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Background: Versican interacts with hyaluronan (HA) via its G1 domain and with fibrillin microfibrils via its G3 domain.
However, the roles of versicanG1 domain-containing fragments (VG1Fs) in theHA-versican-microfibrilmacrocomplex are
not clear.
Results: VG1Fs interact homotypically and are recaptured by versican-containing fibrillin microfibrils.
Conclusion: Homotypical interactions of VG1Fs enhance HA recruitment to microfibrils.
Significance: VG1Fs stabilize HA-versican-microfibril macrocomplexes.

Versican G1 domain-containing fragments (VG1Fs) have
been identified in extracts from the dermis in which hyaluronan
(HA)-versican-fibrillin complexes are found. However, the
molecular assembly of VG1Fs in the HA-versican-microfibril
macrocomplex has not yet been elucidated. Here, we clarify the
role of VG1Fs in the extracellular macrocomplex, specifically in
mediating the recruitment of HA to microfibrils. Sequential
extraction studies suggested that theVG1Fswere not associated
with dermal elements through HA binding properties alone.
Overlay analyses of dermal tissue sections using the recombi-
nant versicanG1 domain, rVN, showed that rVNdeposited onto
the elastic fiber network. In solid-phase binding assays, rVN
bound to isolated nondegraded microfibrils. rVN specifically
bound to authentic versican core protein produced by dermal
fibroblasts. Furthermore, rVN bound to VG1Fs extracted from
the dermis and to nondenatured versican but not to fibrillin-1.
Homotypic binding of rVN was also seen. Consistent with
these binding properties, macroaggregates containing VG1Fs
were detected in high molecular weight fractions of sieved
dermal extracts and visualized by electronmicroscopy, which
revealed localization to microfibrils at the microscopic level.
Importantly, exogenous rVN enhanced HA recruitment both
to isolated microfibrils and to microfibrils in tissue sections
in a dose-dependent manner. From these data, we propose
that cleaved VG1Fs can be recaptured bymicrofibrils through
VG1F homotypical interactions to enhance HA recruitment
to microfibrils.

The connective tissue is composed of a network of extracel-
lular matrix (ECM)2 macromolecules. Proper coordination of
the production, assembly, anddegradation of ECMmolecules is
responsible for the physical properties of connective tissues,
and fragmentation of the ECM by cleavage of intact molecules
plays a dynamic role in connective tissue remodeling (1).
Versican is a large chondroitin sulfate proteoglycan that

interacts with hyaluronan (HA) via its G1 domain at the amino
terminal (2–4). Versican also binds to fibrillin-1, fibulin-1, and
fibulin-2 via a G3 domain at the carboxyl terminal and is codis-
tributed in a variety of connective tissues with fibrillin microfi-
brils (5–8). Therefore, intact versican bound to fibrillin con-
nects the HA-rich matrix to the elastic fiber network.
Fibrillin microfibrils consist of fibrillins and ubiquitous con-

nective tissue elements that exhibit a characteristic “beads and
strings” morphology after extraction from tissues, rotary shad-
owing, and electronmicroscopy (9–11). Themolecular organi-
zation and, presumably, the function of microfibrils differ
between tissues, depending on the age of the tissue and on the
predominant fibrillin subtype (11, 12). Because the localization
of versican, as determined by light and electron microscopy, is
not completely identical to that of fibrillinmicrofibrils, versican
may impart tissue-specific functions to microfibrils (8, 13).
A loss of the G1 domain of versican can be observed in solar

elastosis, where the interaction between HA andmicrofibrils is
also lost in the dermis (14). Moreover, isolated microfibrils
from the ciliary body and vitreous humour exhibit different
morphologies andHA-binding abilities because of the presence
of the G1 domain of versican (15). Therefore, the versican G1
domain may be a critical modulator of tissue-specific functions
of fibrillin microfibrils through interactions with HA.* This work was supported by grants-in-aid from the Ministry of Health, Labor,
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Versican G1 domain-containing fragments (VG1Fs) are gener-
ated through cleavage of versican by ADAMTS-1, ADAMTS-4,
ADAMTS-5, andADAMTS-9 (16,17).Versican is also susceptible
tomatrixmetalloproteinases (18).Moreover, it has been reported
thatVG1Fs canbeextracted fromnormal skin (14, 19, 20) and that
the quantity of VG1Fs varies during skin development and aging
(18, 19). VG1Fs are also found in other tissues, such as the brain
and aorta (16, 21). Although VG1Fs exist in tissues as versican
cleavage products, the functions of VG1Fs have not yet been
elucidated.
In this study, we focus on the structural properties and func-

tion of VG1Fs. Our results indicate that VG1Fs can be incorpo-
rated into microfibrils through homotypical interactions. Fur-
thermore, VG1Fs can enhance incorporation of HA into the
microfibril matrix. Our findings highlight novel properties of
VG1Fs and suggest an important role for VG1Fs in the forma-
tion of the microfibril-versican-HA complex.

EXPERIMENTAL PROCEDURES

Antibodies—Monoclonal 2B1 antibody, which recognizes
human versican under nonreducing conditions (22), was pur-
chased from Seikagaku Kogyo (Tokyo, Japan). Polyclonal anti-
bodies for the G1 domain, pAb 6084 and pAb 7080, were char-
acterized in our previous studies (14, 15), and pAb 8531 was
raised against a synthetic peptide for the human versican neo-
epitope, NH2-CGGDPEAAE-COOH, generated by ADAMTS
proteases (16). Production of synthetic peptides and polyclonal
antibodies were performed by Operon Biotechnology (Tokyo,
Japan). Commercially available anti-DPEAAE antibody was
purchased from Affinity Bioreagents (Golden, CO). Immuno-
reactivities with pAb 8531 and commercially available anti-
DPEAAE antibodies were identical both in dermal extracts and
in conditioned medium from dermal fibroblasts (data not
shown). pAb 9543, specific for fibrillin-1 (23), was used. mAb
8A4, specific for link protein (24), and mAb 12C5, which rec-
ognizes the G1 domain of human versican, were obtained from
the Developmental Studies Hybridoma Bank (Iowa University,
IA). An mAb for elastin (clone BA-4) was purchased from
Sigma. Recognition sites for anti-versican antibodies are shown
in Fig. 1.
Cell Culture—Fetal normal human dermal fibroblasts (NHDFs,

Lonza, Walkersville, MD) were maintained in DMEM supple-
mentedwith 10% fetal calf serum and penicillin-streptomycin in a
5% CO2 atmosphere.
Expression of Recombinant Versican Polypeptides—Recom-

binant versican polypeptides containing globular domainswere
expressed as described previously (14). A polypeptide corre-
sponding to the HA-binding region was expressed and charac-
terized as rVN (14). For the construction of rVN�, consisting of
the G1 domain and the N-terminal portion of the chondroitin
sulfate�domain, the region encoding Leu21 toGlu441 of human
versican (V1) was amplified by PCR with the sense primer
5�-CCCGCTAGCACATCATCATCATCATCATCTACA
TAAAGTCAAAGTGGGAAAAAG-3�, introducing anNheI
restriction site and six histidine residues at the 5� end, and the
antisense primer 5�-GGC TCG AGT CAT TCT GCA GCT
TCT GGG TCC TTG GG-3� to generate a C-terminal region
corresponding to the cleaved end after proteolysis byADAMTS

proteinases (Val433PKDPEAAE). For the G3 domain of versi-
can, rVC, the region encoding Gly3110 to Arg3485 of versican
(V0) was amplified with the sense primer 5�-CCC GCT AGC
ACA TCA TCA TCA TCA TCA TGG GCA GGA TTC CAC
GAT AGC AG-3�, introducing an NheI restriction site and six
histidine residues at the 5� end, and the antisense primer
5�-GGG CTC GAG TCA GCG CCT CGA CTC CTG CCA
CCT C-3�, introducing a sequence for a stop codon and an
XhoI restriction site at the 3� end. The NheI-XhoI fragments
for VN� or VC were subcloned into pCEP/�2III4 containing
the sequence for the BM40/SPARC (secreted protein acidic and
rich in cysteine) signal peptide used to facilitate peptide secre-
tion. All of the versican fragments amplified by PCR were con-
firmed by DNA sequencing. An episomal expression system
using 293 EBNA cells was employed as described (25). The
recombinant polypeptides were purified by chelating chroma-
tography (Hi Trap chelating, GE Healthcare) and gel filtration
under nondenaturing conditions as described previously (14).
The expected sizes and N-terminal sequences of the polypep-
tides were confirmed by Edman degradation andWestern blot-
ting with anti-HRP-conjugated anti-His antibodies (Invitro-
gen). HA contamination was not detected in the preparation
using biotin-conjugated HABP (Seikagaku Kogyo) (15). Fibril-
lin-1 recombinant polypeptides, rF11 and rF6, were also used.
The production and characterization of these recombinant
polypeptides has been described previously (8, 25).
Sequential Extraction of Dermis—Normal adult human der-

mis was extracted with three reagents, 6 M guanidine hydro-
chloride, 50 mM Tris-HCl, 1 mM PMSF, and 1% (v/v) protease
inhibitormixture (Sigma) (pH 7.5) (Gdn); PBS containing 1mM

PMSF and 1% (v/v) protease inhibitormixture (PBS); and Strep-
tomyces hyaluronidase (HAase). Hyaluronidase (100 TRU,
Seikagaku Kogyo) treatment was performed in 50 mM acetate
buffer at 37 °C for 6 h.
Pieces of normal-looking skin were obtained from individu-

als (70- and 74-year-old men) as excess tissue after skin surgery
at various anatomical sites (buttocks and back) with written
informed consent. This protocol was approved by the ethical
committee of the National Center for Geriatrics and Gerontol-
ogy. No pathological abnormalities were identified in the donor
skin. Fat tissue was removed, and the trimmed dermal tissue
was minced into �1-mm pieces. Then, different extraction
procedures were performed. In one experiment, dermal pieces
(�200mg)were initially extractedwith 6MGdn solution at 4 °C
for 72 h, and the supernatant was collected by centrifugation at
12,000 rpm for 10 min. The residual insoluble material was
extracted with PBS at 4 °C for 24 h, and then the residue was
treated with 100 TRU Streptomyces HAase. In another experi-
ment, the extraction methods were modified as noted in Fig. 2.
Gel Filtration, Ultracentrifugation, and Rotary Shadowing

Electron Microscopy—Extracts were sieved using Sepharose
CL-2B (GE Healthcare) in 4 M guanidine hydrochloride and 50
mM Tris-HCl (pH 7.5) as described previously (26). In some
experiments, the extract was concentrated with an Amicon
concentrator (Amicon Ultra-4, 50-kDa cutoff, Millipore, MA)
to reduce the volume and remove low molecular weight pro-
teins. The total volume of the column was 320 ml. The high
molecular weight void volume fractions were further separated
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by ultracentrifugation and were brought to a density of 1.27
g/ml by the addition of cesium chloride (15). A gradient was
created by centrifugation at 40,000 rpm for 48 h at 10 °C.Aggre-
gates that reacted positively with pAb 6084were fractionated at
a density of 1.28 g/ml. The fractions were then dialyzed against
water and visualized by electron microscopy after rotary shad-
owing (Hanaichi Electron Microscopy, Okazaki, Japan). The
positivematerial (10�g) was also treatedwith 0.01mg/ml tryp-
sin (proteomics grade, T6567, Sigma) in 1ml of digestion buffer
(50 mM NH4HCO3 (pH 8.5) with 5% acetonitrile) at 37 °C for
12 h. Some samples were further digested with 0.1 �g of V8
protease (Sigma) in 400 �l of 75 mM ammonium acetate (pH
4.0) containing 4 mM EDTA at 37 °C for 12 h. The digested
sampleswere subjected to SDS-PAGE followed by stainingwith
Coomassie Brilliant Blue or by immunoblotting with pAb 6084.
Western Blot Analysis and Blot Overlay Assay—Serum-free

conditioned medium was obtained from NHDFs cultured for
72 h. Matrix extracts were prepared by the protocol for tissue
described above. Some samples were treated with chondroiti-
nase ABC for 30min at 37 °C as described previously (22). Sam-
ples were resolved on 7.5% gels by SDS-PAGE unless indicated
otherwise. For reducing conditions, dithiothreitol was added at
a final concentration of 50 mM. Separated proteins were trans-
ferred onto nitrocellulose membranes. For washing and incu-
bating, TBS containing 0.1% Tween 20 (TBST) was used. The
membrane was blocked with 5% nonfat skim milk (Dako, Den-
mark) in TBST at room temperature for 1 h, followed by incu-
bation with pAb 6084 (5 �g/ml), mAb 2B1 (1 �g/ml), or pAb
8531 (1:1000) in TBST containing 2% milk. HRP-conjugated
anti-rabbit IgG orHRP-conjugated anti-mouse IgG (Dako) was
used for detection, and development of the blots was facilitated
by ECL (GE Healthcare).
A blot overlay assay was performed as described previously

(27). After blocking with 5% milk in TBST for 1 h, the mem-
brane was incubated with rVN (5 �g/ml) in 2% milk in TBS at
room temperature for 3 h. For some experiments, biotin-con-
jugated rVN was prepared using a biotin labeling kit (Dojinbo,
Kumamoto, Japan), according to the protocol of the manufac-
turer. To detect hyaluronan, biotin-conjugatedHABPwas used
as described (15). The bound ligands were detected with HRP-
conjugated anti-His antibodies (Invitrogen) or streptavidin-
HRP (Invitrogen) incubated in 2% milk/TBST for 1 h and sub-
sequently visualized by ECL.
Solid-phase Binding Assay—Microfibrils from human fetal

membranes were isolated using guanidine extraction, gel filtra-
tion, and isopycnic ultracentrifugation containing cesium chlo-
ride, a procedure that has been used previously to purify non-
degraded microfibrils (26). Fetal membranes were separated
froma fully developed humanplacenta that had no pathological
abnormalities. Isolated microfibrils (2.5 �g/ml, 200 �l) or
recombinant polypeptides (2.5 �g/ml, 200 �l) were immobi-
lized on multiwell plates (Sumilon, Tokyo, Japan) in carbonate
buffer (pH 8.8) at 4 °C for 12 h and blockedwith 5% nonfat skim
milk in TBST at room temperature for 1 h as described previ-
ously (27). For some experiments using avidin detection, 0.1%
BSAwas used for blocking. Themicrofibril preparation reacted
positively with pAb 6084 andmAb 2B1 by dot blotting, indicat-
ing that the G1 andG3 domains were present (data not shown).

However, no contamination of HAwas detected by biotin-con-
jugated HABP. Soluble ligands were serially diluted 3-fold in
TBS containing 2 mM CaCl2 and 0.1% BSA, beginning with an
initial dilution to 10 �g/ml. For a negative control, reduced and
alkylated rVN (indicated as rVN(r)) was generated as described
(28). Soluble ligand, rVN, was incubated in the wells for 3 h at
room temperature, and the bound rVN was detected after 2-h
incubation with HRP-conjugated anti-His antibodies (Invitro-
gen) diluted 1:1000 (v/v) in 2% milk/TBST. To examine versi-
can-versican interactions, rVN (5�g/ml, 100�l/well) or rVC (5
�g/ml, 100 �l/well) was immobilized, and biotin-labeled rVN
was used as the soluble ligand to distinguish between the added
rVN and the immobilized protein. The bound ligands were
detected after incubation with streptavidin-HRP diluted at
1:2000 (v/v) in TBST containing 0.1% BSA and 0.1% Tween 20
for 2 h at 4 °C. Soluble ligands (rVN or rVN(r)) were serially
diluted in 0.1% BSA/TBS containing 2 mM CaCl2 and added to
the wells. Antibodies recognizing the soluble ligands were
diluted to 10�g/ml in 2%milk/TBST and incubated in thewells
for 2 h at room temperature to detect the bound ligands. Detec-
tion was facilitated by secondary antibodies (anti-mouse or
anti-rabbit IgG-HRP) diluted 1:1000 (v/v) in 2% milk/TBST. In
some experiments, biotin-conjugated HA (bHA) (29) was used
to test HA binding andwas detected by streptavidin-HRP. bHA
was added and incubated on the coated substrate, which had
been preincubated with rVN (9 �g/ml, 200 �l/well) on micro-
fibrils immobilized to the multiwell plate (2.5 �g/ml, 200
�l/well). bHA was serially diluted 3-fold, beginning with an
initial dilution of 5�g/ml at 200�l/well. In another experiment,
the concentration of rVN used for preincubation was varied
(serially diluted 3-fold, beginning with an initial dilution of 9
�g/ml at 200 �l/well), whereas the concentration of bHA (5
�g/ml, 200 �l/well) was maintained constant. Color reactions
were achieved using tetramethylbenzidine (Sigma) incubated
for 30 min at 25 °C. The absorbance at A370 nm or A655 nm was
measured using a Benchmark Plus plate reader (Bio-Rad).
Surface Plasmon Resonance—Affinitymeasurements for ver-

sican G1 domain homotypic interaction were calculated from
surface plasmon resonance analyses using BIAcore X (BIAcore
AB, Uppsala, Sweden). Purified rVN (10 �g/ml) was diluted in
10 mM sodium acetate (pH 4.0), and 1200 response units were
coupled to a CM5 sensor chip using an amine coupling kit
according to the instructions of the manufacturer. Binding
experiments were carried out at a flow rate of 30 �l/min at
room temperature. Each sample was diluted in HBS-EP run-
ning buffer and injected onto the sensor surface. Several con-
centrations (5–40 nM) of rVN were flowed over the immobi-
lized rVN or fibrillin-1 rF6 surface. To correct for bulk effects
and nonspecific binding, equivalent sample solutions were
injected onto untreated sensor surfaces, and the obtained
responses were subtracted from the data using an rVN or rF6-
immobilized sensor chip. Kinetic parameters were evaluated by
BIA evaluation software using steady-state affinity analysis, and
equilibrium association constants (KA (1/M)) and equilibrium
dissociation constants (KD (M)) were calculated. Appropriate
immobilization of rVN or rF6 was confirmed by positive
response curves when pAb 6084 or mAb69, respectively, was
injected.
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Tissue Overlay Assays and Immunohistochemistry—Forma-
lin-fixed paraffin-embedded sections from normal human der-
mis were used in this study. Deparaffinized sections (6-�m-
thick sections) were treated with 0.1% saponin for 15 min prior
to a blocking treatment for nonspecific binding with 0.1% BSA/
PBS for 15 min at room temperature. The samples were then
washed with PBS three times for 10 min at room temperature.
For immunohistochemistry, the sections were incubated with
primary antibodies for 60 min at room temperature, washed in
PBS, and incubated with secondary antibodies for another 60
min at room temperature (30). For tissue overlay assays, the
sectionswere incubatedwith 20�g/ml rVN in 0.1%BSA/PBS at
room temperature for 3 h. Then, the sections were washedwith
PBS three times, and bound exogenous rVN was specifically
detectedwith FITC-conjugated anti-His (Invitrogen). As a neg-
ative control, rVN was omitted from the procedure. Reduced
and alkylated rVN was also used as a second negative control.
To detect the endogenous G3 domain, mAb 2B1 was used.
Endogenous fibrillin-1 and elastin were detected by pAb 9543
and mAb BA4, respectively. Fluorescence-conjugated antibod-
ies (Alexa Fluor 568-conjugated anti-mouse IgG or anti-His
mAb together with Alexa Fluor 488-conjugated anti-mouse or
anti-rabbit IgG (Invitrogen)) were used to detect primary anti-
bodies or bound ligands.
For the HA binding assay on tissue sections, sections were

initially incubatedwith rVN.Then, 10�g/ml bHA in 0.1%BSA/
TBS containing 2 mM CaCl2 was overlaid at room temperature
for 3 h. Sections were washed three times with PBS, and the
bound bHA was detected with FITC- or Alexa Fluor 568-con-
jugated streptavidin (Invitrogen). As a negative control, over-
laid ligand was omitted from the procedure.
Electron Microscopy—Pre-embedded EM analyses were per-

formed on buttock skin from a 70-year-old man. The samples
were fixed and sectioned. The sections were incubated with
pAb 6084, pAb 8531, or mAb 2B1, followed by incubation with
5-nm gold-conjugated secondary antibodies. All EM proce-
dures were performed on a Hanaichi electron microscope
(Okazaki, Japan).
Confocal Imaging—Dermal tissue sections were visualized

using an LSM 5 EXCITER confocal laser microscope (Carl
Zeiss, Oberkochen, Germany) that excluded nonspecific fluo-
rescence from the dermis. Dual-color images were captured in
a sequential manner. Negative controls were scanned before
sample scanning. Nonspecific fluorescence was not observed in
negative controls (absence of primary antibodies or binding
ligands (rVN)) using 10% laser power, 720 gain, and �0.50 off-
set. Subsequently, each sample was scanned using these stand-
ard conditions. FITC and Alexa Fluor 568 fluorescent signals
were detected at 488- and 543-nm laser excitation, respectively.
Dermal specimens were also observed by differential interfer-
ence contrast and double immunofluorescence imaging. All
images were obtained using a �63� oil-immersion objective.
Scanning was performed with a pinhole size of 1.0 airy unit and
eight times line averaging. The images were stored in a 512 �
512-pixel, 12-bit TIFF file format and were quantified using
ZEN software included with the LSM 5 EXCITER microscope.
Images were obtained from three independent tissue speci-
mens, and four clear view areas were chosen from each tissue

specimen for quantification. The average of the total fluores-
cence intensity from 10 areas was quantified.
Statistical Analysis—In all studies, the means � S.D. were

calculated for each group, and statistical analyses of the results
were carried out by analysis of variance followed by multiple
comparison tests to distinguish between groups.

RESULTS

Characterization of Versican Antibodies and Recombinant
Polypeptides—To investigate the biological significance of
VG1Fs, we designed and expressed recombinant polypeptides
(Fig. 1A). In addition to rVN, characterized in our previous
study (14), we generated new recombinant polypeptides, rVN�
and rVC. rVN�was designed to represent the native proteolytic
fragment generated by ADAMTS proteases (16). Another new
recombinant protein, rVC,was also expressed and purified (Fig.

FIGURE 1. Schematic and characterization of recombinant versican poly-
peptides and antibodies used in this study. A, schematic of human versi-
can (V1) is shown. Recombinant versican polypeptides, rVN, rVN�, and rVC are
designed as indicated. The recombinant polypeptide rVN� consists of the G1
domain and the N-terminal portion of the chondroitin sulfate � domain,
which ends with the amino acid sequence DPEAAE441 and represents the
cleavage site utilized by ADAMTS-1, ADAMTS-4, and ADAMTS-5. Recognition
sites for pAb 6084, pAb 7080, pAb 8531, mAb 12C5, and mAb 2B1 are indi-
cated. B, the purified recombinant polypeptides rVN, rVN�, rVC, and condi-
tioned medium from normal dermal fibroblasts treated with the chondroiti-
nase ABC were subjected to SDS-PAGE under nonreducing conditions and
detected by Coomassie Brilliant Blue (CBB) and immunoblotting. Antibodies
used for detection are indicated at the top. CRP, complement regulatory
protein.
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1, A and B). As expected, pAb 6084 recognized both rVN and
the G1 domain-containing rVN�, whereas mAb 2B1 recog-
nized rVC (Fig. 1B). Another antiserum, pAb 8531, was raised
against the neoepitope DPEAAE, as reported previously (16).
Immunoblotting showed that pAb 8531 was specific for rVN�
(Fig. 1B) but did not react with intact versican secreted by
NHDFs (B). in contrast, pAb 6084 recognized rVN, rVN�, and
intact versican core protein (Fig. 1B).
Extraction of VG1Fs from the Dermis—Immunoblotting and

blot overlay assays demonstrated the presence of VG1Fs in der-
mal extracts. The epitopes for the antibodies used in these
experiments are shown in Fig. 1A. pAb 6084 (data not shown),
pAb 7080 (data not shown), and mAb 12C5 revealed multiple
bands present in dermal extracts prepared with 6 M guanidine
followed by treatment with chondroitinase ABC (Fig. 2A).
Bands reacting with pAb 8531, which recognizes the DPEAAE
neoepitope in the chondroitin sulfate � region, were also iden-
tified (Fig. 2A), indicating that these molecules were generated
by cleavage of versican core protein. A blot overlay analysiswith
bHA also identifiedmultipleG1 domain-containing bands (Fig.
2A). These results demonstrated the presence of cleaved mole-
cules containing theG1 domain (VG1Fs, Fig. 2A, arrows). Some
of the VG1F-containing materials migrated as species larger
than 150 kDa (Fig. 2A, asterisk). However, prominent materials
migrated between 50 and 75 kDa (Fig. 2A)

To examine the association between VG1Fs and dermal con-
nective tissues in which HA-versican-fibrillin complexes are
colocalized (13, 14, 31), sequential extractions were performed.
When dermal tissue was extracted with 6 M guanidine solution,
multiple pAb 8531-positive bands containing VG1Fs were
found in the extract (Fig. 2B, arrows). After extractionwith PBS,
the residues were treated with Streptomyces HAase. Immuno-
blotting with pAb 8531 revealed that few, if any, VG1Fs were
extracted by these subsequent treatments (Fig. 2B). The
amount of VG1Fs released from the tissue was not increased by
repeated digestion with HAase (data not shown). When the
sequential extractionswere reversed (dermal tissuewas initially
extracted with PBS, then with HAase, and finally with 6 M Gdn
solution), VG1Fs were not detectable in either the PBS or
HAase extracts (Fig. 2C). However, pAb 8531-positive materi-
alswere released from the residue by further extractionwith 6M

Gdn solution (Fig. 2C). These results demonstrated that VG1Fs
interacted strongly and noncovalently with the dermal extra-
cellular matrix and were not held in the matrix simply
through their HA-binding properties alone. In addition,
these results suggest that cleavage of versican and release of
VG1Fs were likely not due to disruption of the tissue by
extraction conditions.
Exogenous VG1Fs Are Deposited on the Elastic Fiber Network

in Dermal Tissue—To examine whether VG1Fs can interact
with the elastic fiber network, a tissue overlay assay was per-
formed using the recombinant polypeptides rVN and rVN� as
soluble ligands. Our results showed that exogenously added
rVN was deposited onto fibrous components, i.e. the dermal
elastic fiber network, where endogenous G3 domains of versi-
can and fibrillin-1 were also present (Fig. 3, A, B, D, and E).
Colocalization was seen in the merged images (Fig. 3, C and F).
Deposition of rVN was observed in different regions of dermal

connective tissue (Fig. 3, A, C, and H), whereas nonspecific
staining with secondary antibodies was not observed (I). The
deposited rVN was also visualized as red using differentially
labeled antibodies (Fig. 3J). The reduced and alkylated rVN did
not bind at all to the dermal matrix (Fig. 3K). The larger soluble
ligand, rVN�, also bound to elastic fibers in the dermis (Fig. 3L).
VG1Fs Interact withMicrofibrils—Because the tissue overlay

assay suggested that binding ligands for VG1Fs may be present
in elastic fibers, we examined the interaction of the G1 domain
with microfibrils. In solid-phase binding assays, rVN specifi-

FIGURE 2. Characterization of VG1Fs from dermal tissue. A, Western blot
analyses using anti-versican antibodies and blot overlay assays by bHA. The
6 M guanidine hydrochloride dermal extract was treated with chondroitinase
ABC and resolved by SDS-PAGE under nonreducing conditions. The blots
were incubated with bHA or specific antibodies as indicated. The blot with
pAb 8531 (anti-DPEAAE) showed multiple molecules (arrows) containing the
bands larger than 150 kDa (asterisk) B and C, Western blot analyses with pAb
8531. The procedures for extraction from the dermis are indicated and are
described in detail under “Experimental Procedures.” B, dermal tissues were
sequentially extracted with 6 M guanidine hydrochloride, PBS, and Streptomy-
ces HAase treatment. C, dermal tissues were sequentially extracted with PBS,
Streptomyces HAase, and 6 M guanidine hydrochloride. The extracts were pre-
cipitated, treated with chondroitinase ABC, resolved on 7.5% acrylamide gels
under nonreducing conditions, and blotted.
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cally interacted with the isolated nondegraded microfibrils
from fetal membranes but not with BSA (Fig. 4), indicating the
presence of ligands in these preparations of microfibrils. In
addition, rVN�, which represents the G1-containing fragment
in normal dermis, bound to the microfibrils (Fig. 4). These
microfibril samples did not containHAbecause theywere puri-
fied by ultracentrifugation through a cesium chloride gradient
under dissociative condition (26 and data not shown). More-
over, rVN bound to hyaluronidase-treated microfibrils (data
not shown). In addition, rVN did not bind to tropoelastin (data
not shown).
Versican Is the Major Ligand for VG1Fs in Microfibrils—To

determinewhichmolecules in dermalmicrofibrils interactwith
rVN, a blot overlay assaywas performedusing secreted proteins
from NHDFs as immobilized ligands. Biotin-conjugated rVN
specifically bound to a molecule migrating at �500 kDa in the

secreted proteins treated with chondroitinase ABC (Fig. 5A). In
contrast, the corresponding band was not observed in samples
without chondroitinase ABC treatment (Fig. 5A), indicating
that either rVN interacts with the core protein of chondroitin
sulfate proteoglycans or that the interacting protein binds to
chondroitin sulfate proteoglycans, which would not enter the
gel without removal of the side chains. Immunoblotting with
pAb 6084 indicated that the versican core protein, migrating at
�500 kDa, was a possible ligand for rVN (Fig. 5A). Bound rVN
was also detected at �500 kDa using HRP-conjugated anti-
hexahistidine antibodies (Fig. 5B). Hyaluronidase treatment for
rVN and/or secreted proteins from NHDFs did not interfere
with the binding (data not shown). However, when themedium
proteins from NHDFs were reduced, no binding was observed
(Fig. 5B), suggesting that the globular domains at both ends of
the versican core proteinwere candidates for the binding site. A
band migrating around 350 kDa, corresponding to the size of
the fibrillin-1 monomer (10), was not observed in the assay.
Using dermal guanidine extracts as immobilized ligands,

rVN bound to multiple molecules migrating in the range of
40–400 kDa (Fig. 5C). The band patterns were almost identical
to those detected byWestern blotting with pAb 6084 (Fig. 5C).
In contrast, themost prominent banddetected bymAb2B1was
found to be migrating at �500 kDa, most likely corresponding
to the versican monomer (Fig. 5C). Other smaller bands
detected by rVNoverlay andby pAb6084 lacked theC-terminal
mAb 2B1 epitope. These results suggest that rVN can bind to
VG1Fs extracted from the dermis.
Homotypical Interactions of the Globular Domains of

Versican—Interactions of VG1Fs were further tested using
solid-phase binding assays. rVN specifically bound to the intact
proteoglycan form of versican purified from conditioned
medium from NHDFs (Fig. 6A) (19), confirming our results

FIGURE 3. Tissue overlay assays using recombinant VG1Fs. Dermal sec-
tions were overlaid with recombinant versican G1 polypeptides. A, bound rVN
was detected by FITC-conjugated anti-C-His antibodies (green). B, the endog-
enous G3 domain was detected by mAb 2B1 (red). C, colocalization of the
exogenous rVN and endogenous G3 domain is shown in the merged image
(yellow). A–C, scale bars � 20 �m. D, bound rVN was detected by Alexa Fluor
555-conjugated anti-C-His antibodies (red). E, endogenous fibrillin-1 was
detected by pAb 9543 (green). F, colocalization of exogenous rVN and endog-
enous fibrillin-1 is shown in the merged image (yellow). G, the merged image
of a control section (treated similarly but without rVN and pAb 9543) was
negative. D–G, scale bars � 10 �m. H, In another field of the section, exoge-
nous rVN was detected (green), whereas in I, control sections (treated similarly
but without rVN) were negative. J, bound rVN (red) was also detected by Alexa
Fluor 568-conjugated antibodies. K, the section overlaid with reduced and
alkylated rVN was negative. L, exogenously added rVN� was similarly
detected on tissue sections (green). H–L, scale bars � 20 �m.

FIGURE 4. Binding of VG1Fs to extracted microfibrils. Isolated microfibrils
extracted from human fetal membranes or bovine serum albumin (�) were
immobilized. Coated microfibrils were prepared using 6 M guanidine extrac-
tion, molecular sieve chromatography, and ultracentrifugation containing
cesium chloride. rVN (●) and rVN� (Œ) were used as soluble ligands. Each
point represents the mean � S.D. obtained from three independent
experiments.
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from the blot overlay assay. These results suggested that chon-
droitin sulfate chains of versican did not interfere with the
interaction. As a negative control, the reduced and alkylated
rVN did not bind to versican (Fig. 6A). In addition, rVN did not
bind to recombinant fibrillin-1 fragments rF11 and rF6 (Fig.
6B), consistent with the results of the blot overlay analysis.
Because rVN did not bind to the reduced versican core pro-

tein (Fig. 5B), we next tested the interactions between the glob-
ular domains. Biotin-conjugated rVN bound to both rVN and
rVC immobilized on wells (Fig. 6C). By surface plasmon reso-
nance using BIAcore, self-association of rVN was observed at
each concentration (Fig. 6D). For the self-interaction of rVN,

the dissociation constant KD (Kd/Ka) was 95.8 nM, suggesting
moderately strong self-interaction of the versican G1 domain.
In contrast, the control ligand rF6 (the carboxyl-terminal half of
fibrillin-1) showed no binding to rVN when rF6 was immobi-
lized on the sensor chip (Fig. 6E).
VG1Fs Formed Macroaggregates in the Dermis—Extraction

experiments demonstrated that VG1Fs migrated as species
larger than 100 kDa and that the mobilities of the molecules
were not markedly affected by chondroitinase ABC treatment
(Fig. 2C). Moreover, our results demonstrated the homotypical
interaction of rVN. Therefore, we sought to further define high
molecular weight aggregates containing VG1Fs in dermal tis-
sue. Dermal tissue was extracted with 6 M guanidine, and the
soluble extracts were sieved on Sepharose CL-2B under disso-
ciative conditions. Immunoreactivity with pAb 8531, recogniz-
ing theDPEAAEneoepitope sequence, was detected in the void
volume fractions as well as in fractions that eluted later (Fig.
7A). Because the neoepitope DPEAAE is generated after cleav-
age by ADAMTS proteases (16, 17) and because pAb 8531 spe-
cifically reacted with the cleavage site of chondroitin sulfate �
of versican but not with intact versican core protein (Fig. 1B), it
is likely that VG1Fs may form large aggregates in the dermis.
Consistent with these findings, void volume aggregates reacted
positively with pAb 6084 (anti-G1) and pAb 7080 (anti-G1) but
not with mAb 2B1 (anti-G3), pAb 9543 (anti-fibrillin-1), or
mAb 8A4 (anti-link protein, Fig. 7A and data not shown). Inter-
estingly, the aggregates bound to soluble rVN and bHA during
blot overlay analysis (Fig. 7A). In contrast, rVN(r) (reduced and
alkylated rVN) andHABP did not bind to the aggregates. These
results suggested that VG1F aggregates were capable of binding
to the versican G1 domain and HA.
For further characterization of VG1F-containing macroag-

gregates, void volume fractions were isolated by ultracentrifu-
gation in cesium chloride. The pAb 6084-positive fraction was
visualized by electronmicroscopy after rotary shadowing.Mor-
phological analysis of VG1F-containing aggregates revealed a
polygonal shape, with aggregates ranging from 5 to 25 nm in
diameter (Fig. 7B). Microfibrils were not observed in any prep-
aration. Then, the aggregates were treatedwith trypsin alone or
trypsin and V8 protease and subjected to SDS-PAGE. Subse-
quent protein staining and immunoblotting with pAb 6084
indicated that the versican G1 domain was a major constituent
of the aggregates (Fig. 7C).
Consistent with biochemical results, immunoelectron micro-

scopic imaging with pAb 6084 demonstrated that gold labeling
could be observed on microfibril structures. The gold labeling
appeared to be aggregated either to microfibrils around the
amorphous elastin core or tomicrofibrils positioned away from
the elastin core (Fig. 8, A and B). Occasionally, labeling was
observed in the region independent of microfibrils. Similarly,
immunolocalization with pAb 8531, an anti-DPEAAE anti-
body, was identical to that with pAb 6084 (Fig. 8, C and D),
indicating that VG1Fs were localized to microfibrils in adult
dermis. However, periodic labeling, like that of fibrillin-1, was
not observed. Immunolocalization with mAb 2B1 (Fig. 8E) was
shown, as reported previously (8). No labeling with nonim-
mune serum was observed (Fig. 8F).

FIGURE 5. The presence of ligands for rVN in secreted molecules from
dermal fibroblasts and in dermal extracts. To identify ligands for rVN, blot
overlay assays were performed. Conditioned medium from NHDFs (A and B)
and dermal extracts, prepared using 6 M guanidine hydrochloride (C) with (�)
or without (-) chondroitinase ABC treatment, were resolved and blotted. A,
biotin-conjugated rVN was used as the soluble ligand. bound rVN was
detected by HRP-conjugated avidin. Western blot analysis using pAb 6084
(anti-G1) is shown, indicating the migration of the versican core protein. B,
anti-His antibodies were used for detection of bound rVN. The samples were
run under nonreducing (-) or reducing (�) conditions. C, the dermal extract
was the immobilized ligand. Biotin-conjugated rVN was used as the soluble
ligand. Western blot analyses using pAb 6084 and mAb 2B1 (Fig. 1) showed
species containing N-terminal and C-terminal domains of versican present in
dermal extracts.
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VG1Fs Enhanced Recruitment of HA to Microfibrils—To
clarify the roles of VG1Fs in HA recruitment to microfibrils,
HA-binding assays were performed in the presence of exoge-
nous rVN. Because the microfibrils used in this assay included
intact versican molecules containing the G1 and G3 domains
(data not shown), bHA bound to the coated microfibrils (Fig.
9A, f). When rVN was preincubated with the immobilized
microfibrils, HAbinding tomicrofibrils increased at all concen-
trations of bHA (Fig. 9A, ●). Moreover, the amount of bound
HA was dependent on the amount of added rVN at a constant
concentration of HA (Fig. 9B).
The effects of exogenous VG1Fs on HA recruitment to

microfibrils was also examined by a tissue overlay assay using
bHA as the soluble ligand. When rVN was preincubated with
the dermal tissue specimens, the deposition of HA around elas-
tic fibers was increased significantly (Fig. 9D and data not
shown) compared with control specimens (C). Quantifying the
images clarified the increase of fluorescence intensity in the
presence of exogenous rVN (Fig. 9E).

DISCUSSION

In this study, we clarified the structural properties of versican
fragments containing theG1 domain andVG1Fs in theHA-mi-
crofibril network in the dermis, where HA-versican-microfibril
complexes are associated, and demonstrated that VG1Fs

homotypically interacted with and incorporated HA into der-
mal microfibrils.
Consistent with our previous study (14), VG1Fs were found

in 6 M guanidine extracts from the dermis. In contrast, hyalu-
ronidase treatment released only small quantities of pAb 8531-
positivemolecules, indicating that VG1Fs were not simply associ-
ated with dermal ECMs through their preserved HA-binding
properties. Therefore, it seems likely that VG1Fs require protein
ligands to localize to the fibrillinmicrofibril network in thenormal
dermis.
Microfibrils are ubiquitous connective tissue elements com-

posed of fibrillins and other associated proteins such as fibulins,
microfibril-associated glycoproteins, versican, LTBP-1 (latent
TGF beta-binding protein 1), and LTBP-4 (6–8, 25, 27, 32, 33).
Our unique tissue overlay assay revealed that exogenous rVN
was deposited onto the dermal elastic fiber network, where the
G3 domain of versican is localized (5, 14), and could bind to
extracted fibrillin microfibrils, suggesting that VG1Fs could be
recaptured by microfibrils. In addition, our tissue overlay assay
showed that binding ligands for VG1Fs were available in the
dermal connective tissues. By using blot overlay assays, versican
core protein, but not fibrillin-1, was shown to be a novel ligand
for VG1Fs. In addition, our results also indicated that other
molecules, including chondroitin sulfate chains, LTBPs, fibu-

FIGURE 6. Interactions of recombinant globular domains of versican. Solid-phase binding assays were performed using rVN as a soluble ligand (A–C). A,
native versican purified from NHDF (●) or BSA (�) was immobilized. Reduced and alkylated rVN (f) was also used as a negative control (indicated as rVN(r)).
B, native versican, fibrillin-1 (N) (rF11, fibrillin-1 amino-terminal half), or fibrillin-1 (C) (rF6, fibrillin-1 carboxyl-terminal half) was used to coat wells. Soluble rVN
bound to native versican (●). In contrast, rVN did not bind to fibrillin-1 (‚) or fibrillin-1 (C) (�). C, biotin-conjugated rVN bound to wells coated with rVN (�) and
to rVC (recombinant G3 domain, Œ) but not to BSA (�). Binding of soluble biotin-conjugated rVN to immobilized BSA was used as a negative control. Each point
in A–C is the mean � S.D. obtained from three independent experiments. D and E, BIAcore sensorgrams of rVN interactions. Experiments were performed with
a series of titrated analytes (rVN) in solution with the indicated concentrations, flowed over a CM5 sensor chip immobilized with 1200 RU of rVN (D) or rF6 (E).
The analytes were injected at the point indicated by ‚, and the dissociation phase began at the point indicated by Œ. RU, resonance unit.
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lins, and other associatedmolecules, did not inhibit the binding
of VG1Fs.
Because the binding of VG1Fs to versican core protein was

abolished under reducing conditions, the globular domains
containing disulfide bondswere the likely binding sites for rVN.
Using recombinant versican globular domains, homotypicFIGURE 7. Identification of VG1F-containing aggregates in dermal

extracts. A, dermal tissues were extracted with a 6 M guanidine solution. The
extract was concentrated using a 50-kDa molecular mass cutoff membrane
and sieved on Sepharose CL-2B columns under dissociative conditions. Pro-
tein concentrations (micrograms/milliliters), dot blot analyses, and overlay
assays using rVN and bHA as soluble ligands are shown. Antibodies used for
dot blot analyses are indicated. The void volume fractions were positive with
pAb 8531 (neoepitope, DPEAAE) and pAb 7080 (anti-G1 domain) but not with
anti-G3 domain antibodies (mAb 2B1) or anti fibrillin-1 antibodies (pAb 9543).
Blot overlay analyses using rVN, rVN(r), biotin-conjugated HABP (bHABP), and
bHA are also shown. The void fractions bound to rVN and bHA but were

negative for rVN(r) and HABP. B, rotary shadowed electron microscopy of
VG1F-containing aggregates is shown. The pAb 6084 positive-void volume
fractions from sieved chromatography (A) were further isolated by ultracen-
trifugation containing cesium chloride. Scale bar � 100 nm. C, analysis of the
fractions shown in B. Fractions were treated with trypsin alone or trypsin and
V8 protease. The samples were resolved by SDS-PAGE, analyzed by staining
with Coomassie Brilliant Blue (CBB), and immunoblotting with pAb 6084
(anti-G1).

FIGURE 8. Immunoelectron microscopic localization of the versican G1
domain in the dermal connective tissue. In human adult dermis, pAb 6084
was used to label the versican G1 domain with gold (A and B). The dermis was
also incubated with the neoepitope antibody pAb 8531 (C and D) and the
anti-versican G3 antibody mAb 2B1 (E). Incubation with nonimmune rabbit
serum was performed as a control (F). Scale bars � 100 nm.
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interactions of versican G1 domain were demonstrated, con-
sistent with blot overlay assays in which rVN bound to pAb
6084-positive molecules. This binding was also confirmed by
surface plasmon resonance. Fibrillin-1, although a major con-
stituent of microfibrils, was not a ligand for VG1Fs. However,
through intact versican bound to microfibrils (8, 15), VG1Fs
can be recaptured by microfibrils. Taken together, these data
suggested that VG1Fs could accumulate on microfibrils
through homotypic interactions of versican globular domains
(Fig. 10B).
Consistent with homotypic binding, macroaggregates con-

taining VG1Fs were identified in the dermal extracts. In con-
trast, lack of immunoreactivities with the anti-G3 domain and
anti-fibrillin-1 antibodies suggested that the macroaggregates
found in this studywere different from the versican-boundmicro-
fibrils detected previously (8, 15). This result also suggested that
the noncovalent G1-G3 interaction may not be responsible for
formation of macroaggregates containing VG1Fs. Because we
used 6 M guanidine to extract the aggregates and isolated them
underdissociative conditions, thismethodallowedus to findmac-
roaggregates that had not been reported in previous studies (20).
Therefore, it can be speculated that cleavage by ADAMTS pro-
teases is a critical step for forming VG1Fs macroaggregates.
Rotary shadowing and electron microscopy demonstrated the
morphological characteristics of VG1F macroaggregates, and
immunoblotting of protease-treated fragments demonstrated
that the major components of the macroaggregates were
VG1Fs. Furthermore, VG1F multimers bound to additional

rVN and HA by overlay analyses, suggesting that the binding
sites for VG1Fs and HA were available in the VG1F macroag-
gregates. Consistent with the biochemical properties of these
proteins, isolated VG1F containing macroaggregates exhibited
a wide range of diameters after rotary shadowing and EM.
Moreover, although it has been reported that link protein is
expressed in chicken embryonic dermis and binds to versican
(34, 35), our results demonstrated that link protein was not a
constituent of VG1F multimers, nor a major ligand for VG1Fs
in the adult dermis.
The binding properties of the G1 domain of versican, aggre-

can, and link protein to HA were characterized using recombi-
nant proteins (35–38), and interactions between those HA
binding regions were shown. However, until now, homotypic
interactions of VG1Fs have not been reported. On the basis of
the assumption of lack of homotypic interaction of VG1Fs, we
initially speculated thatVG1Fswould competitively disruptHA
recruitment to microfibrils. Contrary to our expectations, our
results showed that exogenous addition of rVN enhanced HA
incorporation into microfibrils. In cartilage, link protein stabi-
lizes the HA-aggrecan matrix (39). However, the role of link
proteins or similar molecules in the dermis has not yet been
reported. In this study, our data suggest that the aggregative
properties of VG1Fs may facilitate the incorporation of VG1Fs
and HA into the matrix in dermal tissues. Thus, VG1Fs could
possess a stabilizing role similar to the role of link proteins in
cartilage (Fig. 10B).

FIGURE 9. Exogenous versican G1 fragments enhance HA deposition into microfibrils. Solid-phase binding assays were performed using bHA as a soluble
ligand and immobilized microfibrils bound with rVN (A and B). A, before incubation with hyaluronan, the immobilized microfibrils were incubated with rVN at
a constant concentration of 9 �g/ml (●). Binding of bHA was enhanced by the preincubation of exogenous rVN compared with microfibrils without preincu-
bated rVN (f). bHA did not bind to the coated BSA preincubated with rVN (Œ). B, solid-phase binding assay using bHA as a soluble ligand at a constant
concentration (5 �g/ml). Immobilized microfibrils or BSA were preincubated with increasing concentrations of rVN. C and D, tissue overlay assay using bHA
(green) as a soluble ligand on dermal tissue preincubated without rVN (C) or with rVN (D). Scale bars � 20 �m. E, quantification of the fluorescence intensity from
images similar to C and D resulted in significant differences (*, p � 0.0067) between tissue sections treated with rVN compared with control untreated tissue
sections. The error bar represents the mean � S.D. fluorescence intensity obtained from 10 areas.
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Recently, proteolysis of versican by ADAMTS proteases has
been shown to play key biological roles in ovulation (40),
neointimal atrophy (41), interdigital web regression (42), and
palatal mesenchyme proliferation (43). Dermal fibroblasts that
are deficient in ADAMTS-5 exhibit a myofibroblastic pheno-
type (44), and transfection of cancer cells with the versican G1
domain exaggerates tumor progression (45). However, the
mechanisms mediating these activities and whether versican
cleavage products perform important roles are not fully
understood. The results of this study show that VG1Fs can
interact with HA and with versican globular domains, sug-
gesting that versican cleavage products can perform impor-
tant functional roles. Furthermore, we now know that the
versican-microfibril complex can sequester VG1Fs within

the microfibril network, forming a specific depot of biologi-
cally active VG1Fs positioned to recruit HA. We propose
that VG1F macroaggregates can capture more HA onto
microfibrils when needed. The potentially dynamic interac-
tions of VG1Fs may be a fundamental structural property of
the fibrillin-versican-HA complex in connective tissue, as
depicted in Fig. 10. Disruption of any part of this network
could compromise the structural and functional integrity of
connective tissue and might explain certain effects of
ADAMTS protease deficiency on connective tissue function.
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