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D-amino acid oxidase (DAOQO) rare genetic missense
variant p.Prol03Leu and gastric cancer
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Abstract. Gastric cancer is prevalent in the Asian popula-
tion. Genetic predisposition to gastric cancer is not fully
understood. Recent studies have demonstrated that D-amino
acid oxidase (DAO), a multifunctional enzyme, protects the
mucosa of gastrointestinal (GI) tracts by generating hydrogen
sulfide (H,S) in the stomach of rodents. The present study
surveyed rare germline variants in the human DAO gene with
regard to the incidence of gastric cancer. The consecutive
autopsy cases registered in the JG-SNP database (n=2,343;
mean age, 80 years) were employed and genotyped with
Exome Bead-Chips. There were three non-synonymous rare
variants, p.R22H, p.P103L and p.R283Q, of which the minor
allele frequencies were 0.09, 0.21 and 0.02%, respectively.
Carriers of these variants were surveyed, the results of which
revealed that 4 out of 10 patients with the p.P103L variant had
gastric cancer (Fisher's exact test, P=0.018). All 4 patients
were men with drinking and smoking habits. Among the other
6 women, there was one incidence of small intestine cancer
and one of colon cancer. Neither p.R22H nor p.R283Q carriers
had GI cancer. DAO p.P103L is reported to be a modifier of
amyotrophic lateral sclerosis (ALS) and may potentially be
a hypomorphic allele. Thus, it is hypothesized that this rare
variant might have affected protection against gastric mucosal
damage through H,S signaling in the mucosa, which leads to
high prevalence of gastric cancer. The role of rare variant DAO
p.P103L warrants further investigation in larger cohorts.
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Introduction

Gastric cancer is the fourth most common cancer worldwide,
and >50% of cases occur in Eastern Asia with nearly one million
new cases and >720,000 deaths per year (1,2). The risk factors
of gastric cancer include race, sex, tobacco, alcohol, infection,
and family history (3). The etiology of gastric cancer is still not
fully known. While a battery of somatic mutations in driver
genes have been identified, little is known about predisposing
genes for gastric cancer. Aside from rare familial forms of
gastric cancers, recent genetic analysis suggests that ~10% of
the sporadic cases may have rare variants with pathogenic
implication (1,4). The close digit of the incidence and mortality
of gastric cancer reflects that only a limited fraction is detected
at early stages for efficient intervention, which highlights the
need to the detection of high risk population. Even more rare
variants are likely to be involved in the pathogenesis, but due
to the paucity of such variants, the detection of them is not
straightforward. Candidate gene analysis may be worthwhile
for the identification of predisposing genes and variants.

Hydrogen sulfide (H,S) is a gas signaling molecule
with various physiological activities in multiple organs (5).
One of the major actions of H,S is tissue protective activity
in the gastrointestinal (GI) tract (6). Recently, D-amino
oxidase (DAO) was found to be involved in a novel pathway
for H,S production by catalyzing D-cysteine (7,8). D-cysteine
is changed from L-cysteine by alkaline treatment and mostly
provided from food (9). D-cysteine is easily absorbed through
GI tract and enters the blood stream. Administration of
D-cysteine has protective effect against ethanol-induced
gastric mucosal damage through DAO-H,S signaling (10). To
this end we hypothesized that DAO gene may be a candidate
for susceptibility to gastric cancer.

Materials and methods

Study population. We employed the subjects registered in
the Internet Database of Japanese single nucleotide poly-
morphisms for Geriatric Research (JG-SNP) (11). The study
subjects comprised of consecutive autopsy cases collected
at Tokyo Metropolitan Geriatric Hospital between 1995
and 2012. Autopsy procedures were performed on ~29% of
patients who died in the hospital. There were a total of
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Autopsy data, n=2343

<«——Exome chip analysis

Candidate DAO gene

DAO gene variants on Exome chip, n=13

Rare variant, MAF<0.01, n=3

Common variant, MAF > 0.01, n=2

Monomorphic, n=8

R22H, n=4 R2H, Y74X, FOOV,
P103L, n=10 Intron silent T>G, rs2111902 P103P, Y144H,
R283Q, n=1 Intron silent C>T, rs11114086 R199W, 12411, S345F

Figure 1. Flow chart of analysis. MAF, minor allele frequency; DAO, D-amino acid oxidase.

2,343 subjects, where 1,298 were men and 1,045 were women;
the mean age at the time of death was 80 years. The pres-
ence or absence of any disease was determined by a thorough
examination on autopsy. The detail of JG-SNP database can
be seen elsewhere (11). Cancer-bearing subjects include those
with any type of cancer, including occult cancer, found on
autopsy. Smoking habit included both current smoking and
ex-smoking. The distribution of any disease of the study group
was not largely apart from those reported in a survey by the
Ministry of Health, Labor, and Welfare of Japan (12).

Genotyping and statistical analysis. Genomic DNA was
extracted from the renal cortex by a standard procedure using
phenol and chloroform. All samples were genotyped with
[Mlumina Infinium Human Exome Bead Chip Version 1.1
(Illumina, Inc.) by iScan in accordance with the Illumina
protocols. Genotype calling was performed for all samples
as a single project using the Genotyping Module (version 1.9)
of the Genome Studio data analysis software package. Initial
genotype clustering was performed using the default [llumina
cluster file (Human Exome 12v1-1_A.egt) and manifest file
(HumanExome-12v1-1_A.bpm) using the GenTrain2 clustering
algorithm. We considered a per sample call rate of >98% as
eligible, and 15 samples were excluded from the analysis. A
total of 2,328 (99.4%) out of the initial 2,343 subjects were
successfully genotyped. Association of the rare variants with
cancer state of the patients and P-value were completed via
a Fisher's exact test using IBM SPSS Statistics software 25.0
(IBM Corp.).

The pathological assessment, genotyping and statis-
tical analysis were performed in different institutions in a
double-blind fashion to minimize bias.

Ethical statement. This study was approved by the Tokyo
Medical and Dental University Ethics Committee (approval
no. 2016-011-02), and the Tokyo Metropolitan Geriatric
Hospital Ethics Committee (approval no. 230405).

Results

DAO variants. On the exome chip, there were altogether
13 variants of the DAO gene. Among them, § variants were
monomorphic, 2 common variants in the intron, and 3 rare
(MAF<0.01) variants (Fig. 1).

Cancer bearing state of the heterozygotes of these three
non-synonymous variants, p.R22H (rs200257378), p.P103L
(rs200127576), and p.R283Q (rs143550642) were further
analyzed (Table I). The number of p.R22H, p.P103L, and
p-R283Q heterozygote carriers was four, ten and one, respec-
tively. Thus, the minor allele frequency of these variants was
0.0009, 0.0021 and 0.0002, respectively. According to The
Human Gene Mutation Database, the non-synonymous variants
p-R22H, p.R283Q and p.P103L has been reported to be related
with Frontotemporal dementia (13,14), Alzheimer's Disease (15)
and amyotrophic lateral sclerosis (ALS), separately (16).

Characteristics of heterozygotes with DAO rare variants.
Table II shows the demographic of the subjects carrying DAO
rare variants. Among ten carriers of p.P103L, four were men
and six were women. All of the men had gastric cancer. One
man had an additional lung cancer. Among six women, one had
colon cancer, one had small intestine cancer, one had multiple
cancers of pancreas, breast and thyroid. Other three women
had no cancer. All men had smoking and drinking habit.
One woman had missing data, the others had no drinking habit
and no smoking except for one smoker.

Four p.R22H carriers were all men, among them one man
had malignant lymphoma and the others had no cancer. One
p-R283Q carrier was a woman who had lung cancer with habit
of smoking but not drinking.

Association of DAO p.P103L with cancer. Among 2,343 cases,
1,446 (61.72%) were affected by different type of cancer.
There are 262 (11.18%) gastric cancer, 222 (9.48%) colorectal
cancer and 12 (0.51%) small intestine cancer. Association of
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Table I. Cancer bearing state of the heterozygotes.

SNV Prediction® Heterozygotes MAF Related disease®
p.R22H Benign 4 0.0009 Frontotemporal dementia
p.P103L Probably damaging 10 0.0021 Amyotrophic lateral sclerosis
p.R283Q Probably damaging 1 0.0002 Alzheimer's disease

“Data obtained from PolyPhen2."Data obtained from Human Gene Mutation Database. MAF, minor allele frequency; SNV, single nucleotide

variant.

Table II. Demographic and characteristics of heterozygotes with SN'Vs.

Variant Sample Sex Age Cancer Drinking Smoking

p-P103L p-P103L 1 M 84 Gastric + +
p-P103L 2 M 71 Gastric + +
p-P103L 3 M 70 Gastric + +
p.P103L 4 M 83 Gastric, lung + +
p.P103L 5 F 79 Colon - -
p.P103L 6 F 86 Small Intestine - -
p-P103L7 F 96 Pancreas, breast, thyroid - -
p-P103L 8 F 93 None - +
p-P103L9 F 93 None - -
p.P103L 10 F 82 None Missing Missing

p-R22H pR22H 1 M 69 Malignant lymphoma - -
p-R22H 2 M 88 None Missing Missing
p-R22H 3 M 91 None Missing +
p.R22H 4 M 61 None Missing -

p.R283Q p.R283Q F 71 Lung - +

M, male; F, female; SNVs, single nucleotide variants.

Table III. p.P103L and cancer.

Cancer p-P103L (+) p-P103L (-) P-value OR 95% CI

GC (+) 4 258 0018 5.36 1.50-19.13

GC(-) 6 2075

GIC (+) 6 490 0.008 5.64 1.59-20.07

GIC (-) 4 1843

GC, gastric cancer; GIC, gastrointestinal cancer (gastric, colorectal and small intestine cancer). OR, odds ratio; CI, confidence interval.

gastric cancer and p.P103L variant showed positive result
with P=0.018 by Fisher's exact test, odds ratio, 5.36 and
95% CI, 1.50-19.13 (Table III). Gastrointestinal cancer and
p-P103L were also positively associated with P=0. 008, odds
ratio, 5.64, and 95% CI, 1.59-20.07 (Table III).

Discussion

We surveyed rare non-synonymous SNVs of the DAO gene
in consecutive autopsy cases of the JG-SNP data base and

found potential association between DAO p.P103L and
gastric cancer in men. Due to the small sample size and the
low allele frequency of the variant, this result should not
be taken as a true association, but rather as a hypothesis
generation, which needs to be confirmed in a larger size
cohort study.

DAO is a flavin enzyme, which catalyzes oxidative
deamination of natural D-amino acids. DAO gene is present
in a single copy in human chromosome 12q23-24 region. It is
ubiquitously expressed in tissues with high expression in liver,



4 ZONG et al: DAO p.Prol03Leu AND GASTRIC CANCER

kidney and brain. Human DAO have various roles in modu-
lating physical activity, including control of D-serine levels in
the brain (17), production of H,S from D-cysteine in brain,
kidney and GI system (6,8), and protection from microbes in
the mucosa by generating H,0O, (9). Thus DAO appear to have
important roles in the protection of GI tract by generating H,S
in the stomach and H,0, in the intestine. This may in the same
line that we found a sign of association between p.P103L and
GI cancer (Table III).

Recent studies have shown detailed analysis of DAO
non-synonymous variants and their structure function
relationship (18). The p.P103L in our study has not been
specified in the analysis, thus the functional consequence of
this amino acid exchange is not fully understood. According
to Polyphen2, a software to predict the impact of an amino
acid substitution on the structure and function of a human
protein, the p.R22H, p.P103L and p.R283Q are benign, prob-
ably damaging and probably damaging, respectively (Table I).
Indeed, p. P103L has been reported as a phenotypic modulator
of ALS (16). Nevertheless, none of the p.P103L carrier in our
autopsy samples was diagnosed as ALS.

The striking difference in sex was seen for the effect
of p.P103L on gastric cancer. While all of the heterozygote
men were gastric cancer, none women heterozygote had
gastric cancer but each one had colon cancer, intestine
cancer and multiple cancers, respectively. According to the
age-standardized incidence rate (ASIR) gastric cancer in
men were generally twice than women (19). Although the
reason for this gender difference is not clear, the fact that
all four men were drinker and smoker might have accounted
since these factors induce mucosal damage. While there were
only three non-synonymous variants on the Exome Bead
Chip, whole exome sequencing of familial ALS identified
nine non-synonymous rare variants of p.P103L, p.E121K,
p-R199Q, p.R199W, p.Q201R, p.T2691, p.A323V, p.G331E
and p.S345F, according to the Human Genome Mutation
Database (HGMD). It would be interesting to study whether
other hypomorphic DAO variants also associate with gastric
cancer, since co-occurrence of ALS and gastric cancer in
Japanese are reported (20).

In conclusion, we found a cluster of DAO rare variant
p.P103L carriers in gastric cancer men. DAO variants
warrants further study with regard to GI diseases in larger
size cohort.
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