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Introduction

Gastric cancer (GC), despite its general declining incidence, 
remains the fourth most common cancer and the third leading 
cause of cancer-related death worldwide (Cancer Genome Atlas 
Research Network, 2014; Siegel et al., 2014). The evolution of 
GC has been characterized as progressing through a multistep 
process whereby cells acquire a series of genetic and epigene-
tic alterations in key growth-regulatory genes that endow them 
with proliferative and survival advantages. These alterations can 
occur in a cancer cell–intrinsic fashion or can be provoked by 
extrinsic signals from the tumor microenvironment (Fearon and 
Vogelstein, 1990; Correa, 1992; Hanahan and Weinberg, 2011). 
Helicobacter pylori is a gram-negative bacterium that specifi-
cally colonizes mammalian gastric epithelium and is considered 
to be the strongest known risk factor for gastric malignancies. 
Infection with H. pylori and the resulting chronic inflammation 
is a major step in the initiation and development of GC. Epi-
demiological studies have determined that the attributable risk 
for GC conferred by H. pylori is ∼75% (Herrera and Parsonnet, 
2009; Polk and Peek, 2010). In addition to causing general in-
flammatory stress, H. pylori infection activates multiple criti-
cal pathways in gastric epithelial cells, including nuclear factor 

κB (NF-κB) and activator protein 1 (AP-1) signaling pathways 
(Ding et al., 2010). Sustained and constitutive activation of 
NF-κB and AP-1 transcription factors (TFs) affects various 
cellular functions, leading to increased inflammatory cytokine 
production, altered epithelial cell proliferation, and apoptosis 
rate, finally resulting in epithelial cell oncogenic transformation 
(Eferl and Wagner, 2003; Quante et al., 2013). Physiologically, 
cells can use several mechanisms to turn off those activated TFs 
to avoid prolonged and detrimental inflammatory responses 
(Ruland, 2011); however, such responses are seemingly over-
come during the progression toward carcinogenesis, and the un-
derlying regulatory mechanisms have yet to be fully explored.

miRNAs are a class of small noncoding RNA that post-
transcriptionally regulate gene expression through binding to 
the 3′-UTR of target mRNAs. The effect of these interactions 
elicits either the inhibition of the translation of the targeted 
mRNAs and/or their degradation (Bartel, 2004). The functions 
of miRNAs have been found to extend to both physiological 
and pathological conditions, including cancer. In human cancer, 
miRNAs regulate the expression of important cancer-related 
genes and thereby function as oncogenes or tumor suppres-
sor genes (Esquela-Kerscher and Slack, 2006). Among them, 
miR-7 has recently been found to be down-regulated and plays 
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a tumor suppressor role in several gastrointestinal cancer types 
through targeting different oncogenes (Fang et al., 2012; Zhang 
et al., 2013, 2014; Li et al., 2014; Ma et al., 2014). Our pre-
vious study also indicated that miR-7 inhibits metastatic GC 
cells undergoing epithelial–mesenchymal transition through the 
miR-7–IGF1R–Snail pathway (Zhao et al., 2013). However, 
the potential roles of miR-7 in gastric carcinogenesis remain 
largely unknown. Given that one specific miRNA is capable of 
targeting multiple genes, it is of particular interest to identify 
novel miR-7 targets that are causally involved in gastric car-
cinogenesis. In addition, as an important class of regulatory 
RNAs, miRNAs themselves are regulated (Siomi and Siomi, 
2010). Kong et al. (2012) reported that miR-7 expression in GC 
specimens was inversely correlated with the levels of certain cy-
tokines, indicating that miR-7 down-regulation is related to the 
host inflammatory responses. However, the underlying mecha-
nisms by which inflammation contributes to the dysregulation 
of miR-7 remain to be investigated.

In this study, we used an integrated approach and identi-
fied RELA and FOS as important targets of miR-7 in GC. We 
systematically validated the tumor-suppressive role of miR-7 by 
repressing RELA and FOS in a series of experiments performed 
in in vitro and in vivo models. In addition, we discovered a 
novel miR-7/IKKε/RELA reciprocal feedback loop, whose per-
turbation may promote the initiation and development of GC 
induced by H. pylori infection.

Results

Identification of miR-7 targets by the 
combination of proteomic and 
transcriptomic profiling
To gain insight into the overall miR-7–regulated genes in GC, 
we combined the proteomic and transcriptomic approaches to 
identify novel targets of miR-7. For that purpose, we transfected 
BGC823 cells with miR-7 mimics and negative controls. In-
creased expression of miR-7 upon transfection was confirmed 
by real-time PCR (Fig. S1). We used an iTRAQ-based quan-
titative proteomic approach to search for putative miR-7 tar-
gets. Equal amounts of protein lysates from cells transfected 
with miR-7 and controls were used for iTRAQ analysis as out-
lined in Fig. 1 A. In addition, we performed a cDNA microar-
ray to examine the effects of miR-7 on BGC823 transcriptome. 
We found that miR-7 overexpression resulted in considerable 
changes in gene expression at the mRNA and protein levels 
(Fig. 1 B). Of the 3,129 common proteins quantified by iTRAQ 
in two biological replicates, 1,377 protein abundance values 
were cross-referenced with microarray data. We observed a 
Spearman rank correlation of 0.47 between protein and mRNA 
abundance for these genes (Fig. 1 C). Using twofold as a cut-off 
to designate differentially expressed genes, we found 180 genes 
that were down-regulated at the mRNA level, 75 genes that 
were down-regulated at the protein level, and 39 down-regu-
lated genes that overlapped at both mRNA and protein levels in 
BGC823 cells after miR-7 overexpression (Fig. 1 D and Tables 
S1, S2, S3, S4, and S5). We used three bioinformatic algorithms 
and found that 16 out of the 39 genes contain miR-7 binding 
sites (Table S3). Among them, RELA is a prominent member 
of the NF-κB TF family; we also noticed that FOS, a key com-
ponent of AP-1, was significantly down-regulated at the mRNA 
level and carried three potential miR-7 target sites (Table S1). 

These data, along with the notion that both NF-κB and AP-1 
are critical TFs that orchestrate the expression of many genes 
involved in cell proliferation and survival, led to the hypoth-
esis that RELA and FOS might be important targets of miR-7 
during gastric carcinogenesis.

miR-7 directly targets RELA and 
FOS 3′-UTRs
To verify whether RELA and FOS are direct targets of miR-
7, we performed luciferase reporter assays in BGC823 cells. 
RELA and FOS 3′-UTRs containing the miR-7 binding sites 
and their mutant counterparts were cloned downstream of the 
luciferase open reading frame (Fig.  2  A). miR-7 overexpres-
sion suppressed luciferase activities of the RELA and FOS 
3′-UTR reporter constructs, whereas the effect was abolished 
when two and three mutations were introduced into their seed 
sequences, respectively (Figs. 2 B and S2 A). Moreover, the 
mRNA and protein levels of RELA and FOS were substantially 
decreased after the ectopic expression of miR-7 in BGC823 
and SGC7901 cells, as indicated by real-time PCR and West-
ern blotting. Conversely, knockdown of miR-7 increased the 
mRNA and protein levels of RELA and FOS (Fig. 2, C and D; 
and Fig. S2 B). These results supported our high-throughput 
screening results and demonstrated RELA and FOS as direct 
targets of miR-7 in GC cells.

miR-7 expression and its correlation with 
clinicopathological characteristics of 
GC patients
Having noted that miR-7 down-regulates RELA and FOS ex-
pression in GC cells, we investigated whether the regulation also 
occurs in vivo. We first investigated the expression of miR-7, 
RELA, and FOS in freshly collected GC samples. We observed 
that almost all of the GC samples exhibited a down-regulation of 
miR-7 and up-regulation of RELA and FOS compared with their 
adjacent normal tissues (Fig. 3, A and C) and an inverse correla-
tion between miR-7 and RELA or FOS (Fig. 3 D). Moreover, 
we examined miR-7 expression by in situ hybridization (ISH) 
analysis in a cohort of 106 GC samples, followed by immuno-
histochemistry (IHC) staining for RELA and FOS. As shown 
in Fig. 3 E, GC with low miR-7 expression exhibited a more 
malignant phenotype, whereas GC with high miR-7 expression 
exhibited more epithelial-like characteristics with the formation 
of gland-like tubular structures. Consistently, an inverse expres-
sion pattern between miR-7 and RELA or FOS was also ob-
served (Fig. 3 F). Furthermore, correlation analysis showed that 
low miR-7 expression was significantly associated with a more 
aggressive phenotype in GC (Table 1). Kaplan-Meier analysis 
revealed that low miR-7 expression was associated with shorter 
disease-free survival (Fig. 3 G). Cox regression analysis indi-
cated that low miR-7 expression was an independent prognostic 
factor for poor survival in GC patients (Table 2).

Suppression of RELA and FOS is 
functionally important for the biological 
effects of miR-7
To confirm the expression of miR-7 in GC cells, real-time PCR 
analysis for miR-7 as well as another two previously reported 
dysregulated miRNAs (miR-21 and let-7a; Song and Ajani, 
2013) was performed in BGC823 and SGC7901 cells, and the 
results were compared with that of GES cells, an immortalized 
gastric epithelial cell line (Fig. S3 A). To elucidate the biolog-
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ical significance of miR-7 in gastric carcinogenesis, we exam-
ined the effects of miR-7 on proliferation and clonogenicity in 
BGC823 and SGC7901 cells. We observed that the overexpres-
sion of miR-7 reduced the proliferation rate and caused G0/G1 
arrest in both BGC823 and SGC7901 cells (Fig. 4 A). The abil-
ity of miR-7 to inhibit cell proliferation was further confirmed 
by colony formation assays in BGC823 cells (Fig. 4 B). Soft 
agar colony formation assays indicated that miR-7 also reduced 
the ability of GC cells to grow in an anchorage-independent 
manner (Fig. 4 C). In contrast, the inhibition of miR-7 acceler-
ated GC cell growth and cell cycle progression (Fig. 4, A–C). 
Furthermore, the overexpression of miR-7 increased, whereas 
the inhibition of miR-7 decreased, the percentage of early apop-
totic cells in SGC7901 and BGC823 cells compared with con-
trol cells (Fig. 4 D). In addition, the overexpression of miR-7 
sensitized the multi-drug–resistant GC cell line SGC7901/VCR 
to the chemotherapeutic agents cisplatin and 5-fluorouracil, 
whereas the inhibition of miR-7 rendered the cells more re-
sistant to these treatments (Fig. 4 D). We next tested whether 
RELA and FOS represent miR-7 mediators whose dysregula-
tion is required for GC cell growth. We used siRNAs to knock 
down RELA and FOS in GC cells (Fig. S3 B). Similar to what 
was observed upon miR-7 overexpression, RELA and/or FOS 
silencing impaired GC cell proliferation (Fig.  4  E). We fur-
ther investigated whether the reduced proliferation induced by 
miR-7 was mainly mediated by targeting RELA and FOS. We 

constructed RELA- and FOS-expressing plasmids containing 
wild-type or mutant miR-7 binding sites in their 3′-UTRs and 
transfected them into SGC7901 and BGC823 cells (Fig. S3 C). 
As expected, the ectopic expression of RELA or FOS with mu-
tant 3′-UTR rescued the function of RELA and FOS and exhib-
ited a stronger proliferation potential than the expression of the 
wild-type gene when cotransfected with miR-7 (Figs. 4 F and S3 
D). Collectively, these results demonstrate that miR-7 plays an 
important role in inhibiting the tumorigenicity of GC cells and 
that RELA and FOS are important mediators of miR-7’s effects.

miR-7 suppresses the tumor growth of the 
GC cell xenograft in nude mice
To explore the relationship between miR-7 and tumorigenesis 
in vivo, the xenograft model of GC cells in nude mice was ad-
opted. We used lentiviral vectors for the stable expression of 
miR-7 (LV-miR-7) and miR-7 inhibitor (LV-anti-7) in BGC823 
cells. The expression of mature miR-7 (miR-7-5p) was con-
firmed by real-time PCR (Fig. S4 A). BGC823 cells that stably 
expressed LV-miR-7, LV-anti-7, or their controls were injected 
subcutaneously into each flank of nude mice. The tumor vol-
umes were monitored, and the growth curves of the tumors were 
plotted accordingly. We found that miR-7 overexpression sig-
nificantly decreased tumor growth and the inhibition of miR-7 
promoted tumor growth in vivo (Fig. 5, A–C). We further per-
formed IHC staining for Ki67, PCNA, RELA, and FOS in the 

Figure 1.  Proteomic and transcriptomic iden-
tification of miR-7 targets. (A) Workflow for the 
identification of differentially expressed pro-
teins between miR-7 mimic (miR-7)–transfected 
and miRNA mimic negative control (miR ctrl)–
transfected BGC823 cells. 113, 115, 114, 
and 116 indicate the iTRAQ reporter ions. 
LC-MS/MS, liquid chromatography coupled 
to tandem mass spectrometry. (B) Heat maps 
depict the relative expression of all transcripts 
(n = 13,400) and proteins (replicate 1, n = 
5,184; replicate 2, n = 4,303) in BGC823 
cells after miR-7 overexpression compared 
with control cells. Intensities are normalized 
for each gene in each row. Values express 
the log2 transformed fold change. (C) Protein 
abundance compared with mRNA abundance, 
relative to control cells, for 1,377 genes in 
BGC823 cells. Genes containing miR-7 target 
sites (red dots) in their 3′-UTR exhibited signifi-
cantly reduced expression at both mRNA and 
protein levels. (D) Overlap between differen-
tially expressed (log2-fold change less than −1) 
transcripts and proteins identified in the four-
plex experiment. The data shown are from two 
sets of biological replicates.
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tumors. Compared with the negative control, miR-7 overexpres-
sion significantly suppressed proliferative activity, as indicated 
by the percentage of cells positive for Ki67 and PCNA staining, 
and inhibited RELA and FOS protein expression. In contrast, 
miR-7 inhibition increased the percentages of Ki67- and PC-
NA-positive cells and the levels of RELA and FOS expression 
(Fig. 5 D). We extracted the proteins from the tumors and exam-
ined the protein expressions of RELA, FOS, PCNA, and cyclin 
D1 by Western blot. The results show that miR-7 overexpres-
sion significantly inhibited the expression of these proteins, but 
miR-7 inhibition increased the levels of these proteins (Fig. S4 
B). These in vivo observations confirmed the key role of miR-7 
in the control of GC cell growth and may serve as a potential 
therapeutic target for GC treatment.

miR-7 regulates RELA activation by 
modulating IKKε
Accumulated evidence indicates that cancers associated with 
chronic inflammation are frequently dependent on aberrant 
NF-κB activity (Karin and Greten, 2005); we therefore sought 
to determine whether miR-7 counteracts the NF-κB activity in 
response to inflammatory stimuli in gastric cells. We observed 

that the inhibition of miR-7 increased RELA protein levels 
and the overexpression of miR-7 attenuated lipopolysaccha-
ride-induced RELA activation in GES cells (Figs. 6 A and 
S4 C). Interestingly, the manipulation of miR-7 expression 
not only reduced total RELA levels but remarkably changed 
RELA phosphorylation (p-RELA). We investigated whether 
the change in p-RELA is exclusively caused by the inhibi-
tory effect of miR-7 on total RELA protein level or whether 
any other upstream regulatory elements are involved. We ex-
amined the expression of IκBα, a major inhibitor of NF-κB, 
and found that miR-7 overexpression decreased IκBα but 
increased the phosphorylation of IκBα (p-IκBα), indicating 
that the degradation of IκBα was involved in the miR-7–me-
diated regulation of RELA. The degradation of IκBα depends 
on the phosphorylation of the IκB kinase (IKK) complex, 
which contains IKKα, IKKβ, IKKε, and TBK1 (Clément et 
al., 2008). Analyzing their 3′-UTRs revealed that CHUK (en-
coding IKKα) and IKBKE (encoding IKKε) contain a putative 
binding site for miR-7 (Fig. 6 B). We found that miR-7 over-
expression or inhibition affected the protein levels of IKKε 
but not IKKα in both GES and BGC823 cells (Figs. 6 C and 
S4 D). Luciferase reporter assays further demonstrated that 

Figure 2.  miR-7 directly targets RELA and FOS. (A) Predicted duplex sequences between wild-type (WT) or mutant (mut) RELA and FOS 3′-UTRs and miR-
7. The red and bold portions of the sequences represent the mutant miR-7 binding sites in RELA and FOS 3′-UTRs. (B) Luciferase activity derived from the 
indicated 3′-UTR reporter constructs after cotransfection into BGC823 cells with miR-7 mimic (miR-7)–transfected and miRNA mimic negative control (miR 
ctrl)–transfected BGC823 cells. (C and D) Western blot (C) and real-time PCR (D) analysis of RELA and FOS protein and mRNA levels after the transfection 
of miR-7, miR-7 inhibitor (anti–miR-7), or their negative controls (miR ctrl and anti-miR ctrl) in BGC823 and SGC7901 cells. Histograms show the means ± 
SD (error bars) of three experiments performed in triplicates. *, P < 0.05; **, P < 0.01; N.S., not significant (P > 0.05).
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miR-7 directly targets the IKBKE 3′-UTR (Fig.  6  D). How-
ever, IKBKE mRNA was unaffected by the overexpression or 
inhibition of miR-7 (Fig. S4 E). Furthermore, we transfected 
GES cells with an IKKε construct containing a wild-type or 
mutant 3′-UTR and treated them with miR-7 mimics. We 
found that the overexpression of IKKε with a mutant 3′-UTR 
partly restored both phosphorylated and total forms of RELA 
in the context of miR-7 overexpression (Figs. 6 E and S4 F). 
These findings demonstrated that IKKε is involved in the 
miR-7–mediated modulation of RELA activation.

miR-7 and NF-κB signaling forms a double-
negative feedback loop in GC cells
A previous study reported that miR-7 expression was inversely 
correlated with interleukin-1β and tumor necrosis factor α lev-
els in GC samples (Kong et al., 2012). Because both of these cy-
tokines can induce NF-κB activation (Li and Verma, 2002), we 
suspected that NF-κB signaling may regulate miR-7 expression. 
Consistent with this conjecture, the ectopic expression of IKKε 
or RELA in GES cells reduced the expression of the primary 
transcript (pri-miR-7) and mature miR-7. Conversely, BGC823 

Figure 3.  Clinical relevance of miR-7 and expression of its targets in GC. (A–C) Real-time PCR analysis of miR-7 (A), RELA (B), and FOS (C) expression lev-
els from 20 freshly collected GC and their adjacent normal tissues (left). Analysis of the miR-7, RELA, and FOS expression levels from the 20 paired gastric 
tissues according to their tumor stage (right). (D) Correlation between miR-7 expression and RELA and FOS expression in the clinical samples described. 
(E) Representative images of ISH staining for miR-7 and IHC staining for RELA and FOS in low and high miR-7 expression GC cases. Bars: (main) 100 µm; 
(inset) 500 µm. (F) The association between miR-7 expression and RELA and FOS levels in GC specimens. (G) Kaplan-Meier overall survival curves for GC 
patients with low and high expression of miR-7. The low and high expression levels of miR-7 were evaluated semi-quantitatively by staining intensity (low, 
no or weak staining; high, moderate or intense staining).
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cells treated with IKKε or RELA siRNA led to increased pri-
miR-7 and mature miR-7 expression (Fig.  7  A and Fig. S5, 
A and B). These data suggest that NF-κB signaling controls 
miR-7 expression by regulating its transcription. We analyzed 
the 2-kb region upstream from the miR-7-1, -2, and -3 precur-
sor coding sequences using the University of California Santa 
Cruz Genome Browser and identified seven clusters of putative 
NF-κB binding sites (referred to as A–G) located 1,319, 459, 
and 185 bp upstream of the miR-7-1 precursor sequence, 1,215 
and 719 bp upstream of the miR-7-2 precursor sequence, and 
1,774 and 250 bp upstream of the miR-7-3 precursor sequence 
(Fig. 7 B). Chromatin immunoprecipitation (ChIP) analysis fur-
ther showed that RELA was bound to the A, B, and E sites in 
both BGC823 and SGC7901 cells (Fig.  7  B). These findings 
thus suggested that a double-negative feedback loop may exist 
between miR-7 and NF-κB signaling. Indeed, IKKε and nuclear 
RELA were significantly decreased in miR-7–overexpressing 
cells and increased when miR-7 was suppressed (Fig. 7 C). Fur-

thermore, the ectopic expression of miR-7 significantly attenu-
ated the expression of known NF-κB target genes in both GC 
cells (Fig. 7 D). These data suggest that miR-7 and IKKε/RELA 
can reciprocally regulate each other.

Because H.  pylori stimulation has been shown to in-
duce aberrant NF-κB activation and cause gastric chronic 
inflammation (Maeda et al., 2000), we hypothesized that the 
down-regulation of miR-7 by increased NF-κB activity may 
be attributable to H. pylori infection. Indeed, the co-culture of 
GES cells with H.  pylori resulted in a pronounced induction 
of IKKε and RELA, which was accompanied by a repression 
of miR-7 expression. Furthermore, pretreatment of GES with 
the NF-κB inhibitor BAY 11–7082 resulted in the down-regu-
lation of IKKε and RELA and the partial inhibition of miR-7 
repression (Fig. 7 E and Fig. S5, C and D). Collectively, these 
results indicate that H. pylori infection disrupts this circuit via 
the induction of IKKε and RELA, which may contribute to 
the down-regulation of miR-7.

Table 1.  Correlation of miR-7 expression in 106 cases of GC tissue with patients’ clinicopathological variables

Variables miR-7 expression P-value

All cases n = 106 Low expression n = 67 High expression n = 39

Gender 0.652
Male 67 50 17
Female 39 27 12
Age (years) 0.515
≤57.1a 55 38 16
>57.1 51 39 12
Tumor size (cm) 0.002
≤5 51 30 21
>5 55 47 8
Grade of differentiation 0.007
Grade 1 6 1 5
Grade 2 46 35 11
Grade 3 54 41 13
TNM stageb 0.000
I 13 2 11
II 17 7 10
III 66 60 6
IV 7 7 0
aMean age at operation.
bThree cases with missing values.

Table 2.  Univariate and multivariate analysis of factors associated with disease-free survival of GC patients

Variables Case numbera Hazard ratios (95% CI)b P-value

Univariate analysis
Gender (male vs. female) 67/39 0.88 (0.58–1.34) 0.558
Age (>57.1 vs. ≤57.1) 51/55 1.74 (1.16–2.63) 0.008
Tumor size (>5 vs. ≤5) 55/51 1.77 (1.17–2.67) 0.007
Grade of differentiation (Grade 3 vs. Grade 1/2) 53/52 1.50 (0.99–2.27) 0.053
TNM (I/II vs. III/IV) 73/30 2.93 (1.78–4.83) 0.000
miR-7 (high vs. low) 29/77 2.82 (1.70–4.67) 0.000
Multivariate analysis
Age (>57.1 vs. ≤57.1) 51/55 1.73 (1.13–2.66) 0.011
Tumor Size (>5 vs. ≤5) 55/51 1.07 (0.68–1.70) 0.770
Grade of differentiation (Grade 3 vs. Grade 1/2) 53/52 1.32 (0.86–2.02) 0.208
TNM (I/II vs. III/IV) 73/30 2.21 (1.26–3.89) 0.006
miR-7 (high vs. low) 29/77 1.93 (1.15–3.24) 0.014
aAnalysis was conducted on 106 cases shown in Table 1.
bHazard ratios (95% confidence interval [CI]) and p-values were calculated using univariate or multivariate Cox proportional hazard regression.
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Discussion

Because each miRNA is estimated to target several hundred dis-
tinct genes, their roles are conceivably as important as TFs or 

signaling molecules in controlling various cellular processes. 
The functional characterization of an miRNA heavily relies 
on the identification of its targets and its effects on their ex-
pression (He and Hannon, 2004), but most of the newly iden-

Figure 4.  miR-7 inhibits GC cell proliferation and survival in vitro. (A) Growth curves and cell cycle analyses of the indicated GC cells transfected with 
miR-7, anti–miR-7, or their negative controls. Means ± SD (error bars) of a representative experiment (n = 3) performed in triplicates are shown. (B and 
C) Colony formation (B) and soft agar (C) assays were performed in BGC823 cells transfected with miR-7, anti–miR-7, or their negative controls. Results 
from a representative experiment (n = 3) performed in triplicates are expressed as the means ± SD. Bar, 500 µm. (D) The apoptotic rate of the indicated 
cells transfected with miR-7, anti–miR-7, or their negative controls (left) or together with cisplatin (CDDP) and 5-fluorouracil (5-FU) treatment (right). Data 
are the means ± SD of three independent experiments. (E) Growth curves (left) and colony formation assays (right) of BGC823 cells transfected with RELA 
siRNA (siRELA), FOS siRNA (siFOS), or control siRNA (siCtrl). Means ± SD of a representative experiment (n = 3) performed in triplicates are shown. (F) 
Growth curves and colony formation assays of BGC823 cells transfected with RELA (left) or FOS (right) vectors containing wild-type or mutant 3′-UTR and 
then treated with miR-7 mimic (miR-7)–transfected and miRNA mimic negative control (miR ctrl)–transfected BGC823 cells. Means ± SD of a representative 
experiment (n = 3) performed in triplicates are shown. *, P < 0.05; **, P < 0.01.
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tified mammalian miRNAs have unknown functions. Target 
identification remains a major challenge because animal miR-
NAs bind to their targets with partial complementarity over 
short sequences and the rules of targeting are not completely 
understood (Thomas et al., 2010). In this study, we combined 
quantitative iTRAQ experiments, gene expression microarray 
profiling, and bioinformatic predictions to examine the impact 
of miR-7 on gene expression and identified RELA and FOS as 
important functional targets of miR-7 in GC cells. Typically, 
bioinformatic algorithms predict hundreds to thousands of 

targets for each miRNA, but the false-positive rate of these 
programs is ∼20–70% (Sethupathy et al., 2006). In addition, 
although high-throughput methods can generate more sensitive 
and reproducible data, proteomics, as well as transcriptomic 
studies, cannot distinguish between direct and indirect miRNA 
targets (Thomas et al., 2010). Therefore, we combined these 
high-throughput methods with algorithms to filter the candi-
date gene list by requiring differentially expressed genes with 
an miRNA binding site. Using this principle, among the genes 
that were shown to be down-regulated at the mRNA and pro-

Figure 5.  miR-7 suppresses tumorigenesis in a xenograft model. (A) Representative image of tumors in nude mice after the injection of BGC823 cells 
stably expressing LV-miR-7, LV-anti-7, and their controls (n = 5). Bar, 1 cm. (B and C) Quantification of tumor weights (B) and growth curves (C) of xenograft 
tumors in mice. (D, left) Representative images of tumor samples that were stained with hematoxylin and eosin (H&E), Ki67, PCNA, RELA, and FOS by IHC. 
(right) The percentages of Ki67- and PCNA-positive cells and the levels of RELA and FOS protein expression were measured. Bars: (main) 100 µm; (insets) 
25 µm. Error bars show SDs. *, P < 0.05; **, P < 0.01.
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tein levels, RELA and FOS attracted our attention because they 
are critical components in NF-κB and AP-1 signaling and carry 
two and three miR-7 binding sites, respectively. The subsequent 
luciferase assays and functional validation supported the con-
clusion that RELA and FOS are important mediators of miR-
7’s effects in GC cells. In addition, previously validated miR-7 
targets, including YY1 (Zhang et al., 2013), IGF1R (Zhao et al., 
2013), EGFR (Kefas et al., 2008), and PIK3R3 (Xu et al., 2013), 
were among our identified genes. These results suggest that 
high-throughput screening after miRNA transfection might be 
an effective tool with which to identify miRNA targets. How-
ever, it was noteworthy that both transcriptomic and proteomic 
screening have systemic strengths and drawbacks. Microarray 
analysis produces high genomic coverage, but some targets that 
are repressed at the protein level without being affected at the 
mRNA level can be missed. Quantitative proteomic methods 
are thought to be the most direct way of identifying miRNA 
targets, but current proteomic methodologies are limited and 
cannot achieve full and comprehensive proteome coverage 
(Li et al., 2012). Collectively, the optimal approach might in-
volve combining transcriptomic and proteomic analyses for the 
screening of miRNA targets.

Evidence has shown miRNAs to be novel diagnostic and 
therapeutic tools, and the primary focus of miRNA research is 
to understand their functions and underlying molecular mech-
anisms in cancer. miR-7 has been characterized as a tumor 
suppressor in various cancers and has been shown to suppress 
multiple malignant phenotypes including cell proliferation, 
survival, migration, and invasion (Kalinowski et al., 2014).  

A series of molecules have been reported as the direct targets of 
miR-7 in different cell contexts. In glioblastoma, lung, breast, 
and prostate cancer, and head and neck cancer, miR-7 directly 
inhibits EGFR expression and downstream AKT and ERK-1/2 
activity, which retards tumor growth (Kefas et al., 2008; Web-
ster et al., 2009; Kalinowski et al., 2012). In addition, miR-7 
also targets other molecules involved in EGFR signaling, such 
as RAF (Webster et al., 2009; Rai et al., 2011; Kalinowski et al., 
2012), PAK1 (Reddy et al., 2008; Saydam et al., 2011), IRS-
1/2 (Kefas et al., 2008; Reddy et al., 2008; Giles et al., 2013), 
PIK3CD, and mTOR (Fang et al., 2012), in various cancer cell 
types, suggesting coordinated regulation of the EGFR pathway. 
Besides the EGFR pathway, miR-7 also targets IGF1R in GC 
(Zhao et al., 2013) and downstream IRS-2 and PAK1 in tongue 
squamous cell carcinoma (Jiang et al., 2010). In addition, miR-7 
has also been reported to target cell cycle– and apoptosis-re-
lated genes such as CCNE1 (Zhang et al., 2014), BCL-2 (Xiong 
et al., 2011), and XIAP (Liu et al., 2013) in liver, lung, and 
cervical cancer. Despite a significant amount of evidence sup-
porting a tumor-suppressive role for miR-7, the opposite effect 
has also been reported (Chou et al., 2010; Yu et al., 2013). These 
conflicting findings imply that the ambiguous role of miR-7 in 
regulating the complex network of oncogenes and tumor sup-
pressors in different tumor types requires further exploration. In 
the present study, we investigated the role of miR-7 in human 
GC cells and provide several lines of evidence that support 
miR-7 function as a tumor suppressor. First, we used two dis-
tinct human GC cell lines as models; in vitro gain- and loss-of-
function experiments demonstrated that miR-7 overexpression 

Figure 6.  miR-7 regulates RELA activation by modulating IKKε. (A) Western blot analysis of RELA, p-RELA, IκBα, and p-IκBα levels in GES cells after the in-
dicated treatment. LPS, lipopolysaccharide. (B) Predicted duplex sequences between CHUP and IKBKE 3′-UTRs and miR-7. (C) Western blot analysis of IKKα 
and IKKε levels in the indicated cells after miR-7 overexpression and inhibition. (D) Luciferase activity derived from the indicated 3′-UTR reporter constructs 
after cotransfection into BGC823 cells with miR-7, anti–miR-7, or their negative controls. Results show the means ± SD (error bars) of three experiments 
performed in triplicates. (E) The changes in IKKε, IκBα, p-IκBα, RELA, and p-RELA levels in GES cells when cotransfected the IKKε plasmids containing the 
wild-type or mutant 3′-UTR, along with miR-7 or control, were detected by Western blotting. *, P < 0.05; N.S., not significant (P > 0.05).
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inhibits GC cell proliferation and induces apoptosis and cell 
cycle arrest, and the stable expression of miR-7 suppresses the 
in vivo tumorigenicity of GC cells. Second, we observed that 
miR-7 was reduced in almost all GC tissues compared with 
normal tissues, and a low expression of miR-7 in GC patients 
was associated with advanced TNM stage and shorter survival 
compared with higher miR-7 levels in our cohorts. These ob-
servations suggest that miR-7 might be a potential therapeutic 
target and prognostic biomarker for GC.

With respect to the mechanism, we identified RELA and 
FOS as direct targets of miR-7 and demonstrated that the sup-

pression of RELA and FOS mediated the biological effects 
of miR-7 on gastric carcinogenesis. Our results showed that 
miR-7 bound to the complementary sites of the 3′-UTR of both 
RELA and FOS and decreased their mRNA and protein expres-
sion. Clinical data also confirmed that miR-7 expression was 
inversely associated with RELA or FOS levels. Furthermore, 
the nontargetable RELA and FOS rescued the miR-7–mediated 
suppression of GC cell proliferation and survival, suggesting 
that the inhibition of these TF family members contributes to 
the suppressive effects of miR-7. Our results support the notion 
that miRNA-induced regulatory effects can be propagated via 

Figure 7.  miR-7 and NF-κB signaling forms a double-negative feedback loop. (A) Real-time PCR analysis of the expression of pri-miR-7 in the indicated 
cells transfected with IKKε, RELA, and control (Ctrl) plasmids (left) or IKKε siRNA (siIKKε), RELA siRNA (siRELA), and control siRNA (siCtrl; right). (B, left) 
Schematic representation of the miR-7-1, -2, and -3 upstream promoter regions containing NF-κB binding sites. Black boxes, NF-κB binding sites; #1 to #7, 
PCR primer pairs for the miR-7 promoter. (right) ChIP assays revealed that RELA binds to the promoters of miR-7-1 and miR-7-2. (C) Immunofluorescence 
staining of IKKε and RELA after miR-7 overexpression or inhibition. Bar, 20 µm. (D) Changes in the mRNA expression of the NF-κB signaling pathway–reg-
ulated genes after miR-7 overexpression assessed by real-time PCR. (E) GES cells treated with H. pylori alone or together with NF-κB inhibitor BAY 11-7082 
pretreatment. (left) Protein levels of IKKε and RELA were detected by Western blotting. (middle) NF-κB activity was determined with the NF-κB luciferase 
reporter assay. (right) Pri-miR-7 expression was assessed with real-time PCR. (F) Schematic representation of the miR-7/IKKε/RELA regulatory circuit in 
human gastric cells. Histograms show the means ± SD (error bars) of three experiments performed in triplicates. **, P < 0.01.
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TFs. It has been reported that miR-504 negatively regulates p53 
protein levels and impairs p53 function by binding to its 3′-UTR 
(Hu et al., 2010). In addition, the miR-200 family was found to 
regulate the cancerous epithelial–mesenchymal transition by 
targeting the E-box–binding TFs ZEB1 and ZEB2 (Gregory et 
al., 2008; Park et al., 2008). Such an miRNA-induced TF re-
pression pattern might produce a switch-like effect to eliminate 
the expression of downstream TF targets with speed and revers-
ibility (Hobert, 2008), providing an advantage over fine-tuning 
the expression levels of single genes and playing important 
roles in cellular regulatory networks.

The activation of NF-κB is essential for regulating various 
aspects of innate and adaptive immune responses. However, sus-
tained and constitutive NF-κB activation can lead to tissue dam-
age and deleterious diseases, including cancer (Staudt, 2010). 
Therefore, activated NF-κB must be down-modulated and prop-
erly terminated, and distinct negative regulatory mechanisms 
have evolved to maintain tissue homeostasis (Ruland, 2011). 
For example, canonical NF-κB activation induces the down-reg-
ulation of its own activity by directly regulating the genes that 
encode the IκB proteins. Additionally, the direct ubiquitination 
and degradation of IKK by deubiquitinase is another means by 
which NF-κB can be turned off (Ruland, 2011). In the present 
study, in addition to the aforementioned findings that RELA ex-
pression is directly regulated by miR-7, we found that miR-7 
fine-tunes RELA activation by targeting IKKε. IKKε is an in-
ducible IKK family member and it has been associated with the 
initiation and progression of multiple cancers and might func-
tion as an oncogene for malignant transformation (Verhelst et 
al., 2013). Our results showed that miR-7 overexpression inhib-
its the augmented IKKε expression and subsequently decreases 
RELA activation in gastric cells. This effect can be attributed 
to several mechanisms (Verhelst et al., 2013). One is that the 
down-regulation of IKKε by miR-7 decreased the phosphoryla-
tion and degradation of IκBα, which blocked RELA activation. 
Another explanation might be that miR-7 targeting leads to the 
reduced participation of IKKε in the direct phosphorylation of 
RELA. Other mediating molecules, however, may also contrib-
ute to the inhibitory effect of miR-7 on RELA activation, which 
remains to be further investigated.

In addition to the negative regulation of IKKε and RELA 
by miR-7, we found a reciprocal negative regulation between 
miR-7 and IKKε/RELA in gastric cells. This model is sup-
ported by our findings that pri-miR-7 expression is suppressed 
by IKKε and RELA overexpression and is rescued by IKKε and 
RELA knockdown. Moreover, several conserved DNA binding 
clusters were found upstream of the miR-7 coding sequences, 
and ChIP assays confirmed that RELA binds to miR-7 promot-
ers. This miR-7/IKKε/RELA feedback loop may represent an 
example of a bistable system. Through this reciprocal feedback, 
each gene logically exerts positive feedback on itself, which 
correlates with the cell changing from an unstimulated state 
to an anti-inflammatory state. However, this feedback loop ap-
pears to be vulnerable to chronic environmental stress. Among 
the environmental stimuli, H. pylori infection is considered to 
be a crucial event associated with the risk of GC development 
and usually causes aberrant NF-κB activation (Maeda et al., 
2000; Polk and Peek, 2010). Our results showed that H. pylori 
infection induces IKKε expression and increases RELA activa-
tion in gastric cells, which in turn represses miR-7 expression 
and leads to an imbalance in the miR-7/IKKε/RELA feed-
back loop. The NF-κB signaling might be permanently active 

through the feed-forward nature of this loop if chronic H. py-
lori infection persists, finally driving malignant transformation 
in gastric cells (Fig. 7 F).

In summary, this study investigated the potential role and 
functional mechanisms of miR-7 in GC. Based on our findings, 
the capability of miR-7 to control RELA and FOS may lead 
to the inhibition of GC progression. Our findings revealed a 
novel miR-7/NF-κB signaling regulatory circuit in gastric cells, 
implying that it may represent a new mechanism of gastric 
carcinogenesis and hold promise for the development of poten-
tial therapeutics against GC.

Materials and methods

Human tissue collection
Paired samples of primary GC tissues and adjacent normal tissues were 
obtained from patients who had undergone GC surgery at Xijing Hos-
pital of Digestive Diseases. All samples were clinically and pathologi-
cally shown to be correctly labeled. This study was approved by Xijing 
Hospital’s Protection of Human Subjects Committee. Informed consent 
was obtained from each patient.

Cell and bacterial culture
Human GC cell lines BGC823, SGC7901, AGS, MKN28, MKN45, 
GC9811, and SGC7901/VCR and normal gastric epithelial cell line 
GES were cultured in RPMI-1640 medium (HyClone) with l-gluta-
mine, 10% fetal calf serum, and 1% penicillin-streptomycin. H. pylori 
strain 26695 was inoculated onto chocolate agar plates (BD) at 37°C 
under microaerophilic conditions using an anaerobic chamber (BD). 
Before H.  pylori infection, GES cells seeded in 10-cm dishes were 
cultured to reach 80% confluency and washed twice with fresh cell 
culture medium containing no antibiotics. H.  pylori was harvested, 
washed with PBS, and then resuspended into antibiotic-free cell cul-
ture medium. H. pylori was then added to GES cells at a multiplicity 
of infection of 100:1 and incubated for 24 h. The NF-κB inhibitor BAY 
11-7082 (Santa Cruz Biotechnology, Inc.) was dissolved in DMSO 
(Sigma-Aldrich) and added to the cells 30 min before infection.

Mice
Female BALB/c nude mice were provided by the Experimental An-
imal Center of the Fourth Military Medical University. All animals 
were housed and maintained in pathogen-free conditions. All animal 
studies complied with the Fourth Military Medical University animal 
use guidelines, and the protocol was approved by the Fourth Military 
Medical University Animal Care Committee.

Constructs, oligonucleotides, and reagents
Expression vectors encoding RELA, FOS, and IKBKE were con-
structed by cloning the open reading frames and downstream 3′-UTRs 
into the pcDNA 3.1 vector (Invitrogen) between HindIII and EcoRI sites 
for expression driven by the CMV promoter. The 3′-UTR fragments of 
RELA, FOS, and IKBKE containing miR-7 putative target sites were 
amplified and cloned between XhoI and NotI sites downstream of the 
SV40 promoter-driven Renilla luciferase cassette in psiCHECK-2 
(Promega). A site-directed mutagenesis kit (Agilent Technologies) 
was used to mutate the miR-7 binding sites of these vectors accord-
ing to the manufacturer’s instructions. An NF-κB reporter plasmid 
(pGL4.32 plasmid) that contains the SV40 promoter was purchased 
from Promega. The miR-7-5p (LV-miR-7) and shRNA-miR-7-5p (LV-
anti-7) sequences were amplified and cloned into the pGC-FU vector 
(GeneChem) between XhoI and BamHI sites for expression driven by 
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the CMV promoter. Virus packaging was performed in HEK 293T cells 
after cotransfection using Lipofectamine 2000 (Invitrogen) of lentiviral 
vectors with the packaging plasmid pHelper 1.0 vector (GeneChem) 
and the envelope plasmid pHelper 2.0 vector (GeneChem). At 48  h 
after transfection, supernatants containing lentiviral particles were 
collected, and the virus titer was quantified according to the manufac-
turer’s instructions. Synthetic miR-7 mimic, miR-7 inhibitor, and their 
negative control oligonucleotides were purchased from Ambion. siR-
NAs against RELA, FOS, IKBKE, and their scrambled controls were 
purchased from GenePharma. 1 µg/ml lipopolysaccharide (Sigma-Al-
drich) was used to induce inflammation response in gastric cells. All 
primer and siRNA sequences used in this study are listed in Table S6.

Cell transfection and transduction
All of the constructs and oligonucleotides were transfected into indi-
cated cells using Lipofectamine 2000 according to the manufacturer’s 
instructions. To generate the stable cell line, BGC823 cells were in-
fected with lentiviruses at a multiplicity of infection of 100:1. Infection 
efficiency was confirmed by real-time PCR 72 h after infection, and the 
cells were selected with 2 µg/ml puromycin for 2 wk.

RNA extraction and real-time PCR
Total RNA was extracted from cultured cells or freshly iced GC tissues 
with TRIzol Reagent (Invitrogen) and purified using the miRNAeasy 
kit (QIAGEN). The quality of RNA was examined by A260 absorp-
tion. For miRNA detection, 10 ng of total RNA was reverse transcribed 
into complementary DNA by using the TaqMan miRNA reverse tran-
scription kit (Applied Biosystems). Real-time PCR was performed in 
triplicate with the use of the TaqMan fast advanced master mix (Ap-
plied Biosystems) on the StepOnePlus System (Applied Biosystems). 
The primers specific to mature and primary miR-7 were purchased 
from Applied Biosystems. For mRNA detection, 1 µg of total RNA 
was used for complementary DNA synthesis with the QuantiTect re-
verse transcription kit (QIAGEN). Real-time PCR was performed in 
triplicate using SYBR Premix Ex Taq (Takara Bio Inc.). The primers 
for the genes of interest were synthesized by GenePharma. The U6 
small nuclear RNA and GAPDH were used, respectively, as internal 
control for miRNA and mRNA assays. The 2−ΔΔCT method was used 
to determine fold changes in the RNA levels of each sample com-
pared with the reference sample.

Protein extraction and iTRAQ mass spectrometry analysis
BGC823 cells were seeded in 10-cm dishes and transfected with 20 
nM of miR-7 mimic or control mimic. The cells were harvested after 
48 h of incubation and lysed in complete lysis kit (Roche) with prote-
ase and phosphatase. Each sample (100 mg of protein) was digested 
with trypsin solution and labeled with the iTRAQ reagents (Applied 
Biosystems) with 113, 114, 115, or 116 reporter ions according to 
the manufacturer’s protocol. Subsequently, the labeled peptides were 
mixed equally and separated by 1260 Infinity HPLC (Agilent Technol-
ogies), followed by nano liquid chromatography tandem mass spec-
trometry using the Hybrid Quadrupole-Orbitrap mass spectrometer 
(Q-Exactive; Thermo Fisher Scientific) equipped with a nano-UPLC 
RSLC Ultimate 3000 (Dionex). Both peptide identification and quan-
titation were performed in an overall workflow in Proteome Discoverer 
software (version 1.4; Thermo Fisher Scientific) and searched against 
the UniProt human canonical sequence protein database (October 7, 
2011; 56,869 entries) using Mascot search engine (version 2.4). For 
protein identification, 95% confidence was used. For quantitation and 
further validation experiments, all reported data were based on 95% 
confidence for protein identification as determined by Proteome Dis-
coverer (Unique peptide >1).

Agilent cDNA microarray analysis
BGC823 cells were seeded in 6-well plates and transfected with 20 
nM miR-7 mimic or control mimic. For the microarray experiment, the 
24-h time point was selected to harvest the cells to detect the more rap-
idly occurring changes at the mRNA level and to avoid indirect changes 
occurring at later time points. For Agilent gene expression profiling, 
400 ng of total RNA was amplified and labeled using the Low Input 
Quick Amp Labeling kit (Agilent Technologies) and hybridized onto 
Agilent Whole Human Genome Oligonucleotides Microarrays. Pre-
processing and normalization of data were performed by the Quantile 
algorithm in Gene Spring Software 11.0 (Agilent Technologies).

Luciferase reporter assay
For the NF-κB reporter assays, GES cells cultured in 24-well plates 
were transfected with reporter plasmids using Lipofectamine 2000 
followed by H. pylori infection alone or together with BAY 11-7082 
pretreatment. Cells were harvested and lysed 48 h after transfection. 
Luciferase assays were performed using a Dual-Luciferase Reporter 
Assay System (Promega) according to the manufacturer’s protocol. 
Firefly luciferase activity normalized to Renilla luciferase was used 
as an internal control. The transfection experiments were performed 
in triplicate for each plasmid construct. For 3′-UTR reporter assays, 
BGC823 cells cultured in 24-well plates were cotransfected with 
miR-7 mimic, miR-7 inhibitor, or their negative controls and indicated 
psiCHECK-2 plasmids using Lipofectamine 2000. 48 h after transfec-
tion, Renilla and firefly luciferase activities were measured and the lu-
ciferase score was calculated. At least three independent transfection 
experiments were performed for each condition.

Western blotting
Protein lysates were separated by SDS-PAGE and transferred onto 
nitrocellulose membranes. After being blocked with primary and sec-
ondary HRP-conjugated antibodies in 5% nonfat milk or bovine serum 
albumin, immunoreactive proteins were detected with enhanced chemi-
luminescence reagents (Thermo Fisher Scientific). Blots were scanned 
by Molecular Imager ChemiDox XRS+ Imaging System with Image 
Lab software (Bio-Rad Laboratories). The following antibodies were 
used: rabbit anti–human RELA, rabbit anti–human FOS, rabbit anti–
human p-RELA, mouse anti–human IκBα, rabbit anti–human p-IκBα, 
and mouse anti–human IKKα (Cell Signaling Technology); mouse 
anti–human IKKε, mouse anti–human PCNA, and mouse anti–human 
cyclin D1 (Santa Cruz Biotechnology, Inc.); mouse anti–human β-actin 
(Sigma-Aldrich); and goat anti–rabbit or goat anti–mouse IgG (Jack-
son ImmunoResearch Laboratories, Inc.). Densitometry of specific 
Western blot bands was analyzed using ImageJ version 1.48 software 
(National Institutes of Health) and the intensity values were normalized 
against the β-actin loading control. Experiments were repeated inde-
pendently at least three times.

IHC and ISH
IHC for the target molecules was performed on tissue microarray 
chips (Shanghai Outdo Biotechnology) and single serial sections 
made from xenograft tumor samples. The slides were probed with 
the following primary antibodies: rabbit anti–human RELA (Cell 
Signaling Technology), rabbit anti–human FOS (Cell Signaling Tech-
nology), mouse anti–human Ki67 (Dako), and mouse anti–human 
PCNA (Santa Cruz Biotechnology, Inc.). Then the slides were in-
cubated with HRP-conjugated goat anti–rabbit or goat anti–mouse 
secondary antibodies (Dako). The proteins were visualized in situ 
with DAB chromogenic substrate (Dako). ISH was performed using 
a 5′- and 3′-digoxigenin (DIG)–labeled locked nucleic acid–based 
probe specific for miR-7 (Exiqon). The probe was detected using 
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DIG antibody (Abcam), LSAB2 System HRP, and liquid DAB Sub-
strate Chromogen System (Dako).

The results of IHC and ISH were independently scored by two 
independent observers. Ki67 and PCNA staining was quantified by 
counting positively stained nuclei per 400× field. A total of five ran-
dom fields were scored per tumor sample and the means of these scores 
were calculated for further statistical analysis. miR-7, RELA, and FOS 
staining was quantified based on the intensity and extent of staining and 
was evaluated according to the following histological scoring method. 
The mean proportion of staining cells per specimen was determined 
semiquantitatively and scored as follows: 0, no positive tumor cells; 1, 
<10%; 2, 10–50%; and 3, >50%. The intensity of staining was deter-
mined as follows: 0, no staining; 1, weak staining; 2, moderate stain-
ing; and 3, strong staining. The staining index (SI) for each specimen 
was calculated as the product of staining intensity times the percentage 
of positive tumor cells. Using this method of assessment, we evaluated 
the expression of the molecule of interest in GC samples by determin-
ing the SI, with possible scores of 0, 1, 2, 3, 4, 6, and 9. Samples with 
an SI ≥4 were determined as having high expression, and samples with 
an SI <4 were determined as having low expression. Cutoff values were 
determined based on a measure of heterogeneity using the log-rank test 
with respect to overall survival. Tissue slides and tissue microarrays 
were scanned at room temperature using a virtual microscopy slide 
scanning system (VS120; Olympus) equipped with a 20×/0.75 NA ob-
jective lens (Olympus) and VS-ASW software (version 2.4; Olympus). 
No imaging medium was used. The IHC and ISH images were viewed 
using OlyVIA software (version 2.4; Olympus) and then cropped and 
contrast adjusted using Photoshop (CS3; Adobe).

Cell proliferation assay
BGC823 and SGC7901 cells were seeded in 6-well plates at of 2 × 105 
cells per well. After incubating for 24 h, the cells were transfected with 
the indicated constructs or oligonucleotides. 48 h after transfection, the 
cells were harvested and the viable cells were seeded at a density of 3 
× 103 each well onto 48-well plates. Cell proliferation was measured 
using methylthiazolyl blue tetrazolium bromide (Sigma-Aldrich) col-
orimetric dye assay in triplicate. At each time point, the cells were in-
cubated with methylthiazolyl blue tetrazolium bromide dye for a 2–4-h 
incubation period at 37°C. The formazan crystals were dissolved by 
adding 150 µl DMSO, and the absorbance rates were read at 570 nm by 
a multimode microplate reader (Thermo Fisher Scientific).

Cell cycle and apoptosis assay
For cell cycle analysis, cells were seeded in 6-well plates at 2 × 105 per 
well. 48 after transfection, the cells were subjected to trypsin treatment 
and fixed in 70% ethanol at 4°C for 24 h and stained with 50 µg/ml 
propidium iodide (BD). The cell cycle distribution was analyzed using 
the fluorescence-activated cell sorter FACSCanto (BD). For apoptosis 
assays, cells were harvested and resuspended in staining buffer and ex-
amined using an Annexin V–FITC apoptosis detection kit (BD). Cells 
staining positive for Annexin V–FITC and negative for propidium io-
dide at 48 h after transfection were considered to have undergone apop-
tosis. The data were analyzed using the CellQuest Pro software (BD). 
The apoptotic rates of 7901/VCR cells treated with 20 µg/ml cisplatin 
(Sigma-Aldrich) or 50 µg/ml 5-fluorouracil (Sigma-Aldrich) for 24 h 
were measured by flow cytometry.

Colony formation and soft agar assay
For colony formation assays, cells were trypsinized into a single-cell 
suspension and seeded in 6-well plates at 103 per well. After 10 d of 
incubation, the colonies were stained with crystal violet dye. For soft 
agar assays, 5 × 103 cells were suspended in media containing 0.33% 

Select agar (Invitrogen) and plated on a bottom layer of media contain-
ing 0.5% Select agar in a 12-well plate. The cells were cultured for 2 
wk before counting. All colonies were counted with a GelCount colony 
counter (Oxford Optronix Inc.). Images of colonies were captured at 
room temperature using an Advanced Microscopy Group microscope 
(EVOS) equipped with a 4×/0.13 NA objective lens and Micron 2.0 
software (EVOS). No imaging medium was used. The images were 
cropped and contrast adjusted using Photoshop.

In vivo tumorigenicity assay
Lentiviral-transduced BGC823 cells (107 cells in 200 µl of PBS) were 
injected subcutaneously into each flank of 6- to 8-wk-old BALB/c nu/
nu female mice (five mice per group). The tumor growth rate was mon-
itored by measuring tumor diameters every 3 d. Both the maximum (L) 
and minimum (W) length of the tumor were measured using a slide 
caliper, and the tumor volume was calculated using the formula V = 
1/2(L × W2). The mice were killed 30 d after injection, and tumors 
were collected and weighed.

Northern blotting
5 µg of total RNA was fractionated on 12% denaturing polyacrylamide 
gel. After electrophoresis, a semi-dry transfer apparatus was used to 
transfer the RNA to a Hybond-N+ nylon membrane (GE Healthcare). 
The RNA was then fixed by UV cross-linking according to the manu-
facturer’s instructions. The membrane was prehybridized with ULT-
RAhyb buffer (Ambion) for 1 h and then probed overnight with specific 
3′-DIG–labeled locked nucleic acid oligonucleotides for mature miR-7 
or U6 small nuclear RNA (Exiqon). Detection was performed with 
an antibody to 3′-DIG (Roche). Northern blot analyses were con-
ducted in biological triplicate.

ChIP assay
ChIP assays were performed using the Magna ChIP G Assay kit (EMD 
Millipore). Cells were cross-linked with 1% formaldehyde for 10 min 
at room temperature and quenched in glycine. DNA was immunopre-
cipitated from the sonicated cell lysates using a rabbit anti–human 
RELA antibody (Cell Signaling Technology) and subjected to PCR to 
amplify the NF-κB binding sites. The amplified fragments were then 
analyzed using agarose gel. 10% of chromatin before immunoprecipi-
tation was used as the input control, and a nonspecific antibody against 
IgG (BD) served as the negative control.

Immunofluorescence
Cells were plated onto glass coverslips and fixed with 4% paraformal-
dehyde for 20 min and permeabilized with 0.1% Triton X-100 in PBS 
for 15 min. Blocking solution was applied for 1 h at room temperature. 
Primary antibodies, mouse anti–human IKKε (Santa Cruz Biotechnol-
ogy, Inc.) and rabbit anti–human RELA (Cell Signaling Technology, 
Inc.), were applied at 4°C overnight. FITC-conjugated goat anti–rabbit 
and Cy3-conjugated goat anti–mouse secondary antibodies were loaded 
and incubated for 2 h at room temperature. Immunostaining signals and 
DAPI-stained nuclei were visualized at room temperature using a con-
focal microscope (FV10i; Olympus) equipped with a 10×/0.30 NA ob-
jective lens (Olympus) and Fluoview software (version 4.3; Olympus). 
No imaging medium was used. For better visualization, the images 
were adjusted using the levels and brightness/contrast tools in Photo-
shop according to the guidelines for the presentation of digital data.

Statistical analysis
All statistical data were analyzed with the Statistical Program for Social 
Sciences 17.0 software (SPSS). Normally distributed data are presented 
as the mean ± SD. Differences between means were assessed using Stu-
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dent’s t test or one-way analysis of variance. Frequencies of categorical 
variables were compared using the χ2 test. Spearman’s rank correlation 
coefficients were computed for assessing mutual association among 
clinical results. P < 0.05 was considered to be statistically significant.

Online supplemental material
Fig. S1 shows the transfection efficiency of an miR-7 mimic in BGC823 
cells. Fig. S2 shows the relative luciferase activity levels in BGC823 
cells cotransfected with miR-7 inhibitor or miRNA inhibitor negative 
control and wild-type or mutant RELA and FOS 3′-UTR vectors. Fig. 
S3 shows the efficiency of knockdown and overexpression of RELA 
and FOS and their effects on the growth of SGC7901 cells. Fig. S4 
shows that miR-7 inhibits GC cell growth in vivo and regulates RELA 
activation by modulating IKKε. Fig. S5 shows the knockdown effects 
of IKKε siRNAs on the protein levels of IKKε in GC cells and the 
expression of mature miR-7 after modulating IKKε and RELA expres-
sion. Table S1 and S2 shows the transcripts and proteins significantly 
down-regulated by miR-7 overexpression in BGC823 cells. Table S3 
shows 39 genes reduced at both protein and RNA levels by miR-7 over-
expression in BGC823 cells. Tables S4 and S5 show the transcripts 
and proteins significantly up-regulated by miR-7 overexpression in 
BGC823 cells. Table S6 contain the information of primers used for 
3′-UTR mutagenesis, real-time PCR, and ChIP assays and oligonu-
cleotides used for RNA interference. Online supplemental material is 
available at http://www.jcb.org/cgi/content/full/jcb.201501073/DC1.
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