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Abstract. Background/Aim: Chronic inflammation generates
large quantities of reactive oxygen and nitrogen species that
damage DNA. DNA repair is important for cellular viability and
genome integrity. Materials and Methods: Expression levels of
the DNA repair proteins OGGI, XPA, MLHI, PARPI, and
XRCC6, which function in base excision repair, nucleotide
excision repair, mismatch repair, single-strand break repair and
double-strand break repair, respectively, were assessed using
immunohistochemistry in ulcerative colitis and sporadic
colorectal cancer biopsies. Levels of oxidative/ nitrosative stress
biomarkers were also assessed. Results: Ulcerative colitis and
colorectal cancer lesions expressed significantly higher levels
of all DNA repair proteins and oxidative/ nitrosative stress
biomarkers compared to normal colonic mucosa. Ulcerative
colitis had the highest XPA and XRCC6 expression. Conclusion:
Oxidative/nitrosative stress is prevalent in the colon of both
diseases. Nucleotide excision repair and non-homologous end-
Jjoining double-strand break repair may be compromised in
colorectal cancer, but not in ulcerative colitis.

Ulcerative colitis (UC) is a chronic inflammatory bowel
disease characterized by continual inflammatory-induced
destruction and regeneration of colonic mucosa, which can lead
to dysplasia and cancer in certain patients. Chronic
inflammation generates large quantities of reactive oxygen
species (ROS) and reactive nitrogen species (RNS) that
damage DNA via oxidation/deamination of DNA bases and
lipids via peroxidation. Oxidative stress is characterized by an

This article is freely accessible online.

Correspondence to: Paula M. De Angelis, Ph.D., Department of
Pathology, Oslo University Hospital-Rikshospitalet, Oslo, Norway.
Tel: +47 23071505, e-mail: paulamdeangelis @ gmail.com

Key Words: Ulcerative colitis, sporadic colorectal cancer, DNA
repair proteins, oxidative/nitrosative stress biomarkers, 4-hydroxy-
2-nonenal, 3-nitrotyrosine, immunohistochemistry.

imbalance in the prooxidant-antioxidant balance of a cell in
favor of the former leading to ROS production and ROS
interaction with other molecules in the cells, resulting in
oxidative damage to DNA, proteins, and lipids (1, 2).
Oxidative stress-induced DNA damage includes single-
nucleobase lesions, strand breaks, and inter- and intra-strand
crosslinks (3). Lipid peroxidation produces reactive aldehydes
such as 4-hydroxy-2-nonenal (4-HNE) that react with DNA
bases, leading to promutagenic exocyclic DNA adducts (4).
Nitrosative stress, which is nitro-oxidative damage to proteins,
is characterized by overproduction of nitric oxide and often by
simultaneous production of superoxide anions, which results in
the formation of peroxynitrite and other RNS (5). Tyrosine
nitration/formation of 3-nitrotyrosine (3-NT) is a post-
translational protein modification resulting from RNS attack.
3-NT is considered to be a fairly specific marker of oxidative
damage mediated by peroxynitrite and other RNS (5).

Base excision repair (BER), nucleotide excision repair
(NER), and mismatch repair (MMR) are critical processes
for the removal of accumulated mutations resulting from
reactive oxygen and nitrogen species (RONS)-induced
mutagenic damage. BER excises the base lesions caused by
oxidation, deamination and alkylation. Nucleotide excision
repair (NER) removes various helix-distorting lesions.
Chronic inflammation also affects the mismatch repair
pathway (MMR), which repairs replication errors such as
base mismatches and small insertion/deletion loops (6).
These types of repairs are important for cellular viability and
genome integrity because they prevent the development of
DNA single-strand breaks (SSBs) and double-strand breaks
(DSBs). Single-strand break repair (SSBR) is important for
the repair of SSBs that arise during BER of oxidized bases
and abasic sites, or as a result of compromised activity of
cellular enzymes such as DNA topoisomerase 1. The two
major pathways for double-strand break repair (DSBR) are
homologous recombination (HR) and non-homologous end
joining (NHEJ). If DSBR is compromised or overwhelmed
by RONS-induced DNA damage, genomic instability and
cancer may occur.
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We recently reported that nuclear casein kinase and cyclin-
dependent kinase substrate 1 (NUCKS1) expression decreased
with increasing grades of UC dysplasia, and was lowest in
sporadic colorectal carcinoma (CRC), whereas expression of
pH2AX, a biomarker of DSB, increased with increasing grades
of UC dysplasia, and was highest in sporadic CRC (7). It was
suggested that the ability of NUCKSI1 to repair DSB via
homologous recombination may be compromised in high-grade
UC dysplasia and CRC, but since NUCKSI is also involved in
inflammatory signaling, it was not possible to definitively
conclude that this was the case. In the present work, we
investigated the expression of specific DNA repair proteins that
play important roles in the major DNA repair pathways: BER,
NER, MMR, SSBR, and DSBR in the context of
oxidative/nitrosative stress, in UC and CRC. The aim was to
determine which, if any, DNA repair type was most prevalent
in UC and CRC, and if the expression levels of DNA repair
proteins could provide an indication about the capability of
DNA repair activity. We also wanted to shed more light on the
potential associations between oxidative/nitrosative stress and
DNA damage/repair. The expression levels of OGG1, XPA,
MLHI1, PARP1, and XRCC6, which function in BER, NER,
MMR, SSBR and DSBR, respectively, were assessed using
immunohistochemistry. 4-hydroxynonenal (4-HNE) and 3-
nitrotyrosine (3-NT) were utilized as immunohistochemical
biomarkers of oxidative/ nitrosative stress because they are
very stable and thus suitable for analytical purposes (5, 8, 9).

Materials and Methods

Ulcerative colitis biopsies. Colectomy specimens from thirteen
patients with longstanding UC (10-30 years) resected at the
Department of Surgery, Rikshospitalet, in the period 1985-1994
were utilized for this study. Fifty-seven previously-diagnosed UC
biopsies (7) were available for immunohistochemical evaluations as
formalin-fixed paraffin-embedded (FFPE) blocks. Histopathological
diagnoses were performed according to the classification criteria
described by Riddell er al. (10): negative for dysplasia
(nondysplastic), indefinite for dysplasia (not possible to classify
some epithelial changes as unequivocally positive or negative for
dysplasia), and positive for dysplasia (unequivocally neoplastic,
designated as low-grade or high-grade based on the degree of
deviation from normal mucosa). Eighty percent of UC biopsies were
negative for dysplasia, 4% were indefinite for dysplasia, 14% were
positive for dysplasia, and 2% were colitis-associated cancer.

Sporadic colorectal cancer biopsies. Fifty-seven untreated sporadic
colorectal tumor biopsies taken from patients who had undergone
surgery during the period 1990-2001 at three regional hospitals
(Ullevél University Hospital, Asker and Barum County Hospital,
and Vestfold County Hospital) were utilized for this study. Biopsies
were available as FFPE archival material (tissue microarrays and
whole sections). Preparation of the CRC tissue microarrays was
described in a previous publication (11); each TMA contained 3
cores of tumor tissue from each patient and 2 cores of peritumoral
normal mucosa (tissue cores were localized to <5 mm from the
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cancer margin) or 2 cores of nonperitumoral normal mucosa
(colectomy specimens without proximal cancer).

The cancer patient group consisted of 33 males and 24 females,
with a mean age of 69 years. The Dukes’ modified staging system
was used to assess the degree of tumor spread. Of the 57 previously-
diagnosed CRC biopsies available for study, 3 were classified as
Dukes’ A, 31 as Dukes’ B, 13 as Dukes’ C, and 10 as Dukes’ D. The
majority of tumors had a histological classification of moderately-
differentiated.

The Regional Ethics Committee (REC) of Southeast Norway
approved the use of the ulcerative colitis and sporadic colorectal
cancer biopsies for research purposes in this study. The REC
number is 2015/628, the approved project is entitled “Cell biological
investigations of neoplasms in the gastrointestinal tract”, and the
expiration date of approval is December 31, 2025. All patient
information has been de-identified, and data generated from the
study are stored on a secure hospital server in line with government
regulations.

Immunohistochemistry for DNA repair proteins and RONS markers.
Table I lists the DNA repair and oxidative/nitrosative stress
antibodies and the working dilutions used in the present study. UC
and CRC tissue sections were deparaffinized, rehydrated, and
treated with 3% hydrogen peroxide for 30 min to block endogenous
peroxidase, and then washed in double-distilled water 3 times for 5
min each. Heat-induced epitope retrieval (HIER) in citrate buffer
pH 6 was the antigen retrieval method used for all
proteins/biomarkers. Slides were microwaved in citrate buffer and
then allowed to cool at room temperature for 30 min. Cooled slides
were incubated in blocking solution (Tris-buffered saline containing
3% bovine serum albumin) for 30 min at room temperature. The
primary antibodies listed in Table I were applied at the dilutions
given in the table, and the slides were then incubated overnight at
4°C in a humidity chamber. Slides were rinsed 3 times in phosphate-
buffered saline (PBS) for 5 min each time, and then incubated with
ImmPress Anti-Mouse IgG Peroxidase (Vector Laboratories,
Burlingame, CA, USA) for 30 min at room temperature. Slides were
then washed 3 times in PBS for 5 min each time and then visualized
with DAB Substrate Kit for Peroxidase (Vector Laboratories) for
10-15 min at room temperature. The reaction was stopped by
placing slides in double-distilled water for 5 min. The slides were
counterstained with hematoxylin, washed, and mounted. Tissue
sections where the primary antibody was replaced with blocking
solution served as negative staining controls. Brown-stained nuclei
were scored as positive.

Slide scanning and automatic counting of digital images. Stained
slides were digitally scanned using a bright-field Pannoramic MIDI
scanner with a 20x objective from 3DHistech (Budapest, Hungary).
Digital image preparation (jpeg images) for counting was done using
3DHistech’s Pannoramic Viewer software. Automatic counting was
done directly on these images using QuPath open source software
for digital image analysis (12). The QuPath algorithms facilitated the
exclusion of infiltrating leucocytes and stromal cells; only epithelial
cells were included for assessments of protein immunoreactivity (12,
13). A minimum of 1,500 epithelial cells was counted for each case.
Individual DNA repair protein expression levels were defined as the
percentage of positively-stained nuclei out of the total number of
nuclei (negative and positive) counted. Oxidative/nitrosative stress
biomarkers were evaluated for their staining intensity only, as
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Table I. DNA repair and oxidative/nitrosative stress antibodies used in this study.

DNA repair pathway Protein or Antibody/Manufacturer Dilution of stock Antigen
marker catalog number antibody retrieval
BER 0GGl1 Rabbit polyclonal/Invitrogen 1:200 HIER, pH 6
(8-Oxoguanine glycosylase) PAS5-86046
NER XPA (DNA repair protein Mouse monoclonal (12F5)/ 1:100 HIER, pH 6
complementing XP-A cells) ThermoFisher MA5-13835
MMR MLH1 (MutL protein homolog 1) Rabbit monoclonal/ 1:100 HIER, pH 6
Abcam ab92312
SSBR PARPI [Poly (ADP-ribose) Mouse monoclonal/Sigma 1:7,500 HIER, pH 6
polymerase 1] Precision Plus AMAb90960
DSBR (NHEJ) XRCC6 (X-ray repair Rabbit polyclonal/ 1:50 HIER, pH 6
cross-complementing protein 6) Sigma Precision Plus
HPA062226
Oxidative/nitrosative stress
Ocxidative stress 4-HNE (4-hydroxy-2-nonenal) Rabbit polyclonal/Abcam ab46545 1:800 HIER, pH 6
Nitrosative stress 3-NT (3-nitrotyrosine) Rabbit polyclonal/Sigma AB5411 1:500 HIER, pH 6

HIER: Heat-induced epitope retrieval.

virtually all epithelial cells were positive for these markers. Intensity
was scored as 0 (negative), 1 (weak), 2 (moderate) or 3 (strong) for
comparative purposes.

Statistical analyses. GraphPad Prism version 9 (GraphPad Software,
La Jolla, CA) was used for statistical analyses. Non-parametric one-
way ANOVA testing (Kruskal-Wallis) was used to assess differences
between the median percentages of protein expression within each
patient group (colonic mucosa, UC, CRC). Spearman non-parametric
correlation analyses were used to test for relationships among the
different protein expressions in CRC and UC, and between protein
expression levels and clinicopathological features (age, gender, Dukes’
stage and tumor site) in CRC. For the purposes of comparison,
expression data for NUCKS1 and pH2AX from our previous report (7)
were analyzed for correlations with DNA repair protein expressions in
the present study. A p-value of <0.05 denoted statistical significance.

Results

Localization of antibodies. Antibodies against OGG1, XPA,
MLHI1, PARPI1, and XRCC6 were localized to the nucleus of
epithelial cells in normal colonic mucosa, UC, and CRC
biopsies (Figures 1 and 2). Nuclei of infiltrating leucocytes in
both UC and CRC biopsies also showed positivity for these
antibodies and were excluded from QuPath analyses. Negative
staining controls showed no staining for any of the antibodies
tested; tonsil tissue was used as a positive staining control for
all antibodies. Antibodies against 4-HNE and 3-NT were
localized to the cytoplasm of epithelial cells in the majority of
normal colonic mucosa, UC, and CRC biopsies (Figure 2). In
some cases, both nuclear and cytoplasmic staining was seen.

DNA repair protein expression levels. Figure 3 presents box
plots showing the expression levels (median percentage

positivity) for each DNA repair protein investigated in
normal mucosa, UC, and CRC. Table II summarizes the
statistical differences between each patient group for DNA
repair protein expression. All DNA repair proteins studied
had significantly higher levels of expression in UC and CRC
biopsies than in normal colonic mucosa. DNA repair protein
expression differed significantly between UC and CRC
biopsies. XPA and XRCC6 were significantly higher in UC
than in CRC, whereas MLH1 and PARP1 were significantly
higher in CRC than in UC. OGGl1 levels were similar in both
UC and CRC.

Correlations between different DNA repair proteins and
between DNA repair proteins and clinicopathological
parameters. XRCC6 expression was positively correlated with
XPA expression (r=0.38, p=0.002) and MLH1 expression
(r=0.35, p=0.006) in UC but not in CRC. XRCC6 expression
was inversely correlated with pH2AX expression (r=—0.35,
p=0.01) in CRC but no correlations were seen between the
same in UC. XRCC6 expression was positively correlated
with NUCKS1 expression in CRC (r=0.48, p=0.0003) and in
UC (r=0.42, p=0.005). There were no correlations between the
individual DNA repair protein expression in CRC and age,
gender, Dukes’ stage, or histology.

Staining intensities of 4-HNE and 3-NT. The majority (79%)
of normal mucosa were weakly-stained for 4-HNE, 16%
were negative and 5% were moderately-stained. All UC
biopsies showed 4-HNE staining of various degrees of
intensity: 17% were weakly-stained, 42% were moderately
stained and 41% were strongly stained for 4-HNE. All CRC
biopsies showed 4HNE staining of various degrees of
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Figure 1. Expression of DNA repair proteins OGGI1, XPA, MLHI and PARPI in colonic mucosa, ulcerative colitis, and colorectal cancer. 400x

magnification. Scale bar=50 um.

intensity: 19% were weakly stained, 51% were moderately
stained and 30% were strongly stained for 4-HNE.The
majority (60%) of normal mucosa were weakly-stained for
3-NT, 3% were negative, and 37% were moderately-stained.
All UC biopsies showed 3-NT staining of various degrees of
intensity: 2% were weakly stained, 62% were moderately
stained and 36% were strongly stained. In CRC, 8% were
weakly stained for 3-NT, 27% were moderately stained and
65% were strongly stained.

Discussion
All the DNA repair proteins evaluated in the present study had

significantly higher levels of expression in UC and CRC
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biopsies than in normal colonic mucosa, suggesting that DNA
repair activity is higher in diseased colonic tissue than in
(presumably) healthy colonic tissue. In the case of UC, most
DNA damage is likely to be due to elevated levels of oxidative
stress caused by chronic inflammation, thus BER, NER and
SSBR will play important roles in removing the base
alterations, abasic sites, or strand breaks that result. BER is an
important first line of defense against the mutagenic effects of
oxidative DNA damage. One of the most common products of
oxidative stress is the base lesion 8-0x0-2'-deoxyguanosine (8-
0x0-dG), which commonly induces GC to TA transversion
mutations (14). The BER enzymes MUTYH, OGG1, and
MTHI1 work together to repair oxidative DNA damage, but
OGGl is the primary enzyme responsible for the excision of
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Figure 2. Expression of DNA repair protein XRCC6 and oxidative/nitrosative stress markers in colonic mucosa, ulcerative colitis, and colorectal
cancer. 400x magnification. Scale bar=50 um.

Table II. p-Values showing differences in DNA repair protein expression between normal mucosa, UC, and CRC groups.

DNA repair protein UC versus normal mucosa CRC versus normal mucosa UC versus CRC UC non-dysplasia versus dysplasia*
OGGl1 <0.0001 <0.0001 0.65 0.8

XPA <0.0001 <0.0004 <0.0001 04

MLH1 0.0027 <0.0001 <0.0001 0.8

PARP1 <0.0001 <0.0001 0.01 0.97

XRCC6 <0.0001 <0.0001 <0.0001 04

UC: Ulcerative colitis; CRC: colorectal carcinoma. p<0.05 denotes statistical significance. *Colitis-associated cancers were excluded from the UC
dysplasia group in all statistical analyses.

8-0x0-dG. Loss of functional OGG1 activity/OGGl1 deficiency  Likewise, a previous study underscored the importance of
in murine models has been reported to lead to a five-fold ~MUTYH’s role in removing 8-0xo-dG and in the prevention
increase in 8-0x0-dG levels in mouse livers compared to mice  of cancer by showing that defects in MUTYH were associated
with wild-type OGG1 and an increased risk of cancer (15, 16).  with the development of CRC (17). 8-0x0-dG levels of normal
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colonic mucosa not undergoing colorectal tumorigenesis were
shown to be low in a murine model (18), and it might be
expected that the same would be true for normal human
colonic mucosa. However, OGGI1 levels in normal colonic
mucosa in the present work were high (indicating elevated
OGGT activity due to high 8-0x0-dG levels), likely due to the
fact that all normal colonic mucosa included in the study were
colectomy specimens from operated colorectal cancer patients,
and as such were exposed to the same oxidative stress levels
as the tumors that also had high OGG1 levels. Furthermore, it
is known that 8-0x0-dG levels in DNA increase with age (19),
which may be an additional explanation for high OGG1 levels
seen in normal colonic mucosa, since colorectal cancer
patients in the present study were of advanced age (mean of
69 years). Interestingly, BER is deregulated by 4-HNE in a
cell line model exposed to oxidative and alkylating agents,
leading to an increase in SSB (9), but judging by the high
levels of OGG1 in UC and CRC in the present work, BER
does not appear to be compromised in either disease.

NER is also involved in the repair of oxidative stress-
induced DNA damage (20, 21). Levels of XPA, a key NER
protein, were significantly elevated in UC compared to CRC
and normal colonic mucosa, suggesting that oxidative/
nitrosative stress-induced DNA damage requiring NER activity
is higher in UC than in CRC or normal mucosa, or that NER
is compromised in CRC despite similar levels of
oxidative/nitrosative stress. The XPA protein recognizes and
binds to damaged DNA, playing a key role as a scaffold
protein in NER (22); it binds other NER proteins involved in
damage recognition and gap-filling synthesis, as well as
proteins not directly involved in NER, such as PARPI.
Interestingly, XPA stimulates PARP1 activity (23), but our
study showed no correlation (positive or negative) between
XPA and PARP expression in either UC or CRC. PARPI is
also responsible for the PARylation of XPA (24), which reduces
the DNA binding activity of XPA. It could be speculated that
the elevated PARP1 levels in both UC and CRC affected the
DNA binding capacity of XPA, but we have not investigated
this. 4-HNE hindered NER in lung and colon cancer cell lines
(25), which could be one explanation for the comparatively
lower XPA levels in CRC than in UC, but this remains
hypothetical in the context of our study.

MMR did not appear to be compromised in either UC or
CRC; the highest MLHI levels were seen in CRC, although
levels were also high in UC. The majority of normal colonic
mucosa biopsies also expressed moderate levels of MLHI1,
indicating that DNA MMR is important in (presumably)
normal cells. MMR is critical for ensuring the fidelity of
DNA replication during DNA synthesis; if misincorporated
(mismatched) bases are not removed, this can lead to
mutations during the next round of replication. Our MLH1
data for sporadic CRC are in agreement with the study of
Lanza et al. (26) that reported that MSI-L and MSS
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colorectal tumors had normal expression of MLH]1 protein,
whereas MSI-H tumors showed loss of protein expression
due to MLHI mutation. Although we have not determined
the microsatellite instability status for the sporadic CRC in
the present work, they are most likely MSS, because our
earlier comparative genomic hybridization study of sporadic
CRC (27) indicated that the majority of them were
characterized by chromosomal instability. Thus, it might be
expected that the majority of them would express moderate
to elevated levels of MLH1. Likewise, MLH1 levels were
high in UC in the present work; again, we have not
determined UC microsatellite instability status. However, a
previous report showed that loss of MLHI1 expression was
rare in colitis-associated colorectal cancer (28), indicating
that MLH1 expression in UC is generally not compromised,
consistent with our results.

PARP1 is the main PARP enzyme in the PARP family of
proteins that is involved early on in the cellular DNA
damage response. Its ability to detect DNA strand breaks, to
modulate chromatin structure, and interact with and modify
many DNA repair factors facilitates the choice of DNA
repair pathway in response to DNA damage (29). Although
PARP1 was first reported to play a role in SSBR and BER
(29-31), later reports indicate important roles for PARP1 in
all DNA repair pathways as well as in genome maintenance
(29, 32-35). PARPI1 can also promote inflammatory
responses by positively regulating pro-inflammatory NF-xB
transcription factors (36). PARP1 levels were high in UC and
CRC (levels in normal colonic mucosa were generally very
low) in the present work. Our PARPI data for CRC are
consistent with previous reports of PARP1 overexpression in
CRC (37-40). The high PARPI1 levels seen in CRC may
indicate an attempt to maintain genomic stability via
involvement in multiple DNA repair pathways. The high
PARP1 levels seen in UC are more likely indicative of
PARP1 activation and elevated expression in response to
oxidative stress-induced inflammation leading to further
generation of RONS (36, 39). It remains unclear whether
DNA repair activity is compromised in UC, despite the high
PARP1 levels seen. PARP1 expression was not correlated
with the expression of other DNA repair proteins in either
CRC or UC. The high PARP1 levels seen in both diseases
could open for targeted treatment of affected patients with
PARP1 inhibitors as a potential treatment modality,
especially since PARP1 plays important roles in all DNA
repair pathways.

We previously reported that the HR DSBR protein
NUCKSI1 decreased with increasing grades of UC dysplasia,
and was lowest in CRC samples, whereas expression of the
DNA DSB marker pH2AX increased with increasing grades
of UC dysplasia and was highest in CRC (7). It was
suggested that HR DSBR was perhaps impaired in dysplastic
UC and in cancer, leading to an increase in DSBs.
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Figure 3. DNA repair protein expression levels in colonic mucosa, ulcerative colitis, and colorectal cancer.
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Alternatively, the increase in DSBs could have overwhelmed
the available HR DSBR capacity. Our results were, however,
complicated by the fact that NUCKSI1 is also involved in
inflammatory signaling, and that the high NUCKS1 levels
seen in UC could have been due to the high levels of
inflammation in UC (7). Interestingly, the pattern of
expression of XRCC6, which plays a role in NHEJ DSBR,
tended to be similar to that seen for NUCKS1 — a significant
decrease in expression in sporadic CRC compared to UC
[concomitant with an increase in DSBs in CRC (7)].
Furthermore, XRCC6, besides its role in NHEJ, is also
required for telomere length maintenance and sub-telomeric
gene silencing (41). One interesting question is whether
lower XRCC6 expression in CRC could reflect the
problematic telomere shortening that is characteristic of CRC
and many other cancer types. UC had very low levels of
DSBs (7) and very high expression of XRCC6, suggesting
that NHEJ DSBR is not compromised in UC. Based on the
results of the present study and our previous work (7), DNA
DSBR (both NHEJ and HR) seem to be compromised in
CRC but not in UC.

Both UC and CRC biopsies had moderate to high
expression of 4-HNE and 3-NT, indicating similar levels of
oxidative/nitrosative stress in both diseases. High 4-HNE
levels in CRC have been reported previously (42, 43).
Interestingly, besides damaging DNA directly, 4-HNE also
inhibits DNA repair mechanisms, specifically NER following
UV light irradiation in human colon and lung epithelial cells,
which may contribute to carcinogenesis (25). Since 4-HNE
levels were similarly elevated in both UC and CRC in the
present work, one might question whether this would impact
on NER in both diseases. Interestingly, XPA expression was
very high in UC whereas a four-fold reduction in expression
was seen in CRC compared to UC, suggesting that NER
could be compromised in CRC. However, since we have not
investigated expression levels of other proteins involved in
NER, this remains hypothetical. High levels of 3-NT were
previously observed in colitis and cancer (44, 45) as well as
in the plasma of patients with celiac disease (an
inflammatory disease of the small intestine) (46), indicating
an association between inflamed tissues and nitrosative
stress. Our results for 3-NT expression in UC and CRC are
consistent with these earlier reports. Normal colonic mucosa
had low levels of both 4-HNE and 3-NT compared to UC
and CRC, indicating that there is less oxidative/nitrosative
stress in normal colonic tissue than in diseased. At moderate
or high concentrations RONS are harmful due to their ability
to alter DNA, proteins and lipids via oxidative damage;
however, at low concentrations they play an important role
as regulatory intermediaries in signaling processes (47). The
specific concentrations at which RONS become detrimental
for cells are however not known. The low levels of 4-HNE
and 3-NT seen in normal colonic mucosa are consistent with
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low concentrations of RONS being associated with normal
signaling processes in normal tissues.

In conclusion, we showed that oxidative/nitrosative stress
is prevalent in the colons of UC and CRC patients and that
nucleotide excision repair and non-homologous end-joining
double-strand break repair (exemplified by XPA and XRCC6
expression, respectively) may be compromised in CRC but
not in UC. PARPI is reported to promote inflammatory
responses; in UC, where the chronic inflammation can
predispose to colorectal cancer, high levels of PARP1 could
play a role in progression to cancer. The high PARP1 levels
seen in CRC, where genomic instability and DNA damage are
prevalent, suggest that it plays an important role in repairing
this extensive DNA damage via its involvement on multiple
DNA repair pathways. Overall, the high PARP1 levels seen
in both diseases could open for potential targeted treatment
of affected patients with PARP1 inhibitors. It would not be
feasible to use any of the DNA repair proteins studied as
diagnostic biomarkers of CRC because none of them showed
correlations with clinicopathological parameters such as age,
gender, Dukes’ stage, or histology. However, from a
pathobiological standpoint, reduced expression of proteins
involved in double-strand break repair (both homologous
recombination and  non-homologous  end-joining),
concomitant with high levels of double-strand breaks, may
lead to tumor development. Genomic instability and cancer
are the likely results of DNA double-strand break repair that
is compromised or overwhelmed by oxidative/nitrosative
stress-induced DNA damage.
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