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Netrin-1 (Ntn-1) is a potent inducer of neuronal cell migration; however, its molecular mechanism that guides
the migratory behavior of stem cells has not been characterized. In this study, we investigate the role of Ntn-1 in
promoting the motility of human umbilical cord blood-derived mesenchymal stem cells (UCB-MSCs) and its
related signaling pathways. Ntn-1 (50 ng/mL) significantly increased motility of UCB-MSCs, which was in-
hibited by blocking antibodies for deleted in colorectal cancer (DCC) and integrin (IN) a6b4. Ntn-1 in DCC
stimulated protein kinase Ca (PKCa) activation, but not PKCe, PKCy, and PKCz, while Ntn-1 in INa6b4
induced the phosphorylation of focal adhesion kinase (FAK) and Fyn. Notably, Ntn-1 induced phosphorylation
of extracellular signal-regulated kinases (ERK), c-Jun N-terminal kinases ( JNK), and nuclear factor kappa-B
(NF-kB), but they were concurrently downregulated by blocking the activities of PKCa, FAK, and Fyn. Ntn-1
uniquely increased the MMP-12 expression of all the matrix metalloproteinase (MMP) isoforms present in
UCB-MSCs, though this was significantly blocked by an NF-kB inhibitor. Finally, Ntn-1 induced the MMP-12-
dependent degradation of E-cadherin (E-cad), while Ntn-1 abrogated the interaction between E-cad and p120-
catenin. In addition, Ntn-1 has the ability to stimulate cytoskeletal reorganization-related proteins, such as
Cdc42, Rac1, Profilin-1, Cofilin-1, a-Actinin-4, and filamentous actin (F-actin) in UCB-MSCs. These results
demonstrate that Ntn-1 induces MMP-12-dependent E-cad degradation via the distinct activation of PKCa and
FAK/Fyn, which is necessary to govern the activation of ERK, JNK, and NF-kB in promoting motility of UCB-
MSCs.

Introduction

Netrin-1 (Ntn-1), an evolutionary conserved family
of laminin-related proteins, is a potent inducer of cell

migration, cell–cell interactions, and cell-extracellular ma-
trix adhesion during neuronal cell development [1,2]. Al-
though the Ntn-1 signaling pathway in non-neuronal tissue
has received little attention, many netrin receptors have been
detected, not only in the nervous system [1,3], but also in a
number of other tissues [2,4], where their functions remain
largely unknown. We recently found that Ntn-1 protects the
stem cells from hypoxia-induced mitochondrial apoptosis
through the activation of Ntn-1 receptors, such as deleted in
colorectal cancer (DCC) and integrin (IN) a6b4 [5]. In ad-
dition, Ntn-1 has been implicated in pancreatic development,
where Ntn-1/integrin interactions induce the adhesion and

migration of pancreatic progenitor cells [6]. However, the
underlying cellular mechanisms and their receptor specificity
characteristics involved in stem cell motility have yet to be
studied.

Many studies have identified a number of important netrin
signaling pathways and their effector molecules in neural
development stages, such as focal adhesion kinase (FAK)
[7], Src family kinases [7,8], small Rho-GTPases [9], and
MAP-Kinases [10], which lead to the reorganization of the
cytoskeleton. However, the coordination of signal trans-
duction cascades downstream of different netrin receptors
via effector molecules is still unclear. There are no previous
reports related to the mechanism of the migration-promoting
effects of tissue-affinitive Ntn-1 in stem cells. Thus, deter-
mining how netrin receptors and signal transduction proteins
are systematically involved in regulating cell motility as an
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ensemble remains a major challenge for current researchers.
If this challenge can be overcome, netrin, netrin receptors,
and their downstream signaling mechanisms could be
promising targets for regulation of the stem cells functions.

Umbilical cord blood-derived mesenchymal stem cells
(UCB-MSCs) are self-renewing multipotent progenitors
with the potential to differentiate into multiple cell types,
including osteoblasts, chondrocytes, and adipocytes [11].
UCB-MSCs are easy to isolate and have low immunoge-
nicity, multidifferentiation potentials, and remain free of any
ethical controversy [11–13]. Due to the migration ability of
MSCs via circulation to sites of tissue damage, the thera-
peutic value of MSCs has been evaluated in many clinical
applications [14–16]. In addition, many studies have fo-
cused on the development of new molecules that regulate
MSC migration in wound healing, damage repair, and re-
generation [17–20]. In this study, we investigate the role of
Ntn-1 in promoting the motility of UCB-MSCs and its re-
lated signaling pathways.

Materials and Methods

Materials

Human UCB-MSCs were kindly provided by Medipost
Co. (Seoul, Korea), which was isolated and expanded as
reported previously [11]. These cells have been character-
ized to express CD105 (99.6%) and CD73 (96.3%), but not
CD34 (0.1%), CD45 (0.2%), and CD14 (0.1%). They were
positive for HLA-AB but generally not for HLA-DR [11].
The human UCB-derived MSCs differentiated into various
cell types such as osteoblasts, chondrocytes, and adipocytes
upon in vitro induction with the appropriate osteogenic,
chondrogenic, and adipogenic differentiation stimuli [11].
Human adipose-derived mesenchymal stem cells (AD-
MSCs) were kindly provided by Prof. Kyung-Sun Kang
(Seoul National University, Korea). In this study, all the
experiments were carried out with cells of seven passages.
Fetal bovine serum (FBS) was purchased from BioWhit-
taker, Inc. (Walkersville, MO). Phospho-ERK1/2, extracel-
lular signal-regulated kinases (ERK), phospho-JNK/SAPK,
JNK/SAPK, phospho-p38 MAPK, and p38 MAPK anti-
bodies were obtained from the R&D System (Minneapolis,
MN). A23187, bisindolylmaleimide I, PD98059, SP600125,
staurosporine, MMP408, and mitomycin C were obtained
from Sigma Chemical Company (St. Louis, MO). SN 50
was purchased from Calbiochem (La Jolla, CA). Bay11-
7082 was purchased from Biomol International (Plymouth
Meeting, PA). a-Actinin-1, a-Actinin-4, b-actin, Cdc42, E-
cadhrin (E-cad), phospho-Cofilin-1, Cofilin-1, phospho-Fyn,
Fyn, phospo-FAK, FAK, matrix metalloproteinase (MMP)-
12, phospho-NF-kB (p65), nuclear factor kappa-B (NF-kB),
protein kinase C (PKC), PKCa, PKCe, PKCy, and PKCz,
p120-catenin, Profilin-1, Rac1, and RhoA antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Filamentous actin (F-actin) and phospho-PKC anti-
bodies were purchased from Cell Signaling (Beverly, MA).
Horseradish peroxidase (HRP)-conjugated goat anti-rabbit
and goat anti-mouse IgG were purchased from Jackson
Immunoresearch (West Grove, PA). All other reagents were
of the highest purity commercially available and were used
as received.

Culture of human UCB-MSCs and AD-MSCs

Human UCB-MSCs and AD-MSCs were cultured without
a feeder layer in the a-minimum essential medium (a-MEM;
Thermo, Waltham, MA) and keratinocyte-serum-free me-
dium, respectively. The cells were grown in 1% penicillin
and streptomycin, and 10% FBS. For each experiment, cells
were grown in wells of 6- and 12-well plates, and in 35, 60, or
100-mm diameter culture dishes in an incubator maintained
at 37�C with 5% CO2. The medium was replaced with serum-
free a-MEM at least 24 h before experiments. Following
incubation, the cells were washed twice with phosphate-
buffered saline (PBS) and then maintained in a serum-free
a-MEM including all supplements and indicated agents.

Wound-healing migration assay

Human UCB-MSCs were seeded at 4 · 104 cells on low 35-
mm dishes with both silicone reservoirs, which are separated by
a 500-mm thick wall (Ibidi, Martinsried, Germany) [21] and
incubated until the cell reached around 100% confluence in
serum-containing medium. After serum starvation for 24 h, the
silicone reservoirs were removed with sterile forceps to create a
wound field. The cells were incubated for an additional 24 h
with Ntn-1 (50 ng/mL) and visualized with an Olympus Fluo-
View� 300 confocal microscope with 100 · objective.

Oirs� cell migration assay

Human UCB-MSCs were seeded at 3 · 102 cells/100 mL
in Oirs well (Platypus Technologies, Fitchburg, WI) and
incubated for 24 h to permit cell adhesion. Inserts were
carefully removed when the cell reached around 70% con-
fluence, and the wells were gently washed with culture
medium. Cells were then incubated with Ntn-1 (50 ng/mL)
and serum-free medium. Cell motility was microscopically
observed after 24 h. Cell populations in endpoint assays
were stained with 5 mM calcein AM for 30 min. Migrated
cells were quantified through measurement of fluorescence
signals by using a microplate reader at excitation and
emission wavelengths of 485 and 515 nm, respectively [22].

Transwell migration assay

In vitro transwell migration assay was performed in
transwell permeable support with 8.0-mm pore size mem-
brane (Corning Incorporated Life Sciences, Lowell, MA)
according to the manufacturer’s instruction. UCB-MSCs
suspensions (5 · 104 cells/mL) were placed into the upper
chamber in 0.2 mL of serum-free medium. The lower
compartment was filled with 0.6 mL serum-free medium
containing 50 ng/mL Ntn-1. After incubation for 24 h, cells
that had migrated to the lower surface of the filters were
fixed in acetone for 5 min at room temperature and visual-
ized with hematoxylin and eosin staining method. The
number of migrated cells at the lower side per total input
(initial UCB-MSCs suspensions) was calculated and con-
verted the number to a percentage by multiplying by 100.

RNA isolation and real-time polymerase
chain reaction

Total RNA was extracted from human UCB-MSCs using
the RNeasy Plus Mini Kit (Quiagen, Valencia, CA). To
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synthesize cDNA, reverse transcription (RT) was carried out
with 3 mg of RNA using a Maxime RT premix kit (iNtRON
Biotechnology, Sungnam, Korea). The real-time quantifi-
cation of MMP family was performed using a Rotor-Gene
6000 real-time thermal cycling system (Corbett Research,
New South Wales, Australia) with a QuantiMix SYBR Kit
(PhileKorea Technology, Daejeon, Korea), 200 ng cDNA,
and primers, The primers used are described in Supple-
mentary Table S1 (Supplementary Data are available online
at www.liebertpub.com/scd). Data were collected during the
extension step and analyzed using the manufacturer’s soft-
ware. To verify the specificity and identity of polymerase
chain reaction (PCR) products, the amplification cycles were
followed by a high resolution melting cycle from 65�C to
99�C at a rate of 0.1�C/2 s. When the melting temperature
was reached, double-stranded DNA was denatured and the
SYBR was released, which caused a dramatic decrease in
fluorescence intensity. The rate of this change was deter-
mined by plotting the derivative of the fluorescence relative
to the temperature (dF/dT) versus temperature by data
analysis software of the real-time PCR instrument. The
temperature at which a peak occurred on the plot corre-
sponded to the temperature of the DNA duplex. b-Actin was
used as an endogenous control.

Immunofluorescence microscopy

Cells were plated onto coverslips (Thickness: No 1, Size:
18 mm) (Thermo Fisher Scientific, Rockford, IL) and fixed
with 4% paraformaldehyde in PBS, permeabilized for
10 min with 0.1% (vol/vol) Triton X-100, and washed twice
for 10 min each with PBS. Cells, preincubated with 10%
bovine serum albumin (BSA; Sigma-Aldrich) in PBS for
20 min to decrease nonspecific antibody binding, were in-
cubated for 60 min with a 1:100 dilution of primary antibody
in a solution containing 1% (v/v) BSA in PBS, and washed
thrice for 10 min each with PBS. Cells were then incubated
with 1% (v/v) BSA for 5 min, incubated for 60 min with
anti-rabbit, -mouse, and -goat IgG-FITC (green) antibody,
counterstained with propidium iodide (PI) in PBS contain-
ing 1% (v/v) BSA, and washed thrice for 10 min each with
PBS. Samples were mounted on slides and visualized
with an Olympus FluoView 300 confocal microscope with
400 · objective. The expressions of p-FAK, p-Fyn, MMP-
12. p-Cofilin-1, Profilin-1, and a-Actinin-4 in immunofluo-
rescence image were quantified by using Image J software
(NIH, Bethesda, MD), which measures the stained area per
microscopic filed with consistent threshold. On the other
hand, the cell numbers showing the membrane translocation
of PKCa, Cdc42, and Rac1, and the nuclear translocation of
phospho-NF-kB were directly counted per random micro-
scopic filed and converted the numbers to a percentage by
multiplying by 100. Ten random fields per coverslip were
counted.

Phalloidin staining

Cells were washed with warm PBS, fixed with 3.7%
formaldehyde for 10 min, and permeabilized with 0.5%
Triton X-100 in PBS for 10 min before incubating with
Alexa Fluor 488-conjugated to phalloidin (Invitrogen Co.,
Carlsbad, CA) for 30 min. Cells were then washed five times
(thrice with PBS containing 0.02% BSA followed by twice

with PBS). Samples were mounted on slides and visualized
with an Olympus FluoView 300 confocal microscope (To-
kyo, Japan) with 400 · objective.

Small interfering RNA transfection

Cells were grown until 75% of the surface of the plate and
transfected for 24 h with small interfering RNAs (siRNAs)
specific for FAK (200 pM; GenePharma, Shanghai, China), Fyn
(200 pM), MMP-12 (200 pM), or a nontargeting siRNA as a
negative control (200 pM) with Hyperfectamine (QIAGEN,
Valencia, CA) according to the manufacturer’s instructions. The
sequences used are described in Supplementary Table S2 and
determined siRNA efficacy for FAK, Fyn, and MMP-12, re-
spectively (Supplementary Fig. S1).

Western blot analysis

Cells were harvested, washed twice with PBS, and lysed
with buffer [20 mM Tris (pH 7.5), 1 mM EDTA, 1 mM
EGTA, 1% Triton X-100, 1 mg/mL aprotinin, and 1 mM
phenylmethylsulfonylfluoride (PMSF)] for 30 min on ice.
The lysates were then cleared by centrifugation (22,250 g at
4�C for 30 min). Protein concentration was determined by
the Bradford method [23]. Equal amounts of protein (20mg)
were resolved by 10% sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) and transferred to
polyvinylidene fluoride (PVDF) membranes. The mem-
branes were washed with TBST solution [10 mM Tris-HCl
(pH 7.6), 150 mM NaCl, and 0.05% Tween-20], blocked
with 5% skim milk for 1 h, and incubated with appropriate
primary antibody at 4�C for overnight. The membrane was
then washed and detected with a HRP-conjugated secondary
antibody. The bands were visualized by enhanced chemi-
luminescence (Amersham Pharmacia Biotech, Inc., Buck-
inghamshire, United Kingdom).

Trichloroethanoic acid precipitation

Filtered culture supernatants were mixed with trichloro-
ethanoic acid (TCA) to a final concentration of 30% (w/v) and
were incubated on ice for 30 min or stirred overnight at 4�C.
Samples were centrifuged at 10,000 g for 20 min. Pellets were
washed with ice-cold 96% ethanol (v/v) and acetone, and were
air-dried.

Measurement of calcium influx

Changes in intracellular calcium concentrations were mon-
itored using Fluo-3-AM that had initially been dissolved in
dimethylsulfoxide (DMSO). Cells in 35 mm-diameter culture
dishes were rinsed with a bath solution [140 mM NaCl, 5 mM
KCl, 1 mM CaCl2, 0.5 mM MgCl2, 10 mM glucose, 5.5 mM
HEPES (pH 7.4)] and were then incubated in a bath solution
containing 3mM Fluo-3-AM for 40 min, rinsed, mounted on a
perfusion chamber, and scanned at 1 s intervals using Olympus
FluoView 300 confocal microscope with 300 · objective. The
fluorescence was produced by excitation at 488 nm and the
emitted light was observed at 515 nm. All analyses of calcium
influx were processed in a single cell, and the results are ex-
pressed as the fluorescent intensity (F/F0%, arbitrary unit,
where F is fluorescence captured at a particular time and F0 is
initial fluorescence image captured).
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Immunoprecipitation

Interaction of p120-catenin with E-cad was analyzed by
immunoprecipitation and western blotting. Cells were lysed
with lysis buffer (1% Triton X-100 in 50 mM Tris–HCl pH
7.4 containing 150 mM NaCl, 5 mM EDTA, 2 mM Na3VO4,
2.5 mM Na4PO7, 100 mM NaF, 200 nM microcystin lysine–
arginine, and protease inhibitors). Cell lysates (400 mg)
were mixed with 10 mg of mouse anti-p120-catenin. The
samples were incubated for 4 h, mixed with Protein A/G
PLUS-agarose immunoprecipitation reagent (Pierce, Rock-
ford, IL), and then incubated for an additional 12 h. The
beads were washed four times, and the bound proteins were
released from the beads by boiling in SDS-PAGE sample
buffer for 5 min. Samples were analyzed by western blotting
with rabbit anti-E-cad antibody.

Affinity precipitation of cellular GTP-Cdc42,
-Rac1, and -RhoA

Activation of Cdc42, Rac1, and RhoA activities were de-
termined by using an affinity precipitation assay kits (EMD
Millipore, Billerica, MA) according to the manufacturer’s
instructions. Cells starved for 24 h were stimulated with Ntn-
1 and lysed for 5 min in ice-cold cell lysis buffer. Four hun-
dred micrograms of lysates were incubated for 1 h with
agarose beads coupled with the Cdc42/Rac-binding domain
(GST-PAK-PBD) or with Rho-binding domain of rhotekin
(GST-Rhotekin-RBD), and the bound Cdc42, Rac1, and
RhoA proteins were eluted with 2 · laemmli sample buffer
and subjected to western blot using anti-Cdc42, anti-Rac1,
and anti-RhoA antibodies, respectively.

Statistical analysis

Results are expressed as mean – standard errors. All ex-
periments were analyzed by ANOVA, followed in some
cases by a comparison of treatment means with the control
using the Bonferroni-Dunn test. Differences were consid-
ered statistically significant at P < 0.05.

Results

Effects of Ntn-1 on human UCB-MSC motility

To examine the role of Ntn-1 in motility of UCB-MSCs,
cells were exposed to various concentrations (0.01–100 ng/
mL) of Ntn-1 for 24 h. As shown in Fig. 1A, Ntn-1 signif-
icantly induced cell motility of UCB-MSCs from 0.1 to
100 ng/mL in a dose-dependent manner. In addition, an in-
crease in cell motility was observed after 8 h incubation with
50 ng/mL Ntn-1 (Fig. 1B). We further visualized the ability
of 50 ng/mL Ntn-1 to induce cell motility for 24 h by
staining the cells with calcein AM in Oris cell migration
assay. In contrast to the control, Ntn-1 significantly induced
translocation of cell bodies into the denuded area for wound
healing (167% increase compared to the control; P < 0.05)
(Fig. 1C). The effect of Ntn-1 in cell motility was further
accessed by transwell migration assay. As shown in Sup-
plementary Fig. S2A, we found Ntn-1 significantly in-
creased the cell numbers that had migrated to the lower
surface of the membrane. We further quantified the absolute
migration percentage based on the results of transwell mi-

gration assay (Supplementary Fig. S2B). The control cells
that had migrated to the lower surface of the filters were
1.71% of total input. In contrast, 4.18% cells were moved to
the lower surface in response to Ntn-1 treatment. In addi-
tion, Ntn-1 (50 ng/mL) significantly induced the motility of
human AD-MSCs (Supplementary Fig. S3). This result
suggests that the functional role of Ntn-1 to induce the
motility is reproducible in other types of MSCs.

On the other hand, the cells were treated with Ntn-1 either
in the presence or absence of blocking antibodies for DCC
and INa6b4 to determine the specificity of Ntn-1 in receptor-
binding activity. The cell migration-promoting activity of
Ntn-1 was attenuated by DCC or INa6b4 antibodies (Fig.
1D). The effect of Ntn-1 in cell motility was further visual-
ized by staining the filamentous (F)-actin structure with
Alexa Fluor� 488-conjugated phalloidin (Fig. 1E). Ad-
ditionally, mitomycin C (1mg/mL), a cell cycle arresting
compound, did not inhibit Ntn-1-induced cell motility (Fig.
1F). On the other hand, we further investigated whether Ntn-1
regulates FBS-induced migration of UCB-MSCs. Supple-
mentary Fig. S4A showed that 1% FBS induced the motility
at 24 h. In Ntn-1-treated cells, the FBS was sufficient to speed
up the cell migration within 16 h. These results indicate that
Ntn-1 has enhancing effect on FBS-induced migration.
However, the cell migration-promoting activity of FBS was
not attenuated by DCC or INa6b4 antibodies (Supplementary
Fig. S4B). Thus, these results suggest that the effect of Ntn-1
in promoting cell motility is an independent process of FBS
and is unique Ntn-1 receptor signaling pathway.

Effect of Ntn-1 on activation of PKC, FAK, and Fyn

Since Ntn-1 binding to DCC regulates phospholipase C
(PLC) signaling [24], we further assessed whether Ntn-1
induces phosphorylation and translocation of PKC as an
important downstream intermediate of PLC in human UCB-
MSCs. Ntn-1 increased PKC phosphorylation from 15 to
90 min (Fig. 2A). In addition, translocation of PKCa, but not
PKCe, PKCy, and PKCz from the cytosol to the membrane
compartment was observed after cells were treated with
50 ng/mL Ntn-1 for 60 min (Fig. 2B). Membrane transloca-
tion of PKCa was further confirmed by immunofluorescence
staining in Ntn-1-treated UCB-MSCs (Fig. 2C). However,
Ntn-1 did not stimulated calcium influx, which was enhanced
by A23187, as a positive control (Fig. 2D). The effect of Ntn-
1 on phosphorylation of FAK and Fyn, which were believed
to be essential factors in netrin signaling pathways, was
further examined. Ntn-1 (50 ng/mL) significantly induced the
phosphorylation of FAK and Fyn at 60 min (Fig. 2E). In-
creased staining of p-FAK and p-Fyn were observed after
cells were treated with 50 ng/mL Ntn-1 for 60 min (Fig. 2F).
Interestingly, pretreatment with DCC-blocking antibody
significantly blocked Ntn-1-induced phosphorylation of
PKC, but no effect was observed on FAK and Fyn phos-
phorylation (Fig. 2G). In contrast, the INa6b4-blocking an-
tibody inhibited Ntn-1-induced phosphorylation of FAK and
Fyn but did not affect PKC phosphorylation (Fig. 2G).

Effect of Ntn-1 on activation of MAPK and NF-jB

We then determined how Ntn-1 links to the activation of
MAPKs that are interesting candidates for the downstream
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mediators of PKC, FAK, and Fyn in both cell migration and
axon growth [1]. Phosphorylation of ERK and c-Jun N-
terminal kinases ( JNK) increased for 60–120 min in re-
sponse to Ntn-1 (Fig. 3A), but did not affect p38 MAPK
phosphorylation, and its effect was inhibited by PKC in-
hibitors, bisindolylmaleimide I and staurosporine (Fig. 3B)
in addition to gene silencing of FAK and Fyn (Fig. 3C).

These data provide the important evidence that ERK/JNK
phosphorylation is concurrently regulated by activation of
both PKC and FAK/Fyn that are required for regulation of
UCB-MSC motility induced by Ntn-1. We further examined
the role of Ntn-1 in activation of NF-kB, which is a direct
transcriptional target for Ntn-1 receptor signaling pathway
[25]. As shown in Fig. 3D, NF-kB phosphorylation

FIG. 1. Effects of Ntn-1 on human UCB-MSC migration. (A) Dose response of Ntn-1 in Oris� cell migration assay. Cells
were treated with different doses of Ntn-1 (0.01–100 ng/mL) for 24 h. Fluorescence in the analytical zone was quantified
with a plate reader. Data represent mean – SE of five independent experiments with triplicate dishes. *P < 0.05 versus
vehicle. (B) Time response of Ntn-1 in Oris cell migration assay. Cells were treated with 50 ng/mL Ntn-1 for various times
(0–48 h). *P < 0.05 versus 0 h. (C) Cells treated with 50 ng/mL Ntn-1 for 24 h were visualized by calcein AM staining using
Oris cell migration assay. n = 5. Scale bars represent 200mm (magnification, · 40). (D) Cells were pretreated with DCC
blocking antibody (2.5 mL/mL) or combination of INa6 and INb4-blocking antibodies (2.5 mL/mL) for 30 min prior to Ntn-1
exposure for 24 h. Oris cell migration assay was performed and quantified the value of fluorescence. Data represent
mean – SE of five independent experiments with triplicate dishes. *P < 0.01 versus vehicle. #P < 0.01 versus Ntn-1 alone. (E)
Wound-healing assay was performed and stained with phalloidin-AlexaFluor 488 to identify the migrating cells. n = 5. Scale
bars represent 100mm (magnification, · 100). (F) Effect of mitomycin C in Ntn-1-induced cell migration. Cells were
pretreated with 1 mg/mL mitomycin C for 30 min prior to 50 ng/mL Ntn-1 exposure for 24 h. Oris cell migration assay was
performed and quantified the value of fluorescence. Data represent mean – SE of four independent experiments with
triplicate dishes. *P < 0.01 versus vehicle. DCC, deleted in colorectal cancer; IN, integrin; Ntn-1, Netrin-1; RFU, relative
fluorescence units; SE, standard errors; UCB-MSCs, umbilical cord blood-derived mesenchymal stem cells.
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FIG. 2. Effect of Ntn-1 on activation of PKC, FAK, and Fyn. (A) The cells were incubated in the presence of Ntn-1
(50 ng/mL) for various times (0–120 min) and then harvested. Total protein was extracted and blotted with phospho- and
total-PKC antibodies. Changes in PKC phosphorylation by Ntn-1 relative to total PKC were determined by densitometric
analysis of western blots. Error bars represent mean – SE from three independent experiments involving triplicates.
*P < 0.05 versus 0 h. (B) The cells were stimulated with Ntn-1 (50 ng/mL) for 60 min, and extracted proteins for cytosolic
and membrane. Western blot analysis was performed to detect PKC translocation of PKC isoforms. Changes in membrane
translocation of PKC isoforms by Ntn-1 relative to b-actin were determined by densitometric analysis of western blots. The
pan-cadherin was used as a plasma membrane control. Error bars represent mean – SE from three independent experiments
involving triplicates. *P < 0.01 versus vehicle. (C) The cells were treated with Ntn-1 (50 ng/mL) for 60 min. PKCa was
detected by immunostaining with PKCa antibody. Arrows indicate membrane translocation of PKCa. The cell numbers
showing membrane translocalization of PKCa per microscopic filed were directly counted and converted to a percentage by
multiplying by 100. Ten random fields per coverslip were counted. The quantification data of immunofluorescence images
were presented as mean – SE of three independent experiments. The profiles in the right panel show the fluorescence
intensity of PKCa from line (solid line) scans in the merged images, which were analyzed by FluoView� 300 software
(Olympus; Tokyo, Japan). Scale bars represent 100 mm (magnification, · 400). PI was used for nuclear counterstaining. (D)
The cells were loaded with 2 mM Fluo-3/AM in serum-free medium for 40 min and treated with Ntn-1 (50 ng/mL). Cells
were then treated with A23187 (10 mM, Ca2 + ionophore) as a positive control. Changes in [Ca2 + ]i were monitored by
confocal microscopy, and data are expressed as relative fluorescence intensity (F/F0%, arbitrary unit). (E) The cells were
incubated in the presence of Ntn-1 (50 ng/mL) for various times (0–120 min) and then harvested. Total protein was extracted
and blotted with phospho- and total-FAK and Fyn antibodies. Error bars represent mean – SE from three independent
experiments involving triplicates. *P < 0.05 versus 0 h (F) The cells were treated with Ntn-1 (50 ng/mL) for 60 min. The
phosphorylations of FAK (left panel) and Fyn (right panel) were detected by immunostaining with p-FAK and p-Fyn
antibodies, and quantified by using Image J program, which measures the stained area per microscopic filed with consistent
threshold. The quantification data of immunofluorescence images were presented as mean – SE of three independent
experiment. Scale bars represent 100mm (magnification, · 400). PI was used for nuclear counterstaining. (G) Cells were
pretreated with DCC-blocking antibody (2.5mL/mL) or combination of INa6- and INb4-blocking antibodies (2.5 mL/mL)
for 30 min prior to Ntn-1 exposure for 60 min; phospho and total form of PKC, FAK, and Fyn were detected by western blot.
Changes in phospho-PKC, phospho-FAK, and phospho-Fyn by Ntn-1 relative to PKC, FAK, and Fyn were determined by
densitometric analysis of western blots. Error bars represent mean – SE from three independent experiments involving
triplicates. *P < 0.05 versus vehicle. #P < 0.05 versus Ntn-1 alone. FAK, focal adhesion kinase; PI, propidium iodide; PKC,
protein kinase C.
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FIG. 3. Effect of Ntn-1 on activation of mitogen-activated protein kinase (MAPK) and nuclear factor kappa-B (NF-kB).
(A) The cells were incubated in the presence of Ntn-1 (50 ng/mL) for various times (0–120 min) and then harvested. Total
protein was extracted and blotted with phospho-ERK (P-ERK), phospho-JNK (P-JNK), phospho-p38 (P-p38), total-ERK
(T-ERK), total-JNK (T-JNK), and total-p38 (T-p38) antibodies. Error bars represent mean – SE from four independent
experiments involving triplicates. *P < 0.05 versus 0 h. (B) Cells were pretreated with PKC inhibitors bisindolylmaleimide I
(10 mM) and staurosporine (10 mM) for 30 min prior to Ntn-1 (50 ng/mL) exposure for 60 min. Total protein was extracted
and blotted with P-ERK, P-JNK, T-ERK, and T-JNK antibodies. (C) Cells were transfected for 24 h with specific siRNA for
FAK and Fyn (200 pM) using Hyperfectamine before Ntn-1 (50 ng/mL) exposure for 60 min. Nontargeting (nt) control
siRNA was used as a negative control (200 pM). (D) The cells were incubated in the presence of Ntn-1 (50 ng/mL) for
various times (0–120 min) and then the phosphorylation of NF-kB was determined by western blot with phospho-NF-kB (P-
NF-kB) and total-NF-kB (T-NF-kB) antibodies. (E) The cells were treated with Ntn-1 (50 ng/mL) for 60 min. P-NF-kB was
detected by immunostaining with P-NF-kB antibody. Arrows indicate nuclear translocation of P-NF-kB. The cell numbers
showing nuclear translocalization of P-NF-kB per microscopic filed were directly counted and converted to a percentage by
multiplying by 100. Ten random fields per coverslip were counted. The quantification data of immunofluorescence images
were presented as mean – SE of three independent experiments. Scale bars represent 100 mm (magnification, · 400). PI was
used for nuclear counterstaining. (F) Cells were pretreated with ERK inhibitor, PD98059 (10mM) and JNK inhibitor,
SP600125 (10 mM) for 30 min prior to Ntn-1 (50 ng/mL) exposure for 60 min. The phosphorylation of NF-kB was deter-
mined by western blot with P-NF-kB and T-NF-kB antibodies. (B–D, F) Each example shown is representative of four
independent experiments. Changes in P-ERK, P-JNK, P-38, and P-NF-kB by Ntn-1 relative to T-ERK, T-JNK, T-p38, and
T-NF-kB were determined by densitometric analysis of western blots. Error bars represent mean – SE from four inde-
pendent experiments involving triplicates. *P < 0.01 versus vehicle. #P < 0.01 versus Ntn-1 alone. JNK, c-Jun N-terminal
kinases; ERK, extracellular signal-regulated kinases; NF-kB, nuclear factor kappa-B; ROD, relative optical density; siRNA,
small interfering RNA.
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increased at 60 min after Ntn-1 treatment. The increased
accumulation of NF-kB phosphorylation in the nucleus was
further confirmed by immunofluorescence staining and
counter-labeling with PI (Fig. 3E). In addition, pretreatment
with the ERK inhibitor, PD98059 and JNK inhibitor,
SP600125 significantly blocked Ntn-1-induced phosphory-
lation of NF-kB (Fig. 3F).

Effect of Ntn-1 on the degradation of E-cad via
MMP-12 and on cytoskeletal reorganization

Having demonstrated the necessity of NF-kB in regula-
tion of cell motility by Ntn-1, we wondered how activated
NF-kB actually coordinates with cell–cell adhesion mole-
cule or extracellular matrix. Although several NF-kB targets
are likely to be involved in this process, one way it can do is
to regulate the expression of the MMPs, which are essential
enzymes to digest basement membrane in tissue remodeling
and migration. As shown in Fig. 4A, we found Ntn-1 se-
lectively augmented the MMP-12 mRNA expression level
among various kinds of MMPs mRNA amplicons, such as
MMP-1, -2, -11, -12, -14, -16, -17, and -19, present in UCB-
MSCs. However, MMP-3, -7, -8, -9, -10, -13, -15, and -26
were not expressed in UCB-MSCs (data not shown). Inter-
estingly, Ntn-1 participated in increased protein expression
of MMP-12 in both lysates and medium, which was pre-
cipitated by TCA (Fig. 4B). The increased MMP-12 ex-
pression induced by Ntn-1 treatment was further confirmed
by immunofluorescence staining (Fig. 4C). We then asked
whether MMP-12 expression is regulated by activation of
NF-kB. Pretreatment of NF-kB inhibitor, Bay 11-7082,
blocked Ntn-1-induced MMP-12 expression in both lysates
and medium (Fig. 4D). To ensure the functional role of
MMP-12, we further determined whether Ntn-1 regulates
degradation of E-cadherin (E-cad) as a major protein in cell
adherens junctions [26]. As shown in Fig. 4E, Ntn-1 de-
creased E-cad expression, but it did not regulate the ex-
pression of p120-catenin, which is another adherens
junctional protein to stabilize the cadherin–catenin complex
[27]. However, Ntn-1 significantly abrogated the interaction
between p120-catenin and E-cad (Fig. 4F) and Ntn-1-
induced E-cad degradation was inhibited by the MMP-12
siRNA (Fig. 4G), suggesting that MMP-12 plays a critical
role in degradation of E-cad, thereby destabilizing adherens
junctions to enhance the cell migration in response to Ntn-1.

To examine the potential role of Ntn-1 in promoting cell
motility beyond the reach of regulation of MMP-12-
dependent E-cad degradation, we further determined whether
Ntn-1 regulates cytoskeletal reorganization-related proteins
that are responsible for cell motility. Affinity precipitation for
small Rho GTPases revealed that Cdc42 and Rac1 activities,
but not RhoA were increased by treatment with 50 ng/mL
Ntn-1 (Fig. 4H). In addition, an increase in F-actin expression
was observed after 12 h incubation with 50 ng/mL Ntn-1 (Fig.
4I). The effect of Ntn-1 on Profilin-1, Cofilin-1, and a-
Actinins levels, which is believed to be essential in the
dynamic regulation of F-actin was further examined. Treat-
ments with Ntn-1 increased Cofilin-1 phosphorylation and
expression of Profilin-1 and a-Actinin-4, but not a-Actinin-1,
respectively (Fig. 4J). The increased level of the cytoskeletal
reorganization-related proteins induced by Ntn-1 treatment
was further confirmed by immunofluorescence staining. Ntn-

1 significantly induced the membrane translocation of Cdc42
and Rac1 (Supplementary Fig. S5A, B) and the phosphory-
lation of Cofilin-1 (Supplementary Fig. S5C), and enhanced
the expression of Profilin-1 and a-Actinin-4 in UCB-MSCs
(Supplementary Fig. S5D, E). In addition, we further exam-
ined whether there are changes in actin filament organization
during directional cell migration (Supplementary Fig. S6). In
quiescent cells before Ntn-1 stimulation, the actin cytoskel-
eton formed thin actin bundles with week immunofluores-
cence staining for phalloidin, which binds to actin filaments.
However, Ntn-1 significantly induced translocation of cell
bodies into the denuded area for wound healing, where the
cells were densely packed with thick stress fibers having well
organized actin cytoskeletal network. This result indicates
Ntn-1 is able to stimulate morphological transformation/
cytoskeletal reorganization by increasing F-actin expression
to promote cell migration.

To confirm that the effect of Ntn-1 in promoting human
UCB-MSCs motility is mediated through its related signal-
ing molecules proved by our study, we further determined
the effect of siRNAs and inhibitors on activation of Ntn-1
signaling pathway in UCB-MSCs motility. We pretreated
cells with staurosporine, bisindolylmaleimide I, FAK siRNA,
Fyn siRNA, and nt siRNA to confirm PKC and FAK/Fyn
involvement (Fig. 5A), PD98059, SP600125, Bay 11-7082,
and SN 50 to show ERK/JNK/NF-kB involvement (Fig.
5B), and MMP408, MMP-12 siRNA, and ntRNA to prove
MMP-12 involvement (Fig. 5C) prior to Ntn-1 exposure for
24 h. As expected, the Ntn-1-induced increase in cell mo-
tility was significantly abrogated by all blockers for PKC,
FAK/Fyn, ERK, JNK, NF-kB, and MMP-12, respectively.

Discussion

In this study, we introduce two novel findings regarding the
physiological role of Ntn-1 in stem cells. First, we found that
Ntn-1 has ability to stimulate MMP-12-mediated E-cad deg-
radation in promoting the migration of UCB-MSCs. Second,
our biochemical and functional studies revealed that Ntn-1
triggers the distinct activation of DCC/PKCa and INa6b4/Fyn/
FAK, which are responsible for the induction of ERK/JNK/
NF-kB pathway, suggesting potentially novel means of pro-
moting recovery from cellular injury and achieving improve-
ments in tissue regeneration. Thus, our findings suggest that
Ntn-1 is a good candidate for cell transplantation as supple-
mental agent that induces stem cell motility. This result is
supported by a previous report by the authors, which revealed
that Ntn-1 is critical for the stem cell survival and migration
[5,28]. We believe that these broad effects of Ntn-1 are in part
due to the presence of multiple Ntn-1 receptors in different
types of cells and that it may vary depending on the cellular
concept. We recently have reported that UCB-MSCs express
both DCC and INa6b4, which are the key functional receptors
of Ntn-1 for stem cell survival [5]. To ascertain that DCC and
INa6b4 are primary Ntn-1 receptors regulating UCB-MSCs
motility, we employed mechanically wounded monolayers
model to achieve directionally persistent migration by forming
and stabilizing actin-rich protrusions or lamellipodia [29]. We
found that both DCC and INa6b4 are required for Ntn-1-
induced cell migration, suggesting that Ntn-1 may have unique
receptor signaling pathways of DCC and INa6b4 in stem cell
migration.
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FIG. 4. Effect of Ntn-1 on the degradation of E-cadherin (E-cad) via MMP-12. (A) Cells were treated with 50 ng/mL Ntn-1 for
12 h. The mRNA expression of MMP family was measured in cells using real-time polymerase chain reaction as described in the
Materials and Methods section. Error bars represent the mean – SE from four independent experiments involving triplicates.
*P < 0.01 versus control. (B) Cells were treated with 50 ng/mL Ntn-1 for 12 or 24 h. Proteins from cell lysates and protein
precipitated by TCA in medium were extracted and blotted with MMP-12 antibody. Error bars represent mean – SE of four
independent experiments for each condition determined from densitometry relative to b-actin. *P < 0.05 versus 0 h. (C) The cells
were treated with Ntn-1 (50 ng/mL) for 24 h. MMP-12 was detected by immunostaining with MMP-12 antibody. The expression
of MMP-12 was detected by immunostaining with MMP-12 antibody, and quantified by using Image J program. The quanti-
fication data of immunofluorescence images were presented as mean – SE of three independent experiments. Scale bars represent
100mm (magnification, · 400). PI was used for nuclear counterstaining. (D) The cells were pretreated NF-kB inhibitor Bay 11–
7082 (10mM) for 30 min prior to Ntn-1 exposure for 24 h. Proteins from cell lysates and protein precipitated by TCA in medium
were extracted and blotted with MMP-12 antibody. Error bars represent mean – SE of four independent experiments for each
condition determined from densitometry relative to b-actin. *P < 0.01 versus vehicle. #P < 0.01 versus Ntn-1 alone. (E) The cells
were incubated in the presence of Ntn-1 (50 ng/mL) for various times (0–24 min) and then harvested. Total protein was extracted
and blotted with E-cad and p120-catenin antibodies. Error bars represent the mean – SE of four independent experiments for each
condition determined from densitometry relative to b-actin. *P < 0.01 versus 0 h. (F) The cells were incubated in the presence of
Ntn-1 (50 ng/mL) for 24 h and then harvested. p120-catenin was immunoprecipitated with an anti-p120-catenin antibody, and co-
immunoprecipitated E-cad were detected by using anti-E-cad antibody (left panels). Expression of p120-catenin and E-cad in
total cell lysates is shown in the right panels. n = 4 Error bars represent the mean – SE of four independent experiments for each
condition determined from densitometry relative p120-catenin binding co-immunoprecipitated with p120-catenin antibody.
*P < 0.01 versus 0 h. (G) Cells were transfected for 24 h with MMP-12 siRNA (200 pM) using Hyperfectamine before Ntn-1
(50 ng/mL) exposure for 24 h. Nontargeting (nt) control siRNA was used as a negative control (200 pM). Total protein was
extracted and blotted with E-cad antibody. Error bars represent the mean – SE of three independent experiments for each
condition determined from densitometry relative to b-actin. *P < 0.01 versus vehicle. #P < 0.05 versus Ntn-1 alone. (H) Cells
were treated with Ntn-1 for 24 h, and the lysates (400mg) were incubated with agarose beads coupled with GST-PAK-PBD or
GST-Rhotekin-RBD. The bound activated GTP-Cdc42, GTP-Rac1, and RhoA were resolved by SDS-PAGE, transferred, and
blotted using an anti- Cdc42, anti-Rac1, and anti-RhoA antibodies to determine the extent of the activation of Cdc42, Rac1, and
RhoA. Total Cdc42, Rac1, and RhoA was determined using lysates (bottom panels). Representative results from three inde-
pendent experiments are shown. (I, J) The cells were incubated in the presence of Ntn-1 (50 ng/mL) for various times (0–24 min)
and then harvested. Total protein was extracted and blotted with F-actin, phospho-Cofilin-1, Cofilin-1, Profilin-1, a-Actinin-1,
and a-Actinin-4 antibodies. Error bars represent mean – SE of four independent experiments for each condition determined from
densitometry relative to b-actin. *P < 0.01 versus 0 h. F-actin, filamentous actin; IP, immunoprecipitation; MMP, matrix me-
talloproteinase; ROD, relative optical density; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; TCA,
trichloroethanoic acid.
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To know that either DCC or INa6b4 has the unique bi-
ological properties in relation to Ntn-1-induced cell motility,
we first evaluated weather Ntn-1 regulates PKC activation
and the release of Ca2 + from intracellular stores, which are
known to be regulated by DCC during the development of
the nervous system [1,24]. Despite its lack of involvement in
the influx of calcium, it was found that Ntn-1 induces PKC
translocation and phosphorylation, in that PKC is required
for DCC activation to promote UCB-MSCs motility. Al-
though the discrepancy with regard to calcium influx may
due to differences in species, cell types, or experimental
conditions, our results indicate that motility of UCB-MSCs,
completely abrogated by the inhibition of PKC pathways,
provide strong evidence that PKC plays an important role in
the Ntn-1 signaling pathway. These results are consistent
with previous study in which galectin-1 increased PKC
phosphorylation, but did not affect calcium influx in pro-
moting UCB-MSCs motility [30]. We further found that
PKCa, one of several major PKC isoforms, is uniquely

activated by Ntn-1. However, it was shown that the acti-
vation of PKCa triggers the endocytosis of UNC5, but not
DCC, resulting in Ntn-1-mediated axonal responses from
repulsion to attraction [31,32]. Since Ntn-1 interaction is
limited to DCC or INa6b4 in UCB-MSCs, our results sug-
gest that the effect of Ntn-1 on PKCa activation is likely to
be compounded by the selective expression of DCC in
UCB-MSCs. On the other hand, we found that Ntn-1 can
induce the phosphorylation of FAK/Fyn through INa6b4
and that the silencing of FAK/Fyn inhibits Ntn-1-induced
UCB-MSCs migration. FAK is a cytoplasmic protein tyro-
sine kinase that is involved in multiple cellular processes,
including cell migration [33]. Fyn is a Src family kinase
related to FAK [8]. Evidence indicates that tyrosine phos-
phorylation of FAK/Fyn is important for integrin-mediated
cell migration [33], suggesting that Ntn-1 coupled with
INa6b4 is an important microenvironmental cue in the
triggering of FAK/Fyn activation. Thus, these results pro-
vide convincing proof that coordination of the Ntn-1/DCC

FIG. 5. Role of Ntn-1 and its related signal molecules on human UCB-MSCs motility. (A) Cells were pretreated with
staurosporine, bisindolylmaleimide I, FAK siRNA, Fyn siRNA, and nt siRNA for 30 min or 24 h prior to Ntn-1 exposure for
24 h. Wound-healing assay (top panel) was performed and stained with phalloidin-AlexaFluor 488 to identify the migrating
cells. (B) Cells were pretreated with PD98059, SP600125, Bay 11-7082, and SN 50 for 30 min prior to Ntn-1 exposure for
24 h and then determined cell motility using wound-healing (top panel) and Oris cell migration assays (bottom panel). (C)
Cells were pretreated with MMP408, MMP-12 siRNA, and nt siRNA for 30 min or 24 h prior to Ntn-1 exposure for 24 h and
then determined cell motility using wound-healing (top panel) and Oris cell migration assays (bottom panel). (D) A
proposed model for Ntn-1-evoked signaling pathway in promoting motility of human UCB-MSCs. (A–C) Error scale bars
represent 100mm (magnification, · 100). Data represent mean – SE of four independent experiments with triplicate dishes.
*P < 0.01 versus control. #P < 0.05 versus Ntn-1 alone. MMP, matrix metalloproteinase.
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and Ntn-1/INa6b4 axis is required for human UCB-MSCs
motility through the facilitation of the distinct activation of
PKCa and Fyn/FAK pathways. Having shown that PKCa
and Fyn/FAK are major effector molecules of Ntn-1 sig-
naling pathways in UCB-MSCs, we further attempted to
uncover the mechanism how PKCa and Fyn/FAK link to
other molecules that are important in the cell migration
process. We found that Ntn-1 increases ERK and JNK
phosphorylation via the activation of both PKC and Fyn/
FAK. This means that DCC/PKCa with INa6b4/FAK/Fyn
acts to transduce Ntn-1 signals to ERK/JNK cascades.
However, p38 MAPK is not activated by an Ntn-1 treat-
ment, implying a functional role of Ntn-1 in the determi-
nation of downstream targets. Moreover, MAPK inhibitors
reduce Ntn-1-induced NF-kB phosphorylation and nuclear
translocation. Based on these results, we suggest the distinct
signaling of DCC and INa6b4 collaborates in the induction
of the ERK/JNK/NF-kB pathway to promote UCB-MSCs
motility.

To achieve productive forward movement, cell migration
must be coupled with destabilizing adherens junctions and
extracellular matrix degradation, thereby promoting cell
migration [34–36]. MMPs are critical enzymes that digest
basement membrane proteins during migration [36,37], but
their function in the netrin signaling pathway remain largely
unknown. Interestingly, we found that Ntn-1 uniquely in-
creased MMP-12 expression via NF-kB activation in pro-
moting UCB-MSCs motility. Indeed, MMP-12 expression is
reportedly essential in tissue remodeling associated with
emphysema in mice exposed to cigarette smoke [38]. In
addition, MMP-12 null mice have been described as resis-
tant to bleomycin-induced pulmonary fibrosis [39]. Thus,
our data provide the first evidence that a MMP-12 is re-
quired for the Ntn-1 signaling pathway in promoting UCB-
MSCs motility. This change is unique to stem cell migration
given that such an effect results from the activation of the
intracellular components ERK, JNK, and NF-kB, which are
mediated by PKCa and FAK/Fyn in response to Ntn-1.
Although the functional role of MMPs in extracellular ma-
trix degradation and remodeling is well established, the
effects of MMP on adherens junctions are less well docu-
mented. Our results in this study show that Ntn-1 reduces
the expression of E-cad via MMP-12 activation. E-cad is the
main epithelial cell–cell adhesion molecule, and the down-
regulation of E-cad-based adherens junctions is a hallmark
of cell migration and invasion [26,34,35]. Indeed, MMP-12
has specific elastolytic activity in tissue remodeling [4,38]
and can also cleave the extracellular domains of classic
cadherin to promote cell proliferation by disrupting cell–cell
adhesion [40]. Thus our results indicate that Ntn-1 as a new
functional microenvironmental cue promotes the MMP-12-
mediated downregulation of E-cad expression during the
process of UCB-MSCs motility.

To ensure the importance of E-cad as a relevant mediator
of Ntn-1, we further focused on p120-catenin, another
critical protein of the adherens junction, which interacts
with E-cad to reinforce cell–cell adhesion by forming the
cadherin–catenin complex [27,41]. In addition, p120-catenin
links cadherins to microtubules and is also important in the
prevention of cadherin endocytosis and degradation [42]. In
the present study, we found that E-cad coimmunoprecipi-
tates with p120-catenin and, importantly, that the interaction

with E-cad is reduced by an Ntn-1 treatment. Thus, Ntn-1
destabilizes cadherin–catenin complex on the plasma
membrane accompanied with the downregulation of E-cad
expression, thereby allowing cell movement. These results
are further supported by previous study in which activated
p21-activated kinase enhanced E-cad complex disruption
and finally increased the migration of mouse embryonic
stem cells [43]. In support of Ntn-1-mediated UCB-MSCs
motility, our results further elucidate the potential role of Ntn-1
in the regulation of the cytoskeletal reorganization-related
proteins Cdc42, Rac1, Profilin-1, Cofilin-1, a-Actinin-4, and
F-actin, which are critical requirements for stem cells mi-
gration [44,45]. It is not clear whether this additional effect of
Ntn-1 in promoting cytoskeletal reorganization is a sequen-
tial result of the loss of cell cohesion or, alternatively, an
independent process involving other cellular signaling
events. However, it is clearly shown that Profilin-1 and
Cofilin-1 play key roles in enhancing the actin assembly at
the plasma membrane, thereby increasing F-actin expression
that drives cell motility and other actin-linked processes
[46,47]. Specifically, a-Actinins cross-links F-actin into
bundles to form a cytoskeletal network [48]. Also, recent
findings revealed crosstalk between p120-catenin [46] and
small Rho GTPases [9]. Thus, it is possible that Ntn-1
stimulates UCB-MSCs motility by regulating MMP-12-
dependent E-cad degradation and by governing the cyto-
skeletal reorganization process.

Collectively, our results suggest that Ntn-1 induces
MMP-12-dependent E-cad degradation via the distinct ac-
tivation of PKCa and FAK/Fyn in promoting motility of
MSCs (Fig. 5D). Thus, highlighting signaling pathways in-
volved in Ntn-1-stimulated motility of UCB-MSCs may
provide potential targets for strategic modulation of stem
cell transplantation. In conclusion, Ntn-1 requires the DCC/
PKCa and INa6b/FAK/Fyn pathways, with both being
necessary for ERK/JNK/NF-kB activation. It thereby con-
trols the MMP-mediated E-cad downregulation and E-cad-
p120-catenin interaction in promoting motility of UCB-
MSCs.
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