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ABSTRACT
Previous studies indicate that TGFBR3 (transforming growth factor type III receptor, also known as
betaglycan), a novel suppressor of progression in certain cancers, is down-regulated in tongue
squamous cell carcinoma (TSCC). However, the role of this factor as an upstream regulator in TSCC
cells remains to be elucidated. The present study was designed to elucidate whether TGFBR3 gene
expression is regulated by two microRNA molecules, miR-19a and miR-424. The study also aimed to
determine if these microRNAs promote migration of CAL-27 human oral squamous cells.
Immunohistochemistry (IHC) and western blot analyses demonstrated that TGFBR3 protein levels
were dramatically down-regulated in clinical TSCC specimens. Conversely, bioinformatics analyses
and qRT-PCR results confirmed that both miR-19a and miR-424 were markedly up-regulated in
clinical TSCC specimens. In this study, we observed that transfection of a TGFBR3-containing
plasmid dramatically inhibited epithelial-to-mesenchymal transition (EMT) and migration in CAL-27
cells. Co-immunoprecipitation analyses also revealed that TGFBR3 forms a complex with the
b-arrestin 2 scaffolding protein and IkBa. Furthermore, overexpression of TGFBR3 decreased p-p65
expression and increased IkBa expression; these effects were subsequently abolished following
knockdown of b-arrestin 2. Moreover, over-expression of miR-19a and miR-424 promoted migration
and EMT in CAL-27 cells. We also observed that the promotion of EMT by miR-19a and miR-424 was
mediated by the inhibition of TGFBR3. Our study provides evidence that miR-19a and miR-424 play
important roles in the development of TSCC. These results expand our understanding of TGFBR3
gene expression and regulatory mechanisms pertaining to miRNAs.
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Introduction

Tongue squamous cell carcinoma (TSCC) is the most
common type of oral cancer and is characterized by high
proliferation rates and lymph nodal metastases.1,2 In
clinical practice, neck dissections are required following
observation of TSCC cervical lymph node metastases in
presenting patients. Therefore, an understanding of the
mechanisms that underpin TSCC cell migration is
important for the future clinical treatment of TSCC
disease.

TGFBR3, also known as betaglycan, is a TGF-b super-
family co-receptor, which plays a critical role in tumor
cell differentiation and migration.3 A study by Lambert
et al reported that TGFBR3 inhibits multiple myeloma
progression by suppressing cell growth, proliferation,
migration, and adhesion.4 Furthermore, a separate study
reported that mistargeting of TGFBR3 results in
enhanced proliferation, migration, and invasion in vitro
breast carcinoma.5 Interestingly, TGFBR3 is also down-

regulated in a variety of different cancer cell types,
including human TSCC specimens.6,7 However, the role
of TGFBR3 and its upstream molecular regulators in the
development of TSCC disease has yet to be elucidated.

MicroRNAs (miRNAs) are endogenously expressed
small (19–24 nucleotides) noncoding RNAs that regulate
gene expression by inhibiting translation or inducing
degradation of target messenger RNAs (mRNAs).8

Increasing numbers of abnormally expressed miRNAs
have been identified in oral cancer by miRNA expression
profiling methods.9 Among these miRNAs, miRNA-19a
and miR-424 were found to be over-expressed in human
head and neck cancers specimens.10,11 Using bioinfor-
matics analysis methods, it was observed that miRNA-
19a and miR-424 were up-regulated in human TSCC
specimens. Furthermore, two putative target sites for
miR-19a or miR-424 were discovered in TGFBR3
3 0UTRs, suggesting theTGFBR3 is a potential target for
miR-19a and miR-424 (Fig. 2).
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Figure 1. Expression of TGFBR3 in TSCC tissues. (A) H&E stain and IHC analysis. (B) TGFBR3 expression in matched normal human tongue
tissue and TSCC specimens ( £ 400 magnification). (C) Expression of TGFBR3 protein in specimens was evaluated by western blot analy-
sis. (D) Expression of TGFBR3 mRNA in specimens was evaluated by RT-PCR. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as loading control. These changes were quantitated using densitometry in (C). Data are expressed as the mean § SEM from three
independent experiments (n = 6). �p < 0.05 vs. control.

Figure 2. Upregulation of miR-19a and miR-424 in clinical TSCC specimens. (A) miRNA-TGFBR3 interaction network. The hexagon repre-
sents the TGFBR3 gene and rounded rectangles represent miRNAs. The red rectangles are the miRNAs that were detected in the expres-
sion profile of TSCC in the TCGA; additional miRNAs are colored gray. (B) Heatmap of differentially expressed miRNAs in TSCC and
controls. Rows represent miRNAs and columns represent samples. Red represents high expression levels and green represents low
expression values. (C) Box-plots of miR-19a and miR-424 expression in TSCC and control samples from the TCGA datasets. (D) Up-regula-
tion of miR-19a and miR-424 in clinical TSCC specimens according to qRT-PCR. Values are shown as the mean § SEM. n = 6 for each
group,

�
p < 0.05 vs. control.
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In this study, we analyzed the expression of miR-19a,
miR-424, and TGFBR3 in human TSCC specimens and
investigated whether TGFBR3 is a direct target of miR-
19a and miR-424. We also investigated the role of these
microRNAs in regulating migration of CAL-27 human
oral squamous cells.

Material and methods

Tissue samples

Human TSCC cells and associated adjacent non-can-
cer tissues were obtained from the Department of
Oral and Maxillofacial Surgery at the Second Affili-
ated Hospital of Harbin Medical University in China.
The tissue information was shown in Table 1. In
accordance with institutional guidelines, all of the
patients gave informed consent prior to the collection
of specimens. Tissue samples were snap-frozen in the
operating room immediately after surgery and sent to
pathology for diagnosis by a board-certified patholo-
gist. For each TSCC patient, a frozen tumor sample
(stored at ¡80oC) and a paraffin-embedded tissue
specimen were obtained.

Immunohistochemistry (IHC)

Serial sections (5–6 mm thick) were prepared from paraf-
fin-embedded tissue blocks and mounted on silane-
coated glass slides (Matsunami Glass, Osaka, Japan). A
single section from each tissue block was stained with
hematoxylin and eosin (H&E). All other sections from
the block were used for IHC. IHC staining was per-
formed using the standard streptavidin-biotin-peroxi-
dase complex method. Briefly, paraffin sections of TSCC
tissues were deparaffinized, blocked with 10% normal
goat serum for 10 min, and incubated with anti-TbRIII
overnight at 4oC. The tissue section was then incubated
with biotinylated goat anti-rabbit immunoglobulin at a
dilution of 1:75 at 37oC for 30 min. The status of
TGFBR3 expression was assessed by two independent
investigators without prior knowledge of the clinico-
pathological data.

The expression profile of TGFBR3-targeting miRNAs
following bioinformatics analysis

The prediction of miRNA targets using multiple algo-
rithms is likely to be more reliable than the deployment
of singular algorithms; thus, miRNA-target interactions
appearing in at least two of nine databases (TargetScan,
miRanda, PicTar, miRBase, DIANA-microT, PITA,
miRNAMap, miRTarBase, and miRecords) were
included in our analysis. Oral tongue miRNA expression
data (level 3) for 133 oral tongue squamous cell carci-
noma samples and 44 normal controls were downloaded
from The Cancer Genome Atlas (TCGA) (http://cancer
genome.nih.gov/). A two-sample t-test was performed to
select differentially expressed miRNAs. The P values
were adjusted using the Benjamini and Hochberg correc-
tion procedure. This procedure accounts for multiple
tests with a false discovery rate (FDR) of < 0.05. All of
the bioinformatics analyses were performed using R soft-
ware (http://www.r-project.org/). Network visualization
was performed using Cytoscape software (http://cyto
scape.org/).

Quantification of miRNA-19a and miR-424
expression levels

Quantitative real-time PCR (qRT-PCR) kits obtained
from Applied Biosystems (Foster City, CA, USA) were
used to assess the expression of miR-19a and miR-424.
For each sample, the DCt (target–reference) value was
calculated. The fold-change between the TSCC samples
and normal controls for miR-19a and miR-424 were cal-
culated using the 2-DDCt method, where DDCT = DCT
(target–reference) – DCT (target–reference) (in
untreated samples). qRT-PCR was performed in tripli-
cate for each sample, and an average 2-DDCt value
(along with the associated standard error (SE) value was
calculated for expression of miR-19a and miR-424 (rela-
tive to the normal controls)). U6 and GeNorm were used
as internal reference genes to facilitate miR-19a and
miR-424 normalization.

Cell culture and transfection

CAL-27, a human tongue squamous cell line, was pro-
vided by Harbin Medical University. The cell line was
cultured in Dulbecco’s modified Eagle’s medium
(DMEM) purchased from Gibco. All cells were supple-
mented with 10% FBS and maintained at 37oC in an
incubator containing humidified air with 5% (v/v) CO2.
Cells were transfected with 1 mg/ml of the pc-DNA3.1-
hTGFBR3 plasmid (GeneChem Co., Ltd., Shanghai,
China). The pc-DNA3.1-plasmid was used as an empty

Table 1. Clinicopathologic Features of TSCC Samples.
Case Gender Age Tumor location Histological type

1 F 53 Tongue squamous cell carcinoma
2 F 67 Tongue squamous cell carcinoma
3 F 58 Tongue squamous cell carcinoma
4 F 72 Tongue squamous cell carcinoma
5 M 53 Tongue squamous cell carcinoma
6 M 51 Tongue squamous cell carcinoma
7 M 47 Tongue squamous cell carcinoma
8 M 69 Tongue squamous cell carcinoma

Abbreviations: F, female; M, male.

238 D. LI ET AL.

http://cancergenome.nih.gov/
http://cancergenome.nih.gov/
http://www.r-project.org/
http://cytoscape.org/
http://cytoscape.org/


vector control. Transient transfections were carried out
using Fugene 6 (Roche Molecular Biochemicals, Man-
nheim, Germany) according to the manufacturer’s
instructions. GenePharma (Shanghai, China) synthesized
the oligonucleotides including 2 0 OMe-miR-19a (5 0-
ugugcaaaucuaugcaaaacuga-3 0), miR-19a negative control
oligonucleotide (5 0-caguacuuuuguguaguacaa-3 0), anti-
miRNA oligonucleotides specific to miR-19a (AMO-
19a) (5 0-ucaguuuugcauagauuugcaca-3 0), 2 0OMe-miR-
424 (5 0- cagcagcaauucauguuuugaa-3 0), miR-424 negative
control oligonucleotide (5 0-uucuccgaacgugucacgutt-3 0),
and anti-miRNA oligonucleotides specific to miR-424
(AMO-424) (5 0-uucaaaacaugaauugcugcug-3 0). The
afore-mentioned oligonucleotides were transfected into
CAL-27 cells (200 nmol per well) using Lipofectamine
2000 reagent (Invitrogen, USA).

Luciferase reporter assay

The TGFBR3 3 0-UTR containing the conserved miR-19a
or miR-424 binding site was synthesized by Invitrogen
and amplified by PCR. The PCR fragment was cloned
downstream of the luciferase gene between the SacI and
HindIII sites in pMIR-Report (Promega). Next, 0.1 mg of
the luciferase reporter constructs containing the 3 0-UTR
were co-transfected with miR-19a or miR-424 mimics
into CAL-27 cells using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA). A Renilla luciferase reporter (10 ng) was
used as an internal control. Finally, the cells were col-
lected 48 h after transfection, and dual luciferase activi-
ties were measured using a luminometer according to
the manufacturer’s instructions.

RNA interference

RNA interference was performed according to the manu-
facturer’s protocol using Lipofactamine 2000 (Invitro-
gen). siRNA duplexes (GenePharma, Shanghai)
harboring sequences that specifically targeted b-arrestin
2 (5 0-aaggaccgcaaaguguuugug-3 0) or control non-spe-
cific siRNA were utilized to facilitate the interference
reactions. Knockdown of expression of the target was
confirmed by western blot analysis.

Transwell migration assay

Transwell migration was performed using 24-well cell
culture inserts without Matrigel chambers (8-mm pore;
BD Biosciences). Briefly, 5 £ 104 cells were resuspended
in 250 ml of serum-free RPMI-1640 and added into the
inserts. A total of 500 ml DMEM with 10% FBS was
added to the lower chamber. After allowing cells to
migrate for 24 h, cells on the upper surface of the

membrane were removed using a cotton swab, and the
membranes were fixed with methanol and stained with
crystal violet. The number of migrating or invading cells
was determined by averaging cell counts from nine ran-
domly selected 100x fields.

Co-immunoprecipitation (Co-IP) and western blot
analysis

Total protein samples were extracted from the cultured
cells. Approximately 5 mg of antibody specific to
TGFBR3 or b-arrestin 2 was added to cell lysates and
incubated for 12 h at 4�C. The antibody-protein immune
complexes were precipitated together with protein A/G
PLUS-Agarose (rabbit polyclonal; Santa Cruz Biotech-
nology). This agarose facilitates the binding of most anti-
bodies. The precipitation mixture was subsequently
incubated overnight at 4�C. The control (n-IgG) was
also included for each sample. Briefly, proteins were
resolved by SDS-polyacrylamide gel electrophoresis, and
transferred to PVDF membranes (Amersham Bioscien-
ces). The blots were subsequently blocked with 5% non-
fat dry milk powder in Tris-buffered saline with Tween-
20 for 2 h and then incubated with primary rabbit anti-
TGFBR3, anti-p-p65, anti-b-arrestin 2, anti-IkBa, anti-
Vimentin or anti-E-cadherin (1:1,000; Cell Signaling
Technology, Beverly, MA, USA). Western blot bands
were quantified using Odyssey v1.2 software by measur-
ing the band intensity (area £ OD) for each group and
normalizing the associated intensity using GAPDH or
b-actin (Zhongshan, Beijing, China) as an internal
control.

Statistical analysis

Data are presented as the mean § SE. Statistical compar-
ison was performed using the Student’s t test and analy-
sis of variance (ANOVA), with a value of p < 0.05
considered statistically significant.

Results

Down-regulation of TGFBR3 protein in TSCC Clinical
Specimens

A reduction in the expression of TGFBR3 protein has
previously been reported in TSCC disease.7 Representa-
tive samples are shown in Fig. 1A. H&E staining revealed
papillary morphology in normal tongue tissue and can-
cer pearl patterns in TSCC tissue. Consistent with previ-
ous studies, immunohistochemical staining (IHC)
showed strong TGFBR3 expression in normal tongue tis-
sues.7 Conversely, TSCC cells showed weak reactivity to
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TGFBR3, and the number of TGFBR3-positive cells was
markedly reduced (Fig. 1B). Western blot and RT-PCR
analyses also revealed significantly lower levels of
TGFBR3 protein and mRNA in TSCC specimens com-
pared with non-tumor tissues (Fig. 1C, D).

miR-19a and miR-424 are up-regulated in TSCC
Clinical Specimens

According to the miRNA-target interaction information
in at least two of the nine databases analyzed (See Meth-
ods), 29 miRNAs are predicted to target TGFBR3
(Fig. 2A). Sixteen of the 29 miRNAs were detected with
the expression level in the level 3 miRNA expression pro-
file of TSCC from The Cancer Genome Atlas (TCGA).
We observed five differentially expressed miRNAs in
TSCC samples compared with normal controls (FDR <

0.05, t test) (Fig. 2B). We also found that these five miR-
NAs are differentially expressed in cancers of the floor of
the mouth, the oral cavity and the larynx in the TCGA
datasets (FDR < 0.05, t test) (Fig. 2B). Among the five
miRNAs, miR-19a was significantly up-regulated in
TSCC (Fig. 2C, p = 4.8e-10). MiR-424 was also

significantly up-regulated in TSCC (Fig. 2C, p = 1.8e-
17). Finally, qRT-PCR was utilized to detect the expres-
sion of miR-19a and miR-424 in the normal tongue and
TSCC specimens. Following analysis of miR-19a and
miR-424 expression levels, it was found that both of
these microRNAs were markedly increased in TSCC
specimens (Fig. 2D). Thus, we hypothesize that the upre-
gulation of miR-19a and miR-424 could cause concomi-
tant reductions in TGFBR3 expression. This suggests
that TGFBR3 is a potential target of miR-19a and miR-
424, and these microRNAs might participate in the pro-
gression of TSCC.

TGFBR3 is a direct target of miR-19a and miR-424

Following analysis of miR-19a, miR-424, and TGFBR3
3 0-UTR sequences, we observed that the seed sites of
miR-19a and miR-424 matched the TGFBR3 3 0UTR
(Fig. 3A), suggesting that TGFBR3 may be a target of
miR-19a and miR-424. Following transfection of miR-
19a or miR-424 into CAL-27 cells, western blot analysis
confirmed this hypothesis. As depicted in Fig. 3B,
TGFBR3 expression was significantly downregulated in

Figure 3. The TGFBR3 gene is a direct target for miR-19a and miR-424. (A) Sequence analysis revealed the two binding sites of miRNA:
mRNA complementary between miR-19a, miR-424, and human TGFBR3 gene. (B) Compared with the control, transfection of miR-19a or
miR-424 resulted in a significant reduction in TGFBR3 protein expression. Co-transfection of miR-19a with AMO-19a or miR-424 with
AMO-424 alleviated the reduction in TGFBR3 protein expression. (C) qRT-PCR analysis revealed that miR-19a and miR-424 markedly
inhibited TGFBR3 mRNA expression. (D) Compared with the control, transfection of miR-19a or miR-424 with the luciferase reporter
gene linked to the wild-type 3 0-UTR of TGFBR3 resulted in a significant reduction in luciferase activity. Co-transfection of miR-19a with
AMO-19a or miR-424 with AMO-424 alleviated the reduction in luciferase activity. Three independent experiments (n = 3) were per-
formed for each condition. Data are shown as the mean § SEM.

�
p < 0.05 vs. control,#p < 0.05 vs. miR-19a or miR-424 correspondingly.

Ctl control, NC transfection of negative control, miR-19a transfection of miR-19a, +AMO-19a co-transfection of miR-19a and its inhibitor
(AMO-19a), miR-424 transfection of miR-424, +AMO-424 co-transfection of miR-424 and its inhibitor (AMO-424).
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CAL-27 cells that were transfected with miR-19a or miR-
424. Conversely, TGFBR3 expression levels were restored
in cells co-transfected with miR-19a and antisense-
miR19a (AMO-19a) or miR-424 and antisense-miR-424
(AMO-424). To evaluate whether miR-19a or miR-424
could interfere with the TGFBR3 3 0-UTR, pMIR-report
constructs containing TGFBR3 binding sites for miR-19a
or miR-424 were utilized. Notably, qRT-PCR demon-
strated that miR-19a or miR-424 also inhibited the
expression of TGFBR3 mRNA (Fig. 3C), indicating that
both miR-19a and miR-424 regulate TGFBR3 at the
transcriptional level. As illustrated in Fig. 3D, overex-
pression of miR-19a or miR-424 (20 nmol/L) with lucif-
erase expression constructs carrying target fragments
caused a significant reduction in luciferase activity com-
pared with that of the negative control (NC), whereas
the reduction in luciferase activity was efficiently
reversed by AMO-19a or AMO-424 (10 nmol/L), sug-
gesting that TGFBR3 is a direct target of miR-19a and
miR-424.

Over-expression of TGFBR3 decreases migration and
inhibits EMT of CAL-27 cells while decreasing p-p65
in vitro

We further examined whether TGFBR3 overexpression
affected cell migration in CAL-27 cells. Western blot
analysis revealed that TGFBR3 expression was increased
by 3.27-fold in cells treated with 1 mg/mL of TGFBR3
plasmid DNA (Fig. 4A). As shown in Fig. 4B, transwell
assays revealed that TGFBR3 overexpression signifi-
cantly inhibited cellular transmigration compared with
the controls. These results strongly suggest that TGFBR3
also regulates the cell migration ability of CAL-27 cells.
EMT is a central mechanism that contributes to the
migration of various cancer cell types. To better quantify
the EMT process, we measured the expression levels of
several EMT markers including E-cadherin (E-cad) and
Vimentin (Vim). We observed that over-expression of
TGFBR3 enhanced E-cad expression while inhibiting
Vim expression (Fig. 4C, D). Moreover, increased NF-kB
activity has been reported in diverse human malignan-
cies, including TSCC disease. This increased activity is
believed to enhance tumor cell migration by accelerating
EMT.12,13 You et al reported that TGFBR3 is involved in
NF-kB regulation via its interaction with b-arrestin 2 in
MCF10A breast epithelial and MDA-MB-231 breast can-
cer cells. This interaction results in an increase in
TGFBR3 expression and a concomitant reduction in NF-
kB-mediated transcriptional activation and IkBa degra-
dation.14 It is known that b-arrestin 2 can function as an
effective suppressor of UV-induced NF-kB activation
through its direct interaction with IkBa.15 We next

investigated the effect of TGFBR3 overexpression on
NF-kB activity in CAL-27 cells. Our results indicate that
transient increases in TGFBR3 expression resulted in
concomitant decreases and increases in p-p65 expression
(Fig. 4E) and IkBa expression (Fig. 4F), respectively.
These results suggest that inhibition of NF-kB signaling
represents a potential mechanism for TGFBR3-mediated
inhibition of cell migration and EMT in CAL-27 cells.
Our results also confirm that TGFBR3 interacts with
b-arrestin 2, and b-arrestin 2 interacts with IkBa
(Fig. 4G). TGFBR3 overexpression decreased p-p65
expression, and co-transfection of TGFBR3 and
b-arrestin 2 siRNA resulted in an increase in p65 phos-
phorylation (Fig. 4H, J). These results suggest that
TGFBR3, through its interaction with b-arrestin 2, nega-
tively regulates NF-kB signaling in CAL-27 cells.

miR-19a and miR-424 induce EMT and promote
migration of CAL-27 cells by downregulating
TGFBR3

Given the established effects known to be mediated by
TGFBR3 with respect to migration and EMT in CAL-27
cells, we proposed that miR-19a or miR-424 might pro-
mote migration and EMT by targeting TGFBR3. As
expected, over-expression of miR-19a and miR-424 pro-
moted cell migration and EMT processes, while AMO-
19a and AMO-424 abolished these changes (Fig. 5).
These data suggest that miR-19a and miR-424 are stimu-
latory factors in relation to migration and EMT pro-
cesses. In order to determine if TGFBR3 plays a critical
role in EMT activities induced by miR-19a or miR-424,
we transfected the TGFBR3 plasmid into CAL-27 cells.
Mir-19a or miR-424-induced migration was subse-
quently inhibited following TGFBR3 overexpression
(Fig. 6A, B). Similarly, TGFBR3 overexpression also
reduced the ability of miR-19a/miR-424 to promote
EMT processes (Fig. 6C–F). Accordingly, the stimulatory
effects of miR-19a/miR-424 on p-p65 expression were
also reversed by TGFBR3 overexpression (Fig. 6G, H).
These results suggest that TGFBR3 is a key target for
miR-19a/miR-424-mediated pro-EMT effects.

Discussion

TGFBR3 is specifically down-regulated in TSCC patients,
and is implicated in the accelerated migration of various
cancer cell types.6,7,16 At the transcriptional level,
TGFBR3 expression is positively regulated by dexameth-
asone, aldosterone, and hydrocortisone.6 However, pre-
vious studies have not elucidated how TGFBR3
expression is down-regulated in various human cancer
specimens. In this study, we reveal significant decreases
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in TGFBR3 protein and mRNA expression following
over-expression of miR-19a and miR-424 in TSCC
specimens (Fig. 7). miRNAs facilitate the control of
expression levels of target genes. Thus, down-regula-
tion of TGFBR3 expression in human TSCC disease
might be due to dysregulation of miRNAs. A recent
study reported that TGFBR3 is a direct target for
miR-328 while also exerting inhibitory effects in rela-
tion to collagen production in cardiac fibroblastss.17

However, due to the fact that a given target can be
targeted by multiple miRNAs, it is essential that fur-
ther studies are conducted to identify key miRNAs in
the regulation of TGFBR3 expression in TSCC dis-
ease. Our results show that increased expression of
miR-19a and miR-424 in tongue squamous cell carci-
noma cells induces EMT by targeting TGFBR3; this
causes a concomitant increase in the migration of
CAL-27 cells.

Figure 4. Effect of over-expression of TGFBR3 on migration, EMT and NF-kB activity in CAL-27 cells. CAL-27 cells were transfected for
24 h with 1 mg/ml of plasmid encoding TGFBR3. EV represents empty vector (1 mg/ml of pc-DNA3.1 plasmid)-transfected CAL-27 cells.
(A) TGFBR3 expression was determined by western blot analysis and the average band densities from three independent experiments
are shown. (B) Scale bars, 10 mm. TGFBR3 overexpression inhibits migration in CAL-27 cells. Following plasmid transfection, cells were
subjected to Transwell migration. (C, D) The EMT-related markers, E-cadherin (E-cad) and Vimentin (Vim) were up-regulated and down-
regulated after TGFBR3 over-expression for 24 h, respectively. (E) Transient increases in TGFBR3 expression decreased p-p65 expression.
(F) Transient increases in TGFBR3 expression resulted in concomitant increases in IkBa expression. (G) TGFBR3 interacts with b-arrestin
2; b-arrestin 2 interacts with IkBa. (J) CAL-27 cells transiently transfected with b-arrestin 2 siRNA. (H) TGFBR3 overexpression decreased
p-p65 expression, and co-transfection of TGFBR3 and b-arrestin 2 siRNA resulted in an increase in phosphorylation of p65. Data are pre-
sented as mean § standard deviation following three independent experiments.

�
p < 0.05 vs. control; #p < 0.05 vs. TGFBR3.
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Identification of key factors involved in EMT and
investigations into the molecular mechanisms that
underpin EMT are of critical importance in aiding our
understanding of tumor metastasis. This information is
crucial for the development of novel interventions for
the treatment of TSCC cancer.18 We also observed that
over-expression of TGFBR3 independently inhibits
migration and EMT progression in CAL-27 cells. How-
ever, this over-expression had no significant effect on
cell proliferation (data not shown). Accordingly, Turley
et al reported that the restoration of TGFBR3 expression
in prostate cancer cells inhibits migration and invasion.19

A study by Lambert KE et al showed that loss of TGFBR3
expression during multiple myeloma progression con-
tributes to disease progression through its inhibitory
effects on proliferation, migration, and adhesion in
human myeloma cells.4 A recent study revealed that
transient overexpression of TGFBR3 promoted TGF-b1-
induced cyclin-dependent kinase inhibitor 2b (CDKN2b)
and p38 protein activity, and restores TGF-b1 sensitivity
in CAL-27 cells.20 Moreover, ALK-3, ALK-6, bone mor-
phogenetic protein 4 (BMP4), MMPs, p21, p27 and addi-
tional TGFBR3 targets were identified in various tumor
cells including breast cancer, renal cancer, prostate can-
cer and colon cancer cells.21 22-24

Recently, new insights have been gained into the
structure and function of the cytoplasmic TGFBR3
domain. The associated reports suggest that this domain
plays an essential role in ligand-dependent and ligand-
independent functions through interactions with
b-arrestin 2 and Ga-interacting protein–interacting

protein, C terminus (GIPC).6,25,26 Lee JD et al demon-
strated that TGFBR3-mediated inhibition of migration
occurs following interaction of the cytoplasmic domain
of TGFBR3 with GIPC.27 Sun F et al observed that sim-
vastatin alleviates cardiac fibrosis induced by infarction
via up-regulation of TGFBR3. This up-regulation was
found to be associated with GIPC-mediated inhibition of
the ERK1/2/JNK pathway.25 Most notably, a separate
study reported that TGFBR3 had direct effects in relation
to the regulation of cardiac myocyte hypertrophy. These
effects were mediated without any cytokines or ligands
and were predicated by b-arrestin 2-mediated CaMKII
activation.28 Moreover, NF-kB has an essential role in
the initiation and progression of TSCC cancer and spe-
cifically mediates the induction of EMT.12 A study has
shown that b-arrestin 2 directly interacts with IkBa and
prevents phosphorylation and degradation of IkBa.29

Similar results were also reported by Witherow et al.30

Furthermore, You et al demonstrated that TGFBR3,
through its interaction with b-arrestin 2, negatively regu-
lates NF-kB signaling in breast cancer.14 These studies
reveal that the nature of output signaling caused by the
interaction of TGFBR3 with b-arrestin 2 or GIPC may
depend upon cell type. In the present study, we con-
firmed that TGFBR3 is a negative regulator of NF-kB.
Our results reveal a novel interaction between TGFBR3
and the scaffolding protein, b-arrestin 2, which results in
TGFBR3 internalization and down-regulation of TGF-b
signaling. b-arrestin 2 also scaffolds interacting receptors
with IkBa (Fig. 6C). These results are consistent with
those generated by other groups. TGFBR3 has been

Figure 5. miR-19a and miR-424 promote migration and EMT in CAL-27 cells. (A, B) Scale bars, 10 mm. Enhanced migration in CAL-27
cells by miR-19a or miR-424. N = 5. Down-regulation of E-cad (C, D) and up-regulaiton of Vim (E, F) by miR-19a and miR-424. n = 5.
�
p < 0.05 vs. control; #p < 0.05 vs. miR-19a or miR-424 alone.
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shown to interact with the cytoplasmic domain of
b-arrestin 2.

MiR-19a and miR-424 are capable of mediating EMT
progression in various types of cancer cells.31-35 For
instance, Huang L et al. revealed that miR-19a is associ-
ated with lymph metastasis and mediates TNF-a induced
EMT in colorectal cancer.31 Moreover, a report by Lu W
et al. demonstrated that MiR-19a promotes EMT via the
PI3K/AKT pathway in gastric cancer.32 Recently, Li J et al
found that miR-19 triggers EMT and this reaction is
believed to play an important role in accelerating the
migration of lung cancer cells.36 Furthermore, ectopic
transient and stable miR-424 expression induced EMT,
with a concomitant reduction in epithelial marker expres-
sion and increased cell scattering.35 Wang F et al also
found that miR-424 participates in esophageal squamous

cell carcinoma invasion and metastasis via smad7 path-
way-mediated EMT.33 Importantly, we observed that
transfection of a plasmid carrying the TGFBR3 gene into
CAL-27 cells not only inhibited miR-19a- or miR-424-
induced migration and EMT progress, but also resulted in
decreased expression of p-p65 compared with the control
group. These results indicate that over-expression of miR-
19a or miR-424 stimulates EMT and promotes cell migra-
tion following targeting of TGFBR3.

In summary, we observed that over-expression of
miR-19a or miR-424 resulted in down-regulation of the
TGFBR3 gene in human TSCC specimens. We further
demonstrated that the TGFBR3 gene is a direct target of
both miR-19a and miR-424. These results further our
understanding of the mechanisms that underlie EMT
and migration during TSCC disease progression. The

Figure 6. TGFBR3 attenuates the pro-EMT effects caused by miR-19a and miR-424 in cardiac fibroblasts. (A, B) Scale bars, 10 mm. Trans-
well assay indicates that TGFBR3 abolished miR-19a/miR-24-mediated migration. +TGFBR3: co-transfection of miR-19a or miR-424 and
TGFBR3, +EV: co-transfection of miR-19a or miR-424 and empty vector (EV), n = 4. Effects of TGFBR3 on the EMT marker proteins, E-Cad
(C, D) and Vim (E, F), following transfection with miR-19a or miR-424. (G, H) TGFBR3 reduces p-p65 expression induced by miR-19a or
miR-424. n = 4,

�
p < 0.05 vs. control; #p < 0.05 vs. miR-19a or miR-424 alone.
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modulation of miR-19a-/miR-424-mediated targeting of
the TGFBR3 pathway may potentially be exploited in the
clinical treatment of TSCC in the future.

Abbreviations

AMO-19a antisense-miR19a
AMO-424 antisense-miR424
b-arrestin 2 Scaffolding protein-arrestin 2
co-ip Co-immunoprecipitation
DMEM Dulbecco’s modified Eagle’s medium
EMT Epithelial-to-mesenchymal transition
GIPC Ga-interacting protein–interacting pro-

tein, C-terminus
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
HE Hematoxylin and eosin
IHC Immunohistochemistry
TGFBR3 Transforming growth factor type III receptor
TSCC Tongue squamous cell carcinoma
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