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The miR-3648/FRAT1-FRAT2/c-Myc negative feedback loop
modulates the metastasis and invasion of gastric cancer cells
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Although the abnormal expression of miRNAs in cancer cells is a widely accepted phenomenon, the molecular mechanisms
underlying miR-3648 progression and metastasis in gastric cancer (GC) remain unclear. miR-3648 expression is downregulated and
its ectopic expression in GC cells significantly suppressed cell proliferation and metastasis. Mechanistic analyses indicated that miR-
3648 directly targets FRAT1 or FRAT2 and inhibits FRAT1- or FRAT2-mediated invasion and motility in vitro and in vivo. Moreover,
FRAT1 physically interacted with FRAT2. Furthermore, FRAT1 overexpression promoted GC cell invasion, whereas siRNA-mediated
repression of FRAT2 in FRAT1-overexpressing GC cells reversed its invasive potential. Besides, miR-3648 inactivated the Wnt/
β-catenin signalling pathway by downregulating FRAT1 and FRAT2 in GC. Interestingly, c-Myc, a downstream effector of Wnt/
β-catenin signalling, was also downregulated by miR-3648 overexpression. In turn, c-Myc negatively regulated miR-3648 expression
by binding to the miR-3648 promoter. In addition, miR-3648 expression levels were negatively correlated with c-Myc, FRAT1, and
FRAT2 expression in fresh gastric samples. Our studies suggest that miR-3648 acts as a tumour-suppressive miRNA and that the
miR-3648/FRAT1-FRAT2/c-Myc negative feedback loop could be a critical regulator of GC progression.
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BACKGROUND
Gastric cancer (GC) is the fifth most common cancer and the third
most common cause of cancer-related deaths worldwide [1].
Despite recent progress in the detection and treatment of early
GC, the long-term survival rate of patients with advanced GC is
low [2]. Thus, identification of diagnostic biomarkers and a better
understanding of the molecular mechanisms underlying GC
progression are urgently needed.
MicroRNAs (miRNAs or miRs), approximately 22 nucleotides in

length, are believed to regulate gene expression by binding to
the 3′-untranslated region (3′-UTR) of mRNAs, thereby leading to
mRNA degradation or blocking of mRNA translation [3, 4]. Various
miRNAs have been reported to be involved in GC progression. For
instance, ectopic expression of miR-647 significantly inhibited SRF
mRNA and protein and miR-647 expression was negatively
associated with SRF mRNA [3]. Our previous reports verified that
miR‐646 is a tumour suppressor for GC that directly regulates the
expression of FOXK1 [4].
miR-3648 is a less well-studied miRNA. It is located on

chromosome 21p11.2 [5] and is involved in several types of cancer.
Reports have shown that miR-3648 modulates prostate cancer cell
proliferation by targeting APC2 [6]. In addition, overexpression of
miR-3648 regulates bladder cancer cell migration and invasion [7].

However, the biological function and underlying mechanisms of
miR-3648 in GC remain unclear.
The Wnt/β-catenin signalling pathway is one of the most

important intracellular pathways that control cancer progres-
sion [8]. Wnt/β-catenin signalling is transduced through the
Frizzled family of receptors and the LRP5/LRP6 co-receptor to
the β-catenin signalling cascade [9, 10]. PAR-1, CKI epsilon,
FRAT1, and FRAT2 are positive regulators of the canonical
Wnt pathway, whereas APC, AXIN1, AXIN2, and PPARg are
negative regulators [9, 11]. The nuclear complex, consisting of
TCF/LEF [12], activates the transcription of canonical Wnt target
genes, such as c-Myc [13], JUN [14, 15], cyclin D1 [16, 17], and
HIF-1a [18]. Some reports show that miRNAs regulate target
genes in the Wnt/β-catenin signalling pathway. For example,
miRNA-194 activates the Wnt/β-catenin signalling pathway in
GC by targeting SUFU [19]. miR-504 suppresses the mesench-
ymal phenotype of tumours by directly targeting the FZD7-
mediated Wnt-β-catenin pathway [20]. However, whether miR-
3648 participates in the Wnt signalling pathway in GC is not
fully understood.
Here, we present evidence that miR-3648 is a potential tumour

suppressor that directly targets FRAT1-FRAT2 (frequently rear-
ranged in advanced T-cell lymphomas-1 and 2) to inactivate the
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Fig. 1 miR-3648 expression was associated with prognosis and downregulated in GC. A, B Survival analyses of overall survival (OS) and
relapse-free survival (RFS) were performed based on Kaplan–Meier curves in oncomir database. C Expression of miR-3648 was determined by
qPCR in 82 human gastric tissues, which was normalised against an endogenous U6 RNA control. NT normal mucosal tissues, GC GC tissue.
***P < 0.01, paired t-test. D Relative miR-3648 levels of GC and normal tissues measured by qPCR were shown using a waterfall plot. Error bars
represent the mean ± SD from three independent experiments. E miR-3648 expressions in eight gastric epithelial cell lines by qPCR. One-way
ANOVA and Dunnett’s T3 multiple comparison test. ****P < 0.001 between normal and cancer gastric epithelial cells. The result is presented as
the mean ± SD of three independent experiments. F, G The relationship between miR-3648 expression and clinical stages or local invasion.
***P < 0.01; ****P < 0.001. P values were estimated using two-tailed unpaired Student’s t-test. H ISH analysis of miR-3648 expression level in
normal gastric mucosa and GC tissues. Scale bars, 100 μm in H.
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Wnt/β-catenin pathway. Furthermore, we observed that miR-
3648 was inhibited by an oncogenic transcription factor, c-Myc–a
Wnt/β-catenin-downstream target gene, thus forming a negative
feedback loop among miR-3648/FRAT1-FRAT2/c-Myc, thereby
enhancing GC progression.

RESULTS
Downregulation of miR-3648 expression is associated with
poor prognosis in GC
We first performed a genome-wide screen to identify the miRNAs
associated with the clinical outcomes of patients with GC according
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to strict statistical criteria (P < 0.01) in the TCGA database using
oncomir online resources (http://www.oncomir.org/). We found that
26 miRNAs were associated with overall survival (OS).
The high expression of 15 miRNAs predicts poor prognosis and

acts as a potential oncogene in patients with GC (Supplementary
Table 2), whereas the low expression of 11 miRNAs predicts
unfavourable prognosis and functions as a putative tumour
suppressor (Supplementary Table 3). Among them, expression of
miR-3648 was associated with both short-term and long-term OS
of patients (Fig. 1A). Moreover, expression of miR-3648 was
associated with short-term relapse-free survival of patients, but
expression of miR-3648 was not associated with relapse-free
survival over time (Fig. 1B).
Second, we focused on the low expression of 11 miRNAs: miR-

1306-3p, miR-3648, miR-2115-3p, let-7f-5p [21], miR-7-5p [22],
miR-96-3p, miR-942-5p [23], miR-135b-3p, miR-423-5p [24], miR-
221-3p [25], miR-15b-5p [26]. Using the PubMed-MEDLINE
database, we found that miR-1306-3p, miR-2115-3p, miR-96-3p,
miR-135b-3p and miR-3648 have not yet been reported in GC. We
detected the expression of these five miRNAs in 30 human gastric
tissues using qPCR. Except for the increased expression of miR-
135-3p, the expressions of the other four miRNAs were decreased
in GC tissues (T) than in normal gastric mucosa (N) (Supplemen-
tary Fig. 1). Among them, miR-3648 was the most profoundly
downregulated. Thus, we wondered whether the deregulation
of miR-3648 might be involved in tumour development and
progression. We then measured miR-3648 expression in 82 gastric
specimens and verified the results of the above-mentioned
studies (P= 0.002, Fig. 1C, D).
Third, we compared the levels of miR-3648 in seven GC cell lines

and the normal gastric cell line GES-1. Result showed that miR-
3648 levels were lower in all GC cells compared to GES-1 cells
(P < 0.001, Fig. 1E). This was consistent with our clinical findings
that human gastric tissues have low levels of miR-3648 (Fig. 1C, D).
In particular, miR-3648 expression levels significantly decreased in
GC tissue samples from patients with advanced cancer (stage
III+ IV) compared with GC tissue samples from patients with early-
stage cancer (stage I+ II) (Fig. 1F). Fourth, miR-3648 expression
was lower in deeper invasion GC (T3–4 vs. T1–2), suggesting that
its deficiency may contribute to GC cell invasiveness (Fig. 1G).
Fifth, we performed ISH of gastric samples. The results also
showed that the expression of miR-3648 in GC was significantly
lower than that in the normal gastric mucosa (Fig. 1H and
Supplementary Fig. 2)
Taken together, these findings suggest that miR-3648 is

downregulated in GC tissues and can be implicated as a tumour
suppressor miRNA in GC.

Exogenous miR-3648 suppresses the malignant biological
behaviour of GC cells in vitro
To evaluate the clinical correlation between miR-3648 expression
levels and clinicopathological characteristics in patients with GC,
we investigated the relative expression levels of miR-3648 in
82 GC tissue samples. We showed that the low expression of

miR-3648 was correlated with differentiation (P < 0.05), depth of
invasion (P < 0.001), lymph node metastasis (present vs. absent,
P= 0.001), and TNM stage (I–II vs. III–IV, P < 0.001), but was not
correlated with patients’ age, sex, and tumour size (P > 0.05).
These studies suggest that low-level expression of miR-3648 is
associated with malignant progression in patients with GC
(Supplementary Table 4).
To detect the role of miR-3648 expression in cell growth and

metastasis in GC cells, we transfected miR-3648 mimics or m-NC
into AGS and MKN45 cells or miR-3648 inhibitor or i-NC into
GES-1 cells, confirming miR-3648 expression via qRT-PCR
(Fig. 2A). Next, we examined whether miR-3648 is involved in
the proliferation of GC cells. Flow cytometry analysis showed
that the overexpression of miR-3648 resulted in an increased
number of cells in the G0/G1 phase of the cell cycle (Fig. 2B).
Moreover, expression of cell cycle-related proteins, such as
cyclin D1, CDK4, and CDK6, significantly decreased upon
treatment with miR-3648 mimics, whereas cyclin B1 levels
remained unchanged compared with m-NC-treated AGS and
MKN45 cells (Fig. 2C). Furthermore, CCK-8 assays showed that
treatment with miR-3648 mimics resulted in significantly lower
optical density values at 450 nm, whereas the transfection of
GES-1 cells with the miR-3648 inhibitor resulted in higher OD
values than the corresponding NC group (Fig. 2D1, D2). Colony
formation assays showed much lower colony formation in the
miR-3648 mimic group than in the m-NC group. Conversely,
transfection of GES-1 cells with a miR-3648 inhibitor had the
opposite effect (Fig. 2E1, E2). In addition, EdU assays revealed
similar results (Fig. 2F1, F2).
The effect of miR-3648 on cell motility and invasion was tested

using scratch wound-healing and invasion assays. The results
showed that ectopic miR-3648 expression significantly inhibited
the migration and invasion ability of AGS and MGN45 cells,
whereas treatment with a miR-3648 inhibitor increased migration
and invasion capacity of GES-1 cells (Fig. 2G1, G2, H1, H2).
Taken together, these in vitro results suggest that miR-3648

suppresses GC cell growth, migration, and invasion.

miR-3648 directly targets the FRAT1 and FRAT2 3′-UTR
To delineate the molecular mechanisms by which miR-3648
regulates GC cell growth and metastasis, two publicly available
bioinformatic algorithms (mirDIP and DIANA) and RNA
sequencing-based miR-3648 signatures were used to analyse
the target genes of miR-3648. The collection of genes with
absolute fold change >1.2 in AGS cells was taken and
intersected with the results from two published target predic-
tion engines, mirDIP and DIANA. The results revealed that 102
genes were downregulated in miR-3648-overexpressing cells
compared to m-NC cells (Fig. 3A, B). Enrichment analysis of
these 102 genes was conducted in Metascape (https://
metascape.org/). The most significant GO Biological Process
was the Wnt signalling pathway, which was enriched with a
total of 12 genes including CCND1, CELSR2, MST1R, SKI, TLE2,
FRAT1, FRAT2, KREMEN1, ZBED3, LZTS2, NRARP and NLGN2

Fig. 2 miR-3648 modulates biological functions of GC cells in vitro. A The GC cells transfected with miR-3648 mimics or miR-3648 inhibitors
at 48 h and the expression of miR-3648 was evaluated by qRT-PCR. ***P < 0.01; ****P < 0.001. Error bars represent the mean ± SD from three
independent experiments. P values were estimated using two-tailed unpaired Student’s t-test. B The cell cycle phases of the treated cells were
evaluated by flow cytometry. The percentage of each phase is presented. **P < 0.05; ****P < 0.001, two-tailed unpaired Student’s t-test.
C Whole-cell lysates of GC cells were prepared, and protein expression was detected by western blotting. The values of the grey scale were
labelled near the bands. D–F The effect of miR-3648 mimics or inhibitors on cell proliferation was evaluated by CCK-8 (D), colony formation (E)
and EdU (5-ethynyl-2´-deoxyuridine) (F) assay. ***P < 0.01 and ****P < 0.001; m-NC vs. mimics and i-NC vs. inhibitor. G1, G2 Wound-healing
assays were used to detect GC cell motility following transfection with mimics or inhibitors. Wound closure percentages are shown on the
right or under the panel. ***P < 0.01 and ****P < 0.001, m-NC vs. mimics; **P < 0.05 and ****P < 0.001, i-NC vs. inhibitor. H1, H2 Invasion assays
were conducted using cells transfected with miR-3648. Quantitative results are shown under the panel. ****P < 0.001, m-NC vs. mimics;
****P < 0.001, i-NC vs. inhibitor. Scale bars, 50 μm in F and H. Error bars represent the mean ± SD. All experiments were repeated at least three
times with identical findings. P values were estimated using two-tailed unpaired Student’s t-test.
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(Supplementary Fig. 3A). Among these candidates, CCND1 [27],
MST1R [28], SKI [29], FRAT1 and FRAT2 [30] have been reported
to act as oncogenes in GC. Thus, we carried out qPCR to detect
the mRNA expression of CCND1, MST1R, SKI, FRAT1 and FRAT2

after increasing or inhibiting the expression of miR-3648. As
shown in Supplementary Fig. 3B, C, FRAT1 and FRAT2 have the
most obvious change. Thence, FRAT1 and FRAT2 were identified
as potential targets.
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To identify the correlation between miR-3648 and the expres-
sion of potential target genes FRAT1 or FRAT2, we investigated
miR-3648 and FRAT1 or FRAT2 expression in 12 pairs of human GC
tissues and matched normal gastric mucosa via miRNA and
western blot analyses. As shown in Fig. 3C, D, most patients
exhibited lower miR-3648 levels but higher FRAT1 and FRAT2
protein levels in cancer tissues (T) compared to normal gastric
mucosa (N). Spearman’s correlation analyses (Supplementary Fig.
3D) revealed a negative correlation between miR-3648 and FRAT1
(Supplementary Fig. 3D1) and between miR-3648 and FRAT2
(Supplementary Fig. 3D2), and a positive correlation between
FRAT1 and FRAT2 (Supplementary Fig. 3E) expression.
We performed a luciferase reporter assay to determine whether

FRAT1 or FRAT2 is indeed regulated by miR-3648. To accomplish
this, we constructed 3′-UTR reporter plasmids encoding full-length
wild-type (wt) or mutant (mut) miR-3648 binding sites for FRAT1
or FRAT2 (Fig. 3E). We found that miR-3648 repressed the
reporter activity of the wt-FRAT1-3′-UTR or wt-FRAT2-3′-UTR
plasmid but not that of the mut-FRAT1-3′-UTR or mut-FRAT2-3′-
UTR plasmid (Fig. 3F).
Next, western blot analysis showed that the overexpression of

miR-3648 suppressed endogenous FRAT1 or FRAT2 expression in
AGS and MKN45 cells, whereas blocking miR-3648 expression
resulted in the upregulation of endogenous FRAT1 or FRAT2
expression in GES-1 cells (Fig. 3G).
Taken together, these results suggest that miR-3648 can

downregulate FRAT1 and FRAT2 expression by directly targeting
its 3′-UTR.

FRAT1 and FRAT2 are involved in the miR-3648-mediated
inhibition of GC cell invasion and metastasis
FRAT1 and FRAT2 are important effectors of some miRNAs in
human cancers [31–33]; therefore, there is a need to further
explore the biological effects of miR-3648 on FRAT1 and FRAT2.
We transfected AGS and MKN45 cells with m-NC, miR-3648
mimics, vector, FRAT1 plasmid, or FRAT2 plasmid and cotrans-
fected them with miR-3648+ FRAT1 or miR-3648+ FRAT2. Cell
function assays showed that upregulation of miR-3648 resulted in
lower proliferation, migration, and invasion capacity, whereas
ectopic upregulation of FRAT1 or FRAT2 plus miR-3648 partially
reversed the influence of miR-3648 on GC cell growth, migration,
and invasion compared with the control cells (Supplementary Fig.
4A, B and Fig. 4A, B).
Previous reports showed that FRAT1 or FRAT2 is related to

cancer cell invasion and motility. Thus, we determined whether
FRAT1 or FRAT2 is involved in the miR-3648-mediated inhibition of
GC cell metastasis in vivo. The MKN45 cells transfected with Lv-m-
NC, Lv-miR-3648, Lv-Vector, Lv-FRAT1, Lv-FRAT2, Lv-miR-
3648+ FRAT1, or Lv-miR-3648+ FRAT2 were injected into the tail
vein of nude mice (Fig. 4C and Supplementary Fig. 4C).
Histological analysis of H&E stained lung sections verified the
existence of lung metastases (Fig. 4D). We showed that the
number of metastatic loci was obviously reduced in mice injected
with miR-3648-expressing cells compared to those injected with

m-NC cells, whereas FRAT1 or FRAT2-expressing cells formed more
metastatic nodules than FRAT1/miR-3648 or FRAT1/miR-3648 co-
expressing and vector-expressing cells (Fig. 4E). MMP2 and MMP9
are gelatinases of matrix metalloproteinase family, which were
initially associated with the invasive and metastatic properties of
tumour cells, owing to their ability to degrade major protein
components of the extracellular matrix and basement membranes
[34]. Thus, immunohistochemical (IHC) staining using anti-MMP2
and anti-MMP9 antibodies further verified the metastatic ability of
the different groups (Fig. 4F). Collectively, our data demonstrate
that miR-3648 suppresses the invasion and metastasis of GC by
downregulating FRAT1 or FRAT2.

Interaction of FRAT1 and FRAT2 promotes invasion and
metastasis in GC cells
The FRAT1 and FRAT2 genes, which are cancer-associated genes,
are clustered in the human chromosome at the 10q24 locus [30].
Therefore, we first investigated whether a correlation exists
between FRAT1 and FRAT2 expression in GC cells. We investigated
the interacting proteins of FRAT1 in the GeneMANIA database
(http://genemania.org/) and the results showed that FRAT1
protein maybe binds to FRAT2 protein. Pearson correlation
analyses showed positive correlations between FRAT1 and FRAT2
using the GEPIA database (http://gepia.cancer-pku.cn/) (Supple-
mentary Fig. 5A). We then examined the expression of FRAT1 and
FRAT2 in 82 human GC tissues and found positive correlations
between FRAT1 and FRAT2 via qPCR (Supplementary Fig. 5B).
To further verify the physical interaction between FRAT1 and

FRAT2 in vitro, we transfected Flag-tagged FRAT1 into AGS and
MKN45 cells and assessed whether the FRAT1 protein interacts
with FRAT2. We showed that an anti-Flag (FRAT1) antibody could
co-immunoprecipitate FRAT2 from cell extracts (Fig. 5B1). Similarly,
an anti-HA (FRAT2) antibody could co-immunoprecipitate FRAT1
(Fig. 5B2). Confocal fluorescence microscopy showed that the co-
localisation of the two proteins was apparent in the merged
images (Fig. 5C).
We synthesised three pairs of FRAT2 siRNAs in GC cells and

confirmed them via western blotting (Fig. 5D). To show whether
FRAT1 synergises with FRAT2 during metastasis and invasion, GC
cell invasion in vitro was determined using scratch wound-healing
and transwell assays. We showed that the forced expression of
FRAT1 increased the migration and invasion capacity compared to
treatment with the vector alone, whereas FRAT2 downregulation
in FRAT1-overexpressing cells decreased the cell motility and
invasion potential of FRAT-overexpressing cells (Supplementary
Fig. 5C and Fig. 5E).
To further confirm that FRAT1 synergises with FRAT2, we also

synthesised three FRAT1 siRNAs. The effects of these three
FRAT1 siRNAs were confirmed by western blot (Supplementary
Fig. 6A). We assessed the migration and invasion capabilities of
GC cells using wound-healing assays and transwell invasion
assays. We found that depressing the expression of FRAT1 or
FRAT2 respectively could inhibit the migration and invasion
ability of GC cells, while depressing the expression of FRAT1 and

Fig. 3 miR-3648 directly targets FRAT1 or FRAT2 in GC cells. A The three-way Venn diagram indicated the numbers of genes that
overlapped in two publicly available bioinformatics algorithms (mirDIP and DIANA) and RNA sequencing-based miR-3648 signature. B The
heatmap was based on 102 candidate genes that were downregulated in AGS cells. Red colour represents an expression level above mean,
green colour represents an expression lower than the mean. Highlighted by red box. C miR-3648 level and D FRAT1/FRAT2 protein expression
levels in twelve freshly collected gastric mucosal tissues using qRT-PCR and western blot analyses. Error bars represent the mean ± SD from
three independent experiments. E Putative miR-3648-binding sequence within the 3′-UTR of FRAT1 or FRAT2 mRNA. Mutations in the
complementary site for the seed region of miR-3648 in the 3′-UTR of the FRAT1 or FRAT2 gene are indicated. F Luciferase reporter vectors
containing wild-type (wt) or mutant (mut) FRAT1 or FRAT2 3′-UTR were constructed and cotransfected with miR-3648 mimics into AGS and
MKN45 cells. Luciferase reporter assays were used to determine whether miR-3648 directly binds to the 3′-UTR of FRAT1 or FRAT2. *P > 0.05,
***P < 0.01 and ****P < 0.001, m-NC vs. mimics. Error bars represent the mean ± SD from three independent experiments. P values were
estimated using two-tailed unpaired Student’s t-test. G Western blot analysis of FRAT1 or FRAT2 levels in gastric epithelial cells treated with
miR-3648 mimic or inhibitor.
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50 μm in B, 200 μm in D and 100 μm in F.
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FRAT2 simultaneously enhanced the inhibitory effect signifi-
cantly (Supplementary Fig. 6B, C).
To address the functional consequences of FRAT1 cooperating

with FRAT2 on tumour metastasis, we inoculated MKN45 cells

transduced with Lv-vector, Lv-FRAT1, Lv-shRNA, Lv-FRAT2 shRNA2,
or Lv-FRAT1+ FRAT2 shRNA2 into BALB/c-nu/nu mice (Fig. 5F and
Supplementary Fig. 6D). The presence of GC metastasis in the lung
was confirmed via histological analysis (Fig. 5G). Larger lung
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metastatic nodules were discovered in the Lv-FRAT1 group than
in the Lv-vector group. In contrast, inoculation with Lv-FRAT1-
FRAT2-shRNA2 cells reversed the effects observed in mice
inoculated with Lv-FRAT1 cells (Fig. 5H). IHC assays showed that
the overexpression of FRAT1 resulted in a significant upregulation
of the metastatic markers MMP2 and MMP9, whereas the loss of
FRAT2 in FRAT1-overexpressing cells caused a decrease in MMP2
and MMP9 expression (Fig. 5I).
Taken together, these findings suggest that the FRAT1-FRAT2

axis contributes to cancer progression and metastasis.

miR-3648 inhibits GC cell metastasis through the inactivation
of the Wnt/β-catenin signalling pathway by downregulating
FRAT1/FRAT2
Previous studies have revealed that FRAT1 and FRAT2 are
important members of the Wnt/β-catenin signalling transduction
pathway [35–38]. Therefore, we first transiently cotransfected GC
cells with a FRAT1 vector and/or FRAT2 siRNA and pTOPFLASH or
pFOPFLASH reporter plasmids. The TOPFLASH/FOPFLASH reporter
assay is a relative quantitative detection method to measure Wnt/
β-catenin signalling pathway activity [39, 40] and was performed
48 h post-treatment in GC cells. We found that ectopic expression
of FRAT1 significantly enhanced β‐catenin‐dependent luciferase
activity, whereas FRAT2 downregulation in FRAT1-overexpressing
cells reversed the enhanced effect (Fig. 6A). Second, we tested
whether miR-3648 regulates the Wnt/β-catenin signalling path-
way. The results showed that miR-3648 is a negative regulator of
Wnt/β-catenin signalling (Fig. 6B1, B2).
Third, we sought to verify whether FRAT1 or FRAT2 mediates the

activation of the Wnt/β-catenin signalling pathway in GC cells with
low miR-3648 expression. The forced expression of FRAT1 or FRAT2
resulted in the elevation of β‐catenin‐dependent luciferase activity,
whereas miR-3648 suppressed it. In addition, co-expression of FRAT1,
FRAT2, and miR-3648 reversed the effect of miR-3648 overexpression
(Fig. 6C). Moreover, the increased activation of the Wnt/β-catenin
signalling pathway of AGS and MKN45 cells transfected with the
miR-3648 inhibitor was significantly rescued by FRAT1 or FRAT2
knockdown (Fig. 6D).
KYA1797K, a small molecule, inhibits the Wnt/β-catenin

signalling pathway [41, 42]. We then determined whether
KYA1797K suppresses β-catenin-dependent transcriptional activity
in AGS and MKN45 cells via miR-3648. We showed that miR-3648
or KYA1797K attenuated luciferase activity compared to the m-
NC+ DMSO group. Moreover, both the miR-3648 and KYA1797K
groups had lower levels of TOPFLASH transcription activity than
the m-NC+ DMSO or m-NC+ KYA1797K groups (Fig. 6E).
To investigate the effect of miR-3648 or miR-3648 in combina-

tion with KYA1797K on cell migration and invasion, we performed
transwell assays and scratch wound-healing in GC cells, respec-
tively. The results showed that overexpression of miR-3648 or
KYA1797K inhibited GC cell migration and invasion compared to

those treated with m-NC+ DMSO. Besides, the additive effect of
miR-3648 and KYA1797K decreased the migration and invasion
ability of GC cells compared to those treated with the m-
NC+ DMSO or m-NC+ KYA1797K groups (Fig. 6F, G).
The FRAT1, FRAT2, GSK3b, β-catenin, TCF-4, MMP7, CD44, c-Myc,

c-JUN, and HIF-1a proteins are key participants in the Wnt/
β-catenin cell signalling pathway, in which aberrancies in their
expression have been associated with malignant cell transforma-
tion [12, 14, 18, 35, 36, 38, 43, 44]. Therefore, the expression of
these ten key proteins was measured via western blot assay in m-
NC- and miR-3648 mimic-treated or miR-3648 inhibitor-treated
cells. Representative blots for GC cells are shown in Fig. 6H1, H2.
The relative expression of these proteins was further calculated via
normalisation to GAPDH expression. The results showed that these
ten proteins showed significantly abnormal expression patterns in
miR-3648 mimic- or miR-3648 inhibitor-treated cells compared
with the control cells (Fig. 6H1, H2).
These results demonstrate that miR-3648 inactivates the Wnt/

β-catenin signalling pathway by targeting FRAT1 and FRAT2,
affecting the migration and invasion of GC cells.

miR-3648 is directly regulated by the transcription factor
c-Myc
The results mentioned above and previous reports have shown
that a high number of target genes, such as c-Myc [13], MMP7
[45], cyclin D1 [16, 17], c-JUN [15, 46], and HIF-1α [18], in the
Wnt/β-catenin signalling pathway have been identified. The
ectopic expression of miRNAs is also regulated by transcription
factor genes involved in the Wnt/β-catenin signalling pathway.
Therefore, we investigated whether the transcription factors c-
Myc, c-JUN, and HIF-1α can regulate miR-3648 expression levels
in GC cells via a regulatory feedback loop. We showed that miR-
3648 expression remained unchanged upon c-Jun and HIF-1a
overexpression in GC cells. In contrast, ectopic expression of
c-Myc led to a decreased expression of miR-3648 (Fig. 7A).
Moreover, overexpression of c-Myc led to a decreased expres-
sion of the primary transcript of miR-3648 (pri-miR-3648) in GC
cells (Fig. 7B). Next, we focused directly upstream within the
1-kb region of the transcription start site of miR-3648 and
identified two putative c-Myc-binding sites (Fig. 7C) with at least
84% identity to the c-Myc consensus sequences (Fig. 7D), which
were located at –189 to –177 bp (site 1) and –274 to –262 bp
(site 2) in the miR-3648 promoter.
To determine whether c-Myc binds to the miR-3648 promoter

region in vivo, we performed ChIP analysis in GC cells. The
distance between the c-Myc binding sites 1 and 2 was 73 bp. The
qPCR primer cannot be designed using online software (primer3
and primer3plus) because the GC content reached as high as
84.9% and it is difficult to separate sites close to each other. Thus,
we combined c-Myc binding sites 1 and 2 to design primers for
ChIP-qPCR. The results showed that the miR-3648 promoter region

Fig. 6 miR-3648 suppressed the activation of Wnt-β-catenin signalling by targeting FRAT1/2 in vitro. A The GC cells were cotransfected
with Vector, or FRAT1, or Scr siRNA, or FRAT2 siRNAp, or FRAT1+ FRAT2 siRNAp and TOP/FOPflash reporter plasmid were measured 48 h, and
the luciferase activity was determined. Normalised to Renilla luciferase activity used as an internal control. ***P < 0.01; ****P < 0.001. Two-tailed
unpaired Student’s t-test. B1, B2 miR-3648-modulated GC cells were transfected with the TOP/FOPflash reporter plasmid, and the reporter
activities were determined 48 h. ****P < 0.001; ****P < 0.001. Two-tailed unpaired Student’s t-test. C The GC cells were cotransfected with m‐
NC, or miR‐3648, or Vector, or FRAT1, or FRAT2, or miR‐3648+ FRAT1, or miR‐3648+ FRAT2 and TOP/FOPflash reporter plasmid. Then,
Luciferase activity was tested 48 h later. ***P < 0.01; ****P < 0.001. Two-tailed unpaired Student’s t-test. D The GC cells were cotransfected, and
the luciferase activity was measured after 48 h. Normalised Renilla luciferase activity was used as an internal control. ***P < 0.01; ****P < 0.001.
Two-tailed unpaired Student’s t-test. E The GC cells were cotransfected with 100 ng of TopFlash or FOPFlash luciferase reporter and m-
NC+DMSO, or miR-3648+DMSO, or m-NC+ KYA1797K, or miR-3648+ KYA1797K, then treated for 48 h. Luciferase activity was measured.
***P < 0.01; ****P < 0.001. Two-tailed unpaired Student’s t-test. F, G Effects of m-NC+DMSO, or miR-3648+DMSO, m-NC+ KYA1797K, or miR-
3648+ KYA1797K on GC cells migration and invasion using transwell and wound-healing assay. **P < 0.05; ***P < 0.01; ****P < 0.001. Two-
tailed unpaired Student’s t-test. All experiments were repeated at least three times. H1, H2 Western blot analysis of ten protein expressions in
GC cells transfected with miR-3648 mimics or miR-3648 inhibitor. Cells transfected with control (NC) plasmids were used as a control. The
densitometry data presented below the bands are fold change compared with control. Scale bars, 50 μm in F.
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containing sites 1 and 2 exhibited significant enrichment after
immunoprecipitation with an anti-c-Myc antibody (Fig. 7E). We
then cloned the promoter regions of c-Myc site 1 or site 2 of miR-
3648 upstream into a luciferase reporter plasmid. The AGS and
MKN45 cells were transiently cotransfected with a c-Myc

expression vector and a reporter plasmid. The dual-luciferase
assay showed that the activity of miR-3648 sites 1 and 2 in c-Myc
overexpressed cells decreased by approximately 2-fold compared
to that in the vector-treated cells (Fig. 7F). These results suggest
that c-Myc transrepresses the miR-3648 promoter in GC cells.
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To determine whether miR-3648 affects cancer progression by
regulating c-Myc expression in GC cells, we transfected c-Myc or
vector, miR-3648 or m-NC, and c-Myc+miR-3648 into AGS and
MKN45 cells. Compared with the control group, c-Myc over-
expression enhanced the migration ability and invasiveness of GC
cells in vitro, whereas the reintroduction of miR-3648 incompletely
reversed the migration- and invasiveness-promoting effects of
c-Myc (Fig. 7G, H).
To determine the effect of miR-3648 on c-Myc-mediated

metastasis in vivo, MKN45/Vector+m-NC, MKN45/c-Myc+m-
NC, and MKN45/c-Myc+miR-3648 cells were injected into the
tail vein of nude mice to seed lung metastases (Fig. 7I and
Supplementary Fig. 7). The presence of GC metastases in the lung
was verified via H&E staining (Fig. 7J). The results showed that the
number of metastatic nodules in the lung was significantly
increased in mice injected with c-Myc cells compared to those
injected with control cells. However, fewer lung metastatic
nodules were observed in the c-Myc/miR-3648 group than in
the c-Myc group (Fig. 7K). The expression of the cell metastasis
markers MMP2 and MMP7 was confirmed via IHC (Fig. 7L).
These results suggest that c-Myc downregulates the expression

level of miR-3648 in GC cells.

miR-3648 expression levels are negatively correlated with c-
Myc, FRAT1, and FRAT2 expression in human gastric samples
To demonstrate the relationship between c-Myc, miR-3648, FRAT1,
and FRAT2 expression levels in GC tissues, we detected the
expression of c-Myc, miR-3648, FRAT1, and FRAT2 in 82 human GC
tissues and paired normal tissues via qPCR. Spearman’s correlation
analysis showed a negative correlation between miR-3648 and
FRAT1 (Fig. 8A), between miR-3648 and FRAT2 (Fig. 8B) and
between c-Myc and miR-3648 (Fig. 8C), and a positive correlation
between c-Myc and FRAT1 (Fig. 8D) and between c-Myc and
FRAT2 (Fig. 8E).
To test whether the entire miR-3648/FRAT1-FRAT2/c-Myc

signalling axis was involved in GC, we evaluated the relationship
between the expression levels of the molecules involved in these
pathways and their association with the clinicopathological
features of patients with GC. We proved that there was a
correlation between the clinicopathological parameters of GC and
miR-3648 expression (Supplementary Table 4). We found that the
expression levels of FRAT1, FRAT2 and c-Myc (Supplementary
Tables 5–7) were significantly correlated with GC lymph node
metastasis and TNM stage.
Furthermore, we detected the expression of the four molecules

using IHC and ISH assays. The expression levels of FRAT1, FRAT2
and c-Myc were significantly higher, whereas that of miR-3648 was
significantly lower in GC tissues than in paired normal tissues of 12
gastric mucosa samples (Fig. 8F).
These data indicate that FRAT1, FRAT1, or c-Myc expression is

negatively correlated with miR-3648 expression levels in
patients with GC.

DISCUSSION
miRNAs play crucial roles in carcinogenesis and may regulate
multiple gene targets to modulate metastatic progression in various
cancer types [3, 4, 6, 15, 19]. However, the biological functions and
mechanisms underlying the mode of action of miR-3648 in GC
development and invasion have not yet been reported. In this
study, we identified the function of miR-3648 in the downregulation
of GC tumour growth and metastasis. miR-3648 targets FRAT1 and
FRAT2, which are known to play an important role in the Wnt
signalling pathway in GC progression. Moreover, we discovered that
the miR-3648 promoter was negatively regulated by the Wnt
pathway target gene c-Myc. Thus, these results suggest that the
miR-3648/FRAT1-FRAT2/c-Myc negative feedback loop inhibits GC
cell invasion and migration.
It is now well established that miRNAs are correlated with

tumour proliferation and aggressiveness in gastrointestinal
cancers. For example, miR-500a-5p directly targets HDAC2, which
mediates the inhibition of CRC cell proliferation [47]. In this study,
we first verified that miR-3648 was significantly downregulated in
GC and that its expression was associated with a better prognosis
in patients with GC. Overexpression of miR-3648 induces cell cycle
arrest and inhibits the proliferation of GC cells. Moreover, ectopic
expression of miR-3648 suppressed GC cell invasion and migra-
tion, which was consistent with previous reports that miR-188-5p
inhibited the inhibition of growth, motility and invasion of GC cells
[48]. Specifically, inhibition of miR-3648 facilitated GC develop-
ment and progression, suggesting that miR-3648 can be used as a
cancer biomarker.
The FRAT1 and FRAT2 genes are clustered in the human

chromosome locus 10q24.1, and both genes have been previously
identified as proto-oncogenes in a variety of tumours [11, 30, 36],
including basal-like breast cancer [49], ovarian cancer [37], and GC
[30]. However, whether miR-3648 participates in the regulation of
FRAT1 or FRAT2 expression in GC remains unknown. In the current
study, we identified FRAT1 and FRAT2 as major downstream
effectors of miR-3648 from combined analyses using miRNA-seq
and computational target prediction. We observed that miR-3648
negatively regulated the protein levels of FRAT1 or FRAT2 by
targeting a specific binding site in the FRAT1 or FRAT2 3′-UTR
sequence. Meanwhile, the overexpression of miR-3648 in FRAT1 or
FRAT2-overexpressing GC cells regulated cell proliferation and
metastasis both in vitro and in vivo. Thus, our study suggests that
miR-3648 is a negative regulator of cell proliferation and
metastasis by targeting FRAT1 and FRAT2 in GC.
The FRAT1 gene encodes a 279-amino-acids protein, whereas the

FRAT2 gene encodes a 233-amino-acids protein, which is 77.3%
identical to FRAT1 [38]. However, a correlation between FRAT1 and
FRAT2 expression in GC has not been elucidated. Here, we revealed
that FRAT1 physically binds to FRAT2 to promote metastasis in GC
cells. First, we demonstrated that FRAT1 and FRAT2 may co-
precipitate according to the GeneMANIA database. Second, we
demonstrated a positive correlation between FRAT1 and FRAT2

Fig. 7 miR-3648 is regulated directly by the transcription factor c-Myc. A, B Overexpression of c-Myc, or HIF-1a, or JUN, or Vector was
transfected into AGS and MKN45 cells. c-Myc, or HIF-1a, or JUN, or mature miR-3848 (A), or pri-miR-769 (B) relative expression levels were
detected in AGS and MKN45 cell lines using qRT-PCR analysis. *P > 0.05; ***P < 0.01; ****P < 0.001. Two-tailed unpaired Student’s t-test. C The
transcriptional factor c-Myc binding motif was predicted using Jaspar database. D The luciferase (Luc) reporter constructs contained the miR-
3648 promoter with two potential c-Myc-binding sites. E ChIP-qPCR assay demonstrated the direct binding of c-Myc to the miR-3648
promoter in AGS and MKN45 cells. Gene enrichment was quantified relative to input controls by qPCR using primers specific for the promoter
regions of miR-3648. PCR primers located in exon 3 of RPL30 and anti-Histone H3 antibody served as the positive control. Primers were used
to amplify the served region containing the distant upstream miR-3648 promoter as the background. Results are shown as a fold change of
qPCR value over IgG. Two-tailed unpaired Student’s t-test; *P > 0.05 and ****P < 0.001. F c-Myc transrepresses miR-3648 promoter activities in
AGS and MKN45 cells. The miR-3648 promoter construct was cotransfected with c-Myc or vector, and the relative luciferase activity was
determined. ***P < 0.01; ****P < 0.001. Two-tailed unpaired Student’s t-test. G, H The GC cell migration and invasion assays were performed.
***P < 0.01; ****P < 0.001. Two-tailed unpaired Student’s t-test. All experiments were repeated at least three times. I Mice were orthotopically
transplanted with MKN45 cells (n= 3 in each group, one of three nude mice was shown. ***P < 0.01; ****P < 0.001. Two-tailed unpaired
Student’s t-test. J The mice were killed and metastatic cancer tissues were stained with H&E. K The number of metastatic loci in the lungs was
counted. ***P < 0.01; ****P < 0.001. L IHC staining of MMP2 and MMP9 expression. Scale bars, 50 μm in H, 200 μm in J and 100 μm in L.
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twelve cancerous and noncancerous patients. Scale bars, 50 μm. G A hypothetical model depicting roles of miR-3648, FRAT1, FRAT2 and c-Myc
in GC cells.
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expression using the GEPIA database and in 82 samples of GC
tissues in our hospital. Third, co-immunoprecipitation and co-
localisation experiments confirmed that FRAT1 interacts with FRAT2,
which was consistent with the previous report by van der Wal et al.
that TMEM98 binds to FRAT2 [50]. Fourth, FRAT1 synergises with
FRAT2 to promote tumour metastasis in vitro and in vivo. Thus, we
speculated that the FRAT1-FRAT2 axis might play a role in the
progression of GC.
Wnt signalling is a highly conserved signalling pathway that

plays a critical role in controlling embryonic and organ develop-
ment, as well as cancer progression. For example, FZD7 is a
positive regulator of the Wnt/β-catenin signalling pathway [51]. Its
expression was related to the poor prognosis of GC patients. Axin
is a negative regulator of the Wnt signalling cascade. Its
expression is downregulated in GC tissues and associated with
GC metastasis [52]. However, the role of FRAT1 and FRAT2 in
modulating the Wnt signalling pathway in GC cells was not fully
uncovered. In this study, we showed that ectopic expression of
FRAT1 significantly enhanced β‐catenin‐dependent luciferase
activity, whereas FRAT2 downregulation in FRAT1-overexpressing
cells reversed the enhanced effect, which is consistent with TCTP
and Wnt-5a heighten β-catenin/TCF-4 transcription activity using a
TOPflash/FOPflash report gene assay [53, 54]. Therefore, FRAT1 or
FRAT2 alone and FRAT1 synergises with FRAT2 to activate Wnt/
β-catenin signalling in GC cells.
Subsequently, we investigated whether miR-3648 can inhibit GC

tumour metastasis by modulating the FRAT1-FRAT2/Wnt/
β-catenin signalling pathway in GC. Results of the TOPFLASH/
FOPFLASH reporter assays showed that FRAT1 or FRAT2 increased
the Wnt/β-catenin activity, whereas miR-3648 decreased the Wnt/
β-catenin activity in GC cells. Moreover, co-transfection of FRAT1
or FRAT2 and miR-3648 partially reversed the effect of miR-3648
suppression on Wnt/β-catenin activity. Western blot analysis
showed that miR-3648 suppressed Wnt/β-catenin target gene
expression. Thus, miR-3648 inactivates the Wnt/β-catenin signal-
ling pathway by targeting FRAT1 and FRAT2.
Recent reports have revealed that miRNAs in combination

with Wnt/β-catenin signalling antagonists negatively regulate
the Wnt/β-catenin signalling pathway in tumour metastasis
[19, 55]. Consistently, we demonstrated that the miR-3648 and/
or Wnt/β-catenin inhibitor-KYA1797K-treated cells showed
lower levels of luciferase activity than the control. In addition,
miR-3648 synergises with KYA1797K and inhibits GC cell
migration and invasion ability compared to the control group.
Thus, both miR-3648 and KYA1797K are potential therapeutic
strategies for GC patients.
An increasing amount of evidence shows that the deregulated

expression of the c-Myc proto-oncogene by aberrant Wnt/β-catenin
signalling drives tumour cell migration and invasion [13, 43, 56]. As a
well-studied transcription factor, c-Myc can regulate the transcrip-
tion of several miRNAs by binding to their promoter regions,
thereby modulating cancer progression. For instance, c-Myc can
inhibit the expression of miR-200b via binding to the promoter
region of the miR-200b gene [57]. The c-Myc-miR-200b-PRDX2 axis
regulates CRC progression [58]. Here, miR-3648 is a direct
transcriptional target of c-Myc, as demonstrated by c-Myc directly
binding to and transrepressing the miR-3648 promoter. This result
provides a mechanism by which c-Myc inhibits the expression of
miR-3648, regulating GC metastasis and invasion. Furthermore, the
above-mentioned results showed that miR-3648 targets FRAT1 and
FRAT2, and that FRAT1/FRAT2 positively regulates the Wnt signalling
pathway and downregulates c-Myc expression. These findings
suggest that miR-3648/FRAT1-FRAT2/c-Myc forms a negative feed-
back loop, which could inhibit GC cell invasion and metastasis.
In conclusion, as illustrated in our working model in Fig. 8G,

we have shown that miR-3648 inactivates Wnt/β-catenin
signalling by directly targeting their regulators, FRAT1 and
FRAT2. In turn, inactivation of Wnt/β-catenin signalling leads to

the upregulation of miR-3648 expression by reducing the
binding of c-Myc to the miR-3648 promoter region. Therefore,
miR-3648/FRAT1-FRAT2/c-Myc forms a negative feedback loop,
which regulates GC cell invasion and metastasis. Our results
showed that miR-3648 may be a novel prognostic marker and a
treatment target for GC.

MATERIALS AND METHODS
Available in Supplementary information.

DATA AVAILABILITY
The datasets used and analysed during the current study are available from the
corresponding author upon reasonable request.

REFERENCES
1. Li Q, Xu X, Su D, Zhou T, Wang G, Li Z. Long-term survival of an elderly patient

with advanced gastric cancer after combination therapy: a case report and lit-
erature review. BMC Cancer. 2019;19:459.

2. Ahadi A. Dysregulation of miRNAs as a signature for diagnosis and prognosis of
gastric cancer and their involvement in the mechanism underlying gastric car-
cinogenesis and progression. IUBMB life. 2020;72:884–98.

3. Ye G, Huang K, Yu J, Zhao L, Zhu X, Yang Q, et al. MicroRNA-647 targets SRF-
MYH9 axis to suppress invasion and metastasis of gastric cancer. Theranostics.
2017;7:3338–53.

4. Zhang P, Tang WM, Zhang H, Li YQ, Peng Y, Wang J, et al. MiR-646 inhibited cell
proliferation and EMT-induced metastasis by targeting FOXK1 in gastric cancer.
Br J Cancer. 2017;117:525–34.

5. Min Z, Xiaomeng L, Zheng L, Yangge D, Xuejiao L, Longwei L, et al. Asymmetrical
methyltransferase PRMT3 regulates human mesenchymal stem cell osteogenesis
via miR-3648. Cell Death Dis. 2019;10:581.

6. Xing R. miR-3648 promotes prostate cancer cell proliferation by inhibiting ade-
nomatous polyposis coli 2. J Nanosci Nanotechnol. 2019;19:7526–31.

7. Sun W, Li S, Yu Y, Jin H, Xie Q, Hua X, et al. MicroRNA-3648 is upregulated to
suppress TCF21, resulting in promotion of invasion and metastasis of human
bladder cancer. Mol Ther Nucleic Acids. 2019;16:519–30.

8. Karim R, Tse G, Putti T, Scolyer R, Lee S. The significance of the Wnt pathway in
the pathology of human cancers. Pathology. 2004;36:120–8.

9. Katoh M, Katoh M. WNT signaling pathway and stem cell signaling network. Clin
Cancer Res. 2007;13:4042–5.

10. Katoh M, Katoh M. Transcriptional regulation of WNT2B based on the balance of
Hedgehog, Notch, BMP and WNT signals. Int J Oncol. 2009;34:1411–5.

11. van Amerongen R, Nawijn MC, Lambooij JP, Proost N, Jonkers J, Berns A. Frat
oncoproteins act at the crossroad of canonical and noncanonical Wnt-signaling
pathways. Oncogene. 2010;29:93–104.

12. Doumpas N, Lampart F, Robinson MD, Lentini A, Nestor CE, Cantu C, et al. TCF/LEF
dependent and independent transcriptional regulation of Wnt/beta-catenin tar-
get genes. EMBO J. 2019;38:e98873.

13. He TC, Sparks AB, Rago C, Hermeking H, Zawel L, da Costa LT, et al. Identification
of c-MYC as a target of the APC pathway. Science. 1998;281:1509–12.

14. Zhao M, Xu P, Liu Z, Zhen Y, Chen Y, Liu Y, et al. Dual roles of miR-374a by
modulated c-Jun respectively targets CCND1-inducing PI3K/AKT signal and PTEN-
suppressing Wnt/beta-catenin signaling in non-small-cell lung cancer. Cell Death
Dis. 2018;9:78.

15. Lin J, Ding S, Xie C, Yi R, Wu Z, Luo J, et al. MicroRNA-4476 promotes glioma
progression through a miR-4476/APC/beta-catenin/c-Jun positive feedback loop.
Cell Death Dis. 2020;11:269.

16. Shtutman M, Zhurinsky J, Simcha I, Albanese C, D’Amico M, Pestell R, et al. The
cyclin D1 gene is a target of the beta-catenin/LEF-1 pathway. Proc Natl Acad Sci
USA. 1999;96:5522–7.

17. Zhang W, Jiang B, Guo Z, Sardet C, Zou B, Lam CS, et al. Four-and-a-half LIM
protein 2 promotes invasive potential and epithelial-mesenchymal transition in
colon cancer. Carcinogenesis. 2010;31:1220–9.

18. Xu K, Zhan Y, Yuan Z, Qiu Y, Wang H, Fan G, et al. Hypoxia induces drug resis-
tance in colorectal cancer through the HIF-1alpha/miR-338-5p/IL-6 feedback
loop. Mol Ther. 2019;27:1810–24.

19. Peng Y, Zhang X, Ma Q, Yan R, Qin Y, Zhao Y, et al. MiRNA-194 activates the Wnt/
beta-catenin signaling pathway in gastric cancer by targeting the negative Wnt
regulator, SUFU. Cancer Lett. 2017;385:117–27.

20. Liu Q, Guan Y, Li Z, Wang Y, Liu Y, Cui R, et al. miR-504 suppresses mesenchymal
phenotype of glioblastoma by directly targeting the FZD7-mediated Wnt-beta-
catenin pathway. J Exp Clin Cancer Res. 2019;38:358.

W. Tang et al.

4836

Oncogene (2022) 41:4823 – 4838



21. Codolo G, Toffoletto M, Chemello F, Coletta S, Soler Teixidor G, Battaggia G, et al.
Helicobacter pylori dampens HLA-II expression on macrophages via the up-
regulation of miRNAs targeting CIITA. Front Immunol. 2019;10:2923.

22. Yang Z, Shi X, Li C, Wang X, Hou K, Li Z, et al. Long non-coding RNA UCA1
upregulation promotes the migration of hypoxia-resistant gastric cancer cells
through the miR-7-5p/EGFR axis. Exp Cell Res. 2018;368:194–201.

23. Lu J, Wang YH, Huang XY, Xie JW, Wang JB, Lin JX, et al. circ-CEP85L suppresses
the proliferation and invasion of gastric cancer by regulating NFKBIA expression
via miR-942-5p. J Cell Physiol. 2020;235:6287–99.

24. Liu J, Wang X, Yang X, Liu Y, Shi Y, Ren J, et al. miRNA423-5p regulates cell
proliferation and invasion by targeting trefoil factor 1 in gastric cancer cells.
Cancer Lett. 2014;347:98–104.

25. Zhang Y, Huang H, Zhang Y, Liao N. Combined detection of serum MiR-221-3p
and MiR-122-5p expression in diagnosis and prognosis of gastric cancer. J Gastric
Cancer. 2019;19:315–28.

26. Zhao C, Li Y, Chen G, Wang F, Shen Z, Zhou R. Overexpression of miR-15b-5p
promotes gastric cancer metastasis by regulating PAQR3. Oncol Rep. 2017;38:352–8.

27. Ibrahim HM, AbdElbary AM, Mohamed SY, Elwan A, Abdelhamid MI, Ibrahim A.
Prognostic value of cyclin D1 and CD44 expression in gastric adenocarcinoma. J
Gastrointest Cancer. 2019;50:370–9.

28. Zhou D, Zhu X, Wu X, Zheng J, Tou L, Zhou Y. The effect of splicing MST1R in
gastric cancer was enhanced by lncRNA FENDRR. Exp Ther Med. 2021;22:798.

29. Takahata M, Inoue Y, Tsuda H, Imoto I, Koinuma D, Hayashi M, et al. SKI and MEL1
cooperate to inhibit transforming growth factor-beta signal in gastric cancer
cells. J Biol Chem. 2009;284:3334–44.

30. Saitoh T, Katoh M. FRAT1 and FRAT2, clustered in human chromosome 10q24.1
region, are up-regulated in gastric cancer. Int J Oncol. 2001;19:311–5.

31. Werner TV, Hart M, Nickels R, Kim YJ, Menger MD, Bohle RM, et al. MiR-34a-3p
alters proliferation and apoptosis of meningioma cells in vitro and is directly
targeting SMAD4, FRAT1 and BCL2. Aging. 2017;9:932–54.

32. Zheng K, Zhou X, Yu J, Li Q, Wang H, Li M, et al. Epigenetic silencing of miR-490-3p
promotes development of an aggressive colorectal cancer phenotype through
activation of the Wnt/beta-catenin signaling pathway. Cancer Lett. 2016;376:178–87.

33. Jiang J, Yu C, Chen M, Zhang H, Tian S, Sun C. Reduction of miR-29c enhances
pancreatic cancer cell migration and stem cell-like phenotype. Oncotarget.
2015;6:2767–78.

34. Folgueras AR, Pendas AM, Sanchez LM, Lopez-Otin C. Matrix metalloproteinases
in cancer: from new functions to improved inhibition strategies. Int J Dev Biol.
2004;48:411–24.

35. Saitoh T, Moriwaki J, Koike J, Takagi A, Miwa T, Shiokawa K, et al. Molecular
cloning and characterization of FRAT2, encoding a positive regulator of the WNT
signaling pathway. Biochem Biophys Res Commun. 2001;281:815–20.

36. Saitoh T, Mine T, Katoh M. Molecular cloning and expression of proto-oncogene
FRAT1 in human cancer. Int J Oncol. 2002;20:785–9.

37. Tian W, Lei N, Guo R, Yuan Z, Chang L. Long non-coding RNA DANCR promotes
cervical cancer growth via activation of the Wnt/beta-catenin signaling pathway.
Cancer Cell Int. 2020;20:61.

38. Freemantle SJ, Portland HB, Ewings K, Dmitrovsky F, DiPetrillo K, Spinella MJ, et al.
Characterization and tissue-specific expression of human GSK-3-binding proteins
FRAT1 and FRAT2. Gene. 2002;291:17–27.

39. Yang C, Zhou Q, Li M, Tong X, Sun J, Qing Y, et al. Upregulation of CYP2S1 by
oxaliplatin is associated with p53 status in colorectal cancer cell lines. Sci Rep.
2016;6:33078.

40. Yang XZ, Cheng TT, He QJ, Lei ZY, Chi J, Tang Z, et al. LINC01133 as ceRNA
inhibits gastric cancer progression by sponging miR-106a-3p to regulate APC
expression and the Wnt/beta-catenin pathway. Mol Cancer. 2018;17:126.

41. Yan G, Li S, Yue M, Li C, Kang Z. Lysine demethylase 5B suppresses CC chemokine
ligand 14 to promote progression of colorectal cancer through the Wnt/beta-
catenin pathway. Life Sci. 2021;264:118726.

42. Ruan Z, Liang M, Lai M, Shang L, Deng X, Su X. KYA1797K down-regulates PD-L1
in colon cancer stem cells to block immune evasion by suppressing the beta-
catenin/STT3 signaling pathway. Int Immunopharmacol. 2020;78:106003.

43. Wang B, Hsu SH, Wang X, Kutay H, Bid HK, Yu J, et al. Reciprocal regulation of
microRNA-122 and c-Myc in hepatocellular cancer: role of E2F1 and transcription
factor dimerization partner 2. Hepatology. 2014;59:555–66.

44. Lv YF, Dai H, Yan GN, Meng G, Zhang X, Guo QN. Downregulation of tumor
suppressing STF cDNA 3 promotes epithelial-mesenchymal transition and tumor
metastasis of osteosarcoma by the Wnt/GSK-3beta/beta-catenin/Snail signaling
pathway. Cancer Lett. 2016;373:164–73.

45. Fan H, Zhang M, Liu W. Hypermethylated KCNQ1 acts as a tumor suppressor in
hepatocellular carcinoma. Biochem Biophys Res Commun. 2018;503:3100–7.

46. Liu L, Ning Y, Yi J, Yuan J, Fang W, Lin Z, et al. miR-6089/MYH9/beta-catenin/c-Jun
negative feedback loop inhibits ovarian cancer carcinogenesis and progression.
Biomed Pharmacother. 2020;125:109865.

47. Tang W, Zhou W, Xiang L, Wu X, Zhang P, Wang J, et al. The p300/YY1/miR-500a-
5p/HDAC2 signalling axis regulates cell proliferation in human colorectal cancer.
Nat Commun. 2019;10:663.

48. Peng Y, Shen X, Jiang H, Chen Z, Wu J, Zhu Y, et al. miR-188-5p suppresses
gastric cancer cell proliferation and invasion via targeting ZFP91. Oncol Res.
2018;27:65–71.

49. Zhou Y, Li C, Peng J, Luo P, Xie C, Liu S, et al. WNT signaling pathway regulator-
FRAT2 affects oncogenesis and prognosis of basal-like breast cancer. J Thorac Dis.
2020;12:3478–87.

50. van der Wal T, Lambooij JP, van Amerongen R. TMEM98 is a negative regulator of
FRAT mediated Wnt/ss-catenin signalling. PLoS One. 2020;15:e0227435.

51. Kirikoshi H, Sekihara H, Katoh M. Up-regulation of Frizzled-7 (FZD7) in human
gastric cancer. Int J Oncol. 2001;19:111–5.

52. Mazzoni SM, Fearon ER. AXIN1 and AXIN2 variants in gastrointestinal cancers.
Cancer Lett. 2014;355:1–8.

53. Gu X, Yao L, Ma G, Cui L, Li Y, Liang W, et al. TCTP promotes glioma cell pro-
liferation in vitro and in vivo via enhanced beta-catenin/TCF-4 transcription.
Neuro Oncol. 2014;16:217–27.

54. Paclikova P, Radaszkiewicz TW, Potesil D, Harnos J, Zdrahal Z, Bryja V. Roles of
individual human Dishevelled paralogs in the Wnt signalling pathways. Cell
Signal. 2021;85:110058.

55. Ren L, Chen H, Song J, Chen X, Lin C, Zhang X, et al. MiR-454-3p-mediated Wnt/
beta-catenin signaling antagonists suppression promotes breast cancer metas-
tasis. Theranostics. 2019;9:449–65.

56. Dang CV, Le A, Gao P. MYC-induced cancer cell energy metabolism and ther-
apeutic opportunities. Clin Cancer Res. 2009;15:6479–83.

57. Pang Y, Liu J, Li X, Xiao G, Wang H, Yang G, et al. MYC and DNMT3A-mediated
DNA methylation represses microRNA-200b in triple negative breast cancer. J Cell
Mol Med. 2018;22:6262–74.

58. Lv Z, Wei J, You W, Wang R, Shang J, Xiong Y, et al. Disruption of the c-Myc/miR-
200b-3p/PRDX2 regulatory loop enhances tumor metastasis and chemother-
apeutic resistance in colorectal cancer. J Transl Med. 2017;15:257.

ACKNOWLEDGEMENTS
We acknowledge the generous support of the Guangdong Provincial Key Laboratory
of Gastroenterology, Department of Gastroenterology, Nanfang Hospital, Southern
Medical University. This study was supported by grants from the National Natural
Science Foundation of China (Nos. 81974448, 81772964, 82073066 and 82103152),
GuangDong Basic and Applied Basic Research Foundation (No. 2020A1515110059),
Guangdong Gastrointestinal Disease Research Center (No. 2017B020209003),
Guangdong Medical Research Foundation (No. B2019126), Shenzhen Science and
Technology Innovation Commission (No. JCYJ20180306170328854), Shenzhen
Science and Technology Innovation Commission Fund (No. JCYJ20210324135005013)
and Shenzhen Longgang District Science and Technology Innovation commission
fund (No. LGKCYLWS 2021000012).

AUTHOR CONTRIBUTIONS
The research was designed and conceived by JDW, SDL, AML, LX and HZ. In vitro
experiments were mainly accomplished by WMT, MMP and JYL. NZX, WSX, ZY, JMZ
and LJH conducted experiments in vivo. LX, ZG, JJL and WYD were responsible for
data analysis and statistical analysis. The specimens were collected by YZX, XSW and
GNL. FCZ, GXL, JX and YC contributed to technical support and manuscript revision.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41388-022-02451-2.

Correspondence and requests for materials should be addressed to Li Xiang , Aimin
Li , Side Liu or Jide Wang.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

W. Tang et al.

4837

Oncogene (2022) 41:4823 – 4838

https://doi.org/10.1038/s41388-022-02451-2
http://www.nature.com/reprints
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

W. Tang et al.

4838

Oncogene (2022) 41:4823 – 4838

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The miR-3648/FRAT1-FRAT2/c-Myc negative feedback loop modulates the metastasis and invasion of gastric cancer cells
	Background
	Results
	Downregulation of miR-3648 expression is associated with poor prognosis in GC
	Exogenous miR-3648 suppresses the malignant biological behaviour of GC cells in�vitro
	miR-3648 directly targets the FRAT1 and FRAT2 3&#x02032;-UTR
	FRAT1 and FRAT2 are involved in the miR-3648-mediated inhibition of GC cell invasion and metastasis
	Interaction of FRAT1 and FRAT2 promotes invasion and metastasis in GC cells
	miR-3648 inhibits GC cell metastasis through the inactivation of the Wnt/&#x003B2;nobreak-nobreakcatenin signalling pathway by downregulating FRAT1/FRAT2
	miR-3648 is directly regulated by the transcription factor c-nobreakMyc
	miR-3648 expression levels are negatively correlated with c-Myc, FRAT1, and FRAT2 expression in human gastric samples

	Discussion
	Materials and methods
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




