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Objective: to evaluate the prognostic value of base excision repair proteins in sporadic colorectal cancer.
Methods: Pre-treatment tumor samples from 72 patients with sporadic colorectal adenocarcinoma were assessed
for APC, MPG, Polβ, XRCC1 and Fen1 expression by immunohistochemistry. The associations of molecular data
were analyzed in relation to clinical features and TNM staging as a prognosis predictor and disease-free survival.
Results: Higher levels of MPG, Polβ and XRCC1, but not Fen1, were associated with unfavorable pathological
outcomes, such as poor cellular diﬀerentiation, advanced TNM stages, presence of lymphatic and perineural
invasions and metastatic lymph nodes. MPG and Polβ overexpression were associated with right-sided CRC.
However, only MPG high expression is associated with shorter disease-free survival in CRC patients.
Conclusions: Our results suggest that increased expression of MPG, Polβ and XRCC1 are more likely to evolve to
poor pathological outcomes, but only the elevated expression of MPG protein predicts recurrence. The BER
proteins appear to be suitable candidates to reﬁne the TNM current staging of colorectal cancer.

1. Introduction

absence of predictive markers [5,6].
Among the earliest events leading to the development of sporadic
CRC are the mutations in the central area of the adenomatous polyposis
coli (APC) gene, which are strongly associated with familial predisposition to CRC and with the sporadic CRC [7,8]. Appropriate levels of
functional APC are essential to many cellular and tissue integrities
[9,10]. The major role of APC is to regulate β-catenin and Wnt signaling, interfering in processes such as apoptosis, cell adhesion, chromosomal instability, cell cycle and DNA repair [11].
The DNA repair system has evolved to deal with the modiﬁcation or
loss of DNA bases, as a sophisticated manner to ﬁght against the mutations. However, changes in its normal functions respond as a major
cause of human diseases, including cancer. Among these mechanisms,
base excision repair (BER) is the most prevalent pathway for the

Colorectal cancer (CRC) is one of the most frequently neoplasia in
Western countries (10–15% of all forms of cancer) and ranks second in
cancer related deaths [1,2]. While only 6% of all cases present a hereditary genetic etiology, the sporadic CRC (∼80% of all cases), which is
the most prevalent form, still has a lack of knowledge about the etiological factors that triggers this disease [1,2]. Despite survival rates
have increased in the past few years, at least a third of patients who
undergo curative resection experience local tumor recurrence or metastasis [3,4]. Pathological staging is the only prognostic classiﬁcation
used in clinical practice to select patients for adjuvant chemotherapy.
Furthermore, drug resistance is also a critical problem in CRC patients
with comprehensive treatment, which is directly associated to the
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site; SN-BER, single-nucleotide base excision repair; LP-BER, long-patch base excision repair; MPG, N-methylpurine DNA glycosylase; Fen1, ﬂap endonuclease; Polβ, DNA polymerase
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controls were recommended by the antibodies manufacturer as it follows: human testis tissue (anti-MPG, anti-Fen, anti-XRCC1); human
small cell lung cancer tissue (anti-Polβ); and normal human colon tissue
(anti-APC). Omission of the primary antibody was used as a negative
control. Each immunohistochemical stain was performed in a group to
prevent potentially staining irregularities encountered with separate
immunohistochemistry runs.
Histological sections used for diagnostic and experimental purposes
were obtained from the same tumoral area to minimize intratumoral
heterogeneity bias. The quality (number, intensity, and pattern) of
every staining procedure has been comparatively evaluated using
consecutive control sections an independent experienced pathologist
blinded to the objectives of this study. After the immunostaining, two
observers assessed all cases independently. The few cases with discrepant scoring were re-evaluated jointly on a second occasion, and
agreement was reached in all cases. Non-representative samples or
samples with only a few tumor cells (< 100) were excluded from the
data analysis.

removal of damaged bases generated by alkylation, oxidation or reduction [12] and proceeds through a sequence of reactions requiring
several diﬀerent enzymes. The ﬁrst step involves excision of the damaged base by a DNA glycosylase enzyme, which leads to the formation
of a potentially cytotoxic abasic site intermediate (AP site). Subsequently, the AP site is processed by an AP endonuclease (APE1), generating a strand break and a ﬂap. At this point, DNA polymerase ﬁlls the
gap, and DNA ligase seals the remaining nick, thus completing the BER
process [13].
It has been reported that APC protein has a DNA repair inhibitory
domain located towards the N-terminus, which interacts with the BER
proteins Polβ and Fen1 [14]. APC has the ability to block Polβ −directed strand displacement synthesis in long patch-BER (LP-BER) or it
can inhibit its lyase activity, thus blocking single nucleotide-patch BER
(SN-BER) [15,16]. The consequence of the blocked LP- and SN-BER on
cellular fate is not clear, but specially because both Fen1 and APC are
considered tumor suppressors [16,17] and their levels are critical for
the repair of the BER pathways in colon cancer [18] this combination of
factors can diﬀerently drive the tumor cells in terms of aggressiveness.
DNA repair imbalance is related to malignant transformation by
allowing greater vulnerability to the accumulation of DNA damage
[19]. The elaboration of an expression proﬁle that could produce reliable biomarkers is a priority need to guide colorectal cancer treatment
and monitor therapeutic response, as well as for surveillance to detect
recurrence. Thus, bearing in mind the importance of DNA repair in the
disease development and therapy response, it seems quite reasonable to
consider a categorization of colorectal tumors based on DNA repair
characteristics.

2.3. Immunohistochemistry results evaluation
Positive staining for APC and BER proteins was deﬁned as the observation of shades of brown nuclear staining the microscope (×400).
Five hot spot ﬁelds containing at least 200 cells were captured and the
positive cells were manually counted using the NIH-ImageJ software.
To assess the immunohistochemical expression we used the multiplicative quick score method (QS) [20]. In order to minimize intratumoral heterogeneity bias, based on the distribution and intensity
of staining, we used a semiquantitatively score (corresponding to
staining intensity and percentage of reactive nuclei). According to the
number of positive staining cell, the staining density was expressed
semi-quantitatively as follows: 0, less than 5%; 1, 5–25%; 2, 25–50%; 3,
50% to 75%; or 4, more than 75%. We also evaluated the staining intensity was scored as follows: 0-negative staining; 1-weak staining; 2moderate staining and 3-strong staining. Both values were multiplied
together, and the staining score was stratiﬁed into two groups of immune reactivity: weak (score range, 0–4) or strong (score range, 5–12)
(Supplementary Fig. 1).

2. Patients and methods
2.1. Study patients and collection of samples
In this study (case-series design), we retrospectively selected resection specimens of 72 individuals diagnosed with adenocarcinoma of
the colon and rectum and who were admitted to colorectal surgery with
curative intent by the same surgical team between 2010 and 2012 in
South Brazil. Patients were excluded if at least one of the follow criteria
was identiﬁed: suspicion of hereditary colorectal cancer (familial adenomatous polyposis and hereditary non-polypoid colorectal cancer);
presence of colorectal cancer associated with inﬂammatory bowel disease; realization of neoadjuvant chemoradiation therapy. This study
was approved by the Ethics Committee in Human Research of the
participating institutions (No. 321.069). Written informed consent was
obtained from all patients before their enrolment in the study.
Epidemiological, clinical and pathological data were obtained from
the hospital medical records. Histopathological data (such as tumor
subtype, depth of invasion, lymph node and/or metastasis distance and
staging) were also extracted from the pathological reports. TNM system
was used as the staging scale for prognosis. Colon tumors was classiﬁed
into left-sided colorectal cancer (LCRC) and right-sided colorectal
cancer (RCRC)

2.4. Statistical analysis
Statistical analysis was performed using SPSS software version 22.0.
Immunohistochemistry and clinical features correlations were analyzed
through contingency tables, chi-square (χ2) test and Fisher’s exact test.
For tumor protein expression and associations with the disease-free
interval, the Kaplan-Meier survival table method was used. To test the
signiﬁcance of the diﬀerences between the curves of the disease-free
interval and protein expression levels, the Log-rank (Mantel-Cox) test
was used. All statistical tests were two sided and P ≤ 0.05 was considered signiﬁcant.
2.5. Availability of data and materials
Any supplementary supporting data relating details of clinical and
pathological analysis are available upon request from the corresponding author and can be found in the electronic medical record
system of the Irmandade Santa casa de Misericórdia de Porto Alegre
hospital.

2.2. Immunohistochemistry
Formalin-ﬁxed and paraﬃn-embedded samples were cut into 4 μm
sections. After deparaﬃnization and rehydration, the sections were
quenched with 3% H2O2 in methanol to block endogenous peroxidase.
5% bovine serum albumin was then applied to prevent non-speciﬁc
binding. The sections were incubated with APC (dilution 1:100,
AB15270, Abcam), Polβ (dilution 1:500, AB26343, Abcam), XRCC1
(dilution 1:50, AB1838, Abcam), Fen1 (dilution 1:800, AB17993,
Abcam), MPG (dilution 1:100, EPR10959 (B), Abcam), then treated
with the rabbit conjugated to horseradish peroxidase (DAKO) antibodies. Diaminobenzidine was used as chromogen and the sections
were counterstained with haematoxylin. Tissues used as positive

3. Results
3.1. Clinicopathological ﬁndings
Table 1 summarizes the clinicopathological characteristics of the 72
included patients. The patients’ ages varied from 29 to 88 years. Considering the anatomic location, 59 (80%) of the tumors were located in
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3.3. Polβ and APC are inversely expressed in colorectal tumors

Age

The distribution of intensities of BER proteins staining and its correlation with clinical features are shown in Table 2 and, in Fig. 1, we
show the representative images of immunohistochemistry positive
staining for MPG (Fig. 1A), Polβ (Fig. 1B), Fen1 (Fig. 1C) and XRCC1
(Fig. 1D). MPG overexpression presented very consistent associations
with clinical features of tumor aggressiveness, such as tumor invasive
depth (p < 0.001), presence of lymphatic and perineural invasions
(p < 0.001 and p = 0.011) and presence of metastatic lymph nodes
(p < 0.001). In consonance, Polβ and XRCC1 overexpression were also
associated with characteristics of poor prognosis. High expression of
Polβ was associated with tumor invasive depth (p < 0.001), advanced
TNM stages (p < 0.001) and presence of lymphatic invasion
(p = 0.004) and lymph node metastasis (p < 0.001). Overexpression
of XRCC1 was also associated with tumors with advanced TNM stages
(p < 0.001) and with lymphatic invasion (p < 0.001) and lymph
node metastasis (p < 0.001). Finally, regarding APC protein expression, we found that 57 tumors were considered as presenting low expression of APC (78%) and 15 that presented high expression (22%),
however we did not ﬁnd any association between the APC immunohistochemical expression and the clinicopathological features
(Table 2). Representative images of the scores used to classify the tumors are shown in Fig. S1. Aside from Fen1, all the other base excision
repair proteins correlated with the pathological and clinical features.
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prognostic value in colorectal cancer
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Table 2
Increase of MPG, Polβ and XRCC1, but not Fen1 protein expression, in colorectal tumors, is associated with several unfavorable pathological outcomes. Associations were analyzed with the chi-square (χ2) test and Fisher’s exact test. P < 0.05.
Signiﬁcant p values are highlighted in bold font. Number of cases (%).

Table 1
Clinicopathological proﬁle of patients with colorectal adenocarcinoma (n = 72). T1: invasion through muscularis mucosa into submucosa, T2: invasion through submucosa into
the muscularis propria, T3: invasion through the muscularis propria into subserosa but
not to adjacent organs or tissues, T4: invasion of surrounding structures or with tumour
cells on the free external surface of the bowel.
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Fig. 1. Positive immunohistochemical staining of BER
proteins in colorectal adenocarcinoma tissue samples.
Representative immunohistochemical staining of BER
proteins in colorectal cancer tissues. A: MPG; B: Polβ; C:
XRCC1; D: Fen1. Original magniﬁcation: 100× (left),
200× (middle) and 400× (right).

expression MPG and Polβ (0.384; p = 0.001) and of Polβ and Fen1
(0.257; p = 0.03) are present.

XRCC1 were associated with each other or with APC, the Spearman’s
rank correlation coeﬃcient (ρ; rho) was determined (Fig. 2A). We found
that the higher is the expression of APC the lower is the expression of
Polβ (-0.441; p = 0.001). On the other hand, we identiﬁed that a co67
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Fig. 2. Immunohistochemical staining of APC in
colorectal adenocarcinoma tissue samples and coexpression analysis.
A: Representative immunohistochemical staining of
APC in colorectal cancer tissues. Original magniﬁcation: 100× (left), 200× (middle) and 400×
(right). B: Spearman rank correlation matrix of APC
and BER protein expression. P < 0.05. Signiﬁcant p
values are highlighted in bold font.

of MPG was signiﬁcantly correlated with shorter disease-free survival,
compared to the low expression (p = 0.004; Fig. 3A). Despite the alteration in Polβ and XRCC1 protein levels are associated with several
pathological outcomes, these proteins have no inﬂuence in disease-free
survival of CRC patients (p = 0.674 and p = 0.641 respectively; Fig. 3B
and D). Finally, Fen1 protein expression, also do not present prognostic
in this analysis (p = 0.781; Fig. 3C)

3.4. MPG and Polβ overexpression are associated with right-sided CRC
Since the distinction between right- and left-sided CRC (RCRC and
LCRC, respectively) has been receiving growing attention, we performed an analysis to characterize the proﬁle of BER signature between
these two categories of colon cancer (Fig. 4). Surprisingly, we found
that MPG and Polβ were overexpressed in RCRC (p = 0.009 and
p = 0.03, respectively. Fig. 3B). In addition, BER pathway is imbalanced and has a heterogeneous expression pattern in both RCRC and
LCRC (Fig. 3A).

4. Discussion
In human cells, while coordinated BER pathway avoids unnecessary
toxic intermediate formation, such as AP sites and single strand breaks
[21], imbalances are responsible for a wide range of cellular fates [22].
For example, when a DNA glycosylase (such as MPG) is inhibited, it
may block BER initiation, creating an environment prone to the accumulation of both cytotoxic [23] and mutagenic base lesions [24],

3.5. MPG high expression is associated with poor disease-free survival in
CRC patients
We investigated the prognostic implications of the BER high and
low individual protein expression in CRC patients. The high expression

Fig. 3. Right-sided colorectal tumors present overexpression on MPG and Polβ. A: Heat map presenting the diﬀerences in BER components protein expression in right- and left-sided CRC
(RCRC and LCRC, respectively). Blue: low expression; Red: high expression. B: Associations between BER components protein expression and sidedness. Chi-square (χ2) test and Fisher’s
exact test. P < 0.05. Signiﬁcant p values are highlighted in bold font. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.).
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Fig. 4. Disease-free survival in colorectal cancer (CRC) patients according to BER expression proﬁles. Kaplan-Meier survival analyses of disease-free survival in CRC patients. A: High/low
MPG; B: High/low Fen1; C: High/low Polβ; D: High/low XRCC1.

complexes with Polβ to facilitate BER, and the disruption of this complex may inhibit the Polβ-mediated BER [34], converging to an accumulation of base lesions and non-processed abasic sites, which are
lethally toxic.
To the best of our knowledge, we reported here for the ﬁrst time the
association between the diﬀerences in BER proteins expression in relation to CRC sidedness. Patients with right-sided CRCs are more likely
to be female, older, and have mucinous, undiﬀerentiated histology and
higher microsatellite instability compared with those with left-sided
CRCs [35]. In our study, we found that MPG and Polβ were overexpressed in RCRC, fact associated with features of tumor aggressiveness, as mentioned above. Currently, regarding DNA repair pathways
and sidedness, mismatch repair (MMR) status proﬁciency in RCRC is an
indicative of shorter survival [36,37]. Previously results of our group
showed that CRC patients with MMR deﬁciency presented higher levels
of MPG gene expression [38]. However, further investigation is warranted to depict why this association occurs and if it really has prognostic value.
We did not ﬁnd any association of Fen1 expression and clinical
features. A tumor suppressor function for Fen1 has been shown in
preclinical models, indicating its involvement on carcinogenesis [39],
since the Fen1 over expression may promote cancer progression and
survival [40]. However, the high expression of Fen1 has been mainly
observed in terms of therapeutic response in several cancer types, essentially because the eﬃcacy of these therapeutic agents such as platinum drugs and alkylating agents [41] can be signiﬁcantly reduced by
the ability of cells to repair their DNA. It is possible that the use of Fen1

leading to a considerable level of cellular dysfunction. In contrast, once
BER has initiated, overexpression of Polβ increases spontaneous mutagenesis [25] and the deﬁciency of XRCC1 impedes the single strand
breaks repair, due to ineﬃcient DNA termini clean up and nick ligation
[26].
We found that increased immunohistochemical expression of MPG
was associated with poor histopathological features. Additionally, the
patients with high expression of MPG were the ones with shorter disease-free survival. BER can be initiated by MPG DNA glycosylase, which
recognizes and removes a broad spectrum of alkylated bases [27].
Overexpression of MPG together with an imbalance of the other BER
enzymes causes accumulation of AP sites [28], which are lethal to the
cell if the subsequent proteins are not suﬃcient. On the other hand, the
loss or down-regulation of MPG also results in an accumulation of unpaired N3-methyladenine residues, resulting in stalled DNA replication
and cell death [29]. Interestingly, we also found that MPG and Polβ
were co-expressed, which points out to a greater BER pathway disruption due to an accumulation toxic intermediates and increased
spontaneous mutagenesis.
Polβ is the main DNA polymerase involved in BER and has been
shown to be overexpressed in a variety of human tumors [30]. In our
study, we found that the higher is the expression of Polβ, the poorer is
the pathological prognostic. Low activity of Polβ induces genomic instability and cellular transformation [31] and is one of the main factors
for BER failure [32] and a potential driver for cell death via a nonapoptotic pathway [33]. In addition, we also found overexpression of
XRCC1 and it was associated with poor clinical outcomes. XRCC1
69
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the reﬁnement of the current TNM staging. However, further large-scale
clinical studies are needed to precisely determine the associations between candidate biomarkers, taking in account the tumor molecular
heterogeneity and response to chemotherapy.
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Fig. 5. Model depicting the possible mechanism by which the high expression of BER
proteins in colorectal adenocarcinoma is associated with unfavorable clinicopathological
outcome.

as a biomarker may be more helpful on predicting chemotherapy success than disease prognosis.
Recent ﬁndings point out to the involvement of nuclear APC in the
regulation of DNA repair [42,43], which happens through the blockage
of BER pathway. It has been reported that APC is capable of a direct
interaction with Polβ and Fen1 [44]. Because of these interactions, APC
blocks the entire LP-BER.
In our study, APC expression occurred in only 22% of primary tumors. Similarly, another study reported loss of APC expression in 83%
of colon cancers [45]. Polβ and APC expression presented an inversed
relation, corroborating the in vitro data of Polβ blockage by APC. The
importance of this result might be applied in the therapeutic ﬁeld of
CCR. Since alkylating agents can increase de APC gene expression and,
therefore, fortify the BER blockage, the neoplastic cells can be driven to
an apoptotic pathway.
Finally, in Fig. 5, we present a model to depict the possible mechanism by which the elevated expression of BER proteins MPG, Polβ
and XRCC1 in colorectal adenocarcinoma is associated with an unfavorable clinicopathological outcome. We believe that an overexpression of MPG and Polβ leads to an incompetence of BER to repair
accumulated abasic sites and single strand breaks. A consequent persistence of these toxic intermediates at the site of damage together with
an unbearable level of spontaneous mutagenesis will drive the cell to a
carcinogenic process. Since BER is an error free DNA repair pathway,
the acquired mutations might be preserved and, by evading apoptosis,
tumor cells with more aggressive proﬁle will lead to a poor prognosis to
the patient, clinically represented by the reduction of disease free survival. These facts allow us to believe that the new therapies should
target the inhibition of BER based on its gene and protein expression
proﬁle on colorectal tumors.

Acknowledgements
We strongly thank to Keli Reiter and Rosalva Meurer for their valuable technical assistance.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.prp.2017.11.012.
References
[1] R. Siegel, K. Miller, A. Jemal, Cancer statistics, 2015, CA. Cancer J. Clin. 65 (1)
(2015) 29, http://dx.doi.org/10.3322/caac.21254.
[2] A. Jemal, F. Bray, M.M. Center, et al., Global cancer statistics, CA. Cancer J. Clin. 61
(2011) 69–90, http://dx.doi.org/10.3322/caac.20107.
[3] K. Wang, J. Xu, J. Zhang, et al., Prognostic role of CD133 expression in colorectal
cancer: a meta-analysis, BMC Cancer 12 (2012) 573, http://dx.doi.org/10.1186/
1471-2407-12-573.
[4] D.A. Lieberman, D.K. Rex, S.J. Winawer, et al., Guidelines for colonoscopy surveillance after screening and polypectomy: a consensus update by the US multisociety task force on colorectal cancer, Gastroenterology 143 (3) (2012) 844–857,
http://dx.doi.org/10.1053/j.gastro.2012.06.001.
[5] M.D. Wyatt, D.M. Wilson 3rd, Participation of DNA repair in the response to 5ﬂuorouracil, Cell. Mol. Life Sci. 66 (5) (2009) 788–799, http://dx.doi.org/10.1007/
s00018-008-8557-5.
[6] A. Maguire, K. Sheahan, Controversies in the pathological assessment of colorectal
cancer, World J. Gastroenterol. 20 (29) (2014) 9850–9861, http://dx.doi.org/10.
3748/wjg.v20.i29.9850.
[7] E.R. Fearon, B. Vogelstein, A genetic model for colorectal tumorigenesis, Cell 61 (5)
(1990) 759–767, http://dx.doi.org/10.1016/0092-8674(90)90186-I.
[8] M.H. Nieuwenhuis, H.F. Vasen, Correlations between mutation site in APC and
phenotype of familial adenomatous polyposis (FAP): a review of the literature, Crit.
Rev. Oncol. Hematol. 61 (2) (2007) 153–161, http://dx.doi.org/10.1016/j.
critrevonc.2006.07.004.
[9] I.S. Näthke, The adenomatous polyposis coli protein: the Achilles heel of the gut
epithelium, Annu. Rev. Cell Dev. Biol. 20 (2004) 337–366, http://dx.doi.org/10.
1146/annurev.cellbio.20.012103.094541.
[10] A.I. Barth, A.L. Pollack, Y. Altschuler, et al., NH2-terminal deletion of β-catenin
results in stable colocalization of mutant β-catenin with adenomatous polyposis coli
protein and altered MDCK cell adhesion, J. Cell Biol. 136 (1997) 693–706, http://
dx.doi.org/10.1083/jcb.136.3.693.
[11] H. Clevers, Wnt/beta-catenin signalling in development and disease, Cell 127 (3)
(2006) 469–480, http://dx.doi.org/10.1016/j.cell.2006.10.018.
[12] S. Maynard, S.H. Schurman, C. Harboe, et al., Base excision repair of oxidative DNA
damage and association with cancer and aging, Carcinogenesis 30 (1) (2009) 2–10,
http://dx.doi.org/10.1093/carcin/bgn250.

5. Conclusions
Our study revealed that the presence of alteration on BER proteins
expression is associated with clinical and pathological features in colorectal cancer. More speciﬁcally, we demonstrated the prognostic signiﬁcance of high expression of MPG, Polβ and XRCC1, and, for the ﬁrst
time, the association of MPG high expression with shorter disease-free
survival in these patients, pointing out to the use of these proteins on
70

Pathology - Research and Practice 214 (2018) 64–71

D.B. Azambuja et al.

interruption repair pathway in mammalian cells, Cell Res. 18 (1) (2008) 27–47.
[30] K.A. Donigan, K.W. Sun, A.A. Nemec, et al., Human POLB gene is mutated in high
percentage of colorectal tumors, J. Biol. Chem. 287 (28) (2012) 23830–23839,
http://dx.doi.org/10.1074/jbc.M111.324947.
[31] S.S. Lange, K. Takata, R.D. Wood, DNA polymerases and cancer, Nat. Rev. Cancer
11 (2) (2011) 96–110, http://dx.doi.org/10.1038/cr.2008.8.
[32] R.N. Trivedi, X.H. Wang, E. Jelezcova, et al., Human methyl purine DNA glycosylase and DNA polymerase SS expression collectively predict sensitivity to temozolomide, Mol. Pharmacol. 74 (2) (2008) 505–516, http://dx.doi.org/10.1124/mol.
108.045112.
[33] I.I. Dianova, K.M. Sleeth, S.L. Allinson, et al., XRCC1–DNA polymerase β interaction
is required for eﬃcient base excision repair, Nucleic Acids Res. 32 (8) (2004)
2550–2555, http://dx.doi.org/10.1093/nar/gkh567.
[34] M.J. Cuneo, R.E. London, Oxidation state of the XRCC1 N-terminal domain regulates DNA polymerase β binding aﬃnity, Proc. Natl. Acad. Sci. U. S. A. 107 (15)
(2010) 6805–6810, http://dx.doi.org/10.1073/pnas.0914077107.
[35] F. Petrelli, G. Tomasello, K. Borgonovo, et al., Prognostic survival associated with
left-sided vs right-sided colon cancer a systematic review and meta-analysis, JAMA
Oncol. 3 (2) (2017) 211–219, http://dx.doi.org/10.1001/jamaoncol.2016.4227.
[36] M.S. Pino, D.C. Chung, Microsatellite instability in the management of colorectal
cancer, Expert Rev. Gastroenterol. Hepatol. 5 (2011) 385–399, http://dx.doi.org/
10.1586/egh.11.25.
[37] Q. Qin, L. Yang, Y.-K. Sun, et al., Comparison of 627 patients with right- and leftsided colon cancer in China: diﬀerences in clinicopathology, recurrence, and survival, Chronic Dis. Transl. Med. 3 (1) (2017) 51–59, http://dx.doi.org/10.1016/j.
cdtm.2017.02.004.
[38] N.M. Leguisamo, H.C. Gloria, A.N. Kalil, et al., Base excision repair imbalance in
colorectal cancer has prognostic value and modulates response to chemotherapy,
Oncotarget 8 (33) (2016) 54199–54214, http://dx.doi.org/10.18632/oncotarget.
14909.
[39] G. Henneke, E. Friedrich-Heineken, U. Hubscher, Flap endonuclease 1: a novel
tumour suppresser protein, Trends Biochem. Sci. 28 (7) (2003) 384–390, http://dx.
doi.org/10.1016/S0968-0004(03)00138-5.
[40] B. Shen, P. Singh, R. Liu, et al., Multiple but dissectible functions of FEN-1 nucleases
in nucleic acid processing, genome stability and diseases, Bioessays 27 (7) (2005)
717–729, http://dx.doi.org/10.1002/bies.20255.
[41] T. Nikolova, M. Christmann, Kaina, FEN1 is overexpressed in testis, lung and brain
tumors, Anticancer Res. 29 (2009) 2453–2459.
[42] E. Jho, T. Zhang, C. Domon, et al., Wnt/β-Catenin/Tcf signaling induces the transcription of Axin2, a negative regulator of the signaling pathway, Mol. Cell. Biol. 22
(4) (2002) 1172–1183, http://dx.doi.org/10.1128/MCB.22.4.1172-1183.2002.
[43] A.S. Jaiswal, R. Balusu, M.L. Armas, et al., Mechanism of adenomatous polyposis
coli (APC)-mediated blockage of long-patch base excision repair, Biochemistry 45
(51) (2006) 15903–15914, http://dx.doi.org/10.1021/bi0607958.
[44] A.S. Jaiswal, S. Narayan, A novel function of adenomatous polyposis coli (APC) in
regulating DNA repair, Cancer Lett. 271 (2) (2008) 272–280, http://dx.doi.org/10.
1016/j.canlet.2008.06.024.
[45] A.J. Rowan, H. Lamlum, M. Ilyas, et al., APC mutations in sporadic colorectal tumors: a mutational hotspot and interdependence of the two hits, Proc. Natl. Acad.
Sci. U. S. A. 97 (7) (2000) 3352–3357, http://dx.doi.org/10.1073/pnas.97.7.3352.

[13] S.S. David, V.L. O’Shea, S. Kundu, Base excision repair of oxidative DNA damage,
Nature 447 (7147) (2007) 941–950, http://dx.doi.org/10.1038/nature05978.
[14] A.S. Jaiswal, M.L. Armas, T. Izumi, et al., Adenomatous polyposis coli interacts with
ﬂap endonuclease 1 to block its nuclear entry and function, Neoplasia 14 (6) (2012)
495–508, http://dx.doi.org/10.1593/neo.12680.
[15] Y.J. Kim, D.M. Wilson 3rd, Overview of base excision repair biochemistry, Curr.
Mol. Pharmacol. 5 (1) (2012) 3–13, http://dx.doi.org/10.2174/
1874467211205010003.
[16] L. Zheng, L.D. Finger, Z. Guo, et al., Functional regulation of FEN1 nuclease and its
link to cancer, Nucleic Acids Res. 39 (3) (2011) 781–794, http://dx.doi.org/10.
1093/nar/gkq884.
[17] G. Henneke, E. Friedrich-Heineken, U. Hubscher, Flap endonuclease 1: a novel
tumour suppressor protein, Trends Biochem. Sci. 28 (7) (2003) 384–390, http://dx.
doi.org/10.1016/S0968-0004(03)00138-5.
[18] K.J. McManus, I.J. Barrett, Y. Nouhi, et al., Speciﬁc synthetic lethal killing of
RAD54B-deﬁcient human colorectal cancer cells by FEN1 silencing, Proc. Natl.
Acad. Sci. U. S. A. 106 (9) (2009) 3276–3281, http://dx.doi.org/10.1073/pnas.
0813414106.
[19] W.P. Roos, A.D. Thomas, B. Kaina, DNA damage and the balance between survival
and death in cancer biology, Nat. Rev. Cancer 16 (1) (2016) 20–33, http://dx.doi.
org/10.1038/nrc.2015.2.
[20] S. Detre, G.S. Jotti, M. Dowsett, A Quickscore method for immunohistochemical
semiquantitation: validation for oestrogen receptor in breast carcinomas, J. Clin.
Pathol. 48 (9) (1995) 876–878, http://dx.doi.org/10.1136/jcp.48.9.876.
[21] S.S. Wallace, Base excision repair: a critical player in many games, DNA Repair
(Amst) 19 (2014) 14–26, http://dx.doi.org/10.1016/j.dnarep.2014.03.030.
[22] S.S. Wallace, D.L. Murphy, J.B. Sweasy, Base excision repair and cancer, Cancer
Lett. 327 (1–2) (2012) 73–89, http://dx.doi.org/10.1016/j.canlet.2011.12.038.
[23] J. Paik, T. Duncan, T. Lindahl, et al., Sensitization of human carcinoma cells to
alkylating agents by small interfering RNA suppression of 3-alkyladenine-DNA
glycosylase, Cancer Res. 65 (22) (2005) 10472–10477, http://dx.doi.org/10.1158/
0008-5472.CAN-05-1495.
[24] R.W. Sobol, D.E. Watson, J. Nakamura, et al., Mutations associated with base excision repair deﬁciency and methylation-induced genotoxic stress, Proc. Natl. Acad.
Sci. U. S. A. 99 (10) (2002) 6860–6865, http://dx.doi.org/10.1073/pnas.
092662499.
[25] M.R. Albertella, A. Lau, M.J. O’Connor, The overexpression of specialized DNA
polymerases in cancer, DNA Repair (Amst) 4 (5) (2005) 583–593, http://dx.doi.
org/10.1016/j.dnarep.2005.01.005.
[26] J.K. Horton, M. Watson, D.F. Stefanick, et al., XRCC1 and DNA polymerase beta in
cellular protection against cytotoxic DNA single-strand breaks, Cell Res. 18 (1)
(2008) 48–63, http://dx.doi.org/10.1038/cr.2008.7.
[27] S.A. Smith, B.P. Engelward, In vivo repair of methylation damage in aag 3-methyladenine DNA glycosylase null mouse cells, Nucleic Acids Res. 28 (17) (2000)
3294–3300, http://dx.doi.org/10.1093/nar/28.17.3294.
[28] M.L. Rinne, Y. He, B.F. Pachkowski, et al., N-Methylpurine DNA glycosylase overexpression Increases alkylation sensitivity by rapidly removing non-toxic 7-methylguanine adducts, Nucleic Acids Res. 33 (9) (2005) 2859–2867, http://dx.doi.
org/10.1093/nar/gki601.
[29] M.L. Hegde, T.K. Hazra, S. Mitra, Early steps in the DNA base excision/single-strand

71

