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Abstract
mRNA expression varies in human cancers. Such altered mRNA expression is negatively regulated by the expres-
sion of microRNAs (miRNAs), which play an important role in human tumorigenesis. According to this theory,
inverse mRNA/miRNA expression may be a direct driver of cancer development, and certain genetic events may
occur prior to the development of any discernible histological abnormalities. We examined the inverse expression
between mRNAs and their corresponding miRNAs in colorectal cancer (CRC) and adjacent normal mucosa and
performed pathway analysis to identify mRNA/miRNA networks. The cancer samples were divided into first
(20 cases) and second (24 cases) cohorts, and 48 samples were obtained from two sections of the normal mucosa
adjacent to the tumors from the second cohort. We investigated mRNAs with commonly altered expression in
CRC and adjacent normal mucosa using isolated cancer glands and normal crypts from the first cohort, compared
with that of distal normal crypts, using an array-based method. As a result, significant inverse correlations
between CEACAM1 and miRNA-7114-5p and between AK1 and miRNA-6780-5p were found in CRC and adja-
cent normal mucosa. We validated these correlations in the second cohort using RT-PCR. To confirm these find-
ings, transfection and immunohistochemical assays were also performed, which verified the inverse correlation
between CEACAM1 and miRNA-7114-5p. Our findings suggest that the inverse correlations between the
CEACAM1/miRNA-7114-5p and possibly AK1/miRNA-6780-5p pairs play an important role in early CRC devel-
opment, and may help identify potential molecular targets for early detection of CRC.
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Introduction

Colorectal cancer (CRC) is one of the most common
cancers, affecting 1.36 million people annually and the
leading cause of cancer-related death worldwide and
in developed countries [1,2]. Early detection of, and
treatments for, CRC help decrease CRC-related death.
Despite improvements in diagnosis, most CRC cases
are not discovered until an advanced stage [1,2]. Iden-
tification of the molecular mechanisms of CRC is
indispensable for resolving this problem. Cancers
develop via accumulation of molecular events

including mutations in key genes (e.g. APC, KRAS,
DPC4, and TP53), abnormal DNA methylation, and
dysregulated microRNA (miRNA) expression [3–5].
Traditional theory proposes a three-step process of initi-
ation, promotion, and progression [6], and multiple
molecular alterations accumulate during this process
[6,7]. A recent study showed that epigenetic changes in
CRC occur long before the development of a clinically
visible lesion harboring multiple genetic and epigenetic
alterations, including DNA methylation and altered
miRNA expression [8,9]. Many cancer cells acquire
protumorigenic molecular alterations that do not induce
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morphological changes but predispose to subsequent
malignant transformation [10–12]. Such cells can form
mucosa with increased risk of cancer development and
can expand into surrounding tissues [10–13]. This pro-
cess, described as ‘field cancerization’, can explain the
molecular alterations seen in pre-neoplastic tissues,
which appear as non-neoplastic mucosa histologically
[10–13]. However, previous studies investigating colo-
rectal carcinogenesis focused solely on cancer tissues or
assumed that the mucosa adjacent to the neoplastic
lesion is normal histologically and molecularly [10,13].
A recent study showed that normal mucosa surrounding
CRC tumors with hallmark molecular events is consid-
ered ‘mucosa at risk’, which might be the earliest step
in CRC formation [10–13].
According to this theory, changes in mRNA expres-

sion, a potential driver of tumorigenesis, occur in the
surrounding mucosa before neoplastic formation. Addi-
tionally, such changes are regulated by miRNAs, a family
of small non-coding RNAs that regulate biological pro-
cesses including carcinogenesis [14,15]. miRNAs have
been investigated in the field of oncological research, and
evidence suggests that altered miRNA regulation may be
involved in cancer pathogenesis by regulating the tran-
scription of tumor suppressors and oncogenes [14,15].
Aberrant miRNA expression can also facilitate or disturb
many cell signaling pathways [14,15]. Dysregulated
expression of an mRNA and its corresponding miRNA in
pre-neoplastic cells predisposes to cancer onset and pro-
gression to CRC, possibly affecting the expression pat-
terns of transcripts in tumor cells [16,17]. Therefore,
identification of paired mRNAs/miRNAs is essential for
evaluating human tumorigenesis.
Here, we investigated dysregulated mRNA/miRNA

pairs in isolated cancer and adjacent normal glands
compared with expression levels in the distal mucosa
using a crypt isolation method, which enables exclu-
sion of interstitial cells. We also examined whether
such dysregulated pairs are associated with cancer
development risk in the mucosa.

Materials and methods

Patients
The workflow of this study is shown in Figure 1.
Twenty cases of CRC were examined as the first
cohort. The CRC stage was determined according to
the guidelines of the Japanese Society for Cancer of
the Colon and Rectum. The clinicopathological find-
ings are shown in Table 1. The histological diagnosis
was based on the World Health Organization

classification described previously [4]. Pathological
factors were recorded in accordance with the Japanese
Society for Cancer of the Colon and Rectum [18]. In
addition, 24 CRCs were analyzed as the second (vali-
dation) cohort to confirm the validity of the results
obtained from the first cohort (Table 1).
All patients and controls provided informed consent,

and the study protocol was approved by the Ethics
Committee of Iwate Medical University (reference
number: MH2019-027).

Crypt isolation method
A crypt isolation method was used to obtain pure tumor
and non-neoplastic glands from CRC patients. CRC
tumor samples were obtained from the central area of the
tumor [9]. Normal colonic mucosa was taken from the
most distal portion of the colon and normal mucosa adja-
cent to the tumor (within 5 mm). The most distal mucosa
was at least 5 cm away from the tumor. For the second
cohort samples, we obtained isolated cancer glands and
normal crypts from two different parts (distal and proxi-
mal) of normal mucosa located within 5 mm (median
3 mm) of the tumor. Crypt isolation was performed
according to a previously reported method [9]. In brief,
fresh mucosa and tumor tissue were cut with a sharp
scalpel into minute pieces and incubated at 37 �C for
30 min in calcium- and magnesium-free Hanks’ balanced
salt solution containing 30 mmol/l EDTA. The tissue
was then stirred in the same calcium- and magnesium-
free Hanks’ balanced salt solution for 30–40 min to
accelerate isolation. Any remaining cancer tissue after
this step was separated from the cancer stroma manually
under a dissecting microscope (SZ60, Olympus, Tokyo,
Japan). Using this process, all cancer tissue was clearly
isolated from cancer stroma. Finally, although dis-
cohesive cells should not be included in the isolated can-
cer samples, solid components might be. However, no
solid components were evident in isolated samples.
Isolated glands were immediately fixed in 70% etha-

nol and stored at 4 �C until used for DNA extraction.
The fixed isolated glands were observed under a dis-
section microscope. Isolated glands were processed
routinely to confirm their histology using paraffin-
embedded histological sections. Contamination, such
as interstitial cells, was not observed in the samples.
Morphological differences in isolated normal crypts
could not distinguish adjacent normal crypts from dis-
tal normal crypts. In addition, differences in crypt mor-
phology could not be identified among adjacent
normal crypts. A representative example of the collec-
tion method used to obtain isolated tumor glands and
normal isolated crypts is shown in Figure 2.

314 Y Ito et al

© 2022 The Authors. The Journal of Pathology: Clinical Research published by The Pathological Society
of Great Britain and Ireland & John Wiley & Sons, Ltd.

J Pathol Clin Res 2022; 8: 313–326



DNA extraction
DNA was extracted by standard SDS–proteinase K
treatment and resuspended in TE buffer (10 mM Tris-
HCl, 1 mM EDTA [pH 8.0]).

RNA isolation
RNAs were extracted using the mirVana™ miRNA
Isolation kit (Thermo Fisher Scientific, Inc., Waltham,
MA, USA) according to the manufacturer’s

Figure 1. Workflow of this study. First, we examined the differences in mature miRNA expression levels between cancer or adjacent nor-
mal glands and distal normal glands using the following criteria: fold-change expression >1.5 and FDR-adjusted p < 0.05 for the
GeneChip miRNA 4.0 microarray, and fold-change expression >2.0 and FDR-adjusted p < 0.05 for the Clariom S human array. Second,
we assessed the interactions between miRNAs and mRNAs using the miRNA Target Filter in IPA to identify potential candidate mRNA/
miRNA pairs. In addition, simple regression analysis was performed. Third, GO analysis of the mRNAs with altered expression identified
from the arrays was used to determine their biological roles, and candidate mRNAs commonly found between adjacent normal crypts
and CRC glands were subjected to GO analysis. In addition, miRNAs inversely correlated with mRNA expression were identified by IPA
and simple regression analysis. Validation analyses including RT-PCR, immunohistochemistry, and transfection assays, were performed in
cohort 2. Finally, the expression of candidate mRNAs and miRNAs in TCGA database was evaluated.
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instructions. RNA quantity and quality were evaluated
using the DU730 spectrophotometer (Beckman Coul-
ter, Brea, CA, USA), and RNA integrity was deter-
mined by gel electrophoresis.

Clariom S human array and gene expression
analysis
For each array experiment, 500 ng total RNA was
used for labeling before hybridizing to the Clariom S
human array (Thermo Fisher Scientific). Probe label-
ing, chip hybridization, and scanning were performed
according to the manufacturer’s instructions. Array
data were generated using GeneSpring (version 14.9.1,
Agilent Technologies, Santa Clara, CA, USA).
Detailed information and methods were described
previously [19]. mRNA expression was analyzed
according to the following criteria: p < 0.05 with
adjusted Benjamini–Hochberg/false discovery rate
(FDR) correction and fold change expression >2.0
compared with expression in normal glands using the
paired t-test.

miRNA microarray analysis
For microarray analysis, 200 ng RNA was
polyadenylated and labeled using the FlashTag™ Bio-
tin HSR RNA Labeling kit (Thermo Fisher Scientific,
Aaltham, MA, USA) and then treated with DNA
ligase. The labeled RNA was hybridized to GeneChip
miRNA 4.0 microarrays (Thermo Fisher Scientific) at
48 �C for 16 h, followed by washing and staining with

a streptavidin–PE solution. Stained arrays were
scanned using the GeneChip™ Scanner 3000 7G Sys-
tem (Thermo Fisher Scientific). Array data were gener-
ated using GeneSpring (version 14.9.1, Agilent
Technologies). miRNA expression was examined
according to the following criteria: p < 0.05 with
adjusted Benjamini–Hochberg/FDR correction and
fold change in expression >1.5 compared with expres-
sion in normal glands using the paired t-test.

Functional and pathway analysis
Gene Ontology (GO) analysis is commonly used for
functional analyses of large-scale transcriptomic and
genomic data. The GO resource (http://geneontology.
org) is a reference database used for systematic analy-
sis of gene functions and of the biological significance
of large lists of genes or transcripts.

Pathway crosstalk analysis
Enrichment map is a network-based method for gene-
set enrichment visualization and interpretation. To

Table 1. Clinicopathological findings for the CRC cases
Cohort 1 (%) Cohort 2 (%) P value

Total 20 24
Sex 0.7600
Male 11 (55) 15 (62.5)
Female 9 (45) 9 (37.5)

Age, years, median (range) 72 (31–94) 72 (31–96) 0.8436
Location 0.9537
C/A/T/D/S/R 2/4/2/1/7/4 3/7/1/1/8/4

Size, mm, median (range) 44.5 (21–115) 43 (21–115) 0.6266
Histological type 1.0000
Well differentiated 0 (0) 1 (4.2)
Moderately differentiated 18 (90) 21 (87.5)
Poorly differentiated 1 (5) 1 (4.2)
Papillary type 1 (5) 1 (4.2)

Stage 0.9150
I 1 (5) 0 (0)
II 9 (45) 11 (45.8)
III 7 (35) 9 (37.5)
IV 3 (15) 4 (16.7)

A, ascending colon; C, cecum; D, descending colon; R, rectum; S, sigmoid
colon; T, transverse colon.

Figure 2. Representative sampling of an isolated CRC gland and
normal mucosa. N1, distal normal mucosa; NH1, normal histolog-
ical feature; N2, adjacent normal mucosa at distal site; NH2, nor-
mal histological feature; N3, adjacent normal mucosa at proximal
site; NH3, normal histological feature; T1, isolated cancer gland;
TH1, isolated cancer histology.
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extract the interactions among significantly enriched
signaling pathways, pathway crosstalk analysis was per-
formed using the miRNA Target Filter in Ingenuity
Pathway Analysis (IPA) (Qiagen, Valencia, CA, USA).

Simple linear regression analysis
Candidate mRNAs and their regulatory miRNAs,
together with the corresponding expression profiles,
were analyzed further. The detailed method is
described in Supplementary materials and methods.
Immunohistochemistry, assessment of consensus

molecular subtypes (CMSs), quantitative RT-PCR for val-
idation analyses, and transfection with miRNA mimics
are described in Supplementary materials and methods.

Statistical analysis
The correlations between miRNAs and mRNAs were
examined by single regression analysis (regression
coefficient < 0 and p < 0.05). We compared the CMS
frequencies in CRC between the two cohorts using
Fisher’s exact test and compared immunohistochemi-
cal expression of candidate markers among distal and
adjacent normal mucosae and CRC cancer tissue
using the Friedman test. If significant differences
(p < 0.05 with Bonferroni correction) were found
among the three tissue groups, differences between
two groups were analyzed using the Wilcoxon
matched-pairs signed rank test. We used JMP Pro
13.0 software for Windows (SAS Institute Inc., Cary,
NC, USA) for analyses, with a P value of <0.05 indi-
cating significance.

Results

Molecular characteristics of CRCs in cohorts
1 and 2
All isolated cancer glands examined were of the
microsatellite stable (MSS) phenotype according to
microsatellite analysis. We classified CRCs of cohorts
1 and 2 into CMSs by immunohistochemical analyses
(https://crcclassifier.shinyapps.io/appTesting/) [20,21].
In cohort 1, 6 tumors were classified as CMS 2 and
14 as CMS 3; in cohort 2, 6 CRCs were classified as
CMS 2 and 18 as CMS 3. There were no significant
differences in CMS frequencies between cohorts 1 and
2 (Table 2). Representative immunohistochemical fea-
tures are shown in supplementary material, Figure S1.
Next, KRAS and BRAF mutations were analyzed.

The frequency of KRAS mutations did not differ
between cohorts 1 and 2 (45.0% [9/20] versus 45.8%

[11/24], respectively). Transitions were the most com-
mon KRAS mutation (13 cases, 29.5%) in both
cohorts. No BRAF mutations were detected in either
cohort. These mutation data are summarized in
Table 2. In addition, the frequency of KRAS mutations
differed significantly between left- and right-sided
CRCs (7/25 versus 13/19).

Comprehensive analysis of mRNA and miRNA
expression patterns in isolated cancer, adjacent
normal, and distal normal tissues
mRNA expression profiling in cancer and adjacent normal
tissues

We examined global mRNA expression profiles, ana-
lyzing 20 isolated CRC glands and compared them
with normal isolated glands. First, we investigated dif-
ferences in mRNA expression between isolated cancer
or adjacent normal glands and isolated distal normal
glands: 182 mRNAs (0 upregulated and 182 down-
regulated mRNAs) were identified as differentially
expressed in adjacent normal glands relative to distal
normal glands. Next, 357 mRNAs (137 upregulated
and 220 downregulated) were identified as differen-
tially expressed in cancer glands relative to distal nor-
mal glands (Figure 3A,B and supplementary material,
Tables S1 and S2).

miRNA expression profiling in cancer and adjacent
normal tissues

We compared the miRNA expression profiles of the
cancer and adjacent normal glands with those of distal
normal glands: 40 miRNAs (29 upregulated and
11 downregulated, respectively) were differentially
expressed between adjacent normal and distal glands. In
addition, 109 miRNAs (79 upregulated and 30 down-
regulated miRNAs, respectively) were differentially

Table 2. Comparison of the molecular characteristics between
cohorts 1 and 2

Total
(%)

Cohort
1 (%)

Cohort
2 (%)

P
value

Total 44 20 24
CMS 0.7456
1 0 (0) 0 (0) 0 (0)
2 12 (27.3) 6 (30.0) 6 (25.0)
3 32 (72.7) 14 (70.0) 18 (75.0)
4 0 (0) 0 (0) 0 (0)

KRAS mutation 20 (45.5) 9 (45.0) 11 (45.8) 1.0000
KRAS mutation type 1.0000
Transition 13 (65.0) 6 (66.7) 7 (63.6)
Transversion 7 (35.0) 3 (33.3) 4 (36.4)

BRAF mutation 0 (0) 0 (0) 0 (0) 1.0000
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expressed in the cancer glands relative to the distal nor-
mal glands (Figure 3C,D and supplementary material,
Tables S3 and S4).

Ingenuity analysis of mRNA and miRNA expression levels
and simple regression analysis of microarray data

We examined inverse associations between miRNAs
and their target mRNAs using Ingenuity pathway anal-
ysis (IPA). Of the 357 and 109 differentially expressed
mRNAs and miRNAs, respectively, in the cancer
glands, 914 mRNA/miRNA pairs with inverse expres-
sion patterns were identified (supplementary material,
Figure S2). Of the 182 and 40 differentially expressed
mRNAs and miRNAs, respectively, identified in the
adjacent normal glands, 178 mRNA/miRNA pairs with
inverse expression patterns were identified (supple-
mentary material, Figure S3). Simple regression analy-
sis of the microarray data was performed to select
candidate mRNA/miRNA pairs (supplementary mate-
rial, Table S5 and S6). Based on these criteria, 329 of
the 914 mRNA/miRNA pairs in the isolated cancer tis-
sue (supplementary material, Figure S4) and 13 of the

178 mRNA/miRNA pairs in the adjacent normal tissue
were retained (supplementary material, Figure S5).

GO analysis of differentially expressed mRNAs in
cancer and adjacent normal tissues
To comprehensively understand the biological roles of
differentially expressed mRNAs in CRC, GO analysis
was performed to determine associated functions and
pathways. Of the three GO categories, biological pro-
cess, molecular function, and cellular component, the
differentially expressed mRNAs in both adjacent nor-
mal and cancer glands were significantly associated
with the biological process ‘neutrophil degranulation’,
the molecular function ‘RNA binding’, and the cellular
component ‘extracellular exosome’ (Figure 4).

Candidate genes identified by GO analysis of cancer and
adjacent normal tissues and their inverse correlations
with miRNA expression

We explored the inverse correlations between mRNAs
and their corresponding miRNAs in cancer, adjacent
normal, and distal normal glands. The common

Figure 3. Volcano plots of differentially expressed genes. (A) Differential mRNA expression in cancer glands (357 total: 137 upregulated,
220 downregulated). (B) Differential mRNA expression in adjacent normal glands (182 total: 0 upregulated, 182 downregulated).
(C) Differential miRNA expression in cancer glands (109 total: 79 upregulated, 30 downregulated). (D) Differential miRNA expression in
adjacent normal glands (40 total: 29 upregulated, 11 downregulated).
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candidate genes identified in the GO analysis of cancer
and adjacent normal glands were analyzed. The
inverse correlations between mRNA and miRNA
expression in isolated cancer and adjacent normal
glands are shown in supplementary material,
Tables S5 and S6.

Candidate genes involved in neutrophil degranulation
(GO:0043312) in both cancer and adjacent normal
tissues and their inverse correlations with miRNA
expression

We compared the mRNAs associated with the GO
term neutrophil degranulation differentially expressed
in cancer glands with those differentially expressed in
adjacent normal glands. Eight mRNAs (CD59, CD63,
CEACAM1 [carcinoembryonic antigen-related cell
adhesion molecule 1], DGAT10 [diacylglycerol
O-acyltransferase 1], HMGB1 [high mobility group

box 1], MVP [major vault protein], PRDX6 [peri-
redoxin 6], and VAPA [vacuole membrane protein
associated protein]) were commonly expressed
between cancer and adjacent normal glands (supple-
mentary material, Figure S6). Six mRNA/miRNA
pairs showed an inverse correlation between mRNA
and miRNA expression in cancer glands, whereas two
pairs, CEACAM1/miRNA-29a-3p and CEACAM1/
miRNA-7114-5p, revealed an inverse correlation in
adjacent normal glands (supplementary material,
Table S7). Among these, only the CEACAM1/miRNA-
7114-5p pair was common to the cancer and adjacent
normal tissues (Figure 5A,B).

Candidate genes involved in RNA binding (GO:0003723)
in both cancer and adjacent normal tissues

Next, we examined the candidate mRNAs associated
with the GO term RNA binding that were commonly

Figure 4. GO analysis of the significantly differentially expressed mRNAs in (A) the cancer and (B) adjacent normal tissues.
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differentially expressed in cancer and adjacent normal
glands (supplementary material, Figure S7). However,
none of the common mRNAs formed an inverse rela-
tionship with any miRNA (supplementary material,
Table S8).

Candidate genes involved in extracellular exosomes
(GO:0070062) in both cancer and adjacent normal
tissues

Among the differentially expressed candidate mRNAs
associated with the GO term extracellular exosome
(supplementary material, Figure S8), 20 were common
to isolated cancer and adjacent normal tissues. These
mRNAs formed 58 and 21 mRNA/miRNA pairs in
cancer and adjacent normal samples, respectively.
Among these, there was a statistical inverse correlation
between 18 mRNA/miRNA pairs in the cancer tissue
(supplementary material, Table S9). In the adjacent
normal glands, three mRNA/miRNA pairs had inverse
correlations: AK1 (adenylate kinase 1)/miRNA-6780b-
5p, CEACAM1/miRNA-29a-3p, and CEACAM1/
miRNA-7114-5p. Two of these mRNA/miRNA pairs,
AK1/miRNA-6780-5p and CEACAM1/miRNA-7114-5p,

were common to cancer and adjacent normal glands
(Figure 5).

Candidate mRNA/miRNA pairs validated by RT-PCR
in cohort 2 (validation cohort)
We validated the inverse relationships between candi-
date mRNAs and miRNAs, including AK1 versus
miRNA-6780-5p and CEACAM1 versus miRNA-
7114-5p, in cancer and adjacent normal tissues, com-
pared with distal normal tissues, using RT-PCR. The
adjacent normal tissues used in the validation analysis
were divided into two components. Expression of
CEACAM1 was inversely correlated with that of
miRNA7114-5p in cancer tissues and both compo-
nents of adjacent normal tissues compared with distal
normal tissues. We also found that AK1 expression
was negatively correlated with miRNA-6780-5p
expression in isolated cancer tissues and both adjacent
normal tissue components, compared with distal nor-
mal tissues. Correlation details are shown in
Figure 6A. Finally, we examined differences in inverse
correlations of the CEACAM1/miRNA-7114-5p and
AK1/miRNA-6780b-5p pairs between left- and right-

Figure 5. Simple linear regression analysis of CEACAM1 versus miR7114-5p expression and AK1 versus miRNA-6780b-5p. (A) CEACAM1
and miR7114-5p expression in isolated cancer glands. (B) CEACAM1 and miRNA-7114-5p expression in isolated adjacent normal crypts.
(C) AK1 and miRNA-6780b-5p expression in cancer glands. (D) AK1 and miRNA-6780b-5p expression in isolated normal glands.
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sided CRCs. A strict correlation was almost identified
between CEACAM1 and miRNA-7114-5p. However,
no difference in the AK1/miRNA-6780b-5p correlation
was found between left- and right-sided CRCs
(Table 3).

Effects of transfected miRNA-7114-5p and
miRNA-6780-5p mimics on CEACAM1 and AK1
expression
We transfected CRC cells with miRNA-7114-5p and
miRNA-6780-5p mimics and assessed their effects
on the expression of candidate target genes.
Ectopic expression of miRNA-7114-5p suppressed
CEACAM1 expression, suggesting that CEACAM1 is a
potential target gene of miRNA-7114-5p in CRC cells

(Figure 6B: a–c). However, we were unable to demon-
strate that ectopic expression of miRNA-6780-5p
inhibits AK1 expression (Figure 6B: d–f).

Immunohistochemical examination of CEACAM1
and AK1 in distal normal mucosa, adjacent normal
mucosa, and cancer tissue
The immunostaining intensity in normal epithelial and
cancer cells was classified as negative, weak, moder-
ate, or strong, and the immunostaining area was
semi-quantified and categorized as 0, 1–25, 26–50, or
51–100%, respectively. An immunohistochemical
score (sum of the immunostaining intensity and area
scores) ≥ 4 was considered positive [22]. Although
there was a significant difference in the CEACAM1

Figure 6. Validation of miRNA/mRNA associations by regression analysis, transfection assay, immunohistochemical analysis, and TCGA
analysis. (A) Regression analyses of CEACAM1 versus miRNA-7114-5p and AK1 versus miRNA-6780b-5p expression (cohort 2). (a–c)
CEACAM1/miRNA-7114-5p correlation in cancer glands (a), adjacent normal glands at site 1 (b), and adjacent normal glands at site
2 (c). (d–f) AK1/miRNA-6780b-5p correlation in cancer glands (d), adjacent normal glands at site 1 (e), and adjacent normal glands at
site 2 (f). (B) Transfection assay. (a–c) Expression of CEACAM1 in DLD1 (a), HCT116 (b), and RKO (c) cells. (d–f) Expression of AK1 in
DLD1 (d) HCT116 (e), and RKO cells (f). (C) Immunohistochemical analyses of CEACAM1 (a) and AK1 (b) in cohort 2. *p < 0.05.
(D) Expression of CEACAM1 (a) and AK1 (b) in cancer versus normal tissues in TCGA database.
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immunohistochemical score between distal normal and
adjacent normal mucosae and between adjacent and can-
cer cells (Figure 6C: a), no such differences in the AK1
immunohistochemical score were found (Figure 6C: b).
Representative immunohistochemical features are shown
in supplementary material, Figure S9. Antibodies used
for immunohistochemical staining are shown in supple-
mentary material, Table S10.

Associations between CEACAM1 and miRNA-
7114-5p and between AK1 and miRNA-6780-5p
expression in TCGA
We attempted to explore miRNA and mRNA expres-
sion data from The Cancer Genome Atlas (TCGA)
colon adenocarcinoma RNA-Seq, HTSeq-Count, and
miRNA-Seq datasets miRNA profiling data from NCI
Genomic Data Commons (https://gdc.cancer.gov). The
expression of CEACAM1 and AK1 was downregulated
in this database (Figure 6D: a and b). However, we
could not find public data for the association between
CEACAM1 and miRNA-7114-5p or between AK1 and
miRNA-6780-5p expression.

Discussion

This study investigated the dysregulated mRNA/
miRNA pairs found in CRC tissues and those in

adjacent normal tissues and their associations with
specific pathways. The background levels of two
mRNA/miRNA pairs (AK1/miRNA-6780-5p and
CEACAM1/miRNA-7114-5p) in the adjacent normal
mucosa were closely associated with development of
CRC. In addition, we examined differences in the
mRNA/miRNA pairs identified between left- and
right-sided CRC. This may be important considering
the molecular difference between the two sides. This
is the first study to find that inversely correlated
mRNA/miRNA pairs in the adjacent normal mucosa
independently predict pathway-specific predisposition
to CRC. The results suggest that field cancerization of
adjacent normal mucosa due to retention of inverse
correlations between specific mRNA and miRNA pairs
plays an important role in CRC development, and that
CRC pathogenesis is predetermined by early molecular
events defined by interactions between mRNAs and
miRNAs expressed in adjacent mucosa.
We examined the molecular characteristics of CRCs in

cohorts 1 and 2 to identify differences between cohorts
[20,21]. There were no significant differences in the fre-
quencies of molecular characteristics between the cohorts,
suggesting common alterations in cohorts 1 and 2.
Two main mechanisms contribute to gene expression

inhibition: DNA methylation and high miRNA expression
[8,9,14]. This study focused on miRNA regulation of
mRNAs and found inverse correlations between
CEACAM1 and miRNA-7114-5p and between AK1 and

Table 3. Simple regression analysis between mRNAs and miRNAs in the validation analysis

Regression
coefficient

Adjusted
coefficient of
determination 95% CI P value

CEACAM1 versus miRNA-7114-5p
Isolated cancer glands �0.56 0.5 �0.8, �0.33 < 0.0001
Left side �0.73 0.67 �1.05, �0.41 0.0004
Right side �0.45 0.34 �0.86, �0.04 0.0338

Isolated adjacent normal glands at site 1 �0.39 0.29 �0.64, �0.14 0.0038
Left side �0.32 0.26 �0.63, �0.01 0.0444
Right side �0.52 0.3 �1.04, 0 0.0484

Isolated adjacent normal glands at site 2 �0.68 0.4 �1.04, �0.32 0.0008
Left side �0.79 0.77 �1.07, �0.51 0.0001
Right side �0.38 �0.04 �1.44, 0.68 0.4392

AK1 versus miRNA-6780b-5p
Isolated cancer glands �0.16 0.28 �0.26, �0.05 0.0043
Left side �0.15 0.29 �0.28, �0.02 0.0321
Right side �0.17 0.18 �0.39, 0.05 0.1086

Isolated adjacent normal glands at site 1 �0.33 0.33 �0.52, �0.13 0.0019
Left side �0.18 �0.01 �0.61, 0.24 0.3586
Right side �0.36 0.5 �0.6, �0.12 0.0086

Isolated adjacent normal glands at site 2 �0.5 0.5 �0.71, �0.28 <0.0001
Left side �0.59 0.71 �0.84, �0.34 0.0003
Right side �0.2 �0.05 �0.8, 0.41 0.4795

CI, confidence interval.
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miRNA-6780-5p. This suggests that CEACAM1 and AK1
are already downregulated in adjacent normal mucosa,
prior to CRC development. In addition, this finding is
very interesting in that normal crypts adjacent to CRC
with dysregulated expression of CEACAM1 and AK1 are
not morphologically different from crypts obtained from
distal mucosa. Another important finding of this study is
that CEACAM1 and AK1 are regulated by specific
miRNAs (miRNA-7114-5p and miRNA-6780-5p, respec-
tively), which were not associated with the expression of
other mRNAs that contribute to cancer development. Our
results suggest that inverse correlations of CEACAM1/
miRNA-7114-5p and possibly AK1/miRNA-6780-5p pre-
dispose to CRC development. In addition, we found at
least inverse correlations of the CEACAM1/miRNA-
7114-5p pair in left-sided and right-sided colons,
suggesting common alteration in both segments.
Carcinoembryonic antigen-related cell adhesion

(CEACAM) molecules are members of the glyco-
sylphosphatidylinositol-linked immunoglobulin super-
family [23]. Previous studies have demonstrated that
expression of CEACAM-1, also known as CD66a, is
dysregulated (down- or upregulated) in several human
cancers, including melanoma and lung, gastric, and
colon cancers, compared with corresponding normal
tissues [23–26]. This suggests that CEACAM-1 func-
tions in both a tumor-suppressive manner and an onco-
genic manner in carcinogenesis [24–27]. In addition,
CEACAM-1 is the major antigen of the CD66 cluster
of granulocyte differentiation antigens [26,28] and was
implicated in the neutrophil degranulation pathway,
which is associated with cancer development [26,28].
Functionally, it was shown that CEACAM1 is closely
associated with reduced cell adhesion and apoptosis in
cancer cells, suggesting enhanced cancer mobility and
consequently cancer metastasis [26]. Reduced expres-
sion of CEACAM1 in CRC is not well reported, and
its mechanism remains unknown. One study showed
that CEACAM1 expression was regulated by miRNA-
342 and induced lumen formation in a three-
dimensional model of mammary glands [29]. How-
ever, miRNA-regulated expression of CEACAM1 has
not been reported in CRC. In the present study, the
inverse relationship between CEACAM1 and miRNA-
7114-5p expression was confirmed in two different
adjacent mucosal components in the validation cohort.
This association was supported by transfection and
immunohistochemical assays. CEACAM1 expression
was also downregulated in the public genome database,
suggesting CEACAM1 to be downregulated by high
miRNA-7114-5p expression. Thus, downregulated
CEACAM1 expression by miRNA-7114-5p may play
an important role in early colorectal carcinogenesis.

There is growing evidence of the significance of meta-
bolic signaling in human diseases [30,31]. New mole-
cules crucial for cell homeostasis and function are being
investigated. High-energy phosphoryl transfer systems
are required to mediate intracellular communication
between ATP-consuming and ATP-producing cellular
compartments and consequently can maintain normal cel-
lular growth and development [30,31]. The major com-
ponent of the cellular phosphotransfer system is AK
[30,31]. In recent studies, the significance of organized
phosphotransfer was demonstrated in human diseases
[30,31]. In contrast, extracellular exosomes are key struc-
tures enabling communication between cells and contrib-
uting to tumor development [32,33]. A recent study
showed that AK1 plays an important role in extracellular
exosomes [33]. These findings suggest that the metabolic
reprogramming associated with AK1 may be critical for
CRC pathogenesis. In the present study, we demon-
strated that reduced AK1 expression was present in both
CRC and also the adjacent normal mucosa and was asso-
ciated with high expression of miRNA-6780-5p. This
association was confirmed in the validation cohort sam-
ples. Additionally, downregulated expression of AK1
was verified in the public genome database. However,
such association was not found in transfection and
immunohistochemical assays. This discrepancy may be
due to several reasons. First, AK1 expression may be reg-
ulated by multiple factors, such as DNA methylation and
different miRNAs. Second, in vivo results cannot always
be replicated in vitro. Third, the discrepancy between the
mRNA and immunohistochemical expression of AK1
may be due to non-specific immunohistochemical reac-
tions. Further studies will be required to identify an asso-
ciation between AK1 and miRNA-6780-5p.
This study has some limitations. First, heteroge-

neous miRNA/mRNA expression within the same
tumor was not well evaluated. Sampling was con-
ducted at the invasive front of the CRC tumor, which
is thought to be an appropriate sampling site. Second,
non-invasive lesions, such as colorectal adenoma, were
not examined; it would be interesting to identify nor-
mal mucosal risk in early-stage colorectal neoplastic
lesions. In particular, identification of the morphologi-
cal characteristics of normal crypts in adjacent normal
mucosa would have a significant clinical impact.
Third, the sample size was small. However, isolated
glands from which pure target cells can be obtained
only allow the evaluation of commonly dysregulated
miRNA/mRNA pairs between CRC and adjacent nor-
mal mucosa. We believe that this finding is important
for elucidating early-stage colorectal carcinogenesis, in
which morphological changes are not yet observed.
Finally, a prospective study may be required to
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identify the pathological and clinical significance of
our findings.
In conclusion, we examined correlations between

mRNA and miRNA pairs in adjacent normal mucosa
and CRC tissue using an array-based analysis. As a
result, we found inverse correlations between the
expression of CEACAM1 and miRNA-7114-5p and
between that of AK1 and miRNA-6780-5p in both CRC
and also the adjacent normal mucosa, compared with
the distal mucosa. These associations were validated in
a second cohort by RT-PCR. Using pathway analysis,
CEACAMI and AK1 were found to be closely associ-
ated with neutrophil degranulation and extracellular
exosomes, respectively. These pathways were impli-
cated as cancer-associated pathways in recent studies
[26,30]. The current results suggest that the inverse cor-
relation between CEACAM1 and miRNA-7114-5p and
the possible inverse correlation between AK1 and
miRNA-6780-5p contribute to early development of
CRC. Finally, these two mRNA/miRNA pairs may help
predict the risk of tumor growth in the normal mucosa.
However, further study is required to determine whether
they affect colorectal carcinogenesis.
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