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Abstract. Approximately 70  years have passed since the 
atomic bombs were dropped on Nagasaki and Hiroshima. 
To elucidate potential biomarkers and possible mechanisms 
of radiation‑induced cancer, the expression of FKTN, which 
encodes fukutin protein and causes Fukuyama‑type congen-
ital muscular dystrophy, was analyzed in gastric cancer (GC) 
tissue samples from atomic bomb survivors. Expression of 
cluster of differentiation (CD) 10 was also evaluated, as it 
has previously been observed that positive fukutin expression 
was frequently noted in CD10‑positive GC cases. In the first 
cohort from Hiroshima Red Cross Hospital and Atomic‑Bomb 
Survivors Hospital (Hiroshima, Japan; n=92), 102 (53%) of the 
GC cases were positive for fukutin. Expression of fukutin was 
not associated with exposure status, but was associated with 
CD10 expression (P=0.0001). The second cohort was from 
Hiroshima University Hospital (Hiroshima, Japan; n=86), 
and these patients were also in the Life Span Study cohort, in 
which atomic bomb radiation doses were precisely estimated 
using the DS02 system. Expression of fukutin was detected 
in 58 (67%) of GC cases. GC cases positive for fukutin were 
observed more frequently in the low dose‑exposed group 
than in the high dose‑exposed group (P=0.0001). Further 
studies with a larger cohort, including precise radiation dose 
estimation, may aid in clarifying whether fukutin could serve 
as a potential biomarker to define radiation‑induced GC in 
atomic‑bomb survivors.

Introduction

Atomic bombs were dropped on Nagasaki and Hiroshima 
in August 1945. The Life Span Study (LSS) cohort from 
the Radiation Effects Research Foundation (RERF) was 
established and included 120,000 subjects who were exposed 
to radiation from the atomic bombs (1). During the initial 
6‑8 years following the bombings, the frequency of leukemia 
reached a peak and then reduced dramatically to an excess 
relative risk (ERR) of 0 (2). Conversely, frequencies of various 
types of solid cancer, including bladder, breast, lung, stomach 
and brain, were relatively high with an ERR of 0.47 (3,4).

Gastric cancer (GC) is the fifth most common malig-
nancy in the world and the second highest cause of mortality 
for men and women (5). Over 60% of GC cases worldwide 
occur in Asian countries, including Japan, China, Korea and 
Vietnam (6,7). While radiation is currently widely used in 
medicine, industry and nuclear power, the effect of radia-
tion on GC development has been estimated on the basis of 
LSS with ERRs per Gy of 1.20 for mortality  (8) and 1.32 
for incidence (1). However, Preston et al (9) estimated that, 
following exposure at 30 years of age, the risk of cancer at 
age 70 increased by ~35% per Gy for males and 58% per Gy 
for females. Various studies have identified mutations in TP53 
and BRAF in atomic bomb survivors (10‑12), but no study 
has examined the specific alterations in radiation‑associated 
cancer. A previous study demonstrated that alteration of gene 
expression occurs in radiation‑associated GC  (13). It was 
observed that versican and osteonectin genes are expressed at 
much lower levels in tumor‑associated stroma in a group of 
subjects exposed to a high dose of radiation, compared with a 
group exposed to a low dose (13). In addition, more frequent 
GC cases with high microRNA (miR)‑24 expression levels 
were noted in the high dose‑exposed group than in the low 
dose‑exposed group (14). However, these findings cannot fully 
explain the pathogenesis of radiation‑associated GC.

An Escherichia  coli ampicillin secretion trap was 
performed in previous studies using GC cell lines and tissue 
samples (15‑17), which demonstrated that the FKTN gene is 
overexpressed in GC  (18). FKTN, which encodes fukutin 
protein, is responsible for Fukuyama‑type congenital muscular 
dystrophy  (19). Fukutin is presumed to be involved in the 
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glycosylation of α‑dystroglycan, which functions in basement 
membrane formation (19). Although overexpression of fukutin 
has been reported in GC (18), its association with radiation 
exposure has not yet been investigated.

In the present study, immunohistochemical analysis of 
fukutin was performed in order to elucidate the association 
between fukutin expression and radiation‑associated GC. In 
addition, a focus was placed upon the gastric and intestinal 
mucin phenotype of GC, as fukutin expression is observed 
more commonly in the intestinal phenotype of GC than in 
other phenotypes (18).

Materials and methods

Tissue samples. The present study included formalin‑fixed 
and paraffin‑embedded archival tissues from 278 patients 
with GC who underwent surgery. The patients were treated 
at Hiroshima Red Cross Hospital and Atomic‑Bomb Survi-
vors Hospital (HRCHABSH; Hiroshima, Japan), between 
April  1991 and March 2000 or Hiroshima University 
Hospital (HUH; Hiroshima, Japan) between April 1991 and 
March 2000.

The HRCHABSH cohort included 192 GC samples, all from 
atomic bomb survivors in Hiroshima treated at HRCHABSH. 
As these patients were not LSS cohort members, the atomic 
bomb radiation doses were not estimated. The HRCHABSH 
cohort patients included directly exposed patients and those 
not present in Hiroshima city at the time of bombing, but who 
entered the city soon following the bombing (within 2 weeks). 
These patients were classified into two groups: The exposed 
at a short distance group (directly exposed patients, exposure 
distance from the hypocenter of ≤4 km) and the exposed at a 
long distance group (patients not present in Hiroshima city at 
the time of bombing, but who entered the region ≤4 km from 
the hypocenter within 2 weeks of the explosion).

The HUH cohort included 86 GC samples, all from atomic 
bomb survivors in Hiroshima treated at HUH. The HUH 
cohort of 86 patients with GC were also LSS cohort members, 
and therefore atomic bomb radiation doses were estimated 
using the DS02 system (20). These patients were classified 
into two groups according to the levels of exposed radiation 
dose: The high dose‑exposed group (≥5 mGy) and the low 
dose‑exposed group (<5 mGy).

Tumor staging was performed according to the 
tumor‑node‑metastasis classification system (21). Histologic 
classification of GC was performed according to the Lauren 
classification system (22). The study was approved by The 
Ethics Committee for Human Genome Research of Hiroshima 
University (Hiroshima, Japan).

Immunohistochemistry. One or two representative tumor 
blocks, including the tumor center, invading front and 
tumor‑associated non‑neoplastic mucosa, from each patient 
were examined by immunohistochemistry. In cases of large, 
late‑stage tumors, two varied sections were examined to 
include representative areas of the tumor center, in addition to 
the lateral and deep tumor invasive front. Immunohistochem-
ical analysis was performed using the Dako EnVision+ Mouse 
Peroxidase Detection system (Dako, Glostrup, Denmark). 
Antigen retrieval was performed by microwave heating in 

citrate buffer (pH 6.0) for 30 min. Peroxidase activity was 
blocked with 3% H2O2‑methanol for 10 min at room tempera-
ture, and sections were incubated with normal goat serum 
(Dako) for 20 min at room temperature to block nonspecific 
antibody binding sites. Sections were incubated with a mouse 
monoclonal anti‑fukutin antibody (#ab131280; dilution, 1:50; 
Abcam, Cambridge, UK) for 1 h at room temperature, followed 
by incubation with Envision+ anti‑rabbit peroxidase for 1 h 
at room temperature. For the color reaction, sections were 
incubated with Liquid DAB+ Substrate Chromogen Solution 
(Dako) for 10 min. Sections were counterstained with 0.1% 
hematoxylin, and negative controls were created by omission 
of the primary antibody.

Expression of fukutin was scored in all tumors as posi-
tive or negative. Immunostaining for fukutin was considered 
positive when >10% of tumor cells were stained. Using these 
definitions, two surgical pathologists (Hiroshima University), 
without knowledge of the clinical and pathological parameters 
or the patients' outcomes, independently reviewed immuno-
reactivity in each specimen. Interobserver differences were 
resolved by consensus review at a double‑headed microscope 
following independent review.

Phenotypic analysis of GC. GCs were classified into four 
phenotypes: Gastric (G) type, intestinal (I) type, gastric and 
intestinal mixed (GI) type and unclassified (N) type. For 
phenotypic expression analysis of GC, immunohistochemical 
analysis was performed (as described above) with four anti-
bodies: Anti‑Mucin (MUC) 5AC (#NCL‑MUC‑5AC; dilution, 
1:50; Novocastra; Leica Biosystems, Nussloch, Germany) 
as a marker of gastric foveolar epithelial cells, anti‑MUC6 
(#NCL‑MUC‑6; dilution, 1:50; Novocastra; Leica Biosystems) 
as a marker of pyloric gland cells, anti‑MUC2 (#PA0155; dilu-
tion, 1:50; Novocastra; Leica Biosystems) as a marker of goblet 
cells in the small intestine and colorectum and anti‑CD10 
(#PA0270; dilution, 1:50; Novocastra; Leica Biosystems) as a 
marker of microvilli of absorptive cells in the small intestine 
and colorectum. The criteria for the classification of G type 
and I type GCs were as follows (17): GCs in which >10% of 
cells in the section expressed at least one gastric epithelial 
cell marker (MUC5AC or MUC6) or intestinal epithelial 
cell marker (MUC2 or CD10) were classified as G type or I 
type cancers, respectively; sections that exhibited gastric and 
intestinal phenotypes were classified as GI type; and those that 
lacked the gastric and intestinal phenotypes were classified as 
N type.

Statistical analysis. SPSS version 23.0 was used for all statis-
tical analyses (IBM SPSS, Armonk, NY, USA). Associations 
between clinicopathological parameters and fukutin protein 
expression were analyzed using Fisher's exact test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Expression of fukutin in the HRCHABSH cohort. Expression 
of fukutin was first analyzed in the HRCHABSH cohort. All 
192 patients were atomic bomb survivors in Hiroshima, who 
developed GC following the bombing. This cohort was subdi-
vided into two groups, which comprised of 117 patients in the 
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group exposed at a short distance and 75 patients in the group 
exposed at a long distance. Patient characteristics, including 
age at diagnosis, gender, tumor stage and Lauren classifica-
tion, did not statistically differ between the two groups (data 
not shown). As reported previously (18), in non‑neoplastic 
gastric mucosa, immunohistochemical analysis exhibited 
weak staining of fukutin in intestinal metaplastic cells, but 
not in the normal gastric epithelial glands. By contrast, GC 
tissue exhibited stronger, more extensive staining of fukutin. 
Cytoplasmic granular staining of fukutin was observed in 
GC cells, from the superficial layer to the deep layer, particu-
larly in intestinal type GC (Fig. 1A). Certain cells of diffuse 
type GC also demonstrated fukutin staining (Fig. 1B). It 
has been previously noted that positive fukutin expression 
is frequently observed in CD10‑positive GC cases  (18). 
Therefore, the association between fukutin expression and 
CD10 expression was subsequently analyzed, and confirmed 
that positive fukutin expression was frequently observed 
in CD10‑positive GC cases (Fig. 1C). Numerous GC cases 
demonstrated heterogeneous fukutin staining and the 
percentage of fukutin‑stained GC cells ranged from 0‑80%. 
Staining of >10% of tumor cells was considered to be posi-
tive for fukutin. In total, 102 (53%) of 192 GC cases were 
positive for fukutin.

Following this, the associations between fukutin expres-
sion and clinicopathological characteristics were examined 
(Table  I). Positive fukutin expression was observed more 
frequently in intestinal type GC cases than in diffuse type 
GC cases (P=0.0009, Fisher's exact test; Table I). In addi-
tion, positive fukutin expression was frequently observed in 
CD10‑positive GC cases (P=0.0001; Table  I). By contrast, 
fukutin expression was not associated with exposure status 
(Table I) or with gastric/intestinal mucin phenotype (data not 
shown).

Expression of fukutin in the HUH cohort. In the HRCHABSH 
cohort, it was demonstrated that fukutin expression was 
associated with Lauren classification and CD10 expression. 
However, there was no association between fukutin expression 
and exposure status. Therefore, analysis of fukutin expression 
levels in the HUH cohort was performed, as these patients 
were LSS cohort members, in which atomic bomb radiation 
doses were estimated correctly by the DS02 system (20). All 
86 patients were atomic bomb survivors in Hiroshima and were 
comprised of 44 high dose‑exposed and 42 low dose‑exposed 
patients, who developed GC following the bombing. Patient 
characteristics, including age at diagnosis, sex, tumor stage 
and Lauren classification, did not statistically differ between 
the high dose‑exposed and the low dose‑exposed groups (data 
not shown). As with the HRCHABSH cohort, cytoplasmic 
granular staining of fukutin was observed in the GC cells, 
from the superficial layer to the deep layer, particularly in 

Table I. Clinicopathological characteristics of patients and 
radiation exposure status in the HRCHABSH cohort.

	 Fukutin expression
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
	 Positive,	 Negative,
Characteristic	 n (%)	 n (%)	 P‑value

Age, years			   0.0527
  ≤65	 20 (41)	 29 (59)	
  >65	 82 (57)	 61 (43)	
Gender			   0.9405
  Male	 64 (53)	 56 (47)	
  Female	 38 (53)	 34 (47)	
CD10 expression			   0.0001
  Positive	 30 (83)	  6 (17)	
  Negative	 72 (46)	 84 (54)	
Exposure status			   0.8025
  Exposed in short	 63 (54)	 54 (46)	
  distance group
  Exposed in long	 39 (52)	 36 (48)	
  distance group
Stage			   0.4470
  Stage I/II	 71 (55)	 58 (45)	
  Stage III/IV	 31 (49)	 32 (51)	
Lauren classification			   0.0009
  Intestinal	 68 (76)	 21 (24)	
  Diffuse	 34 (33)	 69 (67)	

HRCHABSH, Hiroshima red cross hospital and atomic‑bomb 
survivors hospital; CD, cluster of differentiation.

Table II. Clinicopathological characteristics of patients and 
radiation exposure status in the HUH cohort.

	 Fukutin expression
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Characteristic	 Positive, n (%)	 Negative, n (%)	 P‑value

Age, years			   0.4297
  ≤65	 13 (59)	  9 (41)	
  >65	 45 (70)	 19 (30)	
Gender			   0.8202
  Male	 29 (69)	 13 (31)	
  Female	 29 (66)	 15 (34)	
CD10 expression			   0.7911
  Positive	 15 (71)	   6 (29)	
  Negative	 43 (66)	 22 (34)	
Exposure status			   0.0001
  High‑dose group	 21 (48)	 23 (52)	
  Low‑dose group	 37 (88)	   5 (12)	
Stage			   0.2307
  Stage I/II	 40 (73)	 15 (27)	
  Stage III/IV	 18 (58)	 13 (42)	
Lauren classification			   0.0160
  Intestinal	 43 (77)	 13 (23)	
  Diffuse	 15 (50)	 15 (50)	

HUH, hiroshima university hospital; CD, cluster of differentiation.
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intestinal type GC (data not shown). A number of GC cases 
exhibited heterogeneous fukutin staining and the percentage 
of fukutin‑stained GC cells ranged from 0‑80%. A total of 58 
(67%) of 86 GC cases were positive for fukutin.

As with the HRCHABSH cohort, positive fukutin expres-
sion was observed more frequently in intestinal type GC cases 
than in diffuse type GC cases (P=0.0160; Table II). In this 
cohort, fukutin expression was associated with exposure status 
(P=0.0001), but not with CD10 expression (Table II). No asso-
ciation was noted between fukutin expression levels and mucin 
phenotype (data not shown).

Discussion

As the use of radiation in medical settings increases, particu-
larly in nuclear medicine for diagnosis or in treatment as 
radiotherapy, understanding the effect of radiation on human 
health and particularly radiation‑associated cancer becomes 
critical. However, studies and conclusive evidence regarding 
radiation exposure are lacking. In the present study two 
cohorts, including 278  patients who are all atomic bomb 
survivors, were examined. Immunohistochemistry was used 
to determine the expression and localization of fukutin in GC 
in relation to radiation exposure status.

Although the positive expression of fukutin was not 
associated with radiation exposure status in the first cohort 
from HRCHABSH, the second cohort from HUH exhibited 
a significant association between these two variables. As the 
HRCHABSH patients were not LSS cohort members, atomic 
bomb radiation doses may not be correctly estimated. The 
HRCHABSH patients were classified into a group exposed 
at a short distance and a group exposed at a long distance 
according to the distance from the hypocenter of the bombing. 

Precise estimation of radiation dose in the LSS cohort required 
a complicated system with numerous criteria (20). The LSS 
cohort from the RERF is based on the DS02 system, which was 
established by the Joint US‑Japan Working Group, a collabo-
ration among American, German and Japanese universities 
together with national laboratories (20). This group revised the 
gamma ray and neutron fluence calculations of source terms 
from the previous DS86 system (20,23,24). It may be hypoth-
esized that the difference in estimation strategies for radiation 
exposure led to the discrepancy between the two cohorts. In 
addition, as fukutin expression was associated with CD10 
expression in the HRCHABSH cohort in the present study, the 
association between fukutin expression and radiation exposure 
may be affected by CD10 expression.

The HUH cohort with LSS members (and radiation dose 
estimation by the DS02 system) demonstrated a statistically 
significant association between fukutin expression and radia-
tion exposure in the current study. These results suggest that 
the immunohistochemical analysis of fukutin from surgically 
resected GC samples is useful to identify radiation‑asso-
ciated GC. Previous studies have demonstrated that high 
dose‑exposed groups exhibit lower levels of versican and 
osteonectin in tumor‑associated stroma (13) and higher expres-
sion levels of miR‑24 (14), compared with low dose‑exposed 
groups. This suggests that a combination of these markers may 
help successfully identify radiation‑associated GC.

Fukutin is hypothesized to be involved in basement 
membrane formation. Knockdown of FKTN reduces the 
binding activity of α‑dystroglycan for ligands, including 
laminin, agrin or neurexin (25). This indicates that the loss 
of fukutin function results in defective glycosylation of 
α‑dystroglycan, a key element of the dystrophin‑glycoprotein 
complex, resulting in disruption of the linkage between the 

Figure 1. Immunohistochemical analysis of fukutin. (A) Immunohistochemical analysis of fukutin in intestinal type GC (original magnification, x400). 
(B) Immunohistochemical analysis of fukutin in diffuse type gastric cancer (original magnification, x400). (C) Immunohistochemical analysis of fukutin and 
CD10 in intestinal type gastric cancer. Gastric cancer cells positive for fukutin were also stained by CD10 (original magnification, x200). GC, gastric cancer; 
CD, cluster of differentiation.
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cytoskeleton and the basal lamina (25). This suggests that 
alteration of glycosylation may occur in GC in atomic bomb 
survivors.

In the present study, the expression of fukutin in the LSS 
cohort demonstrated a significant association with radiation 
dose exposure; however, the sample size of 86 GC cases may 
not be sufficient for statistical confirmation. Therefore, further 
studies with larger sample sizes from the LSS cohort with 
appropriate radiation dose estimation are required.

In conclusion, several studies have been performed on 
atomic bomb survivor cohorts for improved understanding of 
the effects of radiation on human health. The present study 
detected the expression of fukutin in the low dose‑exposed 
group (LSS cohort), but did not observe an association between 
fukutin expression levels and radiation exposure status in the 
HRCHABSH cohort. To clarify whether fukutin may be a 
potential biomarker to define radiation‑induced GC in atomic 
bomb survivors, future studies in a larger cohort with precise 
radiation dose estimation are required.
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