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Abstract
A comprehensive endoscopic small and large intestinal untargeted step biopsy procedure was conducted to 
compare gene expression between the normal intestinal mucosa of healthy individuals and that of patients 
with colorectal tumors. From 78 participants (healthy individuals [n = 17], patients with colorectal conventional 
adenomas [n = 6], patients with Tis–T1 colorectal cancer [n = 41], patients with T2–4 colorectal cancer [n = 14]), 
biopsies of normal mucosa of the terminal ileum, right-sided colon (cecum and ascending colon), and left-
sided colorectum (descending colon, sigmoid colon, and rectum) were obtained using a lower gastrointestinal 
endoscope. RNA was extracted from all samples, and total transcriptome sequencing was performed. Transcriptome 
data from 388 samples was analyzed. DNA was also extracted from tumor biopsy tissues and analyzed for whole-
exome sequencing. In healthy individuals, gene expression differed significantly among the terminal ileum, right-
sided colon, and left-sided colorectum, presumably linked to embryological factors. There were differences in 
gene expression in the normal mucosa in colorectal cancer patients, compared to healthy controls. Patients with 
tumors, especially T2–4 colorectal cancer, showed considerable variation in gene expression in non-tumor tissues, 
even in the terminal ileum distant from the tumor site. Based on endoscopic biopsies, the results imply cancer-
predisposing conditions in seemingly normal tissues. The present study points to the importance of small intestine 
and cancer-predisposing conditions in the colon of colorectal cancer patients, with possible implications for 
developing novel immunotherapy and other therapeutic modalities.

Keywords  Colorectal cancer, Adenoma, Transcriptome, Field cancerization, Right-sided colon, Left-sided colorectum, 
Terminal ileum, Immune cell, CIBERSORTx
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Introduction
Colorectal cancer (CRC) affects approximately 1.9  mil-
lion people annually [1]. A gradual accumulation of 
mutations in the normal mucosa through to adenoma, 
early-stage CRC, and advanced CRC is thought to be 
etiologically involved in a process known as the ade-
noma-carcinoma sequence [2]. Cancer-causing changes 
may occur even before any adenomas arise, and identi-
fication of examples would have obvious implications 
for early detection and potentially prevention of cancer 
development.

Field cancerization was first proposed for oral squa-
mous cell carcinoma in 1953 [3]. This concept of certain 
cancer-prone areas or fields of epithelium might also be 
pertinent for the CRC case [4, 5]. CRC patients undertak-
ing total lesion resection are known to have a persistent 
elevated risk of newly developing advanced adenomas [6] 
or a second CRC [7, 8]. While knowledge as to epigen-
etic alteration [9] and somatic mutations is accumulating 
[10], gene expression characteristics mostly remain to be 
determined, particularly when taking into account ana-
tomic differences in the colorectum.

It is widely recognized that the characteristics of CRC 
differ depending on the anatomic locations. CRC has a 
higher incidence in the left-sided colorectum compared 
to the right-sided colon, with the adenoma-carcinoma 
pathway being the predominant pathway. Mutations in 
the DNA mismatch repair pathway play a significant role 
in right-sided colon cancer [11]. The occurrence of pri-
mary carcinoma of the ileum is exceptionally uncommon. 
Those differences indicate that normal intestine mucosa 
has different carcinogenic factors depending on the ana-
tomic sites.

Therefore, we first assessed whether gene expression 
in the intestinal mucosa of healthy individuals differed 
depending on the anatomical site. Next, we compared 
the normal intestinal mucosa of healthy individuals and 
CRC patients for each anatomic site. We found that gene 
expression in non-tumorous tissue in CRC patients dif-
fered from that of healthy individuals, especially in 
patients with advanced CRC. Interestingly, gene expres-
sion in patients with T2–4 CRC proved significantly 
altered in the terminal ileum, anatomically distant from 
tumors.

Materials and methods
Study subjects and sample collection
This study was conducted on individuals who underwent 
colonoscopy at the National Cancer Center Hospital 
(NCCH), Tokyo, Japan, and the National Cancer Center 
Hospital East (NCCHE), Chiba, Japan. The study’s inclu-
sion criteria were as follows: (i) those individuals who 
are diagnosed with colorectal diseases such as colorec-
tal tumors (including CRC and colorectal polyps) and 

inflammatory bowel disease, have a history of such ail-
ments, or are suspected of having such diseases and hav-
ing an upcoming colonoscopy, (ii) individuals 20 years or 
older, (iii) individuals not having any blood coagulation 
disorders, including hemophilia, idiopathic thrombocy-
topenic purpura, liver cirrhosis, or the use of antithrom-
botic medication, and (iv) written consent to partake in 
the study, regardless of their racial background. The sub-
jects were provided with a low residue diet the day before 
the colonoscopy procedure [12]. Sodium-calcium-ascor-
bic acid combination powder (Moviprep, EA Pharma, 
Tokyo, Japan) was used for bowel preparation [13]. Biop-
sies of the normal mucosa of the terminal ileum, right-
sided colon (cecum and ascending colon), and left-sided 
colorectum (descending colon, sigmoid colon and rec-
tum) were performed on each participant without caus-
ing physical discomfort. Biopsies were also taken from 
CRCs and adenomas, along with normal mucosa 1–2 cm 
away. Where possible, two biopsies were taken from each 
site, and immediately frozen on dry ice. Subsequently, 
the biopsy tissue was cryopreserved at -80  °C. Normal 
mucosa biopsies from the transverse colon were obtained 
in only a few cases, when tumors were present in the 
transverse colon. Biopsies were not obtained from all tar-
get sites in patients where passage through the intestinal 
tract was difficult due to the presence of the tumor or 
when there was considered to be high risk for bleeding.

The CRC patients included in the study had no prior 
treatment history at the time of biopsy. The recording 
of CRC stages was based on the TNM Classification of 
Malignant Tumors by the American Joint Committee on 
Cancer (AJCC) and the Union for International Cancer 
Control (UICC). Out of the 738 participants collected, a 
careful selection was made to include 17 healthy controls, 
6 with conventional colorectal adenomas, 41 with Tis–T1 
CRC, and 14 with T2–4 CRC. As this is an observational 
study, the number of participants was not determined 
from a predetermined sample size calculation or power 
analysis. Instead, cases with comprehensive clinical infor-
mation were selected. The analysis excluded patients 
with autoimmune diseases and those who were currently 
receiving or had previously received immunosuppressive 
or immunomodulatory therapies. Given the broad age 
range of participants, and the potential for age to act as 
a confounding variable, we applied regression analysis to 
adjust for its influence. This selection aimed to investi-
gate genetic abnormalities associated with the transition 
from normal to tumorigenesis, excluding cases with lim-
ited specimens or insufficient clinical data (Supplemen-
tary Fig. 1A). The study did not include individuals with 
hereditary colorectal tumors such as familial adenoma-
tous polyposis and Lynch syndrome.
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RNA extraction and sequencing
Total RNA was extracted using either an RNeasy Mini kit 
(QIAGEN, Hilden, Germany) with an RNase-Free DNase 
Set (QIAGEN) or an AllPrep DNA/RNA Mini kit (QIA-
GEN). RNA was quantified using NanoDrop (Thermo 
Fisher Scientific, Waltham, MA), and RNA integrity was 
assessed with a 4200 TapeStation (Agilent Technologies, 
Santa Clara, CA) and a 2100 BioAnalyser (Agilent Tech-
nologies) before preparing RNA-seq libraries. Samples 
with a concentration 20 ng/µL or greater and an RNA 
integrity number (RIN) of 5.5 or higher as measured by 
BioAnalyser underwent RNA-seq library preparation. 
Finally, a total of 397 samples underwent RNA-seq library 
preparation using TruSeq Stranded mRNA (Illumina, 
San Diego, CA) and sequencing on a 100 bp paired-end 
Illumina Novaseq 6000 platform.

RNA-seq data analysis
RNA-seq data were acquired in FASTQ format. Trim 
Galore (version 0.6.6), a wrapper tool around Cutadapt 
and FastQC, was employed to remove low-quality reads 
and trim adapters. The peak of the per base quality score 
was established at Q30, while the cut-off for per sequence 
GC content was below 30%. Kallisto (version 0.46.2) 
quantification was performed for the trimmed files. A 
Kallisto index was built with reference to transcriptome 
GRCh38 with a k-mer length of 31. The count data were 
subsequently analyzed with R (version 4.0.5), using the R 
package tximport (version 1.18.0) to convert transcript 
levels to gene-level expression.

Outlier samples identified through principal com-
ponent analysis (PCA) or read count calculation were 
excluded. Samples of hyperplastic polyps occurring 
simultaneously with colorectal adenomas or in patients 
with CRC were excluded from the analysis. Finally, a total 
of 388 samples were analyzed. Genes that did not encode 
a protein or had a total transcript per million (TPM) of 
less than 10 for all samples were excluded, leaving 17,038 
genes.

Differentially expressed gene (DEG) analysis was per-
formed using edgeR (version 3.32.1) and limma (ver-
sion 3.46.0) to exclude the effects of multiple sampling 
from individuals. Gene ontology (GO) analysis was per-
formed with clusterProfiler (version 3.18.1) and org.
Hs.eg.db (version 3.12.0). The DEG thresholds were 
established based on the analysis objectives. A stringent 
criterion was established, requiring a log2 fold change 
(log2FC) absolute value > 1.5 and FDR (False Discovery 
Rate) < 0.001 when comparing intestinal sites. To iden-
tify slight distinctions in healthy mucosa of CRC patients, 
the thresholds were set at log2FC absolute value > 0.8 and 
FDR < 0.01. Regression analysis was performed to exam-
ine the correlation with age for each DEG, and genes 
correlated with age were excluded from the DEG. In 

addition, regression analysis was employed to investigate 
the relationship between age and sex when comparing 
the normal mucosa of CRC patients and healthy individ-
uals. This was necessary due to the limited sample size, 
which precluded the elimination of any potential impact 
arising from sex differences.

Immune cell abundance was analyzed with the CIBER-
SORTx algorithm on the web portal (https://cibersortx.
stanford.edu/). We input the TPM normalized gene 
expression data and calculated immune cell abundance 
using LM22, which was the default signature matrix to 
calculate the abundance of 22 types of immune cells. All 
sample results yielded a P-value, computed using the 
default CIBERSORTx program, below 0.05.

DNA extraction and whole-exome sequencing
DNA was extracted from frozen biopsy samples using a 
QIAamp DNA Mini kit (QIAGEN) or an AllPrep DNA/
RNA Mini kit (QIAGEN) and quantified with NanoDrop 
(Thermo Fisher Scientific). A whole-exome sequence 
library was prepared with 200 ng gDNA using Illumina 
DNA prep with Enrichment (Illumina) and the Twist 
Comprehensive Exome Panel (Twist Bioscience, South 
San Francisco, CA). Libraries were sequenced using a 
150  bp paired-end Illumina Novaseq 6000 platform. 
Data were acquired in FASTQ format. We aligned whole-
exome, paired-end reads (150 bp) to the human genome 
(GRCh37) using BWA (version 0.7.15, https://github.
com/lh3/bwa), and generated BAM files by computing 
MarkDuplicates, BaseRecalibrator, and ApplyBQSR with 
GATK (version 4.1.9.0, https://github.com/broadinsti-
tute/gatk). We used Manta (version 1.6.0, https://github.
com/Illumina/manta) and Strelka2 (version 2.9, https://
github.com/Illumina/strelka) for somatic mutation 
calls and Ensembl Variant Effect Predictor (release 102, 
https://github.com/Ensembl/ensembl-vep) for functional 
annotation. Driver genes were selected from the signifi-
cantly mutated genes presented by Myer et al. [14].

Results
Endoscopic intestinal step biopsy procedure
A total of 78 cases who underwent lower gastrointestinal 
endoscopy were enrolled for this study: 17 healthy con-
trols, 6 with conventional colorectal adenomas, 41 with 
Tis–T1 CRC, and 14 with T2–4 CRC. According to the 
AJCC and UICC TNM classifications, which are identi-
cal to the T classification, CRC patients were categorized 
into Tis–T1 and T2–4 stage groups. Patient characteris-
tics are shown in Supplementary Tables S1-S3.

Biopsies were taken from various sections of the 
intestinal mucosa in the participants, such as the ter-
minal ileum, right-sided colon, left-sided colorectum, 
CRC, adenoma, and adjacent normal mucosa 1–2  cm 
away from CRC or adenoma (Fig.  1A). We termed this 

https://cibersortx.stanford.edu/
https://cibersortx.stanford.edu/
https://github.com/lh3/bwa
https://github.com/lh3/bwa
https://github.com/broadinstitute/gatk
https://github.com/broadinstitute/gatk
https://github.com/Illumina/manta
https://github.com/Illumina/manta
https://github.com/Illumina/strelka
https://github.com/Illumina/strelka
https://github.com/Ensembl/ensembl-vep
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procedure of collecting untargeted step biopsies of the 
intestinal mucosa from multiple locations in addition to 
biopsies from the targeted lesion(s) in the same individ-
ual “Endoscopic intestinal step biopsy.”

A heatmap of all samples using the top 2,500 genes 
with high variability showed that CRC and conventional 
adenoma samples belonged to the same cluster (Fig. 1B). 
PCA revealed that PC2 and PC4 correlated strongly with 
sample type (CRC, conventional adenoma, or normal 
mucosa) and anatomic site (terminal ileum, right-sided 
colon, or left-sided colorectum) (Fig. 1C left). In contrast, 

age or sex did not exhibit any correlation with any axis. 
The terminal ileum tissues were distinct from both 
colonic tissue (tumor and non-tumor areas) when visual-
ized using PC2 and PC4 (Fig. 1C right).

Gene expression in the intestinal mucosa of healthy 
individuals varies with the anatomic site
DEG analysis was performed to examine anatomic site-
specific differences in gene expression in the intestine. 
Each anatomic site is shown in Fig.  2A. Unsupervised 
clustering of the top 500 variable genes showed that the 
terminal ileum, right-sided colon (cecum, ascending 

Fig. 2  Anatomic site-specific differences in the normal mucosa of healthy 
individuals. (A) Schema showing the anatomic sites of the terminal ileum 
(TI), right-sided colon, and left-sided colorectum. The superior mesen-
teric artery (SMA) dominates the terminal ileum and right-sided colon, 
embryologically derived from the midgut. The inferior mesenteric artery 
(IMA) dominates the left-sided colorectum, embryologically derived from 
the hindgut. (B) Heatmap for 61 normal mucosa samples from 17 healthy 
individuals using unsupervised clustering (top 500 genes). Note: separate 
clustering of terminal ileum (TI), right-sided colon, and left-sided colorec-
tum. (C, D) Discrepancies in gene expression between the terminal ileum 
and the colorectum (C) and between the right-sided colon and left-sided 
colorectum (D) in healthy individuals. Volcano plots (left panels) show dif-
ferences in gene expression in normal mucosa of different anatomic sites, 
with gene ontology (GO) enrichment analysis results in the right panels. 
An absolute value of log2 fold change (|log2FC|) > 1.5 and a false discovery 
rate (FDR) < 0.001 were used as cut-offs for expression variation genes

 

Fig. 1  Overview of the endoscopic intestinal step biopsy procedure. (A) 
Endoscopic biopsies of normal appearing mucosa of the terminal ileum 
and colorectum were performed for all individuals. Tumor samples and 
1–2  cm of surrounding normal mucosa (T12) were also obtained where 
present. Biopsies from the transverse colon were only taken in a few cases 
because of the higher perforation risk than in other locations. The endo-
scopic images on the right show a biopsy procedure of the terminal ileum. 
The white dotted circle indicates the site after the biopsy. A, ascending 
colon; C, cecum; D, descending colon; R, rectum; S, sigmoid colon; T, tumor; 
TI, terminal ileum; TNT, transverse colon; T12, normal mucosa 1–2 cm away 
from the tumor. (B) Heatmap of all 388 samples using unsupervised clus-
tering (top 2,500 genes). Colorectal cancer (CRC) and conventional adeno-
ma cases belonged to the same cluster. (C) Principal component analysis 
(PCA) of 388 samples. PC2 strongly correlated with sample type, and PC4 
with sample type and anatomic site (left panel). In PCA plots using PC2 
and PC4, the terminal ileum samples are generally plotted separately from 
colorectal tumor samples. Colors (pink, green, blue) indicate “Sample type”, 
and shapes (+, ■, ▲) “Anatomic site”
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colon, transverse colon), and left-sided colorectum 
(descending colon, sigmoid colon, rectum) belonged 
to different clusters (Fig.  2B), indicating differences in 
embryological origin. The data obtained from PCA anal-
ysis did not indicate any discernible distinctions between 
the two hospitals (Supplementary Figure S1B). Age 
showed no correlation with the primary axis in the PCA 
analysis (Supplementary Figure S1C). However, consider-
ing the influence of age on transcriptome analysis data, 
we excluded DEGs that, based on regression analysis, 
appeared to have a potential association with age.

In the comparison between the colorectum and the 
terminal ileum, there were 877 DEGs up-regulated in the 
terminal ileum and 338 in the colorectum (Fig. 2C). In the 
terminal ileum, there was a significant enrichment of GO 
terms related to immune cell proliferation and activity. 
The expression of CCL25, a chemokine produced by the 
small intestinal epithelium and involved in lymphocyte 

homing, significantly differed between the terminal ileum 
and colorectum. Although not detected as a GO term, 
genes related to lipid transport, such as APOA, FABP6, 
and MTTP, were more highly expressed in the terminal 
ileum. In the colorectum, GO terms related to substance 
transport were enriched (Fig. 2C).

The comparison between the left-sided colorectum 
and the right-sided colon revealed an up-regulation of 
210 DEGs in the left-sided colorectum and 122 DEGs 
in the right-sided colon (Fig.  2D). In the left-sided col-
orectum, GO terms associated with extracellular matrix 
organization and cell adhesion were highly enriched. The 
left-sided colorectum exhibited high expression levels of 
PRAC1 and PRAC2, which are specifically expressed in 
the human prostate and distal colorectum [15]. Homeo-
box genes, specifically HOXB13, HOXD11, HOXD12, and 
HOXD13 were upregulated in the left-sided colon. In the 
right-sided colon, GO terms related to response to xeno-
biotic stimulus and antimicrobial peptide were enriched 
(Fig. 2D). The REG (regenerating gene) family with vari-
ous physiological activities in the intestinal tract, includ-
ing antibacterial, anti-inflammatory, and antiapoptotic 
potential [16], exhibited significantly higher expression in 
the right-sided colon. Lists of DEGs are shown in Supple-
mentary Tables S4 and S5.

Immune profiles of intestinal mucosa of healthy 
individuals differ by anatomic site
To investigate how immune cells differ by anatomic site, 
we compared the immune profiles of the terminal ileum, 
right-sided colon, and left-sided colorectum of the nor-
mal mucosa of healthy individuals using CIBERSORTx. 
Unsupervised clustering showed that the terminal ileum 
samples were predominantly characterized by high B cell 
immunity (Fig.  3A). Among the immune cells, lympho-
cytes, followed by macrophages, accounted for a large 
proportion. M2 macrophages were found to be the pre-
vailing type among macrophages in the terminal ileum, 
right-sided colon, and left-sided colorectum (Fig.  3A). 
In contrast, γδT cells, eosinophils, and neutrophils were 
observed in only a few samples.

The terminal ileum exhibited significantly more 
immune cells than the colorectum (P = 0.0039, Mann-
Whitney U test) (Fig.  3A, Supplementary Figure S2A), 
with more B cells than the colorectum and more CD8+ 
T cells, follicular helper T cells, regulatory T cells, and 
M0 macrophages. There were fewer resting dendritic 
cells and more active ones (Fig. 3B). The abundance of B 
cells, active dendritic cells, and follicular helper T cells in 
the terminal ileum presumably reflects abundant Peyer’s 
patches and active antigen presentation. Data on the 
abundance of cell types are provided in Supplementary 
Figure S2B.

Fig. 3  Differences in immune cell profiles of healthy individuals by ana-
tomic site. (A) Bar plot (left panel) showing the results of unsupervised 
clustering of immune profiles of intestinal mucosa in healthy individu-
als calculated with CIBERSORTx. Bar plot (right panel) showing the mean 
values for the terminal ileum (TI), right-sided colon (Right), and left-sided 
colorectum (Left). (B, C) Depending on the anatomic site, immune cells 
were found in differing amounts (Mann-Whitney U test). The Y-axis indi-
cates absolute abundance. TI, terminal ileum; Right, right-sided colon; Left, 
left-sided colorectum
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A site-specific comparison showed that the left-sided 
colorectum displayed a significantly elevated pres-
ence of immune cells compared to the right-sided colon 
(P = 0.022, Mann-Whitney U test) (Fig.  3C, Supplemen-
tary Figure S3A). The left-sided colorectum exhibited 
a higher presence of plasma cells, CD8+ T cells, resting 
memory CD4+ T cells, resting NK cells, and macrophage 
M2. The data regarding the abundance of cell types is 
presented in Supplementary Figure S3B. We also exam-
ined the disparity in gene expression between rectal and 

colonic tissue in healthy individuals. The rectum exhib-
ited a higher count of immune cells, denoted as Abso-
lute score, compared to the colon (Supplementary Figure 
S4A). In the rectum, B cell memory, T cell CD4 memory 
resting, macrophage M2, and resting mast cells were 
more prevalent, whereas activated T cell CD4 memory 
was more prevalent in the colon (Supplementary Figure 
S4B).

Normal-appearing intestinal mucosa of CRC patients 
exhibits different gene expression from healthy individuals
A DEG analysis was conducted in order to examine 
potential differences in gene expression between the 
normal intestinal mucosa of CRC patients and healthy 
individuals. Due to the significant variation in gene 
expression across different anatomic sites in the intesti-
nal tract, a differential expression analysis was performed 
for each site. The DEG analysis did not factor in the dis-
tance from the CRC, as PCA did not establish a distinc-
tion between normal colonic mucosa close to or distant 
from the CRC (Supplementary FigureS5). In order to take 
account of the age and sex disparities among healthy indi-
viduals, Tis–T1 CRC patients, and T2–4 CRC patients, 
regression analysis was conducted to eliminate any DEGs 
that could be attributed to age or sex. When compar-
ing T2–4 CRC patients with healthy individuals, more 
DEGs were observed across all anatomical sites, in con-
trast to the comparison between Tis–T1 CRC patients 
and healthy individuals. In the left-sided colorectum, 
right-sided colon, and terminal ileum, 259, 316, and 71 
DEGs were detected in T2–4 CRC patients, respectively 
(Fig. 4A and B). Notably, many DEGs were also identified 
in the terminal ileum of T2–4 CRC patients, even when 
the terminal ileum was distant from the CRC anatomi-
cally. A detailed compilation of the DEGs is presented in 
Supplementary Tables S6-S10.

GO analysis was performed on the DEGs of T2–4 CRC 
patients’ normal mucosa compared to healthy individu-
als’ normal mucosa (Fig.  4C). The down-regulation of 
transcription and translation-related GO terms, which 
indicate the involvement of ribosome-related genes (e.g., 
RPS18, RPS17, RPL24), was observed in patients with 
T2–4 CRC across all anatomic sites.

Furthermore, we analyzed the disparities in gene 
expression in the terminal ileum between two groups 
of cases: those with lymph node metastasis (n = 11) and 
those without (n = 11), among T1 to T4 cases (total of 22 
cases) (Fig. 4D). In cases with lymph node metastasis, the 
terminal ileum exhibited high expression levels of genes 
encoding glycosyltransferases involved in the metabolism 
and excretion of both endogenous and exogenous toxic 
compounds (e.g., UGT2B17, UGT2B15). On the contrary, 
the expression of immune-related genes, specifically 
CXCL3 and CD59, was decreased in these patients.

Fig. 4  Differences in gene expression between normal mucosa of CRC 
patients and healthy individuals. (A, B) Volcano plots show gene expres-
sion differences between normal mucosa of CRC patients and healthy 
controls (HC). The comparison for T2–4 CRC patients is provided in A, and 
for Tis–T1 CRC patients (Tis and T1), in B. Left-sided colorectum (Left), right-
sided colon (Right), and terminal ileum (TI) are shown in order from left to 
right. After conducting a multiple regression analysis that accounted for 
age and sex, the differential expression analysis omitted genes suspected 
of introducing confounding variables. These genes are visually represent-
ed as gray dots in the figure. (C) Results of gene ontology (GO) enrich-
ment analysis of expression variation genes in normal mucosa of T2–4 
CRC patients and normal mucosa of healthy controls. FDR, false discovery 
rate; Left, left-sided colorectum; logFC, log2 fold change; Right, right-sided 
colon; TI, terminal ileum. (D) Volcano plot showing gene expression dif-
ferences between two groups of cases: those with lymph node metasta-
sis (n = 11) and those without (n = 11). The thresholds were set at log2FC 
absolute value > 0.8 and FDR < 0.01. Regression analysis was performed to 
examine the correlation with age, sex, and T stage for each DEG, and genes 
correlated with them were excluded from the DEG
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Differences in mutations between Tis–T1 and T2–4 CRCs on 
whole-exome sequencing (WES) analysis
Tumor samples from 47 CRC patients were subjected to 
WES, with 23 patients classified as having Tis–T1 CRCs, 
24 with T2–4 CRCs, and 7 with concomitant conven-
tional adenomas. Note: three Tis–T1 CRC patients and 
ten T2–4 CRC patients were not included in this RNA-
seq analysis.

Figure 5A illustrates an oncoplot of somatic mutations 
of known driver genes in CRCs. Somatic mutations of 

TP53 were detected in T2–4 CRCs more frequently than 
in Tis–T1 CRCs (P = 0.0010, Fisher’s exact test). Interest-
ingly, there was a mutual exclusivity observed between 
somatic mutations in TP53 and KRAS in all CRCs 
(P = 0.020, Fisher’s exact test), as well as in CRCs at the 
Tis–T1 stage (P = 0.021, Fisher’s exact test). This is likely 
since the study specifically concentrated on early-stage 
CRC. The typical progression of abnormalities in CRC 
involves the sequential accumulation of APC, KRAS, and 
TP53 mutation [14, 17]. The presence of TP53 mutations 
in colorectal tumors with APC abnormalities may obvi-
ate the need for KRAS mutations in early-stage CRC [18]. 
BRAF mutations were observed in only two cases [19]. In 
addition, three cases were found to have a hyper-mutated 
phenotype.

The inclusion of CRCs through the serrated pathway 
was restricted in this biopsy study due to the poten-
tial hindrance of pathological diagnosis by biopsies in 
cases of CRCs displaying flat appearance through the 
serrated pathway. APC mutations were identified in 21 
out of 25 CRCs, suggesting that these tumors likely pro-
gressed through the adenoma-carcinoma sequence, a 
well-established conventional pathway. In the subset of 
Tis (advanced adenoma)–T1 CRC and adenoma cases 
(Fig.  5A), APC mutations were observed in 21 of 30 
tumors, further supporting their classification as conven-
tional tumors. A histological analysis of the endoscopi-
cally resected tumors was conducted for the remaining 
nine cases without APC mutations to explore the poten-
tial involvement of alternative pathways, such as the ser-
rated pathway. These cases also revealed the presence of 
conventional adenoma components. Thus, the focus of 
the present study is on tumors that follow the conven-
tional adenoma-carcinoma progression pathway.

Examination of the relationship between tumor mutations 
and gene expression
An assessment was performed to examine the relation-
ship between tumor mutations and gene expression in 
normal mucosa. The heatmap generated using normal 
mucosa samples from CRC patients, focusing on the top 
1,000 variable genes, revealed no discernible correlation 
between major three CRC mutations (i.e., APC, TP53, 
and KRAS) and gene expression (Fig. 5B).

Subsequently, DEG analysis was conducted in order to 
evaluate potential disparities between normal mucosa of 
CRC patients with significant mutations and that of CRC 
patients without mutations. Due to the high prevalence 
of APC mutations in CRC patients and the need to con-
sider genetic abnormalities such as LOH (loss of hetero-
zygosity) in the case of the TP53 gene, DEG analysis was 
restricted to the presence or absence of KRAS gene muta-
tions. DEG analysis was conducted for each anatomic 
site, comparing the normal appearing mucosa of CRC 

Fig. 5  Mutations revealed by whole-exome analysis and their association 
with the transcriptome. (A) Oncoplot of mutations revealed by whole-
exome sequencing analysis of Tis–T1 and T2–4 CRC and adenomas. Note: 
the inclusion of somatic mutations in known driver genes. The upper 
panel shows the number of somatic mutations. The most advanced lesion 
is classified as Patient type. (B) Heatmap for normal mucosa samples of 55 
CRC patients using unsupervised clustering (top 1,000 genes). No obvi-
ous associations were identified between major CRC mutation (i.e., APC, 
TP53, and KRAS) and gene expression. (C) Volcano plots show differences 
in gene expression between normal mucosa of CRC patients with KRAS 
mutation and that of CRC patients with KRAS wild-type. The analysis of 
the left-sided colorectum is shown in the left panel, the right-sided colon 
in the center, and terminal ileum on the right. After conducting a mul-
tiple regression analysis that accounted for age and sex, the differential 
expression analysis omitted genes suspected of introducing confounding 
variables. These genes are visually represented as gray dots in the figure. 
logFC, log2 fold change; NA, not available; TI, terminal ileum
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patients with KRAS mutations and the KRAS wild-type. 
The study revealed the presence of 404 DEGs in the left-
sided colorectum, 71 DEGs in the right-sided colon, and 
no DEGs in the terminal ileum (Fig. 5C). The Consensus 
Molecular Subtypes (CMS) framework is being devel-
oped as a tool for classifying CRC [20]. CMS1, charac-
terized by hypermutation, microsatellite instability, and 
pronounced immune activation, is frequently associated 
with BRAF mutations, whereas CMS3, distinguished by 
epithelial features and marked metabolic dysregulation, 
often harbors KRAS mutations. The findings of this study 
indicate that the gene expression profiles of normal tis-
sues vary depending on the presence or absence of KRAS 
mutations, suggesting that distinct predisposition states 
might exist prior to tumor development, as classified by 
the CMS framework.

Discussion
Analysis of endoscopic intestinal step biopsies in the 
present study revealed dissimilarities of gene expres-
sion between the right colon and left colorectum among 
healthy individuals. This is likely attributed to the embry-
ological derivation of the former from the midgut and the 
latter from the hindgut. We also compared gene expres-
sion between the intestinal tissues of healthy individu-
als and those of patients with colorectal tumors. There 
were significant differences in gene expression between 
healthy individuals and colorectal tumor patients even in 
their normal tissues. Notably, patients with CRC exhib-
ited dissimilarities in gene expression at the terminal 
ileum, separate from the lesion, compared to healthy 
individuals.

Transcriptome analysis of the intestinal mucosa of 
healthy individuals showed gene expression to vary sig-
nificantly depending on anatomic sites. The small intes-
tine has an absorptive epithelium covered with villi and 
contains many enzymes and transporters necessary for 
digesting dietary components [21]. The ileum absorbs 
bile salts and vitamin B12 but contributes little to nutri-
ent absorption and has short villi. The large intestine is 
responsible for water absorption and excretion of undi-
gested food. In this study, genes related to lipid transport 
were highly expressed in the terminal ileum, and genes 
involved in the transport of small water-soluble mole-
cules were highly expressed in the large intestine. Nota-
bly, the expression of genes related to xenobiotic stimulus 
and antimicrobial peptide was high in the right-sided 
colon, indicating that foreign substances not digested and 
absorbed in the small intestine may undergo metabolism 
there [22]. Microarray analysis has also observed varia-
tions in gene expression between the left-sided colorec-
tum and the right-sided colon [23, 24]. Differences in 
anatomical location can be attributed to the developmen-
tal derivation of the right-sided colon from the midgut 

and the left-sided colorectum from the hindgut. Stud-
ies have indicated more pronounced anatomical varia-
tions in the adult colon’s transcriptome than in the fetal 
colon [24]. The differences in anatomy may result from 
changes in the postnatal intestinal environment, such as 
the microbiome and food antigens.

The gene expression in the normal intestinal mucosa 
of patients with CRC was distinct from that of healthy 
individuals, particularly in patients with T2–4 CRCs. The 
normal mucosa of the colorectum in patients with T2–4 
CRC exhibited down-regulated expression of genes asso-
ciated with ribosomal protein. There is a close relation-
ship between ribosome biogenesis and cell proliferation, 
and it is recognized that up-regulated ribosomal protein 
is a risk factor for CRC development [25]. Previous works 
indicates that the process of adenoma and CRC develop-
ment from normal colon tissue results in an enhance-
ment of ribosomal biogenesis [26]. Additional research 
is necessary to clarify whether these variations in gene 
expression are due to modifications in field canceriza-
tion, which would suggest a predisposition to CRC in the 
intestinal environment, or if they are a reaction to CRC. 
Nevertheless, there were only minimal changes observed 
in Tis–T1 CRC patients. T2–4 CRC patients and Tis–T1 
CRC patients might possess distinct predispositions to 
CRC. Additionally, the terminal ileum exhibits a down-
regulation in rRNA processing and DNA biosynthetic 
process. This phenomenon is intriguing due to the poten-
tial suppression of abundant inflammatory cells at the 
terminal ileum. Despite previous disregard for the sig-
nificance of biopsies of the terminal ileum [27], our find-
ings indicate a correlation with the development of CRC, 
necessitating additional investigation.

A distinctive feature of this study is its utilization of 
endoscopic multi-sampling of the normal intestinal 
mucosa, encompassing the terminal mucosa of the ileum. 
The study included samples from diverse anatomic loca-
tions in order to determine gene expression not only 
in patients with colorectal tumors but also in healthy 
individuals. In this study, all specimens were collected 
endoscopically. Previous research has predominantly 
examined frozen surgical specimens. Nevertheless, sur-
gically frozen specimens have usually been extracted 
from the body several hours after the ligation of major 
blood vessels. The effect of surgically induced warm isch-
emia on CRC tissues in a mouse model was investigated 
by Atkin et al. [28], who found that mRNA expression 
changes began within 20 min and increased considerably 
after 4  h. Conversely, endoscopic biopsy specimens are 
extracted from the living subject and promptly cryopre-
served, facilitating more accurate analysis.

There are several limitations to this study. First, the 
entire cohort was from two hospitals in the Tokyo met-
ropolitan area, which may include biases in patient 
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backgrounds such as diet, lifestyle, and age. Since the two 
hospitals are national centers specializing in cancer treat-
ment, they may have a younger patient population than 
general area hospitals. In addition, because the sample 
includes patients who visited the endoscopy division, 
it includes a large number of patients who were treated 
for early colorectal lesions by colonoscopy. Second, due 
to the restricted number of cases, this study could have 
been susceptible to intra- and interindividual confound-
ing variables that might have impacted gene expression. 
In order to minimize bias, intra-individual effects were 
carefully accounted for, specifically specimen collec-
tion site, age, and sex. However, the potential influence 
of other confounding factors cannot be disregarded. 
Third, this study is a case-control study in which biop-
sies were taken from one patient at only one time point. 
It did not look at changes in the intestinal mucosa over 
time, such as before and after cancer development in the 
same patient. Therefore, it is not possible to completely 
rule out that the changes identified in the CRC patients 
are not confounded by individual differences. To solve 
this problem, endoscopic intestinal step biopsy of the 
same patient over time, especially before and after tumor 
onset, is needed. It remains unclear if the predisposing 
conditions in this study are directly associated with the 
onset of CRC. To address this issue, it will be necessary 
to conduct additional analysis, focusing on the interplay 
between longitudinal changes in gene expression within 
the colorectal mucosa and the accumulation of gene 
mutations and epigenomic abnormalities. Finally, molec-
ular biological validation of gene expression changes in 
CRC patients may also be needed.

In conclusion, this study provides novel insights into 
physiological variation with the anatomical site and pos-
sible contributions of gene expression changes in nor-
mal-appearing mucosa in CRC patients. Since patients 
with CRC, especially advanced cases, show significant 
changes even in the anatomically distant terminal ileum, 
future research and development should focus on the 
small intestine. Control of the terminal ileum, the cen-
ter of immunity, may lead to the prevention of colorectal 
tumorigenesis and the development of stratification and 
new treatment approaches, such as immunotherapy.
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