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Abstract: Gastric cancer (GC) is one of the most common malignant tumors of the digestive system. A deeper under-
standing of the mechanism of proliferation and metastasis is needed to improve patient survival. T cell lymphoma 
invasion and metastasis 1 (TIAM1) has been proven to play an essential role in the proliferation and metastasis 
of GC. The aim of this study was to explore the relevant upstream regulatory mechanism of TIAM1. Bioinformatic 
analysis, RT-qPCR, and dual luciferase reporter assays were used to predict and validate microRNAs that target the 
TIAM1 gene. Among eleven predicted microRNAs, eight (miR-10b-5p, miR-589-3p, miR-651-3p, miR-335-3p, miR-
653-5p, miR-373-3p, miR-372-3p, and miR-205-3p) affected TIAM1 expression; and only miR-10b-5p regulated 
TIAM1 expression by directly binding to the 3’-UTR of TIAM1 mRNA. miR-10b-5p levels were determined in both 
normal and cancerous tissues retrieved from GC patients. We observed that by targeting TIAM1 expression, miR-
10b-5p inhibited the proliferation, migration, and invasion of GC cells. To verify our observations, we evaluated the 
participation of runt-related transcription factor 3 (RUNX3), a known regulator of microRNA expression and tumor 
suppressor. Tumor-suppressor RUNX3 combined with core-binding factor subunit beta (CBFβ) upregulated miR-10b-
5p and suppressed GC. In conclusion, we identified a CBFβ/RUNX3-miR10b-TIAM1 molecular axis that inhibits GC 
progression and metastasis and may provide suitable treatment targets for GC.

Keywords: Gastric cancer, T cell lymphoma invasion and metastasis 1, microRNA-10b-5p, runt-related transcrip-
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Introduction

Gastric cancer (GC) has an extremely high rate 
of mortality and is one of the leading causes of 
cancer-related death worldwide [1, 2]. Although 
the 5-year overall survival rate of patients with 
GC has been prolonged to some degree by 
endoscopic screening and treatment [3], it 
remains difficult to inhibit tumor proliferation 
and prevent metastasis [4]. A detailed under-
standing of the molecular mechanisms of GC 
will contribute to improving patient survival 
[4-6]. Among the various signaling pathways 
and mechanisms regulating GC, T cell lympho-
ma invasion and metastasis 1 (TIAM1) encodes 
a RAC1-specific guanine nucleotide exchange 
factor (GEF), and, by regulating RAC1 signaling 
pathways, this gene plays an important role in 
carcinogenesis, progression, invasion, and me- 

tastasis including in GC [7-10]. Knowledge of 
the relevant regulatory mechanisms of TIAM1 
may facilitate further research on the mecha-
nisms underlying metastasis and on treatment 
targets for GC. 

As the important roles of microRNAs are in- 
creasingly recognized [11] and microRNA-ba- 
sed therapeutics in various tumors have been 
reported [12], we focused on the upstream reg-
ulatory mechanism of TIAM1-related microR-
NAs. Although numerous microRNAs targeting 
TIAM1 are predicted according to online data-
bases, only a few of them have been experi-
mentally validated [13], not to mention the 
genes that can regulate those microRNAs.

Although no genes have been reported to regu-
late TIAM1-related microRNAs in GC, previous 
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studies have shown that runt-related transcrip-
tion factor (RUNX) is related to the regulation of 
other tumor-related microRNAs [14-16]. RUNX, 
also known as CBFα, typically combines with 
core-binding factor subunit beta (CBFβ) to form 
a heterodimeric core-binding transcription fac-
tor that plays important roles in various diseas-
es including cancers [17-19]. The three mem-
bers of the RUNX family, RUNX1, RUNX2, and 
RUNX3, contain the same runt domain and 
show distinct tissue-specific expression pat-
terns [20, 21]. RUNX3, rather than RUNX2 or 
RUNX1, is most closely associated with GC, 
and its inactivation has been established as a 
causative factor in tumorigenesis [20-23]. 
Thus, a relationship may exist between RUNX3, 
TIAM1-related microRNAs, and the malignancy 
of GC.

In this study, we investigated the microRNAs 
that target TIAM1 using bioinformatic analysis 
based on seven online databases, RT-qPCR, 
and dual luciferase reporter assays. In addi-
tion, the relevant effects on proliferation, inva-
sion, and migration of GC were observed using 
CCK and transwell assays in BGC823 cells. The 
involvement of the CBFβ-RUNX3 interaction in 
the regulatory mechanism of GC was tested in 
CBFB-knockdown BGC823 cells.

Materials and methods

Human tissues

A total of 38 tissues including 19 GC tissues 
and 19 corresponding adjacent normal gastric 
epithelial tissues were obtained from patients 
with primary GC. The fresh tissues were stored 
in liquid nitrogen within 30 min after being 
excised during surgery until RNA extraction. 
The clinicopathologic characteristics of the 
patients with GC involved in this study are 

shown in Table 1. The research protocol was 
reviewed and approved by the approval of the 
Ethics Review Committees of the First Hospital 
of Jilin University, and written informed consent 
was obtained from each patient.

Cell lines

All cell lines in this study, including BGC823, 
MGC803, SGC7901, and GES-1 cells, were ob- 
tained from the American Type Culture Colle- 
ction (Manassas, VA, USA). The cells were rou-
tinely cultured in RPMI 1640 (HyClone, Logan, 
UT, USA) (BGC823, MGC803, and SGC7901 
cells) or DMEM (HyClone) (GES-1) containing 
10% fetal bovine serum (Biological Industries, 
Beit-Haemek, Israel) and 1% penicillin-strepto-
mycin antibiotics (Biological Industries) at 37°C 
in a 5% CO2 constant-temperature incubator.

microRNA prediction

Seven online databases were searched for mi- 
croRNAs: Targetscan (http://www.targetscan.
org/vert_71/), miRDB (http://www.mirdb.org/), 
miRWalk (http://mirwalk.umm.uni-heidelberg.
de/), MicroT-CDS (http://www.microrna.gr/mic-
roT-CDS/), miRNet (http://www.mirnet.ca/), mi- 
RSystem (http://mirsystem.cgm.ntu.edu.tw/), 
and miRNAMap (http://mirnamap.mbc.nctu.
edu.tw/). MicroRNAs predicted by at least three 
online databases were selected for further 
research.

Plasmid construction

The entire 3’-UTR (1950 bp in length) of TIAM1 
was cloned into the psiCHECKTM-2 vector 
(Promega) that contained firefly (Photinus pyral-
is) and Renilla (Renilla reniformis) luciferase 
reporter genes. The 3’-UTR of TIAM1 was insert-
ed into the 3’-end of the Renilla luciferase ge- 
ne. The firefly luciferase gene served as an 
internal control to normalize Renilla luciferase 
expression. The vector map (psi-TIAM1-3’-UTR) 
(created by SnapGene®) is shown in Figure S1. 
The overexpression vector plasmids express- 
ing myc-tagged RUNX3 were a gift from Dr. A. 
Friedman. The construction of pc-CBFB-myc 
expressing myc-tagged CBFβ has been des- 
cribed previously [24].

Transfection and lentivirus infection

The mimic/inhibitor of microRNAs (Mimics and 
Inhibitors) and corresponding negative controls 

Table 1. Characteristics of patients with GC
Finding No. of cases %
Gender
    Male 10 53
    Female 9 47
Age
    ≥ 60 years 14 74
    < 60 years 5 26
Pathological stage
    I-II 2 11
    III-IV 17 89
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(Ribobio, Shanghai, China) were transfected 
using LipofectamineTM RNAiMax (Invitrogen, Ca- 
rlsbad, CA, USA) based on the manufacturer’s 
protocol. The plasmids were transfected using 
Lipofectamine3000 (Invitrogen). Lentiviral vec-
tors (pLK0.1-puro/shCBFB-puro, RRE, REV, Vs- 
vg) were co-transfected into 293T cells using 
Lipofectamine3000. Twenty-four hours after 
transfection, the culture medium was changed. 
On the next day, the supernatants were collect-
ed and filtered through a 0.22-μm membrane. 
GC cells were infected with virus in the pres-
ence of 0.1% DEAE-Dextran (Sigma, St. Louis, 
MO, USA) for 48 h. Next, culture medium con-
taining 3 µg/mL of puromycin (Sigma) was used 
to select cells for one week to obtain stably 
infected cells.

Dual-luciferase reporter gene assay

Vectors psi-TIAM1-3’-UTR or psi-TIAM1-3’-UTR-
10b-MU were transfected into GC cells. After 
48 h, the Renilla luciferase activity (psi-TIAM1-
3’-UTR and psi-TIAM1-3’-UTR-10b-MU, normal-
ized to firefly luciferase activity) was measur- 
ed using a luciferase reporter assay system 
(Promega, Madison, WI, USA) according to the 
manufacturer’s instructions.

RNA extraction and real-time PCR

RNAs were extracted from tissues or cells using 
the EasyPure® miRNA kit (Transgene, Beijing, 
China) or EasyPure® RNA kit (Transgene) ac- 
cording to the manufacturer’s instructions. Ne- 
xt, cDNA was synthesized using the EasyScript® 

CACGATTTCC-3’ (reverse) for β-actin. The rela-
tive expression levels of TIAM1, CBFB and miR-
10b-5p were calculated using the 2-ΔΔCt method 
and normalized to the levels of β-actin and U6.

CCK-8 assay for cell proliferation

Cells were transferred into 96-well plates 24 h 
after transfection at a density of 5 × 103 per 
well. The cells were cultured for 0, 24, 48, and 
72 h in medium. At each time point, 10 µL CCK 
solution was added to each well. Next, the 
96-well plates were incubated for 2 h before 
elucidating the optical density (OD) values at 
450 nm, which were then used to determine 
the efficiency of cell proliferation.

Transwell assay for cell migration and invasion

Transwell chambers (8.0-µm, Corning, Inc., 
Corning, NY, USA) without Matrigel coating 
(Corning) were used for cell migration analysis 
and coated chambers were used for cell inva-
sion analysis. The cells were resuspended in 
200 µL serum-free medium and transferred 
into the upper compartment 24 h after trans-
fection. Culture medium containing 10% fetal 
bovine serum was added to the lower compart-
ments. Each chamber was seeded with the 
same number of cells. Before staining and 
counting, migrated cells were incubated for 24 
h and invading cells were incubated for 48 h. 
Cells with stronger migration or invasion capa-
bilities showed a greater ability to pass through 
the uncoated or coated Transwell chamber 
membrane. The average numbers of migrating 

Figure 1. TIAM1 expression levels increased in gastric cancer (GC) cells 
(BGC823, MGC803, and SGC7901) compared to normal gastric epithelial 
cells (GES-1) both at mRNA (A) and protein (B) levels. (A) Bar charts showing 
the relative expression levels of TIAM1 mRNA. (B) Western blotting results of 
TIAM1 protein. **P < 0.01, ***P < 0.001.

First-Step cRNA Synthesis Su- 
perMix kit (Transgene) and 
RT-qPCR was performed using 
the TransStart® Tip-qMix kit 
(Transgene). miR-10b-5p and 
U6 were quantified with the 
Bulge-loopTM miRNA RT-qPCR 
Premier Set (Ribobio). The 
other primer sequences were 
as follows: 5’-AGATGGCAAGA- 
GGGAGAAAGAAG-3’ (forward) 
and 5’-GACAGAACCAGGATG- 
GAGTGAAATAC-3’ (reverse) for 
TIAM1; 5’-GCAGGGAGAACAG- 
CGACAAA-3’ (forward) and 5’- 
CAAACTCCAGACAGCCCATACC- 
3’ (reverse) for CBFB; 5’-AC- 
CGAGCGCGGCTACAG-3’ (for-
ward) and 5’-CTTAATGTCACG- 
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or invading cells in each group were calculated 
in at least five fields.

Western blot antibodies

Cells and tissues were lysed by RIPA lysis buffer 
(Sigma, USA). Protein extract was conducted by 
bicinchoninic acid (BCA) method. The following 
antibodies were used in this study: anti-myc 
(Covance, Princeton, NJ, USA), anti-β-actin (Cov- 
ance, Princeton, NJ, USA), anti-histone (Abcam, 
Cambridge, UK), anti-CBFβ (Abcam, Cambridge, 
UK), anti-TIAM1 (Abcam, Cambridge, UK) and 
anti-RUNX3-endo (Abcam, Cambridge, UK).

Statistical analysis

All data were analyzed using SPSS 20.0 soft-
ware (SPSS, Inc., Chicago, IL, USA). Significant 
differences between groups were evaluated by 
Student’s t-test. The results are displayed as 
the mean ± standard deviation, with p values 
less than 0.05 considered significant.

Results

TIAM1 expression is affected by eight microR-
NAs and miR-10b-5p directly targets TIAM1 
mRNA-3’-UTR

To verify the reported association between GC 
and TIAM1, we determined the relative expres-
sion of TIAM1 in vitro using RT-qPCR and west-
ern blotting. The results show increased expres-
sion of TIAM1 in GC cells (BGC823, MGC823, 
and SGC7901) compared to the normal gastric 
mucosal epithelial cell line (GES-1) both in 
mRNA and protein levels (Figure 1A and 1B).

To identify TIAM1-related microRNAs, we se- 
arched more than 20 online databases (Table 

S1) and selected seven databases based on 
the study design, update time, inclusion range, 
and algorithms as diverse as reasonably possi-
ble. Eleven microRNAs predicted by at least 
three online databases and most likely target-
ing the 3’-UTR of TIAM1 mRNA were included in 
this study (Table 2). BGC823 cells were used 
for TIAM1-related microRNAs experimental veri-
fication and screening because of the high 
transfection efficiency. Mimics, inhibitors, and 
the corresponding negative controls of eleven 
predicted microRNAs were transfected into 
BGC823 cells. After 48 h, TIAM1 mRNA expres-
sion levels were evaluated using RT-qPCR. The 
results show that the expression levels of TI- 
AM1 mRNA were affected by miR-10b-5p, miR-
589-3p, miR-651-3p, miR-335-3p, miR-653-
5p, miR-373-3p, miR-372-3p, and miR-205-3p, 
but not by miR-4770, miR-592, or miR-7844-5p 
(Figure 2).

Next, we used dual-luciferase reporter gene 
assays to confirm a direct relationship between 
the above eight microRNAs and TIAM1 mRNA-
3’-UTR. As shown in Figure 3A, the inhibition  
or overexpression of miR-10b-5p significantly 
increased or decreased, respectively, the rela-
tive activity of luciferase in BGC823 cells. For 
the other seven TIAM1-related microRNAs, du- 
al-luciferase assay results did not support a 
direct relationship (Figure S2). We then mutat-
ed the miR-10b-5p binding site in the TIAM1-3’-
UTR in the psi-TIAM1-3’-UTR plasmid (Figure 
3B). After co-transfection of miR-10b-mimic or 
miR-10b-inhibitor and psi-TIAM1-3’-UTR-mu, no 
obvious changes in the relative activity of lucif-
erase activity were observed (Figure 3A). These 
findings suggest that miR-10b-5p negatively 
regulates TIAM1 through direct interaction.

Table 2. MicroRNAs predicted to target TIAM1 mRNA 3’UTR
No. Name Targetscan miRDB miRWalk MicroT-CDS miRNAMap miRNet miR-System
No.1 miR-10b-5p Yes Yes No Yes No No Yes
No.2 miR-589-3p Yes No Yes Yes Yes Yes No
No.3 miR-651-3p Yes Yes Yes No No Yes No
No.4 miR-335-3p Yes Yes Yes Yes Yes Yes No
No.5 miR-653-5p Yes Yes Yes Yes No Yes Yes
No.6 miR-373-3p Yes Yes Yes Yes No Yes Yes
No.7 miR-372-3p Yes Yes Yes Yes No Yes Yes
No.8 miR-205-3p Yes No Yes Yes No Yes No
No.9 miR-4770 Yes Yes No No No Yes No
No.10 miR-592 Yes No No Yes No Yes Yes
No.11 miR-7844-5p Yes No Yes Yes No Yes No
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miR-10b-5p inhibits the proliferation, migra-
tion, and invasion of GC cells and RUNX3 up-
regulates miR-10b-5p expression

To determine the roles of miR-10b-5p in GC, we 
first investigated its expression levels both in 

GC tissues and cell lines. The results showed 
that miR-10b-5p was down-regulated in GC tis-
sues compared to in adjacent normal gastric 
mucosal epithelium (P = 0.0041) (Figure 4A). 
Similarly, reduced miR-10b-5p expression was 
observed in all GC cell lines (BGC823, MGC803, 
SGC7901) compared to the normal gastric epi-
thelial cell line (GES-1) (Figure 4B). The GC cell 
line BGC823 was further evaluated because of 
its high transfection efficiency. The function of 
miR-10b-5p in GC cell proliferation was deter-
mined by CCK-8 assay. The relative OD450 val-
ues of GC cells transfected with the miR-
10b-mimic were significantly lower than those 
of GC cells transfected the NC-mimic in CCK-24 
h, CCK-48 h, and CCK-72 h, whereas inhibition 
of miR-10b-5p showed the opposite results 
(Figure 4C). These results suggest that the miR-
10b-mimic suppressed the proliferation of 
BGC823 cells. The migration and invasion abili-
ties of miR-10b-5p in GC cells were investigat-
ed by Transwell assay. The results revealed that 
the numbers of migrated and invaded cells in 
the miR-10b-mimic group were significantly 
lower than in the NC-mimic groups, whereas 
inhibition of miR-10b-5p showed the opposite 
results (Figure 4D-F). This indicates that miR-
10b-mimic can suppress the migration and 
invasion of BGC823 cells. Hence, it suggests 
that miR-10b-5p inhibits the proliferation, 
migration, and invasion of GC cells. 

To investigate the upstream transcriptional reg-
ulation of miR-10b-5p, we investigated RUNX3, 

Figure 2. TIAM1 expression levels were affected by several microRNAs. Bar charts indicating the relative expres-
sion levels of TIAM1 mRNA after transfection with mimics or inhibitors of different microRNAs. The results show 
that miR-10b-5p, miR-589-3p, miR-651-3p, miR-335-3p, miR-653-5p, miR-373-3p, miR-372-3p, and miR-205-3p 
affected TIAM1 expression, but not miR-4770, miR-592, or miR-7844-5p. *P < 0.05, **P < 0.01, ***P < 0.001, 
n.s. P > 0.05.

Figure 3. miR-10b-3p directly targeted TIAM1 mRNA 
3’-UTR. A. Bar charts showing the relative luciferase 
activity after co-transfection with psi-TIAM1-3’-UTR/
psi-TIAM1-3’-UTR-10b-MU and the mimcs/inhibitors 
of miR-10b-5p. B. Schematic diagram of mutant miR-
10b-5p binding site. ****P < 0.0001, n.s. P > 0.05.
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a tumor suppressor gene. Our RT-qPCR and 
western blotting results show a decrease in 
RUNX3 expression in GC tissues (Figure 5A  
and 5B). After transfection, RUNX3 increased 
miR-10b-5p expression (Figure 5C) and inhibit-
ed proliferation, migration, and invasion of GC 
cells (Figure 5D-G). Based on the above results, 
we conclude that RUNX3 upregulates miR-10b-
5p to suppress the proliferation, migration, and 
invasion of GC.

CBFβ/RUNX3 regulates miR-10b-5p expres-
sion and inhibits the proliferation, migration, 
and invasion of GC cells 

To determine whether CBFβ is involved in 
RUNX3-mediated miR-10b regulation, endoge-
nous expression of CBFβ in BGC823 cells was 
knocked down by transduction with a CBFB-
specific short hairpin RNA. A stable CBFB-

knockdown cell line was obtained (Figure 6A). 
In this cell line, the relative expression level of 
miR-10b-5p was decreased (Figure 6B). When 
we transfected the CBFβ expression vector (pc-
CBFB-myc, CBFB) into these cells, the relative 
expression level of miR-10b-5p increased com-
pared to in the control group [pcDNA3.1(-)] 
(Figure 6C). Moreover, in stable CBFB-knock- 
down cells, RUNX3 no longer upregulated miR-
10b-5p expression. When we co-transfected 
RUNX3 and CBFB, miR-10b-5p expression was 
upregulated again (Figure 6C). Our results sug-
gest that CBFβ plays an indispensable role in 
RUNX3 regulation of miR-10b-5p and the CBFβ-
RUNX3 interaction significantly increases miR-
10b-5p expression. 

To investigate the effects of CBFβ/RUNX3 on 
the proliferation of GC cells, we conducted a 
CCK-8 assay in the stable CBFB-knockdown 

Figure 4. miR-10b-5p is decreased in GC and miR-10b-5p suppresses the proliferation, migration, and invasion of 
GC cells. (A) Columnar scatterplot illustrates the reduced expression of miR-10b-5p in gastric cancer tissues com-
pared to paired adjacent normal gastric mucosal tissues. The relative expression levels of miR-10b-5p of 19 paired 
gastric cancer tissues and corresponding normal gastric mucosal tissues were measured by RT-qPCR and normal-
ized to U6. (B) Bar charts indicating the reduced expression of miR-10b-5p detected by RT-qPCR in gastric cancer 
cells (BGC823, MGC803, and SGC7901) compared to normal gastric epithelial cells (GES-1). (C-F) Results of CCK-8 
assay and Transwell assay indicate the inhibitory effects of miR-10b-5p on the proliferation (C), migration (D, E), 
and invasion (D, F) of gastric cancer cells. BGC823 cells were transfected with miR-10b-mimic, miR-10b-inhibitor, or 
corresponding negative control. Refer to Methods for more details. *P < 0.05, **P < 0.01, ***P < 0.001, ****P 
< 0.0001.
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and invaded cells were significantly lower than 
in the control group [pcDNA3.1(-)]. The results 
are shown in Figure 6E-G, which reveals that 
the CBFβ-RUNX3 interaction plays an essential 
role in inhibiting the migration and invasion of 
GC cells.

RUNX3 suppresses TIAM1 protein expression 
by upregulating miR-10b-5p 

To verify the relationship between RUNX3 and 
TIAM1, we used RT-qPCR and western blotting 
to determine the TIAM1 mRNA and protein lev-
els after co-transfecting RUNX3 and miR-10b- 
inhibitor in BGC823 cells. The results showed 
that RUNX3 decreased both TIAM1 mRNA 
(Figure 7A) and protein (Figure 7B) levels. After 

Figure 5. RUNX3 is decreased in GC and RUNX3 upregulates miR-10b-5p as well as suppresses the proliferation, mi-
gration, and invasion of GC cells. (A) Columnar scatterplots show the reduced expression of RUNX3 in gastric cancer 
tissues compared to paired adjacent normal gastric mucosal tissues. The relative expression levels of RUNX3 of 19 
paired gastric cancer tissues and corresponding normal gastric mucosal tissues were measured using RT-qPCR and 
normalized to β-actin. (B) Western blotting shows the expression of RUNX3 in gastric cancer patients. The RUNX3 
mRNA levels of the four patients are included in (A). (C) BGC823 cells were transfected with RUNX3 or control [pcD-
NA3.1(-)]. Relative miR-10b-5p expression (lower, measured by RT-qPCR, and shown by bar charts) suggests the 
upregulation effects of RUNX3 on miR-10b-5p and corresponding western blot results (C upper). (D-G) CCK-8 assay 
and Transwell assay results reveal the inhibitory effects of RUNX3 on the proliferation (D), migration (E, F), and inva-
sion (E, G) of gastric cancer cells. Refer to Methods for more details. **P < 0.01, ***P < 0.001, ****P < 0.0001.

cell line. The relative OD450 values of GC cells 
transfected RUNX3 were the same as those in 
the control group. After co-transfecting RUNX3 
and CBFB, the relative OD450 values were sig-
nificantly lower than in the control group in CCK-
72 h (Figure 6D). The results indicate that the 
CBFβ-RUNX3 interaction is required for RUNX3 
suppression of GC cell proliferation. 

To test the effects of CBFβ/RUNX3 on the 
migration and invasion abilities of GC cells, we 
conducted transwell assays using the stable 
CBFB-knockdown cell line. The numbers of 
migrated and invaded cells did not differ in the 
RUNX3 group compared to the control group 
[pcDNA3.1(-)]. After co-transfecting RUNX3 and 
CBFB into these cells, the numbers of migrating 
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Figure 7. RUNX3 suppresses TIAM1 expression by upregulating miR-10b-5p. 
A. Bar chart showing the relative TIAM1 mRNA expression after transfection 
with RUNX3 and control. B. Western blot showing the TIAM1 protein levels af-
ter co-transfection with RUNX3 and miR-10b-inhibitor. RUNX3 inhibits TIAM1 
expression by upregulating miR-10b-5p. ***P < 0.001. 

Figure 6. CBFβ/RUNX3 upregulates miR-10b-5p expression and enhances the inhibitory effects on the prolifera-
tion, migration, and invasion of gastric cancer cells. (A) Reduced CBFB mRNA (lower, RT-qPCR results shown by 
bar charts) and CBFβ protein (upper, western blot results) in stable CBFB-knockdown BGC823 cell lines. (B) Bar 
charts showing decreased miR-10b-5p expression in stable CBFB-knockdown BGC823 cells. (C) Relative miR-10b-
5p expression (lower, detected by RT-qPCR, and shown by bar charts) and corresponding western blot results (up-
per) of stable CBFB-knockdown BGC823 cells transfected with pcDNA3.1(-) (control), pcDNA3.1(-)+CBFB, RUNX3, 
RUNX3+CBFB. (D) Results of CCK-8 assay of stable CBFB-knockdown BGC823 cells transfected with pcDNA3.1(-) 
(control), RUNX3, or RUNX3+CBFB. (E-G) Results of Transwell assay of stable CBFB-knockdown BGC823 cells trans-
fected with pcDNA3.1(-) (control), pcDNA3.1(-)+CBFB, RUNX3, RUNX3+CBFB. Refer to Methods and Results for 
more details of (C-G). *P < 0.05, **P < 0.01, ***P < 0.001, n.s. P > 0.05.

inhibiting miR-10b-5p, RUNX3 no longer re- 
duced TIAM1 expression (Figure 7B). Our data 
reveal that RUNX3 inhibits TIAM1 expression by 
upregulating miR-10b-5p. We conclude that a 
CBFβ/RUNX3-miR10b-TIAM1 pathway plays an 
important role in GC progression and metasta-
sis. A graphical presentation of this pathway is 
shown in Figure 8.

Discussion

Studies have shown that TIAM1 is overex-
pressed in tumor tissues and the inhibition of 
TIAM1 can prevent tumor metastasis, including 
GC [9, 10, 25]. In this study, we investigated  
the upstream regulatory mechanisms of TIA- 
M1. Our study demonstrated a CBFβ/RUNX3-
miR10b-TIAM1 molecular axis that inhibits the 
proliferation, migration, and invasion of GC 
cells.

In this study, bioinformatic prediction and RT- 
qPCR validation indicated that miR-653-5p, 
miR-589-3p, miR-651-3p, miR-335-3p, miR-
373-3p, miR-372-3p, miR-205-3p, and miR-
10b-5p all can affect TIAM1 expression. As  

34]. In this study, we evaluated a known tumor 
suppressor, RUNX3 [14, 35, 36], to evaluate 
the role of miR-10b in GC. Our data confirmed 
the suppressive effects of both miR-10b and 
RUNX3 on the proliferation, migration, and in- 
vasion of GC cells. Further analysis indicated 
that RUNX3 regulates GC at least partially 
through by increasing the endogenous levels  
of miR-10b-5p. Therefore, miR-10b-5p plays an 
inhibitory role in GC.

Additionally, because the CBFβ-RUNX3 interac-
tion typically enhances the function of RUNX3 
[37, 38], we also explored how RUNX3 upregu-
lates miR-10b-5p expression. Our study show- 
ed that CBFβ-RUNX3 plays critical roles in re- 
gulating miR-10b-5p to inhibit the prolifera- 
tion, migration, and invasion of GC cells. CBFβ-
RUNX3-related regulation may serve as a pro-
tective regulatory mechanism in normal gastric 
epithelial cells and its dysfunction may reduce 
miR-10b-5p levels, leading to tumorigenesis, 
progression, and metastasis. Additionally, as 
reported in preclinical research, RUNX3 and 
miR-10b-5p may be potential targets for tumor 
treatment [36, 39]. The discovery of CBFβ’s 

previously reported, some of 
them are related to invasion, 
migration, and epithelial-mes-
enchymal transition in GC [26-
28]. However, according to the 
dual luciferase reporter assay 
results, none of them directly 
targets the TIAM1 mRNA 3’- 
UTR with the exception of miR-
10b-5p, although these mole-
cules may still be considered 
in future studies on metasta-
sis of GC.

Although miR-10b-5p is a pro- 
mising biomarker and therapy 
target for various metastatic 
tumors [29, 30], the relation-
ship between miR-10b-5p and 
GC remains controversial [31-
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involvement in RUNX3-mediated tumor sup-
pression and miR-10b-5p upregulation provid- 
es insight for individual targeted treatment. 

The present study identified a CBFβ/RUNX3-
miR10b-TIAM1 molecular axis that provides 
two major directions for future clinically rele-
vant work. First, miR-10b-based therapeutics 
have been fully investigated in other cancers  
in vitro and in animal cancer models [39], and 
the confirmed inhibitory function of miR-10b-5p 
on GC suggests further research and therapeu-
tic target evaluation. Second, not only the tar-
get genes but also the upstream regulatory 
genes of microRNAs influence the treatment 
efficacy of potential miR-targeting drugs. The 
CBFβ-RUNX3 interaction with relevant regula-
tory effects found in the present study may be 
useful in future research.
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Figure S1. The vector map of psi-TIAM1-3’-UTR.

Table S1. Related online databases
No. Database Name Web site address
1 Targetscan http://www.targetscan.org/vert_71/
2 miRNet http://www.mirnet.ca/
3 miRWalk http://mirwalk.umm.uni-heidelberg.de/
4 miRDB http://www.mirdb.org/
5 MicroT-CDS http://www.microrna.gr/microT-CDS/
6 miRSystem http://mirsystem.cgm.ntu.edu.tw/
7 miRNAMap http://mirnamap.mbc.nctu.edu.tw/
8 miRTarBase http://mirtarbase.mbc.nctu.edu.tw/php/index.php
9 Tarbase_v8 http://carolina.imis.athena-innovation.gr/diana_tools/web/index.php?r=tarbasev8%2Findex/
10 miRecord http://c1.accurascience.com/miRecords/
11 RNA22 https://cm.jefferson.edu/rna22/
12 PicTarvet http://www.pictar.org/
13 Targetminer https://www.isical.ac.in/~bioinfo_miu/targetminer20.htm
14 miRcode http://www.mircode.org/
15 miRCancer http://mircancer.ecu.edu/
16 EVpedia http://student4.postech.ac.kr/evpedia2_xe/xe/
17 SomaniRDB2.0 http://compbio.uthsc.edu/SomamiR/
18 OncomiR http://www.oncomir.org/
19 HMDDv3.0 http://www.cuilab.cn/hmdd/
20 mir2Disease http://www.mir2disease.org/
21 miRTar http://mirtar.mbc.nctu.edu.tw/human/
22 BiBiServ https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/
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Figure S2. Of eight microRNAs experimentally comfirmed to have an impact on TIAM expression, only miR-10b-3p 
directly targeted TIAM1 mRNA 3’-UTR. (A-H) Bar charts showing the relative luciferase activity after co-transfection 
with psi-TIAM1-3’-UTR and the mimcs/inhibitors of different microRNAs. Dual luciferase reporter assay results did 
not support a direct targeting relationship between microRNAs (B-H) and TIAM1 mRNA 3’-UTR with the exception of 
miR-10b-5p (A). *P < 0.05, **P < 0.01, ****P < 0.0001, n.s. P > 0.05.


