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Abstract 

Background:  Adenosine-to-inosine (A-to-I) RNA editing is catalyzed by adenosine deaminases acting on RNA (ADAR) 
enzymes. Recent evidence suggests that RNA editing of antizyme inhibitor 1 (AZIN1) RNA is emerging as a key epige-
netic alteration underlying cancer pathogenesis.

Methods:  We evaluated AZIN1 RNA editing levels, and the expression of its regulator, ADAR1, in 280 gastric tissues 
from 140 patients, using a RNA editing site-specific quantitative polymerase chain reaction assays. We also analyzed 
the clinical significance of these results as disease biomarkers in gastric cancer (GC) patients.

Results:  Both AZIN1 RNA editing levels and ADAR1 expression were significantly elevated in GC tissues compared 
with matched normal mucosa (P < 0.0001, 0.0008, respectively); and AZIN1 RNA editing was positively correlated with 
ADAR1 expression. Elevated expression of ADAR1 significantly correlated with poor overall survival (P = 0.034), while 
hyper-edited AZIN1 emerged as an independent prognostic factor for OS and disease-free survival in GC patients 
[odds ratio (OR):1.98, 95% CI 1.17–3.35, P = 0.011, OR: 4.55, 95% CI 2.12–9.78, P = 0.0001, respectively]. Increased AZIN1 
RNA editing and ADAR1 over-expression were significantly correlated with key clinicopathological factors, such as 
advanced T stage, presence of lymph node metastasis, distant metastasis, and higher TNM stages in GC patients. 
Logistic regression analysis revealed that hyper-editing status of AZIN1 RNA was an independent risk factor for lymph 
node metastasis in GC patients [hazard ratio (HR):3.03, 95% CI 1.19–7.71, P = 0.02]. Conclusions: AZIN1 RNA editing 
levels may be an important prognostic biomarker in GC patients, and may serve as a key clinical decision-making tool 
for determining preoperative treatment strategies in GC patients.
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Background
RNA editing refers to the post-transcriptional epigenetic 
modification of RNA sequences through insertion, dele-
tion, or nucleotide conversion, resulting in an increased 
diversity of the transcriptomic repertoire. Adenosine-to-
inosine (A-to-I) RNA editing is primarily mediated by 
adenosine deaminase acting on RNA (ADAR) enzymes, 
and is the predominant form of RNA editing in humans 
[1]. It involves the conversion of adenosine to inosine, 
which acts in a similar manner to guanosine in the gen-
eral cellular machinery [2]. However, RNA editing in the 
coding region of mRNA molecules change the amino 
acid sequence of the encoded protein, with subsequent 
negative impact on the functionality of the correspond-
ing protein [3]. Although genome-wide A-to-I editing 
was initially thought to be a rare event which was limited 
to coding exons, advances in next-generation sequencing 
technologies and bioinformatic tools have now allowed 
revealed identification of hundreds of thousands of RNA 
editing sites throughout the human transcriptome. Not 
surprisingly, RNA editing is gaining attention in the field 
of cancer research, and emerging evidence suggests that 
A-to-I RNA editing permits transcript localization and 
degradation via protein recoding, alternative splicing, 
and microRNA regulation; thus facilitating cancer evo-
lution and pathogenesis [4, 5]. Furthermore, the selec-
tive distribution of RNA editing loci and their biological 
roles indicate the potential for clinically relevant diagnos-
tic and prognostic tools capable of accurately assessing 
aberrant RNA editing involved in cancer progression and 
therapeutic resistance.

Chen and colleagues performed the first systematic 
and comprehensive analysis using a sequencing-based 
approach [6], and demonstrated that AZIN1 RNA was 
specifically enhanced in HCC tissues, and significantly 
correlated with disease progression in HCC patients. 
AZIN1 belongs to the antizyme inhibitor family, and 
plays a role in maintaining polyamine homeostasis which 
are important for various cellular functions, including 
cell growth [7, 8]. This hypothesis was supported by the 
findings that neutralization of a key inhibitor of the poly-
merase synthesis pathway through AZIN1 RNA editing 
permitted unimpeded tumor growth and proliferation 
[6]. Recently, our group also revealed that AZIN1 confers 
a gain-of-function phenotype frequently through A-to-I 
conversions via ADAR1, which can promote ornithine 
decarboxylase (ODC) and polyamines accumulation—
conditions that are associated with aggressive tumors [6, 
9].

The incidence of gastric cancer (GC) in developed 
countries has fallen significantly, however, this malig-
nancy remains the fourth most common cancer and the 
second leading cause of cancer-related deaths worldwide 

[10]. Approximately, one third of GC patients are first 
diagnosed at late stages with a locally-advanced or meta-
static disease. This highlights the need for identification 
and development of robust biomarkers that can allow 
early detection, as well as predict postoperative tumor 
recurrence, to improve the overall morbidity and mortal-
ity associated with gastric neoplasia.

Currently, several well-known antigens, including 
carcinoembryonic antigen (CEA), cancer antigen 19-9 
(CA19-9) and cancer antigen 72-4 (CA72-4), or serologi-
cal biopsy using Pepsinogen I and II have been investi-
gated in the context of GC [11, 12]. Although various 
targets have been suggested to serve as potential bio-
markers in patients with GC, biomarkers with adequate 
sensitivity and specificity for implementation in GC 
screening and risk stratification remain unavailable, but 
represent an active area of research.

Work from our group and others have previously iden-
tified several epigenetic alterations that could serve as 
biomarkers for diagnosis, prognosis, and metastasis pre-
diction in patients with various gastrointestinal cancers 
[13–16]. More recently, we have also revealed the role 
of altered RNA editing levels and its functional conse-
quence in colorectal cancer [17]. In the current study, 
we for the first time, investigate the RNA editing status 
of the antizyme inhibitor 1 gene (AZIN1) and the expres-
sion pattern of its regulatory protein, ADAR1, in the pri-
mary tumor tissues and matched normal mucosa from 
patients with gastric cancer, with an emphasis to gain 
insights into the clinical significance of these events in 
this malignancy.

Materials and methods
Patients and specimen collection
This study included analysis if 280 gastric tissues 
obtained from 140 patients (110 men and 30 women) 
who underwent surgery for GC at the Mie University 
Hospital, Japan, from 2000 to 2009. The study included 
patients from whom matched tumor and normal mucosa 
tissues were available for analysis. The mean patient age 
was 66.8 years (range 18–90 years). No patient received 
chemotherapy or radiotherapy prior to surgery and no 
perioperative mortality was observed. The diagnosis of 
GC was confirmed in all 140 patients based on clinico-
pathological findings. All patients were classified accord-
ing to the Japanese Classification of Gastric Carcinoma 
[18]: 23 patients had stage I disease, 39 had stage II, 39 
had stage III, and 39 had stage IV. Distal or total gas-
trectomy with D2 lymphadenectomy was performed 
in patients who underwent curative resection. Patients 
with liver, peritoneal, or distant metastasis underwent 
palliative gastrectomy with D1 lymphadenectomy. The 
mean follow-up was 26.5  months (range 1–79  months). 
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Sixty-four patients died from cancer-related causes dur-
ing the study period. All tissue specimens were immedi-
ately preserved in RNAlater following surgical resection 
(Qiagen, Chatsworth, CA, USA) and stored at − 80  °C 
until RNA extraction. Written informed consent was 
obtained from each patient, and the study was approved 
by the institutional review boards of all institutions.

Total RNA extraction and cDNA synthesis
RNAlater-preserved surgical specimens were homog-
enized with a Mixer Mill MM300 homogenizer (Qiagen). 
Total RNA from tissues was isolated using RNeasy Mini 
kits (Qiagen) according to the manufacturer’s instruc-
tions. cDNA was synthesized from 1.0  µg total RNA 
using an Advantage RT PCR-kit (Clontech Laboratories 
Inc., Mountain View, CA, USA).

RNA editing site‑specific quantitative PCR
RNA editing of AZIN1 was analyzed by RNA editing site-
specific quantitative PCR developed by Crews and col-
leagues [19]. In brief, specific primers for wild-type and 
edited AZIN1 (Chr:8, Position:103841636, Region:Exon) 
[6, 20, 21] were established. The AZIN1 edited/wild-type 
ratio was calculated based on the differences in Ct values 
in a SYBR Green-based real-time PCR assay, using the 
formula 2-(Ct edit − Ct wild-type). Primer sequences for 
these reactions are shown in Additional file 1: Table S1).

Real‑time quantitative PCR
Quantitative reverse transcription PCR analysis was 
performed using the StepOne Real Time PCR System 
(Applied Biosystems, Foster City, CA, USA). ADAR1 and 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
mRNA expression levels were measured using Power 
SYBR Green Master Mix (Applied Biosystems). Sequence 
information on these primers is provided in Additional 
file 1: Table S1. We performed 40 cycles of amplification 
under the following conditions: denaturation at 95 °C for 
10 s, annealing at 60 °C for 10 s, and elongation at 72 °C 
for 20 s. After amplification, the products were subjected 
to a temperature gradient ranging from 68 °C to 95 °C at 
0.2  °C/s under continuous fluorescence monitoring to 
produce a melting curve of the products. After propor-
tional background adjustment, the fit-point method was 
used to determine the cycle in which the log-linear signal 
was distinguished from the background, and that cycle 
number was used as a crossing-point value. Expression 
levels of target and GAPDH transcripts were evaluated 
using Applied Biosystems StepOne Software v2.1. Rela-
tive expression of each mRNA was determined using the 
ΔΔCt method, as described previously [15, 16].

Statistical analysis
Results were expressed as mean ± standard deviation, 
and all statistical analyses were performed using Med-
calc version 16.4.3 (Broekstraat 52, 9030; Mariakerke, 
Belgium). Differences between groups were analyzed by 
χ2 text, Mann-Whitney test, and one-way ANOVA, as 
appropriate. F-tests or Levene tests were used to assess 
the equality of variance for comparable groups. For time-
to-event analyses, survival estimates were calculated by 
Kaplan–Meier analysis and groups were compared using 
log-rank tests. Receiver operating characteristic curves 
were established to determine the cut-off values for ana-
lyzing each aim of prognosis by Youden’s index. Overall 
survival was measured from the date the patient under-
went surgery until the date of death resulting from any 
cause, or until the last known follow-up in patients that 
were still alive. In the entire GC population cohort we 
analyzed, the highest sensitivity and specificity thresh-
olds for determining OS were found using a peak AZIN1 
RNA editing levels and ADAR1 expression cut-off point 
of 0.057 and 0.062, respectively. Disease-free survival 
was measured from the date the patient underwent 
curative surgery to the date of disease recurrence, death 
from any cause (i.e., cancer-unrelated deaths were not 
censored), or until last contact with the patient. In the 
curatively resected GC population, the highest sensitiv-
ity and specificity for DFS was determined using a peak 
AZIN1 RNA editing levels and ADAR1 expression cut-off 
point of 0.096 and 0.062, respectively. Cox proportional 
hazards models were used to estimate hazard ratios for 
death or recurrence. Assumption of proportionality was 
confirmed for Cox proportional hazards analyses by gen-
erating Kaplan–Meier survival curves (e.g., high vs. low 
expression groups) and by ensuring that the two curves 
did not intersect. Multivariate logistic regression mod-
els were used to predict factors influencing lymph node 
metastasis. Forced-entry regression was used to include 
these variables in all multivariate equations to determine 
if any of the predictors affected the outcome after adjust-
ing for known confounders. All P values were two-sided, 
and P < 0.05 was considered statistically significant.

Results
Dysregulated pattern of AZIN1 RNA editing 
and over‑expression of ADAR1 in gastric cancer
We first analyzed AZIN1 RNA editing levels and expres-
sion of its regulatory enzyme ADAR1 to assess their 
expression patterns in GC tissues. Profiling analysis 
revealed that AZIN1 RNA editing levels were signifi-
cantly elevated in GC tissues compared with matched 
normal mucosa (P < 0.0001, Fig.  1a). Furthermore, 
ADAR1 was also significantly over-expressed in gastric 



Page 4 of 11Okugawa et al. J Transl Med          (2018) 16:366 

cancer tissues compared with adjacent matched normal 
mucosa (P = 0.0008, Fig. 1a). Receiver operating charac-
teristic (ROC) curves were used to evaluate the sensi-
tivity and specificity of each dysregulated molecule for 
distinguishing GC from normal tissues. Notably, AZIN1 
RNA editing and ADAR1 expression displayed considera-
ble diagnostic accuracy, with area under the curve values 
of 0.75 (95% confidence interval (CI) 0.69–0.8) and 0.66 
(95% CI 0.6–0.72), respectively (Fig.  1b). Furthermore, 
we evaluated the relationship between AZIN1 RNA edit-
ing levels and ADAR1 expression in GC patients, and 
showed that AZIN1 RNA editing was positively corre-
lated with ADAR1 expression in this cohort (P < 0.0001, 
r = 0.45).

Correlation of AZIN1 RNA editing levels and ADAR1 
over‑expression with disease progression in GC patients
We next evaluated the correlations between AZIN1 RNA 
editing levels and ADAR1 expression with various clin-
icopathological factors to determine the clinical signifi-
cance of our findings in GC patients (Table 1). Increased 
levels of AZIN1 RNA editing were significantly corre-
lated with established clinicopathological factors such 
as advanced T stage (P = 0.031), presence of lymph node 
metastasis (LNM; P = 0.021), and higher TNM stages 
(P = 0.028) in GC patients. Furthermore, over-expression 
of ADAR1 was also significantly associated with presence 
of LNM (P = 0.029), distant metastasis (P = 0.006), and 
more advanced TNM stages (P = 0.004) in these patients 
(Table 1, Fig. 1c).

Associations between AZIN1 RNA editing with tumor 
recurrence and survival outcomes in GC patients
We performed time-to-event analyses for the evalua-
tion of the prognostic impact of AZIN1 RNA editing sta-
tus and ADAR1 expression in terms of overall survival 
(OS) and disease-free survival (DFS) in GC patients. We 
determined survival cut-off thresholds for each candi-
date derived from the ROC curve analyses with Youden’s 
index. Interestingly, both AZIN1 RNA hyper-editing sta-
tus and overexpression of ADAR1 were significantly cor-
related with poor OS (OS: AZIN1 RNA editing; P = 0.01, 
ADAR1 expression; P = 0.034, log rank test; Fig.  2a). 
Interestingly, only increased AZIN1 RNA status was sig-
nificantly correlated with poor DFS (AZIN1 RNA editing; 

P < 0.0001, ADAR1 expression; P = 0.12, log rank test; 
Fig. 2b). We carried out multivariate Cox regression anal-
ysis to determine the clinical significance of AZIN1 RNA 
editing status as a prognostic biomarker of recurrence 
and prognosis in GC patients. Enhanced levels of AZIN1 
RNA editing emerged as an independent prognostic fac-
tor for OS in GC patients (hazard ratio [HR]: 1.98, 95% 
CI 1.17–3.35, P = 0.011; Table  2). Likewise, advanced 
T-stage (HR: 3.17, 95% CI 1.34–7.53, P = 0.009), pres-
ence of vessel involvement (HR: 7.2, 95% CI 1.3–39.9, 
P = 0.024), LNM (HR: 4.76, 95% CI 1.42–15.9, P = 0.011), 
and hyper-editing status of AZIN1 RNA (HR: 4.55, 95% 
CI 2.12–9.78, P = 0.0001) emerged as independent prog-
nostic factors for DFS in GC patients (Table 2).

Correlation between editing status of AZIN1 and ADAR1 
expression in GC tissues
We evaluated the relationship between AZIN1 RNA edit-
ing status and ADAR1 expression in GC patients, and 
showed that AZIN1 RNA editing was positively corre-
lated with ADAR1 expression in this cohort (P < 0.0001, 
r = 0.45; Fig. 2c).

AZIN1 editing status as an independent risk marker 
for lymph node metastasis in GC patients
Increased AZIN1 editing emerged as an independent 
prognostic factor for OS and DFS, and significantly cor-
related with the presence of LNM in GC patients. Based 
on these findings, we next carried out multivariate logis-
tic analysis to determine its clinical significance as a risk 
marker of LNM in GC patients (Table 2). Intriguingly, we 
observed that hyper-editing of AZIN1 RNA was observed 
to be an independent risk factor associated with LNM; 
highlighting its potential clinical relevance as an identi-
fication of high-risk populations harboring LNM in GC 
patients.

Discussion
Emerging evidence indicates that epigenetic alterations 
encompassing RNA editing may play a central role in 
post-transcriptional gene regulation, and might control 
the expression of various cancer-related genes. However, 
the role of RNA-editing and the expression patterns of its 
regulatory enzymes, as well as their clinical significance 
in patients with gastric cancer (GC) remains unclear. 

Fig. 1  Dysregulation of AZIN1 RNA editing and ADAR1 expression status in tissues from GC patients. a AZIN1 RNA editing levels (left) and ADAR1 
expression levels (right) were significantly increased in primary cancer tissues compared with adjacent normal mucosa. b ROC curve analysis for 
AZIN1 RNA editing levels (left) and ADAR1 expression levels (right) for distinguishing between GC and normal gastric mucosa. AZIN1 RNA editing 
levels and ADAR1 expression levels could distinguish GC tissues from normal gastric mucosa with area under the curve values of 0.75 (95% CI 
0.69–0.8), 0.66 (95% CI 0.6–0.84), respectively. c Scattergrams of AZIN1 RNA editing levels (left) and ADAR1 expression levels (right) according to UICC 
classification in gastric cancer patients

(See figure on next page.)
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Table 1  Correlation between  clinicopathological Variables and  AZIN1 RNA editing and  ADAR1 expression in  Gastric 
Cancer patients

* P < 0.05
a  The median age at surgery is 69 years in this cohort

Variable n AZIN1 RNA editing P value ADAR1 expression P value

High (n = 56) Low (n = 84) High (n = 78) Low (n = 62)

Gender

 Male 110 44 66 1 62 48 0.77

 Female 30 12 18 16 14

Age (year)

 69≥a 72 31 41 0.45 42 30 0.52

 >69 68 25 43 36 32

Histological type

 Intestinal type 69 29 40 0.63 41 28 0.39

 Diffuse type 71 27 44 37 34

Pathological T category

 pT1/2 50 14 36 0.031* 24 26 0.17

 pT3/4 90 42 48 54 36

Vessel invasion

 Present 111 43 68 0.55 62 49 0.95

 Absent 29 13 16 16 13

Lymphovascular invasion

 Present 128 52 76 0.62 74 54 0.1

 Absent 12 4 8 4 8

Lymph node metastasis

 N0 43 11 32 0.021* 18 25 0.029*

 N1 97 45 52 60 37

Peritoneal metastasis

 P0 117 43 74 0.08 61 56 0.06

 P1 23 13 10 17 6

Distant metastasis

 M0 101 39 62 0.59 49 52 0.006*

 M1 39 17 22 29 10

UICC TNM classification

 Stage I 23 5 18 0.028* 11 12 0.004*

 Stage II 39 12 27 15 24

 Stage III 39 22 17 23 16

 Stage IV 39 17 22 29 10

(See figure on next page.)
Fig. 2  Associations between AZIN1 RNA editing with tumor recurrence and survival outcomes in GC patients. a OS in GC patients in relation to 
AZIN1 RNA editing (left) and ADAR1 expression levels (right). OS was significantly lower in GC patients with high AZIN1 RNA editing levels or high 
ADAR1 expression levels compared with those with low levels of either parameter (AZIN1 RNA editing; P = 0.01, ADAR1 expression; P = 0.034, 
log-rank test). b Kaplan–Meier survival curves for DFS in GC patients in relation to AZIN1 RNA editing (left) and ADAR1 expression levels (right). DFS 
was significantly lower in GC patients with high AZIN1 RNA editing levels or high ADAR1 expression levels compared with those with low levels 
of either parameter. c Correlation between ADAR1 expression and AZIN1 editing in gastric cancer patients. (AZIN1 RNA editing; P < 0.0001, ADAR1 
expression; P = 0.12, log-rank test). All statistical tests were two-sided
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Our study provides first evidence supporting a potential 
clinical impact of dysregulated RNA editing and its reg-
ulatory enzymes in GC. First, we observed that AZIN1 
RNA editing levels were significantly higher in GC tis-
sues compared to matched normal mucosa. Second, we 
noted that the expression of AZIN1-regulatory enzyme, 
ADAR1, was also up-regulated in GC tissues, and sig-
nificantly correlated with increased RNA editing in this 
malignancy. Third, increased AZIN1 RNA editing and 
ADAR1 over-expression in GC tissues significantly cor-
related with key clinico-pathological factors for disease 

progression, including advanced tumor depth, the pres-
ence of lymph node and distant metastases, and higher 
TNM stages in GC patients. Fourth, both AZIN1 RNA 
hyper-editing and elevated ADAR1 expression signifi-
cantly correlated with poor overall survival (OS), with 
significant associations between AZIN1 editing and 
poor disease free survival (DFS). Fifth, multivariate Cox 
regression analysis revealed that increased AZIN1 editing 
emerged as an independent prognostic factor for both OS 
and DFS in GC patients. Finally, our data revealed that 
higher levels of AZIN1 RNA editing were an independent 
risk factor for lymph node metastasis (LNM) in patients 

Table 2  Univariate and multivariate analysis of various prognostic factors in GC patients

HR hazard ratio, OR odds ratio

* P < 0.05
a  The median age at surgery is 69 years in GC patients
b  Cut-off thresholds of AZIN1 RNA editing are determined by ROC analysis with Youden’s index for each outcome in GC patients

Variables Univariate Multivariate

HR 95% CI P value HR 95% CI P value

Overall survival (OS)

 Gender (male) 0.81 0.45–1.45 0.48 0.41 0.94–2.74 0.01*

 Age (> 69 year-old)a 1.26 0.77–2.06 0.36 1.61 0.21–0.81 0.08

 Histological type (Intestinal type) 0.93 0.57–1.51 0.76 0.96 0.57–1.64 0.89

 T classification (pT3/4) 3.63 1.92–6.84 0.0001* 2.34 1.2–4.58 0.013*

 Vessel involvement (present) 4.12 1.65–10.3 0.002* 5.18 1.33–20.1 0.018*

 Lymphatic vessel involvement (present) 2.08 0.65–6.62 0.22 0.14 0.02–0.82 0.029*

 Lymph node metastasis (present) 3.86 1.9–7.84 0.0002* 2.86 1.26–6.47 0.012*

 Distant metastasis (present) 4.15 2.53–6.81 < 0.0001* 2.56 1.46–4.49 0.001*

 AZIN1 RNA hyper-editingb 1.89 1.15–3.08 0.011* 1.98 1.17–3.35 0.011*

Disease free survival (DFS)

 Gender (male) 1.45 0.56–3.75 0.44 0.48 0.15–1.53 0.21

 Age (> 69 year-old)a 1.18 0.61–2.27 0.62 0.96 0.48–1.94 0.92

 Histological type (Intestinal type) 1.38 0.72–2.66 0.33 1.31 0.65–2.65 0.45

 T classification (pT3/4) 4.38 1.99–9.64 0.0002* 3.17 1.34–7.53 0.009*

 Vessel involvement (present) 3.08 1.19–7.96 0.02* 7.2 1.3–39.9 0.024*

 Lymphatic vessel involvement (present) 1.8 0.55–5.88 0.33 0.12 0.01–1.06 0.06

 Lymph node metastasis (present) 7.21 2.54–20.5 0.0002* 4.76 1.42–15.9 0.011*

 AZIN1 RNA hyper-editingb 5.18 2.63–10.2 < 0.0001* 4.55 2.12–9.78 0.0001*

Variables Univariate Multivariate

OR 95% CI P value OR 95% CI P value

Lymph node metastasis (LNM)

 Gender (male) 1.41 0.6–3.3 0.43 1.45 0.55–3.83 0.45

 Age (> 69 year-old)a 1.7 0.82–3.52 0.16 1.57 0.68–3.65 0.29

 Histological type (Intestinal type) 1.17 0.57–2.41 0.66 1.3 0.55–3.08 0.55

 T classification (pT3/4) 2.98 1.41–6.29 0.004* 2.15 0.9–5.15 0.09

 Vessel involvement (present) 6.89 2.83–16.8 < 0.0001* 5.2 1.66–16.3 0.005*

 Lymphatic vessel involvement (present) 8.29 2.12–32.5 0.002* 2.31 0.45–11.8 0.31

 AZIN1 RNA hyper-editingb 2.52 1.14–5.56 0.023* 3.03 1.19–7.71 0.02*
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with GC, highlighting its biomarker potential in the iden-
tification of high-risk patients that may experience tumor 
recurrence post-surgical treatments.

Cancer cells acquire specific characteristics, includ-
ing escape of cell cycle checkpoint controls, continu-
ous proliferation, invasion, and metastasis. Over the 
past decades, data suggest that alterations in DNA 
sequences of the key tumor suppressors and onco-
genes may influence the progression of tumorigenesis 
through functional control of the proteins encoded by 
these genes [22]. Although these genetic factors are 
undeniably important, recent years have witnessed 
an increased emphasis on the contributions of epi-
genetic alterations mediating cancer pathogenesis, 
as well as their role as disease biomarkers in various 
cancer types. Well-studied epigenetic alterations to 
date include aberrant DNA methylation, and dysregu-
lated expression of noncoding RNAs (e.g. microRNAs, 
long non-coding RNAs), and various histone modi-
fications. In this context, RNA editing has recently 
emerged as one of the most recent discoveries, and 
the most common type of RNA editing in humans is 
A-to-I conversion catalyzed by ADAR enzymes [1, 
23, 24]. RNA editing is consequential, since it directly 
impacts protein coding sequences, through aber-
rant transcript splicing, instability, and dysregulated 
expression levels [25], vindicating the paradigm that 
site-specific dysregulation of RNA editing may play a 
pivotal role in cancer development [26–29]. Chen and 
colleagues performed the first systematic and compre-
hensive analysis using a sequencing-based approach 
[6], and demonstrated that AZIN1 RNA was specifi-
cally enhanced in HCC tissues, and that significantly 
correlated with disease progression in HCC patients. 
This group recently expanded their research to other 
cancers within the upper gastrointestinal tract, and 
successfully demonstrated that reciprocal changes in 
ADAR1 and ADAR2 coordinated cancer pathogenesis 
via hypo-editing of the podocalyxin-like protein 1 gene 
(PODXL) [30]. However, the clinical significance of 
AZIN1 RNA editing and expression pattern of ADAR1 
in GC patients remains unclear; which was the very 
basis of undertaking the present study. A key find-
ing of our current study was our observation for the 
increased RNA editing levels of AZIN1, as well as dys-
regulated expression of its regulatory enzyme, ADAR1, 
in GC tissues vis-à-vis normal gastric mucosa. To date, 
overexpression of ADAR1 and increased AZIN1 RNA 
editing in cancer tissues has been demonstrated in 
various other types of cancers, including HCC, non-
small-cell lung [31], esophageal [9], and colorectal 
cancer [17]. In line with these evidences, our study for 
the first time revealed that such dysregulated pattern 

in GC tissues, and suggested that altered ADAR1 
expression and AZIN1 RNA editing is an important 
phenomenon in this malignancy as well. Furthermore, 
enhanced AZIN1 RNA editing and over-expression 
of ADAR1, significantly correlated with poor OS and 
AZIN1 RNA editing also significantly correlated with 
poor DFS. Hyper-edited levels of AZIN1 RNA were an 
independent prognostic factor for both OS and DFS 
in GC patients. Taken together, our data for the first 
time, suggest that measurement of AZIN1 RNA edit-
ing status could be a promising prognostic biomarker 
for tumor recurrence and survival in patients with GC.

Our study also demonstrated an intimate correlation 
between AZIN1 RNA editing levels and lymph node 
metastasis in GC patients. The presence of regional 
LNM mainly affects disease recurrence and progno-
sis in GC patients following curative resection. While 
recent neoadjuvant therapies may offer treatment 
options for GC patients with LNM [32, 33], and endo-
scopic techniques for primary tumor resection, (e.g. 
endoscopic resection and laparoscopic-assisted gas-
trectomy) may be used to treat early GC patients with-
out LNM [34], neither of these approaches are robust 
at identification of high-risk GC patients. Therefore, 
an accurate risk assessment of which patients may be 
truly LNM-positive might reduce overly invasive sur-
geries and improve the prognosis in GC patients. Inter-
estingly, the current study clearly demonstrated that 
hyper-editing status of AZIN1 RNA in primary tumor 
tissues significantly correlated with the presence of 
LNM, while logistic regression analysis identified it to 
be an independent risk factor for identifying LNM in 
GC patients. These findings suggest that the assessment 
of AZIN1 RNA editing levels in pre-surgical biopsy 
specimens might potentially help in the identification 
of high-risk GC patients with lymph node metastasis.

We would like to acknowledge several potential limi-
tations of our study. First, we focused on AZIN1 as a 
most representative RNA editing site in this study, and 
emerging evidence suggests that there may be poten-
tially other oncogenic RNA editing sites in other genes, 
which remain an area of active investigation. There-
fore, further studies including a broader, unbiased 
comprehensive analysis may potentially identify addi-
tional RNA editing-based markers to assess the risk 
for oncological outcomes with a higher sensitivity and 
specificity in GC patients in future. Second, although 
we have successfully demonstrated our novel findings 
using a relative-large cohort GC specimens, our cohort 
was still somewhat smaller, retrospective in nature, 
and lacked an external independent validation cohort 
GC specimens. In addition, the clinical materials ana-
lyzed in this study were solely from Asian patients, and 
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analytical method for AZIN1 RNA editing level maybe 
influenced by several cofounding factors. To overcome 
these hurdles, larger prospective, multi-institutional 
studies using same analytical method may be needed to 
further clarify the prognostic potential of AZIN1 RNA 
editing and ADAR1 expression for GC patients.

Conclusions
In conclusion, this study provides first evidence for the 
clinical significance of dysregulated AZIN1 RNA edit-
ing and altered expression of its regulatory enzyme 
ADAR1 in GC. These findings highlight the overarch-
ing importance of even small changes in ADAR regu-
latory cascade, and suggest that AZIN1 RNA editing 
may serve as a potential prognostic biomarker in GC 
patients, and may assist in clinical decision-making 
for deciding pre-operative treatment strategies in GC 
patients, as we usher into the era of precision medicine 
for cancer patients.
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