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Abstract Fyn-related kinase (FRK), a member of Src-related
tyrosine kinases, is recently reported to function as a potent
tumor suppressor in several cancer types. Our previous study
has also shown that FRK over-expression inhibited the migra-
tion and invasion of glioma cells. However, the mechanism of
FRK effect on glioma cell migration and invasion, a feature of
human malignant gliomas, is still not clear. In this study, we
found that FRK over-expression increased the protein level of
N-cadherin, but not E-cadherin. Meanwhile, FRK over-
expression promoted β-catenin translocation to the plasma
membrane, where it formed complex with N-cadherin, while
decreased β-catenin level in the nuclear fraction. In addition,
down-regulation of N-cadherin by siRNA promoted the mi-
gration and invasion of glioma U251 and U87 cells and
abolished the inhibitory effect of FRK on glioma cell migra-
tion and invasion. In summary, these results indicate that FRK
inhibits migration and invasion of human glioma cells by
promoting N-cadherin/β-catenin complex formation.
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Introduction

Gliomas are malignant primary brain tumors that, despite
advances in multimodal therapies, continue to portend a dis-
mal prognosis (Meyer 2008). This poor prognosis is partly
because the diffuse invasiveness of these tumors limits the
effectiveness of local therapies such as aggressive resection
(Coniglio and Segall 2013).

Tyrosine kinases play important roles in cellular functions
including cell migration, differentiation, cell-cell adhesion,
exocrine signaling, proliferation, and death (Hunter 2009).
The Fyn-related kinase (FRK), originally called RAK, is a
54-kDa tyrosine kinase that belongs to a family of Src kinases.
Unlike many other Src-related kinases, FRK acts as a tumor
suppressor in cancers that arrests cell growth and suppresses
tumorigenesis (Craven et al. 1995; Meyer et al. 2003; Yim
et al. 2009b). It is reported that over-expression of FRK
suppresses growth through association with phosphoprotein
retinoblastoma protein (pRb) during the G1 and S phases
(Meyer et al. 2003; Craven et al. 1995). Another study dem-
onstrated that FRK is identified as a phosphatase and tensin
homologue (PTEN)-associated protein and ectopic expression
of FRK significantly suppressed breast cancer cell prolifera-
tion, invasion, and tumor growth (Yim et al. 2009b). Con-
versely, some studies reported that FRK has oncogenic poten-
tial to regulate cell proliferation and invasion. It is reported
that FRK contributed directly to leukemogenesis in a patient
with acute myelogenous leukemia (Hosoya et al. 2005). Also,
Chen et al. found that FRK expression promotes Hep3B but
not HepG2 cell growth and transformation as well as enhances
invasive ability in both Hep3B and HepG2 cells (Chen et al.
2013). These findings suggested that FRK induces diverse
biological responses in different cell types in various micro-
environments. Our previous study has shown that FRK over-
expression inhibits themigration and invasion of gliomaU251
and U87 cells (Zhou et al. 2012), but the mechanism of FRK
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involved in glioma migration and invasion has not been well
studied.

The process of cell migration and invasion into surround-
ing tissues requires the coordinated and dynamic assembly
and disassembly of cell-cell adhesions (Defamie et al. 2014).
Cell-cell adhesion is involved in complex biological process-
es, including cell growth, proliferation, differentiation, and
survival (Halbleib and Nelson 2006). Cell-cell adhesion is
mediated by a variety of membrane proteins, including clas-
sical cadherins, claudins/occludin, nectin, and desmosomal
cadherins (Gumbiner 2005). Cadherins are important for the
intercellular contacts in solid tissues, which form the trans-
membrane part of the adherent junctions. Inactivation of
cadherins leads to disruption of the cell-cell adhesion. Among
them, epithelial (E)-cadherin, neural (N)-cadherin, and vascu-
lar endothelial (VE) cadherin are the better studied (Berx and
van Roy 2009; Camand et al. 2012). E-cadherin is mainly
expressed in epithelial tissues (Hatta and Takeichi 1986), and
loss of E-cadherin is viewed as a triggering event of carcinoma
cell detachment from the primary tumor and invasion of the
conjunctive tissues (Vleminckx et al. 1991). In contrast to E-
cadherin, N-cadherin seems to have a pro-migratory effect,
promoting tumor infiltration into the conjunctive tissues
(Nieman et al. 1999). However, recently, it is reported that
down-regulation of N-cadherin in non-epithelial tumors such
as glioma induces an increase in cell migration (Camand et al.
2012).

Cadherins bind to members of the catenin protein
family (Grunwald 1993), including β-catenin, a protein
with cell-cell adhesion and signaling properties. β-
catenin was first found in drosophila as a segment
polarity protein in 1987 (Perrimon and Mahowald
1987). Interaction of cadherin and β-catenin promotes
actin reorganization and strengthens cell adhesion. The
actin cytoskeleton also plays an important role in facil-
itating the formation of β-catenin and in strengthening
cell-cell contacts. β-catenin is localized in different cel-
lular compartments to form different complexes that
carry out different cellular functions. In the nucleus,
β-catenin regulates the transcription of target genes
crucial for cell proliferation and differentiation through
the Wnt signaling cascade. However, at the plasma
membrane, β-catenin controls cadherin-mediated cell
adhesion. Through the integration of these two signaling
networks, β-catenin plays a pivotal role in maintaining
the integrity of cellular functions (Verras and Sun
2006).

In this study, we found that FRK over-expression inhibited
glioma cell migration and invasion, in line with our previous
report. FRK over-expression increased the protein level of N-
cadherin and the N-cadherin/β-catenin complex level. Down-
regulation of N-cadherin promoted the migration and invasion
of glioma U251 and U87 cells. FRK over-expression did not

affect the total protein level of β-catenin, but promoted the
membrane translocation of β-catenin. Thus, our findings sug-
gested that FRK inhibits the migration and invasion of glioma
cells by promoting N-cadherin/β-catenin complex formation.

Materials and Methods

Cell Culture

U251 and U87 glioma cell lines were purchased from Shang-
hai Cell Bank, Type Culture Collection Committee, Chinese
Academy of Sciences. Cells were maintained in DMEM/F12
(Gibco) supplemented with 10 % fetal bovine serum (FBS)
(Sijiqing Bio-logical EngineeringMaterials Co.). All cell lines
were cultured at 37 °C in a saturated humidity incubator
containing 5 % CO2.

Plasmids, Antibodies, and Reagents

The FRK plasmid was kindly provided by Dr. Shiaw-Yih Lin
at MD Anderson Cancer Center, Houston, USA. Antibodies
specific for Flag, FRK, N-cadherin, Histone 3, or Na+-K+

ATPase were purchased from Abcam. Antibodies specific
for glyceraldehyde phosphate dehydrogenase (GAPDH) or
β-catenin were purchased from Goodhere and Novus, respec-
tively. Alexa 488 goat anti-mouse IgG and Alexa 555 goat
anti-rabbit IgG were from invitrogen.

Small Interfering RNA and Plasmids Transfection

For transfection, U251 or U87 cells were transfected with
FRK plasmid or N-cadherin siRNA using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s specifica-
tions. To minimize nonspecific effects of interfering RNAs,
non-targeting control siRNA (NC) was used as negative con-
trol. The sequence of N-cadherin siRNA (purchased from
Shanghai GenePharma Co) was: 5′-CUAACAGGGAGUCA
UAUGGUGGAGC-TdT-3′. For transfection, 140 pmol N-
cadherin siRNA, 3 μg FRK plasmid, and 5 μl Lipofecta-
mine™ 2000 reagent were used.

Cell Immunofluorescence Assay

The transfected cells were fixed in 4 % paraformaldehyde for
30 min, washed twice with phosphate-buffered saline (PBS,
pH 7.4), blocked with 5 % normal goat serum, and incubated
overnight with antibody, then preformed as described previ-
ously (Li et al. 2013).
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Wound Healing Assay

A scratch was made in the middle of the well with a plastic
pipette tip 24 h after transfection, and the monolayer was
washed twice with PBS (pH 7.4) and incubated in serum-
free media. At the designated time, five randomly selected
fields at the lesion border were acquired under an inverted
microscope (Olympus IX71).

Cell Invasion Assay

Cell invasion ability was assessed by matrigel precoated
transwell inserts (8.0 μm pore size with polyethylene
tetraphthalate membrane) according to the manufacturer’s
protocol. Filters were precoated with 10 μg of matrigel (BD
Biosciences). A pretreated cell suspension (1×105) in serum-
free culture media was added into the inserts, and each insert
was placed in the lower chamber filled with culture media
containing 10 % FBS as a chemoattractant. And then, the
invasion assay was performed as described (Zhou et al. 2012).

Immunoprecipitation

Proteins were extracted from cells using the NP-40 buffer
(2 μg/ml Aprotinin, 10 μM Leupeptin, 1 % NP-40, 1 μM
Pepstatin A, 0.5 mMPMSF, 4 mMBenzamidine, 1 mMDTT)
for 30 min at 4 °C. Protein concentration was detected using
the BCA Protein Assay Kit (Thermo scientific), and 500 μg
lysates were used for immunoprecipitation. Lysates were then
incubated with primary antibodies (2 μg anti-N-cadherin or
2 μg anti-β-catenin) and 30 μl protein G agrose beads at 4 °C
overnight. The beads and antigen banding antibodies complex
were boiled and detected by Western blotting (Zhang et al.
2013).

Western Blot Analysis

U251 and U87 cells (5×105) were seeded in 6-well plates with
complete growth medium and then these cells were
transfected with indicated siRNAs or plasmids. Forty-eight
hours later, Western blot was performed as described (Zhou
et al. 2013).

Statistical Analysis

The results were representative of experiments repeated at
least three times and quantitative data were presented as
means±S.E.M. Analysis of variance and Student’s t test were
used to analyze the difference between the means of test
samples and controls with P<0.05 considered statistically
significant (*P<0.05). All statistical analyses were performed
using Office Excel 2003 (Microsoft Corporation) or SPSS
software (SPSS version 16.0).

Results

FRK Over-Expression Inhibits the Migration and Invasion
of Glioma U251 and U87 Cells

First, we observed the effect of FRK on cell migration and
invasion ability in U251 and U87 cells by using wound
healing assay and matrigel precoated transwell chambers,
respectively. As Fig. 1a showed, the exogenous FRK (Flag-
FRK) expressed very well in glioma U251 and U87 cells
examined either by anti-Flag or by anti-FRK antibodies. By
using wound healing assay, we found that the wound of
control group healed obviously, but FRK over-expressing
group had no signs of healing 24 h after being scratched
(Fig. 1b). Compared with the control group, the migratory
cell numbers of FRK over-expressing group decreased to
62.23±2.92 % (P<0.05) in glioma U251 cells and 58.62±
2.36 % (P<0.05) in glioma U87 cells, respectively (Fig. 1c).
The matrigel precoated transwell results showed that, com-
pared with the control group, the invasive cell number of FRK
over-expressing group was reduced by 46.52±2.98 % and
52.89±3.02 % in U251 and U87 cells, respectively
(Fig. 1d, e). These results suggested that over-expression of
FRK inhibits the glioma cell migration and invasion, in line
with our previous report (Zhou et al. 2012).

FRK Over-Expression Promotes N-cadherin/β-catenin
Complex Formation and Discreases β-catenin Nuclear
Translocation

Given cadherin/β-catenin complex plays important roles in
cancer migration and invasion (Huang et al. 2012; Kim et al.
2013), we firstly examined the effect of FRK on N-cadherin,
E-cadherin, and β-catenin protein levels. As shown in Fig. 2a,
both of N-cadherin and E-cadherin expressed in glioma cells
and the level of E-cadherin was very low. FRK over-
expression significantly increased N-cadherin, but not the E-
cadherin protein levels. In addition, the total β-catenin protein
level was not altered after over-expression of FRK. Thereafter,
we checked whether FRK over-expression could promote N-
cadherin/β-catenin complex formation using co-
immunoprecipitation assay. The results showed that in glioma
U251 cells, N-cadherin could co-precipitate with β-catenin.
By contrast, control antibody (i.e., IgG) caused no positive
bands (Fig. 2b), suggesting the specificity of this effect. Inter-
estingly, FRK over-expression promoted the interaction of N-
cadherin with β-catenin (Fig. 2b).

It is reported that β-catenin is localized in different cellular
compartments, such as plasma membrane, cytosol, and nucle-
us, to form different complexes that carry out differential
cellular functions (Verras and Sun 2006). We found that
FRK over-expression did not change the total β-catenin pro-
tein level but promote N-cadherin/β-catenin complex
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formation at the plasma membrane (Fig. 2a, b). Thus, we
wonder whether FRK over-expression could affect β-catenin
subcellular location. To examine this possibility, we separated
the membranous, nuclear, and cytosolic fractions of the cells
transfected with FRK for 48 h and conducted the Western blot
assay to examine the β-catenin levels in each fraction.

GAPDH, Histone 3, and Na+-K+ ATPase were used as internal
loading control for the cytosolic, nuclear, and membranous
fraction, respectively. As shown in Fig. 2c, the membrane
recruitment of β-catenin increased, while those in the nuclear
fraction decreased after FRK over-expression. Furthermore,
we also tested the distribution of N-cadherin and β-catenin
using immunofluoresence assay and found that FRK over-
expression increased the membrane levels of N-cadherin and
β-catenin (Fig. 2d). These data suggested that FRK over-
expression promotes N-cadherin/β-catenin complex forma-
tion by increasing the level of N-cadherin and recruiting β-
catenin to plasma membrane.

Down-Regulation of N-cadherin Increases Migration
and Invasion of Glioma U251 and U87 Cells

Thereafter, we investigated the function of N-cadherin on the
migration and invasion of glioma U251 and U87 cells. Firstly,

�Fig. 1 Over-expression of FRK decreases the migration and invasion
ability of glioma cells. a Western blot analysis of exogenous FRK
expression in U251 and U87 cells. Forty-eight hours after transfection,
cells were lysed and protein extraction was assessed by Western blot
using FRK antibody (left) or Flag antibody (right). GAPDH was used as
the loading control. b Confluent monolayer of cells were wounded by
scraping with a micropipette tip and incubated for 24 h. Representative
microphotographs are shown. c Quantitative migratory cell numbers. d
Cells were cultured into the top surface of matrigel invasion chamber.
Twenty-four hours later, cells that migrated to the opposite side of the
insert were stained with crystal violet. Representative microphotographs
are shown. e Quantitative cell numbers invaded through the filter. Values
shown represent the mean±SEM from three independent experiments.
Scale bar, 100 μm.*; P<0.05
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Fig. 2 FRK over-expression promotes N-cadherin/β-catenin complex
formation and decreases β-catenin nuclear translocation. a The protein
level of E-cadherin, N-cadherin, and β-catenin were detected byWestern
blot after FRK over-expression. GAPDHwas used as the loading control.
b FRK over-expression promotes the interaction of N-cadherin with β-
catenin. Glioma U251 cells were transfected with FRK and lysates were
immunoprecipitated with anti-β-catenin antibody or anti-IgG to precipi-
tate N-cadherin and immunoblotted with anti- N-cadherin antibody. c The
cytoplasm, membrane, and nucleus components of U251 cells were

separated 48 h after FRK transfection. GAPDH, Histone 3, and Na+-
K+-ATPase were used as internal loading control for the cytosolic, nucle-
ar, and membranous fraction, respectively. d Immunofluorescence assay
was used to test the distribution of N-cadherin and β-catenin after FRK
over-expression. Immunofluorescent staining was performed with N-
cadherin and β-catenin. Cells were also stained with DAPI to identify
nuclei. Results are presented as mean±SEM from three independent
experiments. Scale bar, 100 μm.*; P<0.05
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we observed that the down-regulation efficiency of N-
cadherin siRNA reached about 62 % in glioma U251 cells
and 76 % in glioma U87 cells, compared with the NC group
(negative control siRNA group, Fig. 3a, b). Then, the migra-
tion ability of glioma U251 and U87 cells were assessed by
wound healing assay after negative control siRNA or N-
cadherin siRNA transfection. As shown in Fig. 3c, 48 h after
being scratched, compared with NC group, the wound of N-
cadherin siRNA group healed obviously, and the migratory
cell numbers increased by 32.16±2.96 % and 39.27±2.38 %
in glioma U251 and U87 cells, respectively (P<0.05, Fig. 3d).
Next, we examined the invasion ability of glioma cells using
matrigel precoated transwell chambers. As Fig. 3e showed,
down-regulation of N-cadherin made a significant increase in
the number of invasive cells. Compared with the NC group,
the number of invasive cells was increased by 47.92±1.87 %
and 49.53±2.75 % in U251 and U87 cells, respectively after
N-cadherin siRNA transfection (Fig. 3f), similar to the effect
of FRK (Zhou et al. 2012) and previous studies (Camand et al.
2012). These results demonstrated that N-cadherin is involved
in glioma cell migration and invasion.

Down-Regulation of N-cadherin Abolishes the Effect of FRK
on Migration and Invasion of Glioma Cells

From the above results, we can see N-cadherin down-
regulation inhibited glioma cell migration and invasion, sim-
ilar to the role of FRK. Also, FRK over-expression promoted
N-cadherin/β-catenin complex formation. Thus, we examined
the possibility that the N-cadherin/β-catenin complex plays
some roles in FRK’s effect on glioma cell migration and
invasion. To address this question, we co-transfected the
FRK and N-cadherin siRNA into glioma cells and examined
whether down-regulation of N-cadherin could abolish FRK’s
effect. As shown in Fig. 4a, b, the co-tranfection of FRK and
N-cadherin siRNA was shown successfully in glioma U251
and U87 cells. The wound healing assay and transwell assay
results showed that FRK over-expression inhibited the migra-
tion and invasion of U251 and U87 cells, while down-
regulation of N-cadherin promoted the migration and inva-
sion. Interestingly, down-regulation of N-cadherin abolished
the inhibitory effect of FRK over-expression on the migration
and invasion of glioma U251 and U87 cells (Fig. 4c–f).

Next, we investigated whether down-regulation of N-
cadherin could abolish the effect of FRK on the subcellular
distribution of β-catenin using immunoflouresence assay. As
Fig. 4g showed, FRK over-expression promoted the mem-
brane co-localization of N-cadherin and β-catenin, as well as
inhibited β-catenin nuclear translocation. Furthermore, down-
regulation of N-cadherin partly inhibited the effect of FRK
over-expression on the subcellular distribution of β-catenin.
These results suggested FRK inhibits the glioma migration

and invasion by regulating N-cadherin/β-catenin complex
formation.

Discussion

Gliomas account for more than 50 % of all brain tumors and
its malignant forms are associated with one of the poorest
prognosis for cancer because of their ability to infiltrate dif-
fusely into the normal cerebral parenchyma (Meyer 2008).
The causes of glioma invasion remain poorly understood. Our
previous study has shown that FRK acts as a potential tumor
suppressor in glioma and its over-expression inhibited cell
migration and invasion (Zhou et al. 2012). In this study, we
found that FRK over-expression inhibited the migration and
invasion of glioma cells by regulating N-cadherin/β-catenin
complex formation.

FRK belongs to the Src non-receptor tyrosine kinase fam-
ily. It is reported that over-expression of FRK suppresses cell
growth through association with pRb during the G1 and S
phases (Craven et al. 1995; Meyer et al. 2003). Recently, FRK
is reported to stabilize PTEN and activates FRK-pRb-induced
growth inhibition (Craven et al. 1995; Yim et al. 2009b).
However, some studies reported that FRK has oncogenic
potential to regulate cell proliferation and invasion. It is re-
ported that high levels of FRK is frequently found in
myeloblastosis-associated virus (MAV)-2-induced lung sarco-
mas in chickens (Pajer et al. 2009). Chen et al. found that FRK
was over-expressed in 52 % of hepatocellular carcinoma
(HCC) samples (Chen et al. 2013). Furthermore, they also
showed that FRK expression promotes Hep3B but not HepG2
cell growth and transformation as well as enhances invasive
ability in both Hep3B and HepG2 cells (Chen et al. 2013). In
addition, a study reported that FRK contributed directly to
leukemogenesis in a patient with acute myelogenous leukemia
(Hosoya et al. 2005). All these results showed that FRK
induces diverse biological responses in different cell types
under various conditions and tissue-specific microenviron-
ments. Our present and previous study (Zhou et al. 2012)
showed that FRK over-expression reduced the migration and
invasion of glioma cells. Our findings indicated that FRK is a
negative regulator of cell proliferation, migration, and inva-
sion, at least in glioma cells.

Cadherins are a class of glycoproteins expressed on the
surface of cells involved in calcium-dependent cell-cell adhe-
sion. Although the changes in cadherin levels during epithelial
carcinoma progression are now well documented, the possi-
bility that such changes occur in non-epithelial tumors has
only recently begun to be explored (Peglion and Etienne-
Manneville 2012). The decrease of E-cadherin expression is
frequently associated with a cadherin switch resulting in the
concomitant increase in N-cadherin expression (Wheelock
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Fig. 3 Down-regulation of N-cadherin increases migration and invasion
of glioma U251 and U87 cells. a, b Immunoblot was applied to detect the
efficiency of N-cadherin siRNA in glioma U251 and U87 cells. GAPDH
was used as the loading control. c Twenty-four hours after being
transfected with N-cadherin siRNA, cells were subjected to wounding
assay. d Quantitative migratory cell numbers. e Representative digital

pictures of three dimensional invasive assay. After 24 h of transfection,
cell suspension was added into the matrigel precoated transwell chambers
and the cells invaded through the matrigel were stained and photoed. f
Quantitative cell numbers invaded through the filter. Results are
expressed as the mean±SEM from three independent experiments. Scale
bar, 100 μm.*; P<0.05
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et al. 2008). Recent study has shown that in non-epithelial
tumors, such as glioma, there was no obvious staining reaction
for E-cadherin in non-epithelial tumors-glioma (Wu et al.
2013b). Our result also showed that E-cadherin was very
low in glioma cells, and FRK over-expression has no effect
on the protein level of E-cadherin, but increased the protein
level of N-cadherin (Fig. 2a).

It is reported that the level of E-cadherin is inversely
correlated with the migratory ability of cancer cells (Berx
and van Roy 2009; Vleminckx et al. 1991). In contrast to E-
cadherin, some studies reported that N-cadherin promotes
tumor infiltration in the conjunctive tissues (Agiostratidou
et al. 2007; Nieman et al. 1999). However, other studies about
the effect of N-cadherin on cancer migration were contrary
(Camand et al. 2012; Peglion and Etienne-Manneville 2012;
Rappl et al. 2008). For example, some studies show an inverse
correlation between N-cadherin level and glioma invasive-
ness. Using a wound healing assay, Camand et al. reported
that down-regulation of N-cadherin in primary astrocytes and
glioma cells leads to a faster and less-directed migration
(Camand et al. 2012). Rappl et al. reported that down-
regulation of N-cadherin in LN18 cells induces an increase
in cell migration (Rappl et al. 2008). Our present study also
showed that down-regulation of N-cadherin promoted the
migration and invasion of glioma U251 and U87 cells
(Fig. 3). This apparent contradiction may result from the use
of different animal models or from the fact that, in some
studies, the level of N-cadherin mRNA is analyzed, while
other studies are based on the level of N-cadherin protein
(Camand et al. 2012; Utsuki et al. 2002).

The intracellular regions of the cadherins interact with
cytoplasmic proteins, β-catenin, which is also a core factor
in Wnt/β-catenin signaling. As an essential activator down-
stream ofWnt signaling,β-catenin moves from the cytoplasm
into the nucleus and forms stabilized complexes with
TCF4/LEF to activate Wnt target genes (Brantjes et al.
2002). Thus, the activation of β-catenin has been tested in a
range of cancers, including gliomas and breast cancer (Uchino
et al. 2010; Wu et al. 2013a). In glioma tissues, β-catenin total

level and its nuclear accumulation were significantly higher
than in normal tissues. The level of β-catenin also was posi-
tively correlated with World Health Organization (WHO)
grades of patients with gliomas (Wu et al. 2013a). Moreover,
the high level of β-catenin has a poor prognostic impact on
glioblastoma patients (Rossi et al. 2011). Additionally, reduc-
tion of β-catenin/TCF4 activity using aspirin leads to glioma
cell cycle G0/G1 phase arrest, invasion decrease, and subcu-
taneous tumor growth inhibition (Lan et al. 2011). In the
present study, we showed that FRK over-expression did not
affect the total level ofβ-catenin, but promoted the membrane
translocation of β-catenin while inhibited its nuclear- accu-
mulation (Fig. 2).

As the process of cell migration and invasion into sur-
rounding tissue probably requires the coordinated and dy-
namic assembly and disassembly of cell-cell adhesions, the
acquisition of invasive properties by tumor cells may de-
pend on changes in the stability and organization of cell-
cell contacts, rather than on modifications to the total
expression of the molecular components of cell-cell adhe-
sion. Perego et al. investigated the role of N-cadherin and
β-catenin-mediated adhesion in primary cultured astro-
cytes and glioblastoma cell lines (Perego et al. 2002). Their
study revealed that, rather than altered expression of
cadherin-catenin system components, it is the instability
and disorganization of cadherin-mediated junctions that is
required to promote migration and invasiveness in glio-
blastoma cell lines (Perego et al. 2002). N-cadherin/β-
catenin complex plays an important role in cancer cell
migration and invasion (Huang et al. 2012). Our study
showed that FRK over-expression promoted the formation
of N-cadherin/β-catenin complex, as well as increased the
co-localization of N-cadherin and β-catenin on the mem-
brane. In addition, we showed that down-regulation of N-
cadherin eliminated FRK over-expression-induced migra-
tion and invasion inhibition and β-catenin distribution.

In summary, we reported that FRK plays an important role
in regulating glioma cell migration and invasion through
promoting N-cadherin/β-catenin complex formation. FRK
over-expression increased the N-cadherin protein level, re-
cruited β-catenin to membrane, promoted N-cadherin/β-ca-
tenin complex formation, and inhibited β-catenin’s transloca-
tion to nuclear at the same time. Because FRK is a non-
receptor tyrosine kinase and distributed in the cell cytosol
and nucleus (Cance et al. 1994; Yim et al. 2009a; Zhou et al.
2012), how FRK increases the N-cadherin level will be stud-
ied in the future.
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cadherin and β-catenin, detected by immunofluorescence assay.
Immunofluorescent staining was performed with N-cadherin (red) and
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