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Versican V1 Isoform Induces Neuronal Differentiation
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The chondroitin sulfate proteoglycan versican is one of the major extracellular components in the developing and adult
brain. Here, we show that isoforms of versican play different roles in neuronal differentiation and neurite outgrowth.
Expression of versican V1 isoform in PC12 cells induced complete differentiation, whereas expression of V2 induced an
aborted differentiation accompanied by apoptosis. V1 promoted neurite outgrowth of hippocampal neurons, but V2 failed
to do so. V1 transfection enhanced expression of epidermal growth factor receptor and integrins, and facilitated sustained
extracellular signal-regulated kinase/MAPK phosphorylation. Blockade of the epidermal growth factor receptor, 1
integrin, or Src significantly inhibited neuronal differentiation. Finally, we demonstrated that versican V1 isoform also
promoted differentiation of neural stem cells into neurons. Our results have implications for understanding how versican

regulates neuronal development, function, and repair.

INTRODUCTION

During development, the interactions between cells and the
extracellular matrix (ECM) initiate signals to regulate many
fundamental processes. The ECM regulates cellular func-
tions such as migration, adhesion, proliferation, differentia-
tion, and morphogenesis, which are mediated by a large
diversity of receptors on the cell surface (Juliano and
Haskill, 1993). The receptor-matrix interactions regulate
gene activities and cell behaviors (Hynes, 1987; Santiago-
Garcia et al.,, 2003). In the brain ECM, proteoglycans are
assumed to play a particularly important role in controlling
neuronal differentiation and development (Mongiat et al.,
2003; Walker et al., 2003). Versican is one of the major extra-
cellular proteoglycans in the developing and mature brain,
but how this molecule affects neuronal differentiation, de-
velopment, and maturation is unknown.

Versican was originally isolated from human fibroblasts
and developing limb buds in the chicken (Zimmermann and
Ruoslahti, 1989; Shinomura et al., 1993) and was detected in
the normal human central nervous system (CNS) and in
brain tumors (Paulus et al., 1996). Structurally, versican is
made up of an N-terminal globular domain, a chondroitin
sulfate (CS) attachment region, and a C terminus containing
a selectin-like domain (also named as G3 domain). The latter
contains two epidermal growth factor (EGF)-like repeats, a
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lectin-like motif (also known as carbohydrate recognition
domain) and a complement binding protein-like motif (Shi-
nomura ef al., 1993). The CS attachment region is encoded by
two exons producing CSa and CSB domains. Due to alter-
native splicing, four isoforms (V0, V1, V2, and V3) are gen-
erated (Tto et al., 1995; Lemire et al., 1999). Versican is known
to associate with a number of other molecules in the ECM,
including hyaluronan, tenascin, fibulin-1, fibrillin, fibronec-
tin, CD44, and selectins, and link protein (LeBaron et al., 1992;
Aspberg et al., 1995; Kawashima et al., 2000; Olin et al., 2001;
Isogai et al., 2002; Matsumoto et al., 2003). Studies of brain
development and maturation have shown that versican V1/V0
and V2 have complementary expression patterns (Bandtlow
and Zimmermann, 2000). Although versican V1/V0 is mainly
expressed in the late stage of embryonic development (Landolt
et al., 1995), versican V2 becomes a major chondroitin sulfate
proteoglycan in the mature brain (Schmalfeldt et al., 1998).
These results suggest that versican isoforms may play distinct
functions due to the difference in the CS domains.

Our previous studies have demonstrated that different
versican domains play different roles in regulating cellular
activities (Zhang et al., 1998a,b; Ang et al., 1999; Yang et al.,
1999). To investigate the effect of versican on neuronal dif-
ferentiation and neurite outgrowth, we have cloned and
expressed the full-length versican V1 and V2 isoforms in
PC12 cells, a model system used extensively in the study of
neuronal differentiation (Alema et al., 1985; Vaudry et al.,
2002). PC12 cells respond to nerve growth factor (NGF) and
other stimuli by shifting from a chromaffin cell-like pheno-
type to a neurite-bearing sympathetic neuron-like pheno-
type (Traverse et al., 1994). Here, we show that versican V1
induces NGF-independent neuronal differentiation and pro-
motes neurite outgrowth by enhancing epidermal growth
factor receptor (EGFR) and integrin activities. In addition,
versican V1 isoform promotes neuronal differentiation of
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Figure 1. Expression of versican V1 isoform induces PC12 cell differentiation and process outgrowth. (A) Diagram of the structures of
versican V1, V2, and G3 constructs. (B) Stable expression of V1, V2, or G3 in PC12 cells was confirmed on Western blot by using culture
medium (med) and cell lysate (ly), with or without protein precipitation (p) to increase the loading capacity, probed with 4B6. (C) Versican
V1-, V2-, and G3-transfected cells were cultured in 1% serum/RPMI 1640 medium for 2 wk. Some cells exhibited neurite outgrowth, an
indication of cell differentiation. Typical fields are shown. Only versican V1-transfected cells exhibited sustained neurite outgrowth. (D)
Counting of cell number indicated that V1-, V2-, or G3-transfected cells exhibited a significantly reduced rate of proliferation in 1% serum
compared with the vector-transfected cells (n = 3, *p < 0.05, *p < 0.01). (E) Expression of cyclin A, cyclin D, and p27 was analyzed by
Western blotting. Transfection of V1 and V2 isoforms reduced cyclin A but increased p27 expression in medium containing 1% serum. (F)
PC12 cells stably expressing versican G3 were cultured on coverslips and incubated in medium containing 1% serum for 48 h. The cells were
probed with antibody against an epitope in the G3 construct (4B6) before permeabilization and with TRITC-labeled phalloidin (binding to
actin) after permeabilization. Vector-transfected cells were cultured and stained with the same antibodies as a control. G3 was stained on the
cell surface of the neurites (in green). No staining was detected in the vector-transfected cells. Scale bar, 10 pwm.
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Table 1. Effect of versican on cell cycle regulation in PC12 cells

15% serum culture 1% serum culture

G0/G1 S G0/G1 S
Vector 486 £2.3 373 €17 59.7 £ 2.6 284 1.7
Vi 71.3 * 3.6* 214 +£1.3* 81.5 £ 3.1* 10.2 = 1.4%
V2 67.5 * 3.1* 22.8 £1.5* 77.6 £2.9* 11.4 = 1.5%

Cells expressing versican V1 and V2 had reduced S-phase entry but
increased in GO/G1 phases compared with vector-transfected cells
(n = 3, p < 0.001).

neural stem cells and neurite outgrowth of primary hip-
pocampal neurons.

MATERIALS AND METHODS

Materials

Antibodies against EGFR, Erk, phosphorylated EGFR, phosphorylated Erk,
B1 integrin, Trk (B-3), p27, cyclin A, cyclin D, acetylcholine receptor isoforms

Versican in Neuronal Differentiation

a3, a4, a7 B2, and Annexin V apoptosis detection kit were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies against fibroblast
growth factor (FGF) receptor and integrin 3 and o5 antibodies were pur-
chased from Chemicon International (Temecula, CA). Integrin neutralizing
antibody CD29 was from BD Biosciences (San Jose, CA). NGF, rat tail type I
collagen, laminin, herbimycin A, MAP-2ab monoclonal antibody (mAb), glial
fibrillary acidic protein-Cy3, goat anti-mouse-fluorescein isothiocyanate
(FITC), horseradish peroxidase-conjugated goat anti-mouse IgG secondary
antibody, poly-p-lysine and all chemicals were purchased from Sigma-Al-
drich (St. Louis, MO). AG1478 and nerve growth factor receptor (NGFR)
inhibitor K252a were from Calbiochem (San Diego, CA). EGF and basic FGF
were from Upstate Biotechnology (Lake Placid, NY). Tetramethylrhodamine
B isothiocyanate (TRITC)-labeled phalloidin was from Molecular Probes (Eu-
gene, OR). Enhanced chemiluminescence Western blot detection kit was from
Amersham Biosciences (Piscataway, NJ). All tissue culture supplies were
purchased from Invitrogen (Carlsbad, NY). The PC12 cell line was from the
American Type Culture Collection (Manassas, VA).

Construct Generation and Expression

To study the effect of versican on neuronal differentiation, three constructs
were used, including versican V1 (Sheng et al., unpublished data) and V2
isoforms, and a G3 construct described previously (Sheng, Wang, Liang,
Zheng, Wu, Lee, Slingerland, Dumont, and Yang; unpublished data). To
generate versican V2 construct, the CS fragment in the mini-versican was
replaced with CSa domain, which was generated by polymerase chain reac-
tion (PCR) by using two primers pCSINMIul (aaa acg cgt cgt aaa aaa att gta
tca gag cct aca) and pCS1CXhol (ggg ctc gag tgt atc att gee tgt gat) and chicken
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Figure 2. Versican V1 promotes neuronal
differentiation in neural stem cells. The neu-
rospheres were cocultured with V1- or vec-
tor-transfected astroglial cells for 6 d. (A)
Compared with vector-transfected cells, the
Vi-transfected glial cells facilitated cell sur-
vival of the neurospheres, which were
larger and bore more outgrown neurites (ar-
row). (B) Effect of V1 and vector transfection
on neurite outgrowth was quantified by
counting the neurospheres bearing neurites.
Twenty of the largest spheres per well were
counted and the spheres with >10 extended
neurites per neurosphere were considered
as spheres with neurite outgrowth. More
neurospheres with outgrown neurites were
found in Vl1-transfected coculture (n = 3,
error bar, SD; t test, **p < 0.001). (C) Cul-
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body, and more cells in V1-transfected co-
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Table 2. Versican induces neurite outgrowth of differentiated PC12
cells

Vector Vi V2 G3
No coating - - - -
EGF - - - -
Coll - ++++ + +
Coll + EGF * +++++ ++ ++
LM - +++++ + +
LM + EGF * +++++ ++ ++
NGF - - - -
Coll + NGF ++++ ++++ ++++ ++++

Vector-, V1-, and V2-transfected PC12 cells were seeded on tissue
culture plates coated with or without type I collagen (Coll) or
laminin (LM) in serum-free RPMI 1640 medium in the presence or
absence of EGF or NGF and incubated for 7 d. Percentage of
differentiated cells bearing at least one neurite of length =2 times its
cell body diameter was calculated from counting 300 individual
cells from randomly selected fields. —, <10%; *, 11-15%; +, 16 -25%;
++, 25-45%; +++, 46-65%; ++++, 65-85%; and +++++, 86—
100%. The results were the means of six separate experiments by
using three different clones.

genomic DNA as the template. The PCR product was digested with restriction
endonucleases MIul and Xhol. The PCR product, combined with EcoRI-Mlul-
digested N-terminal domain (from the mini-versican), was inserted into
EcoRI-Xhol-digested G3 domain-containing vector (pcDNA3, obtained from
the mini-versican construct) to generate the V2 construct. Versican V1, V2,
and G3 constructs were stably expressed in PCI12 cells by using Lipo-
fectAMINE according to the manufacturer’s instructions. Cell lines were
selected and maintained in 10% fetal bovine serum (FBS)/DMEM containing
1 mg of G418 per milliliter. To analyze gene expression, cell lysate and culture
medium were prepared and subjected to Western blotting probed with anti-
bodies indicated in each experiment by using the method described previ-
ously (Wu et al., 2001; Chen et al., 2002; Lee et al., 2002).

Cell Differentiation

Confluent PC12 cells were starved in RPMI 1640 medium containing 1%
serum for 24 h. The cells were harvested, and 1 X 10° cells were seeded on
six-well plates in RPMI 1640 medium containing 1% serum and incubated at
37°C for 14 d. Neurite outgrowth was measured and photographed. As well,
1 X 105 cells were seeded on plastic (uncoated), or collagen type I- (10 ug/ml)
or laminin (20 ug/ml)-coated six-well plates in serum-free RPMI 1640 me-
dium in the presence or absence of EGF at 50 ng/ml and incubated at 37°C for
10 d. EGF (50 ng/ml) was added to the cultures every other day to determine
its effect on differentiation. Starved PC12 cells (1 X 10° cells) were also seeded
on collagen type I-coated six-well plates in RPMI 1640 medium containing 1%
serum in the presence or absence of 50 ng/ml NGF and incubated at 37°C for
7 d, to which 50 ng/ml NGF was added every other day. To quantify the
extent of neurite outgrowth, we randomly scored 500 cells for each plate and
calculated the percentage of cells with neurites longer than two cell bodies in
length as described previously (Dikic et al., 1994). All studies were conducted
in triplicate by using three different clones.

Immunofluorescence

PC12 cells were grown on type I collagen-coated glass coverslips in RPMI
1640 medium containing 1% serum for 16-48 h, fixed with 4% paraformal-
dehyde, and blocked with 1% bovine serum albumin. To detect extracellular
and cell surface binding protein, the cells were first stained with 4B6 over-
night at 4°C, washed with phosphate-buffered saline (PBS), and then perme-
abilized in PBS containing 0.2% Triton X-100. The cells were then incubated
with TRITC-labeled phalloidin for 1.5 h at room temperature, washed, and
incubated with FITC-conjugated anti-mouse Ig antibody. To examine intra-
cellular protein expression, the cultures were first permeabilized in PBS
containing 0.2% Triton X-100 and then stained with 4B6 overnight at 4°C.
After wash, the cells were incubated with TRITC-labeled phalloidin and
FITC-conjugated anti-mouse Ig antibody for 1.5 h at room temperature. After
the final wash and mounting, the cells were examined using a confocal
microscope with a 60X objective.

Hippocampal Neurite Outgrowth

Hippocampal neurons were isolated from rat brain hippocampi and adherent
glial cells were removed (Barres ef al., 1988). A monolayer of rat astroglial cells
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was prepared as described previously (Fidler et al., 1999). The glial cells were
cultured in 10% FBS/DMEM and treated with glutamate (5 mM) to eliminate
any contaminating neurons. Astroglial cells were also cultured in 10% FBS/
DMEM on poly-D-lysine-treated glass coverslips overnight and transiently
transfected with V1, V2, G3, and a control vector in serum-free DMEM for 6 h.
The medium was removed and maintained in neurobasal medium plus B27
supplement and 0.5% FBS for 2 d to obtain monolayer cultures. Primary
hippocampal neurons (1000 cells/cm?) were seeded on the top of the astro-
glial monolayer cultures and incubated in the same medium for 5 d. The
cultures were fixed, permeabilized, and stained with neuron-specific MAP-
2ab mAb and subsequently goat anti-mouse-FITC for neuron detection. Neu-
ronal neurites were visualized under confocal microscopy. Neurite measure-
ment was adapted from previous studies (Fidler et al., 1999). Briefly, 20
individual neurons from each culture were assessed: in a random sampling of
20 microscopic fields, the cell with the longest processes in each field was
used for analysis. The length of a process was measured from the edge of the
cell body to the growth tip. Three different experiments were carried out. The
average length was derived from the measurements of 60 neurons and was
analyzed by t test.

Blocking Assays

Starved PC12 cells (1 X 10*) were seeded on 48-well dishes coated with type
I collagen in serum-free RPMI 1640 medium in the presence or absence of
purified anti-B1-integrin (CD29) mAb at concentrations of 0, 5, 10, 20, and 30
pg/ml and incubated at 4°C for 20 min and maintained at 37°C. Neurite
outgrowth was examined under light microscopy and photographed.

Starved PC12 cells (2 X 10%) were also seeded on 24-well dishes coated with
type I collagen in serum-free RPMI 1640 medium in the presence or absence
of Src-selective tyrosine kinase inhibitor herbimycin A at concentrations of 0,
0.2, 0.4, and 0.6 ug/ml, or EGFR-specific inhibitor AG1478 at concentrations
0f0,0.2,0.4, and 0.6 uM, or NGF inhibitor K252a at concentrations of 0, 10, 20,
and 40 nM. The cultures were incubated at 4°C for 20 min and then trans-
ferred to an incubator and maintained at 37°C. Neurite outgrowth was
examined as above.

Isolation and Culture of Neural Stem Cells

Isolation and culture of neural stem cells were performed as described pre-
viously (Kukekov et al., 1999). The cells were seeded onto an ultralow attach-
ment flat bottom of six-well plates at a cell density of 3000 cells/cm? in
DMEM/F12 (3 ml/well) containing 2 mM glutamine, 6% glucose, B27 sup-
plement, 20 ng/ml EGF, and 10 ng/ml basic fibroblast growth factor. The
medium was changed every other day. Three days after inoculation, cells
formed small neurospheres and 7-10 d later, the neurospheres were collected
for immunocytochemistry.

Coculture of Neural Stem Cells and Glial Cells

Neuroglial cells were seeded on poly-D-lysine—coated two-chamber slides at
70% density in DMEM containing 10% FBS and incubated overnight. The cells
were transiently transfected with V1 and vector and incubated in DMEM
containing 10% FBS for 2 d. The culture medium was replaced with serum-
free coculture medium MEM (0.6 ml/chamber) containing N2 supplement,
sodium pyruvate (1 mM), glucose (0.2 M), L-glutamine (2 mM), and ovalbu-
min and incubated overnight. Neurospheres suspended in serum-free cocul-
ture medium (0.6 ml) were seeded on top of the monolayer glial cultures
(1.2-ml total medium) and incubated for 48 h. The culture medium was
changed every 48 h with fresh coculture medium. Neurite outgrowth was
monitored and photographed. At day 6, the cultures were fixed and stained
with MAP-2ab after permeabilization.

RESULTS

Versican V1 Promotes Neuronal Differentiation and
Neurite Outgrowth

To study the effect of versican on neuronal differentiation, three
versican constructs were cloned from chicken, V1, V2, and G3.
Versican V1 and V2 constructs contain the full-length coding
sequences of versican V1 and V2 isoforms, whereas the G3
construct has been described by us previously (Yang et al.,
2000; Chen et al., 2003; Kiani et al., 2003). More than four PC12
clones stably transfected with versican V1, V2, G3, or a control
vector (Figure 1A) were selected by Western blot. Typical re-
sults are shown (Figure 1B). Four clones were examined for cell
differentiation. Cultured in medium containing 1% serum, ver-
sican V1-, V2-, and G3-transfected PC12 cells started to differ-
entiate and grew neurites (Figure 1C). V1-transfected cells con-
tinued to grow and developed into fully differentiated
neuronal morphology with long processes; the cells were via-
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Figure 3. Effects of matrix molecules on V1-induced neuronal differentiation. (A) In collagen-coated serum-free culture, the effects of V1 and
V2 on neuronal differentiation differed significantly in terms of the percentage of cells bearing neurites. (B) PC12 cell cultures were incubated
in the presence or absence of EGF. After differentiation, the length of neurite was assessed. One hundred individual cells bearing the longest
neurites from 10 light microscopic fields (10 cells from each field) were counted. The addition of EGF to serum-free cultures had little effect
on neurite outgrowth in both V1- and V2-transfeced cells. The results were the means of three separate experiments. (C and D) Culture
medium from V1-transfected PC12 cells (V1-M) or vector-transfected cells (vec-M) was added to parental PC12 cell cultures. V1-transfected
cells alone (V1) or vector-transfected cells containing NGF (50 ng/ml) were used as controls. After 4 d of treatment, photographs of
differentiation (C) and the percentage of cells bearing neurites (D) were acquired. The percentage of cells bearing neurites was counted using
the same method as described in Table 2 (n = 3; for V1-M vs. vec-M, p < 0.001; V1 vs. NGF, p > 0.05). Each data point represented the mean = SEM.

ble for 2 wk. The outgrown neurites in V2- and G3-transfected =~ that V2-transfected PC12 cells had a higher proportion of

cells were not sustained and gradually disappeared. When the
cells were maintained in medium containing 15% serum, V1-,
V2-, and G3-transfected cells exhibited slower growth rates and
had a high proportion of cells undergoing modest autonomous
differentiation with some neurite outgrowth compared with
vector controls (our unpublished data).

To examine whether these cells were undergoing apopto-
sis, we conducted Annexin V apoptosis assay by using
method described previously (Wu et al., 2002) and found

Vol. 15, May 2004

cells in apoptosis (61.8 * 4.9) compared with the vector-
(43.2 = 3.7) and V1 (40.7 + 3.9)-transfected cells (n = 3, p <
0.01) when cultured in a medium containing 1% FBS for
10 d. In this culture condition, the numbers of versican V1-,
V2-, and G3-expressing cells declined gradually due to dif-
ferentiation and apoptosis, whereas the vector-transfected
cells did not differentiate and continued to proliferate (Fig-
ure 1D). We did not detect obvious deviation among differ-
ent clones. Consistent with cell differentiation and prolifer-
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ation, cell cycle analysis indicated that V1- and V2-
transfected PC12 cells had a higher proportion of cells
detected in the GO/G1 phase (Table 1). Cell cycle-regulating
protein cyclin A was down-regulated, whereas cyclin kinase
inhibitor p27 was up-regulated in V1- and V2-transfected
cells (Figure 1E). The differentiated cells were immuno-
stained with a mAb 4B6 (which recognizes an epitope engi-
neered in all constructs). We found that all expressed prod-
ucts tended to be localized around the neurites. Although
versican is known to bind to the cell surface through inter-
action with hyaluronan by its N-terminal domain, we found
large amounts of G3 product interacting with the neurites
(Figure 1F).

To corroborate the role of versican V1 in neuronal dif-
ferentiation, rat neural stem cells were isolated and cocul-
tured with rat astroglial cells that had been transiently
transfected with versican V1 construct or a control vector.
V1 expression was confirmed by Western blot (our un-
published data). The neural stem cells in both neuro-
spheres and individual cells were seeded on the top of the
astroglial cells and incubated for 6 d. The neurospheres
cocultured with V1-transfected astroglial cells exhibited
increased numbers of processes compared with these
cocultured with vector-transfected cells (Figure 2, A and
B). Stained with anti-MAP-2ab antibody for neuronal dif-
ferentiation (Song et al., 2002), the neurospheres cocul-
tured with V1-transfected astroglial cells exhibited signif-
icantly increased positively stained cells than those
cocultured with vector-transfected cells (Figure 2C).
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Figure 4. Versican V1 promotes hip-
pocampal neurite outgrowth. (A) Rat hip-
pocampal neurons were seeded on astro-
glial monolayer cultures transfected with
versican V1, V2, or a control vector. Five
days later, the neurons were stained with
MAP-2ab and anti-mouse IgG-FITC and ex-
amined under a fluorescence microscope.
Representative images of the neuron(s) in
the cultures were shown. Scale bar, 10 um.
(B) Mean of the longest neurites in each
culture was derived from measurements of
60 neurons of three different experiments.
Each data point represented the mean =
SEM (*p < 0.001).

Versican V1-induced PC12 Differentiation Is EGF and
NGF Independent

To identify the factors that contributed to V1-induced PC12
cell differentiation, PC12 cells stably expressing V1 were
cultured in different conditions (Table 2). The cells did not
develop neurites in serum-free medium on tissue culture
plates. However, when the cells were seeded on collagen
type I- or laminin-coated plates in serum-free medium, the
cells differentiated (Figure 3A) and produced extensive neu-
rites (Figure 3B). Although both V1 and V2 expression ini-
tiated cell differentiation, V1-transfected cells showed sus-
tained and enhanced neurite growth, whereas V2-
transfected cells ceased neurite expression and the cells
gradually died. The addition of EGF to the culture only
slightly increased neurite outgrowth in both V1- and V2-
transfected cells (Table 2 and Figure 3B). When culture me-
dium collected from vector-transfected (vec-M) or V1-trans-
fected (V1-M) PC12 cells was introduced into parental PC12
cell cultures, the V1-conditioned medium induced PC12 cell
differentiation (Figure 3, C and D). However, the differenti-
ation was not as strong as that in cells stably expressing V1,
which had equal activity as NGF in the induction of differ-
entiation (Figure 3, C and D).

Versican V1 Promotes Hippocampal Neurite Outgrowth

We then examined whether versican V1 enhanced neurite growth
in primary neurons cocultured with astroglial cells. Rat hip-
pocampal neurons were seeded on top of monolayer astroglial

Molecular Biology of the Cell
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Figure 5. Versican expression stimulates
EGFR and Erk phosphorylation. (A) Phos-
phorylation of EGFR was analyzed in PC12
cells stably transfected with V1, V2, or a
control vector. V1 and V2, particularly V1,
up-regulated EGFR expression. On EGF
stimulation, V1- and V2-transfected cells ex-
hibited higher levels of EGFR phosphoryla-
tion. The phosphorylation was more sus-
tained in Vl-transfected cells than in V2-
transfected cell. (B) Phosphorylation of Erk
was enhanced and sustained in V1-trans-
fected cells. In the serum deprivation-
starved PC12 cells, V1 and V2 expression
stimulated relatively elevated levels of Erk 2h
phosphorylation. Addition of EGF en-

hanced Erk phosphorylation in both V1-

and V2-transfected cells. However, phos-
phorylation was sustained longer in V1-

transfected cells compared with V2-trans- 3 h
fected cells. The levels of Erk protein were

similar in all cells transfected with V1, V2,

or a control vector.

5 min

60 min

cultures transfected with versican V1, V2, or a control vector. After
5 d of coculture, the neurons were stained with anti-MAP-2ab
antibody. V1-expressing astroglial cells promoted hippocampal
neurite outgrowth, whereas V2 expression failed to support neu-
rite outgrowth (Figure 4A). Measurement of neurite length indi-
cated that these effects were statistically significant (Figure 4B).
These results further dissected different effects of versican V1 and
V2 isoforms on neurite outgrowth.

Versican V1 Enhances and Sustains EGFR and Erk
Phosphorylation

To investigate how versican induced PC12 cell differentiation,
we analyzed expression of EGFR. EGFR expression was greatly
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up-regulated in versican V1- and V2-transfected cells; up-reg-
ulation was most evident in V1-transfected cells (Figure 5A).
Versican V1 also induced EGFR phosphorylation. Further-
more, a sustained Erk phosphorylation (for up to 3 h), which is
the downstream signal of EGFR, was observed in V1-trans-
fected cells upon EGF stimulation, whereas the phosphoryla-
tion in the vector-transfected cells only lasted for 60 min (Fig-
ure 5B). This is in agreement with previous reports that a
sustained Erk phosphorylation is required for PC12 cell differ-
entiation (Vaudry et al., 2002). Although V2-transfected cells
had enhanced Erk phosphorylation, it was not sustained. This
might explain, at least in part, why V2-transfected PC12 cells
did not undergo complete differentiation.

2099



Y. Wu et al.

p-EGFR

vector

V1

V2

Figure 6. Distribution of EGFR and Erk in versican-transfected cells. V1-, V2-, or vector-transfected PC12 cells were cultured in 1%
serum/RPMI 1640 medium for 72 h, followed by stimulation with EGF for 1 h and doubly stained with anti-pEGFR (TRITC) and pErk (FITC)
antibodies after permeabilization. V1-transfected cells exhibited increased EGFR phosphorylation on the cell surface, particularly on the ends
of neurites, and more intensive pErk staining in the cytoplasm. Scale bar, 10 um.

The effect of versican on EGFR expression and distribution on
the cell surface was examined. PC12 cells transfected with V1 and
vector were treated with or without EGF. After EGF treatment,
cells were stained with antiphosphorylated EGFR (pEGFR) and
antiphosphorylated Erk (pErk) antibodies (Figure 6). V1-trans-
fected cells exhibited increased levels of EGFR clusters on the cell
surface compared with the vector-transfected cells. The receptors
were densely distributed on the neurites, particularly on the ends
of the neurites and axons. Normally, upon EGFR tyrosine phos-
phorylation, EGFR undergoes rapid degradation. One hour after
EGF stimulation, EGFR phosphorylation was still evident in V1-
transfected cells, whereas the phosphorylation was barely de-
tected in the vector-transfected cells.

To confirm the role of the EGFR signal in V1-induced
PC12 cell differentiation, a specific EGFR tyrosine phosphor-
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ylation inhibitor AG1478 was added to the cultures. This
inhibitor significantly blocked V1-transfected PC12 cell dif-
ferentiation (Figure 7, A and B). In contrast, addition of the
NGEFR inhibitor K252a had little effect on V1-induced differ-
entiation (Figure 7B).

Versican V1-induced PC12 Differentiation Is Integrin
Dependent

In serum-free medium, vector-transfected PC12 cells seeded
on collagen-coated plates did not differentiate, whereas the
V1-transfected cells did. This suggested that other factors
such as integrins might be involved in V1-induced differen-
tiation. We hypothesized that the cells might require anchor-
age to a matrix molecule through integrins before the initi-
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Figure 7. Involvement of EGFR and NGEFR in neurite outgrowth.
(A) Cells were cultured in the presence or absence of EGFR inhibitor
AG1478 (0 and 0.4 uM) for 5 d. Differentiation of V1-transfected
PC12 cells was greatly inhibited. (B) Cells were also treated with
different concentrations of AG1478 or NGFR inhibitor K252a for 5 d.
Cell differentiation was indicated by the percentages of cells bearing
neurites. Differentiation of V1-transfected PC12 cells was signifi-
cantly inhibited by AG1478 (n = 3, **p < 0.001), but not by K252a
(n =3, p > 0.05).

ation of differentiation. Thus, integrin expression was
examined in PC12 cells stably transfected with V1, V2, or
vector, and it was observed that integrin 81, a3, and a5 were
up-regulated in V1-transfected cells (Figure 8A). To confirm
whether these up-regulated integrins were responsible for
V1-induced differentiation, we performed an integrin block-
ing assay by using the pl-integrin blocking mAb (CD29). At
a concentration as low as 5 ug/ml, CD29 antibody inhibited
>90% of neurite outgrowth (Figure 8B). At increased con-
centrations, CD29 antibody completely abolished V1’s effect
on neurite outgrowth (Figure 8D).

Src is downstream of integrin signal and is activated dur-
ing PC12 cell differentiation (Vaudry et al., 2002). To examine
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the effect of Src on V1-induced differentiation, the selective
Src kinase inhibitor herbimycin A was used to block the
signals. Because Src family kinases associate with both inte-
grin-based focal adhesion complexes and receptor tyrosine
kinases (Schlaepfer and Hunter, 1998), it is likely that signals
originating from either locus would be sensitive to the Src
inhibitor. V1-mediated differentiation was inhibited by low
concentrations of herbimycin (Figure 8C and D). However,
unlike Bl-integrin blocking antibody, high concentrations of
herbimycin caused cell death.

DISCUSSION

Versican V1 Induces Neuronal Differentiation

The PC12 cell line was derived from rat pheochromocytoma,
a tumor arising from chromaffin cells of the adrenal medulla.
The cells can proliferate for self-renewal, differentiate into
neuronal-like cells (Vaudry et al.,, 2002), and/or undergo
apoptosis (Foehr et al., 2000). Due to these special properties,
the cell line has been a useful model for studying neuronal
differentiation and signal transduction (Vaudry et al., 2002).
NGF was the first, and to date, the strongest, factor identi-
fied in the induction of PC12 cell differentiation. Our results for
the first time demonstrated that versican was able to initiate
neuronal differentiation in PC12 cells. However, only the V1
isoform could induce mature neuronal differentiation, includ-
ing fully developed neurites: V1-induced differentiation was as
extensive as NGF-induced differentiation in terms of neurite
length, number, and longevity. Previous studies have shown
that different isoforms of versican exhibit striking and distinct
features of expression (Bandtlow and Zimmermann, 2000).
Versican V2 is present at relatively low levels during the late
embryonic and early postnatal period, but increases dramati-
cally during maturation. In contrast, the versican V1 levels
double between E14 and birth, after which they decrease by
>90% to reach a low “mature” level that remains stable
throughout adulthood (Milev et al., 1998). Thus, versican V2,
along with brevican, becomes a major chondroitin sulfate pro-
teoglycan in the mature brain (Schmalfeldt et al., 1998). These
evident and clear-cut changes suggest that versican V1 and V2
isoforms play important roles during neurogenesis and mature
brain homeostasis.

The role of versican V1 in neuronal differentiation was
further confirmed in neural stem cells. Previous work has
shown that, under certain circumstances, neural stem cells
can differentiate into neurons. When cocultured with versi-
can Vl-transfected astroglial cells, significantly increased
number of neural stem cells differentiated into neurons. This
indicated that versican V1 served as an inducing agent for
neuronal differentiation or promoted the survival of differ-
entiated neurons, further confirming the role of versican in
neuronal development.

V1 Induces Differentiation through an EGFR- and
Integrin-mediated Erk Pathway

PC12 cell differentiation is known to require the activation of
growth factor receptors, such as NGF-induced TrkA activation
(Vaudry et al., 2002) and FGF-induced FGF receptor phosphory-
lation (Hadari et al., 1998). Overexpression of EGFR or insulin
receptor can also mediate PC12 cell differentiation (Traverse et al.,
1994). However, activation of endogenous EGFR by EGF stimu-
lates proliferation, rather than differentiation, of PCI2 cells. The
responses to NGF and EGF both require Erk, an MAPK. A strong
mitogen-like signal is required for PC12 differentiation, and sus-
tained mitogen signaling is required to maintain a continuous
neurite outgrowth. In this sense, it is no surprise that V1 can
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Figure 8. Involvement of integrins in V1-induced neuronal differentiation. (A) An equal number of transfected PC12 cells were grown in
1% serum/RPMI 1640 medium for 24 h and lysed. Equal amounts of proteins were analyzed on Western blot probed with anti-integrin (81,
a3, and ab) antibodies, or anti-Trk and FGFR antibodies. V1 transfection enhanced integrin expression. (B and C) PC12 cells were cultured
in the presence or absence of anti-CD29 antibody at concentrations of 0, 5, 10, and 30 ug/ml (B) or herbimycin A at concentrations of 0 and
0.2 wg/ml (C) for 7 d. Photographs of representative fields of the cultures are shown. (D) Percentage of cells bearing neurites treated with
different concentrations of herbimycin or anti-CD29 antibody was counted using the same method as described in Table 2. Each data point
represented the mean = SEM (n = 3). Treatment with anti-CD29 antibody or herbimycin inhibited V1-induced differentiation.

induce a full cell differentiation and neurite outgrowth in PC12 formed, and we verified that signals upstream from inte-
cells, because V1 expression produced a strong and sustained grins and EGFR were responsible for the V1-induced cell
mitogen-like signal activating EGFR and Erk. differentiation. This is consistent with our findings that in

To verify that sustained Erk phosphorylation is induced = V1-expressing cells, integrin 81, a3, and o5, and EGFR were
by V1 transfection in PC12 cells, blocking assays were per-  up-regulated at both protein levels and phosphorylation

2102 Molecular Biology of the Cell



levels. The specific blockade of Src activity, which is associ-
ated with both integrin-based focal adhesion complexes
(Schlaepfer and Hunter, 1998) and receptor tyrosine kinases
(Medema and Bos, 1993), abolished V1-induced PC12 cell
differentiation. Signals from integrins can mediate the inte-
grin-EGFR physical interaction and enhanced ligand-in-
duced EGFR activation (Yamada and Even-Ram, 2002). In
the presence of EGF, overexpression of EGFR leads to partial
differentiation of PC12 cells compared with the NGF-in-
duced signal (Traverse et al., 1994). In our study, we found
that V1 was as strong as NGF in inducing PC12 differenti-
ation, and the integrin signals alone could not mediate PC12
differentiation. These results suggest that versican V1-medi-
ated differentiation might be through an enhanced collabora-
tive signal from both integrins and EGFR, because the versican
G3 domain interacts with Bl-integrin and is involved in EGFR
functioning (Zhang et al., 1998b; Wu et al., 2002). However, the
G3 domain alone was insufficient for a complete neuronal
differentiation, and the CSB domain seemed to be important in
this action. The mechanism underlying this action awaits fur-
ther investigation.

V1 Promotes Neurite Outgrowth

Previous studies have demonstrated that versican is distrib-
uted perineuronally in the brain (Oohira et al., 2000). In our
study, we found that versican bound on the cell surface and
surrounded the neurites. This distribution suggests that ver-
sican may play a role in promoting and supporting neurite
outgrowth, and we confirmed that versican V1 promoted
neurite outgrowth in both PC12 cells and primary hip-
pocampal neurons, although the effects of V1 and V2 on
hippocampal neurons was weaker. Enhanced EGFR staining
was found on the neurites in V1-transfected PC12 cells. This
is consistent with the findings that up-regulated EGFR levels
and enhanced Erk phosphorylation were found in V1-trans-
fected cells. Blockade of EGFR greatly inhibited neurite de-
velopment. The results suggest that an EGFR-mediated sig-
nal is important for neurite outgrowth.

Our finding that V1 and V2 exhibited complementary
effects on neurite outgrowth of primary hippocampal neu-
rons may be important in understanding the roles of versi-
can in neurite development and axonal regeneration after
injuries. A previous study has shown that versican V2 is
up-regulated after brain injury (Asher et al., 2002), and this
isoform exerts an inhibitory effect on axon growth (Schmal-
feldt et al., 2000). Versican V1 and V0 were not detected in
the damaged tissue nor in the surrounding region after CNS
injury (Fidler et al., 1999). In addition, coculture experiments
show that versican isoforms VO and V1 have no inhibitory
effect on axon extension (Fidler et al., 1999). Our result sug-
gests that the CSa domain of V2 is responsible for the
inhibitory effect, whereas the CSB domain of V1 is associated
with the enhancement of neurite outgrowth.

Recent studies of spinal cord injury have demonstrated
that delivery of chondroitinase to the lesioned dorsal col-
umns promotes axonal regeneration (Bradbury et al., 2002).
Chondroitinase can alter the biochemical composition of the
perineuronal net (that surrounds neurons) by degrading its
glycosaminoglycan components (Pizzorusso et al., 2002).
These studies are consistent with our finding that versican
V2, which is the predominant form of versican in the mature
brain and is up-regulated after brain injury, plays an inhib-
itory role in neurite outgrowth. Treatment with chondroiti-
nase might abolish the inhibitory effect of the CSa domain.
Whereas versican V1 functions in regulating brain develop-
ment, V2 may play a part in maintaining brain homeostasis.
After CNS injury, genes favoring neuronal regeneration
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(e.g., V1) seem to not be expressed; instead, proteoglycans
(e.g., V2) that normally expressed in the mature brain, and
collagens, which have been believed to be important in
blocking axon extension and path finding, are overex-
pressed. Treatment with chondroitinase may thus abolish
V2 and other inhibitory proteoglycans’ inhibitory effect on
neurite outgrowth, and promote axonal regeneration.

Together, the successful cloning and expression of full-
length versican V1 and V2 isoforms have allowed us, for the
first time, to study their functions in defined conditions. Our
results provided strong evidence that versican actively reg-
ulates neuronal differentiation, maturation, neurite out-
growth, and synaptic transmission. Further studies will shed
light on the role of versican in CNS injury repair and the
development of neuron-related diseases.
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