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Abstract 

Background: The phenomenon of field cancerization reflects the transition of normal cells into those predisposed to cancer. 
Assessing the scope and intensity of this process in the colon may support risk prediction and colorectal cancer prevention.

Methods: The Swiss Epigenetic Colorectal Cancer Study (SWEPIC) study, encompassing 1111 participants for DNA methylation analy
sis and a subset of 84 for RNA sequencing, was employed to detect field cancerization in individuals with adenomatous polyps (AP). 
Methylation variations were evaluated for their discriminative capability, including in external cohorts, genomic localization, clinical 
correlations, and associated RNA expression patterns.

Results: Normal cecal tissue of individuals harboring an AP in the proximal colon manifested dysregulated DNA methylation com
pared to tissue from healthy individuals at 558 unique loci. Leveraging these adenoma-related differentially variable and methylated 
CpGs (aDVMCs), our classifier discerned between healthy and AP-adjacent tissues across SWEPIC datasets (cross-validated area 
under the receiver operating characteristic curve [ROC AUC] ¼ 0.63-0.81), including within age-stratified cohorts. This discriminative 
capacity was validated in 3 external sets, differentiating healthy from cancer-adjacent tissue (ROC AUC ¼ 0.82-0.88). Notably, aDVMC 
dysregulation correlated with polyp multiplicity. More than 50% of aDVMCs were significantly associated with age. These aDVMCs 
were enriched in active regions of the genome (P< .001), and associated genes exhibited altered expression in AP-adjacent tissues.

Conclusions: Our findings underscore the early onset of field cancerization in the right colon during the neoplastic transformation 
process. A more extensive validation of aDVMC dysregulation as a stratification tool could pave the way for enhanced surveillance 
approaches, especially given its linkage to adenoma emergence.

Molecular aberrations preceding cancer development have been 
documented in multiple tissues, even before the first clinically 
detectable lesions are apparent. Field cancerization refers to the 
replacement of normal cells with a cancer-prone population that 
has undergone some but not all of the necessary modifications 
for malignancy (1). Understanding the occurrence of field cancer
ization within a specific cancer type is critical to accurately 
determine the risk of developing a malignancy and, therefore, 
contribute to cancer prevention.

In colorectal cancer (CRC), field cancerization is of particular 
interest due to the considerable number of sporadic cases and 
the limitations of current screening methods such as colono
scopy (2,3). Indeed, a high number of colonoscopies is required 
for CRC prevention, and one cannot exclude potential 

complications and post-colonoscopy cancer occurrence (4-6). 
Thus, better risk assessment through understanding polyp initia
tion and progression is essential to improve the effectiveness of 
screening and post-polypectomy surveillance.

Previous studies found evidence of field cancerization in the 
colon’s normal mucosa during CRC development, mainly report
ing DNA methylation changes (1,7-21). Yet, genome-wide charac
terization of field defects in pre-neoplastic colon lesions is 
lacking. Here, we focus on adenomatous polyps (AP), the primary 
precursor in CRC development, constituting more than 80% of 
polyps (22,23). As evidenced by studies of other organs, charac
terizing field defects associated with pre-neoplastic lesions 
requires large sample sizes to capture potentially weak and sto
chastic signals (17,24-27).
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In this work, we take advantage of the biobank of the clinically 
well-characterized Swiss Epigenetic Colorectal Cancer Study 
(SWEPIC) cohort (28), the most extensive normal mucosa study 
comprising more than 1100 individuals whose normal mucosa of 
the colon was profiled using the Illumina DNA methylation EPIC 
array, to investigate field cancerization in the colon of cancer- 
free individuals.

Methods
Methods are described in full detail in online-only 
Supplementary Methods (available online).

Data acquisition and selection
We collected and analyzed tissue samples from 1111 patients 
who underwent colonoscopy as part of the SWEPIC prospective 
study (28), divided into 3 batches: SWEPIC1, SWEPIC2, and 
SWEPIC3. We focused on samples from the cecum and stratified 
patients based on the presence of adenomatous polyps (AP) in 
the right colon (from the cecum to the splenic flexure). We quan
tified DNA methylation beta-values for 282 321 shared probes 
after rigorous quality controls. Additionally, we downloaded 
external datasets [GSE132804 (29), GSE48684 (18), and GSE199057 
(17)] from the Gene Expression Omnibus (GEO) database and 
processed them similarly.

Selection criteria for discovering aDVMCs in the 
SWEPIC cohort
We adapted the iEVORA algorithm to identify differentially varia
ble (False Discovery Rate [FDR]-corrected q<0.05) and differen
tially methylated (uncorrected P< .05) CpGs (DVMCs) (17,25,26). 
We focused on probes characterized as DVMCs in at least 2 
SWEPIC cohorts, resulting in the selection of adenoma-related 
differentially variable and differentially methylated CpG sites 
(aDVMCs). Each patient was assigned a measure of DNA methyl
ation dysregulation, referred to as the fraction of DNA methyla
tion outliers (24), and we computed the Cancer Outlier Profile 
Analysis (COPA) value for each aDVMC (30), considering a CpG 
site an outlier if its absolute COPA value exceeded 4. The fraction 
of DNA methylation outliers was calculated as the proportion of 
aDVMCs classified as outliers for each patient. We compared the 
performance of a classifier based on aDVMC scores for DNA 
methylation dysregulation to classifiers using a random selection 
of the same number of CpG sites to determine if dysregulation 
was genome-wide or a targeted phenomenon. Statistical signifi
cance was determined through empirical P value calculations.

Cross-validation of aDVMC-based classifiers in 
the SWEPIC cohort
We employed 4-fold stratified cross-validation for each SWEPIC 
dataset (SWEPIC1-3), stratifying based on adenoma status. The 
predictive power of a linear classifier using the fraction of DNA 
methylation outliers to distinguish individuals with and without 
adenomas was assessed. The procedure was applied to each train 
set, and the fraction of DNA methylation outliers was computed 
in the test set using train-set aDVMCs. COPA transformation 
parameters were estimated based on the healthy tissue of the 
train set.

Genomic region enrichment, point vs regional 
dysregulation, and clinical factors
To evaluate whether aDVMC sites were enriched in specific 
genomic regions, we used the genome annotation of colonic 

mucosa tissue (E075) by the Roadmap Epigenomics Consortium 

(31). We categorized aDVMC dysregulation at the gene level to 

determine point vs regional dysregulation. Clinical factors were 

linked to aDVMC DNA methylation levels using a generalized lin

ear model (GLM) with a Gamma Link function.

RNA sequencing processing and analysis
We conducted differential gene expression analysis on the subset 

of 84 SWEPIC1 patients while correcting for plate effects. We 

used PyDeSeq2 (https://github.com/owkin/PyDESeq2) (32) on 

transcript per million (TPM) estimates. aDVMC CpG sites associ

ated with active genomic regions were linked to genes, and we 

performed agglomerative clustering (k¼ 2, Ward linkage) of 

patients based on their gene expression. Paired methylation sam

ples were used to investigate genes showing dysregulation asso

ciated with DNA methylation dysregulation.

Statistical testing
In our analyses, we employed Wilcoxon rank-sum tests for con

tinuous variables and Kruskal-Wallis tests for multiple catego

ries. For pairwise categorical comparisons, we used Fisher exact 

tests. Significance levels were set at P equals .05 for all tests, with 

false discovery rate (FDR) correction applied to correct for multi

ple testing. FDR-corrected significance levels were set at P 

equals 0.05 for differential probe discovery and P equals 0.1 for 

associations between methylation and clinical characteristics or 

gene expression.

Results
DNA methylation profiling of the normal colonic 
mucosa of individuals in the SWEPIC cohort
We performed the analysis on the extensive SWEPIC cohort, 

encompassing nearly 1600 individuals with detailed clinical and 

lifestyle data and DNA methylation arrays for a subset of individ

uals (28). Our focus was on 1111 patients: 791 without right colon 

polyps (hence excluding patients with only sessile serrated 

lesions in the right colon) and 320 with adenomatous polyps (AP) 

in the right colon. The study was divided into 3 datasets gener

ated consecutively (SWEPIC1, SWEPIC2, and SWEPIC3) with var

ied clinical features (Figure 1, A and B; Supplementary Table 1, 

available online). We first sequenced SWEPIC1 as a pilot, contain

ing exclusively female patients and stratified by age (each case 

matched with a control patient þ/- 5 years) and adenoma status; 

we then sequenced the remaining female patients as SWEPIC2 

and, following our second endowment, sequenced all male 

patients as SWEPIC3.
We observed significant associations between known clinical 

factors and the presence of APs, including age, body mass index 

(BMI), metabolic syndrome, analgesic use, and dietary indices 

(28,33-38). In the DNA methylation analysis, we noted that clini

cal and lifestyle factors influenced the first 50 principal compo

nents, with a noticeable “batch” effect across datasets (Figure 1, 

C, Supplementary Figure 1, available online). Given that the 

cohorts differed significantly in sex, adenoma status, and age dis

tribution (Figure 1, A), we opted not to correct for the batch effect 

to prevent overcorrection due to inherent phenotypic differences 

between cohorts and thus conducted the analyses on each cohort 

individually and then aggregated the results, avoiding confound

ing sources of variation.

J. Yates et al. | 975  

https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djae016#supplementary-data
https://github.com/owkin/PyDESeq2
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djae016#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djae016#supplementary-data


Discovery of adenoma-related differentially 
variable and differentially methylated CpG sites 
(aDVMCs) in the normal mucosa of the right 
colon
Motivated by previous reports on the heterogeneity and stochas
ticity of field cancerization in normal tissue (25,26), we aimed to 
identify CpG sites that were differentially variable and differen
tially methylated in healthy individuals and those with adeno
mas. This approach is more sensitive to subtle DNA methylation 
differences in normal tissue than conventional methods focusing 
solely on differentially methylated CpG sites (25,26). Our analysis 
confirmed the low sensitivity of the latter method, particularly in 
the SWEPIC2 and SWEPIC3 datasets (Supplementary Figure 2, 
available online).

To identify adenoma-related differentially variable and differ
entially methylated CpG sites (aDVMCs), we employed the 
iEVORA algorithm (26), selected CpG sites detected across multi
ple datasets to reduce dataset-specific and false positive results, 
and used the COPA transformation to generalize across datasets 
(25) (Methods). Our approach identified 558 aDVMCs in the nor
mal cecal mucosa associated with adenomas in the right colon 
(Figure 2, A; Supplementary Table 2, available online). The 

overlap between the probes uncovered in each SWEPIC cohort 
was significantly higher than by random chance (P< .0002). The 
fraction of DNA methylation outliers, which represents the pro
portion of aDVMCs significantly differentially methylated com
pared to the median DNA methylation level of individuals 
without adenomas, was higher in the AP group than in the 
healthy individuals (Figure 2, B). We employed a stratified 4-fold 
cross-validation approach to confirm this association in test sets 
(Figure 2, C). A linear classifier based on the fraction of DNA 
methylation outliers demonstrated moderate yet statistically sig
nificant power to discriminate individuals with and without 
adenomas (area under the receiver operating characteristic curve 
[ROC AUC] ¼ 0.63-0.81 across SWEPIC cohorts) (Figure 2, D, 
Supplementary Figure 3, available online). Thus, in patients 
unseen by the model, we confirmed the presence of DNA methyl
ation dysregulation at the aDVMCs discovered between individu
als with and without adenomas in the right colon.

We ruled out the impact of colonic mucosa cell composition 
on the fraction of DNA methylation outliers (39), as the propor
tions of cell types deconvolved using EpiSCORE (40) were only 
weakly correlated with the fraction of DNA methylation outliers 
(Supplementary Table 3, available online). Additionally, to 

Figure 1. SWEPIC cohort characteristics. A) Characteristics of the 3 SWEPIC datasets. The absolute numbers and percentage of female (F) and male (M) 
individuals, individuals presenting an adenoma on the right at colonoscopy (Ad) and no adenoma (No Ad), and the distribution of age at visit in the 
group with and without adenoma are represented for each SWEPIC dataset. B) Main characteristics of the individuals from the SWEPIC cohort included 
in the study. We report continuous variables with mean and standard deviation (std) and continuous variables with count (N) and percentage of the 
population (%). We report values for the full cohort, as well as for the healthy patients (Healthy) and the patients presenting an adenomatous polyp in 
the right colon at colonoscopy (Adenoma). We report the P value of the difference in the feature between the healthy and adenoma group (Wilcoxon 
rank-sum test for continuous variables, Fisher exact test for binary variables). Significant differences are colored in red. C) Principal component 
analysis (PCA) representation in the full methylation space of samples in the cohort. We indicate the dataset samples originate from, their sex, the 
presence of adenoma on the right at colonoscopy, the use of analgesic for more than 2 years in their life, metabolic syndrome status, the age at visit, 
and the inflammatory diet index (28). F ¼ female; M ¼male; No Ad ¼ no adenoma; Ad ¼ adenoma; H ¼ healthy; A ¼ adenoma; std ¼ standard 
deviation.
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mitigate the influence of patients’ sex, SWEPIC1 and SWEPIC2 
were merged, and a similar analysis was performed, identifying 
aDVMCs as the common set of probes that exhibited significant 
differential variability and methylation between SWEPIC1þ 2 
and SWEPIC3 (Supplementary Figure 4, available online). This 
approach aligned closely with batch-stratified results, confirming 
aDVMCs’ robustness to procedural specifications.

aDVMC-based fraction of DNA methylation 
outliers across age categories
Considering epidemiological support for age-related adenoma 
prevalence (35), we explored the relationship between the frac
tion of aDVMC-based DNA methylation outliers and age in 
SWEPIC cohorts. Patients were categorized by age: under 55, 55- 

65, and over 65 (Figure 2, E). The aDVMC-based fraction of DNA 
methylation outliers showed age-dependent increases in healthy 
patients, with 1% to 2% growth in median outliers across all 
SWEPIC datasets, and was consistently higher in adenomatous 
patients compared to healthy individuals across age categories 
(0%-6% increase in median). We additionally evaluated whether 
aDVMC-based outliers conveyed additional information beyond 
“biological” age estimated from DNA methylation data (41,42). A 
modest correlation was found between the fraction of aDVMC- 
based outliers and the Horvath DNA methylation clock (43) and 
the EpiTOC mitotic clock (42) (Supplementary Figure 5, available 
online, Pearson’s R¼ 0.23-0.48 and R¼ 0.39-0.52), suggesting that 
aDVMC-based outliers complement DNA-based “biological” age 
estimates. In summary, the fraction of aDVMC-based DNA 

Figure 2. The fraction of DNA methylation outliers at the adenoma-related differentially variable and differentially methylated CpG sites (aDVMCs) in 
normal cecal mucosa of healthy individuals and patients with adenomas and cancer. A) Venn diagram representing the number of significantly 
differentially variable and differentially methylated CpG sites uncovered in the 3 SWEPIC datasets and their intersection. The candidate aDVMCs are 
the CpG sites that were selected in at least 2 datasets, yielding 558 aDVMCs. The significance of the intersection is computed using an empirical P value 
by randomly selecting probes 5000 times and computing the intersection (Methods). B) Distribution of the fraction of DNA methylation outliers 
computed at the aDVMCs in the 3 SWEPIC cohorts. The distribution of the fraction of DNA methylation outliers is compared between normal tissue of 
patients presenting no adenoma at colonoscopy and patients with an adenoma on the right at colonoscopy. The level of statistical significance is 
computed with a Wilcoxon rank-sum test. C) Same as (B), using the fraction of DNA methylation outliers computed through the cross-validation 
scheme on test sets. All SWEPIC cohorts were broken into 4 stratified 25% to 75% test-train splits; aDVMCs were computed in the train set and the 
fraction of DNA methylation outliers was computed on the test set. D) Receiver operating characteristic (ROC) curves of the cross-validated 
performance of a classifier based on aDVMCs for adenoma status discrimination in the 3 SWEPIC cohorts. ROC curves show the True positive rate 
versus the False positive rate for a set of threshold settings. ROC AUC was computed using the test fraction of DNA methylation outliers across all four 
folds. Random performance is indicated with a line. E) Same as (C), distribution of the fraction of DNA methylation outliers computed on the cross- 
validated test sets broken into age categories: under 55 y/o (<55), 55 to 65 y/o (55-65), and over 65 y/o at colonoscopy (�65). F) Distribution of the 
fraction of DNA methylation outliers across patients with no, one, and more than one polyp at colonoscopy. The left plot represents patients with 
polyps in the cecum and ascending colon only; the right plot represents patients with polyps up until the splenic flexure. The level of significance is 
assessed using a Wilcoxon rank-sum test. G) Distribution of the fraction of DNA methylation outliers on the normal mucosa computed on the aDVMCs 
in 3 external cohorts. The distribution of the fraction of DNA methylation outliers is compared between the normal tissue of healthy individuals and 
patients with cancer. The level of statistical significance is computed with a Wilcoxon rank-sum test. H, ROC curves of the performance of a linear 
classifier based on the aDVMC fraction of DNA methylation outliers in 3 external cohorts for differentiating normal tissue of healthy patients and 
patients with cancer. aDVMCs ¼ adenoma-related differentially variable and differentially methylated CpG sites; ROC AUC ¼ area under the ROC 
curve; Polyp Nr Total ¼ polyp number total; NAC ¼ normal mucosa adjacent to cancerous tissue; y/o ¼ years old.
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methylation outliers relates to adenomas, and the age-associated 
increase aligns with adenoma prevalence.

Targeted nature of DNA methylation 
dysregulation in patients with adenomas
To investigate whether DNA methylation dysregulation in AP 
patients is genome-wide or targeted to specific CpG sites, we 
compared classifiers using aDVMC-based DNA methylation out
liers to those using 1) randomly selected CpGs and 2) 5% of the 
most variable CpGs in healthy tissue (Supplementary Figures 3 
and 6, available online, Methods). The aDVMC-based classifier 
consistently outperformed the others, indicating targeted CpG 
site dysregulation rather than a genome-wide effect. We thus 
hypothesize that DNA methylation dysregulation at these CpG 
sites, aDVMCs, may play an important role in early neoplastic 
development.

Polyp multiplicity association with increasing 
aDVMC dysregulation
To assess aDVMC-related DNA methylation outliers’ relevance in 
neoplastic development, we examined if the fraction of DNA 
methylation outliers was elevated in patients with more severe 
polyp manifestations. We found that the fraction of DNA methyl
ation outliers was significantly higher in patients with multiple 
polyps in the cecum, ascending colon, or throughout the right- 
sided colon compared to those with only one polyp in a similar 
segment during colonoscopy (Figure 2, F). This suggests that 
aDVMC-related outliers are associated with an increased risk of 
developing multiple polyps. However, there was no significant 
difference in patients with larger polyps in the right colon, indi
cating no size association, and between patients with nonad
vanced and advanced adenomas, likely indicating a link to polyp 
formation rather than progression; these results are to be consid
ered with caution due to a small advanced adenoma sample size 
(n¼ 48) (Supplementary Table 4, Supplementary Figure 7, avail
able online). Our findings that greater field defects may predict 
the development of multiple polyps align well with recent reports 
suggesting that polyp multiplicity may predict high-risk 
neoplasia development more effectively than polyp size and his
tology (44).

Evaluation of DNA methylation variability at 
aDVMCs in normal tissue adjacent to CRC tumors 
in three external cohorts
To assess the significance of DNA methylation variability at 
aDVMCs in early neoplastic transformation, we examined its 
potential to distinguish between normal tissue adjacent to CRC 
(NAC) and healthy tissue in 3 external cohorts. The fraction of 
DNA methylation outliers at aDVMCs differed significantly 
between NAC and healthy tissue across all cohorts and distin
guished NAC from normal healthy tissue (ROC AUC ¼ 0.82-0.88 
in GSE199057, GSE132804, and GSE48684) (Figure 2, G-H; 
Supplementary Figure 8). Moreover, aDVMC-based classifiers 
consistently outperformed random CpG and age-based classifiers 
in the 3 cohorts, supporting the targeted nature of aDVMC dysre
gulation and its relevance in addition to age (Supplementary 
Figure 8, available online). Finally, we evaluated aDVMCs’ dysre
gulation in neoplastic tissue from GSE199057 and GSE48684 and 
found a significantly increased fraction of DNA methylation out
liers, enabling the distinction of normal and neoplastic tissue 
with high accuracy (Supplementary Figure 9, available online). 
These results suggested that the field cancerization effect is 
established early in tumorigenesis, at the stage of precursor 

lesions, and that its magnitude increases as neoplastic transfor
mation occurs, consistent with the patterns observed in cervical 
and breast carcinogenesis (25,26).

We hypothesized that aDVMC dysregulation would evolve 
from stochastic to coordinated during neoplastic transformation. 
We thus compared the null distribution of the expected 
Manhattan distance between healthy mucosa, NAC, adenoma, 
and cancer tissue samples, similarly as in a previous study (26) 
(Methods). Our analysis revealed a shift from stochastic to coor
dinated dysregulation as tissue progressed along the neoplastic 
pathway (Supplementary Figure 10, available online).

Enrichment of aDVMCs in specific genomic 
regions and their regional vs local dysregulation
We explored the genome regions preferentially targeted by early 
DNA methylation dysregulation using regions annotated by the 
Roadmap Epigenomics Consortium (31). We found that nearly 
half of the aDVMCs (47%) were located in active promoter 
regions, whereas 21% were assigned to bivalent promoters 
(Figure 3, A). aDVMCs were enriched in active and bivalent 
regions but depleted in quiescent and polycomb-repressed 
regions compared to background Illumina CpG probes (Figure 3, 
B). Additionally, aDVMCs were found in regulatory regions asso
ciated with known tumor suppressor genes or oncogenes, such 
as SMAC (45), CDKN1C (46,47), IQGAP2 (48,49), and XPR1 (50). 
aDVMCs did not exhibit clustering within specific genomic 
regions but represented individual positions across the genome. 
To determine whether these CpG sites displayed regional or point 
DNA methylation dysregulation, we examined the extent of dys
regulation in neighboring Illumina CpG probes associated with 
the same gene and categorized aDVMCs as regionally dysregu
lated if a majority of patients displayed significant dysregulation 
in at least one neighboring probe (Methods). Regional and point 
dysregulation of DNA methylation at aDVMCs occurred in com
parable proportions, suggesting no predominant mechanism 
underlying aDVMC dysregulation (Figure 3, C). Examples 
included HLA-F and SPIRE1 promoter regions showing regional 
dysregulation. In contrast, the IQGAP2 promoter region exhibited 
point dysregulation (Supplementary Figure 11, available online).

Modulation of DNA methylation variability at 
aDVMCs by clinical and lifestyle factors
To investigate the influence of clinical and lifestyle factors on 
DNA methylation dysregulation at aDVMCs, we conducted a 
multivariate generalized linear model analysis to evaluate the 
significance of the effect of these factors on the methylation level 
of aDVMCs. We found that close to half of the aDVMCs (48%) 
were significantly associated with age in at least 2 of the SWEPIC 
cohorts (FDR <0.1), whereas a small proportion of aDVMCs 
(<10%) were associated with BMI and metabolic syndrome 
(Figure 3, D). Of the 558 aDVMCs, more than half were signifi
cantly associated (FDR <0.1) with at least one clinical or lifestyle 
factor in a SWEPIC cohort (Supplementary Figure 12, available 
online). These findings suggested that mostly age and, to a lesser 
extent, exposure may modulate field cancerization, suggesting 
DNA methylation as a potential mechanism linking these well- 
known risk factors with AP risk.

Dysregulated gene expression of a fraction of 
genes with aDVMCs in promoters in normal 
tissue adjacent to adenoma
To investigate the impact of early DNA methylation dysregula
tion on gene expression, we analyzed a subset of SWEPIC1 cohort 
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samples (n¼ 84) with a focus on genes having aDVMCs in their 
promoter or promoter-flanking regions (51). After quality control, 
a total of 172 genes with aDVMCs assigned to their transcription 
start site (TSS) regions were quantified with RNA-seq. The first 
principal component (PC) in the RNA-seq data correlated with 
adenoma status and plate indicators (Supplementary Figure 13, 
available online). We thus performed differential gene expression 
analysis correcting for plate effects using DESeq2. Fifteen (8.7%) 
genes with aDVMCs in promoters were significantly differentially 
expressed between normal tissue and normal tissue adjacent to 
adenoma (NAA) after FDR correction. Unsupervised agglomera
tive clustering using aDVMC-related genes segregated patients 
into low-expression and high-expression groups associated with 
adenoma status (Figure 3, E; Fisher exact test, OR¼ 7.7, P¼ .0003). 
Another analysis on the subset of patients from plate 1 showed a 
similar trend (Supplementary Figure 13, available online, Fisher 
exact test, OR¼ 6.1, P¼ .14). Our results indicated that genes tar
geted by methylation dysregulation at aDVMCs exhibit modest 
but significant gene expression dysregulation in NAA, showing 
field cancerization at an early stage.

Furthermore, we examined the methylation-expression asso
ciation in paired samples. Sixteen (9.3%) aDVMC-related genes 
displayed significantly different expression between outlier and 
baseline groups, with a quartet of genes (FUZ, HLA-F, MTRFL1, 
and PPP1CA) showing significant methylation-expression associ
ation after FDR correction (Figure 3, F). These genes, involved in 
cancer progression and immune responses (52-58), showed dual 
dysregulation at the DNA methylation and transcriptional levels 
and may provide insights into early AP development.

Discussion
Our study provides novel insights into field cancerization in the 
normal right-sided colon mucosa of patients with adenomatous 
polyps (AP), indicating that this phenomenon is established in 
the earliest stages of CRC tumorigenesis. The magnitude of field 
cancerization amplifies with lesion severity, as indicated by 
aDVMCs’ superior discriminatory ability in NAC. Additionally, 
progressive DNA methylation dysregulation was observed along 
the adenoma-carcinoma sequence continuum, evidenced by the 

Figure 3. aDVMCs enrichment in active and bivalent regions of the genome, association between DNA methylation levels and clinical and lifestyle 
factors, and aDVMC-related gene expression in normal tissue adjacent to adenoma. A) Genomic locations of aDVMC. B) Odds ratios (ORs) 
characterizing enrichment of aDVMC in specific types of genomic regions compared to background Illumina CpG probes. The ORs and associated P 
values are computed using the Fisher exact test; P values are corrected using FDR. C) Percentage of aDVMCs with point and regional DNA methylation 
dysregulation. To determine the dysregulation pattern, we examined the neighboring CpG probes for each aDVMC. If at least one of the flanking CpG 
probes within a region of þ/- 2.5 kb displayed significant dysregulation in the majority of patients with adenomas, we classified the aDVMC as 
regionally dysregulated. Conversely, if neighboring CpGs did not exhibit consistent dysregulation, we categorized the dysregulation at the aDVMC as 
point one. D) Percentage of aDVMCs significantly associated with each clinical and lifestyle factor in at least 2 SWEPIC cohorts (False Discovery Rate 
FDR P <0.1). P values are calculated based on a multivariate generalized linear model (GLM) and corrected using FDR. E) Heatmap of the expression 
values of genes linked to aDVMCs located in active promoter regions for all patients of the SWEPIC1 cohort. Patients are clustered using agglomerative 
clustering (Euclidean distance, Ward’s linkage) into a low expression and high expression cluster. Adenoma status is represented alongside cluster 
assignment. F) Gene expression of selected aDVMC-related genes that are significantly differentially expressed (FDR P< .1) between the groups of 
patients with aDVMC hits (outlier) and baseline patients. Ad ¼ adenoma; No Ad ¼ no adenoma; OR ¼ odds ratio; aDVMC ¼ adenoma-related 
differentially variable and differentially methylated CpG sites; BMI ¼ body mass index; scaled TPM ¼ scaled transcript per million; FC ¼ fold change. 
ns: P > :05; �: :01 < P � :05; �� : :001 < P � :01; ��� : :0001 < P � :001; ���� : P � :0001
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elevated number of DNA methylation outliers in neoplastic tis
sue. The biological relevance of the identified aDVMCs, ie, posi
tions at which patients with AP show deregulation of DNA 
methylation, is supported by several observations. First, an 
increased fraction of aDVMC methylation outliers marked color
ectal carcinogenesis stages, strengthening aDVMCs’ role in can
cer initiation. Second, we identified oncogenes and tumor 
suppressors with aDVMC-related methylation changes, implicat
ing their involvement in cancer pathways; this corroborates ear
lier findings of epigenetic contributions to colon carcinogenesis 
pathways (21). Lastly, aDVMC methylation correlated with CRC 
risk factors, notably age, reflecting its role in right-sided colon 
CRC development. This observation aligns with epidemiological 
data indicating proximal CRC risk increases with age, whereas 
lifestyle exposure drives left-sided and rectal CRC in younger 
patients (59).

Despite promising findings, our study has limitations to con
sider. First, classifiers based on aDVMCs had limited power to 
predict adenomas on the left colon side. This was exemplified by 
inconclusive results of a similar analysis on samples from the 
sigmoid colon (data not shown) and a lack of discrimination from 
aDVMCs between NAA and healthy patients in an external 
cohort with left-sided samples (ROC AUC ¼ 0.58) (Supplementary 
Figure 14, available online). Second, the SWEPIC datasets were 
heterogeneous, which hindered sex and age-related analysis. 
Third, DNA methylation outlier-based classifiers had modest 
predictive power for adenomas, necessitating auxiliary factors 
for improved monitoring. Fourth, given that we did not have 
information about the distance between the biopsy and the 
adenoma site, we could not assess the impact of this distance on 
DNA methylation dysregulation. Finally, we used DNA methyla
tion arrays, potentially missing the information on DNA methyla
tion dysregulation in non-covered genomic regions.

Colorectal cancer remains a significant cause of cancer- 
related deaths globally, despite the recognized efficacy of colono
scopy and polyp resection in CRC prevention (60,61) highlighted 
by the occurrence of cancer even after these preventive meas
ures have been taken (4). Thus, to enhance CRC prevention strat
egies, it is essential to improve patient stratification for effective 
colonoscopy monitoring (5,61,62). DNA methylation has emerged 

as a promising biomarker for patient stratification, given its cru
cial role in CRC development and progression (20,63). Our study 
revealed that patients exhibiting high levels of DNA methylation 
field cancerization are at an increased risk of developing AP and 
synchronous polyps. Therefore, stratifying patients based on the 
extent of field cancerization in the colon holds the potential for 
tailoring endoscopic screening and surveillance and thereby 
reducing the incidence of post-colonoscopy CRC. Additionally, 
our findings demonstrated the predictive power of classifiers 
based on aDVMCs, specifically in the right colon, an area where 
colonoscopy has shown less effectiveness in preventing CRC 
(61,62). Further validation of the efficacy of stratifying patients 
for CRC risk by the aDVMC-based fraction of DNA methylation 
outliers may guide the development of personalized surveillance 
procedures, considering its association with the risk of adenoma 
formation. Future work might extend aDVMC classifiers to non
invasive monitoring methods such as blood or stool, with pro
spective studies needed.

Cumulatively, in this study, we present evidence for pre- 
neoplastic field cancerization via aDVMC-associated DNA methyl
ation dysregulation (Figure 4). Dysregulation patterns evolve from 
stochastic to coordinated during neoplastic transformation, and 
its extent increases along this transformation, potentially predis
posing right colon mucosa to neoplasia. These findings have 
important implications for patient stratification and monitoring; 
however, validation in larger cohorts is necessary to assess the 
utility of aDVMC-based classifiers in clinical risk assessment.

Data availability
The datasets generated and/or analyzed during the current study are 
available in the European Genome-Phenome Archive (EGA) reposi
tory (EGA; https://ega-archive.org/; accession no. EGAS00001007666).

All code and all auxiliary data needed to replicate the findings 
of this paper are available on GitHub and Zenodo, respectively, at 
the following addresses: https://github.com/BoevaLab/CRCPolyp 
and https://doi.org/10.5281/zenodo.8320030.

Methylation data for external validation were obtained in the 
GEO database using the following accession numbers: GSE132804 
(29), GSE48684 (18), GSE199057 (17).

Figure 4. Schematic representation of aDVMC dysregulation along the path of tumorigenesis of the conventional pathway. The status of 4 schematic 
probes, CpG1, CpG2, CpG3, and CpG4, representing aDVMCs, is represented as methylated or unmethylated. Columns represent patients. The average 
methylation level (avg. meth.) and standard deviation (avg. std) are represented using a color scale, from low to high. The top row represents the 
methylation status of normal colonic mucosa from healthy individuals, patients with an adenomatous polyp, and patients with colon cancer. The 
bottom row represents the methylation status in the neoplastic tissue (either adenoma or cancer). As the disease progresses, the dysregulation 
becomes increasingly coordinated.
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