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Simple Summary: In Western countries, the lifetime risk for rectal cancer is around 1.5%. Most
patients are diagnosed with locally advanced stages. For these patients, multimodal treatment
comprising radiotherapy, chemotherapy, and surgery has become the standard of care. Whereas
excellent local control is achieved, still about one out of three dies from this disease. Cytotoxicity
of radiochemotherapy substantially involves reactive oxygen species (ROS). In ROS-related genes,
we selected eight inherited variants, for which the literature reports functional or medical effects
and which occur frequently in the general population. These variants were assessed whether they
impact the clinical outcome of patients with rectal cancer. We found that the OGG1 Cys326 variant,
which affected 37% of the 287 patients in the sample, was strongly linked with a worse outcome, in
particular cancer-specific survival. Screening for this variant may identify a particular risk subgroup
of patients who may be considered for more intensified therapy and aftercare.

Abstract: Despite excellent loco-regional control by multimodal treatment of locally advanced rectal
cancer, a substantial portion of patients succumb to this disease. As many treatment effects are
mediated via reactive oxygen species (ROS), we evaluated the effect of single nucleotide polymor-
phisms (SNPs) in ROS-related genes on clinical outcome. Based on the literature, eight SNPs in
seven ROS-related genes were assayed. Eligible patients (n = 287) diagnosed with UICC stage II/III
rectal cancer were treated multimodally starting with neoadjuvant radiochemotherapy (N-RCT)
according to the clinical trial protocols of CAO/ARO/AIO-94, CAO/ARO/AIO-04, TransValid-A,
and TransValid-B. The median follow-up was 64.4 months. The Ser326Cys polymorphism in the
human OGG1 gene affected clinical outcome, in particular cancer-specific survival (CSS). This effect
was comparable in extent to the ypN status, an already established strong prognosticator for patient
outcome. Homozygous and heterozygous carriers of the Cys326 variant (n = 105) encountered a
significantly worse CSS (p = 0.0004 according to the log-rank test, p = 0.01 upon multiple testing
adjustment). Cox regression elicited a hazard ratio for CSS of 3.64 (95% confidence interval 1.70–7.78)
for patients harboring the Cys326 allele. In a multivariable analysis, the effect of Cys326 on CSS was
preserved. We propose the genetic polymorphism Ser326Cys as a promising biomarker for outcome
in rectal cancer.
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1. Introduction

In Western countries, the lifetime incidence for rectal cancer is around 1.5% of the
total population. In 60%, this disease is diagnosed as UICC/AJCC (Union Internationale
Contre le Cancer/American Joint Committee on Cancer) stages II or III [1]. Neo-adjuvant
radiotherapy or radiochemotherapy (N-RCT) with subsequent total mesorectal excision
(TME) has become the standard treatment for resectable cancer of the middle or lower
third of the rectum [2–6]. This strategy results in improved loco-regional tumor control
with excellent local relapse rates of 7% in a ten-year follow-up [7]. However, still one
third of the affected individuals dies from this disease, mostly due to distant metastasis.
Attempts to reduce this rate are ongoing. Intensification of the chemotherapy component
prior to surgery may increase disease-free survival, with some improvements seen recently
advocating for complete neoadjuvant radio- and chemotherapy [8].

To pave the way for strategies to increase the cure rate, better knowledge about
the factors driving the prognosis is indispensable. Evidence for residual viable tumor
cells in lymph nodes of the surgical specimen following N-RCT (i.e., ypN+) and the tumor
regression grade (TRG) of the primarius are histo-pathological predictors in the long run [9].

Other approaches employ genetic features for prognosis prediction of rectal cancer
upon N-RCT. Besides tumor-specific mutations, inherited germline polymorphisms are
increasingly considered as biomarkers in colorectal cancer therapy, not only in terms of
toxicity but also in relation to outcome. In this regard, particular attention is spent on
the genes involved in detoxification of reactive oxygen species (ROS), DNA repair, or
metabolism of the concomitant chemotherapy. Genotypes associated with higher ROS
exposure, be it due to increased ROS formation or decreased degradation, might confer a
better outcome of radiochemotherapy [10–12].

The working hypothesis of this study was that common germ-line polymorphisms in
the genes related to ROS may affect the outcome in rectal cancer upon multimodal treatment.
We report data on eight germ-line polymorphisms with a minor allele frequency >10% in
Caucasians in seven genes related to ROS, with respect to patient outcome. These polymor-
phisms refer to genes related to ROS formation (NAD[P]H oxidase), processing (superoxide
dismutases [SOD2, SOD3], myeloperoxidase [MPO], and detoxification (catalase [CAT],
glutathione peroxidase 1 [GPX1]), as well as involved in removal of ROS-induced DNA
damage (OGG1). We only included polymorphisms with known functional relevance based
on the literature (see Table 1, in the Patients and Methods section). We found carriers of the
OGG1 Cys326 allele are at risk of a significantly worse outcome, in particular concerning
cancer-specific survival.
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Table 1. Characteristics of the genotyped polymorphisms.

Gene SNP Genomic
Localization 1

Affected
Element 2 Alleles 3 MAF 4 References

CAT
rs1001179 11:34438684 upstream, −250

bp C > T 0.216 [13,14]

rs769214 11:34438170 upstream, −764
bp A > G 0.346 [15,16]

CYBA rs1049255 16:88643329 3′-UTR A > G 0.495 [17]

GPX1 rs1050450 3:49357401 coding, missense C > T 0.239 [18,19]

MPO rs2333227 17:58281401 upstream, −466
bp G > A 0.192 [10,20]

OGG1 rs1052133 3:9757089 coding, missense C > G 0.203 [21,22]

SOD2 rs4880 6:159692840 coding, missense T > C 0.486 [10,12,14,19]

SOD3 rs699473 4:24795181 upstream, −297
bp T > C 0.356 [14]

1 According to the genome build GRCh38.p12 (https://www.ncbi.nlm.nih.gov/, accessed on 30 November 2020), with the chromosome number
and the chromosomal position given. 2 In case the polymorphic site is located upstream of the transcribed gene the distance to the ATG start
codon of the major transcript (as annotated in GRCh38.p12) is indicated in basepairs (bp). 3 The denoted alleles refer to the sense strand of the
respective gene. 4 MAF = minor allele frequency, i.e., the frequency right to the “>” symbol in the “Allele” column, as observed in the here
reported study.

2. Results
2.1. Eligible Patients

Out of the initial dataset of 388 patients, 287 were finally eligible upon applying the
exclusion criteria, as delineated in the flowchart (Figure 1) and described in the Patients
and Methods section.

Figure 1. Flowchart to inform about the sample selection criteria, reducing the initial number of 388
patients to a final 287 eligible for assessment of genotypes in relation to clinical outcome.

https://www.ncbi.nlm.nih.gov/
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The few patients who died within three months upon surgery or those with a follow-up shorter than
three months after surgery were excluded since sustainable effects of N-RCT could not be addressed
in these cases.

2.2. Patient Baseline, Tumor, and Treatment Characteristics in Relation to Clinical Outcome

Baseline and disease characteristics of the 287 eligible patients are summarized in
Table 2. Median follow-up was 64.4 months.

Table 2. Baseline patient, disease, and treatment characteristics (based on the 287 eligible patients).
If not otherwise stated, per item the respective numbers with percentage in brackets are denoted.

Item Numbers (%)

Age (years): median (min–max) 64.4 (20.8–85.4)
Female 95 (33.1)
T category 1

T1 0 (0)
T2 6 (2.1)
T3 256 (89.2)
T4 25 (8.7)

Nodal status 1

N0 60 (20.9)
N+ 227 (79.1)

AJCC stage 2

II 60 (20.9)
III 227 (79.1)

Radiotherapy 3

Completed as planned 282 (98.3)
80% ≤ dose < 100% 5 (1.7)

Type of chemotherapy within N-RCT
5-FU mono 184 (64.1)
5-FU + oxaliplatin 4 103 (35.9)

Chemotherapy within N-RCT completed 5 273 (95.1)
Pathological complete response 48 (16.7)
T category upon N-RCT

ypT0 52 (18.1)
ypT1 32 (11.2)
ypT2 71 (24.7)
ypT3 123 (42.9)
ypT4 9 (3.1)

N category upon N-RCT
ypN0 203 (70.7)
ypN1 61 (21.3)
ypN2 23 (8.0)

Postoperative chemotherapy 214 (74.6)
1 Determined by imaging (CT, MRT, and/or endorectal ultrasound). 2 American Joint Committee on Cancer
(AJCC), TNM Staging System for rectal cancer 8th edition, 2017. 3 Planned radiation dose was 50.4 Gy in 28 × 1.8
Gy fractions, 5 times/week. Only patients who received at least 80% of the initially prescribed dose were included,
i.e., patients with earlier stop of radiotherapy were excluded (n = 12, flowchart Figure 1). 4 This comprises 67
patients treated within or analogous to the experimental arm of the CAO/ARO/AIO-04 trial (with two having
received the prodrug capecitabine instead of 5-FU) and 36 patients with treatment according to the TransValid-B
protocol. 5 In 14 patients, the chemotherapy administered was prematurely stopped due to intolerable side effects.

Baseline patient, disease, and treatment characteristics were interrogated for impact
on clinical outcome. Patients with a pathologically complete response (pCR) upon N-RCT,
as ascertained at tumor resection, exhibited improved outcome: OS and freedom from
distant metastasis (FDM) were increased (both p < 0.05) and, in a borderline manner, CSS
was also better (p = 0.07). In contrast, freedom from local recurrence (FLR) was not affected
by pCR. As expected, strong associations were observed for the nodal status at time of
surgical resection: viable tumor cells still were found in the lymph nodes following N-RCT
(i.e., ypN+), with markedly worsened FDM, CSS, and OS (Figure 2). For instance, the
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risk for tumor-specific death was 3-fold higher in case of ypN+ (see Table 3, univariable
Cox regression).

Figure 2. Kaplan–Meier plots for freedom of local recurrence (FLR), (A), freedom from distant metastasis (FDM), (B), cancer-
specific survival (CSS), (C), and overall survival (OS), (D), depending on the histopathological nodal status (ypN) at time of
surgical tumor resection upon neoadjuvant radiochemotherapy. The two groups, i.e., ypN+ vs. ypN0, were statistically
compared by the log-rank test.

Table 3. Univariable Cox regression for assessing the impact of patient baseline, tumor, treatment, and OGG1 genotype
on freedom from locoregional relapse (FLR), freedom from distant metastasis (FDM), cancer-specific survival (CSS), and
overall survival (OS). Nominal p values < 0.05 are highlighted in bold.

Variable FLR FDM CSS OS

Hazard Ratio
(95% CI) p Value Hazard Ratio

(95% CI) p Value Hazard Ratio
(95% CI) p Value Hazard Ratio

(95% CI) p Value

Age (per
year)

0.98
(0.93–1.03) 0.36 1.00

(0.98–1.03) 0.96 1.01
(0.97–1.04) 0.78 1.03

(1.00–1.06) 0.02

Sex
Female (95)
vs. male
(192)

1.12
(0.38–3.28) 0.84 0.76

(0.42–1.38) 0.37 1.32
(0.63–2.78) 0.46 1.07

(0.60–1.91) 0.81

T category
T4 (25) vs.
T2-T3 (262)

0.70
(0.09–5.34) 0.73 0.35

(0.09–1.44) 0.15 0.67
(0.16–2.83) 0.59 0.96

(0.38–2.42) 0.94

N category
N+ (227) vs.
N0 (60)

1.23
(0.49–3.05) 0.66 0.74

(0.46–1.22) 0.24 0.70
(0.35–1.39) 0.31 0.74

(0.44–1.23) 0.24
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Table 3. Cont.

Variable FLR FDM CSS OS

Hazard Ratio
(95% CI) p Value Hazard Ratio

(95% CI) p Value Hazard Ratio
(95% CI) p Value Hazard Ratio

(95% CI) p Value

Radiation
technique 1

VMAT (119)
vs. 3D-RT
(157)

0.24
(0.05–1.07) 0.06 0.89

(0.52–1.53) 0.67 0.82
(0.38–1.77) 0.61 0.62

(0.33–1.15) 0.13

N-RCT
with
oxaliplatin
Yes (103) vs.
no (184)

0.66
(0.21–2.08) 0.48 0.78

(0.44–1.37) 0.38 1.06
(0.50–2.22) 0.88 1.39

(0.81–2.38) 0.23

pCR
Yes (48) vs.
no (239)

0.69
(0.16–3.04) 0.62 0.26

(0.81–0.83) 0.02 0.16
(0.02–1.18) 0.07 0.09

(0.01–0.64) 0.02

ypN+
Yes (84) vs.
no (203)

1.85
(0.66–5.19) 0.25 3.09

(1.83–5.23) <0.001 3.47
(1.69–7.15) <0.001 2.48

(1.46–4.24) <0.001

Adjuvant
chemother-
apy
Yes (214) vs.
no (73)

1.17
(0.33–4.17 0.81 0.99

(0.53–1.85) 0.98 0.72
(0.31–1.63) 0.42 0.66

(0.36–1.21) 0.18

OGG1
rs1052133
GG + GC
(105) vs. CC
(182)

2.77
(0.99–7.79) 0.05 1.72

(1.02–2.91) 0.04 3.64
(1.70–7.78) <0.001 2.12

(1.24–3.63) 0.006

1 For assignment of a patient to the radiation technique, it was necessary that at least 80% of the fractions were administered as either
volumetric-modulated arc therapy (VMAT) or three-dimensional radiotherapy (3D-RT), respectively. Thus, eleven patients did not meet this
criteria (i.e., not unequivocally attributable as substantial fractions of both techniques applied).

Since the time span of included patients extends over a long period, from 01/1998 to
08/2016, we tested whether time of treatment might have biased the outcome. Taking the
date of surgery as a continuous variable revealed no impact on either outcome parameter
tested (all p > 0.3 by univariable Cox regression analyses). Splitting the entire patient
cohort at the median surgery date in two groups revealed also no relation with any of the
outcome measurements (all p > 0.3 by log-rank test). Thus, treatment time does not convey
a relevant bias in the here presented patient cohort. Over time, irradiation has technically
evolved. Whereas in the earlier times three-dimensional radiotherapy (3D-RT) application
was the standard, which affected 57% of our patient cohort, later on it was replaced
by volumetric-modulated arc therapy (VMAT, a further advance of intensity-modulated
radiotherapy where the gantry rotates around the patient, substantially reducing irradiation
time). Whereas VMAT slightly improved freedom from local recurrence in comparison to
3D-RT (p = 0.04 by log-rank test, p = 0.06 by Cox regression, see Table 3), the two different
techniques did not relevantly modify the other outcome parameters (all p > 0.2).

2.3. Genetic Polymorphisms and Initial Tumor Staging Parameters

The two SNPs in catalase, an enzyme for detoxifying hydrogen peroxide into oxygen
and water, revealed an association with initial tumor size: hetero- or homozygous T variant
allele carriers at rs1001179 experienced a risk ratio (RR) of 2.59 (95% confidence interval
1.17–5.71, p = 0.017 by Fisher’s exact test) for having initial T4 tumors versus T2–T3 in
comparison to individuals with the CC wildtype at this site. In contrast, in case of the
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rs769214 C variant allele, the T4 tumors were less frequent than T2–T3, with a RR of 0.41
(0.18–0.92, p = 0.031) compared with the TT wildtype at this position. In terms of the initial
N stage, the T variant at MPO rs2333227 was slightly under-represented in N+ cases with
a RR of 0.87 (0.76–1.01, p = 0.047). More advanced N stages at diagnosis, i.e., N2-N3 vs.
N0-N1, were observed for homozygous carriers of GG at OGG1 rs1052133 and CC at CAT
rs769214, with RRs of 4.22 (1.39–12.82, p = 0.04) and 3.17 (1.26–7.94, p = 0.02) referred to
the GC + CC and CT + TT genotypes, respectively. One should keep in mind the low
numbers of the N2-N3 stages (see Table 2). Only the effect of the variant T allele SNP in
MPO also translated into discrimination of the UICC category III vs. II in a borderline
manner (RR 0.87, 0.76–1.01, p = 0.05). Statistical significance could not be reached for any
of these features upon adjustment for multiple testing.

2.4. Genetic Polymorphisms and Tumor Response

Neither pathological complete response, which was achieved in 48 (17%) patients, nor
ypT0 vs. ypT1-4 was dependent on any of the eight considered genetic polymorphisms.
Viable tumor cells in lymph nodes upon neoadjuvant treatment (i.e., ypN+) were less likely
present in carriers of the homozygous variant CC genotype of SOD2 rs4880 in comparison
to the combined group of TT and TC (RR 0.56, 0.33–0.95, p = 0.02, recessive allele effect).
A trend towards a higher rate of ypN+ was observed for patients harboring at least one
G variant allele of OGG1 rs1052133 (RR 1.40, 0.98–2.00, p = 0.08, dominant allele effect).
Again, statistical significance is not retained when adjusting for multiple tests.

2.5. Genetic Polymorphisms and Clinical Outcome

Of the eight considered genetic polymorphisms, a consistent impact on all four out-
come parameters was seen for the Cys326 variant at rs1052133 of 8-oxoguanine DNA
glycosylase (OGG1). The strongest association observed was with regard to cancer-specific
survival (CSS) for which carriers of Cys326 exhibited a more than 3-fold increased risk.
A dominant mode of action is assumed as this effect was seen when contrasting the het-
erozygous and homozygous Cys326 variant allele against the homozygous Ser326 wildtype
allele carriers. Kaplan–Meier plots visualize these effects (Figure 3). Due to the exploratory
fashion by which the genetic data were evaluated with respect to outcome, adjustment
of the threshold for statistical significance was done according to the Bonferroni method.
With eight genetic markers and four outcome parameters, the raw p values (praw) are
accordingly multiplied by 32 to define the threshold for the adjusted p values (padj). In case
of the association of rs1052133 with CSS, the Padj was 0.02. Thus, the level of statistical
significance here was still met upon correction for multiplicity testing. This approach for
multiplicity testing adjustment is deemed conservative as the outcome parameters are
partially linked and do not convey completely independent information. The other seven
genetic polymorphisms did not demonstrate any impact on the investigated outcome.
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Figure 3. Kaplan-Meier plots for FLR (A), FDM (B), CSS (C), and OS (D), depending on the OGG1 rs1052133 polymorphism.
Differences by genotype were statistically assessed by the log-rank test.

2.6. Multiparametric Assessment for Clinical Outcome

The effect of rs1052133 on clinical outcome was then analyzed in a multivariable way
together with age, pCR, and ypN+, which elicited a relation with outcome at p < 0.05 in
the univariable analysis (Table 3). In this multivariable Cox regression analysis (Table 4),
the strong impact of rs1052133 on outcome was retained. It turned out as the strongest
predictor for CSS and OS among the investigated variables. Specifically, carriers of at least
one Cys326 allele encountered a risk for a CSS event with a hazard ratio of 3.08 (95% CI
1.46–6.48, p = 0.003) compared to patients homozygous for the Ser326 allele adjusted for
the effects of pCR and ypN+ in this multivariable analysis. Actually, the three features
rs1052133, pCR, and ypN+ elicited an impact on clinical outcome largely independent
from one another. With regard to OS, the association of the OGG1 polymorphism was
comparable to that of pCR when considering the p values. Even for FLR, this genetic
marker elicited a stronger impact than pCR or ypN+, albeit not reaching p < 0.05. For FDM,
the ypN+ status was by far the strongest prognosticator in this multivariable assessment,
as it was in the univariable analysis.
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Table 4. Multivariable Cox regression with the same outcome parameters as in Table 3. Variables that had a p < 0.05 with
any of the outcome measures in the univariable analysis were put in the models (in bold). 2pCR = pathological complete
response at time of surgical resection. 3ypN+ = viable tumor cells in lymph nodes at surgical resection.

Variable FLR FDM CSS OS

Hazard Ratio
(95% CI) p Value Hazard Ratio

(95% CI) p Value Hazard Ratio
(95% CI) p Value Hazard Ratio

(95% CI) p Value

Age (per
year)

0.98
(0.94–1.03) 0.43 1.00

(0.98–1.03) 0.88 1.01
(0.98–1.04) 0.67 1.03

(1.01–1.06) 0.02

pCR 2

Yes (48) vs.
no (239)

0.76
(0.16–3.69) 0.73 0.37

(0.11–1.24) 0.11 0.22
(0.03–1.73) 0.15 0.11

(0.01–0.77) 0.03

ypN+ 3

Yes (84) vs.
no (203)

1.58
(0.53–4.76) 0.41 2.51

(1.46–4.32) <0.001 2.41
(1.14–5.07) 0.02 1.71

(0.99–2.94) 0.06

OGG1
rs1052133
GG + GC
(105) vs.
CC (182)

2.63
(0.92–7.48) 0.07 1.64

(0.97–2.78) 0.07 3.41
(1.58–7.34) 0.002 2.11

(1.23–3.62) 0.007

A combined multiparametric score consisting of the two histopathological features,
pCR and ypN status, as well as the OGG1 rs1052133 polymorphism was generated. To each
of these three parameters, values of either “0” or “1” were assigned. For instance, if pCR
was achieved, it was scored as “0”, as it was in case of ypN0 and the wildtype at rs1052133.
No pCR, a ypN+ status, and the presence of the variant allele at rs1052133 were rated as “1”.
By adding the values for the three considered items, a multiparametric score was derived
that ranged between “0” and “3”. Using this score, a strikingly strong differentiation of
CSS and OS was achieved (Figure 4). Notably, none of the patients with a multiparametric
score of “0” did encounter a CSS or OS event. In contrast, only about 50% of the patients
with a score of “3” were free of CSS or OS events after eight years.

Figure 4. Kaplan–Meier plots for CSS (A) and OS (B), depending on a three parameter score consisting of the status of
pCR, ypN, and OGG1 rs1052133. A multiparametric score of “0” was assigned if pCR was achieved, together with ypN0
and homozygosity for the wildtype allele at rs1052133. A score of “3” means that there was no pCR in combination with
ypN+ and presence of the variant allele (either homo- or heterozygous). Accordingly, intermediate scores of “1” and “2”
were derived for other combinations of the three considered parameters. Statistical assessment was performed by the
log-rank test.

2.7. Subgroup Analyses for Parameters Affecting Clinical Outcome

When stratified by the sort of chemotherapy, which came concomitant with neoadju-
vant radiotherapy, the detrimental effect of Cys326 on CSS was prominent in those patients
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who received 5-fluorouracil as a single cytostatic agent (p = 0.0002 by log-rank test). In pa-
tients given additional oxaliplatin, the impact of Cys326 was not statistically significant
(p = 0.3, see Figure S1 in Supplementary File online). In contrast, the effect of Cys326
on CSS was similar whether adjuvant chemotherapy was given or not (see Figure S2 in
Supplementary File). Regarding the ypN status upon surgery, the impact of the Cys326
variant on CSS was more pronounced in patients with ypN+ compared to ypN0 (Figure
S3, Supplementary File). Patients with a ypN+ status and harboring the Cys326 allele
experienced a hazard ratio of 8.86 (95% confidence interval 3.37–23.34, p = 1 × 10−5) to
encounter a CSS event compared with individuals with ypN0 and homozygous for the
Ser326 allele. Taking the subgroup analyses together, the relevance of the Ser326Cys poly-
morphism came particularly into effect in patients who were treated with 5-fluorouracil as
a single agent chemotherapy concomitant to irradiation and who had a ypN+ status at the
time of surgical resection.

2.8. Functional Assessment of OGG1 rs1052133

Baseline micronuclei rate was not affected by rs1052133. However, an increase with a
statistical trend was noticed for the variant allele when carriers had received about 50%
of the radiation dose. This association even came up a bit stronger when assessed at the
end of the N-RCT (see Supplementary File, Figure S4). The variant allele associated with
worsened clinical outcome was linked to a slightly enhanced genotoxicity in the N-RCT
course, as determined by the micronuclei in the peripheral leucocytes. Noteworthy, when
patient leucocytes (obtained prior to the N-RCT start) were irradiated ex vivo with a single
fraction of 3 Gy, micronuclei formation was not affected by OGG1 rs1052133. In addition
to the micronuclei, also nuclear plasma bridges as a result of genotoxic treatment were
considered; however, no effect of rs1052133 was observed.

In a panel of 185 lymphoblastoid cell lines (LCLs) of Caucasian origin, cellular ra-
diosensitivity was assessed in relation to the OGG1 rs1052133 polymorphism. This anal-
ysis revealed increased radioresistance in cells harboring the variant allele at rs1052133
(Supplementary File, Figure S5).

3. Discussion

This study has discovered a strong impact of the germ-line polymorphism rs1052133
in the OGG1 gene on clinical outcome. The strongest effect was seen for CSS (see Table 3),
which was affected by this polymorphism to a similar extent than the established clinical
feature of a positive nodal status upon N-RCT [23]. Affecting one out of six patients,
pathological complete response was linked to substantially decreased hazard ratios, in
particular in terms of OS. As expected, age was a prognosticator for OS, but not for the
other outcome parameters. VMAT exhibited a trend for better local control compared
with 3D radiotherapy. Notably, tumor staging and grading features did not exhibit any
effect on the outcome of the patients nor did addition of oxaliplatin to N-RCT. This is in
line with the literature data not supporting routine administration of oxaliplatin within
N-RCT [24]. There are, however, controversial data arguing for use of oxaliplatin in
this setting [25]. Interestingly, subgroup analyses of our data set suggest that OGG1
Cys326 carriers might benefit from additional oxaliplatin concomitant to irradiation and
5-fluorouracil. Application of adjuvant chemotherapy did not translate into any significant
outcome benefit in the entire patient cohort, consistent with a systematic review and
meta-analysis [26].

In the multivariable analyses, the strong impact of the OGG1 rs1052133 polymorphism
on outcome was retained (Table 4). This indicates the effect of this polymorphism being
independent to a large extent from the considered histopathological features concerning
prognosis. Combining to a multiparametric score revealed particularly distinctions on CSS
and OS (Figure 4). This argues for inclusion of this OGG1 polymorphism on prognostic
outcome in addition to the already established features of pCR and ypN status. This might
be of particular clinical relevance as current attempts seek for organ preservation in se-
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lected patients with rectal cancer upon radio(chemo)therapy followed by consolidation
chemotherapy.

Unlike with clinical outcome, none of the eight presented genetic polymorphisms
affected initial tumor staging parameters or histopathologically assessed tumor response
upon N-RCT when associations were adjusted for multiple testing.

Oxidative DNA damage is considered a major mechanism by which ionizing radiation
exerts cytotoxicity. Formation of 8-hydroxydeoxyguanosine (8-OH-dG) occurs upon radia-
tion exposure and is repairable in a timely manner [27]. Presence of non-repaired 8-OH-dG
may cause a false incorporation of an adenine, resulting in a transversion mutation [28].
In human cells, 8-oxoguanine DNA glycosylase (OGG1) is crucially involved in removal of
8-OH-dG [29,30].

The OGG1 rs1052133 variant allele, which encodes for an amino acid substitution
resulting in an exchange of Ser326 to Cys326, seems to confer a reduced function to the
OGG1 enzyme [31]. Mutagenesis due to 8-OH-dG was less efficiently inhibited by the
Cys326 variant [32]. The Cys variant seems to be more prone toward oxidative stress [33].

In addition, it was demonstrated by immunofluorescence that proper dynamic relo-
calization of the human OGG1 protein is vigorously disturbed in presence of Cys326 due
to an altered phosphorylation status. Specifically, though transported into the nucleus,
the mutant protein seems to be excluded from the nucleolus during the S-phase of the
cell cycle [34]. This might be of particular relevance as the ribosomal DNA of the nucleoli
is very sensitive to ionizing radiation [35]. Furthermore, in the Cys326 mutant protein,
the associations of OGG1 with soluble chromatin and with the nuclear matrix during
interphase as well as with condensed chromatin during mitosis are also disrupted [34].
These dramatic changes might render the mutant less effective for base excision repair. In
mice, the peak activity following ROS exposure was 12 h later for the Cys326 in comparison
with the Ser326 variant [21]. Similarly, upon pro-oxidant treatment, OGG1-initiated base
excision repair was found to be transiently weaker for the Cys326 allele, possibly due to
cysteine residue oxidation [36].

A functionally mitigated action of OGG1 in presence of Cys326 is supported by
our micronuclei assessment with an increasing association during the course of N-RCT.
The moderate effect we have observed is very nicely in line with that reported by Sinitsky
et al. [37]. As in our investigation, they found a slightly enhanced micronuclei formation in
presence of the Cys326 variant, with no impact on nuclear plasma bridges or the nuclear
division index.

Though ex vivo irradiation of peripheral leucocytes induced micronuclei formation
in our study in a highly statistically significant manner, no alteration by Cys326 was seen.
This suggests that the Cys326 effect rather becomes evident in primordial lymphogenic
precursor cells, residing in the bone marrow or in lymphatic tissues, than in the highly
differentiated peripheral lymphocytes. The complex molecular cascades following the
action of OGG1, finally resulting in micronuclei formation, may differ between the type
and differentiation status of cells.

In fact, as demonstrated by the assessment of cell viability performed on highly prolif-
erating LCLs, the Cys326 allele was related to enhanced radioresistance. This observation
with viability as a cellular endpoint may provide a plausible link to the worse CSS and OS
seen in patients with this variant. Based on the mitigated function of the OGG1 Cys326
variant, cells exposed to ROS stress may accumulate cellular damages. This, in turn, may
increase the mutational burden as supported by the abovementioned reports with respect
to carcinogenesis [32,33]. Unlike non-malignant cells, tumor cells may better overcome the
OGG1 Cys326 malfunction by upregulation of other components involved in the orchestra
of antioxidative and DNA repair functions. Possibly, such adaptation processes might even
represent an over-compensation by which such cells acquire increased resistance towards
ROS stress. By that, cells with OGG1 Cys326 may be less prone to cytotoxicity of irradiation
as seen for LCLs. As similar effects are hypothesized for tumor cells, the link to a worse
CSS as a result of enhanced treatment resistance appears at least conceivable.
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The detrimental effect of the OGG1 Cys326 variant on clinical outcome may be re-
versed by addition of oxaliplatin to the N-RCT setting. Interestingly, as cytotoxicity of
oxaliplatin was found to be in part unrelated to oxidative DNA damage [38], tumor cells
might be prone towards this agent despite a possibly enhanced anti-oxidative capacity.

How is it conceivable that a variant with mitigated DNA repair capacity confers a
worse outcome, in particular in terms of CSS? Is it rather the course of the disease or
treatment-related? This could not sufficiently be answered in absence of a control cohort
without medical intervention. One might argue that sensitivity toward a genotoxic regimen
should be augmented in case of diminished DNA repair capacity. If that is the issue,
Cys326 carriers should rather have faced a better than worse outcome. However, Cys326
might be a feature of more aggressive tumors. The homozygous GG genotype at rs1052133
was more frequently present initially in N2-N3 situations, but there were only few such
cases in our study. In addition, this G allele showed a trend for over-representation in
diseases, which remained ypN+ upon neoadjuvant therapy. As demonstrated by subgroup
analyses, the presence of Cys326 was particularly detrimental in patients with ypN+
and treated with single 5-FU agent chemotherapy concurrent to irradiation (Figure S1,
Supplementary File). In other words, carriage of Cys326 might define a patient group
that do not adequately respond to 5-FU. This might plausibly translate, at least in part, in
an enhanced rate of ypN+, for which the negative effect of Cys326 on outcome appeared
particularly evident (Figure S3).

The assumption that the Cys326 effect is rather due to the biology of the disease than
the treatment might be assumed in view of several reports on carcinogenesis. The risk
for urinary bladder cancer in Japanese and for gallbladder cancer in Chinese and Indian
population was substantially increased for carriers of the Cys326 variant [39–41]. However,
respective data for other cancer entities are equivocal, such as lung carcinoma [42–44] or
head and neck cancers [45,46]. In meta-analyses addressing the impact of the Ser326Cys
polymorphism on colorectal cancer risk, no association was observed in one study [47],
whilst two others reported Cys326 to be a risk allele in Caucasians [48,49]. More specifically,
OGG1 Cys326 has been related to an increased cancer risk in the rectum but not at other
sites in the colon [50]. However, if a person already is at enhanced risk for colorectal cancer
due to deficiencies in DNA mismatch repair causing Lynch syndrome, this risk was not
further elevated by low penetrance alleles such as the OGG1 Cys326 variant [51]. Finally,
when considering the entire body of available literature, this variant might be attributed a
small contribution to (colo)rectal cancer risk. If so, our observations might, at least in part,
reflect the tumor biology and thereby the natural course of the disease.

Nevertheless, an interaction of this genetic variant with the treatment regimen is still
possible. Interestingly, as sub-group analyses clearly demonstrated, the effect of rs1052133
on CSS is restricted to the patients treated with 5-FU as a single chemotherapeutic agent
during N-RCT. Furthermore, it remains to be assessed whether this genetic polymorphism
discriminates outcome also under new regimen such as RAPIDO for locally advanced
high-risk rectal cancer [8].

Determination of the OGG1 Cys326 variant might add a benefit in two instances:
According to the aforementioned subgroup analysis, carriers of the Cys326 variant might
profit from an intensified chemotherapy component within the N-RCT course, i.e., by
adding oxaliplatin. Moreover, this OGG1 polymorphism might, given its strong discrimi-
nation of CSS and OS together with the histopathological features of pCR and ypN status,
assist in the adjuvant setting to guide further treatment and intensity of aftercare.

The here presented study has some limitations. Though the patients were treated
according to well-defined protocols, there were some inherent treatment particularities.
Whereas escalation of chemotherapy by adding on oxaliplatin to the N-RCT and technical
evolutions of radiotherapy were well documented and a relevant bias could be ruled
out, this is more difficult with regard to further adjuvant chemotherapy after surgery.
The latter was intended and administered to the majority of patients; however, substantial
heterogeneity occurred in the dosages and completion rates of the adjuvant chemotherapy.
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We were not able to fully control for these uncertainties as these treatments were all
conducted outside our department.

Though the patients were accrued in a prospective fashion according to established
study protocols, the genetic analyses have to be considered as retrospective and thus
hypothesis-generating, not hypothesis-proving. With OS and CSS regarded as the most
relevant outcome parameters, the relatively low event rate even over a long time frame
renders the analysis susceptible to a limited number of cases driving the statistical signifi-
cance. Thus, further investigations, at best in a prospective clinical fashion, are necessary
to confirm whether the OGG1 rs1052133 polymorphism is a relevant prognostic biomarker
in locally advanced rectal cancer treated in a multimodal fashion. Future or ongoing trials
on rectal cancer might assess the impact of this genetic marker.

4. Patients and Methods
4.1. Eligibility Criteria

Patients treated in a multimodal setting with N-RCT at the Göttingen Medical Uni-
versity Center, a tertiary medical institution, between 01/1998 and 08/2016, for locally
advanced cancer in the middle or lower third of the rectum without distant metastases,
were considered for this study. Treatment was according to the study protocol (see be-
low). Out of the initial number of 388 patients, 101 were excluded from this study for
several reasons. Patients with conditions that might strongly bias the clinical outcome upon
multimodal therapy were removed from further analysis, i.e., initial presence of distant
metastasis (n = 30) or a synchronous second malignancy (n = 4). A minimum follow-up
of three months was defined to assess the effects of N-RCT on survival. Thus, patients
who had a shorter follow-up (n = 3) or who died within three months post-surgery (n = 3)
were also deemed not eligible. This is reasoned by the fact that some patients already
might have hidden distant metastasis that was undetected at initial staging but became
prevalent within a short timeline upon surgery. Therapy-related causes for exclusion
comprise changes in the therapy concept (n = 4), irradiation applied at another institution
with no data available (n = 2), or stopping the N-RCT before reaching 80% of the intended
radiation dose (n = 12). For a relatively high number of patients, no DNA was available
for genotyping, resulting in a further drop-out of 43 patients. Finally, 287 patients were
eligible for the genotype–outcome analyses (see flowchart in Figure 1 above).

4.2. Disease Staging

Initial staging examinations included medical history, clinical examination, full blood
count, blood concentration of carcinoembryonic antigen, abdominal ultrasound, chest
X-rays, and pelvic MRT or contrast-embedded CT of the pelvis. Biopsies were taken during
rigid rectoscopy with endoscopic ultrasound. The distribution of tumor stages is shown
above in Table 2. Overall, 60 patients were classified as AJCC stage II (20.9%) and 227 as
AJCC stage III (79.1%) before treatment (according to AJCC 8th edition, 2017). The lower
border of all tumors was between 0 and 12 cm measured from the anal verge. All tumors
were histologically determined as adenocarcinoma.

4.3. Multimodal Treatment Sequence

Treatment regimens consisted of N-RCT, TME surgery, and further adjuvant chemother-
apy, as per the study protocol or depending on postsurgical risk factors. Treatment was
conducted according to the protocols of four trials that differed essentially by two different
chemotherapy strategies applied in parallel to radiotherapy, and, if indicated, also in an
adjuvant setting. 5-fluorouracil as a single chemotherapeutic agent was administered in
the experimental arm of the phase III CAO/ARO/AIO-94 trial [7], the standard arm of
the phase III CAO/ARO/AIO-04 trial [52], and the single arm biomarker TransValid-A
(NCT03034473) study. Oxaliplatin in conjunction with 5-fluorouracil was added in the ex-
perimental arm of the phase III CAO/ARO/AIO-04 trial and in the phase I/II TransValid-B
(EudraCT 2011-004228-37) trial.
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Radiotherapy was delivered using a linear accelerator. The intended total dose was
50.4 Gy with a daily fraction of 1.8 Gy five times per week. Given the long treatment period,
radiation techniques applied for patients of this study evolved from 3D-planned over
intensity-modulated (IMRT) to volumetric-modulated arc radiotherapy (VMAT). Prescribed
radiation dosing was in accordance with each the current version of the International
Commission on Radiation Units and Measurement Report.

Concomitant to radiotherapy, all patients received chemotherapy of which the full
planned dose was achieved in 95% of the subjects (Table 2). Almost two thirds (184/287)
obtained 5-fluorouracil (5-FU) as the sole agent within the course of N-RCT. This substance
was administered at 1000 mg/m2/d as a continuous infusion for 120 h during the first and
fifth week of N-RCT.

The other third of patients (103/287) was treated by an intensified regimen comprising
a combination of 5-FU with oxaliplatin. In this case, the dose density of 5-FU was reduced
to 250 mg/m2 TBSA/d supplied by four 7-day pumps from d1 to d14 and d22 to d35.
Oxaliplatin (50 mg/m2 TBSA) was applied four times during N-RCT at d1, d8, d22, and
d29 over a 2 h-infusion prior to plugging the 5-FU pump. For patients treated according
to the TransValid-B protocol (n = 36), the N-RCT was followed by three additional cycles
of FOLFOX (folinic acid, 5-FU, oxaliplatin) prior to rectal resection with total mesorectal
excision (TME) performed six weeks after completion of N-RCT or three weeks subsequent
to the 3rd FOLFOX cycle in TransValid-B.

The majority of patients (214/287, 75%) was assigned to further adjuvant chemother-
apy. Treatment start was scheduled one month after surgery. Of those, 147 received 5-FU
(bolus 500 mg/m2 TBSA/d) as monotherapy given in four five-day cycles every five weeks.
Eight of these patients did not obtain the full adjuvant 5-FU dose. One patient got the 5-FU
prodrug capecitabin. Intensified adjuvant chemotherapy was delivered according to the
experimental arm of the CAO/ARO/AIO-04 trial. One month after surgery, 100 mg/m2

TBSA oxaliplatin, 400 mg/m2 TBSA folinic acid, both in a two-hour infusion, and 5-FU
2400 mg/m2 TBSA in a 46 h continuous infusion were given every two weeks up to 8
cycles total. Out of 66 patients assigned to this treatment, 42 completed eight cycles of the
adjuvant chemotherapy as planned. Patients treated within the TransValid-B trial received
no further treatment as they already got three additional chemotherapy cycles between the
N-RCT and surgery.

4.4. Assessment of Treatment Outcome

Patients were followed-up until March 2020. As the outcome parameters, the freedom
from local regional relapse, freedom from distant metastasis, cancer-specific survival, and
overall survival, abbreviated as FLR, FDM, CSS, and OS, were assessed.

4.5. Genotyping

Eight genetic polymorphisms in seven genes, which code for enzymes involved in
handling reactive oxygen species, were genotyped. These polymorphisms were selected
based on the literature as having medical or functional relevance (see column “Reference”
in Table 1). The selected sites were genotyped by the primer extension method (SNaPshot™,
Applied Biosystems, Foster City, CA, USA) in DNA isolated from the peripheral blood cells
of the patients. Hardy–Weinberg equilibrium was fulfilled for all eight genotyped sites (all
p-values > 0.4 according to Pearson’s χ2-test). Sequences of the primers for multiplex PCR
and of the primers for extension at the assayed polymorphic site (“SNaPshot primers”) are
provided in Table S1, in the online Supplementary File.

4.6. Micronuclei Assessment

In a subset (n = 148) of the considered clinical cohort, peripheral blood samples were
drawn prior to, in the middle, and at the end of the N-RCT. Micronuclei formation was
assessed as a hallmark for treatment-conferred genotoxicity, as described previously [53,54].
Briefly, using patient blood lymphocytes, the cytokinesis-block micronucleus cytome assay
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was performed. The blood lymphocytes were obtained by density-gradient centrifuga-
tion. Phytohaemagglutinin was used to stimulate the cells and further cell division was
stopped via cytochalasin B. Finally, upon cytospin centrifugation, the cytogenetic damage
(micronuclei and nucleoplasmatic bridges formation) was quantified.

4.7. Cell Viability Assessment

Lymphoblastoid cell lines (LCLs) were used as a model for highly proliferating
cells and were purchased from the Coriell institute (http://ccr.coriell.org, accessed on
3 June 2021) and are listed in Table S2. Radiosensitivity of 185 LCLs of Caucasian origin
was assessed as cellular viability in response to a single fraction of 3 Gy photons. Irradi-
ation was carried out by a RS 225 X-ray cabinet (Gulmay Medical Systems, Camberley,
Surrey, UK) using 200 kV, 15 mA, and filtration with 0.5 mm copper. Irradiated and non-
irradiated LCLs, which served as the controls, were incubated for 24 h in an incubator at
37 ◦C and with 5% CO2. Then, alamarBlueTM reagent (Thermo Fisher Scientific, Waltham,
MA, USA) was added. Upon a further 4 h of incubation, the cell viability was recorded by
a microplate reader (Tecan Ultra, Männedorf, Switzerland). For each LCL, cell viability of
an irradiated sample was ascertained as the percentage in relation to the non-irradiated
control. Genotypes at OGG1 rs1052133 for the individual LCLs were obtained from the
1000 Genomes Project (https://www.internationalgenome.org, accessed on 3 June 2021).

4.8. Ethical Approval

The study procedures were conducted in accordance with the ethical standards on hu-
man experimentation of the World Medical Association Declaration of Helsinki. Approval
was obtained by the Ethics Committee of the University of Göttingen, Germany (applica-
tion numbers 20/9/95, 9/8/08). All participating patients or their legal representatives
have given written informed consent.

4.9. Statistical Analyses

The impact of the genetic and non-genetic features on the treatment outcome parame-
ters was evaluated by Kaplan–Meier plots along with a log-rank test and by univariable
and multivariable Cox regression. A nominal level of statistical significance was set at
p < 0.05. Considering multiplicity testing of the genetic data, which were evaluated in
relation to clinical outcome in an exploratory way, the respective p values were adjusted
for the numbers of genetic polymorphisms. Data were analyzed using the software SPSS (v
26, IBM) and R 4.0.2 with the “KMWin” (Kaplan–Meier for Windows) plugin [55].

5. Conclusions

We report on a germline genetic polymorphism in OGG1 resulting in the missense
mutation Ser326Cys, strongly affecting outcome upon multimodal treatment of rectal
cancer. Carriers of the Cys variant experienced worse outcome. This finding attracts
relevance for several reasons. First, 37% of the general population harbor at least one
variant allele of this polymorphism. Second, a consistent effect of this genetic marker on the
reported outcome parameters was observed, having the strongest relation to cancer-specific
survival and even holding statistical significance upon adjustment for multiple testing.
Third, in the multivariable analyses, the effect of this biomarker on CSS and OS surpassed
those of pCR and ypN status, two established factors with high prognostic significance.
A particularly strong discrimination of CSS and OS outcome could be achieved with a
multiparametric score combing OGG1 rs1052133, pCR, and ypN status. Fourth, one might
speculate on the differential mechanistic actions of the two alleles at amino acid position
326 in OGG1. In line with mitigated base excision repair reported in the literature for
Cys326, we found an increased rate of micronuclei formation upon irradiation, suggestive
of reduced clearance from ROS-driven DNA damage. The Cys326 variant might be linked
to enhanced radioresistance as proposed by data obtained in a panel of 185 LCLs. Further
clinical and functional studies are intended to define the medical conditions in which this

http://ccr.coriell.org
https://www.internationalgenome.org
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biomarker may make a prognostic difference and should thus be considered as a target for
future therapeutic approaches.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cancers13112805/s1, Figure S1: CSS in dependence on the OGG1 rs1052133 polymorphism
stratified by sort of chemotherapy concomitant to irradiation. Figure S2: CSS in dependence on
the OGG1 rs1052133 polymorphism stratified by whether adjuvant chemotherapy was given or not.
Figure S3: CSS in dependence on the OGG1 rs1052133 polymorphism stratified by post-surgery ypN
status. Figure S4: Micronuclei rate in patient leucocytes during the time course of N-RCT stratified by
OGG1 rs1052133. Figure S5: Radiosensitivity of lymphoblastoid cell lines in dependence on OGG1
rs1052133. Table S1: Primer sequences for multiplex PCR and polymorphic sites assayed. Table S2:
List of employed lymphoblastoid cell lines.

Author Contributions: Conceptualization, M.L., L.H.D., H.A.W., J.B., J.G., S.R., M.A.S.; methodology,
M.L., T.R., L.H.D., L.H., M.G., M.A.S.; formal analysis, M.L., M.A.S.; investigation, M.L., T.R.; L.H.D.,
L.H., M.G., H.A.W., M.A.S.; data curation, M.L., T.R., M.A.S.; writing—original draft preparation,
M.L., M.A.S.; writing—review and editing, all authors; supervision, J.B., S.R.; funding acquisition,
H.A.W., J.B., J.G., M.A.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Deutsche Forschungsgemeinschaft (DFG), grant “Klinische
Forschergruppe (KFO) 179“.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Ethics Committee of the University of Göttingen
(protocol codes 20/9/95 and 9/8/08).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: Primer sequences are provided in the Supplementary Materials.
The datasets used for this manuscript, anonymous for the individual patients, could be obtained
from the corresponding author by reasonable request.

Acknowledgments: The authors acknowledge the technical assistance of Sandra Hoffmeister.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fietkau, R.; Zettl, H.; Klocking, S.; Kundt, G. Incidence, therapy and prognosis of colorectal cancer in different age groups.

A population-based cohort study of the Rostock Cancer Registry. Strahlenther. Onkol. 2004, 180, 478–487. [CrossRef]
2. Belluco, C.; De Paoli, A.; Canzonieri, V.; Sigon, R.; Fornasarig, M.; Buonadonna, A.; Boz, G.; Innocente, R.; Perin, T.; Cossaro, M.;

et al. Long-term outcome of patients with complete pathologic response after neoadjuvant chemoradiation for cT3 rectal cancer:
Implications for local excision surgical strategies. Ann. Surg. Oncol. 2011, 18, 3686–3693. [CrossRef]

3. Bosset, J.-F.; Calais, G.; Mineur, L.; Maingon, P.; Stojanovic-Rundic, S.; Bensadoun, R.-J.; Bardet, E.; Beny, A.; Ollier, J.-C.; Bolla, M.;
et al. Fluorouracil-based adjuvant chemotherapy after preoperative chemoradiotherapy in rectal cancer: Long-term results of the
EORTC 22921 randomised study. Lancet Oncol. 2014, 15, 184–190. [CrossRef]

4. Gérard, J.-P.; Conroy, T.; Bonnetain, F.; Bouché, O.; Chapet, O.; Closon-Dejardin, M.-T.; Untereiner, M.; LeDuc, B.; Francois, É.;
Maurel, J.; et al. Preoperative radiotherapy with or without concurrent fluorouracil and leucovorin in T3-4 rectal cancers: Results
of FFCD 9203. J. Clin. Oncol. 2006, 24, 4620–4625. [CrossRef]

5. Kapiteijn, E.; Marijnen, C.A.; Nagtegaal, I.; Putter, H.; Steup, W.H.; Wiggers, T.; Rutten, H.J.; Pahlman, L.; Glimelius, B.; Van
Krieken, J.H.J.; et al. Preoperative radiotherapy combined with total mesorectal excision for resectable rectal cancer. New Engl. J.
Med. 2001, 345, 638–646. [CrossRef] [PubMed]

6. Sauer, R.; Becker, H.; Hohenberger, W.; Rödel, C.; Wittekind, C.; Fietkau, R.; Martus, P.; Tschmelitsch, J.; Hager, E.; Hess, C.F.; et al.
Preoperative versus postoperative chemoradiotherapy for rectal cancer. New Engl. J. Med. 2004, 351, 1731–1740. [CrossRef]

7. Sauer, R.; Liersch, T.; Merkel, S.; Fietkau, R.; Hohenberger, W.; Hess, C.; Becker, H.; Raab, H.-R.; Villanueva, M.-T.; Witzigmann,
H.; et al. Preoperative versus postoperative chemoradiotherapy for locally advanced rectal cancer: Results of the German
CAO/ARO/AIO-94 randomized phase III trial after a median follow-up of 11 years. J. Clin. Oncol. 2012, 30, 1926–1933.
[CrossRef] [PubMed]

8. Bahadoer, R.R.; A Dijkstra, E.; Van Etten, B.; Marijnen, C.A.M.; Putter, H.; Kranenbarg, E.M.-K.; Roodvoets, A.G.H.; Nagtegaal,
I.D.; Beets-Tan, R.G.H.; Blomqvist, L.K.; et al. Short-course radiotherapy followed by chemotherapy before total mesorectal
excision (TME) versus preoperative chemoradiotherapy, TME, and optional adjuvant chemotherapy in locally advanced rectal
cancer (RAPIDO): A randomised, open-label, phase 3 trial. Lancet Oncol. 2021, 22, 29–42. [CrossRef]

https://www.mdpi.com/article/10.3390/cancers13112805/s1
https://www.mdpi.com/article/10.3390/cancers13112805/s1
http://doi.org/10.1007/s00066-004-1260-z
http://doi.org/10.1245/s10434-011-1822-0
http://doi.org/10.1016/S1470-2045(13)70599-0
http://doi.org/10.1200/JCO.2006.06.7629
http://doi.org/10.1056/NEJMoa010580
http://www.ncbi.nlm.nih.gov/pubmed/11547717
http://doi.org/10.1056/NEJMoa040694
http://doi.org/10.1200/JCO.2011.40.1836
http://www.ncbi.nlm.nih.gov/pubmed/22529255
http://doi.org/10.1016/S1470-2045(20)30555-6


Cancers 2021, 13, 2805 17 of 19

9. Fokas, E.; Liersch, T.; Fietkau, R.; Hohenberger, W.; Beissbarth, T.; Hess, C.; Becker, H.; Ghadimi, M.; Mrak, K.; Merkel, S.; et al.
Tumor regression grading after preoperative chemoradiotherapy for locally advanced rectal carcinoma revisited: Updated results
of the CAO/ARO/AIO-94 trial. J. Clin. Oncol. 2014, 32, 1554–1562. [CrossRef]

10. Ahn, J.; Ambrosone, C.B.; Kanetsky, P.A.; Tian, C.; Lehman, T.A.; Kropp, S.; Helmbold, I.; Von Fournier, D.; Haase, W.; Sautter-Bihl,
M.L.; et al. Polymorphisms in genes related to oxidative stress (MPO, MnSOD, CAT) and survival after treatment for breast
cancer. Cancer Res. 2005, 65, 1105–1111.

11. Hubackova, M.; Vaclavikova, R.; Ehrlichova, M.; Mrhalova, M.; Kodet, R.; Kubackova, K.; Vrána, D.; Gut, I.; Soucek, P. Association
of superoxide dismutases and NAD(P)H quinone oxidoreductases with prognosis of patients with breast carcinomas. Int. J.
Cancer 2012, 130, 338–348. [CrossRef]

12. Yao, S.; Barlow, W.E.; Albain, K.S.; Choi, J.-Y.; Zhao, H.; Livingston, R.B.; Davis, W.; Rae, J.M.; Yeh, I.-T.; Hutchins, L.F.; et al.
Manganese superoxide dismutase polymorphism, treatment-related toxicity and disease-free survival in SWOG 8897 clinical trial
for breast cancer. Breast Cancer Res. Treat 2010, 124, 433–439. [CrossRef]

13. Forsberg, L.; Lyrenäs, L.; Morgenstern, R.; De Faire, U. A common functional C-T substitution polymorphism in the promoter
region of the human catalase gene influences transcription factor binding, reporter gene transcription and is correlated to blood
catalase levels. Free Radic. Biol. Med. 2001, 30, 500–505. [CrossRef]

14. Rajaraman, P.; Hutchinson, A.; Rothman, N.; Black, P.M.; Fine, H.A.; Loeffler, J.S.; Selker, R.G.; Shapiro, W.R.; Linet, M.S.; Inskip,
P.D. Oxidative response gene polymorphisms and risk of adult brain tumors. Neuro Oncol. 2008, 10, 709–715. [CrossRef] [PubMed]

15. Chen, H.-I.; Lin, Y.-T.; Jung, C.-R.; Hwang, B.-F. Interaction Between Catalase Gene Promoter Polymorphisms and Indoor
Environmental Exposure in Childhood Allergic Rhinitis. Epidemiology 2017, 28 (Suppl. S1), S126–S132. [CrossRef] [PubMed]

16. Song, X.; Gong, W.; Shen, H.; Li, X.; Ding, L.; Han, L.; Zhang, H.; Zhu, B.; Liu, X. Correlation between CAT polymorphism
and susceptibility to DMAc-induced abnormal liver function: A case-control study of Chinese population. Biomarkers 2018, 23,
147–153. [CrossRef] [PubMed]

17. Hoffmann, M.; Schirmer, M.A.; Tzvetkov, M.V.; Kreuz, M.; Ziepert, M.; Wojnowski, L.; Kube, D.; Pfreundschuh, M.; Trümper, L.;
Loeffler, M.; et al. A functional polymorphism in the NAD(P)H oxidase subunit CYBA is related to gene expression, enzyme
activity, and outcome in non-Hodgkin lymphoma. Cancer Res. 2010, 70, 2328–2338. [CrossRef]

18. Bhatti, P.; Stewart, P.A.; Hutchinson, A.; Rothman, N.; Linet, M.S.; Inskip, P.D.; Rajaraman, P. Lead exposure, polymorphisms in
genes related to oxidative stress, and risk of adult brain tumors. Cancer Epidemiol. Biomark. Prev. 2009, 18, 1841–1848. [CrossRef]

19. Soerensen, M.; Christensen, K.; Stevnsner, T.; Christiansen, L. The Mn-superoxide dismutase single nucleotide polymorphism
rs4880 and the glutathione peroxidase 1 single nucleotide polymorphism rs1050450 are associated with aging and longevity in
the oldest old. Mech. Ageing Dev. 2009, 130, 308–314. [CrossRef] [PubMed]

20. Cheng, T.Y.; Barnett, M.J.; Kristal, A.R.; Ambrosone, C.B.; King, I.B.; Thornquist, M.D.; Goodman, G.E.; Neuhouser, M.L. Genetic
variation in myeloperoxidase modifies the association of serum alpha-tocopherol with aggressive prostate cancer among current
smokers. J. Nutr. 2011, 141, 1731–1737. [CrossRef] [PubMed]

21. Kershaw, R.M.; Hodges, N.J. Repair of oxidative DNA damage is delayed in the Ser326Cys polymorphic variant of the base
excision repair protein OGG1. Mutagenesis 2012, 27, 501–510. [CrossRef] [PubMed]

22. Hansen, R.; Saebø, M.; Skjelbred, C.F.; Nexø, B.A.; Hagen, P.C.; Bock, G.; Lothe, I.M.B.; Johnson, E.; Aase, S.; Hansteen, I.-L.; et al.
GPX Pro198Leu and OGG1 Ser326Cys polymorphisms and risk of development of colorectal adenomas and colorectal cancer.
Cancer Lett. 2005, 229, 85–91. [CrossRef] [PubMed]

23. Leibold, T.; Shia, J.; Ruo, L.; Minsky, B.D.; Akhurst, T.; Ginsberg, M.J.G.S.; Larson, S.; Riedel, E.; Wong, W.D.; Guillem, J.G.
Prognostic implications of the distribution of lymph node metastases in rectal cancer after neoadjuvant chemoradiotherapy. J.
Clin. Oncol. 2008, 26, 2106–2111. [CrossRef] [PubMed]

24. Gerard, J.P.; Azria, D.; Gourgou-Bourgade, S.; Martel-Laffay, I.; Hennequin, C.; Vendrely, P.-L.E.; François, E.; De la Roche, G.;
Bouché, O. Comparison of two neoadjuvant chemoradiotherapy regimens for locally advanced rectal cancer: Results of the phase
III trial ACCORD 12/0405-Prodige 2. J. Clin. Oncol. 2010, 28, 1638–1644. [CrossRef]

25. Rödel, C.; Graeven, U.; Fietkau, R.; Hohenberger, W.; Hothorn, T.; Arnold, D.; Hofheinz, R.-D.; Ghadimi, M.; Wolff, H.A.; Lang-
Welzenbach, M. Oxaliplatin added to fluorouracil-based preoperative chemoradiotherapy and postoperative chemotherapy of
locally advanced rectal cancer (the German CAO/ARO/AIO-04 study): Final results of the multicentre, open-label, randomised,
phase 3 trial. Lancet Oncol. 2015, 16, 979–989. [CrossRef]

26. Breugom, A.J.; Swets, M.; Bosset, J.-F.; Collette, L.; Sainato, A.; Cionini, L.; Glynne-Jones, R.; Counsell, N.; Bastiaannet, E.; Broek,
C.B.M.V.D.; et al. Adjuvant chemotherapy after preoperative (chemo)radiotherapy and surgery for patients with rectal cancer: A
systematic review and meta-analysis of individual patient data. Lancet Oncol. 2015, 16, 200–207. [CrossRef]

27. Kasai, H.; Crain, P.; Kuchino, Y.; Nishimura, S.; Ootsuyama, A.; Tanooka, H. Formation of 8-hydroxyguanine moiety in cellular
DNA by agents producing oxygen radicals and evidence for its repair. Carcinogenesis 1986, 7, 1849–1851. [CrossRef]

28. Shibutani, S.; Takeshita, M.; Grollman, A.P. Insertion of specific bases during DNA synthesis past the oxidation-damaged base
8-oxodG. Nature 1991, 349, 431–434. [CrossRef]

29. Arai, K.; Morishita, K.; Shinmura, K.; Kohno, T.; Kim, S.-R.; Nohmi, T.; Taniwaki, M.; Ohwada, S.; Yokota, J. Cloning of a
human homolog of the yeast OGG1 gene that is involved in the repair of oxidative DNA damage. Oncogene 1997, 14, 2857–2861.
[CrossRef]

http://doi.org/10.1200/JCO.2013.54.3769
http://doi.org/10.1002/ijc.26006
http://doi.org/10.1007/s10549-010-0840-0
http://doi.org/10.1016/S0891-5849(00)00487-1
http://doi.org/10.1215/15228517-2008-037
http://www.ncbi.nlm.nih.gov/pubmed/18682580
http://doi.org/10.1097/EDE.0000000000000741
http://www.ncbi.nlm.nih.gov/pubmed/29028686
http://doi.org/10.1080/1354750X.2017.1360942
http://www.ncbi.nlm.nih.gov/pubmed/28749186
http://doi.org/10.1158/0008-5472.CAN-09-2388
http://doi.org/10.1158/1055-9965.EPI-09-0197
http://doi.org/10.1016/j.mad.2009.01.005
http://www.ncbi.nlm.nih.gov/pubmed/19428448
http://doi.org/10.3945/jn.111.141713
http://www.ncbi.nlm.nih.gov/pubmed/21795425
http://doi.org/10.1093/mutage/ges012
http://www.ncbi.nlm.nih.gov/pubmed/22451681
http://doi.org/10.1016/j.canlet.2005.04.019
http://www.ncbi.nlm.nih.gov/pubmed/15946795
http://doi.org/10.1200/JCO.2007.12.7704
http://www.ncbi.nlm.nih.gov/pubmed/18362367
http://doi.org/10.1200/JCO.2009.25.8376
http://doi.org/10.1016/S1470-2045(15)00159-X
http://doi.org/10.1016/S1470-2045(14)71199-4
http://doi.org/10.1093/carcin/7.11.1849
http://doi.org/10.1038/349431a0
http://doi.org/10.1038/sj.onc.1201139


Cancers 2021, 13, 2805 18 of 19

30. Nishioka, K.; Ohtsubo, T.; Oda, H.; Fujiwara, T.; Kang, D.; Sugimachi, K.; Nakabeppu, Y. Expression and differential intracellular
localization of two major forms of human 8-oxoguanine DNA glycosylase encoded by alternatively spliced OGG1 mRNAs. Mol.
Biol. Cell 1999, 10, 1637–1652. [CrossRef]

31. Baptiste, B.A.; Katchur, S.R.; Fivenson, E.M.; Croteau, D.L.; Rumsey, W.L.; Bohr, V.A. Enhanced mitochondrial DNA repair of the
common disease-associated variant, Ser326Cys, of hOGG1 through small molecule intervention. Free Radic. Biol. Med. 2018, 124,
149–162. [CrossRef]

32. Yamane, A.; Kohno, T.; Ito, K.; Sunaga, N.; Aoki, K.; Yoshimura, K.; Murakami, H.; Nojima, Y.; Yokota, J. Differential ability of
polymorphic OGG1 proteins to suppress mutagenesis induced by 8-hydroxyguanine in human cell in vivo. Carcinogenesis 2004,
25, 1689–1694. [CrossRef] [PubMed]

33. Morreall, J.; Limpose, K.; Sheppard, C.; Kow, Y.W.; Werner, E.; Doetsch, P.W. Inactivation of a common OGG1 variant by
TNF-alpha in mammalian cells. DNA Repair 2015, 26, 15–22. [CrossRef] [PubMed]

34. Luna, L.; Rolseth, V.; Hildrestrand, G.A.; Otterlei, M.; Dantzer, F.; Bjørås, M.; Seeberg, E. Dynamic relocalization of hOGG1 during
the cell cycle is disrupted in cells harbouring the hOGG1-Cys326 polymorphic variant. Nucleic Acids Res. 2005, 33, 1813–1824.
[CrossRef] [PubMed]

35. Svejstrup, J.Q. Mechanisms of transcription-coupled DNA repair. Nat. Rev. Mol. Cell Biol. 2002, 3, 21–29. [CrossRef] [PubMed]
36. Smart, D.J.; Chipman, J.K.; Hodges, N.J. Activity of OGG1 variants in the repair of pro-oxidant-induced 8-oxo-2-deoxyguanosine.

DNA Repair 2006, 5, 1337–1345. [CrossRef] [PubMed]
37. Sinitsky, M.Y.; Minina, V.I.; Asanov, M.A.; Yuzhalin, A.E.; Ponasenko, A.V.; Druzhinin, V.G. Association of DNA repair gene

polymorphisms with genotoxic stress in underground coal miners. Mutagenesis 2017, 32, 501–509. [CrossRef]
38. Preston, T.J.; Henderson, J.T.; McCallum, G.P.; Wells, P.G. Base excision repair of reactive oxygen species-initiated 7,8-dihydro-8-

oxo-2’-deoxyguanosine inhibits the cytotoxicity of platinum anticancer drugs. Mol. Cancer Ther. 2009, 8, 2015–2026. [CrossRef]
[PubMed]

39. Arizono, K.; Osada, Y.; Kuroda, Y. DNA repair gene hOGG1 codon 326 and XRCC1 codon 399 polymorphisms and bladder cancer
risk in a Japanese population. Jpn. J. Clin. Oncol. 2008, 38, 186–191. [CrossRef]

40. Jiao, X.; Huang, J.; Wu, S.; Hu, Y.; Su, X.; Luo, C.; Broelsch, C. hOGG1 Ser326Cys polymorphism and susceptibility to gallbladder
cancer in a Chinese population. Int. J. Cancer 2007, 121, 501–505. [CrossRef]

41. Srivastava, A.; Srivastava, K.; Pandey, S.N.; Choudhuri, G.; Mittal, B. Single-nucleotide polymorphisms of DNA repair genes
OGG1 and XRCC1: Association with gallbladder cancer in North Indian population. Ann. Surg. Oncol. 2009, 16, 1695–1703.
[CrossRef]

42. Duan, W.-X.; Hua, R.-X.; Yi, W.; Shen, L.-J.; Jin, Z.-X.; Zhao, Y.-H.; Yi, D.-H.; Chen, W.-S.; Yu, S.-Q. The association between OGG1
Ser326Cys polymorphism and lung cancer susceptibility: A meta-analysis of 27 studies. PLoS ONE 2012, 7, e35970. [CrossRef]

43. Sorensen, M.; Raaschou-Nielsen, O.; Hansen, R.D.; Tjonneland, A.; Overvad, K.; Vogel, U. Interactions between the OGG1
Ser326Cys polymorphism and intake of fruit and vegetables in relation to lung cancer. Free Radic. Res. 2006, 40, 885–891.
[CrossRef]

44. Xu, Z.; Yu, L.; Zhang, X. Association between the hOGG1 Ser326Cys polymorphism and lung cancer susceptibility: A meta-
analysis based on 22,475 subjects. Diagn. Pathol. 2013, 8, 144. [CrossRef] [PubMed]

45. Mitra, A.K.; Singh, S.V.; Garg, V.K.; Sharma, M.; Chaturvedi, R.; Rath, S.K. Protective association exhibited by the single nucleotide
polymorphism (SNP) rs1052133 in the gene human 8-oxoguanine DNA glycosylase (hOGG1) with the risk of squamous cell
carcinomas of the head & neck (SCCHN) among north Indians. Indian J. Med. Res. 2011, 133, 605–612.

46. Sliwinski, T.; Przybylowska, K.; Markiewicz, L.; Rusin, P.; Pietruszewska, W.; Zelinska-Blizniewska, H.; Olszewski, J.; Morawiec-
Sztandera, A.; Mlynarski, W.; Majsterek, I. MUTYH Tyr165Cys, OGG1 Ser326Cys and XPD Lys751Gln polymorphisms and head
neck cancer susceptibility: A case control study. Mol. Biol. Rep. 2011, 38, 1251–1261. [CrossRef] [PubMed]

47. Zhang, Y.; He, B.-S.; Pan, Y.-Q.; Xu, Y.-Q.; Wang, S.-K. Association of OGG1 Ser326Cys polymorphism with colorectal cancer risk:
A meta-analysis. Int. J. Colorectal. Dis. 2011, 26, 1525–1530. [CrossRef]

48. Ghelmani, Y.; Asadian, F.; Antikchi, M.H.; Dastgheib, S.A.; Shaker, S.H.; Jafari-Nedooshan, J.; Neamatzadeh, H. Association
Between the hOGG1 1245C>G (rs1052133) Polymorphism and Susceptibility to Colorectal Cancer: A Meta-analysis Based on 7010
Cases and 10,674 Controls. J. Gastrointest Cancer 2021, 52, 389–398. [CrossRef] [PubMed]

49. Su, Y.; Xu, A.; Zhu, J. The effect of oxoguanine glycosylase 1 rs1052133 polymorphism on colorectal cancer risk in Caucasian
population. Tumour Biol. 2014, 35, 513–517. [CrossRef]

50. Aggarwal, N.; Donald, N.D.; Malik, S.; Selvendran, S.S.; McPhail, M.J.; Monahan, K.J. The Association of Low-Penetrance Variants
in DNA Repair Genes with Colorectal Cancer: A Systematic Review and Meta-Analysis. Clin. Transl. Gastroenterol. 2017, 8, e109.
[CrossRef]

51. Reeves, S.G.; Meldrum, C.; Groombridge, C.; Spigelman, A.; Suchy, J.; Kurzawski, G.; Lubinski, J.; Scott, R.J. DNA repair gene
polymorphisms and risk of early onset colorectal cancer in Lynch syndrome. Cancer Epidemiol. 2012, 36, 183–189. [CrossRef]

52. Rödel, C.; Liersch, T.; Becker, H.; Fietkau, R.; Hohenberger, W.; Hothorn, T.; Graeven, U.; Arnold, D.; Lang-Welzenbach, M.; Raab,
H.-R. Preoperative chemoradiotherapy and postoperative chemotherapy with fluorouracil and oxaliplatin versus fluorouracil
alone in locally advanced rectal cancer: Initial results of the German CAO/ARO/AIO-04 randomised phase 3 trial. Lancet Oncol.
2012, 13, 679–687. [CrossRef]

http://doi.org/10.1091/mbc.10.5.1637
http://doi.org/10.1016/j.freeradbiomed.2018.05.094
http://doi.org/10.1093/carcin/bgh166
http://www.ncbi.nlm.nih.gov/pubmed/15073047
http://doi.org/10.1016/j.dnarep.2014.11.007
http://www.ncbi.nlm.nih.gov/pubmed/25534136
http://doi.org/10.1093/nar/gki325
http://www.ncbi.nlm.nih.gov/pubmed/15800211
http://doi.org/10.1038/nrm703
http://www.ncbi.nlm.nih.gov/pubmed/11823795
http://doi.org/10.1016/j.dnarep.2006.06.001
http://www.ncbi.nlm.nih.gov/pubmed/16861056
http://doi.org/10.1093/mutage/gex018
http://doi.org/10.1158/1535-7163.MCT-08-0929
http://www.ncbi.nlm.nih.gov/pubmed/19567822
http://doi.org/10.1093/jjco/hym176
http://doi.org/10.1002/ijc.22748
http://doi.org/10.1245/s10434-009-0354-3
http://doi.org/10.1371/journal.pone.0035970
http://doi.org/10.1080/10715760600733129
http://doi.org/10.1186/1746-1596-8-144
http://www.ncbi.nlm.nih.gov/pubmed/23971971
http://doi.org/10.1007/s11033-010-0224-x
http://www.ncbi.nlm.nih.gov/pubmed/20571908
http://doi.org/10.1007/s00384-011-1258-9
http://doi.org/10.1007/s12029-020-00532-7
http://www.ncbi.nlm.nih.gov/pubmed/33025423
http://doi.org/10.1007/s13277-013-1072-9
http://doi.org/10.1038/ctg.2017.35
http://doi.org/10.1016/j.canep.2011.09.003
http://doi.org/10.1016/S1470-2045(12)70187-0


Cancers 2021, 13, 2805 19 of 19

53. Dröge, L.H.; Hennies, S.; Lorenzen, S.; Conradi, L.-C.; Quack, H.; Liersch, T.; Helms, C.; Frank, M.A.; Schirmer, M.A.; Rave-Fränk,
M.; et al. Prognostic value of the micronucleus assay for clinical endpoints in neoadjuvant radiochemotherapy for rectal cancer.
BMC Cancer 2021, 21, 219. [CrossRef]

54. Fenech, M. Cytokinesis-block micronucleus cytome assay. Nat. Protoc. 2007, 2, 1084–1104. [CrossRef] [PubMed]
55. Gross, A.; Ziepert, M.; Scholz, M. KMWin—A convenient tool for graphical presentation of results from Kaplan-Meier survival

time analysis. PLoS ONE 2012, 7, e38960. [CrossRef] [PubMed]

http://doi.org/10.1186/s12885-021-07914-5
http://doi.org/10.1038/nprot.2007.77
http://www.ncbi.nlm.nih.gov/pubmed/17546000
http://doi.org/10.1371/journal.pone.0038960
http://www.ncbi.nlm.nih.gov/pubmed/22723912

	Introduction 
	Results 
	Eligible Patients 
	Patient Baseline, Tumor, and Treatment Characteristics in Relation to Clinical Outcome 
	Genetic Polymorphisms and Initial Tumor Staging Parameters 
	Genetic Polymorphisms and Tumor Response 
	Genetic Polymorphisms and Clinical Outcome 
	Multiparametric Assessment for Clinical Outcome 
	Subgroup Analyses for Parameters Affecting Clinical Outcome 
	Functional Assessment of OGG1 rs1052133 

	Discussion 
	Patients and Methods 
	Eligibility Criteria 
	Disease Staging 
	Multimodal Treatment Sequence 
	Assessment of Treatment Outcome 
	Genotyping 
	Micronuclei Assessment 
	Cell Viability Assessment 
	Ethical Approval 
	Statistical Analyses 

	Conclusions 
	References

