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Summary

Background—Analyses of microRNA expression profiles have shown that many microRNAs 

are expressed aberrantly and correlate with tumorigenesis, progression, and prognosis of various 

haematological and solid tumours. We aimed to assess the relation between microRNA expression 

and progression and prognosis of gastric cancer.

Methods—353 gastric samples from two independent subsets of patients from Japan were 

analysed by microRNA microarray. MicroRNA expression patterns were compared between non-

tumour mucosa and cancer samples, graded by diffuse and intestinal histological types and by 
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progression-related factors (eg, depth of invasion, metastasis, and stage). Disease outcome was 

calculated by multivariable regression analysis to establish whether microRNAs are independent 

prognostic factors.

Findings—In 160 paired samples of non-tumour mucosa and cancer, 22 microRNAs were 

upregulated and 13 were downregulated in gastric cancer; 292 (83%) samples were distinguished 

correctly by this signature. The two histological subtypes of gastric cancer showed different 

microRNA signatures: eight microRNAs were upregulated in diffuse-type and four in intestinal-

type cancer. In the progression-related signature, miR-125b, miR-199a, and miR-100 were the 

most important microRNAs involved. Low expression of let-7g (hazard ratio 2·6 [95% CI 1·3–

4·9]) and miR-433 (2·1 [1·1–3·9]) and high expression of miR-214 (2·4 [1·2–4·5]) were associated 

with unfavourable outcome in overall survival independent of clinical covariates, including depth 

of invasion, lymph-node metastasis, and stage.

Interpretation—MicroRNAs are expressed differentially in gastric cancers, and histological 

subtypes are characterised by specific microRNA signatures. Unique microRNAs are associated 

with progression and prognosis of gastric cancer.

Funding—National Cancer Institute.

Introduction

Gastric cancer is the fourth most common human malignant disease and the second most 

frequent cause of cancer-related death worldwide.1 Improvement of diagnosis and treatment 

has resulted in good long-term survival for patients with early gastric cancer, whereas the 

outlook for individuals with advanced disease remains poor.2 Advanced gastric cancer 

frequently recurs as nodal and haematogenous metastases and peritoneal dissemination. 

Although several types of non-surgical treatment have been assessed, surgical resection is 

still the primary curative treatment for localised gastric cancer.

Data from several studies show that various genetic alterations cause tumorigenesis and 

progression of gastric cancer.3,4 Inactivation of runt-related transcription factor 3 (RUNX3) 

by methylation has also been reported.5 Several groups have undertaken high-throughput 

analyses of gastric cancer expression profiles by DNA microarrays4 and microdissection.6 

However, markers for tumorigenesis and progression of gastric cancer have not yet been 

discovered and specific therapeutic targets have not been identified.

A new class of small non-coding RNAs—microRNAs— has been discovered.7 Mature 

microRNAs are composed of 19–25 nucleotides and are cleaved from 60–110-nucleotide 

hairpin microRNA precursors in the cytoplasm by the RNase III enzyme Dicer.8 Single-

stranded microRNAs bind mRNAs of potentially hundreds of genes at the 3′ untranslated 

region with imperfect complementarity, resulting in degradation of target mRNAs and 

inhibition of translation.8 Several target-prediction programs have been developed, but very 

few targets have been proved experimentally.9 MicroRNAs play a part in crucial cellular 

processes, including development, differentiation, stress response, apoptosis, and 

proliferation.8,10 475 human microRNAs have been reported to date (miRBase version 9.2; 

University of Manchester, Manchester, UK);11 this number could reach 800–1000 through 

experimental confirmation of predicted microRNA genes.12
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Microarray platforms have been developed for analysis of microRNA expression, and data 

show that several microRNAs are expressed aberrantly in various haematological and solid 

malignant diseases.13–16 MicroRNAs act as novel oncogenes or tumour-suppressor 

genes.17,18 We and others have noted that alterations in microRNA expression correlate 

highly with progression and prognosis of human tumours.19–24 Thus, focusing on 

microRNAs in gastric cancer could yield new insights into the biological behaviour of this 

disease. For oncogenic microRNAs, antagomirs are a type of antisense oligonucleotide that 

inhibit microRNA function in vivo effectively;25–27 for tumour-suppressive microRNAs, 

reconstitution with microRNA precursor sequences has an antitumour effect. Therefore, 

microRNAs are possible therapeutic targets for cancer.22,28

To ascertain whether microRNA expression signatures can differ between gastric cancer and 

non-tumour mucosa, we undertook genome-wide microRNA expression profiling in two sets 

of gastric tissues. With expression-profile results for these samples and associated clinical 

variables, we investigated the association between microRNAs and histological types, 

tumour progression, and prognosis of gastric cancer.

Methods

Tissue samples

For microRNA expression profiling, we obtained gastric tissue samples (cancer lesions and 

adjacent non-tumour mucosae) from patients who underwent gastrectomy between 2002 and 

2005 at the University of Tokyo (group 1) and between 1998 and 2005 at Hiroshima 

University (group 2). We gathered all samples in the same manner, and they were snap-

frozen immediately in liquid nitrogen and stored at −80°C until RNA and protein extraction 

could be done. Since microdissection is difficult to do in diffuse-type gastric cancer, for 

technical uniformity we used bulk tissue for all cases.

We obtained study approval from the ethics committee at the University of Tokyo and every 

patient from the University of Tokyo gave written informed consent for samples to be used. 

Because we did not obtain written informed consent for samples from Hiroshima University, 

for strict privacy protection, identification information was removed before analysis; this 

procedure is in accordance with ethical guidelines for human genome or gene research 

enacted by the Japanese Government and was approved by the ethics review committee of 

the Hiroshima University School of Medicine.

Panel: Patient cohorts and of analyses undertaken

STEP 1: MicroRNA expression patterns in gastric cancer (non-tumour mucosa vs 
cancer)

Samples

61 pairs in group 1 and 99 in group 2 were analysed independently

Statistical methods

1. Class comparison by BRB-ArrayTools; paired t test (p<0·01)
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2. Class prediction by BRB-ArrayTools; paired class prediction by the leave-one-

out cross-validation method

Samples

169 non-tumour mucosae (64 samples from group 1 and 105 from group 2) and 184 

cancers (81 samples from group 1 and 103 from group 2) (unpaired condition)

Statistical methods

Average linkage clustering with centred Pearson correlation with 35 microRNAs

STEP 2: MicroRNA expression patterns and histological types (diffuse-type vs 
intestinal-type gastric cancer)

Samples

103 diffuse-type and 81 intestinal-type gastric cancer samples

Statistical methods

1. Class comparison by BRB-ArrayTools; two-sample t test (p<0·001)

2. Average linkage clustering with centred Pearson correlation with the 19 most 

significant microRNAs (p≤2×10−6)

STEP 3: MicroRNA expression and tumour progression correlation

Samples

• T3 and T4 vs T1 (101 vs 15 samples)

• Lymph-node metastasis (N) positive vs negative (126 vs 54 samples)

• Stage IV vs I (51 vs 37 samples)

• Peritoneal dissemination (P, CY) positive vs negative (33 vs 76 samples)

• Haematogenous metastasis (H, M) positive vs negative (12 vs 169 samples)

Statistical methods

1. Class comparison by BRB-ArrayTools; two-sample t test (p<0·01, for 

haematogenous metastasis, p<0·05)

2. Venn diagram of T, N, and stage

3. Significance analysis of microarrays (SAM) with rank-regression option for T 

and stage

STEP 4: MicroRNA expression and prognosis correlation

Samples

101 cases have information for disease outcome and underwent curative surgery. All 182 

cases had surgery (curative or non-curative)

Overall survival

• Statistical methods
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1. Univariate Cox proportional hazards regression in BRB-ArrayTools

2. Kaplan-Meier survival curves

3. Multivariable Cox proportional hazards regression analysis

Disease-free survival

• Statistical methods

1. Univariate Cox proportional hazards regression in BRB-ArrayTools

2. Kaplan-Meier survival curves

3. Multivariable Cox proportional hazards regression analysis

Procedures

We did RNA labelling and hybridisation on microRNA microarray chips and undertook 

postprocessing, as described previously.13,15,19–21 Briefly, 5 μg of total RNA from every 

sample was reverse transcribed with biotin end-labelled random-octamer oligonucleotide 

primers. Hybridisation of biotin-labelled complementary DNA was done on the Ohio State 

University custom microRNA microarray chip (OSU_CCC version 3.0; ArrayExpress 

[European Bioinformatics Institute, Cambridge, UK], array design A-MEXP-620), which 

contains nearly 1100 microRNA probes, for 326 human and 249 mouse microRNA genes, 

spotted in duplicates. We washed and processed the hybridised chips to detect biotin-

containing transcripts with streptavidin Alexa Fluor 647 conjugate (Invitrogen, Carlsbad, 

CA, USA) and scanned them on a microarray scanner (4000B; Axon Instruments, 

Sunnyvale, CA, USA).

We analysed microarray images with GenePix Pro 6.0 (Axon Instruments). Average values 

of the replicate spots for every microRNA sample were background subtracted, normalised, 

and subjected to further analysis. Only probes for human mature microRNAs were used for 

analysis. We implemented quantile normalisation with the Bioconductor 1.8 package affy 

1.1.2.

MicroRNAs were retained when they were present in at least 20% of samples and when they 

had changes of more than 1·5-fold from the gene median in at least 20% of samples. Absent 

calls (background-level signals on the microarray) were removed at a threshold of 4·5 (log2 

scale) before statistical analysis. After the filtration, we included 237 microRNAs in further 

statistical analyses.

MicroRNA nomenclature is according to miRBase version 9.2.11 The microarray dataset is 

deposited in ArrayExpress (experiment number E-TABM-341) according to MIAME 

(minimum information about a microarray experiment) guidelines.

Statistical analysis

The panel summarises the analyses. We identified differentially expressed microRNAs with 

BRB-ArrayTools version 3.5.0 (Biometric Research Branch, National Cancer Institute, 

Ueda et al. Page 5

Lancet Oncol. Author manuscript; available in PMC 2015 January 20.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Bethesda, MD, USA),29 and significance analysis of microarrays (SAM) version 3.0. The 

webappendix contains further descriptions of the methods used.

After filtration of microRNAs, we used the paired t test (level of significance, p<0·01) to 

independently analyse pairs of non-tumour mucosa and cancer samples from groups 1 and 2. 

We undertook class prediction with the leave-one-out cross-validation method, taking into 

account that samples were paired (eg, pairs of non-tumour mucosae and cancer lesions from 

the same patient).

We used hierarchical cluster analysis to generate a tree cluster showing the separation of 

every class. For hierarchical clustering, we used average linkage metrics and centred 

Pearson correlation of microRNAs identified between non-tumour mucosa and gastric 

cancer and between diffuse-type and intestinal-type gastric cancer (Cluster 3.0). For tree 

visualisation, we used Java Treeview version 1.1.1.

We identified microRNAs whose expression was related significantly to overall survival and 

disease-free survival of patients (endpoint of cancer-specific death and recurrence, 

respectively). We undertook univariate Cox proportional hazards regression in BRB-

ArrayTools, and we judged microRNAs significant if p<0·05.

We used SPSS version 17.0.1 for Kaplan-Meier survival analysis and Cox proportional 

hazards regression. To generate survival curves, we converted continuous microRNA 

expression levels measured on microRNA array chips to a dichotomous variable, using the 

respective mean levels of expression as a threshold.21 This procedure enabled division of 

samples into classes with high and low expression of microRNA. We compared survival 

curves by log-rank test and judged p<0·05 significant.

We examined the joint effect of covariates with Cox proportional hazards regression to 

ascertain whether microRNAs are independent prognostic factors. We censored data for 

three patients who died of other diseases; data for one patient were censored before the first 

event (death) in overall survival and were included in the Kaplan-Meier analysis, but were 

removed for Cox regression analysis in overall survival.

We regarded age as a continuous covariate. T was dichotomised on the basis of absence (T1, 

T2) versus presence (T3, T4) of serosal invasion of tumour. Stage was dichotomised on the 

basis of a more than 65% 5-year survival (stages I and II) versus a less than 50% 5-year 

survival (stages III and IV). For all microRNAs, patients were categorised into groups with 

high and low expression, with respective mean levels of microRNA expression as a 

threshold.

We undertook univariate Cox regression to examine the effect of every clinical covariate on 

patient’s survival. We did multivariable analysis by stepwise addition and removal of 

covariates found to be associated with survival in univariate models (p<0·10). Conditions of 

the stepwise selection method were Score statistic (p<0·05 for addition) and Wald statistic 

(p<0·05 for removal). All stepwise addition models gave the same final models as did 

stepwise removal, and final models included only those covariates that were associated 

significantly with survival (Wald statistic, p<0·05). We tested proportional-hazard 
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assumption by the log-minus-log plot, and no covariate violated assumption. All p values 

reported are two-sided.

Role of the funding source

The sponsor had no role in study design, data collection, data analysis, data interpretation, 

writing of the report, or in the decision to submit for publication. The corresponding author 

had full access to all the data in the study and had final responsibility for the decision to 

submit for publication.

Results

81 gastric cancer samples (from 79 patients; one patient had cancer in three regions) were 

obtained at the University of Tokyo (group 1) and 103 samples were gathered at Hiroshima 

University (group 2) for microRNA expression profiling. Corresponding non-tumour 

mucosae were available for analysis for 61 cancers in group 1 and 99 in group 2. We also 

obtained three additional samples of non-tumour mucosa in group 1 and six in group 2, 

making 353 samples in total— 184 cancers and 169 non-tumour mucosae.

Clinical features of patients and tumours are described in table 1 and the webappendix. 

Disease outcome was known for 101 patients who underwent curative surgery; 42 recurred 

and died of cancer within the follow-up period. The final follow-up date was Feb 25, 2007 

(median follow-up 785 days [range 159–3070]). Most patients (disease stages IB–IV) were 

given anticancer drugs either orally or intravenously postoperatively as adjuvant 

chemotherapy. After disease recurrence, these individuals were given other anticancer drugs.

On microarray analysis, 35 microRNAs were expressed differentially in the paired non-

tumour mucosa and cancer samples in groups 1 and 2 (table 2): 22 of these were upregulated 

and 13 were downregulated in cancer (designated as the gastric cancer signature). By paired 

class prediction, 97% of samples in group 1 and 94% in group 2 were classified correctly.

On the basis of the 35 microRNAs expressed differentially, cluster analysis with Pearson 

correlation of the 169 non-tumour mucosa and 184 cancer samples generated a tree showing 

good separation between non-tumour mucosa and cancer (page 4 of the webappendix). 

Despite the unpaired condition, 83% (292/353) of samples were classified correctly to non-

tumour mucosa or cancer branches.

By quantitative reverse transcription-PCR (qRT-PCR), we analysed 24 pairs of samples 

investigated initially by microarray for miR-21 (upregulated) and miR-375 (downregulated). 

We compared the cancer:non-tumour mucosa expression ratio in qRT-PCR with that in the 

microRNA microarray. The microarray data were confirmed by qRT-PCR (page 5 of the 

webappendix).

The similarity of the microRNA signature in groups 1 and 2 enabled us to merge all samples 

(184 cancers) into one group for further analyses. 103 diffuse-type and 81 intestinal-type 

specimens were used to establish whether microRNAs are differentially expressed between 

histological subtypes. By class comparison, 78 microRNAs were selected (false-discovery 

rate ≤0·42%), designated as the histotype signature.
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We used the 19 most significant microRNAs (page 9 of the webappendix) in the histotype 

signature and undertook cluster analysis on the 184 cancer samples. These molecules were 

selected because they were identified also by SAM in the same order according to the 

absolute value of the SAM score (data not shown). Even though the histological 

characteristics of gastric cancer are complex (including seven histological types and 

mixtures of types), 74% (137/184) of tumours were distinguished successfully by the 

expression pattern of these 19 microRNAs (page 6 of the webappendix). Cluster analysis 

indicated that miR-105, miR-100, miR-125b, miR-199a, miR-99a, miR-143, miR-145, and 

miR-133a are upregulated in diffuse-type gastric cancer, and miR-373*, miR-498, 

miR-202*, and miR-494 are upregulated in intestinal-type lesions. These microRNAs are 

those expressed most differentially, characterising diffuse-type and intestinal-type tumours.

Next, we investigated the correlation between microRNA expression and gastric cancer 

progression. To identify microRNAs related to progression for every clinical feature, class 

comparisons were undertaken. 65 microRNAs were selected for T, 17 for N, 14 for H and 

M, 15 for P and CY, and 38 for stage (figure 1A). False-discovery rate was 3·3% or less for 

T, 10·5% for N, 18·8% for P and CY, and 6·9% for stage. Because patients who have distant 

metastasis undergo surgery rarely, the sample number for positive H and M is just 12. This 

low number caused a reduction in power to detect microRNAs expressed differentially and a 

high false-discovery rate. However, six of 14 microRNAs were selected in T, N, or stage 

(shown in red in figure 1A), and miR-25, miR-106a, miR-20b, miR-181b, miR-181d, and 

miR-135a—which were upregulated in gastric cancer relative to non-tumour mucosa—were 

also chosen. To identify the most important microRNAs associated with progression, we 

chose T and N as representative progression features and compared them with stage. Ten 

microRNAs—miR-125b, miR-199a, miR-100, miR-107, miR-181b, miR-103, miR-494, 

miR-497, miR-126, and let-7f—correlated with these variables (figure 1A).

By SAM with rank-regression option, we selected 28 microRNAs whose expression was 

associated with progression from T1 to T4 and 47 microRNAs associated with progression 

from stage I to IV (data not shown). The q values in SAM of these microRNAs were 0% for 

T and 1·1% for stage. By comparison of these microRNAs with the ten identified in the 

previous step, we recorded miR-125b, miR-199a, and miR-100 as the most important 

microRNAs related to progression of gastric cancer. These three microRNAs showed 

increasing expression levels according to stage progression (figure 1B).

We investigated the correlation between microRNA expression profiles and prognosis to 

establish the microRNAs that might signify unfavourable prognosis (independent of clinical 

factors). We used samples from 101 patients who underwent curative surgery and their 

associated prognostic information. Univariate Cox proportional hazards regression indicated 

that ten microRNAs (let-7c, let-7e, let-7g, let-7i, miR-19a, miR-214, miR-410, miR-433, 

miR-452, and miR-495) were related to overall survival of patients with gastric cancer. 

Kaplan-Meier survival curves were generated for every microRNA, and five (let-7e 

[p=0·007], let-7g [p=0·002], let-7i [p=0·038], miR-214 [p=0·005], and miR-433 [p=0·015]) 

were associated significantly with survival.
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Table 3 shows univariate Cox proportional hazards regression analysis of overall survival 

relative to clinical factors. T, N, and stage were associated significantly with overall 

survival, as were five microRNAs. To elucidate whether these microRNAs are independent 

prognostic factors, multivariable analysis was done. The dichotomised expression values of 

these five microRNAs were not associated with clinical factors (Fisher’s exact test). Because 

T and N were associated highly with stage by Fisher’s exact test, and the same microRNAs 

were chosen in the final model of multivariable analysis including stage and in the final 

model including T and N, we showed only the stage model (table 3). In the final 

multivariable model, let-7g, miR-214, and miR-433 were associated with overall survival 

independent of clinical covariates (table 3). Patients with low expression of let-7g (hazard 

ratio 2·6 [95% CI 1·3–4·9]), low expression of miR-433 (2·1 [1·1–3·9]), or high expression 

of miR-214 (2·4 [1·2–4·5]) had poorer survival than did patients with high expression of 

let-7g, high expression of miR-433, or low expression of miR-214 (figure 2).

We validated the results for let-7g and miR-214 by qRT-PCR. 12 samples selected from the 

low-expression group showed low expression of let-7g and miR-214 by qRT-PCR, and 12 

samples selected from the high-expression group showed high expression (page 7 of the 

webappendix). We analysed three additional specimens by qRT-PCR that were not used in 

microRNA array analysis because of low RNA yield. One sample with an unfavourable 

outcome showed high expression of miR-214 (higher than the mean of 12 samples from the 

high-expression group), and two with a favourable outcome showed low expression of 

miR-214 (lower than the mean of 12 samples from the low-expression group), consistent 

with our results.

We undertook the same analyses for disease-free survival in 101 patients. By univariate Cox 

proportional hazards regression, 12 microRNAs (let-7b, let-7c, let-7d, let-7g, miR-19a, 

miR-196a, miR-220, miR-373, miR-410, miR-433, miR-452, and miR-495) were related to 

disease-free survival of patients with gastric cancer. By log-rank analysis, six microRNAs 

(let-7b [p=0·001], let-7g [p=0·001], miR-19a [p=0·031], miR-410 [p=0·015], miR-433 

[p=0·011], and miR-495 [p=0·035]) were related to survival. On univariate analysis, T, N, 

stage, and these six microRNAs were associated significantly with disease-free survival 

(table 4). The dichotomised expression values of six microRNAs were not associated with 

clinical factors (Fisher’s exact test). Because T and N were associated highly with stage by 

Fisher’s exact test, and the same microRNAs were chosen in the final model of 

multivariable analysis including stage and in the final model including T and N, we showed 

only the stage model (table 4). In the final multivariable Cox regression model, let-7b, 

let-7g, miR-19a, and miR-495 were associated with disease-free survival independent of 

clinical covariates (table 4). In both overall survival and disease-free survival, let-7g was 

selected as an independent prognostic factor (tables 3 and 4).

101 patients were divided into two groups by histological type (intestinal and diffuse) and 

multivariable Cox proportional hazards regression analysis was undertaken in the same way. 

The selected microRNAs remained as independent prognostic factors (table 5).
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Discussion

Aberrant microRNA expression patterns have been described in various haematological and 

solid cancers,14–16,20–22 and alterations in microRNA expression correlate highly with 

progression and prognosis of human malignant diseases.19–24 However, profiles of 

microRNAs differ and need to be investigated in every type of tumour. In this study, we 

recorded substantial associations between differential expression of specific microRNAs and 

progression and prognosis of gastric cancer.

Antiapoptotic miR-21 is upregulated in various solid cancers and is related to tumour 

growth.15,30 In previous work, miR-21 was overexpressed in gastric cancer and in 

Helicobacter pylori-infected gastric mucosa.30 H pylori is an important pathogen for gastric 

cancer, and data are already starting to suggest the molecular mechanism of evolution of 

normal mucosa to chronic gastritis, atrophic gastritis, and intestinal metaplasia. Our sample 

set contained no detailed information about H pylori infection status because pathologists 

recorded histological types, depth of invasion, and status of lymph-node metastasis to decide 

clinical stage of cases. Non-tumour mucosae were obtained during surgery from resected 

stomach that seemed to be normal macroscopically. Therefore, in this study we could not 

investigate the correlation between microRNA expression and H pylori or chronic gastritis; 

however, we will investigate this important area in further studies.

We identified 35 differentially expressed microRNAs without use of microdissection. This 

procedure is difficult to adapt to some diffuse-type gastric cancers because cancer cells are 

localised singly. In a previous report, we analysed by microarray 20 pairs of intestinal-type 

gastric cancer and non-tumour mucosa samples from a white population and noted 14 

upregulated and five downregulated microRNAs in cancers.31 All the upregulated 

microRNAs and three of those downregulated (60%) were similar to the molecules selected 

in this study, meaning that our method of using bulk samples of diffuse-type gastric cancer 

for microarray analysis can produce correct results, although they must be validated by in-

situ hybridisation. This result also means that despite patients’ different ethnic backgrounds 

in this and our previous study, the microRNA signature is linked to general mechanisms of 

gastric cancer tumorigenesis.

For some of the microRNAs we identified in gastric cancer samples, several targets have 

already been proven experimentally. We showed previously that molecules expressed 

differentially in the microRNA cluster miR-106b-25 are related to gastric cancer 

tumorigenesis,31 suggesting that microRNAs have important roles in gastric cancer. 

Although gastric cancer is histologically complex and sometimes shows transition from 

differentiated to undifferentiated subtypes in the same tumour (ie, mixed type), we divided 

samples into diffuse and intestinal types and identified microRNAs expressed differentially, 

characterising these histological classes. A collaborator of ours reported that the Hedgehog 

signal is more active in diffuse-type than intestinal-type gastric cancer,33 and glioma-

associated oncogene homologue 1 (GLI1), a downstream target of the Hedgehog signal, is 

an in-silico target of miR-373*, which is downregulated in diffuse-type gastric cancer.
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In this study, we identified microRNAs related to the progression of gastric cancer. In breast 

cancer, tumour invasion and metastasis are initiated by miR-10b,24 which is one of the 

microRNAs associated with invasion in gastric cancer. miR-21 was selected in the 

progression signature of both T and stage, and it targets programmed cell death 4 (PDCD4) 

and maspin (SERPINB5), resulting in tumour invasion and metastasis.24 Another group 

showed that miR-21 targets a tumour-suppressor gene, reversion-inducing-cysteine-rich 

protein with kazal motifs (RECK), and that knockdown of miR-21 decreased invasion and 

migration of gastric cancer cells significantly.30 The microRNAs that were related most 

significantly to progression of gastric cancer—miR-125b, miR-199a, and miR-100—were 

also upregulated in pancreatic adenocarcinoma in our previous study.21 miR-125b is 

reportedly related to proliferation of differentiated cells32 and downregulated in breast 

cancer14 and thyroid anaplastic carcinoma,32 suggesting that this microRNA functions 

differently in gastric cancer and pancreatic adenocarcinoma. Proapoptotic BAK1 and TP53 

are proven targets of miR-125b in prostate cancer and neuroblastoma cells, supporting the 

oncogenic function of miR-125b.34,35 Upregulation of miR-199a is associated purportedly 

with tumour cell growth in cervical carcinoma.36

We identified microRNAs associated with an unfavourable outcome (independent of clinical 

factors) in specimens from patients treated by curative surgery and adjuvant chemotherapy. 

Although our findings should be validated in an independent cohort, these microRNAs 

might help to identify individuals who are candidates for aggressive treatment because of 

their expression status and who could become candidates for therapeutic targets with 

antagomirs25–27 or by reconstitution with microRNA precursor sequences.28 Three 

microRNAs selected in the progression analysis were not chosen for the prognostic 

signature partly because they were associated highly with clinical factors. The difference of 

the selected microRNAs between overall and disease-free survival is probably caused by the 

effect of chemotherapy after disease recurrence.

We chose let-7g and let-7b as independent prognostic factors. The Ras family of oncogenes 

is regulated by the let-7 family in lung cancer,37,38 and the high mobility group AT-hook 2 

(HMGA2) oncogene is also targeted by this microRNA family.37,38 HMGA2 is regulated 

negatively by the let-7 family, and high expression of this gene correlates with tumour 

invasiveness and is an unfavourable prognostic factor in gastric cancer.39 Additionally, in 

tumour-initiating cells of breast cancer (which have stem cell-like properties), let-7 regulates 

self-renewal (by silencing HRAS) and differentiation (by silencing HMGA2).24 

Administration of let-7 family members inhibits growth of lung cancer in mice.37,38 A 

negative regulator of hedgehog signalling, suppressor of fused (su[fu]), is targeted by 

miR-214 in the development of zebrafish,40 and activation of hedgehog signalling is 

involved in gastric cancer.32 Recently, miR-214 was reported to induce cell survival and 

cisplatin resistance by targeting PTEN in ovarian cancer.41 miR-433 targets growth factor 

receptor-bound protein 2 (GRB2) in gastric cancer.42

Further studies are needed to establish whether the microRNAs we selected in this study 

have full potential as either biomarkers or therapeutic targets in gastric cancer. Proving new 

targets and other biological experiments will clarify the functions and roles of microRNAs 
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in gastric cancer. However, we have shown already that microRNAs can meet criteria for 

ideal biomarkers and therapeutic targets.22

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank Karen F Phillips (Department of Scientific Publications, University of Texas MD Anderson Cancer 
Center) for editorial assistance. This research was supported by Program Project Grants from the National Cancer 
Institute (CMC) and in part by an NIH grant 1R01CA135444. GAC is supported as a fellow at the University of 
Texas MD Anderson Research Trust, as a fellow of the University of Texas System Regents Research Scholar, and 
by the Ladjevardian Regents Research Scholar Fund. SV was supported by AIRC and Regione Emilia-Romagna 
PRRIITT grants.

References

1. Parkin DM, Bray F, Ferlay J, Pisani P. Global cancer statistics, 2002. CA Cancer J Clin. 2005; 
55:74–108. [PubMed: 15761078] 

2. Hohenberger P, Gretschel S. Gastric cancer. Lancet. 2003; 362:305–15. [PubMed: 12892963] 

3. Yasui W, Yokozaki H, Fujimoto J, Naka K, Kuniyasu H, Tahara E. Genetic and epigenetic 
alterations in multistep carcinogenesis of the stomach. J Gastroenterol. 2000; 35:111–15. [PubMed: 
10779229] 

4. Stock M, Otto F. Gene deregulation in gastric cancer. Gene. 2005; 360:1–19. [PubMed: 16154715] 

5. Li Q-L, Ito K, Sakakura C, et al. Causal relationship between the loss of RUNX3 expression and 
gastric cancer. Cell. 2002; 109:113–24. [PubMed: 11955451] 

6. Jinawath N, Furukawa Y, Hasegawa S, et al. Comparison of gene-expression profiles between 
diffuse- and intestinal-type gastric cancers using a genome-wide cDNA microarray. Oncogene. 
2004; 23:6830–44. [PubMed: 15273739] 

7. Lagos-Quintana M, Rauhut R, Lendeckel W, Tuschl T. Identification of novel genes coding for 
small expressed RNAs. Science. 2001; 294:853–58. [PubMed: 11679670] 

8. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell. 2004; 116:281–97. 
[PubMed: 14744438] 

9. Krek A, Grun D, Poy MN, et al. Combinatorial microRNA target predictions. Nat Genet. 2005; 
37:495–500. [PubMed: 15806104] 

10. Ambros V. The functions of animal microRNAs. Nature. 2004; 431:350–55. [PubMed: 15372042] 

11. Griffiths-Jones S, Grocock RJ, van Dongen S, Bateman A, Enright AJ. miRBase: microRNA 
sequences, targets and gene nomenclature. Nucleic Acids Res. 2006; 34:D140–44. [PubMed: 
16381832] 

12. Bentwich I, Avniel A, Karov Y, et al. Identification of hundreds of conserved and nonconserved 
human microRNAs. Nat Genet. 2005; 37:766–70. [PubMed: 15965474] 

13. Liu CG, Calin GA, Volinia S, Croce CM. MicroRNA expression profiling using microarrays. Nat 
Protoc. 2008; 3:563–78. [PubMed: 18388938] 

14. Iorio MV, Ferracin M, Liu CG, et al. MicroRNA gene expression deregulation in human breast 
cancer. Cancer Res. 2005; 65:7065–70. [PubMed: 16103053] 

15. Volinia S, Calin GA, Liu CG, et al. A microRNA expression signature of human solid tumors 
defines cancer gene targets. Proc Natl Acad Sci USA. 2006; 103:2257–61. [PubMed: 16461460] 

16. Gramantieri L, Ferracin M, Fornari F, et al. Cyclin G1 is a target of miR-122a, a microRNA 
frequently down-regulated in human hepatocellular carcinoma. Cancer Res. 2007; 67:6092–99. 
[PubMed: 17616664] 

17. Esquela-Kerscher A, Slack FJ. Oncomirs: microRNAs with a role in cancer. Nat Rev Cancer. 
2006; 6:259–69. [PubMed: 16557279] 

Ueda et al. Page 12

Lancet Oncol. Author manuscript; available in PMC 2015 January 20.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



18. Calin GA, Croce CM. MicroRNA signatures in human cancers. Nat Rev Cancer. 2006; 6:857–66. 
[PubMed: 17060945] 

19. Calin GA, Ferracin M, Cimmino A, et al. A microRNA signature associated with prognosis and 
progression in chronic lymphocytic leukemia. N Engl J Med. 2005; 353:1793–801. [PubMed: 
16251535] 

20. Yanaihara N, Caplen N, Bowman E, et al. Unique microRNA molecular profiles in lung cancer 
diagnosis and prognosis. Cancer Cell. 2006; 9:189–98. [PubMed: 16530703] 

21. Bloomston M, Frankel WL, Petrocca F, et al. MicroRNA expression patterns to differentiate 
pancreatic adenocarcinoma from normal pancreas and chronic pancreatitis. JAMA. 2007; 
297:1901–08. [PubMed: 17473300] 

22. Schetter AJ, Leung SY, Sohn JJ, et al. MicroRNA expression profiles associated with prognosis 
and therapeutic outcome in colon adenocarcinoma. JAMA. 2008; 299:425–36. [PubMed: 
18230780] 

23. Garzon R, Volinia S, Liu CG, et al. MicroRNA signatures associated with cytogenetics and 
prognosis in acute myeloid leukemia. Blood. 2008; 111:3183–89. [PubMed: 18187662] 

24. Nicoloso MS, Spizzo R, Shimizu M, Rossi S, Calin GA. MicroRNAs: the micro steering wheel of 
tumour metastases. Nat Rev Cancer. 2009; 9:293–302. [PubMed: 19262572] 

25. Krützfeldt J, Rajewsky N, Braich R, et al. Silencing of microRNAs in vivo with ‘antagomirs’. 
Nature. 2005; 438:685–89. [PubMed: 16258535] 

26. Elmén J, Lindow M, Schütz S, et al. LNA-mediated microRNA silencing in non-human primates. 
Nature. 2008; 452:896–99. [PubMed: 18368051] 

27. Akinc A, Zumbuehl A, Goldberg M, et al. A combinatorial library of lipid-like materials for 
delivery of RNAi therapeutics. Nat Biotechnol. 2008; 26:561–69. [PubMed: 18438401] 

28. Tong AW, Nemunaitis J. Modulation of miRNA activity in human cancer: a new paradigm for 
cancer gene therapy? Cancer Gene Ther. 2008; 15:341–55. [PubMed: 18369380] 

29. National Cancer Institute, Biometric Research Branch. [accessed Dec 1, 2009] BRB-ArrayTools. 
http://linus.nci.nih.gov/BRB-ArrayTools.html

30. Zhang Z, Li Z, Gao C, et al. miR-21 plays a pivotal role in gastric cancer pathogenesis and 
progression. Lab Invest. 2008; 88:1358–66. [PubMed: 18794849] 

31. Petrocca F, Visone R, Onelli MR, et al. E2F1-regulated microRNAs impair TGFbeta-dependent 
cell-cycle arrest and apoptosis in gastric cancer. Cancer Cell. 2008; 13:272–86. [PubMed: 
18328430] 

32. Visone R, Pallante P, Vecchione A, et al. Specific microRNAs are downregulated in human 
thyroid anaplastic carcinomas. Oncogene. 2007; 26:7590–95. [PubMed: 17563749] 

33. Fukaya M, Isohata N, Ohta H, et al. Hedgehog signal activation in gastric pit cell and in diffuse-
type gastric cancer. Gastroenterology. 2006; 131:14–29. [PubMed: 16831586] 

34. Shi XB, Xue L, Yang J, et al. An androgen-regulated miRNA suppresses Bak1 expression and 
induces androgen-independent growth of prostate cancer cells. Proc Natl Acad Sci USA. 2007; 
104:19983–88. [PubMed: 18056640] 

35. Le MT, Teh C, Shyh-Chang N, et al. MicroRNA-125b is a novel negative regulator of p53. Genes 
Dev. 2009; 23:862–76. [PubMed: 19293287] 

36. Lee JW, Choi CH, Choi JJ, et al. Altered microRNA expression in cervical carcinomas. Clin 
Cancer Res. 2008; 14:2535–42. [PubMed: 18451214] 

37. Kumar MS, Erkeland SJ, Pester RE, et al. Suppression of non-small cell lung tumor development 
by the let-7 microRNA family. Proc Natl Acad Sci USA. 2008; 105:3903–08. [PubMed: 
18308936] 

38. Esquela-Kerscher A, Trang P, Wiggins JF, et al. The let-7 microRNA reduces tumor growth in 
mouse models of lung cancer. Cell Cycle. 2008; 7:759–64. [PubMed: 18344688] 

39. Motoyama K, Inoue H, Nakamura Y, Uetake H, Sugihara K, Mori M. Clinical significance of high 
mobility group A2 in human gastric cancer and its relationship to let-7 microRNA family. Clin 
Cancer Res. 2008; 14:2334–40. [PubMed: 18413822] 

Ueda et al. Page 13

Lancet Oncol. Author manuscript; available in PMC 2015 January 20.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://linus.nci.nih.gov/BRB-ArrayTools.html


40. Flynt AS, Li N, Thatcher EJ, Solnica-Krezel L, Patton JG. Zebrafish miR-214 modulates 
Hedgehog signaling to specify muscle cell fate. Nat Genet. 2007; 39:259–63. [PubMed: 
17220889] 

41. Yang H, Kong W, He L, et al. MicroRNA expression profiling in human ovarian cancer: miR-214 
induces cell survival and cisplatin resistance by targeting PTEN. Cancer Res. 2008; 68:425–33. 
[PubMed: 18199536] 

42. Luo H, Zhang H, Zhang Z, et al. Down-regulated miR-9 and miR-433 in human gastric carcinoma. 
J Exp Clin Cancer Res. 2009; 28:82. [PubMed: 19531230] 

Ueda et al. Page 14

Lancet Oncol. Author manuscript; available in PMC 2015 January 20.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1. MicroRNAs associated with progression of gastric cancer
(A) Venn diagram of microRNAs related to T (depth of invasion), N (lymph-node 

metastasis), and stage. Listed microRNAs comprise the progression signature. Numerals 

indicate the number of microRNAs. Molecules corresponding to every part of the Venn 

diagram are shown. MicroRNAs in H and M (haematogenous metastasis) and P and CY 

(peritoneal dissemination) that are similar to those for T, N, or stage are shown in red. (B) 

Mean expression levels of miR-125b, miR-199a, and miR-100 on microRNA array 

according to progression in disease stage. Mean expression levels are shown as linear-scale 

data on microRNA array analysed with GenePix Pro 6.0; the calculation is based on the 

intensity (brightness) of each pixel on the microarray image. Mean expression levels of non-

tumour mucosa (Normal) of group 1 are also shown. miR-125b-1 and miR-125b-2 are 

located on different chromosomes but the sequence of mature microRNA is the same; 

miR-199a-1 and miR-199a-2 are also the same. For miR-100, two probes were included on 

the microRNA array.
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Figure 2. Kaplan-Meier curves of independent prognostic factors for overall survival
Curves are depicted with data for 101 patients. MicroRNA expression levels measured on 

the microarray were converted into discrete variables by division of samples into two classes 

(high and low expression), with the respective mean levels of microRNA expression as a 

threshold. Censored cases are shown on the curves. p values are log rank.
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Table 1

Characteristics of patients and tissues

Group 1 (n=79) Group 2 (n=103) p* Total (n=182)

Age (years; mean [SD]) 65·2 (9·8) 67·1 (11·6) 0·24 66·3 (10·9)

Sex 0·87

 Men 52/79 (66%) 66/102† (65%) 118/181 (65%)

 Women 27/79 (34%) 36/102† (35%) 63/181 (35%)

Histological type‡ 0·022

 Diffuse 53/81§ (65%) 50/103 (49%) 103/184 (56%)

 Intestinal 28/81§ (35%) 53/103 (51%) 81/184 (44%)

Depth of invasion (T)|| 0·50

 T1 4/81§ (5%) 11/102† (11%) 15/183 (8%)

 T2 29/81§ (36%) 38/102† (37%) 67/183 (37%)

 T3 41/81§ (50%) 45/102† (44%) 86/183 (47%)

 T4 7/81§ (9%) 8/102† (8%) 15/183 (8%)

Lymph-node metastasis (N) 0·028

 Negative (N0) 17/79 (22%) 37/101¶ (37%) 54/180 (30%)

 Positive (N1–N3) 62/79 (78%) 64/101¶ (63%) 126/180 (70%)

Haematogenous metastasis (H, M) 0·69

 Negative 75/79 (95%) 94/102† (92%) 169/181 (93%)

 Positive 4/79 (5%) 8/102† (8%) 12/181 (7%)

Peritoneal dissemination (P, CY) <0·0001

 Negative 64/79 (81%) 12/30** (40%) 76/109 (70%)

 Positive 15/79 (19%) 18/30** (60%) 33/109 (30%)

Stage†† 0·13

 I 11/79 (14%) 26/102† (25%) 37/181 (21%)

 II 14/79 (18%) 23/102† (23%) 37/181 (21%)

 III 29/79 (37%) 27/102† (27%) 56/181 (30%)

 IV 25/79 (31%) 26/102† (25%) 51/181 (28%)

Data are n (%) unless stated otherwise.

*
Differences between groups calculated by t test for age and χ2 test for all others.

†
No information available for one patient.

‡
Lauren’s classification used for histological typing. Intestinal-type gastric cancer is almost the same as differentiated-type gastric cancer, and 

diffuse-type gastric cancer is almost the same as undifferentiated-type gastric cancer.
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§
One patient had cancer in three regions.

||
Graded according to the International Union Against Cancer’s TNM classification, 5th edn.

¶
No information available for two patients.

**
No information on intraoperative cytology available for 73 patients.

††
Graded according to the Japanese Classification of Gastric Cancer, 2nd English edn. Clinical stage is decided by the factors T, N, H, M, P, and 

CY. Stages IA and IB are regarded as stage I, and stages IIIA and IIIB as stage III.
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Table 3

Univariate and multivariable Cox regression analysis of overall survival*

Univariate analysis Multivariable analysis†

Hazard ratio (95% CI) p Hazard ratio (95% CI) p

Age 1·0 (0·9–1·0) 0·47 ·· ··

Sex

 Men 1·0 (reference) 0·33 ·· ··

 Women 1·3 (0·7–2·5) ··

Histological type

 Intestinal 1·0 (reference) 0·63 ·· ··

 Diffuse 1·1 (0·6–2·1) ··

T

 T1–T2 1·0 (reference) 0·001 ·· ··

 T3–T4 3·0 (1·5–6·0) ··

N

 Negative 1·0 (reference) <0·0001 ·· ··

 Positive 6·0 (2·3–15·5) ··

Stage

 I–II 1·0 (reference) <0·0001 1·0 (reference) <0·0001

 III–IV 5·2 (2·5–10·6) 4·3 (2·0–9·2)

let-7g expression

 High 1·0 (reference) 0·003 1·0 (reference) 0·002

 Low 2·6 (1·3–4·9) 2·9 (1·4–6·0)

miR-214 expression

 Low 1·0 (reference) 0·007 1·0 (reference) 0·004

 High 2·4 (1·2–4·5) 2·7 (1·3–5·6)

miR-433 expression

 High 1·0 (reference) 0·015 1·0 (reference) <0·0001

 Low 2·1 (1·1–3·9) 3·4 (1·7–6·6)

let-7e expression

 High 1·0 (reference) 0·009 ·· ··

 Low 2·2 (1·2–4·2) ··

let-7i expression

 High 1·0 (reference) 0·039 ·· ··

 Low 1·9 (1·0–3·5) ··

*
One patient was censored before first event (patient’s death) and these data were removed.
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†
For the final model of multivariable analysis, stage, let-7g, miR-214, and miR-433 were included.
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Table 4

Univariate and multivariable Cox regression analysis of disease-free survival*

Univariate analysis Multivariable analysis†

Hazard ratio (95% CI) p Hazard ratio (95% CI) p

Age 1·0 (0·9–1·0) 0·63 ·· ··

Sex

 Men 1·0 (reference) 0·31 ·· ··

 Women 1·3 (0·7–2·5) ··

Histological type

 Intestinal 1·0 (reference) 0·67 ·· ··

 Diffuse 1·1 (0·6–2·1) ··

T

 T1–T2 1·0 (reference) 0·001 ·· ··

 T3–T4 3·1 (1·5–6·1) ··

N

 Negative 1·0 (reference) <0·0001 ·· ··

 Positive 5·5 (2·1–14·2) ··

Stage

 I–II 1·0 (reference) <0·0001 1·0 (reference) <0·0001

 III–IV 4·5 (2·2–9·2) 5·2 (2·4–11·2)

let-7b expression

 High 1·0 (reference) 0·003 1·0 (reference) 0·001

 Low 2·7 (1·4–5·4) 3·2 (1·6–6·6)

let-7g expression

 High 1·0 (reference) 0·002 1·0 (reference) 0·042

 Low 2·7 (1·4–5·2) 2·0 (1·0–3·9)

miR-19a expression

 High 1·0 (reference) 0·032 1·0 (reference) <0·0001

 Low 2·0 (1·0–3·6) 3·3 (1·7–6·5)

miR-495 expression

 Low 1·0 (reference) 0·035 1·0 (reference) 0·007

 High 1·9 (1·0–3·6) 2·4 (1·2–4·7)

miR-410 expression

 Low 1·0 (reference) 0·016 ·· ··

 High 2·2 (1·1–4·3) ··

miR-433 expression
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Univariate analysis Multivariable analysis†

Hazard ratio (95% CI) p Hazard ratio (95% CI) p

 High 1·0 (reference) 0·011 ·· ··

 Low 2·1 (1·1–4·0) ··

*
No patients were censored before first event (disease recurrence).

†
For the final model of multivariable analysis, stage, let-7b, let-7g, miR-19a, and miR-495 were included.
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Table 5

Multivariable Cox regression analysis of disease-free survival and overall survival of patients with intestinal-

type and diffuse-type gastric cancer

Hazard ratio (95% CI) p

Disease-free survival

Intestinal type (n=45)

 Stage, III–IV vs I–II* 3·2 (1·1–9·1) 0·032

 let-7g expression, low vs high* 2·8 (1·0–7·8) 0·043

 miR-19a expression, low vs high* 7·5 (2·3–24·6) 0·001

 miR-495 expression, high vs low* 4·9 (1·7–14·3) 0·004

Diffuse type (n=56)

 Stage, III–IV vs I–II* 5·5 (1·9–15·7) 0·001

 let-7b expression, low vs high* 2·6 (1·1–6·2) 0·031

Overall survival*

Intestinal type (n=45)

 Stage, III–IV vs I–II* 5·7 (2·0–16·0) 0·001

 miR-433 expression, low vs high* 4·4 (1·6–12·2) 0·004

Diffuse type (n=55)

 Stage, III–IV vs I–II* 6·3 (2·1–18·9) 0·001

 miR-214 expression, high vs low* 2·7 (1·0–7·3) 0·048

 miR-433 expression, low vs high* 2·4 (1·0–5·6) 0·050

*
Reference group. For all microRNAs, patients were categorised into high-expression and low-expression groups with the same cutoff values of 

microRNA expression used in tables 3 and 4. Multivariable analysis was undertaken by stepwise addition and removal of covariates found to be 
associated with survival in tables 3 and 4. Only final models are shown.

*
In overall survival of diffuse-type gastric cancer, one patient was censored before first event (patient’s death) and these data were removed.
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