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Abstract 
Characterization of Somatic Mutations in the Normal Colon using Duplex Sequencing to Evaluate 

Colorectal Cancer Risk  

Alexis Blokker  

Chair of the Supervisory Committee: 

Rosana Risques  

Department of Laboratory Medicine & Pathology 

The accumulation of somatic mutations in normal tissues has been established over the last decade. 

However, we lack an understanding of how these mutations might predispose individuals to cancer. In this 

study we expand on previous findings to demonstrate that duplex sequencing enables the detection of 

variants at extremely variant allele fractions (VAFs) in normal colon from patients without cancer or 

polyps, with polyps, and those with colorectal cancer (CRC). By applying advanced computational 

techniques, we characterize the potential pathogenicity of these mutations, developing a framework for 

assessing positive selection in the normal colon. Our data indicates that individuals with CRC have a 

higher frequency of mutations in key CRC driver genes in their normal colon, specifically in APC, 

FBXW7, and PIK3CA, than patients without cancer. Furthermore, patients with cancer exhibit a higher 

frequency of pathogenic large clones (pathogenic variants with >1 duplex read) in KRAS and TP53 in 

normal colon, indicating an increased prevalence of positive selection and clonal expansions driven by 

mutations in those genes. These mutations are not random, but cluster in colorectal cancer gene hotspots. 

These results reveal that the clonal landscape of CRC driver genes differs between the normal colon of 

individuals with cancer and without cancer, providing insight into how the somatic genome may predict a 

patient's risk for developing cancer.  
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Introduction 
Colorectal cancer (CRC) is the third most common cancer diagnosis worldwide and the second 

leading cause of cancer related deaths1. Each year, colorectal cancer accounts for over 150,000 

new cases in the United States alone and is projected to result in more than 52,000 deaths in 

2025 2. Although widespread use of colonoscopies for preventive screening has improved early 

detection of colorectal cancer, a significant proportion of cases are still diagnosed at advanced 

stages, contributing to the high mortality rate 3. Advancing our understanding of CRC initiation 

and progression in normal tissues is essential for the development of more effective strategies for 

early detection and prevention. From a pathological perspective, colorectal cancer develops 

through a stepwise process. First, hyperproliferation of cells initiates in the normal tissue. These 

early clones can escape tissue constraints and result in small or large benign growths known as 

polyps4-6.  Not all polyps will become cancer, in fact only 5-10% will become cancerous6,7,8. 

However, more than half of all colorectal cancer cases originate from adenomatous polyps, and if 

undetected, these lesions can progress to advanced-stage disease and metastasize to distant 

tissues 6,7.  

While the progression of colorectal cancer from adenomatous polyps to adenocarcinoma is well 

studied, we lack an understanding of what happens in the normal tissues prior to polyp formation 

that contributes to the initiation of colorectal cancer 9-12. To study cancer at its earliest phase we 

need to acknowledge cancer as an evolutionary process. Cancer develops and progresses through 

the accumulation and subsequent selection of mutations that confer phenotypic advantage to the 

tumor cells13-16. Therefore, the investigation of the somatic landscape of normal colon tissue is 

likely to provide critical insights into somatic evolution and the earliest events that contribute to 

colorectal cancer formation.  

Recent research has revealed that normal human tissues harbor abundant mutations, which 

accumulate through life as a consequence of aging and environmental exposures17,18. These 

studies have highlighted two main characteristics to look for when examining the somatic 

genome in normal tissues. The first characteristic is the type of mutations that comprise the 

mutational signature(s) that can arise from endogenous and exogenous factors. For example, 
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human aging produces two distinct mutational signatures 19-22. The second characteristic is the 

clonal expansions of mutant clones, indicating the positive selection of mutations that are 

phenotypically advantageous 23-25. This is observed through the enrichment for pathogenic 

mutations and their comparison with driver mutations found in cancer. However, while it is now 

well established that somatic mutations inevitably accumulate in normal tissues, including the 

colon, little is known about how these mutations contribute to cancer predisposition 13.  

Studies on tumor mutations have provided insight regarding the earliest mutations that may have 

occurred in the normal tissues by identifying the earliest driver genes leading to colorectal 

adenocarcinoma 12,17,26,27. Specifically, phylogenetic reconstructions of colorectal cancer 

evolution based on the sequencing of hundreds of tumors has revealed that the earliest driver 

mutations take place in APC, KRAS, PIK3CA, TP53, and FBXW7 12. Most importantly, these 

mutations are estimated to occur very early in life, providing a rationale for the detection of these 

mutant clones in the normal tissue for predicting CRC risk 12.  These key genes can be evaluated 

in the normal colon of individuals with and without cancer to assess differences in the somatic 

mutation landscape.  

The study of somatic mutations in normal tissue has been hampered by the small mutant clones 

size and their presence beneath the limit of detection by conventional sequencing methods13,24,29.  

A successful solution involves the analysis of clonal or semi-clonal tissue structures, for 

example, colon crypts, which can be micro-dissected and individually sequenced 27.  A main 

disadvantage of this approach is that, to obtain a profile of mutations per individual, hundreds of 

micro-dissected biopsies need to be evaluated. This can be very costly and time-consuming.  An 

alternative approach involves the analysis of somatic mutations using ultradeep duplex 

sequencing28. Duplex sequencing employes double stranded molecular barcodes to enable 

independent consensus making in both strands of DNA. Mutations are only called if they are 

seen in a majority of sequencing reads in both strands of DNA. This protocol reduces the 

sequencing error rate to less than one in 10 million per nucleotide sequenced, enabling the 

observation of mutations occurring in normal tissues at very low variant allele fractions.  

The Risques lab pioneered the use of duplex sequencing to study somatic mutations in normal 

tissue. In a pilot study, Matas et al. found somatic mutations present in the normal colon of 

individuals with and without colorectal cancer, with mutations occurring more frequently in 
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those with cancer 30.  Matas et al. also observed that CRC patients had multiple large clones 

(variants with >1 duplex read) with driver mutations distinct from those in their tumors, 

illustrating that multiple driver mutations can exist, but only one may result in cancer 

development 30. In this study we intend to build upon these initial findings by using duplex 

sequencing to evaluate a larger panel of colorectal cancer driver genes, including APC, KRAS, 

PIK3CA, TP53, FBXW7, BRAF, and SMAD4. We analyzed mutations in the normal colon of 

three groups of individuals: patients without CRC or polyps, patients with polyps, and patients 

with CRC. To achieve very high resolution for mutation detection we increase the depth of 

duplex sequencing to 8000x. In addition to the targeted panel of CRC driver genes, we also 

assess a mutagenesis panel (TwinStrand Biosciences) composed of neutral, intergenic regions 

throughout the genome.  This panel is included to enable the identification of mutational 

signature(s) by analyzing neutral mutations. Mutations were analyzed with advanced 

computational tools to assess both the potential pathogenicity of coding mutations and to extract 

mutational signatures from non-coding mutations31, 32,33,34. The main aim of this study is to 

characterize somatic mutations and their clonal expansions within the normal colon of 

individuals with and without colorectal cancer or polyps. By examining the mutational spectrum 

and burden in the normal colon, in the form of clonal expansions of mutant driver genes and 

mutational signatures, we aim to determine how these factors may predict an individuals' risk for 

developing cancer. 

Results 
 
Normal colon collection and ultradeep sequencing in patients without CRC or polyps, with 
polyps and with CRC 
 
This retrospective study included 60 normal colon epithelium samples, collected from 40 

patients without CRC – 20 of which had polyps – undergoing colonoscopy screening and 20 

patients newly diagnosed with primary invasive colorectal adenocarcinoma undergoing surgical 

resection. Patients without CRC were enrolled in the GICaRes BioSample Repository at the 

University of Washington and patients with CRC were enrolled in the ColoCare study 

(Methods). Three patient groups were defined: individuals without CRC or polyps, individuals 

with polyps only, and individuals with CRC (Fig. 1A). Patients were selected based on normal 

colon tissue availability and age with the goal of having similar age ranges across 3 groups to 
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account for age-associated somatic mutations. The clinicopathological information of all patients 

is described in Supplementary Table S1.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1. Study Design.  A. Cohort description. Normal colon biopsies were collected from individuals without CRC, with polyps, 
and with CRC. B. Duplex sequencing. (i). DNA molecules are ligated to adapters with double-stranded molecular barcodes. (ii). 
PCR copies of each strand are generated during library prep. (iii). Single strand consensus is generated from reads sharing the same 
barcode. (iv). Double strand consensus is produced from comparing complementary strands containing the same barcode. C. 
Sequencing gene panel. D. Depth results and mutation counts by patient group.  
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We performed duplex sequencing of APC, KRAS, PIK3CA, TP53, FBXW7, BRAF, SMAD4, RHO 

(control gene) as well as a mutagenesis panel (non-coding regions) at a target depth of 6000x 

(Fig. 1B and 1C, Tables S2 and S3) in normal epithelium from the left colon of patients with and 

without polyps and CRC. In patients with CRC, the normal colon biopsy was collected distant 

from tumors (>10cm). We sequenced an average of 130 million coding nucleotides per sample 

resulting in an average duplex depth of 6585x (range 4909x-9962x). Duplex depth between 

groups (Fig. 1D) and between samples and genes (Fig. 2) were comparable. We identified more 

than 400 unique coding mutations and over 2,000 unique non-coding mutations in each patient 

group (Fig 1D). To account for variability in sequencing depth, mutation frequencies (MF) were 

calculated for coding mutations by dividing the total number of coding mutations for each 

sample by the total number of duplex nucleotides sequenced in the coding region.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Increased accumulation of coding mutations in CRC driver genes in individuals with CRC  

 

Figure 2. Homogeneous ultra-deep sequencing across normal colon samples and genes A. mean depth per normal colon sample, 
ordered by median depth across genes. B. Mean depth per gene, ordered by median depth across patient samples.  
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To understand the impact of cancer status on coding mutation frequency within the normal colon 

we plotted coding mutation frequencies by group (Fig. 3A). We observed that the cancer patient 

group had a significant increase in coding mutation frequency compared to both non-cancer 

groups (p=0.007, p=0.006 by Wilcoxon tests for no cancer or polyp subjects and polyp subjects, 

respectively). There was no significant difference in the coding mutation frequency between the 

no cancer/polyp group compared to the polyp group. Given that somatic mutations inevitably 

accumulate throughout a person’s lifetime, we evaluated the association of MF with age using 

linear regression. The cancer group had a significant increase in coding mutations with age 

(p=0.003 by Spearman’s rank correlation test) whereas the non-cancer groups did not display an 

association between coding mutation frequency and age, regardless of polyp status (Fig. 3B). To 

understand how other clinico-pathological factors could be contributing to mutation frequency, 

we performed multivariable linear regressions for coding MF and clinical variables including 

age, sex, BMI, and smoking status (Fig. 3C). As expected, age had a significant (p<0.05) effect 

on coding mutation frequency in the normal colon. However, the effect of CRC was larger and 

more significant (p<0.0001), independent of age and other clinical variables. None of the other 

variables tested (polyp status, sex, BMI, and smoking status) had a significant independent effect 

on MF (Fig 3C).  

To test if all CRC driver genes had more mutations in the cancer group compared to the no 

cancer groups, we evaluated the frequency of coding mutations by gene for all patient groups 

(Fig. 4). Notably, only some CRC driver genes showed increased MF in the normal colon of 

patients with cancer compared to those without cancer. Specifically, APC showed significant 

differences between patients with polyps and cancer whereas FBXW7 and PIK3CA showed 

significant differences between the group without cancer or polyps and the cancer group 

(p=0.0016, p=0.029 by Wilcoxon tests). To confirm these results were not being confounded by 

clinico-pathological characteristics, we performed multivariable linear regressions for coding MF 

and clinical variables including age, sex, BMI, and smoking status. Having cancer was 

associated with increased MF in the normal colon for APC, FBXW7, and PIK3CA independent  
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Figure 3. Normal colon of patients with CRC has higher levels of coding mutations. A. Comparison of coding 
MF across study groups. Box plots display the quartiles with whiskers extending to the highest and lowest data 
points within 1.5 times the interquartile range. p-values for Wilcoxon tests are indicated. B. Association of coding 
MF with age for the 3 study groups. p-values correspond to Spearman correlations. C. Multivariable linear 
regression model for coding MF including clinical variables. Models are adjusted by mean duplex depth and DNA 
integrity number. Effect sizes are indicated with solid circles with horizontal lines representing the 95% confidence 
intervals. *p<0.05 ***p<0.0001. 
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of age and other variables (Fig. 4B). TP53, KRAS BRAF and SMAD4 did not have significant 

differences in coding MF between patient groups.  

To visualize the number of coding mutations seen in each gene by group we mapped out all 

detected mutations per patient by gene (Fig. 5). In this display we see numerous coding 

mutations across the gene panel for patients without cancer or polyps, patients with polyps, and 

patients with cancer. The tumor suppressor genes APC, FBXW7, and TP53 and the oncogene 

PIK3CA had more mutations in the normal colon on average. Interestingly, we observed the 

highest abundance of mutations in APC compared to any other gene, for all three patient groups. 

Normal colon biopsies had on average 9 mutations in APC (Table S4). The oncogenic genes 

BRAF, KRAS, and tumor suppressor SMAD4 had fewer mutations on average (1-3 per patient), 

with several patients, particularly those without cancer or polyps, with no detectable mutations in 

these genes (Table S4). This may contribute to the lack of a significant difference in coding 

mutation frequency of these genes in the normal tissue of individuals with and without cancer. 

The positive selection of clones with mutations in CRC driver genes is distinct in 
individuals with CRC compared to individuals without cancer  

To characterize these mutations, we assigned classifications of ‘likely pathogenic’ or ‘likely 

benign’ based on the AlphaMissense model for predicting pathogenicity (see Methods). All 

coding mutations observed in each patient were color coded based on pathogenicity and clone 

size (Fig. 5). Clones were classified as ‘large clones’ when a mutation occurs in >1 duplex read 

at the same position. We observed that large pathogenic clones appeared more abundant in the 

normal colon of individuals with CRC compared to those without cancer/polyps and those with 

polyps (Fig. 5). Large clones are indicative of positive selection, indicating the phenotypic 

characteristic resulting from the mutations in these clones prompted clonal expansion. 125 large 

clones were detected in the patient group without cancer or polyps, compared to the 218 large 

clones that were detected in the cancer group. This finding demonstrates these mutations are 

contributing to the phenotypic advantage of cells, resulting in their subsequent selection and 

expansion.  

To further assess positive selection, we analyzed clone size in conjunction with pathogenicity 

across the coding gene panel. Notably only certain genes showed enrichment of large pathogenic  
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Figure 4. Normal colon of patients with CRC has higher levels of mutations in APC, FBXW7, and PIK3CA A. Coding mutation 
frequency of APC, FBXW7, and PIK3CA by patient group. Box plots display the quartiles with whiskers extending to the highest and 
lowest data points within 1.5 times the interquartile range. p-values for Wilcoxon tests are indicated. B. Multivariable linear regression 
model for coding MF including clinical variables. Models are adjusted by mean duplex depth and DNA integrity number. Effect sizes 
are indicated with solid circles with horizontal lines representing the 95% confidence intervals. **p<0.01, ***p<0.0001. C. Coding 
mutation frequency of BRAF, KRAS, TP53, and SMAD4 by patient group. Box plots display the quartiles with whiskers extending to the 
highest and lowest data points within 1.5 times the interquartile range. p-values for Wilcoxon tests are indicated. 
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Figure 5. Coding mutations in normal colon tissue are found in all patients, including large pathogenic clones, with a higher 
incidence in CRC patients. Catalog of mutations detected in normal colon samples. Each square corresponds to a single mutation. The 
number in the square indicates the number of duplex reads carrying the mutation. Mutations are color-coded by pathogenicity and the 
number of mutant duplex reads >1, which is indicative of larger clones. 
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clones in patients with CRC, while others harbored more mutations but not enriched in 

pathogenicity. For example, APC had numerous large clones that were both pathogenic and non-

pathogenic, with the frequency of large clones increasing only moderately between the no 

cancer/polyps group and the cancer group (Fig. 5 and 6). Most of the mutations observed in APC 

were small benign clones, meaning that, while mutations in APC in normal colon tissue are 

abundant, many mutations are not positively selected. Conversely, genes such as KRAS and TP53 

display a clear increase in the positive selection of pathogenic clones in individuals with cancer 

compared to those without cancer. Specifically, in KRAS we observed only 1 large pathogenic 

clone out of 15 total mutations detected across the patient group without cancer or polyps, 

compared to the 8 large pathogenic clones out of 21 total mutations detected in the cancer group 

(p=0.05, Fig. 6). In TP53 we observed 9 large pathogenic clones in the group without cancer or 

polyps, 15 in those with polyps, and 27 large clones in individuals with cancer. While the 

increase between individuals without cancer or polyps and individuals with polyps is not 

significant, the increase in patients with cancer was significant (p=0.01 by Chi-squared test) 

(Fig.6). These findings indicate more positive selection of clones carrying pathogenic mutations 

in KRAS and TP53 in the normal colon of individuals with CRC than those without cancer, 

closely replicating the results from our prior study 30.  

Somatic mutations in CRC driver genes of the normal colon mimic known gene 
hotspots observed in cancer.  

After characterizing the somatic landscape of the normal colon in individuals without cancer or 

polyps, with polyps, and with cancer, we sought to compare how the somatic landscape of the 

normal colon compares to the mutagenesis landscape reported in CRC. We first evaluated the 

proportion of mutation types seen in the three patient groups compared to mutations in a "No 

Selection Model". The No Selection Model was built based on the distribution of all possible 

mutations across all the genes sequenced, corrected by the mutational signature profile in the 

normal colon49. We also compared to the mutations registered in the COSMIC database for CRC 

(Fig. 7A). A larger proportion of the mutations observed in the normal colon of cancer subjects 

were nonsense mutations, similar to what is observed CRC (Fig. 7A). The spectrum of mutations 

was enriched in C>T in all groups, which is concordant with no selection but also with cancer 

mutations (Fig. 7B).  Regarding pathogenicity, we found a significant increase of pathogenic 

mutations in the 3 groups over the no selection model and also a significant increase in the 
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cancer group compared to the no cancer group (Fig. 7C). Since AlphaMissense provides a 

quantitative value of pathogenicity (pathogenicity scores), we used these values to provide a 

more detailed comparison of the pathogenicity of the mutations in each group. To do so, we 

ranked the mutations for each gene in each group based on pathogenicity  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and normalized to a 0-1 scale (Fig. 7D). The same analysis was performed for the no selection 

model and mutations identified in CRC from COSMIC. These plots confirmed that higher levels 

 

Figure 6. Pathogenic large clones were more frequent in the normal colon of individuals with cancer than those without caner 
or polyps. Proportion of mutations identified in normal colon samples that were large pathogenic clones. Clones are classified as 
large clones when a mutation occurs in more than 1 duplex read at the same position. Pathogenicity of mutations based on mutation 
type and AlphaMissense scores. p-values correspond to Chi-squared test for all groups with the exception of KRAS where p-values 
correspond to Fisher's exact tests.  
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of selection of pathogenic mutations occur only in certain genes (Fig. 7D). Specifically, FBXW7, 

TP53, and KRAS showed a distinct shift to the left (more pathogenic) of mutations detected in 

patients with CRC compared to those with polyps or without cancer or polyps.  In contrast, 

mutations detected in APC show no selection on rank-order plots by pathogenicity, with the 

curves of the 3 patient groups overlapping with each other (Fig. 7D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Positive selection of pathogenic mutations is more apparent in normal tissue of cancer patients compared to no 
cancer patients and only occurs in some CRC driver genes. A. Distribution of mutation type across all patient groups, COSMIC 
mutations, and no selection model. Number of mutations per group is indicated on the x-axis. COSMIC mutations refer to genome-wide 
studies across various human cancers for all the genes in the panel. The "no selection" model includes a random distribution of mutations 
in the coding region across the genes panel. B. Mutation spectrum distribution, including only single-nucleotide variants. Groups as in A, 
C. Pathogenicity of mutations based on mutation type and AlphaMissense scores. Groups as in A. p-values correspond to Chi-square 
tests. D. Pathogenicity scores compared by study group in 4 representative genes (APC, FBXW7, TP53, and KRAS). Pathogenicity scores 
are indicated in the Y-axis and are based on mutation type and AlphaMissense scores. For each group of individuals and gene, mutations 
in the normal colon are ranked from the lowest to the highest pathogenicity score and normalized by the total number of mutations in the 
group (indicated in brackets in the legend). COSMIC mutations include gene variants reported in genome wide screens across human 
cancers. No selection mutations include all possible substitutions in the coding region of each gene. 
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Figure 8. Somatic mutations observed in the normal tissue of individuals with and without cancer cluster in known gene 
hotspots for CRC. APC, SMAD4, FBXW7, BRAF, PIK3CA, TP53, and KRAS mutational distribution maps for normal colon samples 
compared to COSMIC CRC mutations. Upper panels show the location by codon number of gene mutations identified in normal 
colon samples with the mutational count on the y-axis. Bottom panels show the codon location of gene CRC mutations from the 
COMSIC database. Gene domains are color-coded and indicated in the legend. 
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These data suggest that mutations in FBXW7, TP53, and KRAS observed in the normal tissues of 

patients with CRC have positive selection similar to mutations seen in cancer. Building on this, 

we mapped out the mutations we detected across each gene and compared them to mutations 

registered in the COSMIC database for CRC (Fig. 8). This analysis revealed a high degree of 

overlap between the mutations found in the normal colon and the mutations found in CRC only 

for certain genes, specifically, FBXW7, TP53, and KRAS, the same genes where we observed the 

highest rates of positive selection of pathogenic clones (Fig. 7, Fig. 8). For these genes, the 

mutations in the normal tissue cluster around known CRC hotspots (Fig. 8). This demonstrates 

that these mutations are not random but are being selected for, similarly to how mutations in 

cancer are selected. Moreover, in the genes where positive selection did not occur, such as APC, 

there are numerous mutations detected throughout the gene, not just in locations of known 

hotspots (Fig. 8).  

Detection of non-coding mutations with mutagenesis panel enables mutational 
signature evaluation 

Lastly, we were able to detect >100 non-coding mutations in most samples (including the 

mutagenesis panel and non-coding regions surrounding the target genes) (Table S4), which 

enabled the performance of mutational signature analysis. There are 96 possible nucleotide 

changes when considering all the possible permutations of nucleotides including the one before 

and after the mutation. Therefore, a minimum of 100 mutations detected are required for 

complete mutational signature analysis 42,43,44. Mutational signatures were extracted from non-

coding mutations using SigProfilerExtractor 51. 11 unique signatures were present in the normal 

colon of our study cohort (Fig. 9). The majority of mutations were attributed to SBS1 and SBS5, 

both of which are known signatures associated with aging 45. Notably, we also detected SBS6, 

SBS10a, and SBS10b in the normal colon tissue of individuals with CRC. SBS6 is associated 

with mismatch repair deficiency and SBS10a/SBS10b are associated with hypermutators, 

specifically mutations in DNA polymerase epsilon, a key component of DNA synthesis 44.  Both 

processes are involved in colorectal carcinogenesis 45,47. These data demonstrate that somatic 

mutations in normal colon can be used to evaluate endogenous and exogenous factors that are 

associated with carcinogenesis.  

 



 16 

 

 

 

 

 

 

 

 

 

 

 

Discussion  
In this study we have demonstrated that patients with CRC have a higher frequency of somatic 

mutations in their normal colon tissue and significantly more clonal expansions of mutant cells 

carrying pathogenic mutations in key CRC driver genes. These clonal expansions also mimic the 

mutagenesis landscape seen in CRC and could potentially predict a patient's risk for developing 

cancer. We have validated previously published findings on the somatic landscape of the normal 

colon and have demonstrated that ultra-deep sequencing is a viable method of detection for 

mutations with low variant allele fractions from a single biopsy18. We have also illustrated how 

new deep-learning models can be applied to evaluate the pathogenicity of detected mutations and 

to study positive selection in normal tissues.  

The main finding of this study is that patients with colorectal cancer have a higher frequency of 

cancer driver gene mutations in the normal colon than patients without cancer. This is the case 

for APC, which is the most mutated gene in the normal colon and shows a high prevalence of 

large clones carrying both pathogenic and non-pathogenic mutations, especially in patients with 

CRC. This is notable as APC is often the first gene mutated in CRC37, 38. Similarly, we observed 

significantly more mutations, specifically pathogenic mutations, in FBXW7 and PIK3CA in 

individuals with cancer. Compared to studies such as Lee-Six et al., which analyzed hundreds of 

Figure 9. Mutational signatures extracted using SigProfilerExtractor. Non-coding mutations detected in the mutagenesis panel were 
used to perform mutational signature evaluation. SigProfilerExtractor performs allows de novo extraction of mutational signatures to 
identify identifying operative signatures, their activities and their probability to cause a specific mutation type. 
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individual crypts per patient and reported low frequencies of APC driver mutations, our approach 

detected a higher frequency of these mutations from a single biopsy 13. This suggests that duplex 

sequencing enables higher-resolution analysis of the somatic landscape in normal colon tissue.  

Not all genes studied showed significant differences in mutation frequency across patient groups. 

SMAD4 did not present a clear increase in pathogenic mutation frequency in the cancer group 

compared to the non-cancer groups. This is consistent with the fact that SMAD4 is a CRC driver 

gene shown to mutate later in colorectal cancer development12. Studies have shown that SMAD4 

mutations cannot initiate carcinogenesis alone but can enhance the progression of tumor 

development initiated by other genes, such as APC 33,34.  

After mapping out all the mutations seen in our patient groups, we were able to visualize that the 

clones carrying pathogenic mutations were more frequently expanded in patients with cancer 

than those without cancer. Interestingly, not all CRC driver genes displayed clear positive 

selection of pathogenic mutations, as this was most notably observed in KRAS and TP53. While 

these genes did not see an increase in the number of mutations between study groups, there was a 

clear increase in large pathogenic clones in these genes in patients with CRC. This suggests that 

this process is not random but specific to these pathogenic mutations, which are being positively 

selected for and expanded likely due to the phenotypic advantage that they offer.  

Numerous mutations detected in the normal colon tissue cluster around known hotspots for CRC 

in multiple driver genes, including FBXW7, KRAS, and TP53.  The gene with the most distinct 

increase of pathogenic large clones in the normal tissue of individuals with CRC was FBXW7. 6-

10% of standard CRC cases report FBXW7 mutations, however this number increases to 20-30% 

in early-onset cases39,38. FBXW7 is an essential tumor suppressor that when dysregulated, can 

result in the accumulation of its substrate cyclin E, leading to aberrant cell proliferation and 

abnormal chromosome congression during the cell cycle 40. The increased selection of mutated 

FBXW7 clones in patients with CRC observed in conjunction with these mutations corresponding 

to CRC hotspots indicates this molecular process might play a role in the development of CRC. 

In this study we included a mutagenesis panel to detect neutral mutations to build mutational 

signatures without the bias of selection introduced by cancer gene mutations. While the 

mutagenesis panel provided at least 100 or more additional mutations per patient, it was still a 

relatively low number for mutational signature deconvolution. Studies have shown at least 100 
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mutations are needed for accurate mutational signature analysis 50. Similar to Lee-six et al. many 

of the non-coding mutations detected in the normal colon were attributed SBS1 and SBS5, both 

of which are caused by aging 13. However, Lee-Six et al. were able to detect 14 known 

mutational signatures within the normal colon and six novel signatures, whereas here we were 

only able to detect 11 unique signatures, two of which – SBS50 and SBS95 – could be due to 

sequencing artifacts 13. In Lee-Six et al. whole genome sequencing was performed enabling the 

detection of more non-coding mutations and higher resolution for signature deconvolution.  

Newer duplex sequencing pipelines currently under development with less stringent consensus 

criteria might enable us to recover more mutations while preserving sufficient accuracy for more 

in-depth mutational signature analysis in the future.  

There are a few limitations to the methods used in this study. We were able to sequence at an 

average depth of 6585x. While this allowed for the observation and characterization of numerous 

somatic mutations, we were limited in our study of mutations of the oncogenes KRAS, PIK3CA, 

and BRAF. This is because oncogenic mutations typically occur in a few specific codons and 

thus, they are less common overall than mutations in tumor suppressor genes, where multiple 

truncating mutations along the gene can lead to loss of function.  Nevertheless, sequencing at a 

greater depth would allow for a greater detection of mutations in these genes, potentially 

providing more significance to the observed trend. Another caveat is that for the CRC patient 

group in this study, we only had tumor sequencing data for a small subset of patients (not 

reported). Therefore, we could not compare the mutations observed in the patients' normal colon 

tissue to those seen in their tumors. In addition, tumors could not be evaluated for microsatellite 

instability and the presence of germline mutations predisposing to CRC was unknown.   

However, familial CRC has an incidence of only ~15% making it unlikely to significantly 

contribute to our cohort 50.  The limited number of genes tested is also a caveat of the study. 

While we observed interesting patterns of mutation and clonal expansion in normal colon for the 

selected genes, expanding to a larger set of cancer driver genes would enable a clearer picture of 

the somatic mutational landscape of the normal colon. 

In conclusion, this study demonstrates that patients with colorectal cancer not only carry a 

greater frequency of driver mutations in their normal colon, mostly contributed by APC, FBXW7 

and PIK3CA, but also experience increased positive selection of clones harboring pathogenic 
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mutations in KRAS and TP53. By employing new computational methods, such as pathogenicity 

scoring using deep-learning AI models and mutational signature analysis, we have begun to 

develop a framework for assessing CRC risk based on the somatic landscape of a patient's 

normal tissue. More studies involving deeper sequencing (>10000x), larger panel of genes, and 

the inclusion of tumor data from CRC patients will be essential to better understand the role of 

large pathogenic clones on CRC development and their potential as a biomarker for CRC risk.  

 

Methods 
 
Patient and Sample Selection 

This study included 60 individuals ages 50 years or older (mean age 63, range 50-81) who were 

selected to one of 3 groups: no cancer and no polyps (20 individuals), polyps but not CRC (20 

individuals), and CRC (20 individuals) (Fig, 1A). Groups had similar age ranges, but the mean 

age was slightly higher for the polyp group. No polyp/cancer subjects and polyp subjects 

underwent standard screening colonoscopies, where they consented to have biopsies collected 

from their normal colon tissue for the GICaRes BioSample Repository at the University of 

Washington’s Departments of Medicine and Laboratory Medicine & Pathology.  

Polyp formation was defined as a diagnosis of adenoma, sessile serrated adenoma, or proximally 

located hyperplastic polyp made in the procedure where the sample was procured or any prior 

procedure.  Patients with CRC were newly diagnosed with primary invasive colorectal 

adenocarcinoma and undergoing surgical resections, and they consented to have biopsies 

collected from their normal colon tissue for the ColoCare research study at the Fred Hutch 

Cancer Center. All normal samples from individuals with CRC were located 10 to 15 cm from 

their tumor. We analyzed normal left colon epithelium in individuals without CRC and normal 

left epithelium distant from tumor (>10cm) in individuals with CRC. Immediately after 

collection, samples were frozen in liquid nitrogen and stored at -80ºC until DNA extraction. A 

subset of normal colon samples from cancer free and cancer donors were histologically 

examined and revealed 70-80% epithelial content in samples from both groups. Patients provided 

written informed consent for study enrollment and sample collection. Clinico-pathological 

information available included age, sex, tumor location, polyp location, BMI, smoking history, 
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and diabetes status (Supplementary Table S1). The study was conducted in accordance with 

recognized ethical guidelines, which include but are not restricted to U.S. Common Rule, 

Belmont Report, Declaration of Helsinki, and Nuremberg Code, and following protocols 

approved by Institutional Review Board committees at the University of Washington and the 

Fred Hutchinson Cancer Research Center. 

DNA Extraction 

DNA extractions were performed by the Grady lab at the Fred Hutch Cancer Research Center. 

Genomic DNA was extracted from frozen normal colon tissue samples using the DNEasy Blood 

& Tissue Kit (Qiagen, Hilden, Germany). Forceps mucosal biopsies procured at endoscopy were 

approximately 6mm x 4mm x 3mm in size and the whole biopsy was used for DNA extraction. 

In normal colon samples from surgical resections, mucosal epithelium was selected to match the 

size of the endoscopic biopsies. DNA was quantified by Qubit dsDNA BR Assay Kit 

(ThermoFisher Scientific, Waltham, MA).  DNA quality was assessed with Genomic TapeStation 

(Agilent Technologies, Santa Clara, CA) and demonstrated high quality in all samples (DNA 

integrity number (DIN) ≥7). 

Duplex Sequencing Library Preparation 

Duplex Sequencing libraries were prepared using commercially available kits (TwinStrand 

Biosciences) using 400ng of genomic DNA from normal colon samples. DNA samples were 

processed by enzymatic fragmentation, end-repair, A-tailing, and ligation of duplex adapters 

including molecular barcodes. DNA fragments were then amplified by PCR. Following PCR 

amplification, two hybridization captures were performed with biotinylated probes targeting 

APC, KRAS, PIK3CA, TP53, FBXW7, BRAF, SMAD4, and RHO (Integrated DNA Technology, 

Coralville, IA, USA) and a mutagenesis panel (TwinStrand Biosciences, Seattle, WA, USA) (Fig. 

1C). Capture reactions were performed with probes at a concentration of 0.75uM per reaction. 

After each capture, samples underwent magnetic bead washes, and post-wash samples were 

amplified by PCR. Library concentrations were quantified using Qubit dsDNA HS Assay kits 

(ThermoFisher Scientific) and library fragment size was determined with Agilent 4200 

TapeStation with HS D1000 tapes.  
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Libraries were pooled for sequencing at 150 million reads per colon sample. All samples were 

sequenced at the Fred Hutch Cancer Research Center Genomics Services on an Illumina 

NovaSeq X Plus using 2 x 150bp paired-end reads.   

Duplex Sequencing Analysis 

Sequencing data was processed with the duplex sequencing pipeline v2.1.4 

(https://github.com/Kennedy-Lab-UW/Duplex-Seq-Pipeline). This pipeline can be divided into 

five key steps: consensus making, alignment, blast, post-blast clean-up, and variant calling.  

Raw sequencing reads underwent barcode recognition to group PCR copies from the same 

source DNA molecule into groups, termed ‘families’. PCR copy families underwent single-

strand consensus, where unique mutations were only called when they occur in the same position 

in 70% or greater of the PCR reads that share the same barcode. Complementary DNA strands 

were then compared to produce a double-strand consensus read (called duplex read) where 

nucleotides from the forward and reverse strands were compared and unique mutations were 

only called when they occur in the same position on both strands.  

Before alignment, adaptors were clipped using Cutadapt. Duplex reads were then aligned to the 

human genome reference hg38 using BWA.  A blast filter was applied to eliminate potential 

reads of non-human genomes. In post-blast clean-up, the AS-XS score was set at 50 to eliminate 

reads that align to multiple places in the genome.  End reads were trimmed 15bp from the 5’ end 

and 5bp from the 3’ end. Additionally, we filtered out any mutations seen within 10bp from 

either end of each read, after clipping, to eliminate artifactual mutations related to the NovaSeq 

X Plus chemistry.  

Variant calling was done using VarDict Java and VCF file outputs were then converted to MAF 

files using Vcf2Maf script with Variant Effect Predictor (VEP) version 104. MAF files 

underwent post-processing with R version 4.4.1. Only positions with a minimum depth of 1000x 

and N values <1% were included in the analysis. Mean coding depth was calculated considering 

the depth at coding positions for each sample. Variant allele fraction (VAF) was calculated for 

each mutation by dividing the number of mutant reads by the total number of duplex reads at the 

given position. Mutations were then filtered based on VAF (>0.3) to eliminate Single Nucleotide 

Polymorphisms (SNPs). SNPs VAF values were used for quality check to confirm no cross-

contamination.  

https://github.com/Kennedy-Lab-UW/Duplex-Seq-Pipeline
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Mutation Analysis  

Using the information from MAF files, mutations were characterized by type (missense, 

nonsense, splice, insertion, deletion, synonymous, intronic), and mutation spectrum (C>A, C>G, 

C>T, T>A, T>C, and T>G). For each sample, Mutation Frequency (MF) was calculated for 

coding and non-coding regions as the number of unique mutations within a region divided by the 

total number of duplex nucleotides sequences in the corresponding region.   

Pathogenicity scores for missense mutations were calculated using AlphaMissense, a deep-

learning AI model that classified all 71M possible missense variants in the human proteome 31. 

This model uses three main components: evaluation of mutation effect on protein structure 

outcome, multiplexed assays of variant effect, and training from population frequency data, to 

assign a pathogenicity score between 0 and 1 31. Missense variants are classified as likely benign 

(score 0–0.340), of ambiguous pathogenicity (score 0.340–0.564), or likely pathogenic (score 

≥0.564) 31.  For simplification, all missense variants classified as ambiguous by AlphaMissense 

were grouped as benign. For other mutation types, pathogenicity classifications were assigned 

during post-sequencing processing. Silent mutations and splice region mutations outside of exons 

received a score of 0 and were classified as benign. Nonsense mutations, indels, splice site 

mutations, double nucleotide mutations, trinucleotide mutations, and splice region mutations 

within exons were assigned a score of 1 and classified as pathogenic. Pathogenic mutation 

frequency was calculated by dividing the number of pathogenic mutant reads by the total number 

of duplex nucleotides sequenced in the corresponding region. 

Comparison with COSMIC data 

Catalogue of Somatic Mutations in Cancer (COSMIC) data was used to determine cancer 

mutations for each of the genes analyzed. We retrieved all mutations corresponding to genome 

wide screen analyses of human carcinoma (January 18, 2023). We next re-annotated COSMIC 

mutations using VEP, Vcf2Maf, and AlphaMissense, as described for the study samples. 

Mutations (n=11174) were classified by type (missense, nonsense, silent, indels, and splice). 

Substitutions (n=9296) were classified by spectrum (nucleotide change). 

“No Selection” Model 

To determine the distribution of mutations in the absence of selection, a list of all possible single 

nucleotide substitutions in the coding region and splice site boundaries of each gene was 
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generated in silico as a VCF file, which was then converted to a MAF file and annotated using 

VEP, Vcf2Maf, and AlphaMissense, as described for the study samples. Only mutations present 

in coding regions or splice sites and not within masked regions were included in analysis for 

valid comparisons with study samples. We then created the No Selection model by sampling 

from this file a number of mutations equal to the total number of mutations present in all samples 

(1440) with probabilities of each mutation type (context plus nucleotide change) being set by 

observed signatures in normal colon crypts 49. This process was repeated 1000 times, and mean 

values from those 1000 iterations were used as the No Selection model. Mutations were 

classified by type (missense, nonsense, silent, and splice), spectrum (nucleotide change), and 

AlphaMissense pathogenicity.  

Mutational signatures 

Mutational signatures were analyzed using SigProfilerExtractor 51. This model uses an 

unsupervised machine-learning model for de novo extraction of signatures from non-coding 

somatic mutations 51. 

Statistical Analysis  

Correlations between MF and pathogenic MF and age were performed with Spearman’s rank 

test. Comparisons of MF and pathogenic MF across groups and by genes were performed by 

Wilcoxon rank-sum tests. Comparisons of categorical variables across groups, such as the 

fraction of mutations that were pathogenic large clones, were tested with Chi-squared tests and 

Fisher’s exact tests. Multivariable linear regression models were used to examine the 

associations between age, sex, BMI, smoking status, and MF outcomes. Models were adjusted 

for DIN and duplex depth. All tests were two-sided at α level (type 1 error rate) of 0.05. 

 
Supplementary tables:  

Supplementary Tables. xlsx 
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