J. Biochem. 144, 625-633 (2008)
do0i:10.1093/jb/mvn109

Intercellular Accumulation of Type V Collagen Fibrils in

Accordance with Cell Aggregation

Takanori Kihara!, Yasutada Imamura®*, Yukitoshi Takemura®, Kazunori Mizuno?,
Eijiro Adachi® and Toshihiko Hayashi®

‘Department of Bioengineering, Graduate School of Engineering, The University of Tokyo, Tokyo 113-8656;
2Department of Applied Chemistry, Kogakuin University, Tokyo 192-0015; ®Department of Life Sciences,
Graduate School of Arts and Sciences, The University of Tokyo, Tokyo 153-8902, Japan; *Shriners Hospital
for Children, Portland Research Center, OR 97239, USA; °Department of Molecular Morphology, Graduate
School of Medical Sciences, Kitasato University, Kanagawa 228-8555; and °Faculty of Pharmaceutical
Sciences, Teikyo Heisei University, Chiba 290-0193, Japan

Received August 4, 2008; accepted August 18, 2008; published online September 6, 2008

We reported previously that human fibroblasts form clumps when cultured on a dish
coated with reconstituted type V collagen fibrils. Essentially all the type V collagen
fibrils, initially coated on the dish, were recovered in the cell clumps that had
eventually formed during the culture. We interpreted that type V collagen fibrils
adhere to cells more strongly than to the dish and are detached by cell movements.
In this study, type V collagen was suspended with fibroblasts to examine the fate of
the type V collagen fibrils and to determine whether the fibrils affect the behaviour
of the cells directly adherent to the dish. The added type V collagen accumulated in
the intercellular space concomitantly with the local aggregation of fibroblasts. scan-
ning electron microscope examination indicated that type V collagen fibrils were
found in the vicinity of cells in cultures without ascorbic acid where essentially no
collagen secretion takes place. These results indicate that type V collagen forms
fibrils and the fibrils are accumulated in the intercellular spaces. The accumulated
type V collagen fibrils work as a cementing material for cell clump formation. This
phenomenon is discussed in relation to the possible involvement of type V collagen
fibrils in tissue organization.

Key words: accumulation of collagen fibrils, cell cementing, cell-collagen interaction,
clump formation, type V collagen fibrils.

Abbreviations: PBS, calcium-free magnesium-free phosphate buffered saline; FITC, fluorescein isothiocya-

nate; SEM, scanning electron microscope.

Collagens are the major components of the extracellular
matrix, and they form the skeletal structure or the
framework of various organs. Type V collagen as well as
types I, II, III and XI collagen are members of the
fibrillar collagen family, comprising the collagen fibrils in
connective tissues (I-3). Type V collagen is widely distri-
buted in many tissues, including the skin, placenta,
skeletal muscle and cornea, forming fine fibrils or limit-
ing the fibrillar diameter (4-8). Mutant mice deficient in
the procollagen o1(V) chain die in early embryogenesis
(9). Mice with structurally abnormal o2(V) collagen
chains have poor survival rates (10). They exhibit disor-
ganized collagen fibrils in the skin and eye tissues. These
observations imply that type V collagen plays a central
role in physiological collagen fibrillogenesis.

Studies of cell cultures with collagen aggregates,
which are the major forms of collagenous proteins
in vivo, demonstrate that the effects of collagen aggre-
gates on cell attachment, migration, differentiation and
proliferation are distinct from those of monomeric col-
lagen when these proteins were used as cell culture
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substrates (11-14). The differential effects of different
collagen types could be in part due to the distinct adhe-
sion molecules of cells (15-17). Type V collagen molecules
are mostly colocalized with type I collagen molecules
as hybrid collagen fibrils (5, 18-20). Linsenmayer and
colleagues (21-23) reported that the triple helical domain
of type V collagen is not localized on the surface of
the fibrils. However, in our anatomical and biochemical
studies (18, 24), type V collagen molecules in collagen
fibrils were found to be located on the surfaces of
collagen fibrils, and thus they are often in direct contact
with cells in vivo. Furthermore, at a particular stage
of tissue development or at the initial stage of wound
healing when the production of type I collagen is not yet
sufficient for deposition, type V collagen molecules alone
may comprise collagen fibrils. The examination of the
effects of type V collagen fibrils on cultured cells may
provide us with clues to understanding the biological
functions of type V collagen in affecting cell behaviours.

It has been reported that type V collagen molecules act
as anti-adhesive agents against cultured cells (25, 26):
Vascular endothelial cells in particular tend to detach
from dishes coated with type V collagen molecules
(27, 28), suggesting that type V collagen prevents cell
adhesion to the culture dish. We have proposed that the
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strong adhesion of type V collagen to cells causes
apparent detachment of the cells from the dish. The
hypothesis is deduced from the finding that human fetal
lung fibroblasts formed cell clumps when the cells were
cultured on a dish coated with reconstituted type V
collagen fibrils (29). The following possible mechanism is
postulated for this finding. Seeded cells initially adhere
to type V collagen fibrils on the culture dish. Changes in
cell morphology, including the protrusion and retraction
of cell processes, accompany the detachment of type V
collagen fibrils from the dish, since the adherence of
these fibrils to the dish is weaker than that to the cells
and the fibrils cannot resist the retracting force exerted
by the cells. Thus, the movements of cells with adherent
type V collagen fibrils will result in the condensation of
the fibrils in the intercellular space, resulting in the
cementing of cells to one another.

In the present study, the cell-adherent property of type
V collagen fibrils is directly examined by investigating
the fate of the type V collagen added exogenously to the
culture medium. Electron microscopic analysis shows
that type V collagen fibrils reconstituted solely from the
major triple helical domain of pepsin-treated molecules
are straight and uniform in diameter and without any
branches (30). Therefore, exogenously added type V col-
lagens are expected to form straight and separate fibrils
that directly interact with cultured cells.

MATERIALS AND METHODS

Cells and Cell Culture—Human diploid fetal lung
fibroblasts, TIG-1, established at the Tokyo Metropolitan
Institute of Gerontology were provided by Dr Kiyotaka
Yamamoto (31). Human dermal fibroblasts, HF-18, were
provided by Dr Toshio Nishiyama of Shiseido Research
Center, Yokohama (32). Human neonatal dermal fibro-
blasts, HDFneo, were purchased from Sanko Junyaku
Co., Ltd (Tokyo, Japan).

These cells were cultured in Dulbecco’s modified Eagle’s
medium (Sigma Chemical, MO, USA) containing 10% fetal
bovine serum (Cansera International Inc., Ontario,
Canada), 50 U/ml penicillin G and 50 pg/ml streptomycin
sulphate (GIBCO BRL, Invitrogen Corp., Carlsbad, CA).
The cells were maintained at 37°C under a humidified
atmosphere of 5% COy and 95% air on 60 mm tissue culture
dishes (BD Falcon, BD, Franklin Lakes, NJ). When the
cells reached confluence, they were removed from the
dishes by treatment with 0.025% trypsin (BD Difco, BD),
0.02% ethylenediamine tetra-acetic acid in calcium-free
magnesium-free phosphate buffered saline (PBS; Nissui
Pharmaceutical, Japan) and subcultured at a 1: 4 split ratio.

Unless otherwise indicated, these cells were plated
at a density of 1.0 x 10* cells/cm? into 24-well plates
(BD Falcon), 4-well plates or an 8-well chamber slide
(Nalge Nunc International KK, Tokyo, Japan), and
maintained in the above medium to which type V colla-
gen (20ug/ml) was added. The medium was replaced
every 3 days. Cell morphology was observed with a phase
contrast microscope (Model DMIRB; Leica Microsystems
Co., Tokyo, Japan) at 100x magnification.

Type V Collagen—All the following procedures were
carried out at 4°C except for column chromatography
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that was performed at room temperature. Type V
collagen was essentially prepared from bovine corneas
(purchased from Tokyo Shibaura Zoki, Tokyo, Japan)
according to the method described by Miller and Rhodes
(33). Briefly, bovine cornea homogenates were sus-
pended in 0.5M acetic acid containing 1mg/ml pepsin
(Worthington Biochemical Corporation, NJ, USA); the
type V collagen liberated was separated by salt fractio-
nations in both acidic and neutral solutions and was then
purified by heparin column chromatography as described
previously (34). In brief, an appropriate amount of
the collagen solution in 0.5M acetic acid was dialysed
against PBS containing 2M urea and 0.07M NaCl
before the solution was applied on a heparin-Sepharose
(Amersham Biosciences, Uppsala, Sweden) column. After
the column was washed with PBS containing 2M urea
and 0.07 M NaCl, the bound protein was eluted with PBS
containing 2M urea and 0.5 M NaCl. The eluted solution
was dialysed against 0.5M acetic acid and then type V
collagen was precipitated by salting out. The precipitates
were treated with 70% ethanol for sterilization. After
the type V collagen was dissolved in 0.5M acetic acid,
the solution was dialysed against 1mM HCI and stored
at 4°C before use. Protein quality was determined by
SDS-PAGE for any contaminates such as type I and
type VI collagens. Protein concentrations were estimated
from the dry weight per fixed volume of the lyophilized
material.

Fluorescein  Isothiocyanate-pre-labelled  Type V
Collagen—Fluorescein isothiocyanate (FITC)-pre-labelled
type V collagen was prepared as described previously
(29). In brief, a type V collagen solution in 1 mM HCI was
mixed with an equal volume of 0.5M NaHCO3-Nay;CO3
buffer, pH 9.5. An amount of FITC (Sigma Chemical)
equal to 3.5% of the dry weight of type V collagen was
added to the collagen solution in carbonate buffer and
then incubated with stirring at room temperature for 3h
in the dark. The solution was neutralized with 6 M HCl
at 4°C and treated with 70% ethanol for precipitation
and sterilization of the FITC-conjugated collagen. This
FITC-labelled collagen was dissolved in 0.5 M acetic acid,
and the solution was then dialysed against 1mM HCI
at 4°C. Confirmation of FITC covalent binding to type V
collagen o chains was carried out by fluorescence image
analysis of the SDS-PAGE pattern of FITC-labelled type
V collagen. TIG-1 cells cultured with FITC-pre-labelled
type V collagen were examined by fluorescence and
phase contrast microscopy.

Cell Proliferation Assay—Relative cell numbers were
determined by using a cell proliferation assay system,
namely, Cell Counting Kit-8 (Dojindo Laboratories,
Kumamoto, Japan), according to the manual provided
by the manufacturer. The TIG-1 cells were plated at
a density of 1.0x10% cells/well into 96-well plates
(BD Falcon) and maintained in the above medium con-
taining PBS, type I collagen (10 pg/ml), type V collagen
(20 ug/ml), or heat denatured type V collagen (20 pg/ml).
The medium was replaced every 3 days. The reagent was
added to the wells and then the cultured cells were
incubated in the wells for 60 min before the absorbance
at 450nm and 600 nm were recorded with a Synergy HT
(BioTek Instruments, Winooski, VT). This system uses
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tetrazolium salt (WST-8) for counting cell numbers.
The tetrazolium salt is cleaved to soluble formazan dye
by succinate-tetrazolium reductase, which exists in the
mitochondrial respiratory chain. The quantity of forma-
zan dye is related directly to the number of metabolically
active cells. The absorbance of 450 nm is formazan dye
and the absorbance of 600 nm is reference.

Fluorescence Microscopy—The cells were fixed with
3.7% paraformaldehyde in 100mM phosphate buffer
(pH 7.4) for 30min at room temperature and then
permeabilized by treatment with 0.5% Triton-X100 in
PBS for 10min at room temperature. They were pre-
incubated with 3% bovine serum albumin in PBS for
90 min at room temperature. After washing with PBS,
the cell culture specimens were treated with a Texas
Red—phalloidin (Molecular Probes, OR, USA). They were
examined with a fluorescence microscope or a confocal
laser scanning microscope (TCS-SP, Leica Microsystems
AG, Wetzlar, Germany).

Scanning Electron Microscope—The fetal lung fibro-
blasts TIG-1 were fixed with half-strength Karnovsky’s
fixative for 1h at room temperature and post-fixed with
1% 0s0,. The fixed cells were dehydrated with a graded
series of ethanol up to 95% and infiltrated with tertial
butyl alcohol with three changes. They were then freeze-
dried with a freeze-dryer (Eiko Type ID-2, Eiko Co. Ltd,
Tokyo, Japan) overnight at —20°C and coated with gold
using a sputter coater (Eiko Type VX-10A, Eiko Co. Ltd,
Tokyo). Finally, the specimens were observed with an
scanning electron microscope (SEM; S-4500, Hitachi Co.
Ltd, Tokyo, Japan).

Time-lapse Observation—HDFneo cells were cultured
on a dish coated with type V collagen fibrils. Cell
behaviours were recorded by time-lapse video micro-
scopy. Briefly, dishes coated with type V collagen fibrils
were prepared by mixing 9 volumes of the collagen
solution in 1mM HCI with 1 volume of 200mM phos-
phate buffer containing 1.5M NaCl, pH 7.3, at 4°C and
placing the neutralized solution (with a final concentra-
tion of 100 pg/ml) into 35mm dishes. After the solution
was maintained at 37°C for 24 h to allow fibrillar aggre-
gates to form and adsorb to the dish surface, the wells
were washed twice with PBS. The cell suspensions
prepared as described above were then plated on each
substrate (2 x 10* cells/em?) and were cultured with the
above culture medium at 37°C under a humidified atmo-
sphere of 5% COy and 95% air on a microscope stage
(Stage top incubator INU series, Tokai Hit Co., Ltd,
Shizuoka, Japan). The cells were cultured for 7 days, and
the culture medium was replaced every 3 days. Cell
morphology was observed with a phase contrast micro-
scope (Model DMIRB, Leica Microsystems Co., Tokyo,
Japan), and the images were obtained by a charge-
coupled device camera (ORCA, Hamamatsu Photonics,
Hamamatsu, Japan). The images were sequentially
imported by Lumina Vision software (Mitani Corpora-
tion, Fukui, Japan) at intervals of 4 min.

RESULTS

Culture of TIG-1 Cells with FITC-pre-labelled Type V
Collagen—Human fetal lung fibroblast, TIG-1, cells were
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Fig. 1. Effect of type V collagen on the proliferation of
TIG-1 cells in culture. The cells were cultured with PBS
(closed diamond and solid line), type I collagen (open triangle
and dashed line), type V collagen (closed square and solid line),
or denatured type V collagen (open circle and solid line). The
cells were seeded on 96-well culture plates (1.0 x 10® cells/well)
on day 0.The proliferation of the TIG-1 cells cultured with
type V collagen was delayed. The ordinate, i.e. absorbance
(450-600nm), represents the relative cell numbers (see
MATERIALS AND METHODS section for more details).
Values are shown as mean +SD of experiments in triplicates.

cultured with exogenously added type V collagen and
then suspended into the culture medium. Since the
medium did not contain ascorbate, the minimum effect of
de novo production of collagens was expected (35, 36).
The cells adhered to and spread on the dish initially
as observed in the case of the culture without type V
collagen (data not shown). However, cell proliferation
was delayed as compared with that in the culture
without type V collagen (Fig. 1). The cells proliferated
normally in the culture with type I collagen or with
denatured type V collagen (Fig. 1). Moreover, cell aggre-
gation occurred in the culture with type V collagen
(Fig. 2). The cells were piled up on each other exhibiting
a ‘hill and valley’-like pattern at a late stage of culture
(Fig. 2). The TIG-1 cells tended to lose adherence to the
dish when type V collagen was present in the culture
medium. Some portion of the cell aggregates detached
from the dish particularly at the time of medium
exchange due to the friction force exerted by medium
suction and addition. The result showed that exogenous
type V collagen facilitated cell detachment from the
culture dish and also functioned as a cell glue.

The cells also aggregated when they were cultured
with FITC-labelled type V collagen (Fig. 2), indicating
that the labelling of type V collagen with FITC did not
result in any essential difference in its effect on cell
behaviour. The fate of the FITC-labelled type V collagen
was monitored by fluorescence microscopy. At the begin-
ning of the culture with FITC-labelled type V collagen,
the distribution of fluorescence was homogeneous with
weak intensity. Within 6 h of culturing, condensed fluore-
scence spots became apparent, while the surface of the
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Fig. 2. Phase contrast micrographs of TIG-1 cells cultured type V collagen (c) and PBS (d, e). Aggregated cells are piled up

with type V collagen. Culture for 1day (a, d) or 3 days (b, c, e).
TIG-1 cells cultured with type V collagen (a, b), FITC-labelled

dish showed only weak fluorescence where cells were
absent (Fig. 3A). The number and size of the condensed
fluorescent spots increased in a time-dependent manner.
Fibrous fluorescence was seen on the cell surface by day
3 (Fig. 3A). These results suggest that the condensed
fluorescence spots represent the enriched type V collagen
exogenously added, whereas the weak fluorescence on
the dish surface represents the FITC-labelled type V
collagen that are not captured by the cells. It is thus
most likely that some of the type V collagen in a fibril
form adhered to the TIG-1 cells and gradually condensed
onto the cells.

Condensation of Type V Collagen—The cell aggrega-
tion concomitant with the condensation of type V
collagen fibrils onto the cell surfaces was also seen in
the culture with serum-free medium (Fig. 3B). The cells
secrete some factors for the condensation of type V
collagen fibrils. The condensation of type V collagen
fibrils onto the cell surfaces was less pronounced in the
serum-free medium, suggesting that serum also contains
some key factors for the condensation of type V collagen
fibrils on cell peripheries.

When heat-denatured FITC-labelled type V collagen
was used in place of native type V collagen, the cells did
not aggregate (Fig. 3B). Cell proliferation with denatured
type V collagen was as high as that without type V
collagen (Figs 1 and 3B). Denatured type V collagen does
not affect cell behaviour, even though the polypeptides
adhere to the cells. Furthermore, no fluorescent spots
were observed (Fig. 3B). The results indicate that the
triple helical conformation, which is required for fibril
formation, is crucial for the interactions of type V
collagen with cells. Type V collagen fibrils function as
cell glue materials.

Condensation of Type V Collagen on Human Dermal
Fibroblasts—TIG-1 cells are human fetal lung fibroblasts
that produce type IV collagen in addition to type I,

in (a), (b) and (c), but scarcely in (d) and (e). Bar: 200 pm.

type IIT and type V fibrillar collagens (37). Using ascorbic
acid-free culture medium, although the secretion of
fibrillar collagen was minimized, non-triple helical
chains of type IV collagen are secreted into the culture
medium (38). In order to examine whether the phenom-
enon observed for TIG-1 cells can be extended to mature
human dermal fibroblasts, HF-18 cells that do not secret
type IV collagen were cultured with FITC-labelled type V
collagen. HF-18 cells aggregated and also exhibited
condensed FITC spots (Fig. 3C). Many FITC spots were
observed in the cell layer (Fig. 3C), while some spots
were also found on the cell peripheries, suggesting that
type V collagen fibrils have a strong affinity for the cells.
It is concluded that human fibroblasts accumulate the
exogenously added type V collagen, and the accumulated
type V collagen fibrils are responsible for cell aggregation
and work as cell glue matrix.

Distribution of Accumulated Type V Collagen—The
distribution of condensed type V collagen was analysed
by confocal laser scanning microscopy. The FITC spots
were enriched in the intercellular space but were
sparsely observed on or underneath the cells cultured
for 3 days (Fig. 4). Thus, type V collagen fibrils are well
condensed in the intercellular spaces.

The supramolecular structure of condensed type V
collagen was examined with an SEM for the TIG-1 cells
cultured with type V collagen for 4 days (Fig. 5). The
secretion of collagens was minimized by using an
ascorbic acid-free culture medium since ascorbic acid is
essential for the production of sufficient collagen mole-
cules for fibril deposition (35, 36).

A number of collagen fibrils were observed on
and around the cultured TIG-1 cells when the culture
medium was exogenously supplemented with type V
collagen (Fig. 5). On the contrary, no fibrils were seen on
and around the cells when the cells were cultured
without exogenous type V collagen (Fig. 5). These fibrils
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Fig. 3. Localization of added FITC-labelled type V
collagen. (A) TIG-1 cells were cultured with FITC-labelled
type V collagen for 6h (a), 32h (b) or 3 days (c). Green colour
reflects FITC-labelled type V collagen, whereas red colour is from
the actin filaments stained with Texas red-phalloidin. Green
fluorescence spots gradually increased in number as well as in
size as the culture time was prolonged. Bar: 100 um. (B) TIG-1 cells
were cultured with (a) or without (b) serum in the presence of

with an axial banding pattern typically found in collagen
fibrils were seen on the surface of the cells as well as in
the intercellular spaces (Fig. 5). Although it is difficult
to measure a precise repeating length of the banding
pattern from the SEM image, the rough estimate of the
length is about 50nm. Moreover, thinner fibrils that
appear to attach directly to the cells are ~50nm in
diameter, and thicker fibrils that may be bundles of thin
fibrils are found in the intercellular spaces (Fig. 5). The
thinner fibrils are reminiscent of in vitro reconstituted
type V collagen fibrils (30). From the light microscopic
result that the exogenously added type V collagen was
clearly condensed in cell layer (Fig. 3A), it is most likely
that most of the observed collagen-like fibrils, if not all,
are derived from the added type V collagen fibrils.
Therefore, we concluded that the added type V collagen
molecules formed fibrils in the culture medium and the

Vol. 144, No. 5, 2008

FITC-labelled type V collagen for 3 days. The cells cultured for
3 days with native FITC-labelled type V collagen (a) or denatured
FITC-labelled type V collagen (¢) with serum. Green, FITC-labelled
type V collagen. Red, actin filaments. Bar: 100 pum. (C) HF-18 cells
(human dermal fibroblasts) were cultured with PBS (a) or FITC-
labelled type V collagen (b) for 3 days. Green, FITC-labelled type V
collagen. Red, actin filaments. FITC-labelled type V collagen was
condensed into cell peripheries. Bar: 100 um.

fibrils adhering to the cell surfaces were condensed forms
of the exogenously added type V collagen fibrils.

Time Lapse Observation of Human Fibroblasts on
Type V Collagen Fibrils—The behaviour of fibroblast
cells on the type V collagen fibrils were essentially the
same among the cell types examined so far in a point of
view that cells form the cellular aggregates. The differ-
ences between cell types were the extent of the aggregates
or the time required for the clump formation. Human
neonatal dermal fibroblast, HDFneo, is one of such cells
and was successfully observed about its dynamic move-
ment resulting in the cell aggregation-induced type V
collagen fibrils. HDFneo cells were cultured on a dish
coated with type V collagen fibrils and recorded by time
lapse photography. HDFneo cells grew on the dish, and the
cells gradually aggregated with each other on the type V
collagen fibrils (Fig. 6A and Movie 1, 2). The cell-free
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spaces were enlarged during cell aggregation. Eventually,
the cell aggregates detached from the dish surface and
formed a cell clump (Fig. 6B and Movie 3). The cell
detachment is dynamic phenomenon and it looks like
shrinking of stretched rubber. These results suggested
that cell movement exerted driving forces towards
cell aggregation. This observation is consistent with the
hypothesis that cell aggregation in the form of clumps
by culture with type V collagen fibrils is caused by
cell movement together with the adherence property of
type V collagen fibrils.

DISCUSSION

At first, we discuss about the relation and difference
between our previous study and the present study. In the

X-Z section

Fig. 4. Tomographic localization of FITC-labelled type V
collagen. TIG-1 cells were cultured with FITC-labelled
type V collagen for 3 days. The deposition of FITC-labelled
type V collagen was observed by confocal laser scanning micro-
scopy for 3D reconstruction. Green, FITC-labelled type V
collagen. Red, actin filaments. The image of an X-Z section is
shown. The FITC spots are mainly observed in the intercellular
spaces; F-actin labelling represents the intracellular spaces.
Bar: 50 um.
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previous study, using culture dish coating with type V
collagen, we show that type V collagen fibrils adhere
to fibroblasts and interpret the mechanism of the cell
clump formation by assuming that type V collagen fibrils
adhere to the fibroblasts more strongly than to the dish
(29). In the present study, by adding type V collagen
fibrils to cultured fibroblasts, we observed the dynamical
interaction between type V collagen fibrils and fibro-
blasts. Since fibroblasts secrete some extracellular
matrices including type I collagen, we cultured the cells
using ascorbic acid-free culture medium to minimize
secretion of type I collagen (35, 36). Adding type V col-
lagen caused gradual cell aggregation and the cell aggre-
gations easily detached from the culture dish. Direct
adherence of fibroblasts to the surface of culture dish will
be the reason for the low affects of type V collagen fibrils
to the fibroblasts. Thereby, we can observe the process of
the clump formation of fibroblasts by culturing with type
V collagen fibrils. The mechanism of and the prerequisite
for the clump formation caused by type V collagen fibrils
become clear in the present study.

A mechanism is schematically shown in Fig. 7 for the
aggregation and clump formation of cells involving
concomitant accumulation and condensation of type V
collagen fibrils into the intercellular spaces. Initially,
these fibrils adhere to the cell surface through their
receptors. The adherent type V collagen fibrils move over
the cell surface. These fibrils are interlinked and bundled
together on the cell surface (Fig. 7A). Serum factors and
some factors secreted in the cell peripheries accelerate
the bundling of the type V collagen fibrils (Fig. 3B). The
interlinked and bundled type V collagen fibrils corre-
spond to the spots of FITC on the cell surface (Fig. 3A).
The type V collagen fibrils on the cell surface support

Fig. 5. Scanning electron micrographs of TIG-1 cells
cultured with FITC-labelled type V collagen. TIG-1 cells
cultured with (a, b) or without (PBS only) FITC-labelled type V

collagen (c) for 3 days. Fig. 5 (b) shows a high magnification of
the boxed region of Fig. 5 (a). Arrowheads, banding pattern
of fibrils; arrow, bundled collagen fibrils. Bar: 1.0 um.
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Fig. 6. Time lapse images of HDFneo cells cultured on
the type V collagen fibrils. HDFneo cells were cultured
on the dish coated with the type V collagen fibrils for 7 days.
(A) A series of phase contrast images of HDFneo cells cultured
from 4 to 6 days. The images were obtained every 13.3h at the
same position. The cells moved and gradually aggregated with
each other (arrowheads). Cell-free spaces (asterisks) formed
during the process of aggregation are enlarged. Bar: 100 pum.
Movie 1 is constructed from the series of the images of the cells
cultured from 4 to 6 days. Movie 2 is constructed from the
series of the images of HDFneo cells cultured from 6 to 7 days.
(B) A series of phase contrast images of HDFneo cells cultured
at 7 days and obtained every 8 min at the same position shows
the moment of the detachment of the cells from the culture dish.
These cell aggregates detached spontaneously (arrowheads).
Cell detachment looks like the shrinking of stretched rubber.
Bar: 200um. Movie 3 is constructed from the series of the
images for 160 min.

cell—cell interaction. The fibrils between two adjacent
cells interlink with each other. The interlinking
type V collagen fibrils in turn mediate the cementing
of cells to one another (Fig. 7B). Consequently, the cells
gradually aggregate (Figs 2 and 6A). Eventually, the size
and density of the accumulated type V collagen fibrils
increase, particularly in the intercellular region (Fig. 4).
The aggregated cells are cemented with type V collagen
fibrils (29). Cell movement is an important factor that
contributes to the acceleration of cell aggregation that
leads to clump formation (Fig. 6). Thus, exogenously
added type V collagen fibrils mediate the intercellular
connections between fibroblasts.

What is a possible mechanism for the condensation
of type V collagen fibrils onto the cell surface and even-
tually into the intercellular space? When fibroblasts
are cultured in type I collagen gel, collagen fibrils are
condensed in the extracellular periphery of the cells (39).
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Fig. 7. A schematic drawing to show a mechanism of
cell clump formation together with the accumulation and
condensation of type V collagen fibrils into the inter-
cellular spaces. Type V collagen fibrils are represented by
black lines. (A) Type V collagen fibrils adhere to the cell surface,
and the adherent collagen fibrils move on the cell surface. When
substances (open circle) that can bind type V collagen fibrils are
secreted on cell peripheries, the adherent type V collagen fibrils
are interlinked with each other. (B) Cells encounter each other
as they move. Interlinked and bundled type V collagen fibrils
mediate connections between these cells. The size and density
of condensed type V collagen fibrils increase, particularly in
the intercellular space accommodating the fibrils. The strong
affinity of type V collagen fibrils with the cells as well as with
the substances that combine type V collagen fibrils result in the
cementing of cells. Exogenously added type V collagen even-
tually condenses on cell aggregates, functioning as cell cement
in the process.

In a previous report, we discussed that cell movements,
including rotation, induce the denser packing of collagen
fibrils that are adherent to each other. The packing
process of type I collagen fibrils involves the forces of
retraction that are caused by cell motility, including
the protrusion and retraction of cell processes (40). It is
likely that the type V collagen exogenously added formed
fibrils that were suspended in the culture medium or
some portion sedimented onto the dish. The added type V
collagen fibrils are freely distributed in space of the
culture medium. In that sense, the type V collagen fibrils
exist three-dimensionally as the type I collagen gel.
The latter can move much less freely in a gel form. The
condensation of type V collagen fibrils into the inter-
cellular space can be accounted for by mechanism similar
to that responsible for the condensation of type I collagen
fibrils into the vicinity of cells. In short, type V collagen
fibrils will be moved, accumulated and condensed by the
mechanical forces generated by cell motility through yet
unidentified cell surface mediator(s).

However, cell motility alone cannot explain the accu-
mulation and condensation of the fibrils made up of type
V collagen. Interaction between type V collagen fibrils is
essential for fibril bundling. In view of the dispersed
distribution of the reconstituted type V collagen fibrils,
where no reconstituted type V collagen fibrils have
branches or merge with each other in vitro (30), either
multiple contacts between the fibrils aligned in
parallel or factors that promote the interlinking of
type V collagen fibrils or both have to be taken into
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consideration in order to explain the condensation of
type V collagen fibrils. We assume that these fibrils are
interlinked with each other by the factors that can bind
to them.

Some extracellular matrix components such as
tenascin C and PG-M (versican) show anti-adhesive
property (41-43), in that the cells do not reach confluence,
indicating that these materials prevent cell attachment
to the culture dish. The molecular mechanism of this
anti-adhesiveness is unknown. We speculate from our
studies on type V collagen fibrils that the adherence of
so-called anti-adhesive molecules to the cells could cause
cell detachment from the dish. In order to exert such an
influence on cells, these molecules may well bind with
the cells. The following are the possible mechanisms by
which such cell-binding substances exhibit anti-adhesive
properties. By masking receptors for cell adhesion, anti-
adhesive molecules may reduce the number of active
receptors available for adhesion to culture dishes and/or
may overwhelm the binding capacity of cells to culture
dishes. Such mechanism(s) could be extended to some
other anti-adhesive matrix molecules.

The present findings may have the following physiologi-
cal relevance. As stated in the introduction, type V collagen
in mature tissues appears to be co-localized with type I
collagen presumably as hybrid fibrils (5, 18-20). Thus, it is
rather unlikely that homotypic type V collagen fibrils exist
in mature tissues. However, in the developmental stages
and during the initial stage of wound healing, the
production and deposition of type V collagens precede
those of type I collagen, implying that homotypic type V
collagen fibrils exist in tissues in such cases (44, 45).
Further, our studies suggest that type V collagen is located
on the surface of collagen fibrils (18, 24). Thus, the type V
collagen fibrils may well be in direct contact with the
fibroblasts or mesenchymal cells in vivo under certain
conditions. Type V collagen fibrils could well be involved in
the tissue organization of various organs in which some
condensation of fibroblasts or mesenchymal cells takes
place before tissue organization is initiated.

FUNDING

Grant-in-Aid for Developmental Scientific Research
(07558249); Japan Society for the Promotion of
Science ‘Research for the Future’ Program (JSPS-
RFTF96100201); Program for Promotion of Fundamental
Studies in Health Science of the Organization for Phar-
maceutical Safety and Research (OPSR); Grant-in-Aid for
the Creation of Innovations through Business-Academic-
Public Sector Cooperation (to T.H.); Grant-in-Aid for
Scientific Research (B) (to Y.I.); Grant-in-Aid for Young
Scientists (B) (to T.K.).

CONFLICT OF INTEREST

None declared.

REFERENCES

1. van der Rest, M. and Garrone, R. (1991) Collagen family of
proteins. FASEB J. 5, 2814-2823

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

T. Kihara et al.

. Kadler, K. (1994) Extracellular matrix. 1: fibril-forming

collagens. Prot. Profile 1, 519-638

. Myllyharju, J. and Kivirikko, K.I. (2004) Collagens, modify-

ing enzymes and their mutations in humans, flies and
worms. Trends Genet. 20, 33—43

. Konomi, H., Hayashi, T., Nakayasu, K., and Arima, M.

(1984) Localization of type V collagen and type IV collagen
in human cornea, lung, and skin. Immunohistochemical
evidence by anti-collagen antibodies characterized by immu-
noelectroblotting. Am. J. Pathol. 116, 417-426

. Adachi, E. and Hayashi, T. (1986) In vitro formation of

hybrid fibrils of type V collagen and type I collagen. Limited
growth of type I collagen into thick fibrils by type V
collagen. Connect. Tissue Res. 14, 257-266

. Fessler, J.H. and Fessler, L.I. (1987) Type V collagen in

Structure and Function of Collagen Types (Mayne, R. and
Burgeson, R., eds.) pp. 81-103, Academic Press, New York.

. Birk, D.E., Fitch, J.M., Babiarz, J.P., Doane, K.J., and

Linsenmayer, T.F. (1990) Collagen fibrillogenesis in vitro:
interaction of types I and V collagen regulates fibril
diameter. oJ. Cell Sci. 95, 649-657

. Fichard, A., Kleman, J.P., and Ruggiero, F. (1995) Another

look at collagen V and XI molecules. Matrix Biol. 14,
515-531

. Wenstrup, R.J., Florer, J.B., Brunskill, EW., Bell, S M.,

Chervoneva, 1., and Birk, D.E. (2004) Type V collagen
controls the initiation of collagen fibril assembly. J. Biol.
Chem. 279, 53331-53337

Andrikopoulos, K., Liu, X., Keene, D.R., Jaenisch, R., and
Ramirez, F. (1995) Targeted mutation in the col5a2 gene
reveals a regulatory role for type V collagen during matrix
assembly. Nat. Genet. 9, 31-36

Bell, E., Ivarsson, B., and Merrill, C. (1979) Production of a
tissue-like structure by contraction of collagen lattices by
human fibroblasts of different proliferative potential
in vitro. Proc. Natl Acad. Sci. USA 76, 1274-1278
Hayashi, T., Nishiyama, T., and Adachi, E. (1991) Collagen
as a potent regulator for cellular activity in Fundamental
Investigations on the Creation of Biofunctional Materials
(Okamura, S., Tsuruta, T., Imanishi, Y., and
Sunamoto, J., eds.) pp. 55—64, Kagaku-Dojin, Kyoto

Senoo, H. and Hata, R. (1994) Extracellular matrix
regulates cell morphology, proliferation, and tissue forma-
tion. Kaibogaku Zasshi 69, 719-733

Hirose, M., Kosugi, H., Nakazato, K., and Hayashi, T. (1999)
Restoration to a quiescent and contractile phenotype from a
proliferative phenotype of myofibroblast-like human aortic
smooth muscle cells by culture on type IV collagen gels.
J. Biochem. 125, 991-1000

Moroi, M. and Jung, S.M. (1997) Platelet receptors for
collagen. Thromb. Haemost. 78, 439-444

Vogel, W. (1999) Discoidin domain receptors: struc-
tural relations and functional implications. FASEB oJ. 13
(supplement), S77-S82

Heino, J. (2000) The collagen receptor integrins have
distinct ligand recognition and signaling functions. Matrix
Biol. 19, 319-323

Nakayasu, K., Tanaka, M., Konomi, H., and Hayashi, T.
(1986) Distribution of types I, II, III, IV and V collagen in
normal and keratoconus corneas. Ophthalmic Res. 18, 1-10
Adachi, E., Hayashi, T., and Hashimoto, P.H. (1987) Type V
collagen in splenic reticular fibers of the macaque monkey.
Acta Anat. 29, 169-175

Birk, D.E., Fitch, J.M., Babiarz, J.P., and Linsenmayer, T.F.
(1988) Collagen type I and type V are present in the same
fibril in the avian corneal stroma. J. Cell Biol. 1086,
999-1008

Linsenmayer, T.F., Fitch, J.M., Schmid, T.M., Zak, N.B.,
Gibney, E., Sanderson, R.D., and Mayne, R. (1983)
Monoclonal antibodies against chicken type V collagen:
production, specificity, and use for immunocytochemical

J. Biochem.

2102 ‘8z Jequieldes uoeulyd Jo ABojouyds | pue aousids Jo A1siealun e /Hlo'sfeulnolploxo-qly:diny woly pepeojumod


http://jb.oxfordjournals.org/

Type V Collagen Fibrils as a Cell Glue

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

localization in embryonic cornea and other organs. «J. Cell
Biol. 96, 124-132

Fitch, J.M., Gross, J., Mayne, R., Johnson-Wint, B., and
Linsenmayer, T.F. (1984) Organization of collagen types I
and V in the embryonic chicken cornea: monoclonal antibody
studies. Proc. Natl Acad. Sci. USA 81, 2791-2795

Birk, D.E. (2001) Type V collagen: heterotypic type I/V
collagen interactions in the regulation of fibril assembly.
Micron 32, 223-237

Takemura, Y., Mizuno, K., Imamura, Y., and Hayashi, T.
(2003) Preferential liberation of type V collagen from bovine
corneal stroma by limited treatment with protease. Connect.
Tissue 35, 133—-139

Luparello, C., Schillaci, R., Pucci-Minafra, 1., and
Minafra, S. (1990) Adhesion, growth and cytoskeletal char-
acteristics of 8701-BC breast carcinoma cells cultured in the
presence of type V collagen. Eur. J. Cancer 26, 231-240
Hatai, M., Hashi, H., Kato, I., and Yaoi, Y. (1993) Inhibition
of cell adhesion by proteolytic fragments of type V collagen.
Cell Struct. Funct. 18, 53-60

Fukuda, K., Koshihara, Y., Oda, H., Ohyama, M., and
Ooyama, T. (1988) Type V collagen selectively inhibits
human endothelial cell proliferation. Biochem. Biophys.
Res. Commun. 151, 1060-1068

Yamamoto, K., Yamamoto, M., and Noumura, T. (1992)
Disassembly of F-actin filaments in human endothelial cells
cultured on type V collagen. Exp. Cell Res. 201, 55-63
Kihara, T., Takemura, Y., Imamura, Y., Mizuno, K., and
Hayashi, T. (2004) Reconstituted type V collagen fibrils as
cementing materials in the formation of cell clumps in
culture. Cell Tissue Res. 318, 343-352

Mizuno, K., Adachi, E., Imamura, Y., Katsumata, O., and
Hayashi, T. (2001) The fibril structure of type V collagen
triple-helical domain. Micron 32, 317-323

Ohashi, M., Aizawa, S., Ooka, H., Ohsawa, T., Kaji, K,
Kondo, H., Kobayashi, T., Noumura, T., Matsuo, M.,
Mitsui, Y., Murota, S., Yamamoto, K., Ito, H.,,
Shimada, H., and Utakoji, T. (1980) A new human diploid
cell strain, TIG-1, for the research on cellular aging. Exp.
Gerontol. 15, 121-133

Nishiyama, T., Tominaga, N., Nakajima, K., and
Hayashi, T. (1988) Quantitative evaluation of the factors
affecting the process of fibroblast-mediated collagen gel
contraction by separating the process into three phases.
Coll. Relat. Res. 8, 259273

Miller, E.J. and Rhodes, R.K. (1982) Preparation and
characterization of the different types of collagen. Methods
Enzymol. 82, 33—64

Mizuno, K. and Hayashi, T. (1996) Separation of the
subtypes of type V collagen molecules, [alpha 1(V)]2 alpha

Vol. 144, No. 5, 2008

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

633

2(V) and alpha 1(V) alpha 2(V) alpha 3(V), by chain
composition-dependent affinity for heparin: single alpha
1(V) chain shows intermediate heparin affinity between
those of the type V collagen subtypes composed of [alpha
1(V)]2 alpha 2(V) and of alpha 1(V) alpha 2(V) alpha 3(V).
J. Biochem. 120, 934-939

Steinmann, B., Rao, V.H., and Gitzelmann, R. (1981)
Intracellular degradation of newly synthesized collagen is
conformation-dependent. FEBS Lett. 133, 142-144

Kielty, C.M., Hopkinson, I., and Grant, M.E. (1993)
Collagen: the collagen family, structure, assembly and
organization in the extracellular matrix in Connective
Tissue and its Heritable Disorders (Royce, P.M. and
Steinmann, B., eds.) pp. 103-147, Wiley-Liss, New York.
Takahashi, S., Yoshikawa, K., Sasaki, T., Takeda, Y.,
Imamura, Y., Sado, Y., and Hayashi, T. (1999) Serum-
dependent secretion of nondisulfide-bonded and unfolded
type IV collagen alpha chains by cultured fetal lung
fibroblasts. Connect. Tissue 31, 161-168

Yoshikawa, K., Takahashi, S., Imamura, Y., Sado, Y., and
Hayashi, T. (2001) Secretion of non-helical collagenous poly-
peptides of alphal(IV) and alpha2(IV) chains upon depletion
of ascorbate by cultured human cells. J. Biochem. 129,
929-936

Yamato, M., Adachi, E., Yamamoto, K., and Hayashi, T.
(1995) Condensation of collagen fibrils to the direct vicinity
of fibroblasts as a cause of gel contraction. J. Biochem. 117,
940-946

Meshel, A.S., Wei, Q., Adelstein, R.S., and Sheetz, M.P.
(2005) Basic mechanism of three-dimensional collagen fibre
transport by fibroblasts. Nat. Cell Biol. 7, 157-164

Sage, E.H. and Bornstein, P. (1991) Extracellular
proteins that modulate cell-matrix interactions. SPARC,
tenascin, and thrombospondin. J. Biol. Chem. 266,
14831-14834

Yamagata, M. and Kimata, K. (1994) Repression of a
malignant cell-substratum adhesion phenotype by inhibiting
the production of the anti-adhesive proteoglycan, PG-M/
versican. J. Cell Sci. 107, 2581-2590

Murphy-Ullrich, J.E., Pallero, M.A., Boerth, N,
Greenwood, J.A., Lincoln, T.M., and Cornwell, T.L. (1996)
Cyclic GMP-dependent protein kinase is required for
thrombospondin and tenascin mediated focal adhesion
disassembly. J. Cell Sci. 109, 2499-2508

Rizk, N.N. (1980) Stereoscopic visualization of various
morphological types of collagenous fibres. Acta Anat. 107,
424-429

Craig, A.S. and Parry, D.A. (1981) Growth and development
of collagen fibrils in immature tissues from rat and sheep.
Proc. R. Soc. Lond. B. Biol. Sci. 212, 85-92

2102 ‘8z Jequieldes uoeulyd Jo ABojouyds | pue aousids Jo A1siealun e /Hlo'sfeulnolploxo-qly:diny woly pepeojumod


http://jb.oxfordjournals.org/



