Pathology - Research and Practice 215 (2019) 152393

. PATHOLOGY

Contents lists available at ScienceDirect RESEARCH

Pathology - Research and Practice

journal homepage: www.elsevier.com/locate/prp

Check for
updates

RNA N6-methyladenosine modification participates in miR-660/E2F3 axis-
mediated inhibition of cell proliferation in gastric cancer

Xiaobo He?, Ying Shu"*

 Department of Gastrointestinal Surgery, Renmin Hospital of Wuhan University, Wuhan, 430060, PR China
® Department of Clinical Laboratory, Renmin Hospital of Wuhan University, Wuhan, 430060, PR China

ARTICLE INFO ABSTRACT

Keywords: Increasing evidence has shown that dysregulation of mircoRNA (miRNA) is linked to the development and
N6-methyladenosine progression of human cancer, including gastric cancer (GC). In the current study, by analysing the GEO database
miRNA (GSE78091), we found that miR-660 was significantly downregulated in GC. Consistently, quantitative real-time
Gastric cancer PCR (qRT-PCR) results showed that miR-660 was dramatically decreased in GC tissues and cell lines.
if:;nosis Importantly, low miR-660 expression was closely related to larger tumor size (P = 0.008), lymph node me-

tastasis (P = 0.006), advanced TNM stage (P = 0.029), and poor outcome (P = 0.023). Ectopic expression of
miR-660 inhibited proliferation of MGC-803 and AGS cells and induced apoptosis. Further mechanism experi-
ments suggested that the well-known oncogene E2F3 (E2F transcription factor 3) was a downstream target of
miR-660. Overexpression of miR-660 reduced the activity of E2F3 by directly binding to the 322173226 region of
E2F3 3°-UTR, and there was a strong negative correlation between the expression of miR-660 and E2F3 in GC
tissues (r = - 0.648, P < 0.001). Furthermore, E2F3 overexpression abrogated the anti-proliferation effect of
miR-660 in GC cell lines. Of note, we found an N6-methyladenosine (m®A) motif at the 306373067 region of
E2F3 3°-UTR, and this m®A-modified motif was required for the interaction between miR-660 and E2F3 3'-UTR.
Collectively, our findings reveal the compelling role of m®A in GC and highlight the regulatory function of the

miR-660/E2F3 pathway in GC progression.

1. Introduction

Gastric cancer (GC) is one of the most common malignant tumors of
the gastrointestinal tract with the third leading cause of cancer-related
death worldwide [1]. Despite improvements in the diagnosis and
treatment of gastric cancer in recent years, the survival rate of gastric
cancer is still very poor, especially in patients with metastases (5-year
survival rate of < 5%) [2]. Therefore, it is highly desirable to elucidate
the underlying molecular mechanisms of GC, which will provide a new
strategy for clinical treatment.

MircoRNA (miRNA) is a class of evolutionarily conserved small non-
coding regulatory RNA consisting of 19-25 nucleotide [3]. Most
miRNAs are present in the human genome in the form of single-copy,
multi-copy or cluster [4]. It has been well proven that miRNA is in-
volved in various developmental and pathophysiological processes.
Mature miRNA exerts its biological function mainly by complementary
pairing with the 3’ untranslated region (UTR) of its target gene, thereby

leading to mRNA degradation or translational repression at the post-
transcriptional level [5]. Multiple lines of evidence has shown that
miRNA biogenesis is tightly controlled in a cell- or disease-context-de-
pendent manner, and its dysregulation is linked to the development and
progression of human cancer, including GC [6]. For example, miR-29¢
was reported to be significantly decreased in GC and retarded GC
progression by directly targeting ITGB1 [7]; miR-423-3p was notably
elevated in GC and promoted the malignant phenotype of GC through
activating oncogenic autophagy [8]; miR-215 was shown to be a me-
tastasis-promoting factor by regulating its target gene RB1 [9]. Al-
though the roles of several miRNAs in GC have been well elucidated,
there is still a large part of the miRNA's functions that are still unknown,
and further research is needed to clarify this.

N6-methyladenosine (m®A) modification is known to be the most
prevalent internal modification of mRNAs in eukaryotes, which is de-
termined by methyltransferases (writers-METTL3, METTL14, and
WTAP), demethylases (erasers-FTO and ALKBH5) and binding proteins
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(readers-YTHDF2 and YTHDF3) [10,11]. Accumulating evidence has
shown that m®A participates in almost every step in RNA metabolism
including RNA stabilization, localization, transport, splicing and
translation [12,13]. Recent studies suggest that mPA is also involved in
human cancer progression. Ma et al reported that m®A modifications
were reduced in liver cancer and were tightly controlled by METTL14,
which markedly inhibited liver cancer metastasis [14]. Lin et al showed
that METTL3 accelerated the translation process of multiple oncogenes
to promote lung cancer progression [15]. Likewise, FTO was proposed
to play a critical oncogenic effect in acute myeloid leukemia by de-
creasing mPA levels of ASB2 and RARA genes [16]. However, the po-
tential role of m®A modification in GC remains unclear.

Herein, we identified that miR-660, as a tumor-suppressive gene,
was significantly decreased in GC tissues and cell lines. Further me-
chanism study showed that miR-660 directly bound to oncogene E2F3
3'-UTR to inhibit E2F3 expression. More importantly, m®A modification
was involved in the inhibitory effect of miR-660 on E2F3.

2. Materials and methods
2.1. Patient samples

A total of 70 pairs of GC and adjacent normal tissues were retro-
spectively collected from patients during operation at Renmin Hospital
of Wuhan University. All patients did not undergo radiotherapy or
chemotherapy before surgery. The clinicopathological features of these
patients are presented in Table 1. Before this study, we had obtained
informed consent from patients. This study was approved by the ethics
committee of Renmin Hospital of Wuhan University.

2.2. Cell culture and transfection

The GC cell lines including MGC-803, AGS, MKN28, SGC7901,
MKN45 and human gastric epithelial GES-1 cells were obtained from
ATCC (Manassas, USA) or Chinese Academy of Medical Sciences
(Beijing, China). All cells were cultured in RPMI1640 or DMEM com-
plete medium with 10% foetal bovine serum. Control mimics, miR-660
mimics (RiboBio, Guangzhou, China) and E2F3-overexpressing
pcDNA3.1 vector were respectively transfected into MGC-803 and AGS
cells by using Lipofectamine 2000 (Invitrogen) according to the man-
ufacturer's instructions.

Table 1
Correlation between miR-660 expression and clinicopathological features in GC
patients.

Parameters All cases miR-660 expression P value
Low High

Gender

Male 51 25 26 0.788

Female 19 10 9

Age (years)

= 60 30 16 14 0.629

> 60 40 19 21

Tumor size

=5 37 13 24 0.008

>5 33 22 11

Lymph node metastasis

No 25 7 18 0.006

Yes 45 28 17

TNM stage

I-II 29 10 19 0.029

II-IV 41 25 16

Differentiation grade

Well-moderate 32 14 18 0.337

Poor-undifferentiation 38 21 17
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2.3. quantitative real-time PCR (qRT-PCR)

Total RNA in GC tissues and cells was extracted by TRIzol
(Invitrogen),1 ug of RNA was reverse transcribed into cDNA. After that,
quantitative PCR was conducted by using miSYBRGreenPCR kit
(TransGen Biotech, China). 2724 calculation method was used to
evaluate RNA expression level. U6 and fB-actin as an internal reference
control for mir-660 and E2F3 expression, respectively.

2.4. Cell counting Kit-8 (CCK-8) assay

MGC-803 and AGS cells were seeded in 96-well plates (5000 cells in
each well). After 0, 24, 48, 72 and 96h, cells were treated with
10 pl CCK-8 solution (Beyotime, Shanghai, China) for 2h at 37 °C. The
absorbance at 450 nM of each well was recorded with a automatic
microplate reader.

2.5. 5-Ethynyl-2"-deoxyuridine (EdU) incorporation assay

The DNA synthesis rate was tested by EdU kit (RiboBio, Guangzhou,
China) according to the manufacturer's instructions. Briefly, MGC-803
and AGS cells were seeded in 96-well plates at a density of 1 x 10*
cells. Then, cells were treated with 100 uM EdU reagent for 2h, fol-
lowed by fixation with 4% paraformaldehyde. Nucleus was visualized
with DAPI (blue). Finally, EdU-positive cells (red) were counted by
fluorescence microscopy in at least three randomly selected fields.

2.6. Cell cycle and apoptosis assays

For cell cycle analysis, MGC-803 and AGS cells were trypsinized and
fixed with 70% ethanol overnight at 4 °C, followed by staining with PI
reagent. The percentage of cells in the GO/G1, S, and G2/M phases was
recorded using Flow cytometry (BD Biosciences, NY, USA). Cell apop-
tosis was carried out by using the Annexin V-FITC/ Propidium Iodide
(PI) Apoptosis Detection Kit (BD Biosciences #556,547) based on
manufacturer's manual. The percentage of early and late apoptosis in
MGC-803 and AGS cells was determined by Flowjo V10 software.

2.7. Luciferase reporter assay

The wild type E2F3 3'-UTR full-length sequence and its corre-
sponding three mutant sequences were cloned into the pmirGLO luci-
ferase reporter vector (Promega), and then co-transfected into MGC-
803 and AGS cells with miR-660 and control mimics, respectively. After
48 h of incubation, the luciferase activities in each group were tested by
firefly luciferase reporter gene detection kit (#RGO005, Beyotime,
China).

2.8. Western blot

Total protein in MGC-803 and AGS cells transfected with miR-660
and control mimics was isolated by RIPA lysis buffer (Beyotime, China).
Next, proteins were separated and transferred to the nitrocellulose
membrane, followed by incubation with anti-E2F3 (#ab50917, Abcam)
and IgG secondary antibody (#ab205718, Abcam). The proteins in each
group were visualized by using chemiluminescence detection kit
(Cyanagen, Italy). GAPDH was used as an internal reference control.

2.9. RNA immunoprecipitation (RIP)

The RIP protocol has been described in the previous studies [17,18].
Concretely, total RNA from GC tissues and cells was extracted and in-
cubated with anti-m®A antibody

(#ab151230, Abcam) for 2h at 4 °C, followed by incubation with
protein-A/G beads for another 2h. Then, the m®A antibody-bound
RNAs were eluted and subjected to qRT-PCR using well-designed
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primers for E2F3 3"-UTR.

2.10. Statistical analysis

Differences between groups were tested by Student’s t-test. The
association between miR-660 expression and clinicopathological fea-
tures of GC patients was determined by Chi-square test. E2F3 and miR-
660 expression correlation analysis was measured by Pearson’s corre-
lation coefficient. All statistical results are analyzed by SPSS Statistics
22.0 software. Data are shown as mean =+ SD (standard deviation) of at
least three independent experiments. *p < 0.05, **p < 0.01.

3. Results
3.1. miR-660 is significantly downregulated in GC tissues and cell lines

By analysing the GEO database (GSE78091), we found that miR-660
expression was most decreased in GC tissues (Fig. 1A). To confirm this
result, we collected 70 pairs of GC and adjacent normal tissues to
conduct qRT-PCR analysis for miR-660 expression. As shown in Fig. 1B,
miR-660 was dramatically decreased in GC tissues as compared with
normal tissues. Also, low expression of miR-660 was observed in 5 GC
cell lines (Fig. 1C). Importantly, loss of miR-660 was closely associated
with malignant clinicopathological features, such as larger tumor size
(P = 0.008), lymph node metastasis (P = 0.006), and advanced TNM
stage (P = 0.029) (Table 1). Moreover, the survival data of GC patients
in KM-plotter (http://kmplot.com/analysis/) database showed that GC
patients with low miR-660 expression (n = 263) displayed shorter
survival time than those with high miR-660 expression (n = 168). The
above results indicate that dysregulation of miR-660 may play an im-
portant role in the development of GC.

3.2. Overexpression of miR-660 inhibits GC cell proliferation

Next, we transfected miR-660 and control mimics into MGC-803
and AGS cells. The results of qRT-PCR showed that miR-660 mimics

could increased miR-660 expression almost 70 fold in these two cells
(Fig. 2A). We then assessed the proliferative capacity of MGC-803 and
AGS cells after transfection, the CCK-8 assay results indicated that miR-
660 overexpression remarkably inhibited cell viability (Fig. 2B-C). As
shown in Fig. 2D, more cells were exhibited in GO/G1 phase after ec-
topic expression of miR-660. Furthermore, EAU assay showed that
overexpression of miR-660 reduced DNA synthesis levels in MGC-803
and AGS cells (Fig. 2E-H). In addition, more apoptotic cells were ob-
served in miR-660-overexpressing cells (Fig. 2I). Altogether, there re-
sults suggest that miR-660 is an inhibitor of GC proliferation.

3.3. E2F3 is identified to be a direct target of miR-660

By searching Miranda (http://www.microrna.org/) and Targetscan
(http://www.targetscan.org/) online database, we found that there are
3 potential miR-660 binding sites at the 3°-UTR of E2F3 gene (Fig. 3A).
To test which binding site was functional, we performed the luciferase
reporter assay. The results showed that miR-660 overexpression re-
duced the luciferase activities of wild-type E2F3 3'-UTR, mutant E2F3
3'-UTR#1, and mutant E2F3 3'-UTR#2 vectors in MGC-803 and AGS
cells, but had no effect on that of mutant E2F3 3'-UTR#3 vector
(Fig. 3B-C), suggesting that the 322173226 region of E2F3 3"-UTR, but
not the other two, was critical for the interaction between miR-660 and
E2F3. Besides, we found that E2F3 was significantly elevated in GC
tissues when compared with normal tissues (Fig. 3D) and increased
E2F3 expression predicted poor outcome (data from KM-plotter)
(Fig. 3E). Overexpression of miR-660 decreased both mRNA and pro-
tein expression of E2F3 in MGC-803 and AGS cells (Fig. 3F-G). Clini-
cally, a strong negative correlation between miR-660 and E2F3 ex-
pression was observed in GC tissues (r = - 0.648, P < 0.001).
Moreover, ectopic expression of E2F3 abolished anti-proliferation effect
caused by miR-660 overexpression (Fig. 3I-J). Collectively, these data
indicate that miR-660 suppresses GC proliferation by directly targeting
oncogene E2F3.
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Fig. 2. Ectopic expression of miR-660 retards GC cell proliferation. (A) qRT-PCR analysis for overexpression efficiency of miR-660 in MGC-803 and AGS cells.
(B-C) CCK-8 assay in miR-660-overexpressing MGC-803 and AGS cells. The absorbance at 450 nM was recorded at the indicated time. (D) Cell cycle assay with PI
staining in miR-660-overexpressing MGC-803 and AGS cells. (E-H) EdU assay in miR-660-overexpressing MGC-803 and AGS cells. Nucleus was stained with DAPI
(blue). EdU-positive cells (red) were counted in at least three randomly selected fields. (I) Cell apoptosis assay with FITC/PI staining in miR-660-overexpressing MGC-

803 and AGS cells. *p < 0.05, **p < 0.01.

3.4. m°A modification is indispensable for the interaction between miR-660
and E2F3

It has been reported that m®A modification was involved in the
interaction between miRNA and mRNA [18]. We then designed 3 pairs
of specific primers that respectively contain the above 3 potential miR-
660 binding sites at E2F3 3°-UTR. The RIP assay with anti-m®A anti-
body was carried out to evaluate the m®A modification level. The re-
sults showed that m®A modification was only observed in the region
that contains 322173226 of E2F3 3°-UTR (Fig. 4A-B). Further, a RRACU
(R denotes A or G) m®A motif (AAACU) was found at the 306373067
region of E2F3 3°-UTR (Fig. 4C). A series of vectors with this m®A motif
mutation were constructed to conduct m°A-RIP assay (Fig. 4C). mCA
modification almost disappeared after the mutation of “AAACU” into
“AACCU” or “AAAAU”, but the m°A level remained unchanged after the
mutation into “AGACU” (Fig. 4D-E), indicating “RRACU” motif was
critical for m®A modification. To explore whether m®A modification
mediates the inhibitory effect of miR-660 on E2F3, luciferase reporter
assay was performed. The results showed that overexpression of miR-
660 significantly reduced luciferase activities of m®A-motif-WT and

EN

mPA-motif-mut#3 vectors in MGC-803 and AGS cells due to the pre-
sence of intact “RRACU” motif, but could not affect those of m®A-motif-
mut#1 and #2 vectors with destroyed m®A motif (Fig. 4F-G). Clinically,
we found that m®A modification level was dramatically decreased in GC
tissues compared with adjacent normal tissues (Fig. 4H). Taken to-
gether, these data reveal that m®A modification is essential for the
depression effect of miR-660 on E2F3 in GC.

4. Discussion

It is well accepted that miRNA exerts an important regulatory
function in the process of cancer, including GC. In this study, we
characterized the role of miR-660 that has not been previously reported
in GC. We found that miR-660 was frequently downregulated in GC and
its decrease was closely associated with aggressive clinicopathological
parameters and unfavorable prognosis. Subsequent experiments
showed that miR-660 retarded GC cell proliferation by altering onco-
gene E2F3 activity. Lastly, we found that m®A modification acted as a
regulator in miR-660-mediated inhibition of GC progression. Therefore,
our findings provide a new insight into the molecular regulatory
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mechanism underlying GC.

Emerging evidence suggests that miRNA as an oncogene or tumor
suppressor gene that controls the occurrence, development and pro-
gression of cancer [19]. Recently, miR-660 has been found to be dys-
regulated in a number of human cancers. Borzi et al reported that miR-
660 was significantly decreased in lung cancer and inhibited lung tu-
morigenesis by modulating MDM2/p53 interaction [20]. Likewise,
miR-660 was shown to be downregulated in Hodgkin lymphoma [21]
and prostate cancer [22]. In contrast, high expression of miR-660 was
identified in breast cancer and indicated a poor outcome [23,24]. One
possible explanation for these discrepancies is that miRNA expression is
tightly controlled in a cell- or disease-context-dependent manner [25].
In our study, miR-660 was found to be a tumor suppressor which was
dramatically decreased in GC tissues and cell lines. In particular, the
survival data from KM-plotter database showed that low miR-660 ex-
pression was correlated with shorter survival time in GC patients, im-
plying that miR-660 is a promising prognosis biomarker for GC. Recent
clinical studies have shown that miRNA-targeted therapy has achieved
remarkable curative effect [26]. Thus, restore of miR-660 may be a new

efficacious therapeutic approach for GC treatment.

Mature miRNA plays its biological role mainly at the post-tran-
scriptional level by complementary pairing with the 3’-UTR of its target
gene, thereby leading to mRNA degradation or translational repression
[5]. Here, we found that miR-660 could bind to the 322173226 region
of E2F3 3"-UTR to suppress E2F3 expression. E2F3, belongs to E2F fa-
mily, is a well-defined oncogene that accelerates the progression of GO/
Gl to S phase [27]. E2F3 has been proposed to be notably over-
expressed in multiple cancer, including endometrial cancer [28], he-
patocellular carcinoma [29], lung cancer [30], prostate cancer [31] and
GC [32]. In this study, we confirmed that E2F3 expression was sig-
nificantly elevated in GC tissues and predicted unfavorable outcome.
And ectopic expression of E2F3 rescued the decline in proliferative
capacity of GC cells caused by miR-660 overexpression, indicating that
miR-660 exerts the anti-proliferation effect, at least partly, by reg-
ulating oncogene E2F3 activity.

It has been proven that m®A modification is widespread in the
transcriptome with important regulatory functions. And the develop-
ment of human diseases including cancer is strictly monitored by m°A
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Fig. 4. m®A modification is crucial for the interaction between miR-660 and E2F3 in GC. (A-B) m®A RIP assay in MGC-803 and AGS cells with three pairs of
specific primers that respectively comprise three potential miR-660 binding sites at E2F3 3°-UTR. (C) Wild-type and mutant sequences of m®A motif at the 306373067
region of E2F3 3'-UTR were shown. (D-E) m°®A RIP assay in MGC-803 and AGS cells transfected with wild-type and mutant m®A motif vectors. (F-G) Luciferase
reporter assay for wild-type and mutant m®A motif luciferase vectors in MGC-803 and AGS cells transfected with miR-660 and control mimics. (H) m®A RIP assay in

10 pairs of GC and adjacent normal tissues. *p < 0.05, **p < 0.01.

modification [33]. A very recent study revealed that m®A modification
was also involved in the interaction between miRNA and mRNA [18].
Herein, we found a m®A motif at the 306373067 region of E2F3 3'-UTR
near the binding sites of miR-660 and E2F3, which is required for the
interaction between miR-660 and E2F3 3'-UTR at 322173226 region.
This may be due to the fact that m®A modification increased the ac-
cessibility of RNA binding motifs by changing the spatial structure of
RNA transcripts to induce binding between RNA and RNA [34]. In
addition, low m®A modification level was identified in GC tissues
compared with adjacent normal tissues, suggesting m®A modification
may play a key role in the malignant progression of GC.

In conclusion, to the best of our knowledge, this is the first study to
explore the role of miR-660 in GC. Our data show that miR-660 is a new
anti-proliferation gene by regulating oncogene E2F3 expression in GC.
Of note, m®A modification is essential for the inhibitory effect of miR-
660 on E2F3. Therefore, our findings advance the understanding of
molecular mechanism underlying GC.
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