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Summary

Variants of versican have wide-ranging effects on cell and tissue phenotype, impacting proliferation, adhesion, pericellular
matrix composition, and elastogenesis. The G| domain of versican, which contains two Link modules that bind to hyaluronan
(HA), may be central to these effects. Recombinant human GI (rhGl) with an N-terminal 8 amino acid histidine (His) tag,
produced in Nicotiana benthamiana, was applied to cultures of dermal fibroblasts, and effects on proliferation and pericellular
HA organization determined. rhG| located to individual strands of cell surface HA which aggregated into structures resembling
HA cables. On both individual and aggregated strands, the spacing of attached rhGIl was similar (~120 nm), suggesting
interaction between rhGI| molecules. Endogenous VO/VI, present on HA between attached rhGl, did not prevent cable
formation, while treatment with VO/V | alone, which also bound to HA, did not induce cables. A single treatment with rhG|
suppressed cell proliferation for an extended period. Treating cells for 4 weeks with rhG| resulted in condensed layers of
elongated, differentiated a actin-positive fibroblasts, with rhG| localized to cell surfaces, and a compact extracellular matrix
including both collagen and elastin. These results demonstrate that the G| domain of versican can regulate the organization
of pericellular HA and affect phenotype. () Histochem Cytochem 64:353-363, 2016)
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size. The modular nature of the versican core protein
creates a highly diverse molecular constituent of the
ECM capable of binding to a variety of factors involved
in ECM remodeling and regulation of cell phenotype.
These variants have different effects on the ECM
impacting such events as cell proliferation, cell adhe-
sion and migration, pericellular coat formation, and

Introduction

The domain structure of the gene and core protein of
the extracellular matrix (ECM) proteoglycan versican,
through alternative splicing of exons, gives rise to mul-
tiple isoforms of different sizes. The largest variant
(VO) contains two glycosaminoglycan (GAG) binding
regions (a and B), V1 has the g GAG exon only, V2 the
o GAG exon only, and the smallest variant V3, with
neither GAG exon, is formed from the amino-terminal
globular domain (G1) and the carboxyl-terminal
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domain (G3);'"® a V4 variant mRNA predicting a trun-
cated B GAG domain has recently been identified in
human breast cancer.* These transcripts give rise to
modular core proteins of different composition and
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elastogenesis.”"' However, it is not clear whether spe-
cific domains of the core protein of versican can mimic
these effects or alternatively might display different
biological activities.

The G1 domain at the amino-terminal end of versi-
can, common to all isoforms, is composed of an immu-
noglobulin-like domain and two contiguous Link
modules. In this study, we have investigated the effect
of histidine (His)-tagged recombinant human G1
(rhG1), produced in the tobacco plant, on the pheno-
type of cultured human dermal fibroblasts. We report
that the G1 domain of versican interacts with endoge-
nously produced hyaluronan (HA) at periodic sites
along the HA strand and promotes aggregation of HA
strands into cable-like structures in the pericellular
matrix (PCM) of the cultured cells. Furthermore, the
formation of aggregates of HA in the PCM of the der-
mal fibroblasts is accompanied by reduced proliferation
of these cells. In long-term cultures, G1 induces a dif-
ferentiated, layered tissue of elongated cells and a
compact ECM of collagen and elastin. These studies
demonstrate that a specific structural domain within
the versican core protein has biological activity and can
impact ECM remodeling and cell phenotype.

Materials and Method

Recombinant G|

Recombinant versican G1 domain (aa21-346 of P13611
CSPG2_Human), expressed in Nicotiana benthami-
ana, was produced under contract by Agrenvec, Madrid,
Spain. The 37 kDa product was purified by immobilized
metal ion chromatography and size exclusion, with pro-
tein detection by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and Western blot
using versican antibody (H00001462-BO1P Abnova,
Taipei, Taiwan; see Fig. 1). The expressed sequence
was as follows: HHHHHHHHLHKVKVGKSPPVRGSL
SGKVSLPCHFSTMPTLPPSYNTSEFLRIKWSKI
EVDKNGKDLKETTVLVAQNGNIKIGQDYKGRVSVP
THPEAVGDASLTVVKLLASDAGLYRCDVMYGI
EDTQDTVSLTVDGVVFHYRAATSRYTLNFEAAQK
ACLDVGAVIATPEQLFAAYEDGFEQCDAGWLADQ
TVRYPIRAPRVGCYGDKMGKAGVRTYG
FRSPQETYDVYCYVDHLDGDVFHLTVPSKFTFE
EAAKECENQAARLATVGELQAAWRNGFDQC
DYGWLSDASVRHPVTVARAQCGGGLLGVRT
LYRFENQTGFPPPDSRFDAYCF.

Preparation of Versican

Versican was purified from bovine aorta by a combination
of ion exchange and size exclusion chromatography”**
and was biotinylated using NHS-LC-biotin (Pierce, now
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Figure |. Recombinant human versican V3 (recombinant human
Gl [rhGl]), 37 kDa (aa21-346 of P13611 CSPG2_HUMAN) with
N-terminal 8 amino acid histidine tag, expressed in Nicotiana bentham-
ina. Left panel: Coomassie blue stained sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE). Right panel: Western
blot stained with mouse polyclonal to versican. Lane |: molecular
weight marker (kDa); lanes 2 to 4: 0.5, 0.25, 0.1 pg rhGl, respectively.

Thermo Fisher Scientific, Waltham, MA) according to the
manufacturer’s instructions. The preparation consisted of
full length VO/V1, with the majority (~90%) being V1 as
assessed by Coomassie blue staining of chondroitinase
ABC-treated core proteins (data not shown). Biotinylation
was done in the presence of HA to minimize potential
interference with the HA-binding site. Purified versican (10
mg) dissolved in 5 ml of 0.1 M HEPES, 0.1 M sodium
acetate, pH 7.3, was mixed with 500 pg HA (235 kDa
average molecular weight, Genzyme, Boston, MA) and
incubated for 30 min. NHS-LC-Biotin (1 mg) was then
added for 2 hr, followed by dialysis into 4 M guanidine
hydrochloride (GuHCL). The bVersican was then purified
over HA-Sepharose as described previously.™

Cell Culture

Human neonatal dermal fibroblasts from ATCC Primary
Cell Solutions (Manassas, VA) were cultured according
to protocols provided (ATCC PCS-201-010). Cells were
cultured in Dulbecco’s modified Eagle’s medium
(DMEM)—high glucose (Invitrogen Cat. No. 10569-
044, Carlsbad, CA) supplemented with 10% fetal
bovine serum (FBS; Thermo Hyclone Cat. No.
SH3046.02, Logan, UT) and glutamine-penicillin-strep-
tomycin (Invitrogen Cat. No. 10378-016). Cells between
passages 3 and 7 were used for experiments. Cells
were cultured on both plastic and glass coverslips for
varying periods up to 4 weeks (times specified in text
and figure captions). Selected cultures were treated
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with 10 pg/ml of His tagged-rhG1 (rhG1; empirically
determined by dose response of 1, 2, 5, and 10 pg/ml,
and by previous studies on versican);'? 4 ug/ml of bio-
tinylated HA binding protein (bHABP), composed of
aggrecan HA-binding region and cartilage link protein,
isolated from bovine nasal cartilage;"® and 2, 5, 10, and
15 pg/ml of versican and 10 pg/ml biotinylated versican
(bVersican) isolated from bovine aorta.”'* For all treat-
ments, medium was changed when rhG1 and versican
were added. In extended cultures out to 4 weeks,
medium was changed every 3 days and fresh rhG1
was added. The growth of control and rhG1-treated
cells (10 pg/ml) over a 15-day period, with fresh media
added on days 2 and 6, reducing rhG1 concentration to
7 and 5.6 pg/ml, respectively, was measured by count-
ing of cells from micrographs of duplicate cultures for
each time point (day 0, 9 hr, days 1, 2, 6, 8, 14, and 15)
on coverslips in 24-well plates. Photographs were taken
on a Nikon Eclipse E400 under a 10x objective lens.

Immunocytochemistry

Cultures for analysis of cell surface HA and effects of
treatments were fixed for 30 min in cold (-20C) 100%
methanol. For analysis of treatment with rhG1, fixed
cells were washed in phosphate-buffered saline (PBS)
3 x 5 min, blocked with 0.1% donkey serum for 1 hr, and
incubated overnight at 4C with bHABP (4 pg/ml) and
anti-His antibody (Sigma-Aldrich Cat. No. H1029, St.
Louis, MO) at 1:100. Cells were washed 2 x 5 min in
PBS, and incubated for 1 hr with Streptavidin 488
(Jackson ImmunoResearch Cat. No. 016540084, West
Grove, PA) at 1:200 and Alexa 594 goat-anti-mouse IgG
(Jackson ImmunoResearch Cat. No. 115545003) at
1:500. Following rinsing in PBS, cells were mounted
with ProLong Gold Antifade Mountant with DAPI
(Molecular Probes Cat. No. P36935, Eugene, OR). For
cultures treated with bHABP and with bVersican, fixed
cells were incubated for 1 hr with Streptavidin 488 fol-
lowed by washing in PBS and mounting. For cultures
treated with versican, fixed cells were incubated over-
night at 4C with bHABP and antiversican (Abcam Cat.
No. ab177480, Cambridge, UK) at 1:100, washed 2 x 5
min in PBS, and incubated for 1 hr with Streptavidin 488
at 1:200 and Alexa 594 goat-anti-mouse IgG at 1:500
followed by washing in PBS and mounting.™

Imaging

Cultured and immunostained cells were imaged on a
Nikon Eclipse E400. Morphometric parameters of
cables and rhG1 deposits on HA strands were deter-
mined from screen images using Adobe Photoshop
measurement tools. Four-week multilayered fibroblast
cultures were fixed in 4% paraformaldehyde for 30

min, and samples processed for paraffin embedding
and sectioning and for electron microscopy. For the lat-
ter, tissue samples were postfixed in 2.5% glutaralde-
hyde. Ultrathin sections, stained with uranyl acetate,
lead citrate, and tannic acid, were viewed on a Tecnai
G? Spirit Twin transmission electron microscope.

Results

The 37 kDa recombinant G1 domain from human ver-
sican was purified by immobilized metal ion and size
exclusion chromatography, with protein detection by
SDS-PAGE and Western blot using a polyclonal versi-
can antibody (Fig. 1).

Treatment of cultured low-density dermal fibroblasts for
24 hr with 10 pg/ml of rhG1 induced formation of HA cable-
like structures extending up to 50 um from and between
cells (Fig. 2A-D). Staining of HA with bHABP/streptavidin
and with an antibody to the His tag of rhG1 showed local-
ization of G1 to the HA cables (Fig. 2E-G). Mean cable
lengths and widths (+SEM) were 21.3 + 2.0 and 0.8 + 0.3
pm, respectively, with ~40% of cells associated with cables
(Fig. 2H). Control cultures had very few cables, which were
short and did not extend between cells.

Extended culture of rhGi-treated cells out to 15
days, with addition of fresh media at days 2 and 6
(without fresh rhG1), showed that a single dose of
rhG1 slowed growth significantly throughout the cul-
ture period compared with untreated controls (Fig. 3).

Cultures of control dermal fibroblasts, at low density
and stained with bHABP/streptavidin (Fig. 4A), showed
multiple HA strands of variable thickness and bright-
ness, extending from the cell surfaces with many of the
strands bridging between adjacent cells. In cell cultures
treated with rhG1 (10 pg/ml) for 24 hr (fixed, double
stained with HABP/streptavidin and anti-His, and viewed
by oil immersion) periodic His staining (Fig. 4B) was evi-
dent, both on individual HA strands and on coalesced
strands, the latter usually at the edge of multiple strand
bundles. rhG1 stained with His antibody showed a vari-
able periodicity, and on single HA strands, no overlap
with bHABP staining was seen (Fig. 4C). Where HA
strands were thicker (aggregated), some overlap of the
red and green staining was evident, but distinct His
staining was still clearly discernible (Fig. 4C).

The aggregation of HA strands into cables was best
seen as strands were progressively drawn together at
increasing distance from the cell surface (Fig. 5). Close to
the cell surface, individual strands were clearly visible, but
with increasing distance from the cell surface, the aggre-
gation of strands progressively increased with multiple
strands drawn into cables in which the colocalization of
HABP/streptavidin and anti-His staining produced merged
yellow fluorescence (Fig. 5A, B), again prominent on the
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Figure 2. Control (A, B) and recombinant human G| (rhGl) treated (10 mg/ml) (C, D) cultured human dermal fibroblasts, stained
with biotinylated hyaluronan binding protein (bHABP)/streptavidin (green) to detect HA and with antibody to histidine (His) tag on G|
(red). rhGl-treated cultures show colocalization of rhGI| with hyaluronan (yellow) and induction of cable structures often extending
between cells (arrows). Cables stained with bHABP/streptavidin (E), antibody to His tag on G| (F), and merged images (G). Distribution
of cable lengths, widths, and abundance in the presence or absence of rhGI (H). Scale bars A, C, 50 um; B, 25 ym; D, E, F, G, 10 pm.

edges of cables. Close to the cell surface, where both
individual and coalesced strands were resolvable with
digital magnification (Fig. 5C), the periodic His staining
could be measured. The periodicity on aggregated and
individual strands was not significantly different (121 nm +
SD 13, n = 55; 116 + 20 nm, n = 58), interpreted as
rhG1 molecules or clusters of rhG1 remaining in register

following aggregation of HA strands. The rhG1-stained
deposits on the merged HA strands were significantly
(o < 0.001) larger than on single strands (diameter on
single strands 31.2 + SD 5.3 nm; two strands 45.9 + 5.0
nm; three or more strands 46.9 + 11.6 nm), suggesting
that the rhG1 molecules may interact to form homotypic
clusters, similar to those reported by Murasawa et al."
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Figure 3. Effect of single dose of recombinant human G1 (rhGl;
10 mg/ml) at day O on cell growth over |5 days. Error bars SEM
of triplicate cultures.

Figure 4. A. Strands of hyaluronan (HA), stained with biotinyl-
ated HA binding protein (bHABP)/streptavidin (green) extending
between cultured dermal fibroblasts. Nuclei stained with DAPI.
B. Dermal fibroblasts exposed to |0 mg/ml recombinant human
Gl (rhGl) for 24 hr and stained with bHABP/streptavidin and
antibody to histidine (His) tag (red) on rhGl. C. Boxed area in B
enlarged to show periodic binding of rhG1 His tag to HA strands
(arrows). Scale bars A, B, 10 ym; C, 2 pm.

Binding of rhG1 to HA was apparent 1 hr after
addition of rhG1 (Fig. 6A). Pretreatment of cultures
for 1 hr with bHABP (4 pg/ml), followed by treatment
with rhG1 for a further 1 hr, then fixation and staining
with streptavidin and anti-His, showed an absence of
colocalization (Fig. 6B); continued treatment with
rhG1 out to 6 hr after the bHABP pretreatment, with

Figure 5. Coalescence of hyaluronan (HA) strands and cable
formation induced by recombinant human Gl (rhGl). A.
Coalescence of strands (open arrows), rhGl on HA strands
(red/yellow) indicated by closed arrows. B. Cable extending
between two cells with peripheral aggregation of HA strands.
C. Boxed area in B showing coalescence of individual HA
strands arising from cell surface to form a cable. Spacing of
rhGl (closed arrows) is similar on individual (top group of
arrows) and on coalesced strands (lower group of arrows)
indicating alignment of rhG| molecules. Scale bars A, C, | pm;
B, 10 ym.

the bHABP still present, and staining with bHABP/
streptavidin and anti-His, resulted in both colocaliza-
tion and cable formation (Fig. 6C, D). Fibroblasts
treated with bHABP for 1 and 7 hr, prior to fixation
and staining with streptavidin alone, showed that the
bHABP, present at 1 hr, was lost by 7 hr (Fig. 6E, F).
Subsequent staining of the 7-hr cultures with bHABP/
streptavidin revealed typical cell surface HA strands
(Fig. 6G). These findings are consistent with bHABP
occupation of binding sites for rhG1 on HA for a lim-
ited time (at least 1 hr), and with loss over a longer
period (6 hr), allowing for rhG1 binding and promo-
tion of cable formation.

In contrast to rhG1, cable formation did not occur in
cultures of dermal fibroblasts treated with VO/V1 versi-
can, at concentrations ranging from 2 to 15 pg/ml
(compare Fig. 7A, B).V0/V1 versican, as demonstrated
previously,™ locates to cell surface HA strands with a
periodic distribution, and endogenous VO/V1 was
present on HA cables induced by rhG1, and was
located between the His-stained rhG1 deposits (Fig.
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Figure 6. A. Cultured dermal fibroblast treated for | hr with recombinant human G| (rhGI) showing localization (arrows) to hyal-
uronan (HA) strands. B. Fibroblasts treated for | hr with biotinylated HA binding protein (bHABP; 4 ug/ml), followed by treatment
with rhGl for | hr, followed by fixation and staining with streptavidin (green) and antibody to histidine (His) tag on rhG1 (red), showing
absence of colocalization, indicating binding of rhG| to HA (asterisk) is blocked. C, D. Fibroblasts cultured for | hr in bHABP followed
by treatment with rhGI for 6 hr in continued presence of bHABP, fixed and stained with bHABP/streptavidin and antibody to His tag on
rhGl, showing colocalization (yellow) and cable formation (arrows). E, F. Fibroblasts treated for (E) | hr and (F) 7 hr, with bHABP (4 pg/
ml), fixed, and stained with streptavidin (green) showing loss of bHABP binding to HA over time. G. 7-hr bHABP-treated cells fixed and
stained with bHABP/streptavidin showing presence of HA cell surface strands. Scale bars A, B, 5 ym; C, 25 pm; D, E, G, 10 pm; F, 20 pm.

7C), indicating sufficient space for intact VO/V1 versi-
can binding in addition to rhG1. Furthermore, addition
of bVersican to rhG1-treated cultures, after cables had
formed, showed the added bVersican also localizes
between the rhG1 deposits (Fig. 7D), in the same
manner as endogenous versican (Fig. 7C), again indi-
cating sufficient space for both VO/V1 versican and
rhG1 to be accommodated on HA strands.

Treatment of cultured fibroblasts with rhG1 for 4
weeks resulted in formation of a highly organized
and layered tissue structure compared with untreated
controls (Fig. 8). rhG1 localized in an array of fine
punctate deposits along the surfaces of extended
cells (Fig. 8A), not seen in untreated cultures (Fig. 8B).

The rhG1-treated cultures stained strongly for o actin
compared with control cultures where o actin was
generally restricted to cells adjacent to the substrate
(Fig. 8C, D). Electron microscopy of rhG1i-treated
cultures (Fig. 8E) showed multilayers of elongated
fibroblasts in an ECM rich in collagen in which fibrils
were more densely packed than in control cultures
(Fig. 8F, G). Pinocytotic vesicles were also prominent
in the rhG1-treated cells, but not seen in control
cells which had less well-defined membranes. Small
deposits of elastin and associated microfibrils
were seen in the ECM and were similar in treated
and control cultures, as were levels of insoluble
elastin (Fig. 8H).
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Figure 7. A and B. Comparison of recombinant human G| (rhGl)—treated (A) and versican-treated (B) dermal fibroblasts, treated
(10 pg/ml) for 24 hr, fixed, and stained with biotinylated hyaluronan binding protein (-HABP)/streptavidin (green), showing lack of cable
formation with versican treatment, in contrast to rhG| treatment. C. HA cable in 24 hr rhGl-treated fibroblast culture stained with
antibody to histidine (His) tag on G| (green) and for endogenous versican (V1) (antiversican ab177480) (red), showing both rhG| and
versican on HA strands. D. HA cable in culture treated for 22 hr with rhGI followed by 2 hr treatment with bVersican (10 pg/ml) in
continued presence of rhGl, fixed, and stained for His tag on G| (red) and for bVersican with streptavidin (green), showing presence
of bVersican between rhG| deposits. Small boxed areas in C and D over cables shown as digitally magnified inserts. Scale bars, 5 mm.

Discussion

We have shown that a recombinant G1 domain of ver-
sican binds in a periodic pattern to HA strands extend-
ing from cultured dermal fibroblasts and induces
aggregation of HA strands into long cables that extend
from cell surfaces and frequently link adjacent cells.
The aggregation of HA strands into cables was most
clearly seen close to cell surfaces. At increasing dis-
tance from cell surfaces, the aggregation of strands
progressively increased. In large cables with multiple
strands of HA, staining for HA and for G1 overlapped,
but where aggregation of just a few aggregated HA
strands could be resolved, the attached G1 deposits
had a periodic distribution of about 100 nm, similar to
their distribution on individual strands, indicating a
highly ordered structure to the cables.

The finding that rhG1 interacts with HA produced by
cultured cells is consistent with previous demonstra-
tions that a general feature of the members of Link
module superfamily is their binding to HA, where multi-
ple protein molecules can bind on a single HA chain."'®
In addition, there is evidence that protein—protein inter-
actions can cross-link HA chains, 9% which suggests
that there may be “homotypic” interaction of G1 domains

mediating cable formation. A similar model for the inter-
action of multiple versican G1 domain-containing frag-
ments with HA in which the fragments not only interact
with HA but also mediate protein—protein interactions
has been proposed.®

It is not clear, however, whether the rhG1-mediated
aggregation of HA strands is directly responsible for
cable formation and, in particular, whether the drawing
together of adjacent HA strands occurs through the
homotypic interaction. HA strands could also be drawn
together by mechanical force. The arrangement of
straight parallel HA strands within most cables sug-
gests that the strands are under tensional force; thus,
cables may be a result of HA strands being physically
drawn together, possibly as cells divide then move
apart over time, resulting in HA strands being drawn
into cables that bridge between cells.

Aggregation due to mechanical forces, however,
does not account for the distribution pattern of G1
aggregates along “fused” HA strands in which the
periodicity is similar to single strands. Findings from
other studies show that Link module-containing pro-
teins can interact with each other to actively bring
together adjacent HA strands, resulting in compaction
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Figure 8. A and B. Layered dermal fibroblasts cultured for 4 weeks and (A) treated throughout with recombinant human GI (rhGI)
10 mg/ml every 3 days in fresh medium, or (B) fresh medium alone, fixed and immunostained with antihistidine (anti-His; green). C and
D. rhGl-treated (C) and control (D) 4-week cultures immunostained for o actin. E. Electron micrograph of 4-week rhG|-treated fibro-
blasts showing layered structure, deposition of collagen rich matrix (asterisks), and clearly defined pinocytotic vesicles at cell surface. F
and G. Electronmicrographs of 4-week control fibroblasts showing less well-defined cell and matrix structure with scattered collagen
(asterisk) in a loose matrix. H. Insoluble elastin content in rhG|-treated and control 4-week skin sheets. Error bars are SEM. Scale bars

A, C D, 10 um;B, 20 ym; E, G, 2 ym; F, 5 ym.

or condensation of HA surface films. For example,
TSG-6, with its single Link and CUB modules, is able
to bind to HA and to interact with other Tumor necrosis
factor-inducible gene 6 protein (TSG-6) molecules
(possibly via the CUB domains) promoting collapse of
the complex and rigidifying HA networks."®

The G1 domain of versican, however, differs from
TSG-6 in two important respects; first, it has two Link
modules in its HA-binding domain, and second, the G1
region has a different mode of interaction with HA com-
pared with TSG-6, which together may lead to stabili-
zation of distinct conformations of the polysaccharide
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within the HA-binding grooves of the two proteins.?'

Thus, TSG-6 binding does not replicate the mecha-
nism by which G1 coalesces HA strands, consistent
with the possibility that different HA-binding proteins
can mediate differential cross-linking mechanisms.

The increased diameter of G1 deposits on fused
HA strands compared with single strands, without a
change in periodicity pattern, suggests direct interac-
tion between the G1 molecules. It is possible that the
immunoglobulin-like region of G1 could facilitate
homotypic interactions®® in a manner analogous to
the proposed CUB interactions in TSG-6." The inter-
action of the versican G1 domain with HA is likely
mediated via a continuous shallow binding groove
that extends across the surface of the tandem Link
modules;?"® this can accommodate approximately a
decasaccharide of HA, that is, with a length of about
5 nm.2"?® Thus, on this basis it would have been antic-
ipated that many versican or G1 molecules could be
bound to a 100- to 200-nm region of HA, making the
periodicity seen here surprising. The larger versican
variants VO and V1, with their constituent GAG chains,
however, have also been shown to localize to cell sur-
face HA strands with a similar periodicity of 100 to 200
nm.™ It is possible that induction of HA cable forma-
tion requires or imposes a low level of G1 occupancy,
or that there is a higher level of bound G1 (or versi-
can) molecules than is apparent, and that not all of
these are detectable, for example, due to steric con-
straints. We did find, using double immunofluores-
cence, that versican molecules, both endogenous V0/
V1 and added bVersican, bind to the same strands of
HA between the attached G1, confirming that there is
sufficient space for accommodation of multiple
HA-binding proteins over distances of ~100 nm. In the
absence of the rhG1, however, VO/V1 did not induce
cable formation; thus, rhG1 confers a different struc-
tural organization of the HA.

Binding of rhG1 to HA was evident as early as 1 hr
after treatment and was blocked by pretreatment for 1
hr with bHABP. In the continued presence of bHABP
for a further 6 hr, however, the added rhG1 again
bound to and aggregated HA strands into cables, sug-
gesting rhG1 may displace the bHABP or that new HA
strands are synthesized in that time frame. Over the
same time period, however, bHABP alone showed
loss of binding to HA, despite the presence of cell sur-
face HA strands. Thus, it is unlikely that rhG1 displaces
bHABP. The formation of cables by 7 hr, however, and
their persistence at 24 hr indicate that rhG1 binding is
stable over this time period. A caveat to these and the
other results of this study is that we do not know the
local concentrations of rhG1 or bHABP at the cell sur-
face and whether the observations hold for higher con-
centrations and longer time periods.

The rhGi-treated dermal fibroblasts grew more
slowly in culture, an effect that persisted for a 2-week
period following a single treatment. It is not known how
rhG1 influences growth, or whether there are apoptotic
effects, but notably the rhG1i-induced cables were
observed to tether cells to each other, an arrangement
that may have inhibited both migration and the mechan-
ics of cell division. In contrast, however, in other studies,
forced expression of the versican G1 domain has been
shown to enhance growth and reduce adhesion, with
the latter feature the likely permissive driver of prolifera-
tion.?” In the same system, addition of recombinant ver-
sican G1 (expressed in bacteria) similarly enhances
growth, although to a lesser degree. Full-length versican
is the most effective at enhancing proliferation and
reducing adhesion, both of which are moderated by
removal of the G1 domain.?” G3, through its epidermal
growth factor (EGF) domains, enhances growth but
does not affect adhesion.”® The interplay between
adhesion and proliferation may be particularly impor-
tant in our system as the cables may interfere with cell
detachment necessary for division to take place.

The addition of rhG1 to long-term cultures of dermal
fibroblasts, over a period of 4 weeks, during which
multilayers of cells formed with an intervening ECM,
resulted in a significant change in morphology. The
treated cells were notably elongated and layered, with
a defined surface membrane with numerous pinocy-
totic vesicles, and a high content of a actin, character-
istic of myofibroblasts and smooth muscle cells. The
ECM between the cells contained clearly defined col-
lagen fibrils, as well as elastin-associated microfibrils,
packed much more densely than in control cultures in
which the ECM was characterized by a loose network
of components. The cells in control cultures were more
loosely arranged and had poorly defined membranes.
These findings suggest the rhG1 may promote differ-
entiation, as seen in tissues in which cells express
V3.% Smooth muscle cells expressing V3 and seeded
into ballooned vessel wall form a highly structured and
layered neointima with elongated contractile cells and
a compact, elastin-rich and versican-depleted matrix.®
Similarly, in the dermis of cultured skin sheets formed
by V3-expressing fibroblasts, the elastin content is
increased.’ The V3 variant of versican, which contains
the G1 and G3 domains spliced together and no GAG
chains,?® behaves very differently from the other vari-
ants; V3 increases synthesis and deposition of elastic
fibers,>"® promotes smooth muscle cell differentia-
tion,? and also dampens inflammatory responses.®™ It
is not clear whether these effects are properties of the
G1 domain, the G3 domain, or both. Our present find-
ings indicate that the G1 domain alone may be suffi-
cient to induce these latter changes, although not
(under conditions used here) an elastin response.



362

Merrilees et al.

There are, of course, caveats to comparing G1 and V3.
Findings for V3 come from cells undergoing forced
expression of V3, whereas the G1 data presented here
are from cells exposed to exogenously added rhG1,
where the amounts of endogenous HA-binding pro-
teins, and variations in culture conditions, are factors
that may influence structural organization of matrix
around cells.

Finally, the formation of HA cable-like structures is
of significance because similar structures have been
generated by stromal cells in response to agonists
that induce endoplasmic reticulum stress and cause
HA accumulation.’3%3% Furthermore, these cables
have been identified as ligands for leukocyte adhe-
sion and proposed to have both pro- and anti-inflam-
matory activities.'?131730:3236=39 Thg apjlity of HA to
function as either a pro- or anti-inflammatory mole-
cule is dependent on a number of factors, including
its size, the microenvironment, localization, and avail-
ability of specific binding partners.’*® Whether the
cables generated by rhG1 treatment of dermal fibro-
blasts possess leukocyte adhesive properties awaits
further experimentation.

The present study, however, demonstrates that the
G1 domain of versican has the potential to significantly
affect the organization of the ECM, and our findings
provide new insights into the diverse functions of
HABPs and their isoforms.

Acknowledgments

AJD acknowledges Arthritis Research UK (16539) and the
Medical Research Council (G0800127) for their support. At
the University of Auckland, we thank Hilary Holloway of the
Biomedical Imaging Research Unit and Satya Amirapu of
Histology Services for expert professional assistance with
electron microscopy and histology. We thank Dr. Virginia M.
Green at Benaroya Research Institute for careful editing and
manuscript preparation.

Author Contributions

All the authors contributed integrally to this article. NZ was
responsible for data collection and analyses from the cell cul-
ture, immunocytochemistry, and biochemical investigations.
SPE was responsible for data collection, analysis and inter-
pretation, and writing and critical revision of the article. AJD
was responsible for analysis and interpretation, and writing
and critical revision of the article. MJUM and TNW were respon-
sible for conception and design; analysis and interpretation;
writing, critical revision, and final approval of the article.

Competing Interests

The authors declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of
this article.

Funding

The authors disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this
article: This study was supported by a grant (to M.J.M.)
from the Faculty Research Development Fund from the
University of Auckland, and National Institutes of Health
grants P01 HL098067, R0O1 EB012558, and R41 HL106967
(to T.N.W.).

Literature Cited

1. Ito K, Shinomura T, Zako M, Ujita M, Kimata K. Multiple
forms of mouse PG-M, a large chondroitin sulfate pro-
teoglycan generated by alternative splicing. J Biol
Chem. 1995;270:958-65.

2. Wight TN. Versican: a versatile extracellular matrix
proteoglycan in cell biology. Curr Opin Cell Biol.
2002;14:617-23.

3. Zimmermann D. Versican. In: lozzo R, editor.
Proteoglycans: structure, biology and molecular interac-
tions. New York: Marcel Dekker, Inc.; 2000. p. 327—41.

4. Kischel P, Waltregny D, Dumont B, Turtoi A, Greffe Y,
Kirsch S, De Pauw E, Castronovo V. Versican overex-
pression in human breast cancer lesions: known and
new isoforms for stromal tumor targeting. Int J Cancer.
2010;126:640-50.

5. Hinek A, Braun KR, Liu K, Wang Y, Wight TN. Retrovirally
mediated overexpression of versican v3 reverses
impaired elastogenesis and heightened proliferation
exhibited by fibroblasts from Costello syndrome and
Hurler disease patients. Am J Pathol. 2004;164:119-31.

6. Kang |, Barth JL, Sproul EP, Yoon DW, Braun KR,
Argraves WS, Wight TN. Expression of V3 versican
by rat arterial smooth muscle cells promotes differen-
tiated and anti-inflammatory phenotypes. J Biol Chem.
2015;290:21629—-41.

7. Keire PA, L'Heureux N, Vernon RB, Merrilees MJ,
Starcher B, Okon E, Dusserre N, McAllister TN, Wight
T. Expression of versican isoform V3 in the absence of
ascorbate improves elastogenesis in engineered vascu-
lar constructs. Tissue Eng Part A. 2010;15:501-12.

8. Merrilees MJ, Beaumont BW, Braun KR, Thomas AC,
Kang |, Hinek A, Passi A, Wight TN. Neointima formed
by arterial smooth muscle cells expressing versican
variant v3 is resistant to lipid and macrophage accumu-
lation. Arterioscler Thromb Vasc Biol. 2011;31:1309-16.

9. Merrilees MJ, Falk BA, Zuo N, Dickinson ME, May BCH,
Wight TN. Use of versican variant V3 and versican anti-
sense expression to engineer cultured human skin con-
taining increased content of insoluble elastin. J Tiss Eng
Regen Med. 2014. doi:10.1002/term.1913.

10. Merrilees MJ, Lemire JM, Fischer JW, Kinsella MG,
Braun KR, Clowes AW, Wight TN. Retrovirally mediated
overexpression of versican v3 by arterial smooth mus-
cle cells induces tropoelastin synthesis and elastic fiber
formation in vitro and in neointima after vascular injury.
Circ Res. 2002;90:481-7.

11. Wight TN, Kang |, Merrilees MJ. Versican and the con-
trol of inflammation. Matrix Biol. 2014;35:152—61.



G| Domain of Versican Reorganizes Pericellular HA

363

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Evanko SP, Potter-Perigo S, Bollyky PL, Nepom GT,
Wight TN. Hyaluronan and versican in the control of
human T-lymphocyte adhesion and migration. Matrix Biol.
2012;31:90-100.

Evanko SP, Potter-Perigo S, Johnson PY, Wight TN.
Organization of hyaluronan and versican in the extracellu-
lar matrix of human fibroblasts treated with the viral mimetic
poly I:C. J Histochem Cytochem. 2009;57:1041-60.

Olin KL, Potter-Perigo S, Barrett PH, Wight TN, Chait
A. Lipoprotein lipase enhances the binding of native and
oxidized low density lipoproteins to versican and big-
lycan synthesized by cultured arterial smooth muscle
cells. J Biol Chem. 1999;274:34629-36.

Green SJ, Tarone G, Underhill CB. Distribution of hyal-
uronate and hyaluronate receptors in the adult lung. J
Cell Sci. 1988;90:145-56.

Murasawa Y, Watanabe K, Yoneda M, Zako M, Kimata
K, Sakai LY, Isogai Z. Homotypic versican G1 domain
interactions enhance hyaluronan incorporation into
fibrillin microfibrils. J Biol Chem. 2013;288:29170-81.
Day AJ, de la Motte CA. Hyaluronan cross-linking: a pro-
tective mechanism in inflammation? Trends Immunol.
2005;26:637-43.

Day AJ, Prestwich GD. Hyaluronan-binding proteins:
tying up the giant. J Biol Chem. 2002;277:4585-8.
Baranova NS, Nileback E, Haller FM, Briggs DC,
Svedhem S, Day AJ, Richter RP. The inflammation-
associated protein TSG-6 cross-links hyaluronan via
hyaluronan-induced TSG-6 oligomers. J Biol Chem.
2011;286:25675—-86.

Baranova NS, Inforzato A, Briggs DC, Tilakaratna V,
Enghild JJ, Thakar D, Milner CM, Day AJ, Richter RP.
Incorporation of pentraxin 3 into hyaluronan matrices is
tightly regulated and promotes matrix cross-linking. J Biol
Chem. 2014;289:30481-98.

Blundell CD, Almond A, Mahoney DJ, DeAngelis PL,
Campbell ID, Day AJ. Towards a structure for a TSG-6.
hyaluronan complex by modeling and NMR spectros-
copy: insights into other members of the link module
superfamily. J Biol Chem. 2005;280:18189-201.
Higman VA, Briggs DC, Mahoney DJ, Blundell CD,
Sattelle BM, Dyer DP, Green DE, DeAngelis PL, Alimond
A, Milner CM, Day AJ. A refined model for the TSG-6
link module in complex with hyaluronan: use of defined
oligosaccharides to probe structure and function. J Biol
Chem. 2014;289:5619-34.

Mahoney DJ, Blundell CD, Day AJ. Mapping the hyal-
uronan-binding site on the link module from human
tumor necrosis factor-stimulated gene-6 by site-directed
mutagenesis. J Biol Chem. 2001;276:22764—71.
Ibraghimov-Beskrovnaya O, Bukanov NO, Donohue LC,
Dackowski WR, Klinger KW, Landes GM. Strong homo-
philic interactions of the Ig-like domains of polycystin-1, the
protein product of an autosomal dominant polycystic kidney
disease gene, PKD1. Hum Mol Genet. 2000;9:1641-9.
Blundell CD, Mahoney DJ, Almond A, DeAngelis PL,
Kahmann JD, Teriete P, Pickford AR, Campbell ID, Day
AJ. The Link module from ovulation- and inflammation-
associated protein TSG-6 changes conformation on
hyaluronan binding. J Biol Chem. 2003;278:49261-70.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Seyfried NT, McVey GF, Almond A, Mahoney DJ,
Dudhia J, Day AJ. Expression and purification of func-
tionally active hyaluronan-binding domains from human
cartilage link protein, aggrecan and versican: formation
of ternary complexes with defined hyaluronan oligosac-
charides. J Biol Chem. 2005;280:5435-48.

Yang BL, Zhang Y, Cao L, Yang BB. Cell adhesion and
proliferation mediated through the G1 domain of versi-
can. J Cell Biochem. 1999;72:210-20.

Zhang Y, Cao L, Yang BL, Yang BB. The G3 domain of
versican enhances cell proliferation via epidermal growth
factor-like motifs. J Biol Chem. 1998;273:21342-51.
Zako M, Shinomura T, Ujita M, lto K, Kimata K. Expression
of PG-M(V3), an alternatively spliced form of PG-M with-
out a chondroitin sulfate attachment region in mouse and
human tissues. J Biol Chem. 1995;270:3914-8.

de la Motte CA, Hascall VC, Calabro A, Yen-Lieberman
B, Strong SA. Mononuclear leukocytes preferentially
bind via CD44 to hyaluronan on human intestinal muco-
sal smooth muscle cells after virus infection or treatment
with poly(l.C). J Biol Chem. 1999;274:30747-55.
Hascall VC, Majors AK, De La Motte CA, Evanko SP,
Wang A, Drazba JA, Strong SA, Wight TN. Intracellular
hyaluronan: a new frontier for inflammation? Biochim
Biophys Acta. 2004;1673:3—12.

Potter-Perigo S, Johnson PY, Evanko SP, Chan
CK, Braun KR, Wilkinson TS, Altman LC, Wight TN.
Polyinosine-polycytidylic acid stimulates versican accu-
mulation in the extracellular matrix promoting monocyte
adhesion. Am J Respir Cell Mol Biol. 2010;43:109-20.
Viola M, Bartolini B, Vigetti D, Karousou E, Moretto P,
Deleonibus S, Sawamura T, Wight TN, Hascall VC, De
Luca G, Passi A. Oxidized low density lipoprotein (LDL)
affects hyaluronan synthesis in human aortic smooth
muscle cells. J Biol Chem. 2013;288:29595-603.
Wang A, de la Motte C, Lauer M, Hascall V. Hyaluronan
matrices in pathobiological processes. FEBS J.
2011;278:1412-8.

Wang A, Hascall VC. Hyaluronan structures synthe-
sized by rat mesangial cells in response to hyper-
glycemia induce monocyte adhesion. J Biol Chem.
2004;279:10279-85.

de la, Motte C, Hascall VC, Drazba JA, Strong SA. Poly
I:C induces mononuclear leukocyte-adhesive hyaluronan
structures on colon smooth muscle cells: lal and versi-
can facilitate adhesion. In: Kennedy JF, Phillips GO,
Williams PA, Hascall VC, editors. Hyaluronan: chemical,
biochemical and biological aspects. Cambridge, England:
Woodhead Publishing Limited; 2002. p. 381-8.

de la Motte CA. Hyaluronan in intestinal homeostasis
and inflammation: implications for fibrosis. Am J Physiol
Gastrointest Liver Physiol. 2011;301:G945-9.

Milner CM, Day AJ. TSG-6: a multifunctional protein
associated with inflammation. J Cell Sci. 2003;116:
1863-73.

Milner CM, Higman VA, Day AJ. TSG-6: a pluripo-
tent inflammatory mediator? Biochem Soc Trans.
2006;34:446-50.

Petrey AC, de la Motte CA. Hyaluronan, a crucial regu-
lator of inflammation. Front Immunol. 2014;5:101.



