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Abstract: DNA damage has been extensively studied as a potentially helpful tool in assessing and
preventing cancer, having been widely associated with the deregulation of DNA damage repair (DDR)
genes and with an increased risk of cancer. Adipose tissue and tumoral cells engage in a reciprocal
interaction to establish an inflammatory microenvironment that enhances cancer growth by modifying
epigenetic and gene expression patterns. Here, we hypothesize that 8-oxoguanine DNA glycosylase 1
(OGG1)—a DNA repair enzyme—may represent an attractive target that connects colorectal cancer
(CRC) and obesity. In order to understand the mechanisms underlying the development of CRC
and obesity, the expression and methylation of DDR genes were analyzed in visceral adipose tissue
from CRC and healthy participants. Gene expression analysis revealed an upregulation of OGG1
expression in CRC participants (p < 0.005) and a downregulation of OGG1 in normal-weight healthy
patients (p < 0.05). Interestingly, the methylation analysis showed the hypermethylation of OGG1
in CRC patients (p < 0.05). Moreover, expression patterns of OGG1 were found to be regulated by
vitamin D and inflammatory genes. In general, our results showed evidence that OGG1 can regulate
CRC risk through obesity and may act as a biomarker for CRC.

Keywords: colorectal cancer; CRC; repair genes; OGG1; methylation; obesity; DNA repairs; inflam-
mation
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1. Introduction

According to the last Global Cancer Statistics 2020, colorectal cancer (CRC) is the
third most frequent cancer [1] and the second most common cause of cancer-related death
worldwide (9.4% of all cancer deaths) [2]. Epidemiological data suggest that a 30–70%
increased risk of CRC can be attributed to obesity [3]. Increases in visceral adipose tissue
(VAT) are linked to adipose tissue dysfunction and can induce chronic local and systemic
low-grade inflammation. This inflammation is due to an increase in the production of
pro-inflammatory cytokines such as interleukin 6 (IL6) and tumor necrosis factor-α (TNF-
α), as well as the production of reactive oxygen species (ROS) as a result of oxidative
stress [4]. Furthermore, increased levels of oxidative stress caused by ROS may cause DNA
damage—a well-recognized risk factor for colorectal oncogenesis [5].

ROS can damage DNA in different pathways. However, 8-oxoguanine (8-oxoG)
stands out as one of the most common DNA lesions observed as a result of exposure to ROS
products [6]. 8-OxoG is a tautomer that can result in a mismatched pairing with adenine [7].
To eliminate 8-oxoG, all organisms have developed several DNA repair strategies [8]. 8-
Oxoguanine DNA glycosylase (encoded by the OGG1 gene on chromosome 3p25) is a
key enzyme in correcting this mismatch. This multifunctional protein repairs the guanine
lesions in mammalian cells through stepwise base excision repair (BER) [9–11]. Accordingly,
several studies have shown controversial results on the transcriptional profile of the OGG1
gene in cancer tissue [10–12]. Furthermore, multiple studies have evaluated the association
between OGG1 polymorphisms and the risk of CRC [13–16]. However, the results are
still conflicting [17]. Hence, estimating the DNA damage or disruptions in DNA repair
could potentially be helpful in the risk assessment and prevention of obesity-associated
metabolic disorders and cancers [18,19]. However, the causative aspects underpinning this
association are only partially understood [20,21].

Therefore, we hypothesize that obesity could alter the expression and methylation
profile of the OGG1 gene in VAT in the context of cancer, ultimately contributing to DNA
damage and increasing the risk of CRC. Then, our study aims to examine the gene expres-
sion and methylation of OGG1 in the adipose tissue of patients with CRC. In addition, we
intend to evaluate the Ser326Cys OGG1 polymorphism to understand its association with
obesity and cancer. Finally, we investigate an in vitro model in adipocytes to investigate
the role of vitamin D in DNA repair.

2. Results
2.1. Baseline and General Characteristics of Participants

Table 1 presents the anthropometric and biochemical variables of healthy participants
and patients with CRC. As observed, the two groups had significant differences in an-
thropometric variables, such as body mass index (BMI). Patients with CRC had a lower
BMI than healthy participants (p = 0.001). Furthermore, there were significant differences
in biochemical variables related to glucose and lipid metabolism. Accordingly, patients
with CRC had increased glucose levels compared to healthy participants (p < 0.001). Con-
versely, total cholesterol and LDL were higher in healthy participants in comparison with
patients with CRC (p < 0.001). Furthermore, CRC patients also had lower triglycerides
and HDL than healthy participants (p < 0.001). Finally, serum levels of 25-hydroxyvitamin
D (25(OH)D) were lower in patients with CRC when compared to healthy participants
(p < 0.001). Supplementary Table S1 shows the differences between healthy participants
and patients with CRC, grouped by BMI.

The frequencies of the OGG1 Ser302Cys polymorphism in all subjects are summarized
in Table 1 and Supplementary Table S1. Non-significant differences were found among
the genotypes and allele frequencies between the healthy participants and patients with
CCR. The Ser302Cys allele and genotype distributions deviated from the Hardy–Weinberg
equilibrium in all participants (p = 0.023*) and in patients with CRC (p = 0.006 *), but not
in healthy participants (p = 0.45). The minor allele frequencies of the OGG1 Ser302Cys
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polymorphism were 0.07 for all participants, 0.05 for the healthy participants, and 0.11 for
patients with CRC.

Table 1. The baseline characteristics of the participants included in the study.

Variable All Healthy
Participants

Patients with
CRC p

N = 310 N = 230 N = 80

Age (years) 54.5 (15.0) 50.1 (13.8) 67.2 (10.3) <0.001 *
Sex (males/females) 159/151 103/127 56/24 <0.001 *

BMI (Kg/m2) 28.9 (7.33) 29.5 (8.09) 27.2 (4.06) 0.001 *
Glucose (mg/dL) 105 (35.2) 98.3 (20.3) 125 (55.9) <0.001 *

HOMAIR 2.38 (1.82) 2.50 (1.76) 2.01 (1.95) 0.054
Total cholesterol

(mg/dL) 196 (44.7) 205 (42.7) 173 (41.3) <0.001 *

Triglycerides (mg/dL) 134 (67.4) 123 (58.5) 163 (79.6) <0.001 *
LDL (mg/dL) 120 (34.7) 127 (32.9) 104 (33.8) <0.001 *
HDL (mg/dL) 50.0 (15.3) 53.4 (14.4) 41.2 (14.1) <0.001 *

25-Hydroxyvitamin D
(ng/mL) 39.1 (18.9) 43.5 (20.2) 30.8 (12.8) <0.001 *

OGG1 Ser302Cys 0.174
C/C 146 (65.8%) 100 (66.2%) 46 (64.8%)
C/G 61 (27.5%) 44 (29.1%) 17 (23.9%)
G/G 15 (6.76%) 7 (4.64%) 8 (11.3%)

Data are expressed as means ± standard deviations or percentages. Asterisks indicate significant differences
between groups, according to Welch’s two-sample tests (* p < 0.05). The chi-squared test was used for variables
expressed as percentages (* p < 0.05). Abbreviations: 25(OH)D: 25-hydroxyvitamin D; BMI: body mass index;
CRC: colorectal cancer; HOMA-IR: homeostasis model of insulin resistance; HDL: high-density lipoprotein; LDL:
low-density lipoprotein; OGG1: 8-oxoguanine DNA glycosylase 1.

2.2. Transcriptional and Methylation Profiles of the OGG1 Gene in Obesity and Colorectal Cancer

We evaluated the transcriptional and epigenetic profiles in obesity and CRC. As shown
in Figure 1A, OGG1 expression was upregulated in VAT patients with CRC compared to
healthy participants (p < 0.01). We also found that OGG1 was upregulated in whole blood
in patients with CRC compared to healthy participants (p < 0.05) (Supplementary Figure
S1A). Furthermore, we divided the participants by obesity grade, in which lean participants
had a BMI < 25 Kg/m2, while participants with overweight/obesity (Ow/Ob) had a
BMI ≥ 25 Kg/m2. Our analysis showed that healthy participants with Ow/Ob had higher
OGG1 expression than lean healthy participants (p < 0.01). Nevertheless, no significant
differences were observed between lean and Ow/Ob patients with CRC (Figure 1B). The
complete analysis is summarized in Supplementary Figure S1B.

Furthermore, we analyzed the whole promoter methylation of the OGG1 gene. Our
analysis revealed that the promoter methylation of the OGG1 gene was higher in patients
with CRC in comparison with healthy participants (p < 0.05) (Figure 1C). However, non-
significant differences were observed when we compared healthy participants with Ow/Ob
and lean healthy participants and lean and Ow/Ob patients with CRC (Figure 1D). The
complete analysis is summarized in Supplementary Figure S1C. A Pearson’s correlation test
was conducted to understand the relationship between OGG1 methylation and expression.
We found a significant negative correlation between OGG1 methylation in body gene and
OGG1 expression (r = −0.354, p = 0.039) (Supplementary Figure S1D). Surprisingly, no
correlation was found between the promoter OGG1 methylation and OGG1 expression.
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Figure 1. Gene expression and methylation profile of OGG1 in visceral adipose tissue from patients
with obesity and colorectal cancer: (A) Normalized gene expression of OGG1 comparing healthy
participants (N = 54) and patients with CRC (N = 65). (B) Normalized gene expression of OGG1
comparing healthy lean participants (N = 13) with overweight/obese participants (N = 41). In
addition, we compared lean (N = 22) and overweight/obese patients with CRC (N = 43). (C) Promoter
methylation of OGG1 comparing healthy participants (N = 24) and patients with CRC (N = 23). The
promoter contained the following CpG sites: cg11841349, cg14201528, cg15357639, cg17285536,
cg17319894, cg19391888, cg25415932, and cg05439191. (D) Promoter methylation of OGG1 comparing
healthy lean participants (N = 7) with overweight/obese participants (N = 17). In addition, we
compared lean (N = 11) and overweight/obese patients with CRC (N = 12). Gene expression was
normalized using the PPIA gene and the formula: 2−∆Ct. Abbreviations: CRC: colorectal cancer;
OGG1: OGG1 8-oxoguanine DNA glycosylase 1; Ow/Ob: overweight/obese; ns: non-significant.
Asterisks indicate significant values according to the test (* p < 0.05; ** p < 0.01).

2.3. Association between OGG1 and Metabolic/DNA Repair Genes

Pearson’s analysis was conducted to evaluate the relationships between OGG1 and
biochemical variables. We observed that OGG1 expression in VAT was negatively associated
with 25(OH)D (r = −0.02; p = 0.03) and insulin levels (r = −0.02; p = 0.03) (Figure 2A).
As for the inflammatory genes, OGG1 expression in VAT was associated with NF-κB
expression (r = 0.29, p = 0.003). OGG1 expression in whole blood was negatively associated
with IL10 (r = −0.34, p = 0.015) and positively associated with IL6 (r = 0.51, p = 0.047).
Furthermore, OGG1 body methylation was negatively associated with IL10 expression
(r = −0.56; p = 0.008) (Figure 2B). Finally, OGG1 expression measured in the adipose tissue
from healthy participants was associated with the majority of DNA repair genes, including
SIRT3 (r = 0.81, p < 0.001), LIG1 (r = 0.71, p < 0.001), PARP1 (r = 0.56, p < 0.001), WRN (r = 0.79,
p < 0.001), MBD4 (r = 0.74, p < 0.001), CPT1α (r = 0.47, p < 0.001), and TFAM expression
(r = 0.63, p = 0.04). OGG1 body methylation was associated with CPT1α expression (r = 0.99;
p = 0.031) (Figure 2C).
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Figure 2. OGG1 expression in adipose tissue and metabolic and DNA repair genes: (A) Heatmap of
Pearson’s correlation between OGG1 expression and methylation, and anthropometric and biochemi-
cal variables in all participants. (B) Heatmap of Pearson’s correlation between OGG1 expression and
methylation and gene expression of inflammatory genes in visceral adipose tissue in all participants.
(C) Heatmap of Pearson’s correlation between OGG1 expression and methylation and gene expression
of DNA repair genes in visceral adipose tissue from healthy participants (D) Kaplan–Meier estimates
for overall survival according to gene expression of OGG1 (low vs. high under the median value) in
whole blood. The asterisks indicate a significant correlation between variables according to Pearson’s
correlation test (* p < 0.05). Abbreviations: AT: adipose tissue; WB: whole blood.

2.4. OGG1 as a Potential Candidate Biomarker in Colorectal Cancer Outcomes

A regression analysis was conducted to understand the relationship between OGG1 in
the adipose tissue and the risk of CRC (Table 2). After adjusting for age, sex, and BMI, OGG1
expression in VAT was positively associated with an increased risk of CRC (β = 7.21 (3.09),
p < 0.05), explaining up to 30% of the variability. The area under the curve of this model was
0.686 (0.586–0.787) (Supplementary Figure S1E). However, OGG1 expression in whole blood,
its promoter, and bodily methylation of the OGG1 gene were not linked to an increased risk
of CRC. In the Kaplan–Meier analysis for overall survival, OGG1 expression in VAT (low
vs. high under the median value) was not associated with overall survival (Supplementary
Figure S1F) (p = 0.33). However, overall survival was associated with OGG1 expression
in whole blood (low vs. high under the median value). High OGG1 expression was
associated with worse survival compared to low OGG1 expression (p = 0.016) (Figure 2D).
We also found that OGG1 expression in adipose tissue was lower in late-stage cancer when
compared with patients with early-stage cancer (p = 0.028) (Supplementary Figure S1G).

As for the mutational analysis, we evaluated the association between the OGG1
Ser302Cys polymorphism and serum biomarkers for oxidative stress, such as Hb1Ac, trans-
ferrin, ferritin, and alkaline phosphatase (ALP). We did not observe significant differences
between the CC (dominant group) and CG/GG (recessive group) groups (Supplementary
Figure S2A,B). However, we found that the CC group had a trend of increased ferritin
values compared to the CG/GG group (p = 0.066) (Supplementary Figure S2C). In addition,
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we found that the CC group had a higher value of ALP when compared to the CG/GG
group (p = 0.029) (Supplementary Figure S2D).

Table 2. Multiple regression analysis of the OGG1 gene as a predictor of the risk of colorectal cancer
incidence.

Variables β (SE)
R2 = 0.41, p < 0.001

β (SE)
R2 = 0.30, p < 0.001

β (SE)
R2 = 0.44, p < 0.001

β (SE)
R2 = 0.40, p < 0.001

Age (years) 0.16 (0.00) *** 0.01 (0.00) *** 0.02 (0.00) *** 0.02 (0.00) ***
Sex (males/females) −0.23 (0.11) −0.17 (0.08) * −0.13 (0.12) −0.15 (0.12)

BMI (kg/m2) 0.00 (0.01) −0.02 (0.01) * −0.01 (0.011) −0.01 (0.01)
OGG1 expression in VAT NA 7.21 (3.09) * NA NA

OGG1 expression in whole
blood 0.91 (0.55) NA NA NA

Promoter OGG1 methylation NA NA 10.22 (5.53) NA
Body OGG1 methylation NA NA NA −3.16 (6.91)

Data are expressed as β (standard error). Data adjusted for sex, age, and BMI. Asterisks indicate significant values
according to the test (* p < 0.05; *** p < 0.001). Abbreviations: OGG1: 8-oxoguanine DNA glycosylase 1; BMI: body
mass index.

2.5. In Vitro Validation of the OGG1 Gene Profile in the Adipose Tissue and Adipocytes

To understand the biological significance of previous findings, we evaluated patient-
derived explants from lean and obese participants and those from patients with CRC. We
observed that adipose tissue explants from patients with CRC showed higher expression of
OGG1 compared to explants from lean (p < 0.001) and obese healthy participants (p < 0.001)
(Figure 3).

Therefore, we treated the explants with 1 µM of calcitriol. However, we did not
observe an effect on the OGG1 expression of the treated explants compared to the controls
(Supplementary Figure S2E). Nevertheless, adipocytes treated with 0.5 µM of calcitriol
showed increased OGG1 expression when compared to the controls (p < 0.01) (Figure 3B).
Furthermore, we tested the treatment efficacy with calcitriol and measured the gene expres-
sion of CYP24A1. This is because CYP24A1 is a target gene of calcitriol, which is mediated
by the VDR, which is a transcription factor that binds to specific DNA sequences in the
promoter region of the CYP24A1 gene [22]. In the explants treated with calcitriol, we did
not observe significant differences between explants from lean, obese, and patients with
CRC (Figure 3C). Furthermore, calcitriol treatment significantly increased the expression
between control and treated explants in lean participants, obese patients, and CRC patients
(p < 0.01, p < 0.01, and p < 0.001, respectively) (Supplementary Figure S2F). As for the
adipocytes treated with calcitriol, we observed that treatment with calcitriol significantly
increased the expression of CYP24A1 compared to the controls (p < 0.001) (Figure 3D).

To test those genes related to DNA base excision repair, we focused on studying the
MBD4, PARP1, WRN, and LIG1 genes (Supplementary Figure S3). The expression of those
genes did not differ in adipose tissue from lean participants and participants with obesity
(p < 0.05) (Supplementary Figure S3A). As for the explants, MBD4 and LIG1 had higher
expression in obese patients compared to lean participants and cancer patients (p < 0.05).
Furthermore, PARP1 expression was increased in explants from cancer patients when
compared to lean participants and those with obesity (p < 0.05) (Supplementary Figure
S3B). Finally, adipocytes treated with calcitriol showed increased expression of MBD4 and
PARP1 when compared to the controls (p < 0.01 and p < 0.05, respectively) (Supplementary
Figure S3C).
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Figure 3. In vitro validation of the OGG1 gene profile in the adipose tissue and adipocytes: Total
RNA from explants was extracted, and gene expression was measured. Normalized gene expression
of (A) OGG1 and (C) CYP24A1 was calculated by comparing explants from healthy lean participants
(N = 3), healthy obese participants (N = 3), and patients with CRC (N = 4). Adipocytes were treated
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and treated adipocytes. The asterisks indicate significant values according to the test (** p < 0.01;
*** p < 0.001). Gene expression was normalized using the PPIA gene and the formula 2−∆Ct. ns: no
significant.

3. Discussion

In the present study, we conducted a complete analysis of the transcriptional and
epigenetic profiles of OGG1 in participants with obesity, as well as in patients with CRC. We
found that OGG1 was upregulated and hypermethylated in adipose tissue from patients
with CRC when compared to healthy participants, which was confirmed in adipose tissue
explants. In addition, OGG1 expression was associated with the majority of genes in the
BER pathways, suggesting a cooperative mechanism. Furthermore, gene expression in
adipose tissue was linked to an increased risk of CRC, while gene expression in whole blood
was a promising prognostic biomarker, with higher expression linked to worse survival.
These findings revealed dysregulated mechanisms of BER genes in obesity-associated CRC,
in which these genes could be potentiated in the obesity state associated with CRC.

Several studies have reported the transcriptional profile of the OGG1 gene in CRC. For
instance, a study reported that OGG1 was upregulated in adenomas with severe dysplasia
and adenocarcinomas compared to normal adjacent tissue [23]. Furthermore, Leguisamo
et al. (2017) [24] discovered that OGG1 expression was higher in 70 tumor tissue samples
compared to matched adjacent tissue, which was consistent with our findings. Accord-
ingly, we found that OGG1 was upregulated in adipose tissue from patients with CRC in
comparison with normal participants, indicating increased OGG1 activity to mitigate the
high levels of 8-oxo-2′-deoxyguanosine observed in the cancer context [23]. In contrast,
a study conducted by Slyskova et al. (2012) reported decreased transcription levels of
OGG1 in tumor tissue from newly diagnosed patients with sporadic CRC when compared
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with controls [25]. In addition, another study by Santos et al. (2014) showed that OGG1
expression was significantly downregulated in tumor samples (stage III and IV) compared
to normal tissue and early-stage tumor samples [26]. Therefore, OGG1 expression could
vary depending on confounding variables, as well as other clinical factors. It is important
to consider these factors when interpreting the relationship between OGG1 expression
levels and CRC.

In terms of OGG1 promoter methylation, we discovered that the OGG1 promoter was
hypermethylated in adipose tissue from CRC patients compared to healthy participants,
which was consistent with the findings of a study conducted by Slyskova et al. (2012) [27].
The latter reported aberrant methylation of OGG1 in 56% of tumors using microsatellite
instability methods, although other methods did not further confirm these findings. It is
important to note that the relationship between promoter methylation and gene expression
is complex. In some cases, promoter methylation may actually be associated with increased
gene expression, particularly if the DNA methylation affects the binding of specific repres-
sor proteins [28]. In this study, we found that the promoter methylation of the OGG1 gene
was increased, along with an increase in gene expression. This finding is interesting because
increased promoter methylation is typically associated with decreased gene expression.
However, it is possible that the increased methylation in this case may affect the binding
of key transcription factors that affect both chromatin accessibility and the initiation of
transcription. However, future studies are needed to clarify this observation. However,
only a few studies have reported the status of OGG1 methylation, on which it is relatively
premature to make a statement.

As for obesity, Ogg1 in mice seems to play a protective role against obesity. Accord-
ingly, a study by Sampath et al. (2012) found that Ogg1−/− mice had increased adiposity
and insulin resistance compared to wild-type animals when exposed to a high-fat diet [17].
Specifically, transgenic mice overexpressing human OGG1 in the mitochondria had signifi-
cant protection against obesity and adipose tissue inflammation when exposed to a high-fat
diet, demonstrating a critical role in energy homeostasis [29]. Furthermore, Ogg1−/− mice
preadipocytes differentiated more efficiently and accumulated more lipids than wild-type
preadipocytes. In contrast, OGG1 overexpression significantly decreased adipogenic differ-
entiation and lipid deposition in both preadipocytes from transgenic mice overexpressing
human OGG1 and 3T3-L1 cells through a significant alteration in cellular PARylation, in-
dicating a role in adipogenesis [30]. In our study, we found that OGG1 was upregulated
in adipose tissue from participants with obesity in comparison with healthy participants
and associated with insulin levels, indicating a role in obesity and insulin sensitivity in
the human context. This difference might be due to the fact that the adipose tissue of
people with obesity has an increased inflammatory profile. Accordingly, Ogg1-knockout
mice had fewer inflammatory cells and lower expression of cytokines (including IL6 and
NF-κB), implying that OGG1 may play a role in inflammation [31]. Previous murine obser-
vations and our results point to a potential role of OGG1 in protecting and/or resistance
against endogenous obesity- and cancer-related oxidative stress, suggesting that this DNA
glycosylase may be a promising target for developing DNA glycosylase inhibitors [32].
However, we must remember that age, sex, and stage of CRC are covariables that should
be considered when analyzing the OGG1 expression response [33].

We also found that increased expression of OGG1 in adipose tissue was associated
with an increased risk of having CRC, according to our logistic regression, whereas high
expression of OGG1 in whole blood was associated with an increased risk of worse survival
when compared to low OGG1 expression. Upregulation of OGG1 in patients with CRC
could indicate increased DNA damage. However, even with increased OGG1 activity, the
repair of all of the DNA damage may not be completely achieved, leading to persistent
genomic instability, which could increase the risk of cancer progression and metastasis.
Most studies found an association between OGG1 polymorphisms and the risk of CRC.
Accordingly, several polymorphisms have been associated with an increased risk of CRC,
such as R154H [34], Arg46Gln [35], or Ser326Cys [13,15]. However, controversial results
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have been found. For example, several studies found that Ser326Cys was associated with a
lower risk of CRC [14,36,37], while others found an increased risk [38] or no association, as
shown by two meta-analyses published in 2011 (including 12 studies) and 2017 (including
17 studies) [39,40]. These findings were consistent with our results, as we found no link
between Ser326Cys polymorphism and an increased risk of CRC. Nevertheless, due to the
conflicting results, more studies are needed. However, this mutation was associated with
increased circulating oxidative stress markers, suggesting a systemic effect of oxidative
stress.

Finally, given that OGG1 expression in visceral adipose tissue was associated with
25-hydroxyvitamin D, we decided to test this relationship in vitro due to the role of vitamin
D in oxidative stress and inflammation [41]. A study by Lan Nan et al. (2014) reported that
patients with severe asthma and vitamin D deficiency showed increased OGG1 protein
expression compared to those with vitamin D sufficiency [42]. In contrast, another study
by Amirinejab et al. (2021) showed that vitamin D supplements in patients with multiple
sclerosis displayed decreased expression of OGG1 in PBMC [43]. In our study, explants
treated with calcitriol (the active metabolite of vitamin D) did not exert any effect on OGG1
but increased OGG1 expression in adipocytes. This could be because the activation of
CYP24A1 in explants was moderate compared to that in adipocytes, which was hugely
increased. Therefore, our experiment with the explants might need more exposure to
vitamin D to activate the expression of vitamin-D-targeted genes. Then, these findings can
shed light on vitamin D’s role in DNA repair. However, more studies are needed to clarify
the mechanisms behind this observation.

4. Materials and Methods
4.1. Participants and Study Design

Three hundred and ten participants from the “Virgen de la Victoria” University Hos-
pital (Málaga, Spain) were enrolled in this study. Two hundred and thirty were healthy
participants, whereas eighty were patients with CRC. Healthy participants were included
who underwent hiatus hernia surgery or a cholecystectomy. Patients with CRC underwent
surgery with curative intent. The pathological specialist used colonoscopy and biopsy
to diagnose patients with CRC. The weight of all participants was stable in the last three
months prior to their participation in the study.

The exclusion criteria were patients with diabetes mellitus, acute or chronic inflam-
matory diseases, renal and infectious diseases, and patients who had received treatment
that altered their glucose and lipid metabolism, such as metformin or statins. Furthermore,
patients who had changes in other metabolic parameters and who consumed more than
20 g of ethanol per day were excluded. All participants were anonymized prior to typing
and gave their written informed consent. The study was performed in accordance with
the guidelines of the “Declaration of Helsinki” and approved by the Ethics Committee of
“Virgen de la Victoria” University Hospital (Málaga, Spain).

4.2. Biochemical Measurement and Sample Obtaining

Blood samples were obtained from all of the participants, and serum samples were
extracted by centrifugation at 4000 r.p.m. for 15 min at 4 ◦C. Fasting glucose, triglyc-
erides, total cholesterol, and high-density lipoprotein (HDL) cholesterol levels were mea-
sured using the Dimension Autoanalyzer (Dade Behring Inc., Deerfield, IL, USA). We
calculated low-density lipoprotein (LDL) cholesterol using the Friedewald equation [44].
Fasting insulin levels were determined by BioSource International Inc. (Camarillo, CA,
USA) using radioimmunoassay methods. The insulin resistance homeostasis model as-
sessment (HOMA-IR) was calculated using the following equation: HOMA-IR = fasting
insulin (IU/mL) fasting glucose (mmol/L)/22.5 [45]. Circulating vitamin D levels (25-
hydroxyvitamin D (25(OH)D)) were measured using an ELISA kit (Immundiagnostik,
Bensheim, Germany).
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Epiploic adipose tissue was obtained from healthy participants when they underwent
hiatus hernia surgery or cholecystectomy. Epiploic adipose tissue from patients with CRC
was obtained during surgery. Adipose tissue samples were frozen in liquid nitrogen until
they reached the laboratory. Then, the samples were cleaned in sterile PBS, cut, and stored
at −80 ◦C until analysis.

4.3. RNA Extraction and qPCR Analysis

Total RNA was isolated from VAT using an RNeasy Lipid Tissue Mini Kit accord-
ing to the manufacturer’s instructions (Qiagen GmbH, Hilden, Germany). cDNA was
generated from 1000 ng of total RNA using a PrimeScript RT-PCR Kit (Takara Bio USA,
Inc., Mountain View, CA, USA) according to the manufacturer’s instructions. The gene
expression quantification was carried out using a commercially available TaqMan tech-
nology primer/probe mix (Integrated DNA Technologies Inc., Madrid, Spain) for the
quantification of 8-oxoguanine DNA glycosylase (OGG1, Hs.PT.58.38797078), nuclear factor
kappa B subunit 1 (NF-κβ1, Hs.PT.58.20344216), interleukin 1 beta (IL1β, Hs.PT.58.1518186),
interleukin 6 (IL6, Hs.PT.58.40226675), interleukin 10 (IL10, Hs.PT.58.2807216), sirtuin 3
(SIRT3, Hs00953477_m1, Thermo Fisher Scientific, Waltham, MA, USA), DNA ligase 1
(LIG1, Hs.PT.58.15225811), poly-ADP-ribose polymerase 1 (PARP1, Hs.PT.56a.4895683),
Werner syndrome helicase (WRN, Hs.PT.58.3388357), methyl-CpG binding domain 4
(MBD4, Hs.PT.58.39947182), carnitine palmitoyltransferase 1A (CPT1α, Hs00912671_m1,
Thermo Fisher Scientific), cytochrome P450 family 24 subfamily A member 1 (CYP24A1,
Hs.PT.58.3820691), transcription factor A mitochondrial (TFAM, Hs00273372_s1, Thermo
Fisher Scientific), and peptidylprolyl isomerase A (PPIA, Hs.PT.58v.38887593.g) as an en-
dogenous control. Gene expression was performed by real-time PCR with QuantStudio
6 Pro (Applied Biosystems, Darmstadt, Germany) using Premix Ex Taq™ (Probe qPCR)
(Takara Bio USA, Inc., Mountain View, CA, USA), according to the instructions of the
manufacturer. Changes in gene expression were calculated using the 2−∆Ct method [44].
The expression results were normalized as the target gene/PPIA ratio.

4.4. DNA Extraction and Genotyping

Genomic DNA was extracted from 200 µL of peripheral blood using a QIAamp
DNA Blood mini kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer’s
instructions, and from VAT using a QIAamp DNA Tissue Kit according to the manufac-
turer’s instructions (Qiagen GmbH, Hilden, Germany). DNA purity was measured by
the A260/A280 and A260/A230 ratios. The information on the OGG1 rs1052133 SNP was
provided by the SNPedia Database System http://www.snpedia.com (accessed on 12 Jan-
uary 2023), dbSNP, and Ensembl [46]. The SNP assays were performed using allele-specific
quantitative PCR and QuantStudio 6 Pro (Applied Biosystems, Darmstadt, Germany), using
the rhAmp SNP Genotyping System (Integrated DNA Technologies Inc., Madrid, Spain),
according to the manufacturer’s instructions. The reaction mixture contained Combined
Master Mix and Reporter Mix with Reference Dye, rhSNP Assay Hs.GT.rs.1052133.G.1
(Integrated DNA Technologies Inc., Madrid, Spain), 6 ng of template DNA, and nuclease-
free water, making a final volume of 10 µL, according to the manufacturer’s instructions.
The allelic discrimination was verified using Design and Analysis Software 2.6.0 (Thermo
Fisher Scientific).

4.5. DNA Bisulfite Reaction and DNA Methylation Array

To extract the whole methylation of the OGG1 gene, a genome-wide methylation
analysis was conducted. To do this, high-quality genomic DNA samples (500 ng) in the
adipose tissue from healthy participants (N = 25) and patients with CRC (N = 29) were
treated with bisulfite reagent using the EZ-96 DNA Methylation kit (Zymo Research, Irvine,
CA, USA). Subsequently, DNA methylation was analyzed by microarray assays using
Infinium Human Methylation 450K bead chip technology (Illumina, San Diego, CA, USA).
After obtaining data from the OGG1 gene, DNA quality was checked, normalized, and
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filtered using the minfi package [47]. After that, DNA methylation for each CpG site was
represented by beta and M values ranging from 0 to 1, corresponding to fully unmethylated
and fully methylated, respectively. Specific differentially methylated positions from the
OGG1 gene were extracted from both the promoter region and the whole gene.

4.6. Cell Culture and Adipose Tissue Explants

Human mesenchymal stem cells from adipose tissue (hMSC-AT, PromoCell C-12977)
were seeded at a density of 15 × 103 cells/well in 6-well plates for three days under
standard culture conditions. After this period, the expansion medium was replaced by
means of induction (72 h) and adipogenic differentiation to adipocytes (18 days) for 21 days.
After that, we treated adipocytes for each condition with vehicle (DMSO) and 0.5 µM of
calcitriol for 24 h. The experiments were conducted in three independent replicates using
N = 1.

As for adipose tissue explants, epiploic adipose tissue from 3 healthy lean participants,
3 healthy participants with obesity, and 3 patients with CRC were used in this study. The
adipose tissue was cut into 5–10 mg pieces to do this. Then, these pieces were incubated in
PBS supplemented with 5% BSA for 30 min. After that, a serum-free medium supplemented
with 1% P/S and 200 mmol/L of L-glutamine was added to the pieces and kept at 37 ◦C.
For the vehicle, DMSO was added to the medium. For treatment, 1 µM calcitriol was
added to the medium. After 24 h of treatment, RNA was extracted using the RNeasy
Lipid Tissue Mini Kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer’s
instructions [48]. cDNA was obtained as previously described.

4.7. Statistical and Bioinformatic Analysis

Continuous variables are presented as means ± standard deviations. The Welch
(parametric) or Wilcoxon (non-parametric) two-sample tests were used to determine dif-
ferences between healthy participants and patients with CRC. Differences in qualitative
variables and the Hardy–Weinberg equilibrium (HWE) were tested using the χ2 test. The
Kruskal–Wallis test was used to evaluate the differences between groups for non-parametric
variables. Pearson’s correlation coefficients were calculated for parametric variables, or
Spearman’s correlation for non-parametric variables. Univariate and multivariate logistic
regression models estimated hazard ratios to assess the association of the OGG1 methyla-
tion and expression with increased CRC risk. Analyses and graphical representations were
created using R 4.2.1 software (Integrated Development for R. RStudio, PBC, Boston, MA,
USA) and GraphPad Prism, and the significance threshold was set at p < 0.05.

5. Conclusions

OGG1 expression and methylation were upregulated in adipose patients with CRC
compared to healthy participants. OGG1 seems to be a risk factor for CRC, since increased
OGG1 expression in VAT was associated with an increased risk of CRC, while high OGG1
expression in whole blood was associated with poor overall survival. Furthermore, calcitriol
treatment increased OGG1 levels in adipocytes, suggesting a protective link between
vitamin D and DNA repair in adipose tissue. Therefore, OGG1 is a promising biomarker
in obesity-related CRC and can act as a protective factor against CRC. However, further
studies are needed to understand this relationship better.
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