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Versican/PG-M is a large chondroitin sulfate proteoglycan of
the extracellular matrix which interacts with hyaluronan at the
N-terminal G1 domain, composed of A, B, and B� subdomains.
Recently, we generated knock-in mice Cspg2�3/�3, whose ver-
sican, without the A subdomain, has decreased hyaluronan
(HA) binding affinity, thereby exhibiting reduced deposition
of versican in the extracellular matrix. Here, we show that the
Cspg2�3/�3 fibroblasts within 20 passages proliferate more
slowly and acquire senescence. Whereas the extracellular
matrix of the wild type fibroblasts exhibited a network struc-
ture of hyaluronan and versican, that of the Cspg2�3/�3 fibro-
blasts exhibited �35 and �85% deposition of versican and HA,
without such a structure. The Cspg2�3/�3 fibroblasts showed a
substantial increase of ERK1/2 phosphorylation and expression
of senescencemarkers p53, p21, andp16.Treatment ofwild type
fibroblasts with hyaluronidase and exogenous hyaluronan
enhanced ERK1/2 phosphorylation, and treatmentwith an anti-
CD44 antibody that blocks HA-CD44 interaction inhibited the
phosphorylation. These results demonstrate that versican is
essential for matrix assembly involving hyaluronan and that
diminished versican deposition increases free hyaluronan frag-
ments that interact with CD44 and increase phosphorylation of
ERK1/2, leading to cellular senescence.

The extracellular matrix (ECM)3 not only supports cells and
imparts architecture characteristic of individual tissues but also
regulates cell behavior by storing and distributing cytokines

and growth factors to target cells. Proper functioning of the
ECM requires an elaborate matrix assembly that involves vari-
ous ECMmolecules, including collagens, proteoglycans, hyalu-
ronan (HA), and glycoproteins. An alteration of the ECMstruc-
ture may transmit a signal to cells and change their behavior.
Versican/PG-M (1, 2) is a large chondroitin sulfate (CS) pro-

teoglycan of the ECM, synthesized mainly by fibroblasts and
vascular smooth muscle cells. Its core protein consists of two
globular domains G1 and G3 at the N and C termini, respec-
tively, and two CS attachment domains CS� and CS� between
the two globular domains. Up to 23 CS chains are attached to
these domains, and the molecular mass of versican reaches
1,000 kDa. The N-terminal G1 domain consists of A, B, and B�
looped subdomains. The B-B� stretch binds HA, and the A sub-
domain enhances the binding (3). The C-terminal G3 domain
binds other ECM molecules (4), including fibrillins (5), fibu-
lin-1 (6), fibulin-2 (7), tenascins (8–10), type I collagen (11), and
fibronectin (11). By interacting with these molecules, versican
is incorporated into the ECM and serves as a structural
macromolecule.
Versican exhibits two distinct expression patterns. Whereas

it is constitutively expressed in adult tissues such as dermis and
blood vessels and serves as a structural macromolecule of the
ECM, versican is transiently expressed at high levels in various
embryonic tissues and regulates cell behavior such as adhesion
(12–14), migration (15–17), proliferation (18–20), and differ-
entiation (21, 22). The G3 domain of versican has been shown
to enhance proliferation of NIH3T3 fibroblasts via epidermal
growth factor (EGF)-like motifs (23). The G3 domain without
the EGF-like motifs enhances interaction of EGF receptor
(EGFR) and �1-integrin, impairing growth of U87 astrocytoma
cells (22). The V1 variant enhances proliferation and inhibits
apoptosis of NIH3T3 fibroblasts, whereas the V2 variant exhib-
its an opposite activity (20). Although several lines of evidence
showing the direct effects of versican domains have been pro-
vided, the precise mechanisms by which versican regulates cell
behavior have not been fully understood.
Recently, we generated knock-in mice (Cspg2�3/�3) whose

versican lacks the A subdomain of the G1 domain.4 These mice
express the mutant versican at certain levels dependent on tis-
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sue types as compared with the level of normal versican inWT
mice. The knock-in mice exhibit abnormalities in cardiovascu-
lar systems and skin, contrasting to versican-null hdf mice,
which die at embryonic day 9.5 from severe cardiac defects (24).
Because hdf heterozygotes expressing �50% normal versican
are viable, the abnormalities of Cspg2�3/�3embryos are likely
due to decreased deposition of themutant versican without the
A subdomain in the ECM. Thus, analysis of Cspg2�3/�3 mice
leads to elucidation of the functions of versican in the ECM,
distinct from those of transiently expressed versican.
To further investigate the role of versican in the ECM, we

characterized embryonic fibroblasts obtained from Cspg2�3/�3

mice. These cells exhibited characteristics of senescence within
20 passages. Analysis of matrix assembly, phosphorylation of
MAPKs, and expression of senescence markers suggested that
disruption of the HA network structure by decreased versican
deposition caused constitutive ERK1/2 phosphorylation via
CD44 and led to premature senescence. These results demon-
strate that versican regulates HA- and CD44-mediated signal
transduction in the extracellular matrix.

EXPERIMENTAL PROCEDURES

Cell Culture—Fibroblasts were prepared three times from
embryos at embryonic day 12.5 obtained by mating heterozy-
gote mice as described previously (25). Three batches, M1, M2,
andM3, of Cspg2�3/�3 and wild type (WT) fibroblasts from the
same littermates were used. The cells were grown in DMEM
supplemented with 10% FBS, penicillin (100 �g/ml), and strep-
tomycin (100 �g/ml), at 37 °C, 5% CO2, 95% air. The cells were
genotyped by PCR. NIH3T3 cells were maintained in DMEM
containing 10% FBS, penicillin, and streptomycin.
Cell Proliferation Assay—The cell proliferation rate was

measured using a BrdUrd enzyme-linked immunosorbent
assay cell proliferation assay (Roche Applied Science). Two
thousand cells were plated in 96-well plates, cultured overnight,
and then incubated with 10 �M BrdUrd labeling solution (100
�l) for 2 h at 37 °C. DMEM containing 10% FBS was used as a
negative control. The solution was removed, and then the cells
were fixed with 200 �l of cell-fixing solution for 30min at 25 °C
and incubated with 100 �l of a peroxidase-conjugated anti-
BrdUrd monoclonal antibody for 90 min at 25 °C. The solution
was removed and washed three times using 300 �l of washing
solution. TMB substrate solution (100 �l/well, KPL) was added
and incubated at 25 °C, and then the reaction was terminated
with 25 �l of 1 M HCl. The absorbance in each well was meas-
ured directly using a spectrophotometricmicroplate reader at a
test wavelength of 450 nm and a reference wavelength of 690
nm. This measures the degree of cell proliferation.
For the cell count assay, fibroblasts (1� 105 cells) were plated

onto 6-well plates and cultured in DMEM containing 10% FBS.
The cell number was counted at days 1–6, using a hemocytom-
eter. Statistical analysis was performed using Student’s t test.
The apoptotic levels of cells weremeasured using theApodirect
in situ DNA fragmentation kit (Biovision) according to the
manufacturer’s instructions.

�-Galactosidase Staining—Staining of cells for �-galactosid-
ase was performed as previously described (26). Briefly, cells
were washed in PBS and fixed in 2% formaldehyde for 3 min at

room temperature. After washing, the cells were incubated for
12 h at 37 °C without CO2 in freshly prepared staining buffer
containing 1 mg/ml 5-bromo-4-chloro-3-indoyl �-D-galacto-
side in 0.1 M citric acid and 0.2 M sodium phosphate solution,
pH 6.0, 5 mM potassium ferricyanide, 5 mM potassium ferrocy-
anide, 150 mM NaCl, and 2 mM MgCl2. The cells were then
observed and photographed under a light microscope.
Immunocytochemistry—The cells were cultured in DMEM

containing 10%FBS in Lab-Tek II chamber slides (NalgenNunc
International) and fixed in 10%buffered formalin. The chamber
slides were immunostainedwith the following specific antibod-
ies: rabbit polyclonal anti-versicanCS-� andCS-� (amixture of
�1000 dilutions) (27), rabbit polyclonal anti-laminin (�1000)
(28), rabbit polyclonal anti-fibronectin (�1000) (29), and rat
monoclonal anti-CD44 (clone IM7.8.1, Acris, 5 �g/ml). An
anti-rabbit IgG conjugated with horseradish peroxidase
(�1000; Dako) was used as the secondary antibody. For detec-
tion of HA, cultured slides were fixed with 10% buffered forma-
lin for 30 min, blocked in 1% bovine serum albumin for 1 h at
room temperature, and then treated with 2 �g/ml biotinylated
HA-binding protein (Seikagaku Corp.) for 2 h at room temper-
ature. After washing three times with PBS, streptavidin-horse-
radish peroxidase was added, and the slide was incubated at
room temperature for 15 min. After washing three times with
PBS, the slide was treated with DAB solution (DAKO) to
develop color. In some experiments, anti-rat IgG-488 and
streptavidin 594 (Alexa) were used in place of horseradish per-
oxidase-conjugated anti-rat antibody and streptavidin, for
immunofluorescent staining.
Immunoblot Analysis—The cells were lysed in 50 mM Tris-

HCl, 2mMEDTA, 2mMEGTA, 150mMNaCl, 2%TritonX-100,
and protease inhibitors (Protease inhibitor mixture tablets;
Roche Applied Science). The cell lysate was centrifuged at
13,000 � g for 10 min at 4 °C. Protein concentration was deter-
mined using the BCA assay (Pierce), and the sample at an equal
protein amount was subjected to SDS-PAGE under a reducing
condition. The proteins were electrotransferred to a polyvinyli-
dene difluoride membrane, and the membrane was soaked in
5% skim milk in PBS containing 0.1% Tween 20 for blocking.
The membrane was treated with antibodies at 4 °C overnight.
The primary antibodies against MAPKs and their phosphoryl-
ation forms and p53 were fromCell Signaling, and the antibody
against actin was from Sigma. After washing three times with
PBS containing 0.1%Tween 20, themembranewas treatedwith
corresponding secondary antibodies at room temperature for
1 h. After washing three times as above, the signal was detected
with ECL reagents (Amersham Biosciences). When necessary,
the blots were stripped in stripping buffer (RestoreTMWestern
blot stripping buffer; Pierce), and the membrane was used for
immunoblot analysis using another antibody.
CS Chain Analysis—The cells were cultured in 60-mm cul-

ture dishes up to confluence, and the cell lysate prepared by a
Cytobuster reagent (Novagens) was subjected to centrifugation
at 13,000 � g 4 °C for 10 min. The supernatant was applied to a
0.3 ml of DEAE-Sephacel column equilibrated with the equili-
bration buffer (50 mM Tris-HCl, pH 7.2, 0.1 M NaCl). After
washingwith 3ml of equilibration buffer, proteoglycan fraction
was eluted with elution buffer (50 mM Tris-HCl, pH 7.2, 2 M
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NaCl). Three volumes of 95% ethanol containing 1.3% potas-
sium acetate were added to the eluate, and the solution was
chilled at�20 °C overnight and centrifuged at 13,000� g for 30
min at 4 °C. Protein concentration in the proteoglycan precip-
itate was determined by BCA assay. An equal amount of pro-
teoglycan was dissolved in chondroitinase ABC buffer (20 mM
Tris-HCl, pH 8.0, 20 mM sodium acetate, 0.02% bovine serum
albumin), digested with chondroitinase ABC (5 milliunits/ml)
at 37 °C for 3 h, and then the reaction was stopped by boiling at
100 °C for 5min. The unsaturated CS disaccharide product was
analyzed by fluorometric postcolumn high performance liquid
chromatography as described previously (27).
Real Time Reverse Transcription-PCR—Poly(A) RNA was

prepared from cultured fibroblasts using a MicroFast TrackTM
kit (Invitrogen), and cDNA was reverse-transcribed using a
SuperScript III first strand synthesis system (Invitrogen). PCR
was performed using the TaqMan Prism 7700 (Applied Biosys-
tems). The sequences of the probe and a set of primers formouse
versican were the following: forward primer, 5�-CCAGTGT-
GAACTTGATTTTGATGAA-3�; reverse primer, 5�-AACATA-
ACTTGGGAGACAGAGACATCT-3�; TaqMan probe, 5�-
CACTCTAACCCTTGTCGGAATGGT-3�. PCR was similarly
performed using a set of the probe and primers for rodent glyc-
eraldehyde-3-phosphate dehydrogenase (Applied Biosystems).
Quantification of Hyaluronan—For the HA assay, at conflu-

ence, the conditioned medium was collected, and cells were
placed in 0.5ml of 0.15 M Tris-HCl, pH 7.3, 0.15 MNaCl, 10mM
CaCl2, and 5 mM deferoxamine mesylate containing 10 units of
protease K and incubated for 2 h at 55 °C. The sample was
centrifuged at 14,000 � g for 25 min at 4 °C, and the superna-
tant was analyzed. HA concentrations were measured using
sandwich enzyme-linked immunosorbent assay. Microtiter
plateswere coatedwith 50�l of 0.25�g/mlHA-binding protein
at 4 °C overnight and then blocked with 2% bovine serum albu-
min in PBS-Tween for 1 h at 37 °C. To each well, the samples or
various concentrations of HA (HA standards) were added and
incubated for 1 h at 37 °C, and then a biotinylated HA-binding
protein solution was added. After incubation, the plate was
washed and further incubated with peroxidase-conjugated
streptavidin. Finally, a color was developed, the reaction was
stoppedwith 1MHCl, and absorbancewasmeasured at 450 nm.
Treatment with EGF and PD98059—Fibroblasts (2 � 105)

were grown up to confluence, and then the culturemediumwas
replaced with DMEM containing 1% FBS and further cultured.
The cells were treated with EGF (20 mg/ml) for 2 h or with
PD98059 (30 mM) for 1 h, and at 18 h, the cells were collected
and used for immunoblot analysis.
Treatment with anAnti-CD44Antibody, Hyaluronidase, and

Hyaluronan—Fibroblasts (2 � 105) were grown in chamber
slides for 24 h, and then the culturemediumwas changed to 1%
FBS and further grown for 18 h. An anti-CD44 monoclonal
antibody KM81 that blocks HA-CD44 interaction (Cedar Lane
Laboratories) or IM7 (Acris) that does not was added to cul-
tured fibroblasts at final concentrations of 1 and 5 �g/ml. The
cells were cultured for 1 h and fixed with 4% paraformaldehyde
for 10 min at room temperature. After washing with PBS, the
cells were permeabilized with 0.2% Triton X-100 in PBS for 2
min at room temperature, blocked with 0.2% gelatin in PBS for

1 h, and then incubated with an anti-phospho-ERK1/2 (�300,
Cell signaling) at 4 °C overnight. After washing in PBS, the cells
were stained with Alexafluoro594-conjugated secondary anti-
body (�1000; Molecular Probes) for 1 h at room temperature,
washedwith PBS,mounted on slides, and observed using a con-
focal microscope (Zeiss).
For hyaluronidase treatment, the WT fibroblasts at conflu-

ence in 6-well plates were used. Themediumwas replaced with
fresh medium containing 1% FBS, and the cells were cultured
for 18 h. Then bovine testicular hyaluronidase (Sigma) at final
concentrations of 0.2 and 2mg/mlwas added, and the cellswere
cultured for 30 min and 2 h. Cell lysates were collected and
applied to immunoblot analysis for phospho-ERK1/2, ERK1/2,
and actin, as described above. In other experiments, the cul-
tures were treated with 0.2 or 2 mg/ml hyaluronidase alone or
together with 5 �g/ml anti-CD44 antibody for 2 h, followed by
immunoblot analysis as described above. ForHA treatment, the
medium was replaced with a fresh medium without serum and
cultured for 2 h. Then HA with molecular sizes of 1,000, 104,
and 8.2 kDa, at final concentrations of 5, 50, and 150 �g/ml
were added, the cells were cultured for 16 h, and the cell lysates
were applied to immunoblot analysis.

RESULTS

Cspg2�3/�3 Fibroblasts Proliferate Slowly at Early Passages—
Initially, we attempted to generate versican (Cspg2)-null mice
using conventional technologywith a targeting vector such that
the PGK promoter-driven neor gene was inserted into exon 3
encoding the A subdomain of the G1 domain (supplemental
Fig. S1). Whereas the heterozygote miceCspg2�/�3 were viable
and fertile, the homozygote Cspg2 �3/�3 mice were embryoni-
cally lethal.4 We isolated fibroblasts from WT and Cspg2�3/�3

embryos at embryonic day 12.5 and examined the expression of
versican. Contrary to our expectations, immunoblot analysis
revealed expression of the versican core protein (data not
shown). Analysis of mRNA revealed skipping exon 3, resulting
in the “in-frame” synthesis of versican without the A subdo-
main (data not shown).
Then we investigated the role of versican without the A

subdomain using Cspg2�3/�3 fibroblasts. Three batches of
Cspg2�3/�3 fibroblasts (M1, M2, and M3) and corresponding
WT fibroblasts obtained from the same littermates were grown
in DMEM containing 10% FBS. The Cspg2�3/�3 fibroblasts
appeared larger, flatter, and more spread out than WT fibro-
blasts in the growing phase at a low density and at confluence
(Fig. 1A). The Cspg2�3/�3 fibroblasts reached confluence more
slowly than WT fibroblasts. At passage 5, they demonstrated
�50% BrdUrd incorporation as compared with that of WT
fibroblasts at a comparable number of passages (Fig. 2A). The
growth curve by counting the cells demonstrated slow growth
ofCspg2�3/�3 fibroblasts as comparedwithWT fibroblasts (Fig.
2B). To exclude the possibility that the slow proliferation of
Cspg2�3/�3 fibroblasts was due to a small population of prolif-
erating cells, and a large one undergoing cell death, we exam-
ined levels of apoptosis. By DNA fragmentation assay, apopto-
sis was not observed in either WT or Cspg2�3/�3 fibroblasts
(data not shown).
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Cspg2�3/�3 Fibroblasts Exhibit Premature Senescence at
Early Passages—By staining for �-galactosidase indicative of
the early phase of cell senescence, most Cspg2�3/�3 fibroblasts
exhibited intense staining, whereas only a few WT fibroblasts
did (Fig. 1A). Thus, Cspg2�3/�3 fibroblasts in early passages
(�20 passages) appeared to undergo premature senescence.
We further investigated the expression of markers for prema-
ture senescence, such as p53, p21, and p16. Immunoblot anal-

ysis revealed that their expression levels in Cspg2�3/�3 fibro-
blasts were higher than those in WT fibroblasts (Fig. 1B),
indicating that the Cspg2�3/�3 fibroblasts acquired premature
senescence.
Because cell shape and proliferation rate were similar among

the three batches of Cspg2�3/�3 and corresponding WT fibro-
blasts, and all of theCspg2�3/�3 fibroblast batches acquired pre-
mature senescence, we used M1 and WT fibroblasts from the
same littermates, unless otherwise noted.
Versican Is Decreased in the Cspg2�3/�3 Fibroblasts—Be-

cause senescence of Cspg2�3/�3 fibroblasts was likely caused by
the alteration of the ECM, we investigated distributions and
levels of various ECMmolecules known to regulate cell behav-
ior. Initially, we examined the localization and the level of ver-
sican in the ECM.We platedWT and Cspg2�3/�3 fibroblasts at
an initial density of �50 and �70%, respectively. WT cells
showed 100% confluence after 60 h. At 72 h, they showed a
dense bundle network of versican in the ECM (Fig. 3A, upper

FIGURE 1. Morphology and senescence of fibroblasts. A, morphological
changes and �-galactosidase (�-gal) staining patterns of wild type and the
Cspg2�3/�3 fibroblasts. WT and the Cspg2�3/�3 (�3/�3) fibroblasts at a grow-
ing phase (sparse) and at day 1 after confluence (dense) are shown (top four
panels). Staining patterns for �-galactosidase of these cells at day 1 after con-
fluence are shown (bottom two panels). Note that the Cspg2�3/�3 (�3/�3)
fibroblasts are stained for �-galactosidase. Bar, 50 �m. B, immunoblot pat-
terns of p53, p21, and p16. Note substantially elevated expression levels of
them in the Cspg2�3/�3 fibroblasts. The expression patterns of �-actin are also
shown as standard. Staining for �-galactosidase was performed at least twice
in three batches of Cspg2�3/�3 fibroblasts and WT fibroblasts of the same
littermates, and increased staining compared with WT was confirmed.

FIGURE 2. Proliferation of wild type and the Cspg2�3/�3 fibroblasts. A, the
rate of BrdUrd incorporation measured by A450 of WT and the Cspg2�3/�3

(�3/�3) fibroblasts are shown. B, the cell number of these cells at growing
phases is shown. The cells (1 � 105) were plated onto 6-well plates, and the
cell number was counted as described under “Experimental Procedures”
(open circle, WT; closed circle, Cspg2�3/�3 fibroblasts). The error bars represent
S.D. (n � 3). * and ** represent p � 0.001 and p � 0.01, respectively. Cell
counting was performed at least twice in three batches of Cspg2�3/�3 fibro-
blasts and WT fibroblasts of the same littermates. The data of M1 and corre-
sponding WT fibroblasts are shown.
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left panel). Cspg2�3/�3 fibroblasts proliferated more slowly and
reached �90% confluence at 72 h. Then they showed scattered
immunostaining patterns of versican (Fig. 3A, upper middle
panel). When the Cspg2�3/�3 fibroblasts were plated at 100%
initial density and immunostained at 48 h, a similar scattered
pattern of versican deposition was observed (Fig. 3A, upper
right panel). Real time reverse transcription-PCR demon-
strated that the levels of the mutant versican expression in the
growing Cspg2�3/�3 fibroblasts (at passages 5) decreased to
�25% that of normal versican inWT fibroblasts (Fig. 4A). Then
we attempted to quantify deposition levels of versican. Because
most chondroitin sulfate (CS) is derived from versican in pro-
liferating fibroblasts,5 we assumed that the amount of CSwould
reflect that of versican. The levels of CS in the ECM of the
Cspg2�3/�3 fibroblast culture were �35% that in WT (Fig. 4B).
To confirm that the decreased versican deposition in the

Cspg2�3/�3 fibroblasts (Fig. 3A, upper middle panel) was not
due to a decreased level of confluence, we examined the expres-
sion levels of other matrix molecules, such as fibronectin and
laminin. Immunoblot analysis of WT and Cspg2�3/�3 fibro-
blasts at 72 h revealed similar levels of these molecules (supple-

mental Fig. S2), and reference immunostaining indicated a sim-
ilar pattern with the same intensity (data not shown). These
results suggested that the substantial decrease of versican dep-
osition was partly due to its diminished expression and partly
due to the absence of the A subdomain.
HA Deposition Is Altered in Levels and Structure in the

Cspg2�3/�3 Fibroblasts—Because versican binds to HA at the
B-B� stretch of the G1 domain and the A subdomain of the G1
domain enhances the binding (3), decreased deposition of ver-
sican without the A subdomain in the Cspg2�3/�3 presumably
affects incorporation of HA in the ECM. Thus, we investigated
the localization and expression levels ofHA in these fibroblasts.
When both cell types were plated at an initial density of 50 and
70%, respectively, and stained with biotinylated HA-binding
protein at 72 h, HA was observed between cells in the ECM of
WT (Fig. 3,A, lower left panel, and B, left panel), whereas it was
faintly stained on the cell surfaces in the Cspg2�3/�3 fibroblast
culture (Fig. 3, A, lower middle panel, and B, right panel). Dou-5 S. Hatano, personal communication.

FIGURE 3. Distributions of versican and hyaluronan. A, immunostaining
patterns of versican and HA are shown (bar, 100 �m). The cells were plated
at an initial density of �50% for WT and �70% for Cspg2�3/�3 fibroblasts.
WT fibroblasts reached confluence at 60 h. At 72 h after the plating,
Cspg2�3/�3 fibroblasts reached �90% confluence. Then both WT (left
panel) and Cspg2�3/�3 (�3/�3) fibroblasts (middle panel) were immuno-
stained for versican (Ver, top panels) and HA (bottom panels). Separately, the
Cspg2�3/�3 fibroblasts plated at 100% confluence were grown for 48 h and
immunostained for versican and HA (right panel, confl). Note scatter patterns
of versican deposition in Cspg2�3/�3 fibroblasts (top middle and top right pan-
els) and that HA is localized on the cell surface of the Cspg2�3/�3 fibroblasts
(bottom middle and bottom right panels). Bar, 100 �m (except for right top
panel, 250 �m). B, immunofluorescent staining patterns of HA. Note that HA
was observed between cells in the ECM of WT (left), whereas it was localized
on the cell surfaces in the Cspg2�3/�3 fibroblast culture (right). Bar, 100 �m.
C, double labeled fluorescent staining for HA and CD44 confirming localiza-
tion of HA on the cell surfaces of the Cspg2�3/�3 fibroblasts. Bar, 25 �m.

FIGURE 4. Expression levels of versican and hyaluronan. A, mRNA levels of
versican gene. WT and Cspg2�3/�3 (�3/�3) fibroblasts were plated at an initial
density as above and grown for 72 h. Using these cells, reverse transcription-
PCR was performed as described under “Experimental Procedures.” The
expression levels of versican standardized by glyceraldehyde-3-phosphate
dehydrogenase expression are shown as a relative value. Bar, mean 	 S.D.
(n � 3). B, the levels of chondroitin sulfate in fibroblast culture. The cells were
grown for 72 h as above, and then analysis was performed. �3/�3, the
Cspg2�3/�3 fibroblasts. Bar, mean 	 S.D. (n � 3). C, the total levels of HA in
the cell lysate and the ECM in fibroblast culture. D, the total levels of HA in
the conditioned medium in fibroblast culture. �3/�3, the Cspg2�3/�3

fibroblasts. The levels of HA were measured using the cells at 72 h after
plating. Bar, mean 	 S.D. (n � 3). Another set of identical experiments
showed essentially the same results.
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ble labeled fluorescent staining for HA and CD44 confirmed
localization of HA on the cell surface (Fig. 3C). When the
Cspg2�3/�3 fibroblasts were plated at 100% initial density, and
HA staining was performed at 48 h, HA was observed as dense
bundles in the ECM and also on the cell surface (Fig. 3A, lower
right panel). By enzyme-linked immunosorbent assay, the level
of HA in the cell lysate, including the ECM of the Cspg2�3/�3

culture at 90% confluence, was �85% that of WT at 12 h after
the confluence (Fig. 4C). In the Cspg2�3/�3 fibroblast culture,
the level of HA in the conditioned medium increased to �1.5-
fold (Fig. 4D), indicating that HA is less incorporated andmore
released in the conditioned medium. These observations sug-
gested that the decreased versican deposition without the A
subdomain altered HA matrix assembly in the Cspg2�3/�3

fibroblasts.
MAPKs in Cspg2�3/�3 Fibroblasts—To gain insight into the

mechanisms underlying the acquisition of cell senescence in
the Cspg2�3/�3 fibroblasts by alteration of the ECM, we inves-
tigated phosphorylation and expression of signal transduction
molecules. Immunoblot analysis of WT and Cspg2�3/�3 fibro-
blasts at the confluence revealed a substantial increase in phos-
phorylation levels of ERK1/2 in theCspg2�3/�3 fibroblasts (pas-
sage �5), as compared with those of WT fibroblasts. In
contrast, phosphorylation levels of p38MAPK and JNK/stress-
activated protein kinase were similar between the two cell types
(Fig. 5A). The levels of ERK1/2 phosphorylation were constant
during proliferation, confluence, and 12 h after confluence in
WT fibroblasts (data not shown). Increased phospho-ERK1/2
levels were confirmed in the other two batches of Cspg2�3/�3

fibroblasts.
Next, we investigated whether the phosphorylation of

ERK1/2 could be regulated by the upstream molecules of the
signal transduction cascade (Fig. 5B). When treated with a
MEK1 inhibitor PD98059, the level of phospho-ERK1/2 inWT
fibroblasts substantially decreased, whereas the level in the
Cspg2�3/�3 fibroblasts, which had been higher than WT,
decreased only slightly. When treated with EGF, the level of
phophoERK1/2 in WT fibroblasts substantially increased, and
that in the Cspg2�3/�3 fibroblasts was no more elevated. These
results suggested that the Cspg2�3/�3 fibroblasts had the maxi-
mal level of ERK1/2 phosphorylation without EGF treatment.
The Extracellular Signal for ERK1/2 Phosphorylation Is

Mediated by HA-CD44 Interaction—Our observations implied
that the decreased levels of versican deposition, and altered
levels and assembly of HA in the ECM caused constitutive
phosphorylation of ERK1/2 in theCspg2�3/�3 fibroblasts, which
may account for the premature senescence. Among the HA
receptors on the cell surface, CD44 is known tomediate activa-
tion of ERK1/2 via Ras (30–32). Thus, we investigated whether
the ERK1/2 phosphorylation was mediated by CD44 or not. By
immunoblot analysis, the levels of CD44 expression were sim-
ilar between WT and Cspg2�3/�3 fibroblasts (data not shown).
Immunostaining revealed nuclear localization of phospho-
ERK1/2 in both cell types (Fig. 6A, top panels). When treated
with an anti-CD44 antibody that blocks CD44-HA interaction,
the staining intensity of individual nuclei was unaltered in the
WT fibroblasts, whereas that in the Cspg2�3/�3 fibroblasts was
substantially diminished (Fig. 6A, middle and bottom panels).

These results suggested that HA-CD44 interaction elevated
phosphorylation levels of ERK1/2 in theCspg2�3/�3 fibroblasts.

Increased HA-CD44 interaction in the Cspg2�3/�3 fibro-
blasts contrasts with the decreased incorporation of HA in the
ECM.We speculated that the ECMof theCspg2�3/�3 fibroblast
culture was loosely organized, and the free HA chains were
more accessible to the cell surface. Actually, HAwas stained on
the cell surface of Cspg2�3/�3 fibroblasts (Fig. 3A, lower middle
panel). To test this hypothesis, we treated WT fibroblasts with
hyaluronidase and examined its effects on ERK1/2 phosphoryl-
ation. Immunoblot analysis demonstrated a significant increase
in ERK1/2 phosphorylation by hyaluronidase treatment for 30
min and 2 h at concentrations of both 0.2 and 2mg/ml (Fig. 6, B
and C). In addition, combined treatment with hyaluronidase
(0.2 mg/ml) and the anti-CD44 antibody attenuated phospho-
ERK1/2 levels to �60% by the antibody (Fig. 6D). This inhibi-
tion was not observed when the anti-CD44 antibody was
replaced with an antibody that does not block CD44-HA inter-
action (data not shown). These results suggested that hyalu-

FIGURE 5. Phosphorylation of MAPKs and expression of p53 in wild type
and Cspg2�3/�3 fibroblasts. A, immunoblot patterns of ERK1/2 (ERK), p38
MAPK (p38), and JNK and their phosphorylated molecules. �3/�3, the
Cspg2�3/�3 fibroblasts. WT and Cspg2�3/�3 fibroblasts were plated at a density
of �50 and �70%, respectively, and grown up to confluence. Then the cul-
ture medium was replaced with DMEM containing 1% FBS and further cul-
tured for 18 h. Immunoblot analyses were performed as described under
“Experimental Procedures.” Note dramatically elevated levels of phospho-
ERK1/2 in Cspg2�3/�3 fibroblasts. B, effects of PD98059 and EGF on phospho-
rylation of ERK1/2. The fibroblasts at confluence were cultured in DMEM con-
taining 1% FBS. The cells were treated with EGF (20 �g/ml) for 2 h or with
PD98059 (30 mM) for 1 h, and at 18 h, cells were collected and used for immu-
noblot analysis.
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ronidase treatment liberated HA
fragments from the ECM, and the
fragments transmitted the signal
by binding to CD44.
Exogenous HA Treatment En-

hances Phosphorylation of ERK1/2—
Our observations strongly sug-
gested that decreased versican
inhibited HA-associated matrix
assembly and liberated free HA,
which in turn facilitated its inter-
action with CD44 leading to phos-
phorylation of ERK1/2. To test this
hypothesis, we treated WT fibro-
blasts with different sizes of HA and
examined phosphorylation levels
of ERK1/2. Immunoblot analysis
revealed that phosphorylation of
ERK1/2 was elevated by the treat-
ment with all sizes of HA (Fig. 7).
Thus, it was likely that interaction
of free HA fragments with CD44
enhanced ERK1/2 phosphorylation.
Versican has been shown to stim-

ulate proliferation of NIH3T3 cells
(23). Recent studies have revealed
that the versican G3 domain inter-
acts with�1-integrinwhich, in turn,
interferes with �1-integrin-EGF
receptor interaction (22). Immuno-
blot analysis showed that the ex-
pression levels of �1-integrin and
EGF receptor were similar between
WT and the Cspg2�3/�3 fibroblasts.
In addition, the phosphorylation
level of the EGF receptor was also
similar between the two (data not
shown). Thus, it is unlikely that

decreased versican directly attenuated cell proliferation by
affecting signal transduction pathways involving �1-integrin
and EGFR.

DISCUSSION

In this study, we have demonstrated that Cspg2�3/�3 fibro-
blasts, whose versican lacks theA subdomain of theG1 domain,
grow more slowly than WT fibroblasts and acquire cellular
senescence. In culture of Cspg2�3/�3 fibroblasts, the disorga-
nized HA matrix by decreased versican deposition and HA
chains released in the conditioned medium, enhance CD44-
mediated signal transduction, leading to constitutively active
ERK1/2 and premature senescence. This study illustrates that
the altered matrix structure, involving versican and HA, causes
premature senescence.Our results demonstrate the pivotal role
of the extracellular matrix structure in the regulation of cell
behavior.
The level of versican mRNA and that of CS in the senescent

Cspg2�3/�3 fibroblasts was substantially decreased, presumably
because of both a decreased transcription level caused by inser-

FIGURE 6. Effects of hyaluronidase treatment and blocking of HA-CD44 interaction on phosphorylation of
ERK1/2. A, effects of anti-CD44 treatment on phospho-ERK1/2. Immunostaining patterns for phospho-ERK1/2 are
shown. �3/�3, the Cspg2�3/�3 fibroblasts. Both WT and the Cspg2�3/�3 fibroblasts were cultured in the presence of
an anti-CD44 antibody that blocks HA-CD44 interaction at 1 or 5 �g/ml, as described under “Experimental Proce-
dures.” Note that treatment with the antibody substantially diminishes the staining intensity for phospho-ERK1/2 in
the Cspg2�3/�3 fibroblasts (bar, 20 �m). B, effects of hyaluronidase treatment on phosphorylation of ERK1/2 in WT
fibroblasts. The cells were treated for the periods at the concentrations of hyaluronidase (HAase) as indicated and
applied to immunoblot analysis to detect phospho-ERK1/2 (pERK), total ERK1/2 (ERK), and actin. C, phosphorylation
levels of ERK1/2. The band density was quantified using a densitometer. That of phospho-ERK1/2 standardized by
that of total ERK1/2 is shown. D, effects of combined treatment with hyaluronidase and anti-CD44. The cells were
treated with combinations of hyaluronidase and anti-CD44 (�-CD44) for 2 h at the concentrations indicated and
applied to immunoblot analysis to detect phospho-ERK1/2 (pERK), total ERK1/2 (ERK), and actin.

FIGURE 7. Effects of exogenous hyaluronan on phosphorylation of
ERK1/2. WT fibroblasts at confluence were treated with different molecular
sizes of HA at the concentrations indicated for 16 h, and the cell lysates were
applied to immunoblot analysis for phospho-ERK1/2 and total ERK1/2. The
band density quantified by densitometry is indicated as fold changes of
phophoERK1/2. The values are the means 	 S.E. (n � 2). The experiments
were performed twice, and essentially the same results were obtained.
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tion of neor gene into exon 3 and a lack of the A subdomain,
which enhances interaction of versican with HA (3). The
decreased expression of the mutant versican with reduced HA
binding affinity in the Cspg2�3/�3 fibroblasts possibly affects
HA deposition. In WT fibroblast culture, HA exhibited a
network structure together with versican, whereas in the
Cspg2�3/�3 fibroblast culture, it did not show such a network
structure. Although the Cspg2�3/�3 fibroblast culture showed
substantially decreased staining for HA, the deposition level of
HA was decreased only to �85%. Thus, versican may function
to assemble HA chains into a network as well as tomaintain the
HA level in the ECM. The G3 domain of versican and aggrecan
binds various ECM molecules including fibulins (7), known to
form dimers that act as cross-linkers between different HA-
aggrecan complexes. They may similarly form HA-versican
complexes and facilitate assembly of HA chains to fibrils.
Decreased versican deposition in Cspg2�3/�3 fibroblast culture
may abrogate formation of the complex that facilitates the HA
assembly. Recent studies have revealed that HA can be present
inmany structural forms, exhibiting specific functions (33). For
example, when cultured colon smooth muscle cells are treated
with a viral mimetic, poly(I-C), they exhibit HA with a cable
structure, which has presumably formed from coalescence of
smaller HA strands. Monocytes recognize and bind the HA cable
structure but not the HA patches (34). Furthermore, we recently
demonstrated that SHAP (serum-derived hyaluronan-associated
protein) potentiates CD44-mediated leukocyte adhesion to the
HAsubstratum, suggesting that SHAPorganizes theHAstructure
(35). Our results may provide another line of evidence that HA in
an organized structure regulates cell behavior.
Treatment ofCspg2�3/�3 fibroblasts with an anti-CD44 anti-

body that blocks HA-CD44 interaction substantially decreased
phosphorylation of ERK1/2. CD44 is known to activate ERK1/2
in some cell culture systems. Treatment of proximal tubular
cells with HA transduces a signal via CD44, activates ERK1/2,
and promotes cell migration (36). Heparan sulfate-modified
CD44 binds hepatocyte growth factor/scatter factor and pro-
motes receptor tyrosine kinase (RTK)-mediated signal trans-
duction (32). In our experiments, treatment of the Cspg2�3/�3

fibroblasts with a MEK1 inhibitor PD98059 attenuated the phos-
phorylation of ERK1/2 to a certain extent, whereas treatmentwith
EGFdidnot attain further phosphorylation.These results indicate
that full activation of ERK1/2 is achieved by the signal induced
from the altered ECM and that the activation can be regulated by
theRTK.Recent studies have revealed that aCD44v6 variant form
physically interacts with RTKs and activates them (31). The link
between CD44 and RTKs remains to be studied.
Oncogenic Ras is known to induce premature senescence in

primary fibroblasts (37). Although several Ras-dependent sig-
naling pathways have been identified, constitutively active Ras-
Raf-MEK-ERK1/2 cascade, or even activeMEK, is sufficient for
premature senescence (38). Cellular senescence is accompa-
nied by up-regulated expression of p53, p16, and p21 and accu-
mulation of senescence-associated �-galactosidase (SA-�-gal).
TheCspg2�3/�3 fibroblasts showedahighphosphorylation level of
ERK1/2, which is indicative of constitutively activeMEK. In addi-
tion, they exhibited up-regulated expression of these senescence
markers and positive staining for �-galactosidase. All of

these observations suggest that premature senescence in the
Cspg2�3/�3 fibroblasts is due to constitutively active ERK1/2.

HA is known to exhibit different effects on cell behavior,
dependent on its size and whether or not it is incorporated into
the extracellular matrix. For example, endogenous HA trans-
duces a signal via interaction with CD44 and that the HA oli-
gosaccharides competitively inhibit their interaction and
down-regulate the signal (39, 40). In this study, we have shown
that hyaluronidase treatment increased phospho-ERK1/2 lev-
els inWT fibroblasts, which was partially inhibited by blocking
the interaction of HA with CD44 using a specific anti-CD44
antibody. Surprisingly, treatment of NIH3T3 fibroblasts with
hyaluronidase similarly enhanced phosphorylation of ERK1/2,
suggesting that the HA-mediated ERK1/2 activation is con-
served among mouse fibroblastic cell types.6 In addition, treat-
ment with HA fragments substantially elevated the phospho-
ERK1/2 levels. These observations strongly suggest that free
HA chains, rather than those incorporated into the matrix,
transduce the CD44-mediated signal, leading to phosphoryla-
tion of ERK1/2. Interestingly, HA with a size of �1,000 kDa
increased the phospho-ERK1/2 levels in a dose-dependent
manner, whereas HA with a size of �104 kDa had the highest
phospho-ERK1/2 level at a concentration of 5 �g/ml. Other
factorsmay be involved in the accessibility, local concentration,
and the optimal signal transduction of HA.
Previous studies have shown some effects of versican

domains on cell behavior via EGFR. The G3 domain of versican
enhances proliferation of NIH3T3 fibroblasts via EGF-like
motifs (23). The G3 domain without the EGF-like motifs
enhances EGFR/�1-integrin association and attenuates EGFR
phosphorylation in U87 astrocytoma cells, thus impairing the
autonomous growth of the cells (22). The V1 variant enhances
proliferation of NIH3T3 cells by up-regulating EGFR expres-
sion, whereas the V2 variant exhibits an opposite activity (20).
Our immunoblot analysis revealed similar expression levels of
�1-integrin in WT and the Cspg2�3/�3 fibroblasts. The phos-
phorylation level of EGFR was the same in both cell types.
These observations, which contrast with the previous data, sug-
gest that the versican G3 domain is unlikely to directly affect
proliferation in Cspg2�3/�3 fibroblast cultures.
In conclusion, our results clearly demonstrate thepivotal role of

the ECM structure, involving versican and HA, in the acquisition
of premature senescence. In inflammation and repair processes,
fibroblasts migrate, proliferate, and then cease to grow during
reorganization of the tissue. Experimental wound healing models
in conditional knock-out mice of versican would facilitate under-
standing the roles of versican and HA in these processes. This
study provides a clue to the regulation of inflammation and repair
processes bymanipulating ECMmolecules.
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