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Abstract
Vitronectin (Vtn), one of the extracellular matrix proteins, has been reported to result in cell cycle exit, neurite formation, 
and polarization of neural progenitor cells during neurogenesis. The underlying mechanism, however, has not been fully 
understood. In this study, we investigated the roles of Vtn and its integrin receptors, during the transition of neurites from 
multipolar to bipolar morphology, accompanying the cell cycle exit in neural progenitor cells. We used mouse neuroblastoma 
cell line Neuro2a as a model of neural progenitor cells which can induce cell cycle exit and the morphological transition of 
neurites by retinoic acid (RA)-stimulation. Treatment with an antibody for Vtn suppressed the RA-induced cell cycle exit 
and multipolar-to-bipolar transition. Furthermore, immunostaining results showed that in the cells displaying multipolar 
morphology Vtn was partially localized at the tips of neurites and in cells displaying bipolar morphology at both tips. This 
Vtn localization and multipolar-to-bipolar transition was perturbed by the transfection of a dominant negative mutant of 
cell polarity regulator Par6. In addition, a knockdown of β5 integrin, which is a receptor candidate for Vtn, affected the 
multipolar-to-bipolar transition. Taken together, these results suggest that Vtn regulates the multipolar-to-bipolar morpho-
logical transition via αvβ5 integrin.
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DAPI	� 4′,6-Diamidino-2-phenylindole, dihydrochloride
BrdU	� 5-Bromodeoxyuridine
siRNA	� Short-interfering RNA

Introduction

The size and shape of the cerebellar and cerebral cortex are 
regulated by the organization and behavior of neural pro-
genitor cells during development [1, 2]. The morphological 

transition, polarization, migration, and neurite formation 
of these neural progenitor cells proceed spatiotemporally, 
accompanied with cell cycle exit [3–5]. In the developing 
cerebellum, cerebellar granule cell precursors (CGCPs) 
proliferating in the outer external granular layer display 
multipolar morphology with several short protrusions [5]. 
After cell cycle exit, CGCPs migrate into the inner exter-
nal granular layer and change the shape from multipolar to 
bipolar morphology [5]. The behavior of CGCPs is regulated 
by several external factors, including extracellular matrix 
proteins.

Vitronectin (Vtn), one of the extracellular matrix pro-
teins, is transiently expressed in the developing brain and is 
known to have various functions in the developing nervous 
system [6, 7]. In the early stages of motor neuron differentia-
tion of chick embryos, Vtn is expressed in the floor plate of 
neural tubes, and treatment with the Vtn antibody reduces 
the number of motor neurons [8, 9]. Vtn also plays a role in 
the survival and differentiation of retinal optic nerve cells of 
chick embryos [10]. Furthermore, Vtn promotes the nerve 
growth factor-dependent neurite elongation in PC12 cells 
[11].
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It has been reported that Vtn contributes to the regula-
tion of proliferation, differentiation and neurite elongation 
in mouse CGCPs. In the primary culture of mouse CGCPs, 
Vtn suppresses proliferation and promotes differentiation 
[12]. The antibody for αvβ5 integrin, one of the Vtn recep-
tors, suppresses the neurite elongation of CGCPs [13]. In 
addition, it has been reported that Vtn regulates the posi-
tion of centrosomes in cultured CGCPs, indicating that Vtn 
may be involved in cell polarity [14]. We previously found 
that Vtn promotes the progress of the initial differentiation 
stage in mouse CGCPs through αvβ5 integrin [15]. In addi-
tion, we observed that the addition of Vtn promotes the cell 
cycle exit of cultured CGCPs [16]. During the development 
of the cerebellum, the transition from multipolar to bipolar 
morphology is accompanied with cell cycle exit in CGCPs 
[5]. However, it is unknown whether Vtn is involved in the 
transition of neurites from multipolar to bipolar morphology 
in neural progenitor cells.

One of mouse neuroblastoma cell lines, Neuro2a, is 
known as a retinoic acid (RA)-induced neurogenesis model. 
Some studies show that RA induces morphological tran-
sitions of neurites and cell cycle exit [17, 18]. We previ-
ously reported that the expression of Vtn protein transiently 
increases during RA-induced neural differentiation of Neu-
ro2a cells [19].

In this study, we analyzed the effect of Vtn on the mor-
phological transition of neurites in RA-stimulated Neuro2a 
cells. Our analysis revealed that Vtn promotes the RA-
induced transition from multipolar to bipolar morphology, 
accompanied by cell cycle exit in Neuro2a cells. Further-
more, cell polarity regulator Par6 and Vtn receptor αvβ5 
integrin contribute to the regulation of the RA-stimulated 
multipolar-to-bipolar morphological transition by Vtn.

Materials and Methods

Cell Culture and RA Stimulation

Mouse neuroblastoma Neuro2a cells were obtained from 
Riken Cell Bank (Tsukuba, Japan). Neuro2a cells were 
grown in Minimum Essential Medium Eagle (MEM, Sigma-
Aldrich, St. Louis, MO) supplemented with 10% fetal bovine 
serum, 1% non-essential amino acids (NEAA) (Thermo 
Fisher Scientific, Waltham, MA) and 1% Penicillin–Strep-
tomycin (PS) (Thermo Fisher Scientific). Cells were cul-
tured in poly-l-Lysine-coated (Sigma-Aldrich) 24-well 
plates (1.5 × 104 or 3.0 × 104 cells/well) in 5% CO2 at 37 °C 
overnight. Next, the medium was replaced with serum-free 
medium (MEM, 1% insulin-transferrin-selenium solution 
(Thermo Fisher Scientific), 1% NEAA and 1% PS) supple-
mented with RA (10-15 μM) and cultured for 2 days more.

Quantitative Real‑Time Reverse Transcription 
(RT)‑PCR

Total RNA was isolated from Neuro2a cells using TRIzol 
(Thermo Fisher Scientific) and then reverse-transcribed 
using a ReverTra Ace qPCR RT Kit (TOYOBO, Osaka, 
Japan) as described by the manufacturer. The cDNAs for 
Vtn, β5 integrin, and internal control GAPDH were ampli-
fied using the following specific primers: Vtn forward, 
5ʹ-TTC​TCT​GGC​TGA​CCA​AGA​GTCA-3ʹ, Vtn reverse, 
5ʹ-AAG​TAC​CGG​TCG​TTC​TTC​AC-3ʹ, β5 integrin for-
ward, 5ʹ-GCC​TGT​TGA​TCC​ACC​CAA​AAT-3ʹ, β5 integrin 
reverse, 5ʹ-CGT​TGA​GTG​CCA​GGT​AGT​G-3ʹ, GAPDH for-
ward, 5ʹ-CGT​GTT​CCT​ACC​CCC​AAT​GT-3ʹ, and GAPDH 
reverse, 5ʹ-TCT​TTG​GCA​GGT​TCA​TAC​TAC​TGT​-3ʹ. PCR 
was performed using KOD SYBR qPCR Mix (TOYOBO) 
as described by the manufacturer. Real-time PCR was per-
formed on an ABI 7300 real-time PCR machine (Thermo 
Fisher Scientific): after denaturation for 2 min at 98 °C, 
amplification was performed with 40 cycles of 10 s at 98 °C, 
10 s at 60 °C, and 30 s at 68 °C. The data were analyzed 
using the delta Ct method. The expression level was normal-
ized to GAPDH expression.

Western Blotting

Neuro2a cells were lysed in RIPA buffer (BioDynamics 
Laboratory, Inc., Tokyo, Japan). Cell lysates were subjected 
to 10% SDS-PAGE and transferred onto polyvinylidene dif-
luoride membranes (ATTO, Tokyo, Japan) for 1 h at 80 mA. 
The membranes were blocked with TBS-T (25 mM Tris–HCl 
(pH 7.5), 150 mM NaCl, 0.1% Tween-20) containing 0.35% 
skim milk overnight. The membranes were incubated with 
primary antibodies against vitronectin (1:2500, gift from Dr. 
Masao Hayashi) or β-actin (1:5000, G043, Applied Biologi-
cal Materials, Inc., BC, Canada) for 1 h each. After washing 
in TBS-T, the membranes were incubated with horseradish 
peroxidase-conjugated anti-rabbit or anti-mouse IgG anti-
bodies (1:5000, Cell Signaling Technology, Inc., Danvers, 
MA) for 1 h and washed again. To detect immunoreactivity, 
the blots were incubated with enhanced chemiluminescent 
reagent (EzWestLumiOne, ATTO), and images were cap-
tured with an ImageQuant LAS 4000 (GE Healthcare, Lit-
tle Chalfont, UK). The protein size was determined using 
pre-stained Protein Markers (Nakarai Tesque, Kyoto, Japan).

Vtn‑Inhibition and Vtn‑Addition Experiments

Vtn antibody and rabbit immunoglobulin G (IgG), generated 
by Dr. Hayashi [20], were added to an overnight culture of 
Neuro2a cells to each well (10 μg/ml) for the Vtn-inhibition 
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experiments. It has been reported that the Vtn antibody used 
in this study specifically binds to mouse Vtn [20]. Recom-
binant human Vtn protein (final concentration of 5 μg/ml, 
hRP-0299, LD BioPharma, Inc., San Diego, CA) or 0.2 μM 
Tris–HCl solution as a vehicle was added to the culture 
media for Vtn-addition experiments. In order to investigate 
the efficiency of cell cycle exit, cells were treated with 5-bro-
modeoxyuridine (BrdU) 24 h after RA addition. BrdU can 
trace the fraction of cells passing through the S-phase. The 
cells were fixed 24 h after BrdU-introduction.

Knockdown Experiments Using Short‑Interfering 
RNA

For knocking down mouse Vtn, β3 and β5 integrins, short-
interfering RNAs (siRNA) for Vtn, β3, and β5 integrins 
(Stealth RNAi™ siRNA, Thermo Fisher Scientific) and 
control siRNAs (negative control Hi GC, Med GC or Lo 
GC, Thermo Fisher Scientific) were introduced into Neuro2a 
cells. For the introduction of the siRNAs, a mixture of 0.5 μl 
Lipofectamine 2000 Transfection Reagent (Thermo Fisher 
Scientific) and 1.5 μl of each siRNA (30 pmol) in 100 μl 
of Opti-MEM Reduced Serum Medium (Thermo Fisher 
Scientific) was added to each well of a 24-well plate and 
incubated for 5 h.

Transfection of Vectors

Integrin expression plasmid vectors (pCMV6-XL-β3 inte-
grin, pCMV6-XL-β5 integrin, or pCMV6-XL plasmid 
vector) were obtained from OriGene (Rockville, MD). A 
dominant negative Par6 (pCMV5 Flag-Par6 delta 250-295 
Flag tagged vector) and wild-type Par6 (pCMV5B-Flag-Par6 
wt vector) expression plasmid vector were obtained from 
Addgene (Watertown, MA). To generate an empty vector 
for dominant negative and wild-type Par6 expression vec-
tors, the pCMV5B-Flag-Par6 wt vector was digested with 
ClaI and XbaI, and the vector fragment was isolated. Next, 
the vector fragment was ligated with the fragment contain-
ing the sequence of FLAG (forward: 5ʹ-cgataccatggactacaa
ggacgacgatgacaagggttaat-3ʹ and reverse: 5ʹ-ctagattaacccttg
tcatcgtcgtccttgtagtccatggtat-3ʹ). To transfect the vectors, a 
mixture of 0.5 μl Lipofectamine 2000 Transfection Reagent 
and 0.5 μg of each vector in 100 μl of Opti-MEM Reduced 
Serum Medium was added to each well of a 24-well plate 
and incubated for 5 h.

Immunofluorescence Staining

Immunostaining of Neuro2a cells was performed as follows. 
The fixed cells were washed with phosphate buffered saline 
and then blocked with a blocking buffer (10% calf serum, 3% 
bovine serum albumin, 130 nM glycine, 0.4% Triton-X100 

in Tris-buffered saline). The cells were incubated with the 
primary antibody overnight, and then with the secondary 
antibody for 1 h in the dark. The primary antibodies in this 
study included: anti-BrdU (1:500; MAB3222; Merck Mil-
lipore, Darmstadt, Germany), anti-Ki67 (1:200; RM9106-
S0; Thermo Fisher Scientific), anti-vitronectin (1:500; 
LSL-LB-2096; Cosmo Bio, CA), anti-β3 integrin (1:200; 
sc-14009; Santa Cruz Biotechnology, Dallas, TX), anti-β5 
integrin (1:250; sc-398214; Santa Cruz Biotechnology), anti-
Par3 (1:50; sc-53819; Santa Cruz Biotechnology), anti-Par6 
(1:50; sc-365323; Santa Cruz Biotechnology) and anti-Flag 
(1:1000; F1804; Sigma-Aldrich). The secondary antibod-
ies in this study included: Alexa Fluor 488 goat anti-mouse 
IgG (1:200), Alexa Fluor 488 goat anti-rabbit IgG (1:200), 
Alexa Fluor 568 goat anti-mouse IgG (1:200), Alexa Fluor 
568 goat anti-rabbit IgG (1:200) and Alexa Fluor 568 Phal-
loidin (1:40) (Thermo Fisher Scientific). For staining with 
anti-BrdU and anti-Ki67 antibodies, the cells were boiled in 
10 mM citrate buffer (pH 6.0) prior to blocking. Following 
antibody staining, the cells were stained with 0.5 μg/ml 4ʹ,6-
diamidino-2-phenylindole dihydrochloride (DAPI) (Roche 
Diagnostics, Basel, Switzerland) in Tris-buffered saline. 
Images were captured using a microscope (FSX100, Olym-
pus, Tokyo, Japan) or confocal laser scanning microscope 
(LSM700, Carl Zeiss, Oberkochen, Germany).

RT‑PCR

Total RNA was isolated from Neuro2a cells at 48 h after 
stimulation with 10 μM RA and then reverse-transcribed 
as described above. cDNA was amplified by PCR using 
GoTaq Green Master Mix (Promega, Madison, WI) and 
specific primers for each integrins: β1 integrin forward, 
5ʹ-AAC​TGC​ACC​AGC​CCA​TTT​AG-3ʹ, β1 integrin reverse, 
5ʹ-AAC​CTA​AGA​GGT​CTT​CCA​CC-3ʹ, β3 integrin forward, 
5ʹ-CAT​CCA​GAC​CCT​GGG​TAC​CA-3ʹ, β3 integrin reverse, 
5ʹ-TGA​TCG​TTG​GAA​GCC​TAA​CCG-3ʹ, β5 integrin for-
ward, 5ʹ-GCC​TGT​TGA​TCC​ACC​CAA​AAT-3ʹ, β5 integrin 
reverse, 5ʹ-CGT​TGA​GTG​CCA​GGT​AGT​G-3ʹ, GAPDH for-
ward, 5ʹ-CGT​GTT​CCT​ACC​CCC​AAT​GT-3ʹ and GAPDH 
reverse, 5ʹ-TCT​TTG​GCA​GGT​TCA​TAC​TAC​TGT​-3ʹ. The 
amplification program comprised one cycle at 92 °C for 
5 min, followed by 40 cycles at 92 °C for 1 min, 60 °C for 
1 min, 72 °C for 1 min, with a final extension at 72 °C for 
7 min. The PCR products were separated by electrophoresis 
on 1.8% TAE agarose gels and visualized by ethidium bro-
mide staining.

Analysis of Neurite Morphology

To analyze the morphological transition, Neuro2a cells were 
fixed with 4% paraformaldehyde in 0.2 M phosphate buff-
ered saline. Images were obtained using a phase-contrast 
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microscope (FSX100, Olympus). Depending on the num-
ber of neurites, we classified neurite morphology into four 
groups. Groups containing cells without neurites, with one, 
two, and three or more neurites were classified as nonpo-
lar, monopolar, bipolar, and multipolar morphologies, 
respectively. The number of neurites was determined using 
Adobe Photoshop software (Adobe Inc., San Jose, CA) as 
previously reported [18]. Time-lapse imaging was used to 
investigate the influence of knockdown of β5 integrin on 
morphological changes in neurites. Images were obtained 
at 15-min intervals for 48 h from the medium exchange 
after transfection of siRNA and RA treatment by using an 
IncuCyte S3 Live-Cell Analysis System (Essen BioScience, 
Ann Arbor, MI).

Co‑localization Analysis

To analyze the co-localization of Vtn and Par3/Par6, Neu-
ro2a cells were stained with anti-Vtn and anti-Par3 or anti-
Par6 antibodies. The images were captured using a confocal 
laser scanning microscope (LSM700, Carl Zeiss). From the 
obtained fluorescence images, scatterplots with the inten-
sity of Par3 or Par6 on the Y-axis and Vtn on the X-axis 
were created using ZEN imaging software. After setting the 
threshold of fluorescence intensity of each channel, pixels 
with fluorescence intensity in excess of the threshold value 
were regarded as co-localized regions. The co-localized 
regions including the intensity information of both Vtn and 
Par3/Par6 were displayed with white pixels in the fluores-
cence images.

Hoechst Staining

To analyze the influence of β5 integrin knockdown on 
cell viability from the perspective of nuclear morphology, 
Neuro2a cells were transfected with control siRNA or β5 
integrin siRNA, and stained at 12 h intervals for 48 h from 
the medium exchange after transfection of siRNA and RA 
treatment. Hoechst staining was performed as follows: after 
removing the culture medium, the cells were incubated with 
Hoechst 33342 solution (diluted to 1 μg/ml with phosphate 
buffered saline) (Dojindo Laboratories, Kumamoto, Japan) 
for 15 min at 37 °C. Fluorescence and phase contrast images 
were captured by using a microscope (FSX100). The nuclear 
morphology was observed to determine whether apoptosis 
was induced. Cell viability was calculated by counting the 
number of cells with normal nuclear morphology.

Statistical Analysis

At least three independent experiments were performed, and 
the data were analyzed using unpaired t test and ANOVA. 

The results are expressed as the mean ± standard error of 
the mean and p values < 0.05 were considered significant.

Results

Expression Levels of Vtn are Up‑Regulated by RA 
Treatment

First, we examined the effect of RA treatment on the Vtn 
protein expression level. Western blot analysis showed that 
the expression level of Vtn protein was increased in the cell 
lysate of Neuro2a cells at 12 h after RA treatment (Fig. 1a, 
b). Next, we examined the expression levels of Vtn mRNA in 
Neuro2a cells. Real-time RT-PCR revealed that the expres-
sion levels of Vtn mRNA transiently increased at 5 h after 
RA treatment and returned to the RA-nontreated level at 
24 h after RA treatment (Fig. 1c).

Inhibition of Vtn Suppresses RA‑Induced Cell Cycle 
Exit in Neuro2a Cells

RA is known to promote the cell cycle exit and elongate 
neurites of Neuro2a cells. To examine the effect of Vtn on 
the RA-induced cell cycle exit of Neuro2a cells, we carried 
out Vtn inhibition experiments using an antibody against 
Vtn. To trace the cells passing from the S-phase to cell cycle 
exit, BrdU was incorporated into Neuro2a cells in S-phase 
at 24 h before fixation. Using a cell cycling marker, Ki67, 
the efficiency of cell cycle exit was determined as the ratio 
of BrdU-positive and Ki67-negative (BrdU+ ;Ki67−) cells 
to BrdU-positive cells within 24 h before fixation. BrdU and 
Ki67 double-negative cells shown in Fig. 1d with bipolar 
morphology passed S-phase before BrdU incorporation and 
exited the cell cycle before fixation. The Vtn antibody signif-
icantly reduced the efficiency of the cell cycle exit compared 
to rabbit IgG (Fig. 1e). In contrast, addition of exogenous 
Vtn to the medium significantly increased the efficiency of 
cell cycle exit (Fig. 1f, g). To examine whether the morphol-
ogy of neurites was correlated with the BrdU/Ki67 expres-
sion level, phase contrast images corresponding to the same 
field of fluorescence images were obtained (Fig. 1d, f). The 
images showed that many BrdU+ ; Ki67+ and BrdU+ ; Ki67-
cells had multipolar and bipolar morphologies, respectively.

RA‑Induced Neurite Morphological Transition 
is Linked to Cell Cycle Exit in Neuro2a Cells

Next, the relationship between RA-induced cell cycle exit 
and neurite morphology in Neuro2a cells was examined. 
The cell proliferation and morphology were examined at 
0, 3, 7, 24 and 48 h after RA stimulation (RA+) and no 
stimulation (RA−). In the absence of RA, most Neuro2a 
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cells displayed multipolar morphology and continued to 
proliferate (Fig. 2a). Neurite elongation and the transi-
tion from multipolar to bipolar morphology were both 
observed to be time-dependent in RA+ cells. Cells treated 
with RA for 24 h mainly displayed multipolar morphol-
ogy (approximately 70% of the total cell number), while 
those after 48 h of treatment mainly displayed bipolar 
morphology (approximately 70% of the total cell number) 
(Fig. 2b). In cells treated with RA for 48 h, approximately 

70% of Ki67-positive (Ki67 +) cells showed multipolar 
morphology, while approximately 70% of Ki67-negative 
(Ki67−) cells showed bipolar morphology (Fig. 2c). This 
demonstrates the relevance to cell cycle exit and neurite 
morphology in Neuro2a cells. These results suggest that 
RA stimulation induces the transition of the neurites from 
multipolar to bipolar morphology to be associated with 
cell cycle exit in Neuro2a cells.

Fig. 1   Up-regulated Vtn expression by RA promotes cell cycle exit 
in Neuro2a cells. a, b Expression levels of Vtn protein with or with-
out RA. Cell lysates were prepared from cells treated with 15 μM RA 
for 12  h and examined by western blotting using anti-Vtn antibody. 
β-actin was used as a loading control. Mouse plasma was used as a 
positive control for Vtn. Significance was calculated with unpaired 
t test. c Expression levels of Vtn mRNA with or without RA. Total 
RNA was isolated from cells after stimulation with 18 μM RA for 0, 
5, and 24 h. Each mRNA level was quantified by real-time RT-PCR. 
Data were normalized to cells at 0  h after stimulation. Significance 
was calculated by ANOVA. Data were normalized to cells without 
RA. d–g Cells (3.0 × 104 cells/well) were treated with the antibody 
against Vtn and normal rabbit IgG (10 μg/ml) (d, e), or recombinant 

human Vtn protein (5  μg/ml) and 0.2  μM Tris–HCl solution as a 
vehicle (f, g) synchronized with RA stimulation (15 μM). d, f Rep-
resentative images of phase-contrast and cells after immunofluores-
cence staining for BrdU (red), Ki67 (green), and DAPI (blue). The 
cells were labeled with BrdU for 24  h. e, g The effect of the Vtn-
antibody or recombinant Vtn protein on cell cycle exit. The effi-
ciency of the cell cycle exit is calculated as the percentage of cells 
that exited the cell cycle (BrdU+ ; Ki67−) divided by total BrdU-
positive cells (BrdU+). Data were normalized to cells treated with 
rabbit IgG or Tris–HCl solution, respectively. Significance was cal-
culated with unpaired t test; *p < 0.05, **p < 0.01, ***p < 0.001. Data 
are mean ± SEM of three independent experiments. Scale bar = 50 μm 
(Color figure online)
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Localization of Vtn at Neurite Tips of Neuro2a 
Cells is Involved in the RA‑Induced Morphological 
Transition of Neurites

To investigate the localization of Vtn during the morpho-
logical transition of neurites in Neuro2a cells, we performed 
an immunofluorescence staining of Vtn. In cells display-
ing multipolar morphology after RA treatment, Vtn was 
localized at the tips of some neurites. However, they did not 
always co-localize with Vtn and some neurite tips were Vtn-
negative (Fig. 3a, c). On the other hand, Vtn was localized 
at both neurite tips in most cells displaying bipolar mor-
phology (Fig. 3b, c). Further quantitative analysis of cells 
displaying multipolar morphology at 24 h after RA treat-
ment showed two findings: (i) 23.6% and 36.1% of the cells 
had two and more than three Vtn-positive (Vtn+) neurites, 
respectively, (ii) 16.7% and 38.1% of the cells had two and 
more than three Vtn-negative (Vtn−) neurites, respectively 
(Fig. 3c–e).

To examine the effect of Vtn on the morphological transi-
tion of neurites, we carried out Vtn inhibition experiments, 
using an antibody against Vtn (Fig. 3f). Figure 3g shows 
that treatment with the Vtn antibody remarkably reduced 
the ratio of bipolar morphology and increased the ratio of 

multipolar morphology. These data suggest that Vtn contrib-
utes to the RA-induced morphological transition of neurites 
in Neuro2a cells.

The Cell Polarity Regulator Par6 Contributes 
to Regulation of the Morphological Transition 
of Neurites by Vtn in Neuro2a Cells

It has been reported that the multipolar-to-bipolar morpho-
logical transition is mediated by a cell polarity regulator 
[21–23]. In addition, Par6/Par3/aPKC (Par complex) is 
known to serve as one of the cell polarity regulators [24, 
25]. To examine the relationship between the Par complex 
and the regulation of the Vtn induced multipolar-to-bipolar 
morphological transition, we examined the localization of 
Par3 and Par6 using immunofluorescence staining and found 
that Par3 and Par6 were co-localized with Vtn at the tip of 
neurites (Fig. 4a, c). To confirm the co-localization between 
Vtn and Par3/Par6, we performed co-localization analysis. 
The fluorescence intensities of Vtn and Par3/Par6 in each 
pixel were plotted using scattergrams (the left panels of 
Fig. 4b, d). The pixels with both fluorescence intensities 
in the X-(Vtn) and Y-axes (Par3 or Par6) greater than the 
threshold value indicated the region that was co-localized 

Fig. 2   RA induces the morpho-
logical transition of neurites 
associated with cell cycle exit in 
Neuro2a cells. a Representative 
images of the cells stimulated 
with 10 μM RA (RA+; 3.0 × 104 
cells/well) or ethanol 
(RA−; 1.5 × 104 cells/well) at 
five time points (0, 3, 7, 24 and 
48 h). b Temporal change in the 
proportion of cells displaying 
each neurite morphology. Cells 
were stimulated with 10 μM 
RA for 24 or 48 h. c Propor-
tion of Ki67-positive (Ki67+) 
or Ki67-negative (Ki67−) 
cells displaying each neurite 
morphology. Cells stimulated 
with 10 μM RA for 48 h were 
stained with Ki67 and DAPI 
and counted by overlaying 
fluorescence images and phase-
contrast images. Significance 
was calculated with ANOVA; 
**p < 0.01, ***p < 0.001. 
Data are mean ± SEM of three 
independent experiments. Scale 
bar = 50 μm
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with Vtn and Par3/Par6. The pixels of the co-localization 
(white pixels) were localized at the tip of the neurites (the 
right panels in Fig. 4b, d). This result suggests that Par6 
may be involved in the regulation of multipolar-to-bipolar 
transition by Vtn. To verify this hypothesis, we transfected 
Neuro2a cells with a dominant negative mutant of Par6. As 
a result, the transfection of the Par6 mutant (dnPar6) signifi-
cantly decreased the fraction of bipolar morphology com-
pared to the cells that were transfected with wild-type (WT) 
Par6 expression plasmid or empty vector plasmid as a mock 
control (mock: 72.8%, WT: 73.3%, dnPar6: 52.4%) (Fig. 4e). 
Furthermore, the transfection with dnPar6 perturbed the 
localization of Vtn at the neurite tips and eliminated the 
difference of the Vtn+ to Vtn− ratio in neurites (Fig. 4f). 
These results indicate that Par6 is involved in the regulation 

of the transition from multipolar to bipolar morphology in 
RA-stimulated Neuro2a cells.

Contribution of αvβ5 Integrin to the Morphological 
Transition of Neurites, Accompanying the Cell Cycle 
Exit in Neuro2a Cells

To examine which integrin mediates the effect of Vtn on 
RA-induced cell cycle exit and morphological transition of 
neurites in Neuro2a cells, we investigated the mRNA expres-
sion level of αv, β1, β3, and β5 integrin using RT-PCR. This 
resulted in the amplification and the detection of PCR bands 
for these integrins (Fig. 5a). The localization of β3 and β5 
integrins was confirmed with immunofluorescence staining 
(Fig. 5b, c). β3 integrin was localized in the cell body and 

Fig. 3   Vtn localization at the tip of neurites is involved in the mor-
phological transition of neurites in Neuro2a cells. Cells (3.0 × 104 
cells/well) were stimulated with 10 μM RA for 48 h. Representative 
images of cells displaying multipolar (a) and bipolar (b) morphol-
ogy after immunofluorescence staining for Vtn (green), F-actin (red) 
and DAPI (blue). Arrows indicate the localization of Vtn at the tip of 
neurites. Scale bar = 30 μm. c Number of Vtn-positive neurites in the 
cells displaying each neurite morphology. Cells were stimulated with 
RA for 24 or 48  h. d Fluorescence images of cells stimulated with 

10  μM RA for 24  h. Scale bar = 30  μm. e Number of Vtn-negative 
(Vtn−) neurites in cells displaying multipolar morphology stimulated 
with 10 μM RA for 24 h. Scale bar = 30 μm. f Representative images 
of the cells treated with the Vtn antibody or normal rabbit IgG. 
Scale bar = 50 μml. g The proportion of cells displaying each neur-
ite morphology. Significance was calculated with ANOVA; *p < 0.05, 
**p < 0.01, ***p < 0.001. Data are mean ± SEM of three independent 
experiments (Color figure online)
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Fig. 4   Vtn interacts with the cell polarity regulator Par6 in RA-
induced morphological transition of neurites. Cells (3.0 × 104 cells/
well) were stimulated with 10 μM RA. Representative images of cells 
after immunofluorescence staining for Par3 (a) or Par6 (c). Par3 and 
Par6 are shown in green, Vtn in red and DAPI in blue. The lower pan-
els are magnified images of neurite tips in the upper panels. Arrow in 
a and arrowhead in c indicates the location of Par3 and Par6 at the tip 
of neurite, respectively. Scale bar = 10 μm. Co-localization analysis of 
Vtn and Par3 (b) or Par6 (d). The Y-axis of the scattergram shows the 
fluorescence intensities of Par3 (b) or Par6 (d), and the X-axis shows 
that of Vtn. In the unlabeled quadrant in the lower left of the scat-
tergram, the pixels are under the threshold values of both the fluores-
cence intensities of Vtn and Par3/Par6. In Quadrant 1, the pixels were 
beyond the threshold of the Vtn fluorescence intensities and under 
the threshold of Par3/Par6 fluorescence intensities. In Quadrant 2, the 

pixels were beyond the threshold of Par3/Par6 intensities and under 
the threshold of Vtn intensity. In Quadrant 3, the pixels were beyond 
the threshold of both Vtn and Par3/Par6 intensities, but were consid-
ered to be the regions of co-localization with Vtn and Par3/Par6. The 
right panel shows the pixels in Quadrant 3 displayed in fluorescence 
images in white to visualize the co-localization of Vtn and Par3/Par6. 
Effects of mutations in Par6 on neurite morphology (e) and localiza-
tion of Vtn (f). Neuro2a cells were transfected with dominant nega-
tive Par6 (dnPar6), wild-type Par6 (WT), or empty vector plasmid 
(mock). The cells were stained with anti-flag and anti-Vtn antibodies. 
The neurites expressing Vtn at the tip were grouped into Vtn-positive 
(Vtn+) and Vtn-negative (Vtn−). Significance was calculated with 
ANOVA; **p < 0.01, ***p < 0.001. #significance between Vtn− 
and Vtn+ . Data are mean ± SEM of three independent experiments 
(Color figure online)
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Fig. 5   Cell cycle exit is promoted by αvβ3 and αvβ5 integrins in 
Neuro2a cells. a RT-PCR of Vtn receptor candidates. Total RNA 
from Neuro2a cells after stimulation with 10  μM RA for 48  h was 
subjected to agarose gel electrophoresis. Representative images of 
cells after immunofluorescence staining for Itgb3 (green) (b) or 
Itgb5 (green) (c) and DAPI (blue). The arrowhead in b indicates the 
localization of Itgb3 at the tips of neurites. d Effect of knockdown 
on expression levels of Itgb5 mRNA. cDNA was reverse-transcribed 
from mRNA isolated from Neuro2a cells stimulated with 10 μM RA 
for 48  h. Each mRNA level was quantified by real-time RT-PCR. 
Data were normalized to negative control siRNA (siCont)-transfected 
cells. Significance was calculated with unpaired t test. e Decrease in 
the expression levels of β3  integrin proteins by β3 integrin knock-
down. Neuro2a cells were transfected with siRNA for β3 integrin 
(siItgb3) or siCont and cultured with 10 μM RA for 48 h. Cells were 

stained with anti-Itgb3 antibody (green) and DAPI (blue). Arrows 
indicate the neurite tips where β3 integrin was localized. f The effect 
of integrin knockdown on cell cycle exit. Cells were transfected with 
the siRNA for β3 integrin (siβ3), β5 integrin (siβ5) or a negative-con-
trol siRNA (siCont), and stimulated with 10 μM RA for 48 h. g The 
effect of integrin overexpression on cell cycle exit. Cells were trans-
fected with pCMV6-XL-β3 integrin (Itgb3), pCMV6-XL-β5 integrin 
(Itgb5), or pCMV6-XL expression vector plasmid (mock) and stimu-
lated with 15 μM RA for 48 h. The efficiency of cell cycle exit is cal-
culated as the percentage of cells that exited the cell cycle (BrdU+ ; 
Ki67−) divided by total BrdU-positive cells (BrdU+). The cells 
were labeled with BrdU for 24 h. Data were normalized to siCont or 
mock transfected cells. Significance was calculated with ANOVA; 
**p < 0.01, ***p < 0.001. Data are mean ± SEM of three independent 
experiments. Scale bar = 30 μm (Color figure online)
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at neurite tips, while β5 integrin was detected ubiquitously 
in the cell.

Next, we performed knockdown experiments of β3 and β5 
integrins. Transfection of Itgb5 siRNA (β5 KD) significantly 
reduced the expression level of Itgb5 mRNA to 15.4% of that 
in cells transfected with a negative-control siRNA (siCont) 
(Fig. 5d). Knockdown of β3 integrin (β3 KD) dissipated the 
localization of β3 integrin in the neurite tips (Fig. 5e). β3 
KD and β5 KD significantly reduced the efficiency of the 
cell cycle exit by 20% and 38% of the siCont, respectively 
(Fig. 5f). In contrast, the overexpression of β3 and β5 inte-
grins significantly increased the efficiency of the cell cycle 
exit to 130% and 140% of the siCont, respectively (Fig. 5g). 

These results indicate that β3 and β5 integrins mediate the 
promotion of the cell cycle exit in the RA-stimulated Neu-
ro2a cells.

Furthermore, we examined the effect of β3 KD and β5 
KD on the morphological transition of neurites in Neuro2a 
cells (Fig. 6a). β3 KD suppressed the neurite elongation but 
did not affect the neurite morphology of RA-stimulated Neu-
ro2a cells (Fig. 6b). β5 KD significantly reduced the ratio of 
bipolar (siCont: 66.3%, siβ5: 40.4%), and increased the ratio 
of cells with nonpolar and monopolar morphology (siCont: 
17.0%, siβ5: 54.8% of total cell number) (Fig. 6c). To exam-
ine why β5 KD increases the ratio of cells with nonpolar and 
monopolar morphologies, we performed time-lapse imaging 

Fig. 6   β5 integrin is involved 
in RA-induced morphological 
transition of neurites in Neuro2a 
cells. Cells (3.0 × 104 cells/
well) were transfected with the 
siRNA for β3 integrin (siβ3), 
β5 integrin (siβ5) or a negative-
control siRNA (siCont) and 
stimulated with 10 μM RA for 
48 h. a Representative phase-
contrast images of siCont, siβ3 
and siβ5 cells. The effects of β3 
(b) and β5 (c) integrin knock-
down on the neurite morpho-
logical transition. d Time-lapse 
images of siCont and siβ5 cells. 
Images were obtained at 15-min 
intervals from 0 to 48 h after 
RA treatment. e the effects of 
β5 integrin knockdown on the 
neurite morphological transition 
at each time. The upper panel 
shows siCont cells, and the 
lower panel shows siβ5 cells. 
f Phase-contrast and Hoechst 
33342 stained fluorescence 
images in siCont and siβ5 
cells. The cell viability was 
determined from the perspec-
tive of nuclear morphology. 
Non-chromatin aggregation in 
the nuclei shows non-apoptotic 
cells (arrowheads), and chro-
matin aggregation in a nucleus 
shows apoptotic cells with 
non-polar morphology (arrow). 
g The effect of the β5 integrin 
knockdown on the cell viability. 
Significance was calculated 
with ANOVA; *p < 0.05, 
**p < 0.01, ***p < 0.001. 
Data are mean ± SEM of three 
independent experiments. Scale 
bar = 50 μm
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for 48 h after treatment with RA (Fig. 6d). In the control 
cells (siCont), the ratio of cells displaying multipolar mor-
phology was decreased and that of cells displaying bipo-
lar morphology was increased time-dependently (Fig. 6e). 
In contrast, in the β5 KD cells, the multipolar-to-bipolar 
transition was observed up to 24 h, similar to the control 
cells. However, after 36 h, β5 KD decreased the ratio of 
cells with multipolar morphology, and increased that of the 
cells with nonpolar/monopolar morphology (Fig. 6e). These 
data indicated that β5 KD induces a morphological transi-
tion from multipolar to nonpolar/monopolar after 36 h. To 
investigate whether cell death increased the ratio of nonpo-
lar/monopolar morphology induced by β5 KD, cell viability 
was analyzed from the perspective of nuclear morphology 
using Hoechst staining. The results showed that the nuclei 
of most cells in β5 KD did not show chromatin aggregation, 
as seen in apoptotic cells (Fig. 6f). More than 95% of cells 
in β5 KD were alive, similar to control cells for up to 36 h, 
and viability was significantly decreased to approximately 
90% at 48 h, compared with that of control cells (Fig. 6g).

αvβ5 Integrin Plays an Important Role as Vtn 
Receptor in Multipolar‑to‑Bipolar Transition 
of RA‑Stimulated Neuro2a Cells

It is known that Vtn can bind to all αv integrins (e.g. αvβ1, 
αvβ3 and αvβ5 integrin) which have RGD recognition sites 
[26, 27]. Therefore, in order to examine whether αvβ3 and 
αvβ5 integrins serve as Vtn receptors, double knockdowns 
(KDs) of Vtn and β3 or β5 integrin were performed in RA-
stimulated Neuro2a cells.

As a result, the double KDs of Vtn and β3 or β5 integrin 
remarkably suppressed the RA-induced cell cycle exit, but 
they could not be rescued by the addition of Vtn (Fig. 7a). 
The double KD of Vtn and β3 integrin reduced the ratio 
of cells with bipolar morphology (from 71.0 to 38.7% of 
the total cell number), and increased the ratio of cells with 
multipolar morphology (from 18.3 to 38.7% of the total cell 
number), compared with the siCont. Furthermore, the sup-
pression of multipolar-to-bipolar transition by the double 
KD of Vtn and β3 integrin was rescued by Vtn addition 
(Fig. 7b). In contrast, the double KD of Vtn and β5 integrin 
remarkably reduced the ratio of cells with bipolar morphol-
ogy (from 71.0 to 28.8% of total cell number) and increased 
the ratio of cells with nonpolar and monopolar morphology 
(from 10.8 to 51.6% of total cell number), compared with 
siCont. However, the perturbation of multipolar-to-bipolar 
transition could not be rescued with the addition of Vtn. 
These data indicate that β5 integrin contributes to the RA-
induced multipolar-to-bipolar transition as a receptor for Vtn 
in Neuro2a cells.

Discussion

In this study, we aimed to identify the effect of Vtn and its 
integrin receptors on the multipolar-to-bipolar transition of 
neural progenitor cells. To address this research question, 
the mouse neuroblastoma cell line Neuro2a was used. RA 
treatment leads to cell cycle exit, polarization, and the mor-
phological transition of neurites in Neuro2a cells. Our data 
revealed that Vtn regulates the RA-induced multipolar-to-
bipolar transition through αvβ5 integrin, accompanying the 

Fig. 7   αvβ3 and αvβ5 integrins serve as Vtn receptors. Cells 
(3.0 × 104 cells/well) were transfected with the siRNA for Vtn (siVtn) 
with β3 integrin (siβ3) or β5 integrin (siβ5) and stimulated by 10 μM 
RA for 48  h. To perform rescue experiments, Vtn protein (5  μg/
ml) was added to the double knockdown cells (Vtn). a The effect 
of a double knockdown of Vtn and integrin on the cell cycle exit. 
The efficiency of the cell cycle exit is calculated as the percentage 
of cells that exited the cell cycle (BrdU+ ; Ki67−) divided by total 

BrdU-positive cells (BrdU+). The cells were labeled with BrdU for 
24 h. Data were normalized to siCont cells. b The effect of a double 
knockdown of Vtn and integrin on the neurite morphological transi-
tion. Significance was calculated with ANOVA; *p < 0.05, **p < 0.01, 
***p < 0.001, #Significance based on the fraction of bipolar mor-
phology in siCont cells. Data are mean ± SEM of three independent 
experiments
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cell cycle exit and polarization related to Par6 in Neuro2a 
cells.

Vtn has been reported to regulate the differentiation, cell 
cycle exit, polarization, and neurite formation of neural pro-
genitor cells in the developing nervous system and plays 
an important role in the neurogenesis of neural progenitor 
cells. For example, Vtn regulates the neurite elongation of 
neural retina and dorsal root ganglia, and differentiation of 
motor neurons and CGCPs [11, 12, 28–31]. Vtn regulates 
the position of the centrosome in polarizing cerebellar gran-
ule cells and contributes to the polarization of CGCPs [14]. 
However, the mechanism of the Vtn regulation of polariza-
tion and morphological transition from neural progenitor 
cells to neurites is not fully understood. Our findings show 
that Vtn was localized at more than two neurite tips in the 
cells with multipolar morphology and in neurite tips of cells 
with bipolar morphology (Fig. 3). These results suggest that 
Vtn-negative neurites degenerate and Vtn-positive neurites 
elongate during the RA-induced transition from the multipo-
lar to bipolar morphology. These localizations of Vtn in the 
tips of neurites were suppressed by dominant negative Par6 
(Fig. 4). In addition, the inhibition of Vtn with the anti-Vtn 
antibody and the overexpression of dominant negative Par6 
suppressed the multipolar-to-bipolar transition (Figs. 3, 4). 
These results suggest that the multipolar-to-bipolar transi-
tion is involved in the localization of Vtn at the tip of the 
neurites and polarization of RA-stimulated Neuro2a cells. 
Since the mechanism by which Vtn localizes at the tip of 
neurites is still unknown, further research is needed to reveal 
how Vtn regulates the multipolar-to-bipolar transition during 
RA-induced neurogenesis in Neuro2a cells.

Neuro2a cells are widely used as a model of neuron-like 
differentiation such as neurite elongation and share simi-
lar properties as neural progenitor cells. For instance, adi-
ponectin and pannexin-2 regulate the proliferation of both 
Neuro2a cells and hippocampal neural progenitor cells [32, 
33]. Additionally, the multipolar-to-bipolar transition of neu-
rites, which was evaluated in this study, has been reported 
in RA-treated Neuro2a cells [18]. Neuro2a cells are useful 
models for investigating the role of Vtn in the multipolar-
to-bipolar transition of neurites. Similar to observations in 
the developing cerebellum, retina, and neural tube [8, 10, 
12], our previous study showed that RA treatment transiently 
up-regulates the expression level of Vtn protein in the con-
ditioned medium of Neuro2a cells [19]. In this study, we 
also observed up-regulation of Vtn mRNA and Vtn protein 
in the cell lysate of Neuro2a cells (Fig. 1). These results 
support that Vtn in Neuro2a cells can be used to evaluate 
the development of neural progenitor cells such as cell cycle 
exit and neurite morphological transition. Western blotting 
analysis of Vtn protein levels showed a Vtn band in Neuro2a 
cells which was slightly larger in molecular weight than that 
in the mouse plasma (Fig. 1a). This may be because of the 

remaining signal peptide for the Vtn protein in the cell lysate 
of Neuro2a cells.

Knockdown experiments of β3 and β5 integrins (Figs. 6, 
7) indicated that αvβ5 integrin, but not αvβ3 integrin, con-
tributes to the regulation of Vtn on the RA-induced neurite 
morphological transition. Recently, we reported that αvβ5 
integrin mediates the effect of Vtn on the initial stage of 
differentiation in mouse CGCPs [15]. The initial differen-
tiation stage of CGCPs localized in the inner external gran-
ule cell layer is progressed where the transition of neurites 
from multipolar to bipolar morphology [5]. These findings 
support the notion that αvβ5 integrin serves as a receptor 
for Vtn during the RA-induced morphological transition in 
Neuro2a cells. However, the β5 KD decreased the fraction of 
bipolar morphology and increased the ratio of nonpolar and 
monopolar morphology to total cells (Fig. 6c). On the other 
hand, the inhibition of Vtn decreased the fraction of bipolar 
morphology and increased the ratio of multipolar morphol-
ogy to total cells (Fig. 3g). This result apparently contra-
dicts the results of the β5 KD. In comparison with the Vtn 
inhibition experiments (Fig. 3f), the phase-contrast images 
of the β5 KD show a round shape of cell bodies and short, 
thin neurites (Fig. 6a). This discrepancy may be due to the 
β5 KD induced collapse of neurite formation. This hypoth-
esis is supported by the time-lapse images showing that β5 
KD collapsed the multipolar neurites, which were observed 
from 12 h until 48 h after RA treatment (Fig. 6e). The quan-
titative analyses of the time-lapse images indicated that β5 
KD induced a multipolar to nonpolar/monopolar transition. 
In addition, the incidence of cell death induced by β5 KD 
was only 10% of the total cells, which suggested that the 
contribution of the cell death to the multipolar to nonpolar/
monopolar transition is low. Therefore, it was suggested that 
the knockdown of β5 integrin causes a multipolar to non-
polar/monopolar transition, mainly due to neurite collapse. 
The neurites may not have been collapsed by Vtn inhibition 
as other ligands may bind to αvβ5 integrin, thereby leading 
to multipolar morphology. Osteopontin has been reported to 
be a ligand candidate for αvβ5 integrin produced in Neuro2a 
cells [34, 35].

Our results also indicate a relationship between cell 
cycle exit and the morphological transition of neurites. The 
mechanism of this relationship may involve cyclin-depend-
ent kinase inhibitor 1B (p27Kip1). This protein is not only a 
cyclin-dependent kinase inhibitor that regulates cell cycle 
exit but also a regulator of the Rho kinase that regulates 
actin organization and potentially also regulates neurite mor-
phology [4, 36, 37]. Additionally, p27Kip1 has been reported 
to regulate the cell cycle exit of neuronal progenitor cells 
coordinately with Rp58, which regulates the multipolar-
to-bipolar transition of neurites in the developing mouse 
cerebral cortex [38]. Other studies reported that p35/cyclin-
dependent kinase 5 (Cdk5) regulates not only cell cycle exit 
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but also neuronal morphology in the developing cerebral 
cortex [39, 40]. They reported that p35/Cdk5 is localized to 
the growth cone and affect neuronal morphology by regulat-
ing the neuronal cytoskeleton such as actin and tubulin. Fur-
thermore, RA-responsive gene neuron navigator 2 (Nav2) 
interacts with microtubules to induce neurite outgrowth 
[41]. These studies indicate that p27Kip1, Cdk5, and RA are 
involved in cell cycle exit and the morphological transition 
of neurites. Additionally, the results of knockdown experi-
ments of β3 and β5 integrin showed that both integrins are 
involved in cell cycle exit, and only β5 integrin is involved in 
the morphological transition of neurites. These data support 
that the morphological transition of neurites is linked to cell 
cycle exit in the RA-stimulated Neuro2a cells.

In this study, our results demonstrate that αvβ3 and αvβ5 
integrins have different roles in promoting Vtn-induced cell 
cycle exit and the morphological transition of neurites in 
Neuro2a cells. We recently reported that Vtn promotes the 
initial stage of differentiation in CGCPs via αvβ5 integrin 
[15, 16], whereas αvβ3 integrin has been reported to mediate 
the suppression of proliferation [42]. Although it has been 
reported that several integrins are involved in various stages 
of neuronal differentiation, the mechanism by which integ-
rins exhibit different functions remains unclear. There are 
two possible hypotheses: first, the timing of the expression 
of each integrin is different; second, the localization of each 
integrin is different. Similarly, in oligodendrocyte precursor 
cells, four integrins are involved in different stages of dif-
ferentiation, the time-dependent expression of each integrin 
is tightly controlled to ensure their functions [43, 44]. The 
different localization of β3 and β5 integrins (Fig. 5) may be 
due to their different functions in Neuro2a cells.

Our results show that the relationship between Vtn 
and Par6 (a cell polarity regulator) is involved in the RA-
induced morphological transition of neurites in Neuro2a 
cells. It has been reported that polarity kinase 1 (Par1) 
is associated with the multipolar-to-bipolar transition of 
neuronal progenitor cells in the developing cerebral cortex 
[45]. This study shows that dnPar6 perturbed the multipo-
lar-to-bipolar transition and Vtn localization at the tips 
of neurites (Fig. 4), suggesting that Par6 is related to the 
effect of Vtn on the RA-induced morphological transi-
tion of neurites. The localization of the Par complex at 
the neurite tips has been reported to control the dynam-
ics of actin filaments with Cdc42 and Rac [46–49]. Neu-
ro2a cells form neurites with F-actin-enriched protrusions 
when stimulated by RA [50]. These reports support that 
the Par complex is related to the RA-induced morpho-
logical transition in Neuro2a cells. In addition, it has been 
reported that Vtn is involved in polarization by regulating 
the centrosome configuration in cerebellar granule cells; 
a signaling pathway involving Par has been proposed as 
well [14]. Although the multipolar-to-bipolar transition 

is an important event during the initial differentiation 
of the cerebrum and cerebellum, an extracellular factor 
which contributes to this event has not been identified yet. 
This study suggests that Vtn may be a potential candidate 
factor. Further investigations are expected to clarify the 
mechanism of Vtn involved in the morphological transi-
tion of neurites in neural progenitor cells.

In summary, this study indicates that Vtn contributes to 
RA-induced multipolar-to-bipolar transition, accompanied 
with cell cycle exit, through αvβ5 integrin in the mouse neu-
roblastoma cell line, Neuro2a. In addition, it was found that 
the multipolar-to-bipolar transition is regulated by the cell 
polarity regulator Par6 in Neuro2a cells.
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