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Introduction

The majority of cases of gastric cancer are thought to develop
due to chronic inflammation from Helicobacter pylori (H. pylori)
infection leading to intestinal metaplasia, termed the intestinal
metaplasia–dysplasia–cancer sequence [1]. Chronic inflamma-
tion from H. pylori infection causes mucin core protein 6-posi-
tive (MUC6þ) pyloric-gland metaplasia; however, its origin is
controversial. This MUC6þ pyloric-gland metaplasia is similar
to spasmolytic polypeptide-expressing metaplasia in mouse
studies [2–4]. We hypothesized that intestinal metaplasia and
cancer develop from MUC6þ pyloric-gland metaplasia in
humans. To test this hypothesis and demonstrate the relation-
ship between pyloric-gland metaplasia, intestinal metaplasia,
and cancer, we focused on the expression pattern of caudal-
related homeobox protein 2 (CDX2), which is indispensable for
MUC6þ cells to develop into intestinal metaplasia [5], and we
analysed the relationship between MUC6 and CDX2.
Furthermore, we investigated the commonalities and differen-
ces in gene variation of pyloric-gland metaplasia cells, intestinal
metaplasia, and cancerous cells by hierarchical cluster analysis

calculated from the data obtained during analysis of cancer
panel genes.

Methods
Immunohistochemistry and microdissection

Forty-two human resected gastric-cancer tissues arising from
chronic H. pylori infection were used for immunohistochemis-
try; three were used for DNA analysis after microdissection.
Baseline characteristics of the patients are shown in
Supplementary Table 1. The tissues were formalin-fixed and
cut into 4-lm-thick sections for immunostaining and 10-lm-
thick sections for microdissection. The antibodies used are
listed in Supplementary Table 2. The pyloric-gland metaplasia,
intestinal metaplasia, and cancers were selectively cut using
Leica LMD6500 and LMD7000 systems (Leica, Wetzlar,
Germany). This study was approved by the Ethical Committee
of Niigata University (Japan).
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Figure 1. Immunohistochemistry, laser microdissection, hierarchical clustering analysis, and our model of cancer progression. (A) Time course of development for in-

testinal metaplasia and cancer during chronic inflammation. During the development of intestinal metaplasia, MUC6þ cells develop into MUC2þ cells that express

CDX-2. In the cancers, 95.2% of cases express CDX2 and 40.4% of cases have CDX2 expression from the border of the cancer. Dotted lines are the start points of CDX2 ex-

pression during the progression of intestinal metaplasia (upper panel) and cancer (lowed panel). Scale bar¼100 lm. (B) Flow chart of DNA collection and analysis from

laser microdissection to hierarchical cluster analysis. (C) Hierarchical cluster analysis using VMF data after exclusion of G-to-A and C-to-T mutations and (D) after ex-

clusion of G-to-A and C-to-T mutations and other common mutations. (E) Potential scheme of cancer development seen in some gastric cancers during chronic inflam-

mation caused by Helicobacter pylori. CDX2, caudal-related homeobox protein 2; HE, Hematoxylin and Eosin; MUC2, mucin core protein 2; MUC6, mucin core protein 6;

VMI, variant unique molecular indexes level allele fraction.
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DNA extraction

DNA was extracted from dissected tissues using the QIAampVR

DNA FFPE Tissue kit (QIAGEN, Hilden, Germany). The concentra-
tion of each DNA sample was assessed using QIAseq DNA
QuantiMIZE Kits (QIAGEN).

Cancer panel analysis

DNA libraries were prepared using the QIAseq Targeted DNA
Panel Kit (QIAGEN) according to the manufacturer’s instruc-
tions. Briefly, 250 ng of sample DNA was fragmented, and end-
repair and A-addition were performed. A 50-end adapter, which
contains a sample-specific index and UMIs (unique molecular
indexes), was ligated. After purification, target enrichment was
performed using the ‘Human Comprehensive Cancer Panel’
(QIAGEN; Cat No. DHS-3501Z, total number of primers: 11,311;
panel size: 836,670 bp). Enriched samples were purified and final
universal polymerase chain reaction was performed. The librar-
ies were sequenced on a HiSeq sequencer (Illumina, San Diego,
CA, USA) to generate 150-nt paired-end reads. Duplicated reads
were removed with Clumpify of BBTools (ver. 38.79) and dedu-
plicated reads were analysed at the GeneGlobe Data Analysis
Center. Hierarchical cluster analysis of variant patterns of
samples was performed with pvclust (ver. 2.0_0) [6] using VMF
(variant UMI level allele fraction) values as input data. G-to-A
and C-to-T mutations were excluded to remove the bias from
formalin fixation. To further select mutations specific to each
sample, in a second analysis, common mutations were ex-
cluded by removing variants with VMF values in all samples.

Results
CDX2 expression is the branch point of cancer and
intestinal metaplasia from pyloric-gland metaplasia in
some cancers

In our 42 gastric-cancer cases, the histological background of
cancer was pyloric-gland metaplasia rather than intestinal meta-
plasia (Figure 1A). Therefore, to analyse the relationship between
pyloric-gland metaplasia, intestinal metaplasia, and cancers, we
performed immunostaining of the tissues for mucin core protein
2 (MUC2), MUC6, and CDX2. Pyloric-gland-metaplasia cells were
MUC6þ; therefore, the continuity between pyloric-gland meta-
plasia and intestinal metaplasia, as well as pyloric-gland meta-
plasia and cancer, was analysed. With intestinal metaplasia,
MUC6þ cells were converted into MUC2þ cells. In all cases, CDX2
was expressed from the border between MUC6þ and MUC2þ
cells (Figure 1A). Of the 42 cancers, 40 (95.2%) were CDX2þ, 31
cancers (73.8%) were MUC6þ, and 17 cancers (40.4%) were CDX2þ
from the border between cancerous cells and pyloric-gland-
metaplasia cells (Figure 1A). This suggests that, in some cancers,
CDX2 expression is the branch point of cancer and intestinal
metaplasia from pyloric-gland metaplasia.

Gastric cancer may not follow the metaplasia–
dysplasia–cancer sequence

DNA extracted from the pyloric-gland metaplasia, intestinal
metaplasia, and cancers was analysed; 270 genes were exam-
ined and we obtained VMF data for hierarchical cluster analysis
(Figure 1B). We performed the analysis in two ways. First, we ex-
cluded G-to-A and C-to-T mutations and analysed data using
VMF to form a dendrogram. In two of three cases, the pyloric-
gland metaplasia and cancer had a close relationship, whereas

the intestinal metaplasia and cancer were distantly related. In
one of three cases, the pyloric-gland metaplasia and the intesti-
nal metaplasia were closely related, suggesting that this cancer
followed the metaplasia–dysplasia–cancer sequence (Figure 1C).
Then, we excluded other common mutations between all sam-
ples. The three dendrograms showed that the pyloric-gland
metaplasia and cancer were closely related genetically, and the
intestinal metaplasia and cancer were distantly related, sug-
gesting that these cancers did not follow the metaplasia–dys-
plasia–cancer sequence (Figure 1D).

Discussion

Findings of research on MUC6, MUC5AC, and MUC2 in gastric
cancer have been reported; however, most of these studies are
on the prognosis [7], not occurrence, of gastric cancer.
Goldenring suggested the possibility of spasmolytic
polypeptide-expressing metaplasia being involved in the occur-
rence of gastric cancer together with intestinal metaplasia [2].
Our results are identical to theirs.

Although the mechanism driving CDX2 expression is un-
known, in some gastric cancers, CDX2 expression is the branch
point of the cancer and intestinal metaplasia from the pyloric-
gland metaplasia (Figure 1E). Cancer panel analysis also sup-
ported this idea: in two of three cases, the intestinal metaplasia
and the cancer were distantly related, suggesting that the can-
cers did not follow the metaplasia–dysplasia–cancer sequence.
CDX2 is an essential transcription factor for intestinal cells and
for the activation of stemness genes. Interestingly, genomic
binding sites for CDX2 include 50-flanking regions of SALL4 and
KLF5 [8].

It is difficult to determine the deviation from the classic
metaplasia–dysplasia–cancer sequence without detailed analy-
sis such as hierarchical cluster analysis in humans. Our con-
cept, by which cancer and intestinal metaplasia develop
through the expression of CDX2, is consistent with intestinal
metaplasia being associated with a high risk of developing can-
cer in the stomach [9]. However, some cancers develop follow-
ing the intestinal metaplasia–dysplasia–cancer sequence;
therefore, the development of gastric cancer is not uniform.

Supplementary Data

Supplementary data is available at Gastroenterology Report
online.
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