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Abstract. Our previous studies demonstrated that 
the downregulation of microtubule‑associated tumor 
suppressor 1/angiotensin II type 2 receptor-interacting protein 
(MTUS1/ATIP) is associated with poor differentiation and 
prognosis in tongue squamous cell carcinoma (TSCC), and 
that ATIP1 exerts an antiproliferative effect on TSCC. The aim 
of the present study was to further investigate the anticancer 
effect of MTUS1/ATIP3a in TSCC. It was observed that 
UM1 cells (a TSCC cell line with high migration and invasion 
ability) exhibited lower expression of ATIP3a compared with 
UM2 cells (a TSCC cell line with lower migration and inva-
sion ability). Restoration of ATIP3a expression in UM1 cells 
exerted antiproliferative effects and inhibited migration and 
invasion, whereas knockdown of ATIP3a promoted prolif-
eration, migration and invasion in UM2 cells. Restoration of 
ATIP3a expression inhibited the phosphorylation of extracel-
lular signal‑regulated kinase 1/2 (ERK1/2) and the expression 
of Snai2 and vimentin in UM1 cells, whereas knockdown of 
ATIP3a promoted the phosphorylation of ERK1/2 and the 
expression of Snai2 and vimentin in UM2 cells. Therefore, 
MTUS1/ATIP3a was found to suppress the proliferation, 
migration and invasion of TSCC cells via the ERK1/2‑Snai2 
pathway.

Introduction

Tongue squamous cell carcinoma (TSCC) is significantly more 
aggressive compared with other forms of oral cancer, with 
a propensity for rapid local invasion and spread, and a high 
recurrence rate (1). TSCC is characterized by genetic insta-
bilities, including frequent loss of heterozygosity (LOH) at the 
chromosomal region 8p21.3‑p22 (2). Microtubule‑associated 
tumor suppressor gene (MTUS1) is one of the candidate tumor 
suppressor genes that reside in this chromosomal region. In our 
previous study using single‑nucleotide polymorphism (SNP) 
array‑based LOH profiling on a large panel of oral cancer cell 
lines, a frequent LOH region was identified at 8p22‑p21.3, 
a region containing the MTUS1 gene, which was initially 
identified as a potential tumor suppressor gene in pancreatic 
cancer (2).

MTUS1 has been identified as an 8p22 candidate tumor 
suppressor gene encoding a family of angiotensin II type 2 
(AT2) receptor‑interacting proteins (ATIPs). Alternative exon 
utilization of this gene leads to five known transcript variants 
that code for five different protein isoforms, namely ATIP1, 
ATIP2, ATIP3a, ATIP3b and ATIP4 (3,4). The ATIP poly-
peptides exhibit distinct motifs in the amino‑terminus for 
localization to the cytosol, nucleus or cell membrane (ATIP1, 
ATIP3 and ATIP4, respectively), suggesting that MTUS1 gene 
products may be involved in a variety of intracellular functions 
in an AT2‑dependent and ‑independent manner (3,4).

The downregulation of the MTUS1 gene has been docu-
mented in a number of cancer types (5‑10); among the five 
isoforms, ATIP1 and ATIP3a have been found to have a tumor 
suppressor function (6,7). Xiao et al (11) found that MTUS1 
expression was correlated with tumor grade, stage, size and 
number in bladder cancer, and patients with low levels of MTUS1 
mRNA expression had a poor prognosis compared with those 
exhibiting high MTUS1 expression. Our previous study also 
suggested that downregulation of MTUS1/ATIP was a frequent 
event in TSCC and premalignant lesions, e.g., leukoplakia. The 
downregulation of MTUS1/ATIP was also correlated with poor 
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differentiation and reduced overall survival  (12,13). ATIP1 
and ATIP3a were found to be the major isoforms produced 
by the MTUS1 gene in epithelial cells of the tongue and were 
significantly downregulated in TSCC tissues (13). Restoration of 
ATIP1 expression led to G1 arrest, apoptosis and reduced cell 
proliferation in TSCC cell lines (13).

The present study further investigated the role of ATIP3a 
in TSCC. First, the antiproliferative effect of ATIP3a in TSCC 
was observed. Subsequently, the role of ATIP3a in the migration 
and invasion of TSCC cells and the involvement of extracel-
lular signal‑regulated kinase 1/2 (ERK1/2)‑Snai2 signaling 
induced by ATIP3a was investigated. The aim of this study 
was to elucidate the role of MTUS1/ATIP3a in the suppression 
of proliferation, migration and invasion of TSCC cells via the 
ERK1/2‑Snai2 pathway. The current study was approved by the 
Medical Ethics Committee of the First Affiliated Hospital of 
Sun Yat‑Sen University (Guangzhou, China).

Materials and methods

Cell culture and transfections. Human TSCC cell lines (UM1 
and UM2) were provided by Dr. Tomohiro Matsumura (Depart-
ment of Oral and Maxillofacial Surgery II, Okayama University 
Dental School, Okayama, Japan). The cells were maintained 
in Dulbecco's modified Eagle's medium/F12 (Gibco; Thermo 
Fisher Scientific, Grand  Island, NY, USA) containing 10% 
fetal bovine serum, 1,000 U/ml penicillin and 500 µg/ml strep-
tomycin [all obtained from (Gibco) Thermo Fisher Scientific] 
in a 37˚C incubator with 5% CO2. UM1 and UM2 are paired 
cell lines from a single TSCC patient, with UM1 being more 
aggressive compared with UM2 in terms of cell migration 
and invasion (14). The expression vector containing the coding 
sequence of human ATIP3a was a gift from Dr. Clara (Cochin 
Institute, University Paris Descartes, Paris, France) (7). For 
functional analyses, the ATIP3a expression vector or empty 
vector (pCDNA3; Invitrogen; Thermo Fisher Scientific), 
gene‑specific small interfering RNA (siRNA) for ATIP3a and 
control non‑targeting siRNA (GenePharma Co., Ltd., Shanghai, 
China) were transfected into the appropriate cells using Lipo-
fectamine® Transfection Reagent (Invitrogen; Thermo Fisher 
Scientific) according to the manufacturer's protocol. The three 
sequences of the ATIP3a siRNA are presented in Table I.

Cell proliferation assays. Proliferation was measured using 
an MTT assay, as previously described  (13). In brief, the 
cells were seeded in 96‑well plates at a density of 5x103 cells 
per well. Cell proliferation was analyzed after 24 or 48 h 
by incubating the cells with 1 mg/ml MTT tetrazolium salt 
(Sigma‑Aldrich, St. Louis, MO, USA). Absorbance (A) at 
570 nm was measured and the cell inhibition rate was calcu-
lated as follows: (1‑Atreated/Acontrol) x 100%.

Cell migration assay. Cell migration was measured using a 
Transwell® assay as previously described (14) with BD BioCoat 
Control Cell Culture Inserts containing an 8.0‑µm polyethylene 
terephthalate membrane without matrix (BD  Biosciences, 
Bedford, MA, USA). In brief, the cells were seeded in the upper 
chamber of the Transwell® plates. After 24 h, the cells on the 
lower surface of the membrane were fixed and stained with 
DAPI solution in the dark. Three random fields were captured 

under a light microscope (magnification, x20; DMI3000B; 
Leica, Wetzlar, Germany) and the number of cells on the 
bottom surface was compared between the groups.

Cell invasion assay. Cell invasion was measured by the Tran-
swell® assay as previously described (14), using BD BioCoat 
BD Matrigel™ Invasion Chamber containing a layer of BD 
Matrigel™ Basement Membrane Matrix (BD Biosciences). In 
brief, the cells were seeded in the upper Boyden chambers 
of the cell culture inserts. After 24 h of incubation, cells 
remaining in the upper chamber or on the upper membrane 
were carefully removed. Cells adhering to the lower 
membrane were stained with DAPI solution. Three random 
fields were captured under a light microscope (magnifica-
tion, x20; DMI3000B; Leica) and the number of cells on the 
bottom surface was compared between the groups.

Western blot analysis. Western blot analysis was performed 
to detect the levels of ERK1/2 [mouse anti‑human 
monoclonal antibody (mAb); 1:1,000; cat. no. 4396], phos-
phorylated‑ERK1/2 (p‑ERK1/2; rabbit anti‑human mAb; 
1:1,000; cat. no. 4376), Snai2 (rabbit anti‑human mAb; 1,000; 
cat. no. 9858), vimentin (mouse anti‑human mAb; 1:1,000; 
cat. no. 3390), E‑cadherin (rabbit anti‑human mAb; 1,000; 
cat. no. 3195), GAPDH (rabbit anti‑human mAb; 1:1,000; 
cat. no. 5174) (all from Cell Signaling Technology, Beverly, 
MA, USA), and MTUS1 (mouse anti‑human mAb; 1:1,000; 
cat. no. H00057509‑M01; Abnova, Taipei, Taiwan) in TSCC 
cells. The cells were lysed with a radioimmunoprecipitation 
assay lysis buffer (Santa Cruz Biotechnology, Inc., Santa 
Cruz, CA, USA). Aliquots (30‑50 µg) of cellular proteins 
were resolved by 10% SDS‑PAGE, electrotransferred onto 
polyvinylidene difluoride membranes and immunoprobed. 
The protein/antibody complexes were detected by chemi-
luminescence (CSPD chemiluminescent substrate; Tropix, 
Bedford, MA, USA) according to the manufacturer's protocol. 

Table I. Sequences of siRNA used for transfection.

Type of siRNA	 Sequence

ATIP3a siRNA
  No. 1
    Sense	 5'‑GGGUAAUCGAGGGCUUAAATT‑3'
    Antisense	 5'‑UUUAAGCCCUCCAUUACCCTT‑3'
  No. 2
    Sense	 5'‑GCCCAAGACAUGACUUACATT‑3'
    Antisense	 5'‑UGUAAGUCAUGUCUUGGGCTT‑3'
  No. 3
    Sense	 5'‑GGUGUUAGAUAUGCAUAAATT‑3'
    Antisense	 5'‑UUUAUGCAUAUCUAACACCTT‑3'
Control siRNA
  Sense	 5'‑UUCUUCGAACGUGUCACGUTT‑3'
  Antisense	 5'‑ACGUGACACGUUCGGAGAATT‑3'

ATIP3a, angiotensin II type 2 receptor‑interacting protein 3a; siRNA, 
small interfering RNA.
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The same blots were used for analysis of the loading control, 
GAPDH, following stripping of the membrane.

Statistical analysis. All the experiments were performed in 
triplicate, and the data are presented as means ± standard devi-
ation. Student's t‑tests were used to compare the differences 
between the groups. For all the statistical analyses, P<0.05 was 
considered to indicate statistically significant differences.

Results

ATIP3a inhibits the proliferation of TSCC cells. The MTT 
assay was employed to evaluate the antiproliferative effect of 
ATIP3a in TSCC. As shown in Fig. 1A, ATIP3a was overex-
pressed in UM1 and UM2 cells following transfection. When 
UM1 or UM2 cells were transfected with ATIP3a expression 
vector, a statistically significant inhibition in cell proliferation 
was observed when compared with the cells transfected with 
the empty vector (Fig. 1B). The inhibition rate of ATIP3a was 
~24.1% (24 h) and 28.3% (48 h) in UM1 cells, and ~16.9% 
(24 h) and 17.1% (48 h) in UM2 cells. The antiproliferative 
effect of ATIP3a did not differ between 24 and 48 h of transfec-
tion. These results suggest that ATIP3a possesses significant 
antiproliferative activity against TSCC.

ATIP3a is associated with inhibition of migration and invasion 
of TSCC cells. As shown in Fig. 2A, the protein levels of ATIP3a 
in UM2 cells were higher compared with those of UM1 cells, 
which normally have a higher migration and invasion ability 
compared with UM2 cells (14,15). To evaluate the association 
between ATIP3a and the migration and invasion ability of 
TSCC cells, UM1 cells were first transfected with ATIP3a. As 
shown in Fig. 2B and C, the migration and invasion ability of 
the UM1 cells was significantly inhibited following transfection 
with ATIP3a. ATIP3a was subsequently knocked down by RNA 
interference in UM2 cells. As shown in Fig. 3A, the protein level 
of ATIP3a in UM2 cells was significantly decreased following 
transfection with ATIP3a siRNA. Among the three sequences of 
ATIP3a siRNA, sequence no. 1 exhibited the greatest silencing 
effect (Fig. 3A); therefore this sequence was selected for the 
following experiment. UM2 cells transfected with ATIP3a 
siRNA displayed significantly increased migration and invasion 
ability compared with the control siRNA‑transfected UM2 cells 
(Fig. 3B and C). Furthermore, it was observed that ATIP3a 
siRNA promoted the proliferation of UM2 cells (Fig. 3D). 
These results indicate that ATIP3a is associated with inhibition 
of migration and invasion of TSCC cells.

ATIP3a regulates the ERK‑Snai2 pathway in TSCC cells. 
As shown in Fig. 4A, the ectopic expression of ATIP3a in 
UM1 cells led to an increase in ERK1/2 and E‑cadherin and a 
notable decrease in p‑ERK1/2, Snai2 and vimentin. However, 
following knockdown of ATIP3a in UM2 cells, the protein 
levels of p‑ERK1/2, Snai2 and vimentin were markedly 
increased and the protein levels of ERK1/2 and E‑cadherin were 
markedly decreased (Fig. 4B). These results indicate that the 
ERK1/2‑Snai2 pathway contributes to ATIP3a‑induced inhibi-
tion of proliferation, migration and invasion of TSCC cells.

Discussion

MTUS1/ATIP is one of the candidate tumor suppressor genes 
located in the chromosomal region 8p22‑p21.3, which was 
identified in our previous study as one of the most frequent 
LOH (87.9%) sites in oral cancer  (2). Numerous studies 
have demonstrated that the deregulation of MTUS1/ATIP is 
associated with several types of cancer (5‑11,13), including 
hepatocellular, bladder, breast, colon, prostate and head and 
neck cancer. Our previous studies also demonstrated that 
the reduction of MTUS1 expression was associated with the 
development and prognosis of TSCC (2,12,13) and revealed 
that ATIP1 and ATIP3a were the major isoforms of MTUS1 
and were significantly decreased in TSCC. Restoring ATIP1 
expression in TSCC cell lines induced G1/G0 arrest and 
reduced cell proliferation.

ATIP3a polypeptides contain a nuclear localization signal 
in their amino‑terminus and may not colocalize with the 
seven‑transmembrane domain AT2 receptor inside the cell, 
suggesting AT2‑independent roles for ATIP3 proteins in the 
majority of tissues. Rodrigues‑Ferreira et al (7) found that 
restoring ATIP3 expression in breast cancer led to reduced 
cancer cell proliferation, clonogenicity and anchorage‑inde-
pendent growth and reduced the incidence and size of 
xenografts grown in vivo. Molina et al (16) also found that 
ATIP3a was associated with reduced cancer cell proliferation 
and metastasis. ATIP3a silencing promoted breast cancer cell 
migration, whereas ATIP3a expression significantly reduced 
cell motility and directionality. The present study also demon-
strated that ATIP3a overexpression in TSCC cells significantly 
inhibited their proliferation and that ATIP3a overexpression 
suppressed the migration and invasion ability of UM1 cells, 
whereas knockdown of ATIP3a promoted the migration and 
invasion ability of UM2 cells. All these results indicate that 
ATIP3a plays an important role in the proliferation, migration 
and invasion of TSCC cells.

Figure 1. ATIP3a inhibited the proliferation of tongue squamous cell carcinoma cells. (A) Expression of ATIP3a in UM1 and UM2 cells following transfection 
was detected by western blot analysis with GAPDH used as the loading control. (B) ATIP3a overexpression was found to significantly inhibit the proliferation 
of TSCC cells (P<0.05). ATIP3a, angiotensin II type 2 receptor‑interacting protein 3a.
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ATIP3a has been shown to be associated with the micro-
tubule cytoskeleton and localizes at the centrosomes, mitotic 
spindle and intercellular bridge during cell division. ATIP3a 
expression alters the progression of cell division by promoting 
prolonged metaphase, thereby leading to a reduced number of 
cells undergoing active mitosis (7). To date, the knowledge of 
ATIP‑regulated molecular pathways is relatively limited. The 
ERK signaling pathway has been found to play a crucial role in 
almost all cell functions (17). ERK2⁄ERK1 are two isoforms 
of ERK that belong to the family of mitogen‑activated 
protein kinases (MAPKs). ATIP1 was previously shown to 
be involved in the inhibition of the ERK pathway (6,13,18,19). 
The present study also demonstrated that ATIP3a is involved 
in the inhibition of ERK1/2 activity. The protein level of 
p‑ERK1/2 was found to be significantly reduced in UM1 cells 
following transfection with ATIP3a, and increased in ATIP3a 
siRNA‑transfected UM2 cells.

Figure 2. ATIP3a overexpression inhibited the migration and invasion ability of tongue squamous cell carcinoma cells. (A) Significantly higher expression 
levels of the ATIP3a protein were observed in UM1 cells compared with UM2 cells. ATIP3a overexpression significantly inhibited the (B) migration and 
(C) invasion of UM1 cells. *P<0.05. ATIP3a, angiotensin II type 2 receptor‑interacting protein 3a.

Figure 3. ATIP3a knockdown promoted the migration and invasion ability of tongue squamous cell carcinoma cells. (A) Significant reductions in ATIP3a 
protein levels were observed in the ATIP3a siRNA‑transfected UM2 cells compared with the control siRNA‑transfected cells. (B‑D) ATIP3a knockdown 
promoted the (B) invasion, (C) migration and (D) proliferation ability of UM2 cells compared with that of the control siRNA‑transfected UM2 cells. *P<0.05. 
ATIP3a, angiotensin II type 2 receptor‑interacting protein 3a; siRNA, small interfering RNA; OD, optical density.

Figure 4. ATIP3a regulated the ERK‑Snai2 pathway in tongue squa-
mous cell carcinoma cells. (A) Differential expression of the ERK‑Snai2 
pathway in UM1 cells treated with either control vector or ATIP3a plasmid. 
(B) Differential expression of ERK‑Snai2 pathway in UM2 cells treated 
with either control or ATIP3a siRNA. ATIP3a, angiotensin  II type  2 
receptor‑interacting protein 3a; ERK, extracellular signal‑regulated kinase; 
siRNA, small interfering RNA; Vim, vimentin; E‑Cad, E‑cadherin.
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It was recently reported that hundreds of proteins are under 
ERK‑dependent control (20). Snai2 belongs to the Snail family 
of zinc‑finger transcription factors, and is a well‑established 
downstream target of the MAPK/ERK pathway in a number 
of cell types (21,22). Our previous study (23) demonstrated 
that the MAPK‑Snai2 pathway played an important role in 
salivary adenoid cystic carcinoma (SACC) metastasis. Snai2 
is a downstream target of MAPK1 (ERK2); siRNA‑mediated 
ERK2‑knockdown suppressed Snai2 gene promoter activity 
and reduced the Snai2 protein level in SACC cells  (23). 
Snail family genes are also best known for their role in 
epithelial‑to‑mesenchymal transition (EMT) (24). In several 
types of human cancer, there is an inverse association between 
E‑cadherin and Snail gene family expression  (22,25,26). 
Wang et al  (27) confirmed that Snai2 overexpression was 
correlated with reduced E‑cadherin expression and enhanced 
vimentin expression in two independent cohorts of TSCC 
patients. In vitro, knockdown of Snai2 suppressed cell invasion 
and migration; by contrast, ectopic transfection of Snai2 led 
to enhanced cell invasion and migration (27). Our previous 
studies (14,15) also revealed that p‑ERK1/2, Snai2 and vimentin 
exhibited higher expression levels and E‑cadherin lower 
expression levels in UM1 cells compared with UM2 cells. The 
present study demonstrated that the overexpression of ATIP3a 
in UM1 cells led to an increase in ERK1/2 and E‑cadherin and 
a notable decrease in p‑ERK1/2, Snai2 and vimentin. However, 
following ATIP3a knockdown in UM2 cells, the protein levels 
of p‑ERK1/2, Snai2 and vimentin were markedly increased, 
whereas the protein levels of ERK1/2 and E‑cadherin were 
markedly decreased. These results indicate that ERK1/2‑Snai2 
signaling contributes to ATIP3a‑induced suppression of prolif-
eration, migration and invasion of TSCC cells.

In conclusion, MTUS1/ATIP3a exerted a notable antipro-
liferative effect and inhibited the migration and invasion of 
TSCC cells via regulation of the ERK‑Snai2 pathway. Thus, 
MTUS1/ATIP3a may be a novel therapeutic target for TSCC.
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