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Abstract

Purpose: The majority of gastric cancer patients are diagnosed
with late-stage disease, for which distinct molecular subtypes have
been identified that are potentially amenable to targeted therapies.
However, there exists nomolecular classification systemwith prog-
nostic power for early-stage gastric cancer (EGC)because themolec-
ular events promoting gastric cancer initiation remain ill-defined.

Experimental Design:miRNAmicroarrays were performed on
gastric tissue from the gp130F/F preclinical EGC mouse model,
prior to tumor initiation. Computation prediction algorithms
were performed on multiple data sets and independent gastric
cancer patient cohorts. Quantitative real-time PCR expression
profiling was undertaken in gp130F/F-based mouse strains and
human gastric cancer cells genetically engineered for suppressed
activation of the oncogenic latent transcription factor STAT3.
Human gastric cancer cells with modulated expression of the
miR-200 family member miR-429 were also assessed for their
proliferative response.

Results: Increased expression of miR-200 family mem-
bers is associated with both tumor initiation in a STAT3-
dependent manner in gp130F/F mice and EGC (i.e., stage
IA) in patient cohorts. Overexpression of miR-429 also
elicited contrasting pro- and antiproliferative responses in
human gastric cancer cells depending on their cellular
histologic subtype. We also identified a miR-200 family–
regulated 15-gene signature that integrates multiple key
current indicators of EGC, namely tumor invasion depth,
differentiation, histology, and stage, and provides superior
predictive power for overall survival compared with each
EGC indicator alone.

Conclusions: Collectively, our discovery of a STAT3-regulated,
miR-200 family–associated gene signature specific for EGC, with
predictive power, provides a molecular rationale to classify
and stratify EGC patients for endoscopic treatment. Clin Cancer
Res; 24(6); 1459–72. �2018 AACR.

Introduction
The prognosis for patients with gastric cancer the third most

lethal cancer worldwide, largely depends on the stage of disease at
detection. With advances in diagnostic techniques, the rates of
detecting early-stage gastric cancer (EGC), defined by the depth of
the neoplastic invasion being restricted to the submucosal layer of
the stomach, irrespective of lymph node (LN) metastasis, has
increased to almost 20% in some countries (1, 2). Although early
diagnosis affords the opportunity for minimally invasive treat-
ment such as endoscopic resection, this procedure remains only
potentially curative as a frontline and unimodal therapy in a
subset of EGC patients (1–3). Furthermore, the current rudimen-
tary classification system of EGC does not quantitatively pheno-
type patient tumors at the molecular level, and overlooks any
degree of metastatic potential, thus raising concerns that thera-
peutic endoscopy may still yield incorrect prognoses in some
patients. Indeed, such a scenario has been reported in a subset of
gastric cancer patients suffering relapse and metastasis despite
their tumors being clinically graded as "early" (4, 5). In contrast to
the comprehensivemolecular characterizationof advanced gastric
cancer,molecular profiling of EGC to identify tumor-specific gene
signatures with prognostic value is limited (6, 7). As such, there is
an unmet clinical need to determine a more accurate molecular
classification system with prognostic prediction in EGC.
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miRNAs are small noncoding RNAs that regulate gene expres-
sion through multiple mechanisms including transcript degrada-
tion and translational repression (8). Although miRNAs play
critical roles in innate immunity and cancer development, there
is limited understanding of their functions in the molecular
pathways that regulate the initiation of inflammation-associated
tumorigenesis (8). In gastric cancer, clinical data suggest that
numerous miRNAs involved in cell-cycle progression, apoptosis,
and metastasis are differentially regulated, such as miR-21, miR-
24, and miR-130b "oncomirs" (9, 10), along with miR-148a and
miR-7 "tumor suppressors" (11, 12). In addition, the miR-200
family has been identified as a key regulatory network that defines
a mesenchymal gastric cancer subtype associated with poor sur-
vival (13, 14). However, such studies are biased towards identi-
fying miRNAs predominately in advanced-stage gastric cancer,
and therefore overlook potential key miRNAs which trigger the
initiating stages of gastric cancer.

We have previously established the gp130F/F mouse model of
gastric cancer that develops a gastric phenotype with marked
similarity to human intestinal-type hyperplasia, a precursor of
human intestinal-type gastric cancer (15–17). Gastric tumorigen-
esis in gp130F/Fmice is driven by hyperactivation of the oncogenic
latent transcription factor STAT3 via the IL6 cytokine family
member, IL11 (15). The clinical relevance of this model is evi-
denced by approximately 50% of gastric cancer patients display-
ing augmented STAT3 activation and upregulated IL11 expression
(17, 18). However, the molecular basis governing the stage-
specific (i.e., early versus late) role of STAT3 in gastric cancer,
and for that matter other cancers, is unclear. Here, by coupling
gp130F/F mice with interrogation ofmultiple independent clinical
gastric cancer data sets, and supported by in vitro studies on
human gastric cancer cell lines, we reveal a hitherto unknown
mechanism involving crosstalk between STAT3 and the miR-200
family to promote the molecular pathogenesis of EGC. Further-
more, our identification of a miR-200 family-associated gene
signature in EGC with prognostic power suggests that the

STAT3/miR-200 family axis can be exploited to identify early-
stage disease and predict patient survival in gastric cancer, and
potentially other related gastrointestinal cancers.

Materials and Methods
Mice

The gp130F/F, gp130F/F:Stat3þ/�, gp130F/F:Il11r�/�, and Gan
mice have been described previously (15, 17, 19). All experiments
were endorsed by theMonash University MonashMedical Centre
"A" Animal Ethics Committee and, where appropriate, included
genetically matched gp130þ/þ (wild-type) controls.

miRNA microarray and qPCR expression profiling
For microarrays, total RNA from 4-week-old mouse antrum

samples was subjected to a mouse Affymetrix miRNA 2.0 array
comprising 722 mature miRNAs and 690 pre-miRNAs. Raw data
were normalized using Cyclic Loess Normalization methodology
(20). qPCR profiling of miRNAs was performed using TaqMan
assays (Applied Biosystems) normalized to U6 (human) and
SnoRNA-202 (mouse) controls.

The Cancer Genome Atlas database
The miRNA and mRNA sequencing data, along with clinical

information (Supplementary Table S1), were obtained from
TCGA data portal (https://tcga-data.nci.nih.gov/docs/publica
tions/stad_2014/) using the 2014 version. Alignment of sample
identifiers yielded295 tumor cases, amongwhich33hadmatched
nontumor tissues, with 236 reporting survival data. The updated
2017 TCGA data used for signature validation was obtained from
http://firebrowse.org/?cohort¼STAD&download_dialog¼true.
We used the reads per kilobase of exon per million reads mapped
(RPKM) value to represent expression levels.

Gene expression profiling
Gene microarray data corresponding to miRNA array data for

4-week-oldmouse gastric antrum samples have been deposited in
theGene ExpressionOmnibus database under accession numbers
GSE93173 and GSE93169 bundled into the SuperSeries
GSE93196. For mRNA expression analyses, qPCR was performed
using SYBR Magic, and mouse and human gene expression was
normalized to 18S rRNA as described previously (17). Primer
sequences are available upon request.

Cell culture and transient transfection
MKN28, MKN1 (Japanese Collection of Research Bioresources

Cell Bank), and AGS (ATCC) human gastric cancer cell lines were
cultured in RPMI1640 (Gibco) media supplemented with 10%
FCS. Cells were authenticated by short tandem repeat profiling
(PowerPlex HS16 System kit, Promega) in our laboratory after
receipt in 2013, and were passaged during experiments for under
3 months at a time between freeze/thaw cycles. Cells were rou-
tinely tested for mycoplasma contamination (MycoAlert PLUS
Mycoplasma Detection Kit, Lonza) during the time of experi-
ments. Lenti-X 293T packaging cells for lentivirus production
(Clontech) were maintained in DMEM (Invitrogen) containing
10% FCS. Cells were incubated at 37�C and supplemented with
5% CO2 in a humidified chamber.

For transfections, 50%–60% confluent cells were transiently
transfected with 10 nmol/L nontarget control and miR-429
mimetics (Thermo Fisher Scientific) using Lipofectamine 3000

Translational Relevance

The ability to detect early-stage gastric cancer (EGC) remains
suboptimal, as evidenced by the current rudimentary classifi-
cation system of EGC, which overlooks any degree of meta-
static potential and does not quantitatively phenotype patient
tumors at the molecular level. In this study, we identified a
miR-200 family-regulated 15-gene signature with the poten-
tial to stratify EGC and predict overall survival in independent
gastric cancer cohorts. Importantly, this signature integrates
multiple key indicators of EGC according to current guidelines
for endoscopic resection, such as tumor invasion depth, dif-
ferentiation, histology, and stage, and provides superior pre-
dictive power for patient survival compared with each of these
indicators alone. Therefore, this signature provides a novel
molecular-based clinical tool to complement endoscopic-
based procedures, especially when an accurate preoperative
diagnosis for invasion depth is needed, as well as to distin-
guish histopathologic characteristics of EGC that are critical for
influencing recurrence and prognosis following endoscopic
resection.
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(ThermoFisher Scientific). Cellswere incubated for 48hours prior
to harvesting for extraction of RNA and protein lysates. STAT3
activation in cells was induced by treatment with 200 ng/mL
recombinant human IL11 (PeproTech).

CRISPR-driven gene editing
Self-complementary oligonucleotides (Sigma-Aldrich) used as

single-guided (sg) RNA sequences for targeting human STAT3
(exon 3 and 4) were ligated into the LentiCRISPRv2 construct
(Addgene). Lentivirus was produced by transfecting vectors into
Lenti-X/H293T cells with LentiCRISPR:psPAX2:pMD2.G at a ratio
of 4:3:1. Virus was harvested 48 hours after transfection, filtered,
and used to infect AGS cell cultures containing 5 mg/mL poly-
brene. Infected cells were selected with puromycin, and cells
infected with nontarget control sgRNA vector were used as neg-
ative controls. Cloning primers are available upon requested.

Laser microdissection and gene expression analyses
Tumor epithelial samples were collected from optimal cutting

temperature–embedded frozen sections stained with toluidine
blue using laser microdissection (Leica). Total RNA was extracted
using the miRNeasy microkit (Qiagen), and then reverse tran-
scribed with the PrimeScript RT Kit (Takara). Dissected gastric
epithelium from wild-type mice and tumor-bearing gp130F/F or
Gan mice were interrogated for expression of miRNAs and Socs3
using SYBR Premix ExTaqII (Takara), and normalized to mouse
U6 or 18S rRNA, respectively. Primer sequences are available
upon request.

Immunoblotting
Total protein lysates were immunoblotted with antibodies

against CRTAP (Santa Cruz Biotechnology), EpCAM (Biolegend),
Vimentin, pY-STAT3, total STAT3 (Cell Signaling Technology)
and Actin (Thermo Fisher Scientific). Protein bands were visual-
ized using the Odyssey Infrared Imaging System (LI-COR Bios-
ciences) as described previously (17).

Identification of miR-200–associated gene signature
Four data sets were integrated to optimize the specificity of

selecting miR-200 family–related genes. Gene set 1 (G1) com-
prised downregulated genes in 4-week-old gp130F/F versus wild-
type gastric antrum (cutoff: fold change<0.7) identified by gene
microarray expression profiling (GSE93173), thus providing can-
didate genes paired to the miRNA array data in the context of
tumor initiation. Gene set 2 (G2) comprises genes whose expres-
sion is inversely correlated with that of miR-200 family members
from TCGA data sets (r 0.6; ref. 7). Gene set 3 (G3) contains
putative miR-200 family target transcripts derived from interro-
gation of Ago-HITS-CLIP) data (21), which provides a range of
perfect seed matches (6-mer, 7-mer, and 8-mer). Gene set 4 (G4)
comprises putative miR-200 family member target genes
obtained using Targetscan human v7.0 (22). A combinatorial
analysis of G1þG2þG3 or G1þG2þG4 (Fig. 4A and B) was
conducted to identify putative miR-200–regulated genes after
replicates removal.

Independent validation cohorts
We validated the miR-200 family–associated gene signature

using the following independent gastric cancer cohorts: Gastric
Cancer Project '08 Singapore (n ¼ 200, GSE15459; ref. 23), and
ACRG (n¼ 300,GSE62254; ref. 6). A "single sample" extension of

Geneset Enrichment Analysis (ssGSEA) score (24) was defined an
enrichment score that represented the degree of absolute enrich-
ment of the 15 genes targeted by the miR-200 family in each
sample within a given data set (25). Samples with ssGSEA scores
above or below the cohortmeanwere considered as "Sig_high" or
"Sig_low," respectively.

Cellular functional and luciferase reporter assays
Cell proliferationwas assessedwith the ClickIT EdUMicroplate

Assay (Molecular Probes), and cell viability was measured using
the Cell-Glo ATP assay (26). For clonigenicity monolayer assays,
2 � 103 cells were plated in triplicates in 6-well plates. Colonies
(�50 cells)were counted after stainingwithCrystal Violet (Sigma-
Aldrich). For soft agar colony formation assays, cells were
suspended in RPMI1640 containing 0.35% agar/10% FCS, and
suspensions layered on RPMI1640 containing 0.4% agar/10%
FCS in triplicates in 6-well plates. Colonies were photographed at
day 20–22 postplating.

Luciferase reporter plasmids encompassing a �1574 to þ120
promoter segment upstreamof the putative transcription start site
in the human miR-200b-200a-429 gene, along with the 30UTR
reporter constructs have been reported previously (21, 27). Dual
luciferase reporter assays (Promega) were conducted following
the manufacturer's instructions.

Statistical analyses
All statistical analyses were performed using GraphPad Prism

V6.0 software or R package. Statistical significance (P < 0.05)
between themeans of two groups was determined using Student t
tests or Mann–Whitney U tests. Statistical comparisons of the
means of multiple (R3) groups were determined using one-way
ANOVA or Kruskal–Wallis nonparametric analyses. A Kaplan–
Meier curve was fitted to overall survival data. The log-rank test
P value was used to calculate the statistical significance of the
difference in survival using the R survival package. ROC curves
were constructed by altering the ssGSEA enrichment score cutoff
to predict early anatomic stage IA or I. All data are from at least
three individual experiments and presented as the mean � SEM.

Results
Upregulation of miR-200 family members prior to gastric
tumor initiation in gp130F/F mice

The onset of gastric inflammation–associated adenomatous
hyperplasia in gp130F/F mice occurs at approximately 6 weeks of
age, with established intestinal-type tumors (12 weeks) progres-
sively growing until amaximumsize at 6months (Fig. 1A; ref. 17).
To identify miRNAs involved in the initiating molecular events
leading to EGC, we performed miRNA microarrays on mouse
gastric antrum tissue from 4-week-old gp130F/F and sex-matched
wild-type (gp130þ/þ) control mice; this age was chosen since
4-week-old wild-type and gp130F/F gastric antrum are histologi-
cally comparable, the latter being devoid of any histologic signs of
inflammation or hyperplasia (Fig. 1A). As shown in Fig. 1B,
30 miRNAs were significantly (P < 0.05) differentially regulated
in pretumorigenic gp130F/F gastric tissue, with 23 miRNAs upre-
gulated (>1.5-fold) and 7 miRNAs downregulated (<0.4-fold;
GSE93169).

Consistent with themicroarray data, among several significant-
ly and highly upregulated miRNAs selected for validation by
qPCR, the miR-200 family members miR-429 and miR-200b,
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Figure 1.

Upregulation of miR-429 prior to gastric
tumor initiation. A, Representative
photomicrographs showing H&E-stained
cross-sections of the antral stomach region
from4-week-old and 12-week-oldwild-type
gp130þ/þ (þ/þ) and gp130F/F (F/F) mice.
Scale bar, 100 mm. B, Heatmap displaying
the 30 miRNAs with the most significant
differential expression in individual 4-week-
old mouse antrum tissue of the indicated
genotypes, ranked according to P values.
n ¼ 4 mice per genotype. miRNAs with
increased expression in F/F antrum samples
are indicated in regular text, and those with
reduced expression are in italic. C, qPCR
expression analyses of the indicated
miRNAs in 4-week-old mouse antrum
samples of both genotypes (n ¼ 5 mice per
genotype). D, The abundance of miRNAs in
4-week-old þ/þ and F/F mouse antrum
tissues (n¼ 8) was assessed by qPCR. E and
F,qPCRexpression analyses ofmiR-429 and
miR-21 in antral gastric tumor (t) or
nontumor (nt) tissue from 12-week-old (E)
and 24-week-old (F) þ/þ and F/F mice
(n ¼ 5 mice per genotype). G and I,
Representative images showing laser
microdissection (LMD) of epithelial cells in
þ/þ tumor-free and F/F tumor (t) tissues
(G), and in nontumor (nt) and tumor (t)
tissues from 20-week-old Gan mice (I).
Scale bar, 200mm.H and J,qPCRexpression
of the indicated miR-200 family members,
as well as miR-21 and Socs3, in LMD
epithelial þ/þ tumor-free and F/F tumor
tissues from 12-week-old mice (H), and in
LMD gastric antral nontumor and tumor
epithelial tissue from 20-week-old Ganmice
(n ¼ 4 per genotype). Expression data are
shown from technical triplicates following
normalization for snoRNA-202 (C–F)
or U6 (H and J; � , P < 0.05; �� , P < 0.01;
��� , P < 0.001).
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along with the miR-21 oncomir (28) and miR-146b, were all
significantly upregulated in 4-week-old gp130F/F gastric antrum
(Fig. 1C). Similarly, we also validated the significant downregula-
tion of miR-433, miR-138, and miR-124 in gp130F/F gastric
antrum (Fig. 1C). Furthermore, other miR-200 family members
miR-200a and miR-200c were upregulated (Fig. 1C), with miR-
200b and miR-200c being most abundantly expressed in mouse
gastric tissue (Fig. 1D).

As miR-429 was the second most significantly (P ¼ 0.002)
altered miRNA in 4-week-old gp130F/F gastric antrum (Fig. 1B),
and shares the same seed sequences with miR-200b and miR-
200c, we next evaluated whether expression of miR-429 (as a
representative miR-200 family member) was also elevated in
established tumors in gp130F/F mice. Indeed, miR-429 (and as
a control, miR-21) was significantly upregulated in 12-week-old
and 24-week-old gp130F/F gastric tumor tissues compared with
adjacent nontumor and/or wild-type antrum tissues (Fig. 1E and
F). In addition, the increased expression of miR-200 family
members was confirmed in laser microdissected gp130F/F gastric
tumor epithelium, along with miR-21 and the STAT3-target gene
Socs3 (Fig. 1G andH; ref. 17). Importantly, miR-429 upregulation
was also independently observed in the gastric tumor epithelium
of the transgenic K19-Wnt/C2mE (Gan) mouse model of gastric
cancer that is also characterized by STAT3 hyperactivation (Fig. 1I
and J; refs. 17, 19, 29). Collectively, these data suggest the
involvement of numerousmiRNAs in the initiating stage of gastric
inflammation–associated tumorigenesis, in particular miR-429
and other miR-200 family members.

Upregulation of miR-429 is associated with early-stage and
intestinal-type human gastric cancer

The translational potential of our in vivo findings was explored
upon interrogation of TCGA data sets, which revealed that expres-
sion of miR-429, miR-200a, miR-200b, miR-200c, and miR-21
was also significantly increased in tumor tissue compared with
paired, adjacent nontumor tissue (Fig. 2A; Supplementary Fig.
S1A), ranging from22 to 25/33 (�70%) of gastric cancer patients.
Notably, elevated miR-429 expression also correlated with vari-
ous clinical covariates of TCGA gastric cancer patients, including
earlier age at initial diagnosis (	65 years; Supplementary Table
S1) and exclusively the Lauren classification of intestinal-type
gastric cancer (Fig. 2B). The significant correlation between upre-
gulated miR-429 and only intestinal-type gastric cancer was also
observed for other miR-200 family members, but not miR-21
(Fig. 2B; Supplementary Fig. S1B). Furthermore, miR-200 family
members, but not miR-21, were significantly upregulated in the
papillary and/or tubular subtypes compared with the mucinous
subtype ofWHO intestinal subclass (Supplementary Fig. S1C and
S1D). Similarly, significant increases in expression of miR-200
familymemberswere largely restricted to EGC (anatomic stage IA,
T1 stage) rather thanmore advanced disease stages, while miR-21
expression was significantly augmented throughout all progres-
sive stages of gastric cancer (Fig. 2C; Supplementary Fig. S1E
and S1G). The increased expression of miR-200 family
members and miR-21 did not correlate with other clinical
parameters such as lymph node involvement and remote metas-
tasis (Supplementary Fig. S1F, S1H, and S1I). Collectively,
these data suggest that elevated expression of miR-429 and
other miR-200 family members is associated with EGC, which
is consistent with elevated expression of these miRNAs in
the gp130F/F model.

Distinct transcriptome and signaling pathways are associated
with miR-429 expression in human gastric cancer

Our demonstration that increased expression of miR-429 (and
other miR-200 family members) is associated with EGC suggests
that gastric cancer patients characterized by elevated miR-200
family expression would have improved survival outcomes com-
paredwith thosewith lowexpression levels. Indeed, assessment of
the survival of TCGA gastric cancer patients that were stratified
into "high" and "low" expressing groups for each individual
miR-200 familymember revealed that gastric cancer patients with
high expression of miR-429 (Fig. 2D), miR-200a, or miR-200b,
but not miR-200c (Supplementary Fig. S2A), had a significantly
better prognosis than those with low expression of thesemiRNAs.
As miR-429 expression is tightly correlated with that of other
miR-200 family members in TCGA gastric cancer patients (Sup-
plementary Fig. S2B), we confirmed that the combination
of all miR-200 family members yielded a highly significant
(P ¼ 0.0079) predictive power for patient survival (Fig. 2E).

Interestingly, combiningmiRNAexpressiondatawithRNA-Seq
data for TCGA cohorts illustrated that patients classified as high
expressing for miR-429 ("429 high") or all miR-200 family
members ("all high"), and low expressing for miR-429 ("429
low") or allmiR-200 familymembers ("all low"), demonstrated a
different transcriptomic signature (LogFC > 2, P < 10�5; Fig. 2F
and G). Furthermore, GSEA using hallmark and curated gene sets
revealed that the "429high" patient cohortwas enriched for stress-
related unfolded protein response, oxidative phosphorylation,
mTORC1 and c-MYC signaling gene networks (which are impor-
tant for cell-cycle progression and metabolism), whereas myo-
genesis, epithelial–mesenchymal transition (EMT), integrin sig-
naling, and focal adhesion gene networks were enriched in "429
low" patients (Fig. 2H and I; Supplementary Fig. S2C).

miR-429 plays a dual role in gastric cancer depending on
cellular histologic subtype

The above data suggest that the miR-429 and other miR-200
family members may play a dual role during gastric cancer:
upregulation of miR-200 family members during early tumor
initiation supports stress-related cellular events within the gastric
epithelium, leading to a preoncogenic hyperproliferative state,
whereas their downregulation in later stages facilitates EMT-
relatedmalignant transformation of the gastric epithelium, result-
ing in disease progression and an associated poor prognosis. Such
a notion is consistent with the observed differential expression
patterns of miR-200 family members among histologic subtypes
and disease stages, along with their prognostic power (Fig. 2A–E;
Supplementary Figs. S1D and S1G and S2A).

To further validate this hypothesis, we assessed the biological
function of miR-429 in human gastric cancer cell lines with
distinct histologic subtypes that represent early and late stages
of disease. Thedifferentiated, intestinal-type cell lineMKN28 (30)
exhibits a strong epithelial phenotype characterized by high
EpCAM expression and little expression of the mesenchymal
marker, Vimentin (Fig. 3A and B). Conversely, the nonintest-
inal-type cell line MKN1 (30) with spindle-shaped mesenchymal
morphology displaysweak EpCAMexpression andhighVimentin
expression (Fig. 3A and B). Therefore, the epithelial phenotype of
MKN28 cells aligns with cell proliferation and clonal growth,
which is reflective of early-stage disease, while the mesenchymal
morphology of MKN1 cells favors metastasis during late-stage
disease progression (31, 32). In support of our hypothesis, the
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Figure 2.

Upregulated tumoral expression of miR-429 is associated with early-stage and intestinal-type human gastric cancer, and displays a distinct transcriptome profile.
A, Paired scatter plots showing the relative expression level of miR-200 family members in 33 matched nontumor (NT) and tumor (T) tissues from TCGA
cohort. B, Scatter plots showing relative expression levels of miR-200 family members in nontumor, intestinal-type (Int), and diffuse-type (Dif) cancer tissues
from TCGA gastric cancer patients (n ¼ 265 total; NT, n ¼ 33; Int, n ¼ 196; Dif, n ¼ 69). C, Relative expression level of miR-200 family members in gastric
cancer patients at the indicated disease stages. Stage I, n¼ 32; stage II, n¼ 116; stage III, n¼ 111; stage IV,n¼ 20 (� ,P<0.05; �� ,P<0.01; ��� ,P<0.001; ���� ,P<0.0001).
D and E, Kaplan–Meier overall survival curves of gastric cancer TCGA patients expressing high versus low levels of miR-429 (D) or all miR-200 family
members (E). Log rank with P values was calculated. F and G, Heatmaps for patient groups stratified into low or high expression of miR-429 alone ("429 high"
or "429 low") or all miR-200 family members ("All high" or "All low"), by calculating the mean of RPKM in 236 TCGA cohort patients with follow-up information,
displaying distinct transcriptomes with the most significant differential expression (median-centered, logFC > 2, Padj < 1 � 10�5). H and I, Overview of GSEA
identifying distinct pathways and biological processes between "429 high" and "429 low" subgroups in the TCGA gastric cancer cohort based on hallmark
gene sets (h.all.v5.1.symbols.gmt). Top 4 enriched gene sets in subjects with "429 high" (H) and "429 low" (I) are shown as an example of maximum
possible enrichment. NES, normalized enrichment score.
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stable overexpression of miR-429 in epithelial-like MKN28 cells
significantly augmented cell viability, proliferation, and anchor-
age-independent growth in soft agar compared with parental and

control empty vector–transduced cells (Fig. 3C–I). Furthermore,
increased cellular proliferation and clonogenicity uponmiR-429–
stable overexpression was confirmed in another intestinal-type

Figure 3.

miR-429 plays a dual role in gastric cancer cell lines depending on histologic subtype. A, Representative bright-field images for human MKN28 and MKN1 cells.
Scale bar, 250 mm. B, Representative Western blots showing the expression levels of epithelial EpCAM and mesenchymal Vimentin markers. C and J, qPCR
expression of miR-429 in MKN28 (C) and MKN1 (J) cells stably transduced with empty vector (EV) or an hsa-miR-429 expression construct (429). Expression
data are shown following normalization for U6, and are presented from technical triplicates. D, E, K, and L, Cell viability and proliferation in monolayer
cultures were measured in both empty vector and miR-429–transduced MKN28 (D and E) or MKN1 (K and L) cells by ATP and EdU assays, respectively. F and I,
Quantification of colony numbers per plate (F) and size of colonies (G), and representative plate images of the total number (H) and size (I) of colonies
formed in soft agar, in MKN28 parental (Par), empty vector, and hsa-miR-429–overexpressing cells. M–P, As per F–I, for MKN1 parental, empty vector, and
hsa-miR-429–overexpressing cells in clonogenicity assay. In I and P, scale bar, 150 mm. In C–G and J–N, data are presented from at least three individual experiments,
and are presented as the mean � SEM (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001).
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gastric cancer cell line, AGS (33) also displaying epithelial traits
(Supplementary Fig. S3). In contrast, miR-429 overexpression
in mesenchymal-like MKN1 cells significantly suppressed cell
viability and proliferation in monolayer clonogenic growth
(Fig. 3J–P).

Identification of transcripts targeted by miR-200 during gastric
cancer tumor initiation.

We next sought to identify a signature of target genes regulated
by the miR-200 family in human gastric cancer, which initially
involved integrating four individual gene sets (see "Materials
and Methods") to optimize the specificity of selecting predicted
miR-200 family targets, as follows: genes downregulated in
gp130F/F pretumor gastric tissue (G1) and their negative correla-
tion with miR-200 family members in TCGA gastric cancer
patients (G2), plus either direct interaction with miR-200
family members from AGO-HITS-CLIP (G3) or containing
perfect seed sites within 3'UTR in silico (G4). Upon undertaking
a combinatorial analysis of G1þG2þG3 or G1þG2þG4 sets,
15 putative miR-200 family-regulated genes were identified
(Fig. 4A and B).

To experimentally validate our in silico approach of identifying
miR-200 family–regulated genes, 6 genes (CRTAP, LHFP, SYDE1,
RECK, MSN, ZEB1) representing the 15 identified genes were
selected and corresponding 3'UTR reporter constructs were gen-
erated. Indeed, the reporter activities of all 6 genes were signif-
icantly inhibited when cells were cotransfected with miR-429
mimics (Fig. 4C). As the oncogenic role of CRTAP as a miR-
200 family target is unknown, we further investigated its endog-
enous expression and function in intestinal-type MKN28 and
nonintestinal-type MKN1 gastric cancer cell lines. Following
transfection of miR-429 mimics, CRTAP expression was reduced
by 40%–50% at both the mRNA and protein levels (Fig. 4D–F).
Consistent with the cellular function of miR-429, siRNA-
mediated knockdown of CRTAP expression (by �80%) also
significantly increased and reduced proliferation in MKN28 and
MKN1 cells, respectively (Fig. 4G and H). Collectively, these data
suggest the existence of amiR-200 family-regulated gene signature
involved in the pathogenesis of EGC.

Prognostic potential of the miR-200 family–associated
transcriptomic signature in human gastric cancer

Importantly, in TCGA gastric cancer patient data sets, the
expression level of the miR-200 family–regulated 15-gene signa-
ture significantly and inversely correlated with that of miR-429
(and/or other miR-200 family members; Fig. 5A and B). Also,
miR-200 family high-expressing patients, corresponding to low
expression of the 15-gene signature ("Sig_low"), demonstrated
longer overall survival than miR-200 family low-expressing
patients with high expression of the 15-gene signature
("Sig_high"; Fig. 5C and D). In contrast, only 7 of 15 miR-200
family target genes had a significant predictive value for survival
when assessed alone (Supplementary Fig. S4), each of which was
inferior to that acquired for the full 15-gene signature for pre-
dicting survival (Fig. 5D), suggesting that the combination of all
15 genes, rather than each gene in isolation, is optimal for
predicting miR-200 family–dependent gastric cancer patient sur-
vival. Furthermore, ROC analysis of the expression of the 15-gene
signature in TCGA gastric cancer patient data sets for early-stage IA
(n ¼ 8) versus nonstage IA (n ¼ 228) disease confirmed
the predictive ability of this signature to significantly stratify

early-stage IA, as determined by an average area under the curve
(AUC) value of 0.82 (Fig. 5E).

We further investigated whether such a gene signature had
prognostic power in twoother independent gastric cancer cohorts,
the "Gastric Cancer Project '08 Singapore" and the "Asian Cancer
Research Group" (ACRG) cohorts, for which there was nomatch-
ing miRNA expression data. On the basis of the approach
employed for TCGA gastric cancer patient data sets, patients from
these additional cohorts were stratified into `and groups for the
15-gene signature (Fig. 5F and I). Consistently, the overall survival
of "Sig_low" patients was significantly improved compared with
their "Sig_high" counterparts (Fig. 5G and J). In addition,
although there was no American Joint Committee on Cancer
(AJCC) substage (e.g., stage IA, IB) information available
for these latter two data sets, nonetheless the predictive ability
(AUC scores ¼ 0.61–0.63) of the gene signature to stratify early-
stage I patients was again confirmed in each patient cohort
(Fig. 5H and K).

To further evaluate the clinical utility of this 15-gene signature,
we next investigated its correlation with key indicators for endo-
scopic resection, based on current guidelines recommended by
the Japan Gastroenterological Endoscopy Society (JGES) and
Japanese Gastric Cancer Association (JGCA; ref. 34), using
updated TCGA (n ¼ 430) and ACRG (n ¼ 300) cohort data sets.
Notably, x2 analyses revealed significant correlations between a
high miR-200 family/low 15-gene signature expression profile
and tumor grade 1–2 (well-to-moderate differentiated), as well as
tubular and papillary histologic subtypes (Supplementary Table
S2). ROC modeling on TCGA data sets also confirmed the
predictive power of the 15-gene signature to accurately stratify
gastric cancer patientswith T1 (AUCscore¼0.849;n¼22; Fig. 5L)
or well-to-moderate differentiated tubular and papillary subtypes
(AUC score ¼ 0.748; n ¼ 50; Fig. 5M), and combining these two
criteria increased the power of the signature to predict patients
satisfying both T1 and well-to-moderate differentiated tubular
and papillary histology (AUC score ¼ 0.90; n ¼ 6; Fig. 5N).
Importantly, the 15-gene signature also accurately predicted two
patients, who were postoperatively diagnosed, as T1a with well-
to-moderate differentiated histology, which according to current
JGES/JGCA guidelines is considered as an indication for endo-
scopic resection (AUC score ¼ 0.998; Fig. 5O). Furthermore, a
multivariate analysis of overall survival comparing this 15-gene
signature against other current clinical parameters in TCGA gastric
cancer patients revealed that the 15-gene signature is superior for
survival prediction compared with either tumor depth of inva-
sion, histology, or differentiation alone (Supplementary Table
S3). Collectively, these data demonstrate the potential clinical
utility of the miR-200 family–associated 15-gene signature in
EGC as an accurate molecular marker with prognostic power that
alignswith current guidelines for indicating endoscopic resection.

STAT3 activation correlates with miR-200 family expression in
gastric cancer

As the gastric tumor phenotype of gp130F/F mice is driven by
hyperactivation of STAT3 via IL11 (15, 16), we next investigated
whether miR-429 expression was regulated by IL11-induced
STAT3 signaling. The augmented expression of miR-429 and
miR-200b in 4-week-old gp130F/F gastric antrum tissue was
significantly reduced to wild-type levels in antral tissue of
gp130F/F:Stat3�/þ and gp130F/F:Il11r�/- mice displaying reduced
STAT3 activation (Fig. 6A and B). Also, elevated miR-200a and
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miR-200c expression was reduced in antral tissue of mice with
compromised STAT3 signaling, albeit not significantly (Fig. 6B).
Furthermore, miR-429, miR-200a, and miR-200b expression sig-
nificantly correlated with expression of the STAT3 target gene,

Socs3 in all genotypes at this age regardless of displaying either
elevated or reduced STAT3 activation (Fig. 6C and D). Notably,
miR-429 and other miR-200 family members were also signifi-
cantly upregulated in an IL11/STAT3-dependent manner in

Figure 4.

Identification of transcripts targeted by the miR-200 family during gastric cancer tumor initiation. A, Schematic diagram for selecting candidate target genes
of miR-200 family members using the four indicated data sets. G1, downregulated genes from 4-week-old gp130F/F mice (light gray oval, n ¼ 1,240 genes);
G2, negatively correlated genes fromTCGAgastric cancer data sets (mediumgray oval, n¼ 599 genes); G3, Ago-HITS-CLIP of themiR-200 family (darkest gray oval,
n¼ 1,232 genes); G4, predicted targets fromTargetscan (dark gray oval, n¼ 193 genes). Target set 1, directly associated geneswith themiR-200 family in the context
of gastric cancer (G1þG2þG3). Target set 2, computational predicted targets in the context of gastric cancer (G1þG2þG4). B, Venn diagram showing overlap
of core genes from Target sets 1 and 2 in (A), with core genes shared among both Target sets 1 and 2 labeled with asterisk (replicated genes). C, Luciferase
reporter activity for 30UTRof selected geneswasmeasured inHEK293T cells transiently transfectedwith nontargeted control (NTC) ormiR-429mimetic (429).D and
E,MKN28 andMKN1 cells were transiently transfectedwith nontargeted control ormiR-429mimetic, after which the CRTAP expression level was examined by qPCR
(D) and Western blot analysis (E). F, Relative expression of CRTAP for Western blot was analyzed by densitometry. G, Representative Western blot analysis
showing reduced CRTAP protein expression following transfection with siRNA against nontargeted control or CRTAP in MKN28 and MKN1 cells. H, Cell proliferation
following siRNA transfection was measured by EdU assay. In C, D, and H, data are presented from at least three experiments performed in technical replicates,
and are presented as the mean � SEM. � , P < 0.05; �� , P < 0.01.
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12-week-old gp130F/F gastric tumor tissue (Supplementary
Fig. S5A and S5B). Consistently, a significant and positive corre-
lation also existed between miR-429 and Socs3 among all 12-
week-old antrum tissue (Supplementary Fig. S5C and S5D). These
findings were also evident for the STAT3-regulated miR-21
(Fig. 6C; Supplementary Fig. S5C; ref. 28). Collectively, these
data demonstrate that augmented miR-429 expression is
associated with IL11-driven STAT3 hyperactivation during the

initiation and early establishment phases of gastric tumorigenesis
in the gp130F/F mouse.

We next examined whether miR-429 expression in human
gastric epithelial (cancer) cells is stimulated by IL11, which is
the main STAT3-activating cytokine during gastric tumorigenesis
(15, 35). In AGS and MKN28 human gastric cancer cells,
expression of miR-429, miR-200a, and 200b, along with SOCS3
and miR-21, was induced within 0.5–1 hour of IL11 treatment

Figure 5.

The prognostic value of the miR-200 family–associated transcriptomic signature in human gastric cancer. A and B, miR-200 family–associated 15-gene
signature is analyzed for Spearman correlation with miR-429 (A) or all miR-200 family members (B) in TCGA gastric cancer patients (n ¼ 236). C, F, and
I, Heatmaps generated by consensus ssGSEA clustering showing the stratification of gastric cancer patients into miR-200 family–associated gene signature
expressing "high" (200 high) and "low" (200 low) subgroups, in TCGA (C), Singapore (GSE15459; F), and ACRG (GSE62254; I) cohorts with follow-up information.
In C only, a separate heatmap (far left) for available paired nontumor (NT) tissue is provided, along with the coincident expression of miR-200 family
members (bottom).D,G, and J,Kaplan–Meier overall survival curves for subgroupswith "200 high" and "200 low" in TCGA (D), Singapore (G), andACRG (J) cohorts.
E, H, and K, ROC curves of the miR-200 family gene signature for diagnosing stage IA in TCGA (E), and stage I in Singapore (H) and ACRG (K) cohorts.
L–O, ROC curves of the 15-gene signature for postoperative diagnosis: T1 (L), well- to moderately differentiated papillary and tubular subtype (M), and T1
patients with well-to-moderate differentiated papillary and tubular subtypes (N), along with T1a patients plus well- to moderately differentiated papillary and
tubular subtypes (O) in updated TCGA cohorts. Patient numbers that satisfied each of these criteria are indicated in each respective panel.
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(Fig. 6E–G; Supplementary Fig. S5E–S5G). In contrast, CRISPR/
Cas9-mediated ablation of STAT3 expression (and thus
activation) in both AGS and MKN28 cells (Supplementary

Fig. S6A–S6E) suppressed the ability of IL11 to upregulate
miR-429, as well as SOCS3 and miR-21 (Fig. 6E–G; Supplemen-
tary Fig. S5E–S5G). The notion that miR-429 expression is

Figure 6.

STAT3 activation correlates with miR-429 and other miR-200 members in mouse and human gastric epithelial cells. A, Representative Western blots with the
indicated antibodies of lysates from gastric antral tissue of 4-week-old gp130þ/þ (þ/þ), gp130F/F (F/F), gp130F/F:Stat3�/þ (F/F:St3) and gp130F/F:Il11r�/� (F/F:11R)
mice. B and C, qPCR of miR-200 family members, along with miR-21 and Socs3, in antral gastric tissue from 4-week-old mice (n ¼ 6 per genotype).
D, Correlation between expression of Socs3 (as a measure of STAT3 activity) and miR-200 family members in mouse antral tissue from all 4-week-old genotypes.
E, Western blots of lysates from MKN28 cells transduced with nontargeted control sgRNA (NTCsg) and STAT3 sgRNA (ST3KO) following hIL11 stimulation
(200 ng/mL). F and G, qPCR of the indicated miRNAs and SOCS3 in MKN28 cells from E. H, Western blots of lysates from MKN28 cells stably expressing
empty vector (EV) or wild-type STAT3 (ST3WT). I, qPCR of miRNAs and SOCS3 corresponding to MKN28 cells in H. In B and C, expression data are presented from
technical triplicates following normalization against snoRNA-202, whereas in F,G, and I, expression data are presented from at least three experiments performed in
technical triplicates following normalization against U6. Expression data are presented as the mean � SEM (� , P < 0.05; �� , P < 0.01; ���� , P < 0.0001).
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upregulated by IL11-induced STAT3 activation was also sup-
ported by the stable overexpression ofwild-type STAT3 inMKN28
cells, whereby IL11 stimulation significantly augmented expres-
sion of miR-429, miR-21, and SOCS3 above that observed in
control cells transduced with empty vector (Fig. 6H and I).

We next investigated whether the STAT3-mediated upregula-
tion of miR-429 was at the transcriptional level. However,
expression levels of pri-miR-429, unlike mature miR-429, were
unchanged in MKN28 cells following IL11 treatment (Supple-
mentary Fig. S6F and S6G). Overexpression of wild-type STAT3
along with a full-length or truncated miR-200b-200a-429 pro-
moter-reporter construct in HEK293T cells also had no effect on
the transcriptional activity of either promoter construct, where-
as significantly increased luciferase activity was observed with
a control STAT3-regulated TLR2 promoter reporter (17) or
upon cotransfection with the transcriptional activator CREB
binding protein (CBP; Supplementary Fig. S6H–S6K). There-
fore, these data suggest that during gastric tumorigenesis,
STAT3 augments the expression of the miR-200 family inde-
pendent of any direct transcription factor activity on the miR-
200b-200a-429 promoter.

Discussion
It is well established that miR-200 family members play a key

role in modulating metastasis-associated processes during
advanced stages of cancer progression, which invariably have
been attributed to suppression of EMT, and more recently regu-
lation of oxidative stress and the cell secretome (36–38). How-
ever, themiR-200 family has been assigned oncogenic and tumor-
suppressive roles in diverse cancers, as evidenced by their upre-
gulation in lung, ovarian, and esophageal cancers, and conversely
downregulation in hepatocellular and gastric cancers (39, 40).
Also, miR-200 family upregulation can have opposing effects on
cancer patient prognoses, with high expression correlated with
increased (e.g., ovarian) or reduced (e.g., breast) survival rates
(36, 37). While these observations imply that the expression and
function of miR-200 family members is influenced by cell type
and tissue specificity, it is notable that also within a cancer type
(e.g., colorectal, lung), family members such as miR-429 are
differentially expressed and display contrasting anti- and protu-
morigenic roles (39, 41), suggesting that at least in some cancers,
the role of the miR-200 family is also stage-dependent.

Considering the paucity of information on the role of miR-200
family members during the early initiation stages of tumorigen-
esis, here we reveal that miR-429 and other miR-200 family
members are upregulated in preneoplastic gastric epithelial tissue
of gp130F/F mice, and display a dynamic expression profile in
human gastric cancer, which is characterized by the selective
upregulation only in EGC, namely TNM stage IA. Indeed, the
steady decline inmiR-200 familymembers' expression from stage
IB onwards toward themore advanced disease stages is consistent
with their tumor suppressor functions (21, 42). In this respect, our
current findings suggesting that miR-200 familymembers display
a bimodal functionality in gastric cancer align with their differ-
ential and stage-dependent expression, and provide a strong
molecular stratification of early versus late-stage gastric cancer.
In support of a disease stage-dependent contrasting role for
miR-200 family members in gastric cancer, our in vitro data
demonstrate that miR-429 overexpression in the MKN28 epithe-
lial-like gastric cancer cell line supports a hyperproliferative

response, while conversely, its upregulation in mesenchymal-like
MKN1 gastric cancer cells inhibits their proliferative potential.

A key outcome of our current study was the discovery of a
stringent miR-200 family–associated 15-gene signature implicat-
ed in the initiating stages of EGC, which included several genes
controlling cytoskeleton dynamics (e.g.,MSN; ref. 21), and iden-
tification of CRTAP as a miR-200 family target gene whose
expression can influence cell growth dependent on the histologic
cellular gastric cancer subtype. Importantly, in three independent
gastric cancer patient cohorts, expression of this 15-gene signature
strongly aligned (inversely) with the dynamic expression profile
of miR-200 family members throughout early to late stages of
disease, and demonstrated the independent capacity as a signif-
icant predictor of patient survival. Moreover, we demonstrate that
the clinical utility of the signature integrates multiple key indi-
cators of EGC, such as tumor invasion depth, differentiation,
histology and stage, and the predictive power of this signature for
patient survival is superior to either histology, differentiation, or
the depth of invasion alone. Therefore, we propose that this
signature provides a novel molecular marker, which strongly
aligns with the current guidelines for endoscopic resection criteria
and the evaluation of prognosis for EGC patients (34), to com-
plement endoscopic-based procedures, especially in cases when
an accurate preoperative endoscopic diagnosis for the depth of
invasion such as T1b or T2 is challenging. Furthermore, our data
showing that low expression of the miR-200 family-associated
gene signature (or high miR-200 family expression) exhibited a
strong association with tumor grade 1–2 (well-to-moderate dif-
ferentiated) and tubular/papillary histologic subtypes, which are
indicative of favorable outcomes based on current guidelines,
suggest that the clinical utility of the gene signature can extend to
distinguishing histopathologic characteristics of EGC, which is a
key factor influencing tumor recurrence and prognosis following
endoscopic treatment.

Although the miR-200 family and associated gene signature
displayed no significant correlation with lymph node involve-
ment, a previous study by Gotoda and colleagues suggested that
the risk of lymphnodemetastasis could still beminimized in EGC
patients with limited invasion depth (confined to submucosal
layer) and with well-differentiated histology (43). Therefore, we
propose that EGC patients with high miR-200 family (low gene
signature) expression would have minimal risk of lymph node
metastasis, although we do acknowledge that a large prospective
study is required for further validation of this hypothesis.

It is also worth considering our findings with recent studies
showing that impaired expression of miR-200 family members,
predominantly miR-200b and miR-200c, is a marker of poor
prognosis for gastric cancer patients (13, 14, 44), which concur
with our data revealing that high miR-200 family expression is a
favorable prognostic factor. In addition, we refer to a recent
retrospective study by Sohn and colleagues (45) in advanced
gastric cancer patients, whichdeveloped apredictionmodel based
on four molecular subtypes of advanced gastric cancer, derived
from TCGA data sets, to stratify patients by overall survival and
adjuvant chemotherapy outcomes (7). While the clinical poten-
tial of such a study to the management of advanced-stage disease
patients is clear, unlike our current study, there was no specific
analysis of early-stage disease (i.e., TNM I), and therefore such
studies have limited scope for EGC.

It is also worth noting that our current study does not assess
any effectiveness of postoperative treatment regimens because
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aggressive clinical treatments such as chemotherapy or other
multimodal treatments are only considered in advanced stage
patients or in cases with recurrence following minimal invasive
treatment. While the survival of TCGA gastric cancer patients can
be improved by the addition of chemotherapy, our data reveal
that high miR-200 family/low gene signature expressing patients
are at a relative earlier disease stage, with less than half of the
patients (41%) having pre/postoperative chemotherapy, suggest-
ing that the benefit from chemotherapy treatment in such patients
for a favorable prognosis is limited. Importantly, the clinical
potential of our current retrospective study in EGC, along with
that by Sohn and colleagues in advanced-stage gastric cancer, now
set the stage to further verify the clinical implications of molec-
ular-based signatures for early and advanced gastric cancer in
larger prospective cohorts.

Another keyfindingof our studywas thatmiR-429 expression is
positively regulated by IL11/STAT3 signaling, a key driver of
gastric cancer (15, 35). Intriguingly, however, STAT3 did not
appear to directly transcriptionally regulate miR-429 at the tran-
scriptional level, and while themechanism requires further inves-
tigation, this finding is perhaps not surprising as the five miRNAs
of the miR-200 family exhibit highly-correlated expression pat-
terns and exist on two separate loci (Fig. 5C; Supplementary Fig.
S2B andS6I). In this respect,we cannot exclude the possibility that
STAT3 may indirectly regulate miR-200 family members via its
transcriptional regulation of miRNA processors, such as DDX1
(46), which in turn regulate miR-200 family maturation. Con-
sidering the lack of clinical efficacy of targeting STAT3 in meta-
static disease settings (47), our currentfindings on the importance
of the STAT3/miR-200 family axis in early stage of disease, along
with our previous reports for IL11/STAT3 signaling playing a
critical role in gastric cancer initiation (15, 16), suggest that
modulation of the STAT3 pathway in the localized EGC setting
should be considered in the clinic.

In summary, we reveal here that upregulation of the IL11/
STAT3/miR-200 family axis is associated with EGC (Supplemen-
tary Fig. S6L). Furthermore, the discovery of the miR-200 family
and its 15-gene signature provides a potential novel molecular
marker for "early and lessmalignant" tumors to accurately stratify
EGC patients for endoscopic resection, as well as inform prog-
nosis in gastric cancer. In addition, our current data now also
provide the platform to evaluate the potential therapeutic efficacy

ofmiR-429 blockade on arresting tumor initiation (for instance in
our gp130F/F EGC model). An important consideration that also
arises from our current study demonstrating the dynamic expres-
sion profile of miR-200 family members throughout multiple
stages of gastric cancer is the need for future studies on gastric
cancer, and other cancers, to evaluate the expression ofmiRNAs in
all stages of disease, the results of which can influence interpreta-
tions as to whether a specific miRNA has tumor-suppressive or
oncogenic behavior.
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