during the malignant development 
(14). To date, no study has investigated the impact of miRSNPs 
within mucin genes on CRC susceptibility or clinical outcome. 
In the present study, we have found that some miRSNPs in 
mucin genes were associated with CRC risk and they had an 
impact on patient´s survival. Interestingly, a reduced CRC risk 
was observed for individuals bearing homozygous variant geno-
types of MUC13 rs1532602, EMCN/MUC14 rs4071 and rs17552409 
and MUC24 rs974034. After stratification for tumor localization, 
some of these results were confirmed in colon cancer patients 
(rs1532602 in MUC13, in a dominant model) or rectal cancer 
patients (rs4071 in EMCN/MUC14 in recessive model). After 
applying correction for multiple testing, these associations were 
lost. On the other hand, such conservative correction may not be 
required considering: (1) the exploratory nature of our study, (2) 
the fact that all the SNPs were selected for their high prior prob-
ability of functional significance, and (3) based on differential 
binding of miRNAs to their predicted polymorphic target sites. 
Both EMCN/MUC14 rs4071 and rs17552409 polymorphisms were 
also tested for their potential SNP-SNP interaction on CRC sus-
ceptibility. No effect on CRC risk was observed when these two 
SNP were analyzed together. Similarly, we have also repeated 
the analyses in the subgroup of patients with diagnosed muci-
nous CRC histology. However, due to the low representation of 
mucinous CRC in this subgroup of patients (47 patients), we did 
not find any significant association with the CRC risk for any 
of the analyzed SNPs. Mucinous CRC tends to occur in younger 
patients, are often seen in the proximal colon, are more diag-
nosed at an advanced stage and are more frequently associ-
ated with hereditary non-polyposis colorectal cancer (HNPCC) 
and young-age sporadic colorectal cancer. The low proportion of 
mucinous CRC patients in the present study could be inflicted G
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by the fact that CRC cases comprise rather older patients (age 
range 18–47 comprises 86 CRC patients while age range 65–91 
comprises 427 CRC patients).

The stronger and novel finding of this study is represented 
by the associations of some miRSNPs with clinical outcome. In 
particular, CRC patients carrying the CC genotype for rs886403 
in MUC21 displayed a shorter survival and higher recurrence 
risk. The observed association was strikingly pronounced in 
colon cancer patients. MUC21 has been identified quite recently 
(25). The gene encodes for a transmembrane mucin related to 
the biosynthesis of N-glycan precursor (dolichol lipid-linked 
oligosaccharide, LLO). According to STRING Interaction Network 
(www.genecards.org), there is a close cooperation among MUC21 
and MUC17, MUC20, MUC16, GALNT5 and ST3GAL3. Scarce infor-
mation is available for this gene, thus the postulation of hypoth-
esis that this gene might be associated with patient´s survival 
is quite difficult. Cells transfected by MUC21 were significantly 
less adherent to each other and to extracellular matrix com-
ponents than control cells, suggesting that MUC21 prevents 
integrin-mediated cell adhesion to extracellular matrix com-
ponents (26). Cell adhesion and cell-cell interactions also play 
vital roles in many later steps in cancer progression, facilitat-
ing the entry and survival of cancer cells into the bloodstream, 
and their arrest and establishment at distant organs (24). The 
miRNA-mediated regulation of MUC21 expression has not been 
investigated yet. Several miRNAs (such as miR-4647, miR-588, 

miR-125 and let-7) are predicted to bind in the region surround-
ing rs886403. However, none of them have been validated in 
relation to MUC21, so far.

In this study, rectal cancer patients carrying the CC geno-
type of MUC17 rs4729655 displayed a better OS when compared 
with the carriers of the other genotypes. MUC17, an intestinal 
membrane-bound mucin, has been shown to enhance mucosal 
restitution by stimulation of cell migration and inhibition of 
apoptosis (27). MUC17 is highly expressed on the surface epi-
thelium of normal colonic mucosa but its expression becomes 
altered in colorectal neoplasia. Interestingly, an increased 
expression of MUC17 was associated with a longer OS in 
patients with stage III and IV colorectal adenocarcinomas (28). 
These results point to its possible role in cancer progression 
and prognosis. Although the physiological function of MUC17 
is still unclear, it may serve as a physical barrier against micro-
organisms and as cell-surface sensor. MUC17 may also conduct 
signals in response to external stimuli that lead to cellular 
responses, including proliferation, differentiation, apoptosis or 
secretion of cellular products such as other membrane-bound 
mucins (29). Kitamoto et  al. (29) proposed several miRNAs as 
potential regulators of MUC17 expression, but none of them has 
been validated in vivo.

As there is an established interplay between MUC21 and 
MUC17 genes according to STRING, the polymorphisms signifi-
cantly associated emerging from the follow up study were also 

Figure 1. Kaplan–Meier EFS curves stratified for rs886403 in MUC21 gene in (A) all CRC patients, (B) colon cancer patients and C) rectal cancer patients.

http://www.genecards.org
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explored for their potential SNP–SNP interaction on patients 
survival. However, no effect was observed for these two particu-
lar genes in combination.

A strong association with either shorter OS or EFS was 
observed for MUC20 gene (rs6782006). CRC patients, particularly 
those with colon cancer, carrying the variant GG genotype of 
this miRSNP had worse survival. MUC20 is a novel mucin protein 
highly expressed in kidney and colon tissues. Based on whole-
genome expression profiling of CRC, MUC20 was significantly 
upregulated in CRC patients with poor prognosis (10). A  rela-
tionship between MUC20 overexpression and poor survival was 
found in many human tumors, including ovarian cancer (30), 
non-small cell lung cancer (31), and gastric cancer (32). MUC20 
overexpression predicts poor prognosis in endometrial cancer 
and enhances EGF-triggered invasive behavior through activa-
tion of EGFR–STAT3 pathway (33). Increased expression levels of 
MUC20 promoted metastasis of CRC cells, whereas knockdown 
of this gene attenuated migration and invasion abilities of CRC 
cells (10). Like for the other mucin genes, the number of studies 
regarding miRNA-mediated control of the expression of MUC20 
is still scarce.

From a clinical point of view, malignancies in the colon and 
the rectum represent two distinct entities that require different 
treatment strategies. The distinction between colon and rectum 
is largely anatomical but it impacts both surgical and radiother-
apeutic management with often different prognoses. This has 

been already observed by us in a previous study on rectal cancer 
(34) but it emerged also from the results of the present study. 
There are in fact different survival rates associated to the differ-
ent kind of cancer site and specific miRSNPs. Our data contrib-
utes to improved understanding of the role of specific miRSNPs 
in rectal and colon cancer pathogenesis. Treating the 2 sites as 
independent entities may improve discovery of biomarkers used 
for early detection and prognosis.

We are aware of certain limitations of the present investiga-
tion. In the case-control study, healthy subjects differed from 
cases in age and gender distribution, as well as other param-
eters such as BMI. However, we attempted to control tentative 
age effect by matching cases and controls by age quartiles 
through bootstrap sampling (830 cases and 830 controls). In 
particular, we obtained similar results to those presented in 
this work in 8 out of 10 resamplings. Moreover, patients were 
collected from the same centers (with follow up data collected 
by the same physicians) and were highly homogeneous for 
their ancestry, thus with the exclusion of possible popula-
tion stratifications. In addition, the inclusion of ‘colonoscopy 
negative’ individuals ensured disease-free control individu-
als because a negative colonoscopy result is the best available 
proof of the CRC absence (35). Nevertheless, there is concern 
that the colonoscopy negative control group is based on exist-
ing medical conditions of patients, which required examina-
tion and thus may carry unknown CRC risk factors. Since this 

Figure 2. Kaplan–Meier OS curves stratified for rs4729655 in MUC17 gene in (A) all CRC patients, (B) colon cancer patients and (C) rectal cancer patients. 
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group of individuals may not necessarily represent the general 
population, we included also healthy cancer-free individu-
als recruited among volunteers from blood centers. However, 
there were no statistically significant differences in genotypes 
frequencies of mucin genes between the two control groups, 
which allowed pooling of the controls to increase the statistical 
power of the study.

Mucin synthesis and secretion by CRC affects the phenotype 
of the disease, as demonstrated in vitro and in vivo. Expanding 
our knowledge on mucin involvement in CRC may help us to 
better understand the etiopathogenesis of this disease and 
thereby contribute to the development of new treatment strate-
gies. It is well known that mucinous CRC have a higher Dukes 
stage at diagnosis and a worse prognosis. The present results 
identified plausible candidate SNPs potentially affecting miRNA 
binding in mucin genes that were related either to CRC suscep-
tibility or to patient’s survival. Moreover, our study supports the 
emerging idea of a ‘miRNA network’ that may contribute to CRC. 
Further studies are needed to replicate these SNPs as predictive 
biomarkers in independent populations, to functionally charac-
terize the significant genetic variants and to find the biologic 
mechanisms underlying the associations.

Supplementary material
Supplementary Tables 1 and 2 can be found at http://carcin.
oxfordjournals.org/
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Abstract

Nod-like receptors (NLRs) are important innate pattern recognition receptors and regulators

of inflammation or play a role during development. We systematically analysed 41 non-syn-

onymous single nucleotide polymorphisms (SNPs) in 21 NLR genes in a Czech discovery

cohort of sporadic colorectal cancer (CRC) (1237 cases, 787 controls) for their association

with CRC risk and survival. Five SNPs were found to be associated with CRC risk and eight

with survival at 5% significance level. In a replication analysis using data of two large

genome-wide association studies (GWASs) from Germany (DACHS: 1798 cases and 1810

controls) and Scotland (2210 cases and 9350 controls) the associations found in the Czech

discovery set were not confirmed. However, expression analysis in human gut-related tis-

sues and immune cells revealed that the NLRs associated with CRC risk or survival in the

discovery set were expressed in primary human colon or rectum cells, CRC tissue and/or

cell lines, providing preliminary evidence for a potential involvement of NLRs in general in

CRC development and/or progression. Most interesting was the finding that the enigmatic

development-related NLRP5 (also known as MATER) was not expressed in normal colon
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tissue but in colon cancer tissue and cell lines. Future studies may show whether regulatory

variants instead of coding variants might affect the expression of NLRs and contribute to

CRC risk and survival.

Introduction

Within the last few years it has become evident that the interplay between pattern recognition

receptors (PRRs), such as Toll-like receptors (TLRs) or Nod-like receptors (NLRs), and the gut

microbiota has a profound influence on the homeostasis of the immune system and therefore

on many important aspects of human health [1–3]. If undisturbed and well-regulated, this

symbiosis is beneficial for the human host. A disruption of the underlying regulatory pathways

can, however, result in the development of local and chronic inflammation, inflammatory

bowel disease (IBD) and/or colorectal cancer (CRC) [4, 5]. Gut homeostasis is maintained by a

physical separation of the microbial community from the gut epithelia by the mucosa and a

mucus layer. PRRs monitor the integrity of this barrier and the adjacent microbial community

by detecting microbe-associated molecular patterns (MAMPs) as well as endogenous damage

associated molecular patterns (DAMPs), and consequently controlling antimicrobial responses

that contribute to an equilibrium between microbes and host [2, 4–6]. The activation of PRRs

TLRs and/or NLRs by MAMPs or DAMPs results in the activation of multiple signaling path-

ways including nuclear factor-κB (NF-κB), mitogen-activated protein kinases (MAPKs), and

the type I interferon (IFN) response, with subsequent induction of an inflammatory and anti-

microbial response that includes secretory IgA, antimicrobial peptides, pyroptosis and autop-

hagy [1, 2, 7]. Some NLRs, such as NLRP1, 3, 6, 12 and NLRC4, form so-called “inflamma-

some” complexes, comprising of the respective NLRs, the adaptor Apoptosis-associated speck-

like protein containing a CARD (ASC) and pro-caspase-1. Inflammasome assembly initiates

inflammatory and antimicrobial response via the autoproteolytic cleavage of caspase-1, catalys-

ing the proteolytic conversion of pro-interleukin-1β (IL-1ß) and other IL-1 family members

into biologically active cytokines which drive inflammation [2, 8, 9].

We recently reported an impact of TLR polymorphisms on CRC survival [10, 11]. Given

the suggested concerted action of TLR and NLR signaling [1, 2], the connection between NLRs

and CRC seemed of special interest. Provoking studies in mice and association studies in

humans have suggested that NLR signaling is involved in inflammatory bowel disease, chronic

inflammation and gastrointestinal cancers, including CRC [6, 11, 12]. Apart from various

reports on mice, convincing data directly connecting NLRs and human CRC are available only

for NOD1, NOD2 and NLPR3, which were found to be associated with susceptibility, progres-

sion and treatment of sporadic CRC, colitis and/or colitis-associated CRC [13, 14]. In general,

it is unclear whether and how other NLRs contribute to human CRC development or progres-

sion. Additionally, the functional importance of NLRs that have embryonic lethal phenotypes

in mice–so-called “reproduction-related NLRs” like NLRP2, 5 and 13 –in human immunity

and/or tumorigenesis remains an unresolved question [8].

In order to systematically investigate the influence of potentially functional coding poly-

morphisms in the NLR genes on sporadic CRC risk and survival, we conducted a case-control

study with replications in 2 large genome-wide association studies (GWASs), covering the

majority of known non-synonymous single nucleotide polymorphisms (nsSNPs) in 21 genes

across different NLR signalling pathways. In silico analysis was done on selected nsSNPs in the

NLR gene family. Furthermore, RNA expression of selected genes was measured to assess

mRNA expression in immune cells, biopsies and/or CRC cell lines.
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Methods and material

Ethical approval

The Czech study: Ethics Committee of the Institute of Experimental Medicine, Academy of

Sciences of the Czech Republic, 26.3.2004; Ethics Committee of the Institute of Clinical and

Experimental Medicine and Faculty Thomayer Hospital, Prague, Czech Republic, 29.4.2009;

and Ethics Committee of the General University Hospital, Prague, Czech Republic, 4.4.2011.

For the work in Tübingen: All patients or healthy blood donors included in gene expression

analyses for this study provided their written informed consent before study inclusion.

Approval for use of their biomaterials was obtained by the local ethics committee at the Uni-

versity of Tübingen, in accordance with the principles laid down in the Declaration of Hel-

sinki. Terminal ileum/ colon biopsies were obtained from patients undergoing routine

colonoscopy at the University Hospital Tübingen, buffy coats obtained from blood donations

of healthy donors were received from the Center for Clinical Transfusion Medicine (ZKT) at

the University Hospital Tübingen and whole blood from voluntary healthy donors was

obtained at the University of Tübingen, Department of Immunology.

The DACHS study was approved by the ethics committee of the Medical Faculty of the Uni-

versity of Heidelberg (no. 310/2001). The DACHS study is registered: StudyBox no. ST-066,

DRKS no. DRKS00011793

The work in Scotland was approved by the UK National Health Service Research Ethics

Committee (approval references 13/SS/0248; 11/SS/0109 and 01/0/05).

SNP selection and in silico analysis of conservation and functional

relevance

21 candidate NLR genes (NLRP1-14, NLRC4 and 5, NOD1 and 2, NAIP, RIPK2 and ASC

[PYCARD]) were screened for non-synonymous variants. Thirteen of the 21 genes harboured

validated missense variants with a minor allele frequency (MAF) > 0.01 in the CEU reference

panels (Source: 1000Genomes, HapMap, dbSNP). Choosing only one SNP per linkage block

(r2�0.8), 41 SNPs were selected for genotyping (Table A in S2 File & Fig 1).

To gain additional insight into a possible functional relevance, all genotyped and linked

SNPs were mapped to their location in the respective proteins. 19 of the 41 genotyped SNPs are

located in defined NLR protein domains [3] (Fig 1 & Table A in S2 File): 11 in the NACHT

domain, seven in the LRR domain and one in the PYD domain. The remaining genotyped

SNPs mapped to linker regions. SIFT (sift.jcvi.org) and PolyPhen2 (genetics.bwh.harvard.edu/

pph2) databases were used to assess possible effects of the SNPs on the protein. 23 of the geno-

typed SNPs are predicted to be deleterious or damaging, and/or to result in non-sense mediated

decay or retained introns (Fig 1 & Table A in S2 File). Assessments of evolutionary conservation

of the selected variants was performed by three software suites namely Genomic Evolutionary

Rate Profiling (GERP [15]), PhastCons [16] and phylogenetic p-value (PhyloP [17]). The GERP

score of>2.0 and the PhastCons score (values between 0–1) of>0.3 indicate a good level of

conservation of the variants. Positive PhyloP scores (values between −14 and +6) are predicted

to be conserved. Higher values of these tools reflect the probability that the nucleotide is located

at a conserved position, based on the multiple alignment of genome sequences of 100 different

vertebrates. Lower values of these tools reflect fast-evolving variant positions.

Discovery set—Czech Republic

Study population. The study was carried out on a Czech CRC case-control population of

patients (n = 1237; median age 63 years; 61.7% males) with colon or rectal malignancy—

NOD-like receptors in CRC
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excluding hereditary-nonpolyposis colorectal cancer (HNPCC)—and healthy blood donors

(n = 787; median age 47 years, 55.4% males, all cancer-free at the time of sampling), (Table B

in S2 File.) [18]. For overall survival (OS) 477 incident CRC cases with information about age,

sex, TNM staging, tumor grade, date of death or end of follow-up (August 31, 2011; median

follow-up 58 months) were available. For event-free survival (EFS) in patients with non-meta-

static disease at the time of diagnosis (n = 325), date of distant metastasis, tumor recurrence,

death, or end of follow-up was used as the study end point (median follow-up 55 months).

Fig 1. Protein structure of the candidate genes with genotyped SNPs (open and filled star symbols ☆/$), and all linked

missense SNPs (triangle4; r2� 0.8). Filled star ($) and triangle (▲): SNPs predicted damaging (SIFT) or deleterious

(Polyphen).

https://doi.org/10.1371/journal.pone.0199350.g001
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SNP genotyping. TaqMan SNP Genotyping Assays (Applied Biosystems) or KASP geno-

typing assays (LGC Genomics) were used for the analysis of the SNPs. Case and control sam-

ples were amplified simultaneously in 384 well format (Hydrocycler 16 (LGC Genomics),

using 3 ng whole genome amplified DNA from blood). Endpoint genotype detection was car-

ried out on the ViiA 7 Real-Time PCR System (Applied Biosystems). Call rates for 40 out of 41

SNPs were 94–99%. Internal quality controls showed a concordance rate of� 99%. Samples

with< 50% call rate over all assays were excluded from the study.

Replication sets—Germany and Scotland

For replication, all SNPs associated with CRC in the Czech population (p<0.05) were tested in

two large European genome-wide association studies (GWASs) carried out in Germany

(„Darmkrebs: Chancen der Verhütung durch Screening Study”–DACHS) [19, 20] and in Scot-

land (Table B in S2 File) [21, 22].

Germany. The sample set used as the replication set is part of the still on-going DACHS

project and comprised 1796 CRC patients (median age 69 years; 58.6% males) who received

in-patient treatment due to a first diagnosis of CRC in 22 hospitals of the Rhine-Neckar-Oden-

wald region of Germany. The 1810 community-based controls were randomly selected from

population registries matched for gender, 5-year age groups and county of residence (median

age 70 years, 59.6% males, cancer-free at the time of sampling), (Table B in in S2 File) [19, 20].

Cases and controls genotyped in the present study were recruited between January 01, 2003

and December 31, 2007. For overall survival (OS) analysis, 1794 incident CRC cases with infor-

mation about age, sex, tumor stage, and a median follow-up time of 48.4 months in men and

49.9 months in women were available [23].

Cases and controls were genotyped on the Illumina HumanCytoSNP or Illumina HumanOm-

niExpress platform [24]. Imputation was performed for autosomal SNPs to the CEU population in

HapMap II release 24 using MACH (available at: www.sph.umich.edu/csg/abecasis/MACH/tour/)

[24] with MAF (<0.01) and imputation accuracy (R2< 0.3) excluded from the analysis [25].

Scotland. The Scottish study series comprised 2115 cases (median age 57 years, 57%

males) from the Scottish colorectal cancer study (SOCCS) [21] and 95 cases (median age 67

years, 66% males) from Ninewells Hospital, Dundee and Perth Royal Infirmary collected

between 1997 and 2000 [26]. SOCCS is a case-control study designed to identify genetic and

environmental factors associated with non-hereditary CRC risk and survival outcome. Popula-

tion controls with no personal history of cancer were ascertained from four cohorts including

8533 (42% males, mean age 55.4 yrs)—from Generation Scotland-Scottish Family Health

Study [27, 28]; 513 (41% males, mean age 79 years) and 1004 (50.6% males, mean age 70 years)

from the Lothian Birth Cohorts 1921 and 1936, respectively; and 262 Dundee controls (50%

males) were recruited through the same General Practice surgeries as cases or from spouses/

friends of cases [29]. The detailed information on genotyping cases and controls and data qual-

ity control is described elsewhere [22]. 2210 cases and 9350 controls were included in the final

analysis. The survival analysis was performed in a subset of SOCCS study comprising 1402

patients (median follow up 107 months, recruited between 2001 and 2006) with colorectal ade-

nocarcinoma confirmed by pathological assessment. Participants completed a detailed lifestyle

questionnaire and a semi-quantitative food frequency and supplements questionnaire (http://

www.foodfrequency.org). Genotyping was performed using the Infinium Human Exome

BeadChip 12v1.0 or 12v1.1 (Illumina), with genotype calling using Illumina GenCall for

HumanExome-12v1.0 and HumanExome-12v1.1 versions called separately. Generation Scot-

land controls and a subset of the cases from the SOCCS study were genotyped using OmniEx-

pressExome BeadChip 8v1.1 or 8v1.2 (Illumina).

NOD-like receptors in CRC
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In accordance with the Declaration of Helsinki, all participants provided written informed

consent. The studies were approved by the local ethics committees.

Statistical analysis—Discovery set

Genotype frequencies in controls were tested for Hardy-Weinberg equilibrium (HWE; Pear-

son’s goodness-of-fit χ2 test, deviation assumed at p< 0.001). NLRP11 rs12461110 was

excluded for violation of HWE.

Single variant associations with CRC risk, overall and event-free survival. Odds ratios

(ORs) and 95% confidence intervals (CIs) for associations between genotypes and CRC risk

were estimated by logistic regression (PROC LOGISTIC, SAS V9.3; SAS Institute, Cary, NC)

and refer to the minor allele. P values were considered nominally significant at p�0.05, with a

study-wide significance level at p�0.001 considering Bonferroni correction for multiple test-

ing (0.05/39 = 0.0012). ORs were adjusted for age and sex. The estimated power was> 95% for

OR�1.5 (MAF > 5%; p = 0.05; dominant model) [30].

Differences in OS and EFS between genotypes were estimated by hazard ratios (HRs) and

95% CIs using Cox regression (PROC PHREG, SAS V9.3) adjusting for age, sex, tumor grade

and tumor stage. The estimated power was > 90% for HR� 2.0 (MAF > 10%, p = 0.05). OS

was calculated for all patients (OS(pM0&1)); for patients with non-metastatic disease at the time

of diagnosis OS (OS(pM0)) and EFS (EFS(pM0)) were calculated. Kaplan-Meier plots were gener-

ated, estimating the differences between the survival functions by log-rank test (PROC LIFET-

EST, SAS V9.3).

Additive SNP associations with CRC risk and survival. Additive influence of the risk

alleles (p�0.05) on CRC risk and survival identified in the Czech population was estimated

(risk: five SNPs, 0–10 risk alleles per individual; survival: eight SNPs, 0–16 risk alleles). For

each SNP the allele associated with a higher OR or HR was designated the “risk allele”. Patients

were grouped into equally sized groups of risk alleles (risk: 0-3/4-5/6-10; survival: 0-5/6-7/8-

12) and ORs and HRs were calculated, adjusting for age and sex, HRs also for tumor grade and

stage. Kaplan-Meier plots were generated for the additive survival model and the log-rank test

was performed. The same analysis was conducted separately for the three NLRP5 risk SNPs

(p�0.05) (0–6 risk alleles).

Statistical analysis—Replication sets. Data provided by the DACHS study consisted

mostly of imputed genotypes, all in dosage format referring to the number of copies of minor

allele. To permit direct comparison with the German data set genotype data from the Czech

study was coded as 0, 1, or 2 copies of the minor allele. For these two data sets, association

between SNPs and risk for CRC was obtained by applying logistic regression considering a

log-additive genetic effect model (PROC LOGISTIC, SAS Version 9.2; SAS Institute). HRs

(PROC PHREG, SAS version 9.2, SAS Institute) were calculated via Cox regression with a

model that included the SNP coded as number of copies of the minor allele, age, sex and

tumor stage for both sample sets.

ORs and 95% CIs for association between each of the genotypes and risk of CRC in Scot-

land were estimated using unconditional logistic regression adjusted for age and gender. HRs

and corresponding 95%CI for overall survival analysis in Scotland was calculated for each of

the genotyped SNPs and dominant model using Cox regression adjusted for age, gender and

TNM stage. OS was calculated for all patients (OS(pM0&1)) and for patients with non-metastatic

disease at the time of diagnosis OS (OS(pM0)). No event-free survival analysis was performed in

the Scottish data. All analysis was performed in R v3.1.0 (R Development Core Team. R: A

Language and Environment for Statistical Computing. Vienna: R Foundation for Statistical

Computing, 2014).
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Gene expression

For expression analyses, patients providing biopsy material were recruited at the University

Hospital Tübingen. Healthy blood donors were recruited at the Center for Clinical Transfu-

sion Medicine (ZKT), University Hospital Tübingen and respective buffy coats obtained from

blood donations. All patients/ healthy blood donors included in gene expression analyses for

this study provided their written informed consent before study inclusion. Approval for use of

their biomaterials was obtained by the local ethics committee at the University of Tübingen, in

accordance with the principles laid down in the Declaration of Helsinki. Terminal ileum/

colon biopsies were obtained from patients undergoing routine colonoscopy at the University

Hospital Tübingen, buffy coats obtained from blood donations of healthy donors were

received from the Center for Clinical Transfusion Medicine (ZKT) at the University Hospital

Tübingen and whole blood from voluntary healthy donors was obtained at the University of

Tübingen, Department of Immunology.

Cell lines, primary human immune cells and biopsy material. HCT116, DLD-1 and

Caco2 cells were grown and sourced as described [31], without re-authentication. Primary leu-

kocytes were isolated from buffy coats (Tübingen University Hospital, Center for Clinical

Transfusion Medicine (ZKT)) using Ficoll (GE Healthcare) density gradient purification and

CD14+ monocytes were isolated using MACS (Miltenyi) magnetic beads to a purity of> 95%

(anti-CD14-PE flow cytometry, BD). Subsequently, cells were differentiated into monocyte-

derived dendritic cells (MoDC) or monocyte-derived macrophages (MoMacs) by culture in

RPMI 1640 medium (Invitrogen) supplemented with 10% fetal calf serum (FCS) in the pres-

ence of 40 ng/ml IL-4 and 25 ng/ml GM-CSF (Peprotech) or with 25 ng/ml GM-CSF for 6

days, respectively. Neutrophils were isolated from the Ficoll pellet after NH4Cl lysis of erythro-

cytes. All cells were grown at 37˚C and 5% CO2. Biopsies from the terminal ileum or colon

(n = 12; median age 46; 56% males) were obtained during routine colonoscopy at the Univer-

sity Hospital Tübingen and stored in liquid nitrogen until analysis [13].

Gene expression analysis. Gene expression analysis was carried out using single-gene

TaqMan1 Gene Expression Assays (Applied Biosystems) for NLRP2, NLRP3, NLRP5, NLRP6,

NLRP13 and NLRC5. mRNA was isolated from whole blood or primary blood cells (two

donors, #1 and #2, respectively) or THP-1, HCT116, DLD-1 or CaCo2 cell lines using an

RNeasy Mini Kit (Qiagen) and commercially available RNA samples for human ovary, duode-

num, ileum (sample #7), rectum and colon adenocarcinoma were used (Agilent). RNA from

ileum or colon biopsies from six patients (samples #1–6) was isolated using TRIzol Reagent

(Life Technologies) according to standard protocols and reverse transcribed into cDNA using

oligo(dT)12 primer [13]. Following transcription to cDNA (High Capacity RNA-to-cDNA

Kit; Life Technologies), expression was analysed using pre-validated TaqMan1 Gene Expres-

sion Assays (Applied Biosystems). Data were normalized to TBP (TATA box binding protein).

The samples were analysed in triplicate using the 7500fast Real-Time System (Applied

Biosystems).

Results

NLR variants are associated with CRC risk and survival in the Czech

sample set

Nominally significant associations with CRC risk were detected for six SNPs (Table 1; Table C

in in S2 File). In an additive risk model combining those six variants, CRC risk increased sig-

nificantly with increasing numbers of risk alleles, and a maximum for carriers of 6–10 risk

alleles (OR 2.10, p = 0.0005; Table 1).
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Eight SNPs were associated with altered OS and/or EFS (p�0.05); Table 2; Table C in in S2

File). Strikingly, among them three unlinked SNPs in NLRP5 (r2 < 0.5) were associated with

decreased OS(pM0) and EFS(pM0). The additive survival model showed a nominally significantly

decreased OS and EFS with an increasing number of risk alleles (Table 2). The maximum effect

was detected for carriers of 8–12 risk alleles (HROS(pM0&1) 1.88, p = 0.003; HROS(pM0) 2.89

p = 0.0008 and HREFS(pM0) 3.02, p = 0.0003, respectively; Table 2).

GWAS data on the NLRP risk and survival SNPs—Replication sets

In order to validate the results from the Czech cohort, all SNPs included into the additive

model for CRC risk (N = 5) and survival (N = 8) were analyzed in two large GWAS sample

sets from Germany and Scotland. Complete data was available from the DACHS GWAS.

The Scottish GWAS provided data on three CRC risk variants (rs12150220, rs306457 and

rs303997) and seven survival variants (Table E in in S2 File). Scottish data was available for

Table 1. CRC risk: genotype distribution of SNPs analyzed in the Czech case-control population for SNPs with p� 0.05. Amino acid changes are given as<> with

the amino acid position indicated. Data adjusted for age at diagnosis and sex. Nominal significance at p�0.05; significance level corrected for multiple testing (39 geno-

typed SNPs) at p�0.001.

Gene Risk of CRC

SNP Genotype Cases Controls OR (95%CI) P Val

NLRP2 C/C 427 284 1

rs1043673 A/C 574 355 1.08 (0.84–1.39) 0.56

1052: A<>E A/A 203 108 1.41 (1.00–1.99) 0.05

A/C + A/A 777 463 1.16 (0.91–1.47) 0.23

NLRP3 C/C 1114 700 1

rs35829419 A/C 85 66 0.63 (0.41–0.97) 0.04

705: Q<>K A/A 4 1 0.97 (0.09–10.11) 0.98

C/A + A/A 89 67 0.64 (0.42–0.98) 0.04

NLRP6 G/G 924 629 1

rs6421985 T/G 252 128 1.36 (1.01–1.83) 0.04

163: L<>M T/T - - - -

T/G + T/T 252 128 1.36 (1.01–1.83) 0.04

NLRP8 G/G 732 493 1

rs306457 C/G 415 235 1.13 (0.88–1.45) 0.32

1049: STOP<>Y C/C 63 26 2.01 (1.09–3.72) 0.03

C/G + C/C 478 261 1.20 (0.95–1.53) 0.13

NLRP11 A/A 1070 662 1

rs299163 A/C 134 91 0.94 (0.66–1.34) 0.74

188: A<>S C/C 7 12 0.21 (0.06–0.68) 0.01

A/C + C/C 141 103 0.83 (0.59–1.17) 0.2954

NLRP13 C/C 419 297 1

rs303997 C/T 564 334 1.37 (1.06–1.77) 0.02

247: R<>Q T/T 212 125 1.54 (1.10–2.16) 0.01

C/T + T/T 776 459 1.42 (1.11–1.80) 0.005

No. of 0–3 302 (27.83) 216 (32.34) 1 -

risk alleles a 4–5 633 (58.34) 381 (57.04) 1.36 (1.04–1.79) 0.03

6–10 150 (13.82) 71 (10.63) 2.10 (1.38–3.20) 0.0005

a NLRP11 rs299163 was excluded from the “No. of risk alleles analysis” due to low MAF 0.05: only the rare homozygote genotype was associated with CRC risk, not

contributing in risk in the Risk-SNP-Panel.

https://doi.org/10.1371/journal.pone.0199350.t001
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Table 2. Overall survival pM0&1 and pM0, and event-free survival pM0: genotype distribution of SNPs analyzed in the Czech case-control population for SNPs

with p� 0.05. Amino acid changes are given as<> with the amino acid position indicated. Data adjusted for age at diagnosis and sex, tumor grade and tumor stage.

Nominal significance at p� 0.05; significance level corrected for multiple testing at p� 0.001.

Gene Overall Survival (pM = 0&1) Overall Survival (pM = 0) Event-free Survival (pM = 0)

SNP Genotype Cases Death (%) HR (95%CI) p-val Cases Deaths (%) HR (95%CI) p-val Cases Events (%) HR (95%CI) p-val

NLRP1 A/A 106 46 (43.40) 1 74 24 (32.43) 1 74 29 (39.19) 1

rs12150220 A/T 177 86 (48.59) 1.14 (0.79–

1.63)

0.49 130 43 (33.08) 1.10 (0.67–

1.83)

0.70 130 50 (38.46) 0.95 (0.60–

1.51)

0.81

155: H<>L T/T 78 42 (53.85) 1.57 (1.03–

2.40)

0.04 59 25 (42.37) 1.52 (0.86–

2.68)

0.15 59 27 (45.76) 1.31 (0.77–

2.21)

0.32

A/T+T/T 255 128

(50.20)

1.25 (0.89–

1.76)

0.2 189 68 (35.98) 1.23 (0.77–

1.97)

0.39 189 77 (40.74) 1.05 (0.68–

1.62)

0.82

NLRP2 C/C 125 73 (58.40) 1 87 38 (43.68) 1 87 42 (48.28) 1

rs1043673 A/C 181 71 (39.23) 0.64 (0.46–

0.89)

0.008 136 38 (27.94) 0.59 (0.37–

0.92)

0.02 136 45 (33.09) 0.61 (0.40–

0.93)

0.02

1052: A<>E A/A 56 30 (53.57) 0.83 (0.54–

1.28)

0.4 40 15 (37.50) 0.77 (0.42–

1.42)

0.41 40 16 (40.00) 0.75 (0.42–

1.35)

0.34

A/C + A/A 237 101

(42.62)

0.69 (0.50–

0.93)

0.02 176 53 (30.11) 0.63 (0.41–

0.96)

0.03 87 42 (48.28) 0.64 (0.43–

0.96)

0.03

NLRP5 G/G 197 88 (44.67) 1 143 42 (29.37) 1 143 48 (33.57) 1

rs10409555 A/G 140 68 (48.57) 1.20 (0.87–

1.64)

0.3 104 39 (37.50) 1.53 (0.98–

2.38)

0.06 104 47 (45.19) 1.56 (1.04–

2.35)

0.03

1181: V<>I A/A 25 18 (72.00) 1.58 (0.93–

2.69)

0.09 17 10 (58.82) 3.04 (1.48–

6.23)

0.002 17 10 (58.82) 2.36 (1.17–

4.78)

0.02

A/G + A/

A

165 86 (52.12) 1.26 (0.93–

1.70)

0.13 121 49 (40.50) 1.69 (1.11–

2.58)

0.02 121 57 (47.11) 1.66 (1.12–

2.45)

0.01

NLRP5 C/C 268 122

(45.52)

1 195 61 (31.28) 1 195 69 (35.38) 1

rs12462795 C/G 90 47 (52.22) 1.28 (0.91–

1.81)

0.15 68 28 (41.18) 1.71 (1.07–

2.74)

0.03 68 34 (50.00) 1.80 (1.17–

2.76)

0.007

1108: S<>C G/G 6 5 (83.33) 2.79 (1.13–

6.90)

0.03 3 2 (66.67) 3.05 (0.73–

12.74)

0.13 3 2 (66.67) 2.72 (0.66–

11.29)

0.17

C/G + G/

G

96 52 (54.17) 1.36 (0.97–

1.89)

0.07 71 30 (42.25) 1.77 (1.12–

2.81)

0.02 71 36 (50.70) 1.84 (1.21–

2.79)

0.005

NLRP5 T/T 253 118

(46.64)

1 184 57 (30.98) 1 184 64 (34.78) 1

rs16986899 C/T 99 54 (54.55) 1.21 (0.87–

1.67)

0.26 73 33 (45.21) 1.70 (1.10–

2.64)

0.02 73 39 (53.42) 1.74 (1.17–

2.61)

0.007

912: M<>T C/C 8 2 (25.00) 0.27 (0.07–

1.13)

0.07 4 0 (0.00) 0.00 (0.00-.) 0.98 4 0 (0.00) 0.00 (0.00-.) 0.98

C/T + C/C 107 56 (52.34) 1.08 (0.78–

1.49)

0.64 77 33 (42.86) 1.58 (1.02–

2.44)

0.04 77 39 (50.65) 1.61 (1.08–

2.40)

0.02

NLRP12 C/C 225 112

(49.78)

1 161 60 (37.27) 1 161 71 (44.10) 1

rs34436714 A/C 113 50 (44.25) 0.93 (0.66–

1.30)

0.67 83 23 (27.71) 0.72 (0.45–

1.17)

0.19 83 26 (31.33) 0.67 (0.43–

1.06)

0.09

42: K<>N A/A 16 6 (37.50) 0.76 (0.33–

1.73)

0.51 13 3 (23.08) 0.51 (0.16–

1.65)

0.26 13 3 (23.08) 0.47 (0.15–

1.49)

0.2

A/C + A/A 129 56 (43.41) 0.91 (0.65–

1.26)

0.55 96 26 (27.08) 0.69 (0.43–

1.10)

0.12 96 29 (30.21) 0.64 (0.42–

0.99)

0.05

NLRC5 C/C 192 101

(52.60)

1 133 53 (39.85) 1 133 61 (45.86) 1

rs289723 A/C 149 65 (43.62) 0.87 (0.64–

1.20)

0.4 113 33 (29.20) 0.72 (0.46–

1.11)

0.14 113 37 (32.74) 0.61 (0.41–

0.93)

0.02

(Continued)
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genotypes, DACHS data according to allelic probabilities. Despite the promising initial results,

neither the associations for CRC risk nor the associations for CRC survival were replicated in

the GWAS sets. We also tested the additive models in the DACHS population, but no associa-

tion was evident (data not shown).

Divergent expression patterns of NLRP2, 5, 6 and 13 in hematopoietic and

non-hematopoietic cells

To investigate whether the NLRs found to be associated with CRC in the Czech discovery set,

were expressed in the gut or immune cells, mRNA levels were quantified for selected NLRs in

primary tissue samples and cell lines. In gut-related tissues, CRC cell lines, whole blood and neu-

trophils (PMN), NLRP2 showed moderate expression, with the lowest expression in rectum (Fig

2A and 2B). Although NLRP2 showed low expression in CD14+ monocytes, this was increased

up to 100-fold in monocyte-derived primary dendritic cells and macrophages (Fig 2B). NLRP5
(also known as MATER) was not detectable in immune cells (not shown) and normal gut tissue

but in ovary (Fig 2C), in keeping with its role in oogenesis [8]. However, we observed expression

in a primary CRC sample and three CRC cell lines (Fig 2C) but not fibroblast or B lymphocyte

cell lines (not shown), in agreement with mRNA expression data from the GENT database

(Figure A in S1 File). Consistently with an earlier report [32], NLRP6 (also known as PYPAF5)

was highly expressed in neutrophils (PMN), low in monocytes and MoDC but not detectable in

gut biopsies (not shown). NLRP13 was below the level of detection in all analysed samples except

for the positive control, ovary and the DLD1 CRC cell line (Fig 2D). NLRC5 was expressed to

varying degrees in healthy gut tissue and most highly in colon adenocarcinoma, and was induc-

ible by IFNγ in HCT116 cells (Fig 2E). NLRP3 was expressed at considerable levels only in duo-

denum, rectum and CRC samples, but not in normal ileum and colon biopsies (Fig 2F). While

the role of NLRP13 remains unclear, additional data on the reported occurrence of somatic

mutations in these genes in CRC suggest that NLRP2, NLRP3 and NLRP6 may impact CRC

development and survival via immune cells, whereas NLRP5 might be relevant in gut tissues

themselves, possibly experiencing a re-expression after malignant transformation.

Table 2. (Continued)

Gene Overall Survival (pM = 0&1) Overall Survival (pM = 0) Event-free Survival (pM = 0)

SNP Genotype Cases Death (%) HR (95%CI) p-val Cases Deaths (%) HR (95%CI) p-val Cases Events (%) HR (95%CI) p-val

1105:

Q<>K

A/A 27 11 (40.74) 0.99 (0.53–

1.86)

0.98 23 8 (34.78) 1.13 (0.53–

2.41)

0.75 23 10 (43.48) 1.04 (0.53–

2.04)

0.92

A/C + A/A 176 76 (43.18) 0.89 (0.66–

1.20)

0.44 136 41 (30.15) 0.77 (0.51–

1.17)

0.22 136 47 (34.56) 0.67 (0.46–

0.99)

0.04

NLRC5 C/C 282 128

(45.39)

1 204 64 (31.37) 1 204 73 (35.78) 1

rs74439742 C/T 75 43 (57.33) 1.42 (1.00–

2.00)

0.05 56 26 (46.43) 1.67 (1.05–

2.65)

0.03 56 31 (55.36) 1.63 (1.06–

2.49)

0.03

191: P<>L T/T 10 7 (70.00) 2.39 (1.10–

5.19)

0.03 7 4 (57.14) 3.07 (1.07–

8.80)

0.04 7 4 (57.14) 2.71 (0.96–

7.67)

0.06

C/T + T/T 85 50 (58.82) 1.50 (1.08–

2.09)

0.02 63 30 (47.62) 1.77 (1.13–

2.75)

0.01 63 35 (55.56) 1.70 (1.13–

2.57)

0.01

No. of 0–5 97 34 (35.05) 1 - 75 15 (20.00) 1 - 75 16 (21.33) 1 -

risk alleles 6–7 110 52 (47.27) 1.43 (0.92–

2.21)

0.11 79 26 (32.91) 1.53 (0.81–

2.90)

0.19 79 32 (40.51) 2.06 (1.12–

3.77)

0.02

8–12 108 62 (57.41) 1.88 (1.23–

2.86)

0.003 75 33 (44.00) 2.89 (1.55–

5.37)

0.0008 75 37(49.33) 3.02 (1.66–

5.48)

0.0003

https://doi.org/10.1371/journal.pone.0199350.t002
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Fig 2. Expression of selected CRC-associated NLRs in immune cells, primary tissue samples or CRC cell lines.

mRNA expression of NLRP2 (A,B), NLRP5 (C), NLRP13 (D), NLRC5 (E) and NLRP3 (F) was determined relative to

the housekeeper TBP by performing triplicate (means +SD show) qPCR using TaqMan gene-specific primers and

probes on the indicated samples (see Methods). In the case of (E) HCT cells were treated with 1000 U/ml IFNγ or 50

ng/ml S. typhimurium Flagellin for 3 or 6 hours as indicated. TBP-relative ΔCt values were normalized to a reference

sample (labelled R, ΔΔCt method). N denotes samples in which no expression was detectable above Ct within 40 cycles.

https://doi.org/10.1371/journal.pone.0199350.g002
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Discussion

In the discovery set from the Czech Republic, five of 39 successfully tested SNPs were as-

sociated with CRC risk, and eight with CRC survival. An additive effect on CRC risk and sur-

vival was detected, resulting in a 2-fold increased risk and a 3-fold worse survival for carriers

of�6 and�8 risk alleles, respectively. Despite these promising results in the Czech popula-

tion, these associations could not be confirmed in the two large German and Scottish GWAS

data sets.

This was surprising taking into account the in silico predictions about the functionality of

the SNPs and the results of the expression analysis which showed that the genes NLRP2,

NLRP3 and NLRP6 may impact CRC development via immune cells. Accordingly, differential

expression of these genes may cause alterations in pathways providing the emerging hallmarks

of cancer, such as evading immune clearance and tumor-promoting inflammatory responses

[33]. For NLRC5, whose expression was induced in HCT116 cells by IFNγ (Fig 2E), one plausi-

ble functional outcome may be the modulation of MHC class I expression [34]. The latter

strongly correlates with CRC survival due to its effect on CD8 cytotoxic T cell and natural

killer cell immuno-surveillance [35]. According to murine data, the NLRP12 may also affect T

cell function in the context of human CRC [36]. Most intriguingly, expression of develop-

ment-related NLRP5 was undetectable in normal gut-related tissues but was up-regulated in

malignant gut tissue and colon cancer cell lines (cf. Fig 2C and Figure A in S1 File.), suggesting

for the first time a potential novel role beyond developmental control for this enigmatic NLR

in humans [8]. During oogenesis, murine Nlrp5 appears to influence mitochondrial localiza-

tion and activity, ATP content and Ca2+ homeostasis–processes which all have been linked to

NLRP3 inflammasome activation and thus inflammation in differentiated cells. NLRP5 may

thus act in concert with NLRP3, which is known to be associated with human CRC [14], a

speculation warranting further investigation. The concerted association of genes of the NLR

family may directly link environmental risk factors, intestinal inflammation, the microbiota

and well-described cancer pathways involved in CRC development, such as the MAPK path-

way and the NF-κB pathway.

One might argue that the failure to replicate the association results in the Czech discovery

set might be due to differences in the clinical composition between the case-control popula-

tions of the discovery set and the replication sets (Table B in S2 File). However, data was

adjusted for all significantly different parameters except tumor location (colon or rectum; not

possible due to incomplete data) suggesting that the detected associations in the discovery set

were false positive results. In the light of the supporting gene expression data it is possible that

the coding variants analyzed in this study do actually not have an effect on the functionality of

the receptor proteins. This assumption is supported by the fact that the majority of variants are

not located in evolutionary conserved regions of the genes which allow for natural variability.

Further, it is also possible that undetected environmental factors might have biased the results.

Especially for immune related genetic variants, interactions with environmental factors or

treatment might play a major role enhancing or even enabling effects of SNPs on CRC risk or

survival. Based on the interesting expression results, future studies of these genes and their

encoded receptors, including the analysis of regulatory genetic variants affecting the gene

expression as well as the analysis of the patient specific tumor microenvironment and tumor

infiltrating immune cells and immune constitution, may contribute to uncover the still poorly

understood role of NLRs within the intestinal immune system, as well as, in CRC development

and survival [37]. The integration of different exogenous, endogenous, tumour and immune

factors, potentially including the variants in NLR genes studied here, holds promise for future

approaches in precision medicine [37].
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Interfaculty Institute for Cell Biology, University of Tübingen, Tübingen, Germany
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Abstract

Constitutive activation of interferon signaling pathways has been reported in colorectal can-

cer (CRC), leading to a strong CD8+ T cell response through stimulation of NLRC5 expres-

sion. Primed CD8+ T cell expansion, however, may be negatively regulated by PD-L1

expression. Additionally, aberrant PD-L1 expression enables cancer cells to escape the

immune attack. Our study aimed to select potential regulatory variants in the NLRC5 and

PD-L1 genes by using several online in silico tools, such as UCSC browser, HaploReg, Reg-

ulome DB, Gtex Portal, microRNA and transcription factor binding site prediction tools and

to investigate their influence on CRC risk in a Czech cohort of 1424 CRC patients and 1114

healthy controls. Logistic regression analysis adjusted for age and gender reported a mod-

erate association between rectal cancer risk and two NLRC5 SNPs, rs1684575 T>G (OR:

1.60, 95% CI: 1.13–2.27, recessive model) and rs3751710 (OR: 0.70, 95% CI: 0.51–0.96,

dominant model). Given that a combination of genetic variants, rather than a single polymor-

phism, may explain better the genetic etiology of CRC, we studied the interplay between the

variants within NLRC5, PD-L1 and the previously genotyped IFNGR1 and IFNGR2 variants,

to evaluate their involvement in the risk of CRC development. Overall we obtained 18 pair-

wise interactions within and between the NLRC5 ad PD-L1 genes and 6 more when IFNGR

variants were added. Thirteen out of the 24 interactions were below the threshold for the

FDR calculated and controlled at an arbitrary level q*<0.10. Furthermore, the interaction

IFNGR2 rs1059293 C>T—NLRC5 rs289747 G>A (P<0.0001) remained statistically signifi-

cant even after Bonferroni correction. Our data suggest that not only a single genetic variant

but also an interaction between two or more variants within genes involved in immune regu-

lation may play important roles in the onset of CRC, providing therefore novel biological
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information, which could eventually improve CRC risk management but also PD-1-based

immunotherapy in CRC.

Introduction

Colorectal cancer (CRC) is the third most common cancer and the fourth leading cause of can-

cer mortality worldwide [1]. CRC represents a paradigm for the link between inflammation

and cancer [2]. The intestinal tract is continuously exposed to both potential pathogens and

beneficial commensal microorganisms; therefore the homeostatic balance between tolerance

and immunity represents a regulatory challenge to the mucosal immune system [3]. In this

context a pivotal role is played by the epithelial cells that monitor the intestinal microenviron-

ment for pathogenic and commensal microorganisms via so-called pattern recognition recep-

tors (PRRs), e.g. Toll-like receptors (TLRs), and in turn influence the function of antigen

presenting cells and lymphocytes [3,4]. Additionally, the gut microbiota provides crucial

health benefits to its host by contributing to the regulation of the intestinal immune homeosta-

sis [3, 5]. Recently, it has become obvious that alterations of the regulatory pathways that main-

tain this homeostasis can result in the development of local and chronic inflammation,

inflammatory bowel disease (IBD) and CRC [5]. Aberrant activation of nuclear factor kappa B

(Nf-kB) and interferon (IFN) signaling pathways have been reported to play a pivotal role in

CRC by triggering the production of several proinflammatory mediators [6–8]. Particularly

IFNγ signaling pathway is known to play an important role in controlling the CD8+ T cell

expansion through the stimulation of NLRC5 (NOD-like receptor C5) expression, a major

histocompatibility complex (MHC) class I transactivator [9,10]. NLRC5 is a member of the

Nod-like receptor (NLR) family of PRR proteins. It contains a nucleotide-binding domain and

leucine-rich repeats, which are conserved in PRRs that regulate inflammatory responses and

cell death. Given its role in the transcription of MHC class I genes, it is reasonable to think that

NLRC5 may play a prominent role in antitumor immunity and its loss may promote tumor

immune evasion [11]. Moreover, cytokine production and CD8+ T cell expansion is necessary

for generating an effective immune defense against invading harmful pathogens [12].

By assuming the importance of a balanced immune response, a physiological feedback

mechanism played by PD-L1 (Programmed death-ligand 1) is necessary for terminating the

immune responses in a proper way and for maintaining self- tolerance [13]. However, it has

recently been shown that IFNγ is also involved in promoting PD-L1 expression in tumor cells

[11]. This results in an aberrant PD-L1 expression that allows cancer cells to escape the antitu-

mor immune response by suppressing the CD8+ T cell expansion [13–15]. This escape mecha-

nism is reversed by immune checkpoint inhibitors targeting the PD-1/PD-L1 interaction and

restores anti-tumor immunity [16]. Thus the possibility of PD-1/PD-L1-based therapies has

received much attention in many tumor entities including CRC.

To gain further evidence about the potential role of SNPs within NLRC5 and PD-L1 genes,

we genotyped a set of 16 potential regulatory single nucleotide polymorphisms (SNPs) in a

case-control study of 1424 CRC patients and 1114 healthy controls from the Czech Republic

and evaluated their association with CRC risk. Moreover, given the opposite actions of these

two proteins on the CD8+ T cell expansion, we investigated whether pair-wise interactions

between all the investigated SNPs and the previously genotyped SNPs in the IFNGR1 and

IFNGR2 genes exist [17], which may have interactive effects on the risk of CRC. This strategy

has the potential to identify complex biological links among cancer-related immunity genes
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Junior Professor Program (https://www.medizin.

uni-tuebingen.de/en/Research/Research+Funding/

Gender+Equality+Prize.html). The funders had no

role in study design, data collection and analysis,

decision to publish, or preparation of the

manuscript.

Competing interests: The authors have declared

that no competing interests exist.

Abbreviations: AIC, Akaike information criterion;

CI, confidence interval; CRC, Colorectal cancer;

HWE, Hardy-Weinberg equilibrium; IBD,

inflammatory bowel disease; IFN, interferon; IFNγ,
Interferon gamma; IFNGR, interferon gamma

receptor; LD, linkage disequilibrium; MHC, major

histocompatibility complex; MAF, minor allele

frequency; Nf-kB, nuclear factor kappa B; NLRC5,

NLR family, CARD domain containing 5; NLRs,

Nod-like receptors; OR, Odds ratio; PD-1,

programmed death protein 1; PD-L1, programmed

death-ligand 1; PRRs, pattern recognition

receptors; SNPs, single nucleotide polymorphisms;

TAF, TATA-box binding protein associated factor 1;

TLRs, Toll-like receptors; TSS, transcription start

site; UTR, untranslated regions.

https://doi.org/10.1371/journal.pone.0192385
https://www.medizin.uni-tuebingen.de/en/Research/Research+Funding/Gender+Equality+Prize.html
https://www.medizin.uni-tuebingen.de/en/Research/Research+Funding/Gender+Equality+Prize.html
https://www.medizin.uni-tuebingen.de/en/Research/Research+Funding/Gender+Equality+Prize.html


and processes they are involved in, and could provide novel information for a better basic

understanding, risk-management and therapy of CRC.

Materials and methods

Ethics statement

Written informed consent was given by all participants enrolled in the current research

study in accordance with the Helsinki declaration. The project was approved by the ethical

committees of the participating institutes, the Institute of Experimental Medicine, Academy of

Sciences of the Czech Republic, Prague, Czech Republic (who issued the Institutional Certifi-

cation for Multicenter Studies on July 16th 2015 covering all studies between 2004–2015) and

the Institute for Clinical and Experimental Medicine and Faculty Thomayer Hospital, Prague,

Czech Republic (786/09 (G09-04-09) and 622/11(G11-04-09)).

Study population

The case group contained 1424 CRC patients recruited between the years 2004 and 2013 by

several oncological departments in the Czech Republic (Table 1)[17]. Their mean age was 62.7

years, and 61.8% of them were men. The patients showed positive colonoscopic results for

malignancy, histologically confirmed as colon or rectal carcinomas. Patients with any previous

history of cancer or who met the Amsterdam criteria I or II for hereditary nonpolyposis colo-

rectal cancer were not included in the study. General information about gender and age at

diagnosis was available for all patients. The control group contained 1114 healthy individuals

recruited by the blood-donor centers in Kralovske Vinohrady Hospital and Vojkov hospital in

Prague [17,18]. Their mean age was 47.1 years, and 53.4% of them were men.

SNP selection

A total of 16 SNPs, which captured 32 potential regulatory SNPs (r2 > 0.89), were selected for

genotyping within the NLRC5 (NLR family, CARD domain containing 5) and CD274 (also

known as PD-L1, programmed death ligand 1) genes according to the following selection cri-

teria: non-coding SNPs in the 5’ flanking region (up to 1kb from the transcription start site

(TSS) containing the promoter, enhancer or other transcription factor binding sites), 50 and 30

untranslated regions (UTRs), and SNPs regulating the expression of the selected genes (eQTL

Table 1. Characteristics of the colorectal cancer patients.

CRC risk analysis Cases Controls p-value

All patients 1424 1114

Age at diagnosis Mean (range) 62.7 (24–90) 47.1 (18–94) < .0001a

Median 63 47

Gender Male 880 (61.8%) 595 (53.4%) 2.6e-05b

Female 544 (38.2%) 519 (46.6%)

Tumour location - -

Colon 889 (62.4%)

Rectum 398 (27.9%)

missing information 137 (9.6%)

a: Z statistics: Wilcoxon Rank-Summ-Test;
b: Chi-square.

P < 0.05 are in bold.

https://doi.org/10.1371/journal.pone.0192385.t001
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SNPs) with a minor allele frequency (MAF)� 0.10 in the CEU population validated by 1000

Genomes and with a pairwise linkage disequilibrium (LD) r2� 0.80 (S1 Table).

In-silico analysis

SNPs were selected using several in silico tools, such as UCSC browser (https://genome-euro.

ucsc.edu/) to collect all potential functional SNPs in the regulatory regions, HaploReg (http://

www.broadinstitute.org/mammals/haploreg/haploreg.php) and Regulome DB (http://www.

regulomedb.org/) to explore the chromatin state, conservation, and regulatory motif alter-

ations within sets of genetically linked variants, Gtex Portal (https://gtexportal.org/home/) to

identify all cis-eQTL SNPs that affect the expression of genes of our interest and microRNA

binding site prediction tools (http://www.microrna.org/microrna/home.do, http://epicenter.

iefreiburg.mpg.de/services/microsniper/) to investigate the 3’-UTR and to predict if a SNP

within the target site will disrupt/eliminate or enhance/create a microRNA binding site. PER-

FECTOS-APE (http://opera.autosome.ru/perfectosape/scan) and s-Transcription factor Affin-

ity Prediction (s-TRAP, http://trap.molgen.mpg.de/cgi-bin/trap_two_seq_form.cgi) were used

to identify transcription factors whose binding sites can be significantly affected by a given

polymorphism. LD and the haplotype blocks within the genes were examined based on r2

(S1 Table).

Genotyping

In this project, genomic DNA from peripheral blood leukocytes was used. The KASP (LGC

genomics, Hoddesdon, Hertfordshire, UK) and the TaqMan (Thermo Fisher Scientific, Darm-

stadt, Germany) allelic discrimination methods were used to genotype the selected SNPs. The

genotyping was performed blinded by the case–control status of each sample. DNA amplifica-

tion was performed according to the LGC genomics’ and TaqMan´s PCR conditions. Geno-

type detection was performed using ViiA 7 Real-Time PCR System (Thermo Fisher Scientific).

The sample set contained 142 duplicated samples as quality controls. The genotype correlation

between the duplicate samples was > 90%. Genotype call rate ranged between 94.0 and 100%.

Statistical analysis

The observed genotype frequencies in the controls were tested for Hardy–Weinberg equilib-

rium (HWE) using the chi-square test. Odds ratios (ORs) and 95% confidence intervals (CIs)

for associations between genotypes and CRC risk were calculated by logistic regression (SAS

Version 9.3; SAS Institute, Cary, NC), and adjusted for age and gender. The estimated power

was>98% for OR� 1.5 (MAF > 0.10; p = 0.05; dominant model) and >98% for OR� 1.5

(MAF > 0.50; p = 0.05; recessive model) (Quanto: http://hydra.usc.edu/gxe/).

All possible SNP combinations were evaluated in binary interaction to find the SNP-SNP

interactions that best predict the disease risk. In addition to the SNPs genotyped in the current

study, we also included all SNPs in the IFNGR1/2 genes genotyped previously in 1327 CRC

patients and 758 controls from the same Czech cohort [17]. Four different modes of inheri-

tance were calculated and tested for each pair: the so called “three genotypes model” whereby

each SNP was treated as a categorical variable with three levels (genotypes); the “log additive

model” whereby SNPs were modeled as a continuous variable and genotypes were converted

into 0, 1 or 2 risk alleles; the “dominant model” whereby AA was used as reference and AB and

BB as the test group; and “the recessive model” whereby AA and AB were used as reference

group and BB as the test group. Likelihood ratio tests were performed to assess whether includ-

ing the SNP–SNP interaction term led to a significantly better fit of the data. The SNPs that

significantly interacted with each other according to several competing models were ranked
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according to Akaike information criterion (AIC). The smaller the value of AIC, the better the

model data fit. To assess the contribution of all genetic components (both SNPs and interac-

tion term) to the model, likelihood ratio test-based P-values were computed. For the best

model of each SNP pair, the corresponding ORs and the Wald estimates for their confidence

intervals (CIs) and P-values were calculated. Altogether, 120 (16 SNPs�(16–1)/2) independent

tests were carried out, leading to a Bonferroni corrected p-value of 0.05/120 = 0.0004. In addi-

tion, as an alternative approach, we controlled the false discovery rate (FDR) using the Benja-

mini-Hochberg procedure. The p-values were sorted from the smallest to the largest and

ranked in ascending order. The false discovery rate was calculated and controlled at an arbi-

trary level q� < 0.10, defining q = mP(1)/i, where m is the number of multiple tests, P the

p-value of each interaction and i the Rank. Analysis was performed using R version 3.3.2.

Results

CRC risk

As shown in Table 1, there was a significant difference in the age and sex distribution between

the cases and controls (p-value<0.0001 and p-value 2.6e-05, respectively). The genotype dis-

tribution of all 16 genotyped polymorphisms was consistent with HWE in the control group

(P> 0.05). Logistic regression analysis adjusted for age and sex reported an association

between rectal cancer risk and 2 NLRC5 SNPs, rs1684575 (OR: 1.60, 95% CI: 1.13–2.27, reces-

sive model) and rs3751710 (OR: 0.70, 95% CI: 0.51–0.96, dominant model) (S2 Table). The

other genotyped SNPs did not show any association with CRC risk (S2 Table).

Possible effect of SNP-SNP interactions on CRC risk

We further investigated whether SNP-SNP interactions among these 16 SNPs within NLRC5
and PD-L1 genes could affect colorectal cancer risk. Eighteen interactions, including interac-

tions between SNPs both within a gene and between the two genes, were detected at a signifi-

cance level of p-value <0.05 (Table 2), however, none of these interaction term p-values

survived the conservative Bonferroni multiple testing correction (p-value< 0.0004); although

the global null hypothesis test was highly significant (p-value< 0.0001). When we calculated

and controlled the FDR at an arbitrary level q� < 0.10, a total of 12 of these interactions were

below the given threshold (S3 Table). For the best model of each SNP-SNP interaction, the

association with CRC risk was evaluated (S5 Table).

As shown in the Fig 1 most of the SNPs were interacting with two or more SNPs, either

lying within the same or a different gene. Based on our selection criteria, the genotyped SNPs

had pairwise LD r2� 0.80. However, some of the interactions can be explained by a lower level

of LD (S1 Fig).

Three NLRC5 SNPs, rs289747, rs289748 and rs56315364, mapping near/in the promoter

(r2 = 0.42–0.70), showed an interaction with the same PD-L1 promoter SNP rs2890657. Of

note, we observed an increased risk of CRC development when at least one minor allele of

rs2890657 interacted with the GG genotype of rs289747. Conversely, a protective effect was

observed when the CC genotype of rs2890657 interacted with the CC genotype of rs289748

and rs56315364, respectively (Supplementary S5 Table).

On the other hand, the PD-L1 SNP rs2890657 together with another promoter SNP,

rs822338 (r2 = 0.68), interacted with the same NLRC5 promoter SNP rs289747. Similar to

rs2890657-rs289747 interaction, an increased risk of CRC was observed when at least one

minor allele of rs822338 interacted with the GG genotype of rs289747 (S5 Table).

The two PD-L1 promoter SNPs also interacted independently with two eQTL SNPs for

NLRC5. The interaction partner for rs2890657 was rs12445252, whose T allele is predicted to
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decrease NLRC5 expression in the whole blood tissue with an effect size of -0.26 and a p-value

of 1.6e-7. rs822338 interacted with rs289726, whose C allele is reported to increase NLRC5
expression in the whole blood with an effect size of 0.19 and a p-value of 10e-6. Interestingly,

we observed a decreased CRC risk when the CC genotype of PD-L1 rs2890657 interacted with

at least one minor allele of NLRC5 rs12445252, which is related with lower NLRC5 expression

and an increased CRC risk was shown by the interactions between the CC genotypes of both

PD-L1 rs822338 and NLRC5 rs289726 and between the TT genotype of PD-L1 rs822338 and

the genotypes with at least one minor allele T of NLRC5 rs289726 (S5 Table).

Two 3’UTR SNPs in NLRC5, rs43216 and rs27194, which map within a genetic block of 305

bp (r2 = 0.43), revealed a decreased risk of CRC when at least one major allele of rs27194 inter-

acted with the minor allele genotype of rs43216. Additionally, both of them interacted inde-

pendently with the two NLRC5 eQTL SNPs, rs12445252 and rs289726, respectively. We

observed an increased risk when the GG genotype of rs43216, which binds a lower number of

miRNAs, interacted with the TT genotype of rs12445252, related to a lower expression of

NLRC5, as well as when the TT genotype of rs27194, which also binds a lower number of miR-

NAs, interacted with the CC genotype of rs289726, which instead is related to a higher NLRC5
expression. Moreover, the same genotype of rs27194 showed an increased risk also when it

interacted with the CC genotype of the NLRC5 flanking SNP rs289748 (S5 Table).

When we included the IFNGR genes variants previously analyzed in an older version of

our cohort with a lower number of individuals (1327 cases and 758 healthy controls [17]) to

our analysis, we observed 6 additional interactions including three SNPs within IFNGR1
(rs2234711, rs1327474 and rs17181457) and two within IFNGR2 (rs17882748 and rs1059293)

(Table 3). Among them, rs2234711, lying within the 5’UTR of IFNGR1, showed complicated

Table 2. NLRC5-PD-L1 pair-wise interactions with cases and controls. Only the best genetic model of each SNP pair is shown.

SNP1 SNP2 Mode of inheritance

SNP1

Mode of inheritance

SNP2

LRT Statistic DF p-value based on

LRT

LRT Statistic DF p-value based on

LRT

(interaction term) (SNPs total)

rs27194 rs289726 Three genotypes Dominant 13 2 0.002 15.54 5 0.008

rs289726 rs822338 Dominant Three genotypes 11.73 2 0.003 12.12 5 0.033

rs12445252 rs43216 Recessive Dominant 9.34 1 0.002 11.12 3 0.011

rs3751710 rs4143815 Three genotypes Recessive 8.63 2 0.013 11.52 5 0.042

rs2890657 rs289747 Dominant Dominant 7.96 1 0.005 8.52 3 0.036

rs2890657 rs56315364 Recessive Dominant 7.77 1 0.005 8.03 3 0.045

rs10815225 rs289726 Recessive Dominant 7.74 1 0.005 11.12 3 0.011

rs12445252 rs2890657 Dominant Recessive 7.66 1 0.006 7.93 3 0.048

rs27194 rs289748 Recessive Dominant 7.61 1 0.006 8.25 3 0.041

rs2890657 rs289748 Recessive Dominant 7.23 1 0.007 8.31 3 0.04

rs289747 rs822338 Dominant Dominant 6.98 1 0.008 7.98 3 0.046

rs10815225 rs4143815 Recessive Recessive 6.86 1 0.009 11.7 3 0.009

rs27194 rs56315364 Recessive Three genotypes 6.79 2 0.034 11.88 5 0.037

rs27194 rs4143815 Recessive Dominant 6.62 1 0.01 8.02 3 0.046

rs10815225 rs1684575 Recessive Three genotypes 6.08 2 0.048 12.45 5 0.029

rs158483 rs866066 Recessive Recessive 5.66 1 0.017 8.04 3 0.045

rs27194 rs43216 Recessive Recessive 4.39 1 0.036 8.73 3 0.033

rs289748 rs56315364 Recessive Recessive 4.13 1 0.042 10.27 3 0.016

DF: Degrees of Freedom

LTR: Likelihood Ratio Test

https://doi.org/10.1371/journal.pone.0192385.t002
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Fig 1. NLRC5-PD-L1-IFNGR1/2 pair-wise interactions. The color indicates the SNPs’ location displayed by UCSC Genome Browser on

lymphoblastoid cell lines (GM12878).

https://doi.org/10.1371/journal.pone.0192385.g001
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interactions with two 3’ UTR variants, NLRC5 rs43216 and PD-L1 rs4143815 (S6 Table). The

strongest interaction was observed between a 3’UTR SNP in IFNGR2 rs1059293 C>T and the

NLRC5 promoter SNP rs289747 G>A, which also survived the Bonferroni multiple testing

correction (interaction term p value < 0.0004) and the FDR controlled at an arbitrary level q�

< 0.10 (S4 Table). Particularly carriers of rs1059293 CC homozygous genotype and rs289747

heterozygous genotype showed an increased risk of CRC development (S6 Table). Curiously,

an increased risk was also observed for T allele carriers of rs1059293 and GG genotype carriers

of rs289747.

Discussion

In our case-control study comprising up to 1424 cases and 1114 healthy controls, we investi-

gated the role of genetic polymorphisms in the regulatory regions of NLRC5, PD-L1 and the

previously genotyped regulatory SNPs in the IFNGR genes on the risk of CRC. In the single

SNP analysis, only 2 SNPs out of 16, rs1684575 T>G (OR: 1.60, 95% CI: 1.13–2.27, recessive

model) and rs3751710 C>T (OR: 0.70, 95% CI: 0.51–0.96, dominant model), both mapping

within the NLRC5 gene, showed a nominal association with rectal cancer risk in the Czech

population (p < 0.05). In our previous study on potentially functional IFNGR SNPs, rs2234711

in the 5’UTR of IFNGR1, was reported to be associated with an increased risk of CRC; particu-

larly the risk allele C was associated with IFNGR1 gene activity in a context-dependent manner

[17,19].

Given that the evaluated 16 SNPs did not show a strong individual association with CRC

risk and that SNPs represent common genetic alterations typically characterized by a low level

of penetrance, we further evaluated whether their binary interactions might uncover synergis-

tic effects contributing to CRC predisposition. Taking into account that all SNPs were non-

coding variants, though located in regulatory regions (promoter, enhancer, 5´and 3´UTR), a

possible biological mechanism may be an active involvement in the regulation of gene expres-

sion [20]. Perturbations in NLRC5 and PD-L1 gene expression may lead, as a consequence, to a

dysregulation of the anti-tumor immune response, which in turn may influence CRC develop-

ment [21–23]. Indeed, the immune infiltration is a major outcome factor in CRC [24,25] and

altering immune-regulatory machinery is one of the mechanisms developed by cancer cells to

evade the immune system and form a tumor [26,27].

Altogether, we observed 18 interactions between NLRC5 and PD-L1, and further 6 interac-

tions together with IFNGR1/2 in a smaller sample set. For all interactions, the global null

hypothesis test was highly significant (p-value < .0001). Twelve out of the 18 PD-L1-NLRC5

Table 3. NLRC5-IFNGR1/2 and PD-L1-IFNGR1/2 pair-wise interactions with cases and controls. Only the best genetic model of each SNP pair is shown.

SNP1 SNP2 Mode of inheritance

SNP1

Mode of inheritance

SNP2

LRT Statistic DF p-value based on

LRT

LRT Statistic DF p-value based on

LRT

(interaction term) (SNPs total)

rs1059293 rs289747 Allele number Three genotypes 21.17 2 < .0001 21.84 5 0.001

rs1059293 rs43216 Dominant Three genotypes 9.64 2 0.008 11.64 5 0.04

rs17181457 rs56315364 Dominant Recessive 3.95 1 0.05 12.53 3 0.006

rs17882748 rs43216 Recessive Three genotypes 9.53 2 0.009 13.47 5 0.019

rs2234711 rs4143815 Dominant Three genotypes 8.7 2 0.013 21.3 5 0.001

rs2234711 rs43216 Three genotypes Dominant 7.72 2 0.021 19.19 5 0.002

DF: Degrees of Freedom

LTR: Likelihood Ratio Test

https://doi.org/10.1371/journal.pone.0192385.t003
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interactions were below the threshold for the FDR controlled at an arbitrary level q�<0.10,

while only one out of the 6 PD-L1-NLRC5-IFNGR1/2 interactions survived both the FDR and

the Bonferroni multiple testing correction (p-value< 0.0004). It should be pointed out that we

had relatively low power to detect such an association in the first place, due to the limited

number of cases in the interacting genotype categories and the high stringency of the Bonfer-

roni correction [28]. Finally, the tests were not completely independent, due to the fact that

many SNPs in each gene were studied and there was moderate to low LD between some of the

SNPs.

The main interactions included three moderately linked NLRC5 SNPs rs289747, rs289748,

rs56315364, mapping within a genetic block of 3 kb located in the upstream and promoter

region of the gene that exhibited a significant interaction with the same PD-L1 promoter SNP

rs2890657. Also another PD-L1 promoter SNP rs822338 (r2 = 0.68 with rs2890657) interacted

with the NLRC5 promoter SNP rs289747. Interestingly, rs2890657 showed also an interaction

with an eQTL SNP for NLRC5, rs12445252, while rs822338 interacted with another NLRC5
eQTL SNP rs289726. Additionally, two 3’UTR SNPs in NLRC5, rs43216 and rs27194 (r2 =

0.43), interacted independently with the two NLRC5 eQTL SNPs, and rs27194 also with

another NLRC5 flanking SNP rs289748. Furthermore, we observed interactions between a 5’

UTR SNP in IFNGR1, rs2234711, and 3’ UTR variants in NLRC5 (rs43216) and PD-L1
(rs4143815), respectively, and between a 3’ UTR SNP in IFNGR2 (rs1059293) and a promoter

SNP in NLRC5 (rs289747).

All upstream and/or promoter SNPs in the NLRC5 and PD-L1 genes involved in the most

significant interactions, and several other SNPs in high LD with them, are located within pro-

moter histone marks and DNase hypersensivity sites. Two of the NLRC5 SNPs, rs289747 and

rs56315364, are predicted to affect in an opposite way the OCT proteins binding site, reflecting

the opposite associations that they elicit on the CRC development and supporting the reliabil-

ity of our interaction analysis. Also the PD-L1 SNPs rs2890657 and rs822338 are estimated to

affect transcription factor binding sites: rs2890657 the c-Myb binding site and rs822338

together with 5 linked SNPs the binding sites of transcription factors such as TAF1 (TATA-

box binding protein associated factor 1) and p300. P300 is a histone acetyltransferase that reg-

ulates transcription of genes via chromatin remodeling [29]. Members of the TAF transcrip-

tion factor family may participate in basal transcription, as coactivators, or in promoter

recognition or to facilitate complex assembly and transcription initiation [30].

The two PD-L1 promoter SNPs, rs2890657 and rs822338, also interacted independently

with two NLRC5 eQTL SNPs, rs12445252 and rs289726, respectively. Interestingly, we

observed a lower CRC risk when PD-L1 rs2890657 interacted with the allele of the NLRC5
rs12445252, which is predicted to decrease NLRC5 expression (-0.26 and a p-value of 1.6e-7),

while the interaction between the different genotype categories of PD-L1 rs822338 and NLRC5
rs289726 was more complex, implicating an increased CRC risk for genotype combinations

including rs289726 alleles predicted to either increase or decrease NLRC5 expression.

Furthermore, the two 3’UTR SNPs in NLRC5, rs43216 and rs27194 (r2 = 0.43), exhibited a

decreased risk of CRC, which may be due to the interaction between the alleles that are pre-

dicted to bind a higher number of miRNAs than the other allele, leading to a stricter NLRC5
post-transcriptional repression. Furthermore, both of them were found to be involved in an

independent interaction with the two NLRC5 eQTL SNPs. Particularly, an increased risk was

observed when the rs43216 allele binding a lower number of miRNAs interacted with the

rs12445252 allele related with a lower expression of NLRC5, as well as when the rs27194 allele

which has a less strict post-transcriptional repression, interacted with the rs289726 allele

related to a higher NLRC5 expression, again reflecting the complex interactions between the

genomic regions. Moreover, rs27194 showed an increased risk also when it interacted with
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NLRC5 flanking SNP rs289748, when the allele of rs27194 binding lower number of miRNAs

was involved in the interaction. These results suggest that a deregulation in the NLRC5 expres-

sion through complicated interactions between genetic variants may lead to alterations in the

downstream pathways and by that influence the risk of CRC.

Additionally, postulating that both, NLRC5 and PD-L1, are downstream targets of IFNγ, we

evaluated them in binary interaction with IFNGR1 and IFNGR2 variants previously genotyped

by us [17]. We observed that the IFNGR1 5’UTR SNP, rs2234711, interacted with two 3’ UTR

variants, NLRC5 rs43216 and PD-L1 rs4143815. The association between the IFNGR1 SNP and

the risk of CRC has already been established in our previous study [17]. In the present study

the previous association was strengthened when the risk allele of rs2234711 interacted with the

variant of rs43216, related with a stricter NLRC5 post-transcriptional repression and with the

allele of rs4143815 whose antisense is targeted by the miR-570, a negative regulator of PD-L1,

as reported by the online prediction tools.

Finally, a 3’UTR SNP in IFNGR2 rs1059293 C>T presented an interaction with the NLRC5
promoter SNP rs289747 G>A. The result pointed to a complicated interaction between the

two variants. An increased risk of CRC was observed both for carriers of the CC genotype for

IFNGR2 rs1059293 and the heterozygous GA genotype for NLRC5 rs289747 and for the T allele

carriers of rs1059293 and the GG genotype carriers of rs289747. In this context the C allele of

rs1059293 has been reported to bind a lower number of miRNAs than the T allele. On the

other hand, the NLRC5 rs289747 is reported to affect OCT1 binding site, with the G allele

showing a nearly inexistent affinity for OCT1, compared to the A allele, which instead is

reported to exhibit a consistently increasing affinity. OCT1 is also reported to be overexpressed

in many cancers, including CRC [31–33] and the IFNγ promoter has been reported to contain

a binding site for Oct proteins [34]. As a consequence, the secretion of IFNγ by Oct proteins

might be increased contributing to a dysregulation of the expression of the downstream path-

way genes, such as NLRC5 and PD-L1 [35,36].

Assuming that NLRC5 has been reported to be the major MHC class I transactivator, a

hyper-stimulation of its expression could lead to a strong CD8+ activation. Conversely a lower

NLRC5 expression has been reported to influence the MHC class I expression leading to an

impaired ability to elicit CD8+ T-cell activation, which represent a way used by the tumor cells

to escape the host immune system [23]. Additionally, recent data suggest that 5-Fluorouracil, a

chemotherapeutic frequently used in CRC treatment, impacts on PD-L1 expression [37].

Therefore the PD-L1 SNPs studied here and their interactions with IFNGR and NLRC5 vari-

ants may also be worth studying with regard to therapy response as well as survival of the CRC

patients.

In this study, we included only four of the many immune-related genes for several reasons:

first because of the interesting opposite effect that NLRC5 and PD-L1 exert on the regulation

of T-cell mediated immunity, second because both of them are downstream targets of IFNγ
and third because of the emerging role of these genes on CRC as well as on other cancer types.

Furthermore, including a large network of genes would have led to a higher number of multi-

ple tests, increasing the likelihood of chance findings. However, our study serves as a starting

point to study the interplay between all the genes involved in the mucosal immune system,

which would possibly shed light on the mechanisms underlying CRC development.

In conclusion, we anticipate that the interaction between the inherited genetic variants con-

tributes to signaling defects, which in turn may lead to alteration in the anti-tumor immune

response. Defects in the immune responses, especially in the expression of genes involved in

immune surveillance, could favor tumorigenesis. Additionally, perturbation of the physiologi-

cal immune homeostasis may also affect inflammation, another predisposing step for CRC

development. It will be interesting to monitor the effect of the variants identified here under
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standard therapies for spontaneous and inflammation-related CRC and in ongoing clinical tri-

als with immune check-point inhibitors where effects may be even more pronounced [16,37].
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Influence of regulatory NLRC5 variants on colorectal
cancer survival and 5-fluorouracil-based
chemotherapy
Calogerina Catalanoa, Miguel I. da Silva Filhoa, Katerina Jiraskovac,d, Veronika Vymetalkovac,d, Miroslav Levyf,
Vaclav Liskae,f, Ondrej Vycitale,f, Alessio Naccaratic,h, Ludmila Vodickovac,d,e, Kari Hemminkia,g, Pavel Vodickac,d,e,
Alexander N.R. Weberb and Asta Förstia,g

Background NLRC5 is an interferon γ-inducible protein, which plays a role in immune surveillance with a potential influence on
cancer survival.
Objective We aimed to evaluate the effect of potential regulatory variants in NLRC5 on overall survival and survival after
5-fluorouracil (5-FU)-based therapy of colorectal cancer (CRC) patients.
Patients and methods We carried out a case-only study in a Czech population of 589 cases; 232 received 5-FU-based
therapy. Eleven variants within NLRC5 were selected using in-silico tools. Associations between polymorphisms and survival
were assessed by Cox regression analysis adjusting for age at diagnosis, sex, and TNM stage. Survival curves were derived using
the Kaplan–Meier method.
Results Two variants showed a significant association with survival. All patients and metastasis-free patients at the time of
diagnosis (pM0) who were homozygous carriers of the minor allele of rs27194 had a decreased overall survival (OSall and OSpM0)
and event-free survival (EFSpM0) under a recessive model (OSall P=0.003, OSpM0 P=0.005, EFSpM0 P= 0.01, respectively). OS
was also decreased for all patients and for pM0 patients who carried at least one minor allele of rs289747 (OSall P=0.03 and
OSpM0 P=0.003, respectively). Among CRC patients, who underwent a 5-FU-based adjuvant regimen, rs12445252 was
associated with OSall, OSpM0 and EFSpM0, according to the dosage of the minor allele T (OSall P= 0.0004, OSpM0 P=0.0001,
EFSpM0 P=0.008, respectively).
Conclusion Our results showed that polymorphisms in NLRC5 may be used as prognostic markers of survival of CRC patients,
as well as for survival in response to 5-FU treatment. Eur J Gastroenterol Hepatol 00:000–000
Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved.

Introduction

NLRC5 [NOD-like receptor (NLR) family, caspase recruit-
ment domain (CARD) containing 5] is an interferon γ
(IFNγ)-inducible protein, which plays a pivotal role in
immune surveillance. NLRC5 is not only a transactivator of

MHC class I molecules, it is also involved in the activation of
genes in the MHC class I antigen-presentation pathway,
such as antigen peptide transporter 1 (TAP1), proteasome
subunit β type-9 (PSMB9 also known as LMP2), and
β2-microglobulin (B2M) [1–3]. Because of its link with the
IFNγ system, NLRC5 might also play a role in the 5-fluor-
ouracil (5-FU)-based therapy. 5-FU is a pyrimidine analog
that acts by inhibiting thymidylate synthase, which plays a
pivotal role in the conversion of deoxyuridine monopho-
sphate to deoxythymidine monophosphate, an important
precursor required for DNA synthesis [4]. It has been shown
that the 5-FU-based therapy selectively targets the myeloid-
derived suppressor cells (MDSCs) [5–10]. MDSCs are
widely present in colorectal cancer (CRC) [11]. Elimination
of MDSCs enhances IFNγ secretion by tumor-specific CD8+

cells [8], which in turn leads to NLRC5 stimulation [1]. On
the basis of its role in immune evasion in cancer, NLRC5
might also affect the survival of cancer patients. The aim of
our study was to evaluate the effect of potential regulatory
variants in NLRC5 on overall survival and survival in
response to 5-FU-based therapy of CRC patients.

Patients and methods

In this study, we selected 11 potential regulatory poly-
morphisms within NLRC5, using several in-silico online

aDivision of Molecular Genetic Epidemiology, German Cancer Research Center
(DKFZ), Heidelberg, bDepartment of Immunology, Interfaculty Institute for Cell
Biology, University of Tübingen, Tübingen, Germany, cDepartment of Molecular
Biology of Cancer, Institute of Experimental Medicine of the Czech Academy of
Sciences, dInstitute of Biology and Medical Genetics, First Faculty of Medicine,
eBiomedical Centre, Faculty of Medicine, Pilsen, fDepartment of Surgery, First
Medical Faculty, Charles University and Thomayer Hospital, Prague, Czech
Republic, gCenter for Primary Health Care Research, Clinical Research Center,
Lund University, Malmö, Sweden and hMolecular and Genetic Epidemiology, Italian
Institute for Genomic Medicine (IIGM), Turin, Italy

Correspondence to Calogerina Catalano, MSc, Division of Molecular Genetic
Epidemiology, German Cancer Research Center (DKFZ), Im Neuenheimer Feld
580, 69120, Heidelberg, Germany

Tel: +49 622 142 1805; fax: +49 622 142 1810; e-mail: c.catalano@dkfz.de

Supplemental Digital Content is available for this article. Direct URL citations
appear in the printed text and are provided in the HTML and PDF versions of this
article on the journal's website, www.eurojgh.com.

Received 13 December 2017 Accepted 25 February 2018

European Journal of Gastroenterology & Hepatology 2018, 00:000–000

Keywords: 5-fluorouracil, colorectal cancer, NLRC5, survival analysis

’Short article

0954-691X Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved. DOI: 10.1097/MEG.0000000000001154 1

Copyright r 2018 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

mailto:c.�catalano@dkfz.de
www.eurojgh.com


tools, including Ensembl (http://www.ensembl.org/index.
html ), UCSC Genome Browser (https://genomeeuro.ucsc.
edu/), HaploReg (http://www.broadinstitute.org/mammals/
haploreg/haploreg.php), Regulome DB (http://www.reg
ulomedb.org/), Gtex Portal (https://gtexportal.org/home/),
MicroSNiPer (http://epicenter.iefreiburg.mpg.de/services/
microsniper/) and Transcription factor Affinity Prediction
(http://trap.molgen.mpg.de/cgi-bin/trap_two_seq_form.cgi)
tools. The selected polymorphisms were located in pro-
moter (rs289747), promoter-flanking region (rs3751710,
rs56315364, rs289748, rs7197864), intron (rs158483
and rs1684575), and 3′-UTR (rs27194 and rs43216) or
they were intronic eQTLs (rs12445252 and rs289726)
(Supplementary Table S1, Supplemental digital content 1,
http://links.lww.com/EJGH/A288).

Patients

CRC patients were recruited within an ongoing study by
several oncological departments in the Czech Republic.
For a total of 589 CRC patients, recruited between 2003
and 2013, clinicopathological data and information about
recurrence, distant metastasis, date of death, or date of the
last contact with the treating physician were available
(Table 1) [12]. Survival time was measured from the date
of surgery to the end of follow-up or to two different
events: death by any cause for overall survival among all
patients (OSall) and among patients with nonmetastatic
disease at the time of diagnosis (OSpM0); recurrence, dis-
tant metastasis, or death, whichever came first, for event-
free survival (EFSpM0).The median age of our cohort at the
time of diagnosis was 65 years (SD: 11; range: 27–90), and
61.8% of the patients were men. The median follow-up
time was 46 months (SD: 31; range: 1–143); during the
follow-up time, 140 patients experienced a recurrence or
distant metastasis. The median follow-up time for 427
patients who were metastasis-free at the time of diagnosis
(pM0) was 52 months (SD: 32; range: 1–143) for death
and 43 months (SD: 34; range: 1–143) for event, respec-
tively; 112 patients recorded a recurrence or distant
metastasis during the follow-up period. Of the 589 CRC
patients, 232 received a 5-FU-based adjuvant regimen
(supplemented with leucovorin and/or oxaliplatin), as the
first-line postoperative therapy (Table 1). Throughout the
follow-up period (median= 48.5 months), 65 patients
experienced a recurrence or metastasis. The median
follow-up time for 186 patients whose disease was not
metastatic at the time of diagnosis was 58 months for
death and 47.5 months for event, respectively; 55 patients
reported a postsurgical recurrence or distant metastasis,
after which 36 patients died.

The project design was approved by the Ethical
Committee of the Institute of Experimental Medicine,
Academy of Sciences of the Czech Republic, Prague, in
accordance with the Declaration of Helsinki. Written
informed consent was obtained from all the patients who
participated in this study.

Genotyping method

Genomic DNA from peripheral blood leukocytes was used
to genotype the selected polymorphisms. The TaqMan
(Thermo Fisher Scientific, Darmstadt, Germany) and the

KASP (LGC genomics; Hoddesdon, Hertfordshire, UK)
allelic discrimination methods were used for genotyping.
DNA amplification was performed according to the
TaqMan and LGC genomics’ PCR conditions. Genotype
detection was performed using the ViiA 7 Real-Time PCR
System (Thermo Fisher Scientific). The sample set con-
tained 34 duplicated samples as quality controls. The
genotype correlation between the duplicate samples was
more than 90%. Genotype call rate ranged between 94.0
and 100%.

Statistical analysis

Associations between the polymorphisms and clinical out-
come were assessed by Cox regression analysis, adjusting
for age at diagnosis, sex and TNM stage (PROC PHREG,
SAS software version 9.3; SAS Institute Inc., Cary, North
Carolina, USA). Survival curves were derived using the
Kaplan–Meier (K–M) method (PROC LIFETEST, SAS
version 9.3; SAS Institute Inc.).

Results

Cox regression analysis, in line with the K–M analysis,
showed that two polymorphisms were associated with the
survival outcome (Fig. 1). Carriers of the minor allele T
homozygotes, (n=37 OSall, n=26 OSpM0 and EFSpM0), of
rs27194 had a decreased survival under a recessive model
[hazard ratio (HR): 1.92, 95% confidence interval (CI):
1.25–2.93, HR: 2.31, 95% CI: 1.30–4.13, HR: 2.04, 95%
CI: 1.17–3.54, respectively]. Carriers of at least one minor
allele of rs289747 (n=343 OSall, n=244 OSpM0 and
EFSpM0) had a decreased survival outcome, in the OSall and
OSpM0 analysis, under a dominant model (HR: 1.32, 95%
CI: 1.02–1.70, HR: 1.73, 95% CI: 1.21–2.47, respectively)
(Supplementary Table S2, Supplemental digital content 1,
http://links.lww.com/EJGH/A288). No association was
detected for the remaining single-nucleotide polymorphisms
(SNPs) (Supplementary Table S2, Supplemental digital
content 1, http://links.lww.com/EJGH/A288).

When we tested survival in the set of CRC patients
(n=232 for OSall and n= 186 for OSpM0 and EFSpM0),
who received a 5-FU-based adjuvant regimen, two poly-
morphisms, rs289747 and rs12445252, associated with
survival; however, the effect size of rs289747 was similar
to the one observed in the whole cohort. The other poly-
morphism, rs12445252, reported a decreased OSall,
OSpM0 and EFSpM0, supported by the K–M analysis,
which was restricted to 5-FU treated patients (Fig. 1). The
association was observed according to the dosage of the
minor allele T (n=111 for OSall and n=92 for OSpM0 and
EFSpM0) (HR: 1.99, 95% CI: 1.36–2.92, HR: 2.37, 95%
CI: 1.55–3.63, HR: 1.64, 95% CI: 1.14–2.35, respectively)
(Supplementary Table S3, Supplemental digital content 1,
http://links.lww.com/EJGH/A288). Patient characteristics,
such as age at diagnosis and sex, did not affect survival in
patients who underwent 5-FU chemotherapy (P>0.11).
No association was detected for the remaining SNPs
(Supplementary Table S3, Supplemental digital content 1,
http://links.lww.com/EJGH/A288).

OSall and OSpM0 analysis for rs27194 (P= 0.003 and
=0.005, respectively) and rs12445252 (P=0.0004 and
=0.0001, respectively), as well as OSpM0 analysis for
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rs289747 (P=0.003), remained statistically significant
even after Bonferroni correction (P= 0.005).

Discussion

In this study carried out in a cohort of 589 CRC patients,
we reported a significant association between two NLRC5
polymorphisms, rs27194 and rs289747, and CRC survi-
val. In addition, among the CRC patients, who underwent
the 5-FU-based therapy, we showed a significant associa-
tion between rs12445252 and survival.

rs27194 is a 3′UTR variant, which might be responsible
for aberrant NLRC5 expression in CRC by affecting sev-
eral miRNA binding sites (http://vm24141.virt.gwdg.de/
cgi-bin/microsniper/process.cgi), including miR-942. miR-
942 is known to activate the Wnt/β-catenin pathway [13],
which is constitutively activated in many cancers, includ-
ing CRC [14]. Furthermore, rs27194 is predicted to affect
the binding site affinity of PRRX2 and TCF4, involved in
the transforming growth factor-β pathway [15] and Wnt/
β-catenin pathway [14], respectively, two strongly
deregulated in CRC [14,16].

rs289747 is an intronic variant, mapping to promoter
histone marks and DNase hypersensitivity sites in several
tissues, including blood and the gastrointestinal tract. On
the basis of in-silico predictions, it is presumed to affect an

OCT1 binding site, increasing its binding affinity.
Overexpression of OCT1 has been reported in many
cancers, including CRC [17]. In addition, the IFNγ pro-
moter has been reported to contain an OCT1 binding site
[18]. As a consequence, the secretion of IFNγ by OCT
proteins might be increased, leading to a dysregulation of
the downstream pathway genes’ expression, such as
NLRC5 [1].

The polymorphism associated with survival after 5-FU
treatment, rs12445252, is an intronic eQTL variant, which
negatively influenced the expression of NLRC5 (effect size:
0.25, P value: 8.9e − 9, https://www.gtexportal.org/home/).
The mechanisms underlying the 5-FU capacity to selec-
tively target MDSCs remain unclear. However, depletion
of MDSCs results in an enhanced T-cell-dependent anti-
tumor immune activity [19]. Increased levels of IFNγ
secretion stimulate the expression of downstream genes
involved in antitumor immunity, among which is NLRC5
[1]. Therefore, a decreased expression of NLRC5 could
affect the chemotherapeutic efficacy of 5-FU.

Studies on expression levels of NLRC5 in CRC and
normal tissue are sparse and contradictory: one study did
not show any difference between the CRC and healthy
tissue [20], whereas another study showed an increased
expression of NLRC5 in CRC compared with normal
tissue, probably because of the high inflammatory state in

Table 1. Clinical characteristics of colorectal cancer patients

Overall survival of all patients Overall survival of 5-fluorouracil-treated patients

Parameters No. at risk Deaths HR 95% CI P No. at risk Deaths HR 95% CI P

Sex
Female 225 90 1.00 – 93 31 1.00 –

Male 364 192 1.52 1.18–1.95 0.0012 139 39 0.85 0.53–1.37 0.51
Total 589 282 232 70

Pathological tumor stage
T1+T2 128 33 1.00 – 33 9 1.00 –

T3+T4 441 230 2.54 1.76–3.65 < 0.0001 197 61 1.27 0.63–2.56 0.50
Total 569 263 230 70

Pathological lymph nodes
N− 299 93 1.00 – 96 20 1.00
N+ 256 160 2.77 2.14–3.58 < 0.0001 128 48 2.08 1.24–3.51 0.006
Total 555 253 224 68

Pathological metastases
M− 427 147 1.00 – 186 48
M+ 162 135 4.29 3.37–5.46 < 0.0001 46 22 4.13 2.47–6.90 < 0.0001
Total 589 282 232 70

TNM stage
Stage I 93 20 1.00 – 12 4 1.00 –

Stage II 172 49 1.36 0.81–2.29 0.24 72 10 0.28 0.09–0.88 0.03
Stage III 162 78 2.72 1.66–4.44 < 0.0001 102 34 0.76 0.27–2.14 0.60
Stage IV 162 135 7.51 4.67–12.1 < 0.0001 46 22 2.35 0.81–6.82 0.12
Total 589 282 232 70

Localization
Colon 403 187 1.00 – 167 43 1.00 –

Rectum 186 95 1.03 0.80–1.32 0.83 65 27 1.57 0.97–2.55 0.07
Total 589 282 232 70

Age at diagnosis
<65 283 129 1.00 – 140 41 1.00 –

≥65 306 153 1.02 1.01–1.03 0.007 92 29 1.02 1.00–1.05 0.05
Total 589 282 232 70

Mean (range) 64.21 (27–90) 61.25 (29–86)
Median 65 62
SD 10.73 10.67
Chemotherapy
5-Fluorouracil – – – – – 166 50 – – –

Folfox – – – – – 66 20 – – –

Total – – – – – 232 70 – – –

P<0.05 are indicated in bold.
CI, confidence interval; HR, hazard ratio; SD, standard deviation.
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this cancer type [3]. Moreover, our own unpublished data
showed varying degrees of NLRC5 expression in healthy
gut tissues, with the highest expression in colon adeno-
carcinoma; NLRC5 was also inducible by IFNγ in
HCT116 cells. A few studies have addressed the role of
NLRC5 and/or MHC class I gene expression in survival of
cancer patients [3,21,22]. All these findings have indicated
high expression of NLRC5 and/or MHC class I genes as
good prognostic markers, also in CRC. The study by
Yoshihama et al. [3] specifically focused on transcriptional
regulation of NLRC5 expression. They showed that both
genetic and epigenetic mechanisms within tumor cells may
have an impact on NLRC5 activity and, consequently, on
MHC class I-dependent immune responses [3]. Our study
on germline variants and their influence on CRC survival
potentially through transcriptional regulation adds a new
layer on the complex function of NLRC5 in the innate
immune system. The clinical applicability of these SNPs
as prognostic markers warrants further validation in

independent cohorts, as well as experimental validation to
confirm the in-silico-predicted effects of these SNPs on
NLRC5 expression. Once validation has been performed,
it is eventually possible to design specific therapeutic
strategies for patients with a predicted worse survival
outcome.

Conclusion

Our results suggest that polymorphisms in immune sur-
veillance genes, such as NLRC5, may serve as candidate
prognostic markers of the clinical outcome of CRC.
Furthermore, our results indicate a potential prognostic
role of NLRC5 rs12445252 in the survival of CRC
patients in response to 5-FU treatment.
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Abstract: DNA repair processes are involved in both the onset and treatment efficacy of colorectal
cancer (CRC). A change of a single nucleotide causing an amino acid substitution in the corresponding
protein may alter the efficiency of DNA repair, thus modifying the CRC susceptibility and
clinical outcome. We performed a candidate gene approach in order to analyze the association
of non-synonymous single nucleotide polymorphisms (nsSNPs) in the genes covering the main DNA
repair pathways with CRC risk and clinical outcome modifications. Our candidate polymorphisms
were selected according to the foremost genomic and functional prediction databases. Sixteen nsSNPs
in 12 DNA repair genes were evaluated in cohorts from the Czech Republic and Austria. Apart from
the tumor-node-metastasis (TNM) stage, which occurred as the main prognostic factor in all of
the performed analyses, we observed several significant associations of different nsSNPs with
survival and clinical outcomes in both cohorts. However, only some of the genes (REV3L, POLQ,
and NEIL3) were prominently defined as prediction factors in the classification and regression tree

Int. J. Mol. Sci. 2019, 20, 97; doi:10.3390/ijms20010097 www.mdpi.com/journal/ijms

http://www.mdpi.com/journal/ijms
http://www.mdpi.com
https://orcid.org/0000-0001-8462-6358
https://orcid.org/0000-0001-9319-5350
https://orcid.org/0000-0001-6667-994X
https://orcid.org/0000-0001-6870-6788
http://dx.doi.org/10.3390/ijms20010097
http://www.mdpi.com/journal/ijms
http://www.mdpi.com/1422-0067/20/1/97?type=check_update&version=2


Int. J. Mol. Sci. 2019, 20, 97 2 of 22

analysis; therefore, the study suggests their association for patient survival. In summary, we provide
observational and bioinformatics evidence that even subtle alterations in specific proteins of the DNA
repair pathways may contribute to CRC susceptibility and clinical outcome.

Keywords: DNA repair genes; functional single nucleotide polymorphism; colorectal cancer
susceptibility; survival analysis

1. Introduction

Colorectal cancer (CRC) is the third most common malignancy and the second leading cause of
cancer death worldwide [1]. In Europe, the highest incidence rates are reported in Eastern and Central
European countries, such as the Czech Republic and Austria [2]. CRC represents a multifactorial
disease associated with several genetic and environmental factors [3].

The prognosis for patients with CRC is heavily dependent on stage at diagnosis; the five-year
survival rate is up to 90% for stage I, but only <15% for stage IV [4]. Over half of the cases are
diagnosed at an advanced stage of disease (III and IV), with treatment usually involving complete
primary tumor resection and appropriate chemotherapy. While the treatment can reduce the risk
of relapse and increase patients’ survival, it can also cause severe side effects and impair quality
of life [5]. The differences in medication response are considerably affected by individual inherited
genetic susceptibility. Current approaches to choose and implement chemotherapy regimens for CRC
patients are primarily determined by tumor staging and histopathological examination. Developing
prognostic and predictive biomarkers based on a personal genetic background would greatly aid the
selection of an optimal treatment by oncologists, so as to improve clinical outcome for each patient.

Genetics plays a key role in predisposition to CRC, its initiation, and progression [6]. Several
studies provided evidence that single nucleotide polymorphisms (SNPs) in DNA repair genes could
alter DNA repair function, modulate its capacity, and thus induce genetic instability or unregulated cell
growth and cancer [7–9]. In the last decade, while association studies (including genome-wide) have
identified multiple SNPs involved in CRC susceptibility, none have been validated as biomarkers for
clinical use [10–14]. Furthermore, most of the anticancer agents are targeted to induce DNA damage,
which overwhelms the cellular DNA repair capacity and thus leads to apoptosis. The most affected
are the rapidly dividing cells, such as cancer cells. Treatment efficacy is therefore influenced by the
DNA repair capacity of cancer cells, and the differences in treatment response might be affected by the
inherited variations of genes encoding DNA repair enzymes [15].

In this study, we hypothesized that SNPs causing amino acid substitution (non-synonymous
SNPs—nsSNPs) in DNA repair genes that are known to be involved in maintaining genome stability
(cancer prevention) and in chemotherapy response (cancer treatment), may influence CRC susceptibility
and modulate the clinical outcome after cancer diagnosis. We evaluated the association of 16 nsSNPs
in 12 DNA repair genes with CRC risk, post-diagnosis survival, and therapy outcomes in a discovery
set of 1832 patients and 1172 controls from the Czech Republic and in an independent replication set
comprising 950 patients and 820 controls from Austria.

2. Results

2.1. SNP Selection

In total, sixteen nsSNPs in 12 genes passed the selection criteria and were successfully genotyped
and analyzed in the Czech cohort (Table 1). The same nsSNPs were analyzed in the replication Austrian
cohort, except for two nsSNPs (FAAP24 rs3816032 and MUS81 rs545500), where the genome-wide
association study (GWAS) data were not available.
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Table 1. Selected single nucleotide polymorphisms (SNPs) in DNA repair genes, with a minor allele frequency of a > 0.10 in the European population.

Genomic Annotation Functional Genomics Comparative Genomics

Gene ID DNA Repair
Pathway UniProtKB SNP ID Base

Change

Amino
Acid

Change

MAF in
EUR a

LD with
Other SNPs
Associated
with CRC

LD
within

the Same
Gene

F-SNP
Prediction
Result (on

Protein Coding)

ELASPIC (∆∆G) DUET (∆∆G)
Element
GERP RS

Score >800
SIPHYs

EME1 DSB Q96AY2 rs12450550 T > C Ile350Thr 0.24 no no deleterious Destabilizing
(Core 1.646)

Destabilizing
(−3.002 Kcal/mol)

FAAP24 DSB Q9BTP7 rs3816032 b T > C Ile192Thr 0.11 no no deleterious Destabilizing
(Core 1.133)

Destabilizing
(−1.653 Kcal/mol) X

FANCI DSB Q9NVI1 rs2283432 C > G Cys742Ser 0.38 no no deleterious NA NA X X

MUS81 DSB Q96NY9 rs545500 b C > G Arg180Pro 0.33 no no deleterious NA NA X

NEIL3 BER Q8TAT5 rs7689099 C > G Pro117Arg 0.12 no no deleterious NA NA X X

POLE BER, DSB, NER Q07864 rs5744934 A > G Asn1396Ser 0.13 no no deleterious NA NA X

POLN DSB Q7Z5Q5
rs2353552 C > A Gln121His 0.13 no no deleterious NA NA

rs9328764 A > G Arg425Cys 0.12 no no deleterious NA Destabilizing
(−1.765 Kcal/mol) X

POLQ DSB O75417
rs1381057 C > T Gln2513Arg 0.33 no no deleterious Destabilizing

(Core 1.648) NA X

rs3218649 C > G Thr982Arg 0.39 no no deleterious NA NA X

rs3218651 T > C His1201Arg 0.15 no no damaging NA NA X

RAD51D DSB O75771 rs4796033 C > T Arg165Gln 0.13 no no deleterious Destabilizing
(Core 1.843) NA X

REV1 DSB Q9UBZ9
rs3087386 G > A Phe257Ser 0.43 no no deleterious NA NA X

rs3087399 A > G Asn373Ser 0.12 no no deleterious NA Destabilizing
(−0.596 Kcal/mol) X X

REV3L DSB O60673 rs3204953 G > A Val2986Ile 0.17 no no deleterious Destabilizing
(Core 1.965) NA X X

RPA1 BER, DSB, NER P27694 rs5030755 A > G Thr351Ala 0.10 no no deleterious NA Destabilizing
(−1.037 Kcal/mol) X

SNP—single nucleotide polymorphism; MAF—minor allele frequency; EUR—European population; LD—linkage disequilibrium; CRC—colorectal cancer; GERP—Genomic Evolutionary
Rate Profiling; DSB—double strand break repair pathway; BER—base excision repair pathway; NER—nucleotide excision repair pathway; NA—not applicable; X—evolutionary conserved
position. a https://www.ensembl.org/index.html. b Data for SNPs were not available in the Austrian cohort.

https://www.ensembl.org/index.html
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2.2. Case-Control Study

The characteristics of the study participants are shown in Table 2. Compared with controls, CRC
cases in the Czech cohort had a slightly higher prevalence of male individuals, and were more likely to
be older, to smoke, to have diabetes mellitus, and a positive family history of CRC. In the Austrian
cohort, CRC cases were more often males and smokers.

For all of the SNPs, the distribution of the genotypes within the studied genes in controls was in
agreement with the Hardy–Weinberg equilibrium. The SNPs significantly associated with CRC risk
are presented in Table 3.

Czech cohort. The carriers of the TC genotype in EME1 rs12450550 had an associated increased
CRC risk (TC vs. TT; odds ratio (OR) 1.19; 95% confidence interval (CI) 1.00–1.40; p = 0.05), with the
same tendency observed for the presence of the variant C allele in the dominant model (TC+CC vs. TT;
OR 1.19; 95% CI 1.02–1.40; p = 0.03). However, this association should be considered cautiously due to
the low frequency of the variant CC genotype in this study group. The variant AA genotype in REV3L
rs3204953 was associated with an increased risk of CRC in the codominant and recessive model (AA
vs. GG; OR 2.32; 95% CI 1.27–4.25; p = 0.006; and AA vs. GG+GA; OR 2.28; 95% CI 1.24–4.17; p = 0.008).
After stratification according to the tumor site, the association was similar in colon cancer patients (AA
vs. GG; OR 2.59; 95% CI 1.36–4.91; p = 0.004; and AA vs. GG+GA; OR 2.52; 95% CI 1.33–4.77; p = 0.005).
By considering multiple testing correction using the Benjamini–Hochberg false discovery rate (FDR)
measure, only the association for rs3204953 in REV3L remained significant (q = 0.01).

Austrian cohort. The association of the SNP genotypes with CRC risk was observed only for the
rectal cancer patients. Carriers of the CT genotype in POLQ rs1381057 were at an increased risk of
the disease (CT vs. CC; OR 1.32; 95% CI 1.01–1.74; p = 0.04), with the same tendency observed in the
presence of the variant T allele in the dominant model (CT+TT vs. CC; OR 1.34; 95% CI 1.04–1.74;
p = 0.03). The variant GG genotype in REV1 rs3087399 was associated with a decreased risk of rectal
cancer in the codominant and recessive model (GG vs. AA; OR 0.13; 95% CI 0.02–0.96; p = 0.05; and GG
vs. AA+AG; OR 0.12; 95% CI 0.02–0.90; p = 0.04). None of the associations remained significant after
the Benjamini–Hochberg correction.

2.3. Survival Analyses

In total, 1832 Czech and 950 Austrian CRC cases were included in the survival analyses.
In the univariate assessment, several covariates were associated with survival, including established
prognostic factors such as male sex, higher age, smoking habit, and cancer stage, which were associated
with decreased patients’ survival and increased risk of recurrence (Table 4).

Czech cohort. Overall, no SNPs were associated with either the overall survival (OS) or event
free survival (EFS). However, after stratification according to tumor localization, nominally significant
associations were detected for six SNPs in the univariate assessment (Table S1). In colon cancer
patients, two SNPs were associated with increased EFS (rs3816032 and rs2283432; p = 0.02 for either
variant genotype). In rectal cancer patients, one SNP was associated with an increased EFS (rs7689099;
p = 0.02), and three with decreased OS or EFS (rs545500, rs3218649, and rs3087386; p = 0.02, 0.02,
and 0.03, respectively).

Austrian cohort. Four SNPs were associated with either OS or EFS (Table S1). Three SNPs
were observed in association with increased OS or EFS in CRC patients (rs12450550, rs2283432,
and rs3204953; p = 0.03, p = 0.02, and p = 0.02, respectively). Rs3087386 was found to be significantly
associated with decreased OS and EFS in colon cancer patients (p = 0.02).
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Table 2. Characteristics of the study populations.

Czech Republic Austria

Variables
Controls Cases

OR 95% CI p-Value Controls Cases
OR 95% CI p-Value

No. (%) No. (%) No. (%) No. (%)

Sex
Female 478 (40.8) 696 (38.1) Ref 353 (43.1) 389 (40.9) Ref
Male 694 (59.2) 1133 (61.9) 1.20 1.02–1.40 0.03 467 (56.9) 561 (59.1) 1.39 1.09–1.78 0.01

Age (years)

<50 269 (22.9) 140 (9.2) Ref 92 (11.2) 129 (13.5) Ref
(50, 60] 546 (46.6) 433 (28.4) 1.52 1.20–1.94 0.0006 147 (17.9) 208 (21.9) 2.18 0.72–1.43 0.92
(60, 70] 183 (15.6) 639 (42.0) 6.71 5.16–8.72 <0.0001 282 (34.4) 323 (34.0) 0.82 0.60–1.13 0.22

>70 174 (14.9) 310 (20.4) 3.42 2.60–4.51 <0.0001 299 (36.5) 291 (30.6) 0.70 0.51–0.96 0.03

BMI

(18.5, 25] 93 (8.0) 358 (23.5) Ref 189 (23.7) 296 (35.7) Ref
<18.5 334 (28.5) 370 (24.3) 3.22 2.45–4.24 <0.0001 2 (0.3) 17 (2.0) 5.43 1.24–23.76 0.02

(25, 30] 529 (45.1) 508 (33.4) 0.84 0.69–1.02 0.08 364 (45.6) 336 (40.5) 0.59 0.47–0.75 <0.0001
>30 213 (18.4) 286 (18.8) 1.13 0.89–1.43 0.31 243 (30.4) 181 (21.8) 0.48 0.37–0.62 <0.0001

Smoking habit No 638 (57.6) 769 (53.1) Ref 447 (55.7) 251 (48.8) Ref
Yes a 470 (42.4) 679 (46.9) 1.33 1.13–1.56 <0.001 356 (44.3) 263 (51.2) 1.30 0.97–1.73 0.08

DM
No 555 (85.5) 1076 (80.4) Ref 370 (82.8) 817 (86.0) Ref
Yes 94 (14.5) 263 (19.6) 1.41 1.09–1.84 0.01 77 (17.2) 133 (14.0) 0.62 0.42–0.92 0.02

Family history
of CRC

No 942 (89.3) 1103 (84.1) Ref NDA NDA
Yes 113 (10.7) 209 (15.9) 1.65 1.28–2.12 <0.001 NDA NDA

Diagnosis Colon 1192 (65.8) 586 (62.6)
Rektum 621 (34.2) 350 (37.4)

tnm stage

I 277 (16.8) 188 (21.2)
II 498 (30.2) 227 (25.5)
III 491 (29.8) 354 (39.8)
IV 384 (23.3) 120 (13.5)

Chemotherapy
None 795 (49.9) 389 (43.0)
5-FU 494 (31.0) 253 (28.0)

5-FU combined with oxaliplatin 303 (19.1) 262 (29.0)

OR—odds ratio; CI—confidence interval; BMI—body mass index; DM—diabetes mellitus; CRC—colorectal cancer; TNM—tumor-node-metastasis; 5-FU—5-fluorouracil; NDA—no data
available. Significant results are in bold. Numbers may not add up to 100% of available subjects because of missing data. a Ex-smokers included in smokers.
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Table 3. Associations of SNPs in DNA repair genes with the risk of CRC and its major sub-sites (colon/rectum).

All CRC Patients Colon Cancer Patients Rectal Cancer Patients

Gene Genotype Controls a Cases a OR b 95% CI p-Value Cases a OR b 95% CI p-Value Cases a OR b 95% CI p-Value HWE c

SNP X2, p-Value

Czech Republic

EME1
rs12450550

TT 678 815 Ref 526 Ref 284 Ref 1.07, 0.58
TC 410 570 1.19 1.00–1.40 0.05 363 1.17 0.97–1.40 0.11 198 1.20 0.96–1.50 0.11
CC 73 108 1.24 0.90–1.70 0.20 64 1.15 0.80–1.65 0.46 41 1.38 0.91–2.09 0.13

TC+CC 483 678 1.19 1.02–1.40 0.03 427 1.16 0.97–1.39 0.10 239 1.23 0.99–1.52 0.06

TT+TC 1088 1385 Ref 889 Ref 482 Ref
CC 73 108 1.16 0.84–1.59 0.36 64 1.08 0.76–1.55 0.66 41 1.28 0.86–1.93 0.23

REV3L
rs3204953

GG 839 1049 Ref 666 Ref 371 Ref 4.68, 0.10
GA 304 405 1.09 0.91–1.30 0.37 261 1.12 0.91–1.37 0.27 139 1.06 0.83–1.34 0.66
AA 15 43 2.32 1.27–4.25 0.006 * 30 2.59 1.36–4.91 0.004 * 13 1.97 0.92–4.22 0.08

GA+AA 319 448 1.14 0.96–1.36 0.13 291 1.19 0.98–1.44 0.08 152 1.10 0.87–1.39 0.42

GG+GA 1143 1454 Ref 927 Ref 510 Ref
AA 15 43 2.28 1.24–4.17 0.008 * 30 2.52 1.33–4.77 0.005 * 13 1.95 0.91–4.18 0.09

Austria

POLQ
rs1381057

CC 372 413 Ref 267 Ref 134 Ref 1.49, 0.47
CT 349 423 1.09 0.90–1.34 0.38 250 1.00 0.80–1.25 1.00 166 1.32 1.01–1.74 0.04
TT 99 114 1.05 0.77–1.42 0.76 65 0.93 0.65–1.32 0.68 49 1.40 0.94–2.08 0.10

CT+TT 448 537 1.08 0.90–1.31 0.40 315 0.98 0.80–1.22 0.89 215 1.34 1.04–1.74 0.03

CC+CT 721 836 Ref 517 Ref 300 Ref
TT 99 114 1.00 0.75–1.34 0.98 65 0.93 0.66–1.29 0.66 49 1.21 0.84–1.75 0.32

REV1
rs3087399

AA 593 673 Ref 414 Ref 243 Ref 0.02, 0.99
AG 208 259 1.10 0.89–1.36 0.39 151 1.04 0.81–1.32 0.78 105 1.25 0.95–1.66 0.11
GG 19 18 0.83 0.43–1.60 0.58 17 1.27 0.65–2.48 0.48 1 0.13 0.02–0.96 0.05

AG+GG 227 277 1.08 0.87–1.32 0.50 168 1.06 0.83–1.34 0.65 106 1.16 0.88–1.53 0.30

AA+AG 801 932 Ref 565 Ref 348 Ref
GG 19 18 0.81 0.42–1.56 0.53 17 1.26 0.65–2.44 0.50 1 0.12 0.02–090 0.04

OR—odds ratio; CI—confidence interval. Nominally significant results are in bold. Results that passed the Benjamini–Hochberg test for multiple comparisons are marked with an asterisk.
a Numbers may not add up to 100% of subjects due to genotyping failure. All of the samples that did not give a reliable result in the first round of genotyping were retested in up to two
additional rounds. Samples failing these procedures were omitted from the analysis. b Logistic regression analysis values are adjusted for age. c X2 and p-values for the deviation of the
observed and of the numbers expected from the Hardy–Weinberg equilibrium (HWE) in the controls.
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Table 4. Clinical characteristics significantly affecting overall survival (OS) and event free survival (EFS) in CRC patients with complete follow up.

Czech Republic Austria

Variables N a OS EFS
N a OS EFS

HR (95% CI) p-Value HR (95% CI) p-Value HR (95% CI) p-Value HR (95% CI) p-Value

Sex
Female 696 Ref Ref 389 Ref Ref
Male 1133 1.47 (1.20–1.80) 0.0002 1.29 (1.09–1.52) 0.003 561 1.37 (1.03–1.83) 0.03 1.43 (1.11–1.83) 0.005

Age (years)

<50 149 Ref Ref 129 Ref Ref
(50, 60] 433 0.96 (0.62–1.50) 0.87 1.06 (0.76–1.49) 0.72 208 1.44 (0.77–2.69) 0.26 1.62 (0.99–2.65) 0.05
(60, 70] 639 1.08 (0.71–1.65) 0.72 0.90 (0.65–1.25) 0.54 323 2.14 (1.21–3.79) 0.01 1.68 (1.05–2.68) 0.03

>70 610 1.47 (0.97–2.24) 0.07 1.05 (0.76–1.46) 0.77 291 3.11 (1.77–5.47) <0.0001 2.53 (1.60–4.00) <0.0001

BMI

(18.5, 25] 434 Ref Ref 296 Ref Ref
<18.5 456 0.99 (0.77–1.27) 0.92 1.06 (0.86–1.32) 0.58 17 1.12 (0.41–3.07) 0.83 1.31 (0.57–3.00) 0.52

(25, 30] 626 0.83 (066–1.06) 0.13 0.94 (0.77–1.15) 0.54 336 0.79 (0.55–1.12) 0.18 0.85 (0.63–1.15) 0.29
>30 315 0.58 (0.43–0.80) 0.0008 0.83 (0.65–1.06) 0.13 181 1.13 (0.77–1.65) 0.54 1.04 (0.74–1.46) 0.83

Smoking habit No 967 Ref Ref 251 Ref Ref
Yes b 777 1.266 (1.049–1.529) 0.01 1.27 (1.08–1.48) 0.003 263 0.93 (0.65–1.32) 0.67 1.02 (0.75–1.39) 0.91

Stage

I 277 Ref Ref 188 Ref Ref
II 498 1.75 (1.10–2.80) 0.02 1.99 (1.41–2.82) 0.0001 227 1.00 (0.57–1.76) 1.00 0.90 (0.56–1.45) 0.67
III 491 3.46 (2.22–5.39) <0.0001 3.45 (2.47–4.83) <0.0001 354 1.51 (0.92–2.45) 0.10 1.55 (1.03–2.32) 0.03
IV 384 8.91 (5.78–13.74) <0.0001 6.00 (4.30–8.38) <0.0001 120 7.98 (4.95–12.88) <0.0001 9.33 (6.21–14.02) <0.0001

5FU-based chemotherapy No 765 Ref Ref 389 Ref Ref
Yes 797 1.022 (0.84–1.24) 0.82 1.387 (1.18–1.63) <0.0001 515 1.33 (0.99–1.78) 0.06 1.79 (1.38–2.32) <0.0001

HR—hazard ratio; CI—confidence interval; BMI—body mass index. Significant results are in bold. a Numbers may not add up to 100% of the available subjects because of missing
information. b Ex-smokers included in smokers.
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2.4. Survival and Therapy

To examine the association of SNPs with the therapy outcome, we further stratified patients
according to the treatment received into the following three separate groups: (1) CRC patients receiving
no treatment or (2) patients receiving a 5-Fluorouracil (5-FU) regimen without or (3) in combination
with oxaliplatin. The group of patients treated with a combination of 5-FU and oxaliplatin was
investigated separately, because the latter drug induces a different type of DNA damage compared to
5-FU alone, and thus different DNA repair pathways and genes may be involved [16,17]. The univariate
model for survival and therapy showed several genotypes nominally significantly associated with OS
or EFS (detailed description in supplementary text and Tables S2, S3, and S4).

2.5. Classification and Regression Tree Survival Analysis

In order to assess the prognostic utility of the investigated DNA repair gene polymorphisms,
the interactive effects of genotypes and clinico-pathological parameters in association with five-year
OS and EFS were explored using a classification and regression tree (CART) analysis. Only patients
with complete data for all of the parameters described in the Material and Methods were included in
the analysis (n = 1105 (60%) for the Czech CRCs, and n = 841 (88%) for the Austrian CRCs). The results
indicated that the tumor–node–metastasis (TNM) stage was chosen as the initial optimal split factor
for predicting both OS and EFS in both of the cohorts (Figures 1–4).

2.5.1. Overall Survival

Czech cohort. The five-year OS analysis resulted in four terminal nodes. Variables determining
the structure of the tree included TNM stage, age, sex, chemotherapy, and five SNPs—rs3087386,
rs3218649, rs3218651, rs545500, and rs5744934. Among the stage I CRC patients, the subsequent split
showed interactions between age and sex. In stage II, the carriers of GC+CC genotypes in POLQ
rs3218649 were associated with a better prognosis. However, the GG genotype in females showed
almost similar OS prognosis and an even better prognosis when in combination with CC+CT genotypes
in REV1 rs3087386 (CC+CT 96.4% vs. TT 65.2%). In stage III, the subsequent split was age, which was
seen to interact with GG+GC genotypes in MUS81 rs545500 and AG+GG genotypes in POLE rs5744934
(AG+GG 94.9% vs. AA 68.1%). The AA genotype of POLE gene further interacted with POLQ rs3218649
(GG+GC genotypes 75.1% vs. CC genotype 32.5%). In stage IV, chemotherapy was the next most
significant factor and the level of OS increased when in combination with the rs3218651 variant in
POLQ gene (AG+GG 65.6% vs. AA 43.2%). The structure of the tree and corresponding survival curves
from terminal nodes are presented in Figure 1.

Austrian cohort. The final tree structure contained six terminal nodes and included nine variables
(age, TNM stage, and seven SNPs—rs1381057, rs2283432, rs3204953, rs3218651, rs4796033, rs5030755,
and rs5744934). Among CRC patients at stage I, age as the subsequent split showed interactions with
the AA genotype in POLE rs5744934 and CC+CG genotypes in FANCI rs2283432. The interaction was
concluded by CT+TT genotypes in POLQ rs1381057 (CT+TT 97.6% vs. CC 84.8%). In stage II, age was
the next most significant factor, and the level of OS increased when in combination with the CC
genotype in RAD51D rs4796033 and the AA genotype in POLQ rs3218649 (AA 100% vs. AG+GG 92.9%).
Carriers of the CT+TT genotype in RAD51D rs4796033 showed a better prognosis in combination
with the CC genotype in POLQ rs1381057 (CC 100% vs. CT+TT 77.8%). In stage III, age was the most
significant factor for OS. In stage IV, age was further associated with three SNPs (RPA1 rs5030755
combined with REV3L rs3204953 as a terminal node: GG 44.4% vs. GA+AA 27.3%; and REV3L rs3204953
combined with POLQ rs3218651 as a terminal node: AA 24.2% vs. AG+GG 0%). The structure of the
tree and corresponding survival curves from terminal nodes are presented in Figure 2.
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Figure 1. Overall survival (OS) classification and regression tree analysis of colorectal cancer patients
from the Czech Republic. Numbers under each node indicate the total number of cases in the
subcategory/number of events and percentage of patients with five-year OS. Terminal nodes are
bordered in bold, and the corresponding Kaplan–Meier curves are shown underneath. (A) Terminal
node CZ1; (B) Terminal node CZ2; (C) Terminal node CZ3; (D) Terminal node CZ4.
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2 

 
 Figure 2. Overall survival (OS) classification and regression tree analysis of colorectal cancer patients

from Austria. Numbers under each node indicate the total number of cases in the subcategory/number
of events, and the percentage of patients with five-year OS. Terminal nodes are bordered in bold, and
the corresponding Kaplan–Meier curves are shown underneath. (A) Terminal node AT1; (B) Terminal
node AT2; (C) Terminal node AT3; (D) Terminal node AT4; (E) Terminal node AT5; (F) Terminal
node AT6.

2.5.2. Event-Free Survival

Czech cohort. Regarding the five-year EFS, the final tree structure contained five terminal nodes
and included 11 variables (age, TNM stage, chemotherapy, and eight SNPs—rs12450550, rs1381057,
rs3087399, rs3204953, rs5030755, rs545500, rs5744934, and rs7689099). Among CRC patients at stage I,
the subsequent split was for EME1 rs12450550 (TT+TC 83.5% vs. CC 52.1%). In stage II, chemotherapy
was the first split, when patients with no treatment and those with 5-FU-based therapy without
oxaliplatin showed almost the same prognosis level. Patients without treatment had a better prognosis
when associated with CG+GG genotypes in MUS81 rs545500 in combination with the GG genotype in
NEIL3 rs7689099 (GG 75.5% vs. CC+CG 56.9%). Patients treated only with 5-FU had a better prognosis
when in association with the GG genotype in REV3L rs3204953 (GG 78.6% vs. GA+AA 52.3%). On the
other hand, the negative association for rs3204953 with the prognosis level was further worsened by
the AA genotype in POLE rs5744934 and AG+GG genotype in REV1 rs3087399 (AA 50.0% vs. AG+GG
20.5%). In stage III, the subsequent split AG+GG genotype in RPA1 rs5030755 was seen to interact with
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patients under 70 years of age and the CC+CT genotype in POLQ rs1381057 (CC+CT 78.9% vs. TT
44.4%). Patients with the AA genotype for rs5030755 were further associated with a worse prognosis
level in combination with the wild type allele C in NEIL3 (GG 46.7% vs. CC+CG 32.3%). The structure
of the tree and corresponding survival curves from terminal nodes are presented in Figure 3.

Austrian cohort. The final tree structure contained four terminal nodes determined by five
variables (age, TNM stage, and three SNPs—rs3087386, rs3204953, and rs4796033). In stage I, a better
EFS prognosis was shown within patients under 60 years of age. In stage II, the subsequent split was
age, which was seen to interact with the CC genotype in RAD51D rs4796033 and CT+TT genotypes in
REV1 rs3087386 (CT+TT 98.7% vs. CC 84.9%). Furthermore, GA+AA genotypes in REV3L rs3204953
showed a better EFS prognosis in stage II patients over the age of 70 (GA+AA 88.9% vs. GG 60.9%).
In stage III, the subsequent split showed an interaction with age only. The structure of the tree and
corresponding survival curves from terminal nodes are presented in Figure 4. 

3 

 
 Figure 3. Event free survival (EFS) classification and regression tree of colorectal cancer patients
from the Czech Republic. Numbers under each node indicate the total number of cases in the
subcategory/number of events, and the percentage of patients with five-year EFS. Terminal nodes are
bordered in bold, and the corresponding Kaplan–Meier curves are shown underneath. (A) Terminal
node CZ5; (B) Terminal node CZ6; (C) Terminal node CZ7; (D) Terminal node CZ8; (E) Terminal
node CZ9.
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Figure 4. Event free survival (EFS) classification and regression tree of colorectal cancer patients from
Austria. Numbers under each node indicate the total number of cases in the subcategory/number of
events and the percentage of patients with five-year EFS. Terminal nodes are bordered in bold, and
the corresponding Kaplan–Meier curves are shown underneath. (A) Terminal node AT7; (B) Terminal
node AT8; (C) Terminal node AT9; (D) Terminal node AT10.

3. Discussion

DNA repair has an essential role in maintaining genome integrity and preventing carcinogenesis.
Amino acid alterations by nsSNPs in DNA repair genes can cause changes to the function or level of the
coded proteins, resulting in abrogated DNA repair, which in combination with continuous endogenous
DNA damage over time could lead to genomic damage and carcinogenesis [7,18]. In the present study,
we sought to identify associations between 16 potentially functional genetic polymorphisms in 12
DNA repair genes with CRC risk, patients’ survival, and response to chemotherapy in Czech and
Austrian cohorts. To our knowledge, no similar studies have previously examined these selected SNPs
in relation to CRC susceptibility and clinical outcomes after diagnosis.

In the discovery set from the Czech Republic, the results showed an association between the
variant AA genotype in REV3L rs3204953 and an increased risk of CRC. REV3L encodes a catalytic
subunit of an error-prone DNA polymerase ζ, whose involvement in both double strand break (DSB)
repair and translesion synthesis (TLS) pathways may explain why it is the only known specialized
DNA polymerase reducing spontaneous tumor development [19,20]. DSBs, i.e. breaks in both DNA
strands, are one of the most cytotoxic lesions for genetic integrity, and if not adequately repaired, DSB
can result in mutagenic events or cell death [21]. TLS is a DNA damage tolerance process that allows
cells to continue replication past DNA templates containing bulky lesions without resulting in stalled
replication forks and therefore preventing DNA strand breaks.

Disrupted REV3L in cancer cell lines showed the importance of accurately regulated REV3L
expression, when its inhibition induced DNA damage and growth arrest in cancer cells, whereas
overexpression led to increased spontaneous mutation rates [22]. Expression levels of this polymerase
have also been linked to sensitivity to chemotherapy. While defects in the protein resulted in an
increased sensitivity to therapy in multiple tumor cell lines, its overexpression induced increased
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therapy resistance [23–25]. Furthermore, a decreased expression of REV3L has also been reported in
tumor compared with the adjacent non-malignant tissue in colon cancer [26,27].

An association of rs3204953 was observed with a higher risk of breast cancer in a Swedish cohort,
however, the results were not replicated in a Polish cohort [28]. Other genetic variants in REV3L have
been found to be associated with both disease development risk and patients’ survival for different
tumor types, such as breast cancer, stomach cancer, and CRC [28–30]. None of the other associated
SNPs were found in linkage disequilibrium with rs3204953 examined here.

In addition to the in silico predictions of the F-SNP database of the deleterious nature of the
rs3204953 SNP for REV3L protein function, we also used web-servers ELASPIC and DUET to assess
the energetic impact of the amino acid change. In ELASPIC, the valine to isoleucine substitution was
predicted to decrease the protein stability, resulting in a protein favoring an unfolded state (as the
Gibbs free energy of folding for the domain affected by the SNP is changed by ∆∆G = 1.97).

Regarding the clinical outcome, results of the Czech five-year EFS CART analysis showed that
rs3204953 in REV3L was chosen as the optimal split for the CRC stage II patients receiving 5-FU-based
chemotherapy. This finding indicates its possible use in personalized treatment strategies by identifying
CRC stage II patients who are likely to benefit from adjuvant therapy.

Despite the promising results in the Czech population, an association of REV3L SNP with CRC
risk could not be confirmed in the Austrian replication set. However, REV3L emerged several times as
the optimal split in the Austrian CART analyses as well. Thus, according to all of the available data,
we suggest that the REV3L gene may impact CRC susceptibility, survival, and therapy outcomes and
warrants further investigation.

In survival CART analyses, TNM stage and age were shown as the most significant prognostic
factors in both of the study cohorts. Apart from these clinico-pathological factors, we observed
significant associations of several nsSNPs with patients’ survival and clinical outcomes. However,
a few of these were shown as significant more than once in the CART analysis, suggesting their
potentially greater relevance on patients’ survival. For example, POLQ gene polymorphisms appeared
four times as the optimal split factor in the Czech CART analyses (rs1381057, rs3218649 twice, and
rs3218651) and four times in the Austrian CART analyses (rs1381057 twice and rs3218651 twice).
Polymerase θ encoded by POLQ is an error-prone polymerase with a similar role to polymerase ζ,
and is involved in the base excision repair (BER) and DSB repair [31]. In addition to DNA repair, this
polymerase also plays a crucial role in TLS [32].

The expression of polymerase θ is tightly regulated. A complementary body of literature reported
an upregulation of POLQ in different tumor tissues (breast cancer, non-small cell lung cancer, oral
squamous cell carcinoma, stomach cancer, and CRC), and this overexpression acted as a strong
prognostic factor [33–36].

Strikingly, at least nine polymorphisms out of 23 known SNPs in the human POLQ gene are
predicted to alter protein function [32]. Several POLQ SNPs have also been associated with a risk of
different tumors, such as breast cancer, esophageal cancer, and Non-Hodgkin’s Lymphoma [28,37–40].
While only some of the breast cancer studies included rs3218649, no significant association was
detected [28,38,40] and none of the other associated SNPs were found in the linkage disequilibrium
with our selected SNPs.

The abovementioned studies highlighted the significance of adequate POLQ functioning and
regulation for tumor suppression. Furthermore, the protein stability prediction for rs1381057 by
ELASPIC estimated a change of the Gibbs free energy to ∆∆G = 1.65, suggesting that the substitution
of glutamine to arginine decreases the altered protein stability. Unfortunately, we could not perform a
protein stability prediction of rs3218649 and rs3218651 by ELASPIC, as these SNPs do not fall within
the domain boundaries required by the software.

Another SNP, rs7689099 in NEIL3 gene, emerged twice in the Czech five-year EFS CART analysis
as the optimal split factor after the TNM stratification, suggesting its significance in patients´ survival.
The NEIL3 encodes a DNA glycosylase, playing an important role in the first step of the BER
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pathway [41]. The process of eliminating damaged nucleotides by BER is crucial to evade mutations at
these sites, which is likely to aid tumor suppression [42].

The upregulation of NEIL3 appears to be involved in the maintenance of cancer cell growth
or the progression of malignancy. Significantly elevated expression levels in tumors, compared
to corresponding non-malignant tissues, were reported in 20 cancer sites, including CRC [43,44].
The overexpression was further observed in association with the progression of primary melanoma to
distant metastasis [45].

Sequence variability in different DNA glycosylases have been proposed as susceptibility factors for
different malignancies [46]. Specifically, NEIL3 SNPs were associated with the risk of glioma, prostate,
and thyroid cancer [47–49], with rs7689099 being associated with a reduced risk of differentiated
thyroid carcinoma and prostate cancer [47,49]. None of the other associated SNPs were found in
linkage disequilibrium with rs7689099.

As rs7689099 in NEIL3 gene does not fall within the domain boundaries, we could not use
ELASPIC protein stability prediction. Again, the association of NEIL3 SNP with the survival of CRC
patients was not replicated in the Austrian sample set. However, considering the available data,
we suggest that the variation of the NEIL3 gene also has relevance for CRC susceptibility, survival,
and therapy outcome.

In agreement with the in silico predictions about the functionality of the SNPs, we observed
several significant associations of different genetic variants with survival and clinical outcomes of
CRC patients both from the Czech Republic and Austria. However, we were not able to confirm the
particular associations of individual SNPs between the discovery and the replication set. One might
argue that the failure to replicate the association results might be due to differential gene–environmental
interactions, and the differences in the clinical composition between the case-control populations of
the discovery and the replication set (Table 2). Furthermore, it is also possible that other factors might
have biased the results, for example earlier CRC detection in Austrian patients thanks to a better
general awareness of the disease and a high standard medical care. This assumption is supported
by the results in five-year OS CART analyses for stage III patients, where we observed a substantial
difference between survival in the Czech and Austrian patients (65.6% vs. 82.8%). Our conclusion was
based on the fact that CRC stage III is further divided into three more separate categories (IIIA, IIIB,
and IIIC) according to the extent to which cancer has spread (i.e., number of lymph nodes affected).
The survival rate then significantly decreases with the disease advancement. For example, in colon
cancer patients, the survival rate for stage IIIA is about 90%, for stage IIIB 72%, and for stage IIIC only
about 53% [50]. The strengths of the present work include the recruitment of a considerable number of
cases and controls at the same centers, homogeneous for their ancestry (all Caucasian from the Czech
Republic and Austria), and clinically well-defined (follow-up data collected by the same physicians),
thus minimizing any possible population bias.

In conclusion, this is the first study to evaluate the association of genetic variants in DNA repair
genes, selected by likely functional relevance with CRC. We identified several nsSNPs potentially
affecting either CRC susceptibility or patients’ survival. Our data provide observational evidence
of the potential role of nsSNPs in CRC pathogenesis, and suggest that even subtle alterations in the
specific proteins that function in DNA repair pathways may lead to inaccurate DNA repair, and thus
contribute to carcinogenesis.

Due to the lack of replication of significant associations, further studies on independent
populations are warranted. This is underlined by the involvement of the same DNA repair genes in
both Czech and Austrian CRC populations. Moreover, it is important to functionally characterize these
candidate genetic variants, and to find biological mechanisms underlying the associations in order to
assess these nsSNPs as prognostic and/or predictive biomarkers in CRC. Potential clinical uses are to
help define individual CRC risk and tailor disease management based on the unique molecular profile
of each patient.
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4. Material and Methods

4.1. SNP Selection and In Silico Analysis of Functional Relevance and Conservation

From the complete list of DNA repair genes available online (http://sciencepark.mdanderson.
org/labs/wood/DNA_Repair_Genes.html, March 2014 version), all of the genes involved in repairing
DNA damage caused by 5-FU or oxaliplatin were retrieved, as these are common chemotherapeutic
treatment regimens for CRC.

In total, 106 genes of BER, nucleotide excision repair (NER), and DSB (including interstrand
cross-links repair (ICL), fanconi anemia (FA), and TLS pathways) were searched for nsSNPs in the
freely available F-SNP database [51]. The database also provides integrated information about possible
effects of the base change on the coded protein, and thus helps to identify nsSNPs with a potential
pathological effect on human health. The F-SNP data are obtained from several genomic databases,
like SIFT, PolyPhen2, SNPeffect, and SNPs3D. The variants predicted as deleterious or damaging were
further studied.

Selected relevant nsSNPs were then filtered for a MAF >10% in European populations to provide
sufficient study power with the size of our case-control study, in order to uncover moderate genetic
effects. The information was primarily derived from the Ensembl 2015 database—1000 Genomes
Project Phase 3, EUR population (https://www.ensembl.org/index.html). Whenever this was not
possible, other reference populations were considered (i.e., HAPMAP CEU population).

The SNPs with the required MAF were tested for linkage disequilibrium (LD) with the data
from HapMap (v. 3, release R2 in the CEU population, ftp://ftp.ncbi.nlm.nih.gov/hapmap/).
The 38 identified nsSNPs were further searched within the Genetic Association Database (http:
//geneticassociationdb.nih.gov, accessed on 9 January 2014). From these, sixteen nsSNPs were already
investigated elsewhere in relation to CRC, and therefore were excluded from this study.

The 22 remaining nsSNPs were tested by comparative genomics to evaluate the probability that
the nucleotide is located in an evolutionary conserved position or within a constrained element,
using the Genomic Evolutionary Rate Profiling GERP++ RS (Rejected Substitutions) score. An element
with a GERP++ RS score >800 defines ultra-conserved regions among mammals. SiPhy evaluates the
conservation of the motif around the SNPs.

After this selection, sixteen nsSNPs in 12 DNA repair genes complied with the required selection
criteria. The workflow for the selection is depicted in Figure 5.

To evaluate the stability of the final protein affected by nsSNP, we further utilized web-server tools
ELASPIC and DUET to assess the energetic impact of the amino acid change (http://elaspic.kimlab.
org/ and http://biosig.unimelb.edu.au/duet/stability). The main output is the predicted variation in
the Gibbs free energy (∆∆G) of folding and/or binding for every domain affected by the SNP.

http://sciencepark.mdanderson.org/labs/ wood/DNA_Repair_Genes.html
http://sciencepark.mdanderson.org/labs/ wood/DNA_Repair_Genes.html
https://www.ensembl.org/index.html
ftp://ftp.ncbi.nlm.nih.gov/hapmap/
http://geneticassociationdb.nih.gov
http://geneticassociationdb.nih.gov
http://elaspic.kimlab.org/
http://elaspic.kimlab.org/
http://biosig.unimelb.edu.au/duet/stability
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4.2. Study Populations and Data Collection

Patients included in the study were newly diagnosed histologically confirmed individuals with
sporadic CRC. The exclusion criteria were as follows: (1) hereditary CRC forms (Lynch syndrome and
familial adenomatous polyposis) and (2) a personal history of previous malignant disease. Personal
data, such as date of birth, sex, lifestyle habits, body mass index (BMI), diabetes mellitus, and family/
personal history of cancer, were obtained using a structured questionnaire in order to determine
potential risk factors for CRC. For all subjects, clinical data including tumor-related parameters, such as
the location of the tumor, International Union Against Cancer (UICC) TNM stage system, degree
of tumor differentiation, and adjuvant chemotherapy treatment details, were collected, along with
information about distant metastasis, relapse, and date of death.

Patients were divided into three subgroups according to the therapy received. The first group of
patients did not receive any adjuvant chemotherapy after surgery. The second group of patients
received a 5-FU-based adjuvant regimen as a postoperative therapy (based either on a Mayo,
a simplified DeGramont, or a Xeloda regimen). The third group of subjects received adjuvant 5-FU
treatment combined with oxaliplatin (based either on a FOLFOX or a XELOX regimen).

The study was approved by the local ethics committee of each participating hospital, and written
informed consent to participate in the study and to approve the use of their biological samples for
genetic analyses was obtained from all patients, according to the 1964 Helsinki declaration.

4.2.1. Discovery Set—Czech Republic

Patients (n = 1832) were recruited at several oncological and gastroenterological departments of
different hospitals all over the Czech Republic from September 2003 to January 2014. The last update of
the patients’ follow-up for this study was in December 2015. Characteristics of the study participants
are shown in Table 2 (partially described in the literature [52,53].

The control group consisted of 659 healthy blood donors and 513 colonoscopy-negative controls,
which were collected during the same time period as the cases. Healthy blood donor volunteers were
recruited at the Faculty Hospital Kralovske Vinohrady in Prague and the Vojkov hospital. The group
of colonoscopy-negative controls consisted of subjects admitted to the hospital gastroenterology
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departments who had negative colonoscopy results for malignancy or idiopathic bowel diseases.
The reasons for undergoing the colonoscopy were as follows: (i) positive fecal occult blood
test, (ii) hemorrhoids, (iii) abdominal pain of unknown origin, and (iv) macroscopic bleeding.
All individuals were subjected to standard examinations so as to verify the health status for blood
donation, and were cancer-free at the time of the sampling.

DNA was extracted from the peripheral blood lymphocytes using standard procedures. When
blood was not available (for 690 cases), healthy colon/rectal tissue was used to obtain DNA by using
the DNeasy Blood and Tissue Kit (Qiagen, Courtaboeuf, France). Genotyping was performed at LGC
Genomics (Hoddesdon, Herts, UK), using the KASP™, a competitive allele-specific PCR genotyping
system. For quality control purposes, duplicate samples (5% of the total numbers of samples) were
repeated for each SNP. Two no-template controls were included in each plate. The genotype correlation
between the duplicate samples was >98%. Two CRC cases were eliminated due to low genotyping rates.

4.2.2. Replication Set—Austria

In the ongoing Colorectal Cancer Study of Austria (CORSA), over 13,000 participants comprising
CRC cases (stages I–IV); adenomas; and population-based, colonoscopy-negative controls have been
recruited since 2003, in cooperation with the province-wide screening program “Burgenland Prevention
Trial of Colorectal Disease with Immunological Testing” (B-PREDICT). All inhabitants of the Austrian
province Burgenland aged between 40 and 80 years are invited annually to participate in fecal
immunochemical testing (FIT). FIT-positive tested individuals are offered a complete colonoscopy and
are asked to participate in CORSA at the time of colonoscopy. Only the individuals with histologically
confirmed sporadic CRC were included in this study.

Further CRC cases were recruited at multiple centers in Vienna, including the Medical University
of Vienna (Department of Surgery), the Sozialmedizinisches Zentrum Süd, the Hospital Rudolfstiftung,
and the Medical University of Graz (Department of Internal Medicine). The replication set comprised
950 CRC patients and 820 colonoscopy-negative controls from CORSA. The last update of the patients’
follow-up was performed in August 2018. Baseline characteristics of this cohort are presented in
Table 2 , and the study has previously been described [54].

The genomic DNA isolation from peripheral blood was performed using the QIAamp DNA Blood
Midi Kit, according to the manufacturer’s recommendations (Qiagen, Valencia, CA, USA), and was
stored at −80 ◦C. Genotyping was performed using the population-optimized Axiom Genome-Wide
CEU 1 Array (Affymetrix, Santa Clara, CA, USA). The arrays were processed at the Institute of Human
Genetics, Helmholtz Center Munich, Germany, and genotype assignment was performed as described
in Hofer et al. [54]. Data for two SNPs (FAAP24 rs3816032 and MUS81 rs545500) were not covered on
the array, and therefore could not be included in further analyses.

4.3. Statistical Analysis

In controls, the genotype frequencies for each polymorphism were tested for deviation from
the Hardy–Weinberg equilibrium, using a Pearson χ2-test (1 degree of freedom) with a type-I error
threshold set at α = 0.05.

The association between nsSNPs and CRC risk was determined by logistic regression, and was
calculated by estimating the ORs, and their 95% CIs were adjusted for age. The ancestral allele
(evolutionary primal) was used as a reference. For all nsSNPs, co-dominant, dominant, and recessive
models were calculated.

In this study, the outcome variables measured were OS and EFS. OS was defined as the time from
the surgery to the date of death, or the date of last follow up (for the Czech cohort it was December 2015,
for the Austrian cohort it was August 2018). EFS was defined as the time from surgery to the occurrence
of distant metastasis, local recurrence, or death, whichever came first. The survival curves for OS and EFS
were derived by the Kaplan–Meier log-rank test. The relative risk of death and recurrence was estimated
as a hazard ratio (HR) with 95% CIs, using Cox regression (no covariates adjustment was applied).
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A multivariate analysis, referred to as a CART [55], was used to assess the prognostic value of
interactions between the standard clinico-pathological variables and the genetic variants in relation to
their impact on five-year survival in CRC patients. The analysis constructs a set of decision rules that
stratify the homogenous risk groups of the responsive variable. Splits for each variable were examined,
and the variable (predictor) that provides the best or “optimal” split was selected. Each subgroup
was further divided in the same manner. In the Czech sample set, CART was implemented using
nine common clinical and pathological variables, including age, sex, smoking habit (non-smokers
vs. smokers vs. ex-smokers), diabetes mellitus, positive family history of CRC, diagnosis (colon
vs. rectal cancer), TNM stage, grade, and therapy (no therapy vs. 5-FU-based without oxaliplatin
vs. 5-FU in combination oxaliplatin), and all examined nsSNPs. In the Austrian sample set, because
the information for five of the variables (smoking habit, positive family history of CRC, grade, and
nsSNPs rs3816032 and rs545500) were only available for a small number of patients, only six common
clinico-pathological variables and 14 nsSNPs were implemented for the CART analysis of this cohort.

Statistical analyses were performed using SAS software (SAS Institute, Cary, NC, USA). Graphs
were performed using SW STATISTICA (StatSoft, Inc., Tulsa, OK, USA). Multiple testing corrections
were performed using the Benjamini–Hochberg FDR [56].

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/1/
97/s1.
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5-FU 5-Fluorouracil
BER Base excision repair
BMI Body mass index
CART Classification and regression tree analysis
CI Confidence intervals
CRC Colorectal cancer
DSB Double strand break repair
EFS Event-free survival
FA Fanconi anemia
FDR False discovery rate
GERP Genomic evolutionary rate profiling
GWAS Genome-wide association study
HRs Hazard ratios
ICL Interstrand cross-links repair
LD Linkage disequilibrium
MAF Minor allele frequency
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NER Nucleotide excision repair
nsSNP Non-synonymous single nucleotide polymorphism
ORs Odds ratios
OS Overall survival
RS Rejected substitutions
TLS Translesion synthesis
TNM Tumor–node–metastasis stage system
UICC International union against cancer
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