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The C-terminal end of collagen XV, restin, has been the focus
of several studies, but the functions of full-length collagen XV
have remained unknown. We describe here studies on the pro-
duction, purification, and function of collagen XV and the pro-
duction of a monoclonal N-terminal antibody to it. Full-length
human collagen XV was produced in insect cells using baculo-
viruses and purified from the cell culturemedium.The yieldwas
15 mg/liter of cell culture medium. The collagen XV was shown
to be trimeric, with disulfide bonds in the collagenous region.
Rotary shadowing electron microscopy revealed rod-like mole-
culeswith amean lengthof 241.8nmandwith a globular domain
at one end. The globular domain was verified to be the N-termi-
nal end by N-terminal antibody binding. The molecules show
flexibility in their conformation, presumably due to the many
interruptions in their collagenous domains. The ability of colla-
genXV to serve as a substrate for cellswas tested in cell adhesion
assays, and it was shown that cells did not bind to collagen XV-
coated surfaces. When added to the culture medium of fibro-
blasts and fibrosarcoma cells, however, collagen XV rapidly
bound to their fibronectin network. Solid phase assays showed
that collagen XV binds to fibronectin, laminin, and vitronectin
and that it binds to the collagen/gelatin-binding domain of
fibronectin. No binding was detected to fibrillar collagens,
fibril-associated collagens, or decorin. Interestingly, collagen
XVwas found to inhibit the adhesion andmigration of fibrosar-
coma cells when present in fibronectin-containing matrices.

Lack of collagen XV in mice leads to the development of
skeletal myopathy, collapsed capillaries, and degenerating
endothelial cells in the heart and skeletal muscles, suggesting
that collagen XVmay be important for linking basement mem-
branes to their surrounding tissues (1). Indeed, EM2 studies
have indicated that collagen XV links banded collagen fibers to
basement membranes (2).

It has been proposed that collagenXVmay be involved in the
invasiveness of tumors because it is lost in the malignant epi-
thelial basement membranes of colonic adenocarcinomas and
ductal carcinomas (3, 4) and because melanocytic nevi and
malignant melanomas in situ were positive for collagen XV,
whereas melanomas with dermal invasion were negative (5).
Recent studies with collagen XV and XVIII double null mice
have indicated that collagen XVmay also have a regulatory role
in inhibiting the migration of astrocytes (6).
Collagen XV is a non-fibrillar collagen widely distributed in

various tissues, where it has been shown to localize to the base-
mentmembrane zones (7–9).Human collagenXV is a homotri-
mer with � chains composed of 1363 amino acid residues con-
taining a highly interrupted collagenous domain of 577 amino
acids flanked by large non-collagenous N- and C-terminal
domains of 530 and 256 amino acids, respectively (10, 11). Col-
lagen XV shares structural homology with collagen XVIII, and
they together form a subgroup of collagens with their highest
similarity in the C-terminal non-collagenous domain, the
endostatin domain (12–14). Collagens XV and XVIII have
some differences in their structural and functional properties
and in their tissue distribution, indicating that their repertoires
of biological interactions are overlapping but not identical.
Although collagen XVIII is abundant in the liver and present
only in small amounts in the skeletal muscle, collagen XV is
absent from the liver, but high expression is seen in the skeletal
muscle (9, 12, 15–19). Collagen XVIII-derived endostatin has
been shown to possess antimigratory and antitumoral proper-
ties (20–27). Also, the corresponding fragment of collagen XV,
restin, can be found in serum (28), and collagen XV-derived
restin has been shown to inhibit endothelial cell migration in
vitro, but the effect on proliferation is not definite (29, 30).
Restin is less potent as a tumor suppressor than endostatin,
has no posttranslational modifications, and has different
binding partners in the extracellular matrix (28, 29, 31). To
study the function of full-length human collagen XV, we
produced recombinant collagen XV in a baculovirus expres-
sion system and used the purified protein to characterize it
and its functions.

EXPERIMENTAL PROCEDURES

Construction of the Baculovirus Expressing Full-length
Recombinant Human Collagen XV—A full-length human col-
lagen XV cDNA clone was generated and cloned at EcoRV-
EcoRI restriction sites in pBluescript as described earlier (9). A
His6 tagwas added to the 3� end of the clone by removing a 1-kb
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StuI-EcoRI fragment and replacing it with a PCR product in
which the His6 tag and an additional XbaI restriction site had
been added before the EcoRI site. EcoRV/XbaI digestion was
used to remove the insert from the pBluescript, and it was then
ligated into the StuI/XbaI site of the pFastBac1 vector (Invitro-
gen). The recombinant bacmid DNA was produced and trans-
fected into Spodoptera frugiperda Sf9 insect cells according to
Ref. 43 (Invitrogen). The recombinant viruses were collected,
amplified, and further plaque-purified and reamplified in Sf9
insect cells.
Production of the N-terminal Non-collagenous Fragment of

Collagen XV (XVNTERM) and of Monoclonal Antibodies
against XVNTERM—The 5� region of the human collagen XV
cDNA encoding the N-terminal non-collagenous domain (cor-
responding to amino acids 26–557) was amplified by PCR and
ligated into the bacterial expression vector pQE-31 (Qiagen),
which adds a His6 tag to the N terminus. The recombinant
XVNTERM was expressed in Escherichia coli, and the protein
was purifiedwithTalon�metal affinity resin in urea-containing
buffers according to the manufacturer’s protocols (Clontech).
The fragments containing XVNTERMwere combined, and the
urea was removed by stepwise dialysis. The renatured protein
was further dialyzed against PBS. The expression and purifica-
tion were analyzed by SDS-PAGE electrophoresis followed by
Coomassie Blue staining or immunoblotting and detection
with an antibody to the histidine tag, Penta-His (Qiagen).
Mousemonoclonal antibodies against the purified XVNTERM

fragment were generated and prescreened commercially by
enzyme-linked immunosorbent assay (DiaBor Oy, Oulu, Fin-
land). One of the positive clones was purified (DB157.F1), and
purified IgG was used in this study.
Production of Recombinant Collagen XV in Insect Cells—

Recombinant collagen XV protein expression was tested in
High Five insect cells (Invitrogen) cultured in monolayers in
TNM-FH medium (Sigma) supplemented with 10% fetal
bovine serum (Bioclear) or in serum-free HyQ SFX (Hyclone)
medium. Briefly, the insect cells were plated at a concentration
of 15 million cells per 100-mm plate for 1 h at 27 °C prior to
infection with baculoviruses. Cells were co-infected with
viruses encoding the expression of collagen XV and prolyl-4-
hydroxylase to ensure proper hydroxylation and stability of
the collagen (32). Ascorbate (final concentration 80�g/ml) was
added to the cultures daily. Both cell lysates and culture
mediumwere collected for the analysis of recombinant collagen
XV protein expression, which was detected with Penta-His
antibody recognizing the C-terminal His tag, a pan-collagen
monoclonal antibody 95D1A (33), and the collagen XV anti-
body against XVNTERM (DB157.F1) generated for this
purpose.
Purification of Recombinant Collagen XV from the Insect Cell

Culture Medium—High Five cells were infected in the HyQ
SFXmedium as described above, and cell culture medium (100
ml) was collected 48 or 72 h after infection, chilled on ice, and
centrifuged (1000 rpm, 5 min at 4 °C). The pH of the medium
was adjusted to 7.6, and it was applied to a Talon�metal affinity
resin column (Clontech) in 300 mM NaCl, 50 mM Tris, pH 7.6.
The column was washed with the aforementioned buffer fol-
lowed by a wash with 10 mM imidazole, 300 mM NaCl, 50 mM

Tris, pH 7.6. Collagen XVwas eluted from the columnwith 100
mM imidazole, 300 mM NaCl, 50 mM Tris, pH 7.6. When nec-
essary, the elution fractions were concentrated using Centricon
Ultracel YM-100 centrifugal filter devices (Millipore). The
purity and concentration of collagen XV were evaluated using
Coomassie Blue-stained SDS-PAGE gels. The purified recom-
binant collagen XV protein was subjected to N-terminal
sequencing andMALDI-TOFmass spectrometry analysis. The
N-terminal protein sequences were determinedwith a 492 Pro-
ciseTM protein sequencer (Applied Biosystems Inc.) from sam-
ples electroblotted onto a ProBlottTMmembrane (Applied Bio-
systems Inc.), and the integrity of the recombinant protein was
further confirmed from the peptide fingerprint obtained by
MALDI-TOF mass spectrometry of the trypsinized protein as
described earlier (34).
Proteolytic Digestion of Collagen XV—Purified collagen XV

was digested with bacterial collagenase (Worthington Bio-
chemical Corp., Freehold, NJ) 0.04 units/ml at 37 °C for 1 h in a
buffer containing 300 mM NaCl, 1 mM CaCl2, 50 mM Tris, pH
7.6, with complete EDTA-free protease inhibitor mixture
(Roche Applied Science GmbH). The digested samples were
analyzed on SDS-PAGE gels. Immunoblotting, followed by
staining with DB157.F1 or Penta-His antibody, was used to
identify the N- and C-terminal domains of the protein.
Rotary Shadowing EM—50 �g/ml purified recombinant col-

lagen XVwere dialyzed against 0.2 M ammonium acetate in the
presence or absence of 1 mM EDTA to prevent molecule aggre-
gation and adjusted to 50% (v/v) glycerol. To identify theN-ter-
minal extremity of the molecules, recombinant collagen XV
molecules were incubated with antibodies directed against the
N-terminal end of the molecule (DB157.F1) in 0.2 M ammo-
niumbicarbonate. 5�l of the different solutionswere deposited
onto freshly cleavedmica sheets, and themoleculeswere spread
using the sandwich method. Samples were then placed on the
holder of a MED 010 evaporator (Balzers) and subjected to
rotary shadowing electron microscopy as described previously
(35). Observations of replicas were performed with a Philips
CM120 transmission electron microscope at the Centre Tech-
nique des Microstructures (Université Lyon 1, Villeurbanne,
France) equiped with a GATANOrius 200 2k� 2k digital cam-
era. Measurements of molecule length were performed using a
Bamboo graphic tablet (Wacom) and the ImageJ program.
Cell Proliferation Assay—HT1080 cell suspension (5 � 104

cells/ml) in a serum-containing medium were plated onto
uncoated 96-well plates (100 �l/well), collagen XV or BSA was
added to the medium to a final concentration of 20 �g/ml, and
the cells were grown for 8, 24, 48, and 72 h. The medium con-
taining collagen XV or BSA was changed daily. Cell prolifera-
tion was determined with a CyQuant cell proliferation kit
(Invitrogen).
Cell Staining—To detect morphological changes, cells

cultured on coverslips were fixed after 4 or 24 h and stained
with phalloidin (Sigma) or vinculin (H-300, Santa Cruz
Biotechnology).
Addition of Exogenous Soluble Collagen XV to Cells—Human

fibroblasts were cultured on coverslips for 48 h in Dulbecco’s
modified Eagle’smediumwith 10% serum. Purified collagenXV
was added to the cells to a final concentration of 10�g/ml. After
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30min or 2 h, the cells were washedwith PBS and fixed with 2%
paraformaldehyde, PBS for 10 min at room temperature fol-
lowed by washing with PBS. Blocking was performed with 1%
BSA, PBS, and the coverslips were stained with DB157.F1 or
Penta-His antibody and antibody to fibronectin (C-20, Santa
CruzBiotechnology). Cy3 anti-mouse andCy2 anti-goat (Rock-
land, Gilbertsville, PA) were used as secondary antibodies.
Solid Phase Assay—The interactions of collagen XV with

several ECM components were tested in solid phase assays.
96-well plates (MaxiSorp) were coated for 2 h at room temper-
ature in triplicate with human plasma-derived vitronectin
(VN), Engelbreth-Holm-Swarm mouse tumor-derived lami-
nin-1 (Lam), and human plasma-derived fibronectin (FN) or
human fibronectin fragments FN120, FN45, FN40 (BD Bio-
sciences, Chemicon, or Sigma) at a concentration of 10 �g/ml
in TBS with 1 mM CaCl2. FN120 contains most of the cell-
binding domain and spans a small portion of the collagen-bind-
ing domain; FN45 comprises most of the collagen-binding
domain; and FN40 contains a small segment of the cell-binding
domain. (For a schematic drawing of the fibronectin fragments,
please, see Ref. 36.) The other proteins tested were human col-
lagens I, III, IV, and V (ColI, ColIII, ColIV, and ColV) from BD
Biosciences, which were used for coating in 0.01 M acetic acid
for 2 h at room temperature. In addition, recombinant human
collagens XII and XIV (gifts from D. Zwolanek and M. Koch,
University of Cologne, Germany) and recombinant human
decorin (a gift from A. Oldberg, University of Lund, Sweden)
(37) were tested; proteins were coated in TBS. After protein
coating, the wells were washed thoroughly with TBS and
blocked with 5% milk-TBS for 2 h at room temperature. The
blocking solution was replaced with collagen XV diluted in
TBS (10 �g/ml) and incubated overnight at 4 °C. Binding to
fibronectin was tested with collagen XV concentrations from 0
to 100 �g/ml. The wells were washed with TBS, and Penta-His
antibody at a dilution of 1:2000 was used to detect binding of
collagen XV. For collagens XII and XIV and decorin, DB157.F1
antibody (1:500) was used to detect binding of collagen XV
because the aforementioned collagens and decorin also con-
tained a histidine tag. The secondary antibody was horseradish
peroxidase-anti-mouse 1:2000, and tetramethylbenzidine (Sigma)
was used as a substrate. The optic density was measured at a
wavelength of 450 nm with a Victor multilabel counter and
Wallac 1420 Manager software. The results of several experi-
mental series performed in triplicate were combined, with all
the series including FNand FN� collagenXVas a standard and
all other ECM components included 2–5 times. The numerical
value of the bound collagen XV as measured in terms of the
optic density of FN alone was set as 1 for the purpose of con-
structing the graphs.
Cell Adhesion to Collagen XV andMixed Substrates of Colla-

gen XV and Other ECM Proteins—96-well cell culture plates
were coated in triplicate with (a) 10 �g/ml BSA; (b) 10 �g/ml
collagen XV; (c) 10 �g/ml FN or its fragments FN120, FN45, or
FN40; (d) 5 �g/ml VN (in 1 mMCaCl2, 1 mMMgCl2, PBS; or (e)
5 �g/ml ColI in 0.01 N acetic acid for 2 h at room temperature
followed by washing with PBS and blocking with 1% heat-inac-
tivated BSA. To test the effect of mixed substrates of collagen
XV and other ECM components, additional coating with 10

�g/ml purified human collagen XV in 1 mM CaCl2, 1 mM

MgCl2, PBS was performed overnight after blocking. The wells
were washed briefly with PBS, after which HT1080 fibrosar-
coma cells (ATCC) in serum-free medium supplemented with
0.2% BSA were plated onto the wells. The cells were allowed to
adhere for 30 min, after which the wells were washed with PBS.
The relative quantity of cells in each well was determined using
the CyQuant cell proliferation assay kit according to the man-
ufacturer’s instructions (Invitrogen). The resulting emissions
were counted using a Victor multilabel counter and Wallac
1420 Manager software, and the results were analyzed with
Microsoft� Excel 2002 SP3 and/or SPSS 13.0. Results of four
experiments were combined by comparing the proportions of
adhering cells, with adherence to FN set as 100. Adhesion to the
collagenXV-coatedmatrix was also testedwith EAhy926 endo-
thelial cells and fibroblasts.
Migration Assays—HT1080 cells were used in these experi-

ments because they have good migratory properties, and they
responded well in the XV collagen adhesion assay. HTS Tran-
swell-24 system polyester (Corning Inc.) inserts with 3.0-�m

FIGURE 1. Recombinant collagen XV is a disulfide-bonded trimer. A, Coo-
massie Blue staining of the purified recombinant collagen XV under reduced
(�) and non-reduced (�) conditions shows that it is trimeric. Collagen XV is
indicated with black arrows, and the N-terminal sequence of the protein is
shown on the right. Molecular mass markers (kDa) are shown on the left.
B, recombinant collagen XV is detected both with specific N- and C-terminal
antibodies (DB157 and Penta-His, respectively) and with the pan-collagen
antibody 95D1A. C, collagenase treatment of collagen XV. Western blots of
the recombinant collagen XV with the N-terminal collagen specific antibody
DB157 and an antibody to the C-terminal histidine tag (Penta-His) with (�) or
without (�) collagenase treatment are shown under reduced (�) and non-
reduced (�) conditions. The collagenase treatments show that the non-col-
lagenous domains of 100 (N terminus) and 31 kDa (C terminus) do not form
disulfide-bonded complexes so that the existing interchain disulfide bonds
must be in the collagenous region of the recombinant collagen XV. The lower
band detected with the Penta-His antibody is a C-terminal degradation prod-
uct. The N-terminal sequences of the fragments in lanes 2 and 4 (black arrows)
are shown on the right of lane 4. Molecular mass markers are shown on the left.
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pore size were coated with (a) 25 �g/ml FN; (b) 25 �g/ml FN, 5
�g/ml BSA; (c) 25�g/ml FN, 5�g/ml collagenXV; (d) 25�g/ml
FN, 25 �g/ml collagen XV; or (e) 5 �g/ml collagen XV or 25
�g/ml collagen XV overnight at 4 °C and washed with PBS.
HT1080 cells in serum-freemediumwith 0.2%BSAwere placed
in the upper chamber, with the lower chamber containing
serum-freeDulbecco’smodified Eagle’smediumwith 0.2%BSA
and 0.02 �g/ml insulin. The cells were allowed to migrate for
4 h, after which the inserts were rinsed with PBS and fixed with
methanol at �20 °C for 5 min. The cells from the upper cham-
ber were removed by wiping with a cotton stick, and the cells
that had migrated through the membrane were stained with
hematoxylin. The stained membranes were cut out and
mounted with Shandon Immu-Mount (Thermo Fisher Scien-
tific Inc.) and photographed, and the area covered by cells was
measured with MetaMorph 6.1 (Universal Imaging Corp.).
Data from three separate experiments each performed in dupli-
cate were combined, and the number of migrating cells on the
25�g/ml FN, 5�g/ml BSA-coatedmembranes was set as 100%.

RESULTS

Purification and Characterization of Recombinant Collagen
XV—Human recombinant collagen XV with a C-terminal His
tagwas produced in insect cells with the baculovirus expression
system by co-infection with viruses encoding collagen XV and

prolyl-4-hydroxylase. The recombi-
nant collagen was detected both in
the cell lysates and in the culture
medium as a secreted protein. Co-
infection of the cells with viruses
encoding prolyl-4-hydroxylase re-
sulted in a more stable collagen XV
with less degradation in the recom-
binant protein found in the culture
medium (not shown).
A protocol for purifying collagen

XV from serum-free cell culture
medium using metal affinity was
developed. The estimated recovery
was 15 mg/liter of cell culture
medium. The purity of the recombi-
nant collagen XV was determined
by Coomassie Blue staining. Under
reducing conditions, collagen XV
migrated at 220 kDa, and larger
collagen XVmolecules correspond-
ing to disulfide-linked trimers were
detected under non-reducing con-
ditions (Fig. 1A). MALDI-TOF and
N-terminal sequencing confirmed
that collagen XV was present on
the SDS-PAGE gels as a 220-kDa
protein. The N terminus of the
recombinant protein was deter-
mined by N-terminal sequencing
(LPAVTQTRGA), revealing that
the signal peptide was cleaved
between amino acids Pro-22–Lys-

23, which is three amino acids earlier than predicted previously
(10, 11).
Antibodies against the N and C terminus recognized the

recombinant protein visible in Coomassie Blue staining (Fig.
1B). The collagen XV protein was detected with an antibody
against the C-terminal histidine tag. A monoclonal antibody
DB157.F1, generated here against the N-terminal domain of
collagen XV expressed in E. coli, recognized the recombinant
collagen XV protein both in Western blotting (Fig. 1B) and by
immunostaining of cultured cells (see Fig. 5). Collagen XV was
also detected by the pan-collagen antibody 95D1A.
Collagenase Digestion of Collagen XV—Bacterial collagenase

was used to digest the collagenous domain of recombinant col-
lagen XV. The N- and C-terminal antibodies detected non-col-
lagenous undigestedmaterial withmolecularmasses of 100 and
31 kDa, respectively (Fig. 1C). The N-terminal sequence
LPAVTQTRGA of the N-terminal collagenase fragment (rec-
ognized by DB157.F1) is the same as in the untreated mature
collagen XV. The other non-collagenous fragment (recognized
by anti-Penta-His), with the sequenceGLPGSRN, starts at posi-
tion 1127 and is located at the end of COL7, the extreme C-ter-
minal collagenous domain of collagen XV. The N-terminal
non-collagenous fragment of recombinant human collagen XV
produced in insect cells was shown tomigrate with amolecular
mass larger than that predicted from the sequence (100 versus

FIGURE 2. Collagen XV molecules examined by rotary shadowing transmission electron microscopy
appear as extended proteins with kinks. A, gallery of individual collagen XV molecules. Numerous kinks are
present in the triple helix domain, corresponding to interruptions in the Gly-X-Y repeats. A trident structure can
be observed at the other end of some molecules (arrowheads). B, collagen XV molecules have a tendency to
form aggregates. Scale bar � 100 nm. C, histogram of the collagen XV length distribution (n � 71). D, collagen
XV molecules incubated with antibodies against the N terminus; asterisks indicate the globular domain com-
plexed with antibodies that exhibit a characteristic three-lobed shape. Scale bar � 50 nm.

Collagen XV Regulates Cell Adhesion and Migration

FEBRUARY 19, 2010 • VOLUME 285 • NUMBER 8 JOURNAL OF BIOLOGICAL CHEMISTRY 5261



57.7 kDa, respectively), and the N-terminal non-collagenous
domain expressed in E. coli for antibody production also exhib-
ited slowermigration. This has also been seenwith collagenXV
isolated from umbilical cords (38).
Detection of the similar sized unreduced and reduced colla-

genase-treated degradation products with N- and C-terminal
antibodies demonstrated that there are no interchain disulfide
bonds located in the non-collagenous N- and C-terminal
domains (Fig. 1C). This is indirect evidence that they are to be
found in the collagenous domain because the full-length colla-
gen XVmigrates under reducing conditions differently from in
reducing conditions. Similarly, collagen XV extracted from
human placenta was shown to contain no S–S bonds in the N-
and C-terminal domains (39).
Molecular Structure of Recombinant Collagen XV—In rotary

shadowing EM, the purified recombinant collagen XV ap-
peared as an extended protein with numerous kinks (Fig. 2A).
The collagen XVmolecules exhibited a globular domain in one
end that was identified as the N-terminal domain after incuba-
tion with antibodies against the N-terminal end of the collagen
XV (Fig. 2D). Molecule length distribution showed that values
ranged from 160 to 360 nm with a mean length of 241.8 � 9.9
nm (n� 71) (Fig. 2C). A trident structure at the other end of the
molecule was observed (Fig. 2A, arrowheads) in rare cases.
Most of the collagen XV molecules aggregated into large com-
plexes (Fig. 2B). The N-terminal globules were very frequently
observed free, emerging from the molecular complexes, sug-
gesting that interactions between the different molecules are
mediated by the collagenous domains. The addition of EDTA
improved individual molecule observation but did not prevent
molecule multimer formation.
Binding of Collagen XV to Cell Surfaces—To study the puta-

tive influence of collagen XV on cells, purified collagen XVwas
added to the culturemediumof cultured human fibroblasts and
fibrosarcoma HT1080 cells. Immunostaining of human fibro-
blasts with the collagen XV antibody DB157.F1 or the His tag
antibody Penta-His gave a strong staining in the extracellular
space, not seen in untreated cells, within 30min of the addition
of collagen XV. This rapid binding of collagen XVmay be taken
to indicate that the structures it was binding to already existed
on the cell surfaces. Because the staining resembled a fibronec-
tin matrix staining pattern, the cells were double-stained with
an antibody to fibronectin (Fig. 3). In untreated cultures, where
no added collagen XV was present, there was no staining with
the collagen XV antibody in the double-stained cells (Fig. 3, A
and B), whereas the stainings for added collagen XV and
fibronectin overlapped, demonstrating that the exogenous col-
lagen XV presumably bound to the already formed fibronectin
matrix (Fig. 3, C–F). For good visualization of the overlapping
staining, areas of low fibronectin density were chosen for the
figures. The fibroblasts used in this study were of late passage
and therefore produced moderate amounts of fibronectin.
HT1080 cells produced even lower amounts of fibronectin in
culture, and hence only aweak staining of collagenXVwas seen
on their surfaces after the addition of collagenXV to the culture
medium (not shown).
Proliferation of Cells—The C-terminal fragment of collagen

XV, restin, inhibits the migration of endothelial cells in vitro,

but the effect on the proliferation of these cells is controversial
(29, 30). To test whether the full-length protein has an effect on
proliferation, soluble collagen XV was added to HT1080 cells,
endothelial cells (EAhy926), and fibroblasts, and their prolifer-
ation was estimated over 72 h. Full-length recombinant colla-
genXVwas shown tohave no effect on the proliferation of these
cells (not shown).
Effect of Collagen XV on Cell Adhesion—The collagen XV in

the cell culture experiments was presumably interacting with
fibronectin, which is involved in many cellular events such as
adhesion. We therefore tested the ability of collagen XV to
influence cell adhesion. In our experiments, HT1080 cells (Fig.
4), endothelial cells or fibroblasts did not adhere to a collagen
XV substrate. TheHT1080 cells readily adhered to FN,VN, and
ColI but not to BSA or Lam (Fig. 4). When collagen XV was
present in the substrate together with fibronectin or vitronec-
tin, it reduced the adhesion ofHT1080 cells but had no effect on
cell binding to ColI. Pretreatment of cells with collagen XV had
no effect on the binding of HT1080 cells to FN (not shown). Of
the various fragments of fibronectin, HT1080 cells adhered
readily to FN120, which contains the cell-binding domain but
not to FN45, which lacks the cell-binding RGD sequence (Fig.
4). Interestingly, collagen XV did not interfere with the adhe-
sion of HT1080 cells to FN120 (Fig. 4), indicating that other
regions of fibronectin are required to mediate the effect of col-
lagen XV.

FIGURE 3. Exogenous recombinant collagen XV added to the culture
medium of human fibroblasts binds rapidly to the fibronectin network
formed by the fibroblasts. A and B, no added collagen XV; C–F, collagen XV
added to the culture medium. A, C, and E are stained with antibody to
fibronectin; B and D are stained with antibody to collagen XV; and F is stained
with an antibody to the histidine tag of collagen XV. Cultured human fibro-
blasts did not express endogenous collagen XV, but they did form a fibronec-
tin matrix (A and B). When collagen XV was added to the culture medium, it
rapidly bound to the fibronectin network, as shown in panel pairs C and D and
E and F, and this was visualized with both the collagen XV-specific antibody
and the antibody to the histidine tag in collagen XV (D and F). Original mag-
nification: �40.
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Inhibition of Cell Migration by Collagen XV—The effect of
collagen XV on cell migration was tested in Transwell assays.
The presence of collagen XV in the FN substrate clearly inhib-
ited the migration of HT1080 cells in that the addition of colla-
gen XV at a concentration of 5 �g/ml reduced their migration

by 34%, and its addition at 25 �g/ml reduced their migration by
46% (Fig. 5A). The reduction seen in the migration assay in
which the surface area of the migrating cells was counted was
not due to non-spreading of the cells (Fig. 5,B–E). Coating with
collagen XV alone totally blocked the migration of HT1080
cells onto the membrane (Fig. 5, F and G).
Binding of Collagen XV to Other ECM Proteins—Solid-phase

assays were used to study protein-protein interactions between
collagen XV and other ECM components. Various proteins
were used as a solid substrate, and the binding of collagenXV to
them was determined. We discovered that collagen XV could
bind to fibronectin and laminin, and to a lesser extent, to
vitronectin (Fig. 6A). (Supplemental Fig. 1 shows the binding of
different concentrations of collagen XV to FN.) In addition, the
binding of collagen XV to fibrillar collagens was tested because
it has been postulated that it may link collagen fibers to base-
ment membrane (2). The binding of collagen XV to collagens I,
III, V, and IV was not significant, however (Fig. 6A, not shown
for ColIV). In addition, binding of collagen XV to fibril-associ-
ated collagens XII and XIV as well as to the small fibril-associ-
ated proteoglycan, decorin,was tested.However, no interaction
was detected in solid-phase assays (data not shown).
Of the various fragments of fibronectin, collagen XV was

found to bind to FN45 (Fig. 6B), which comprised most of the
collagen-binding domain.When compared with control, colla-
gen XV binding to FN120, the central cell-binding domain of
FN, or to FN40 was not significant.

DISCUSSION

The molecular characteristics and biological properties of
collagen XV are not well understood. We produced recombi-
nant human collagen XV in insect cells to study its properties.

Rotary shadowing EM of the puri-
fied protein showed that it often
forms aggregates. Individual colla-
gen XV molecules appeared in an
elongated configuration with kinky
regions, although some molecules
with a more bent shape were seen.
Often a globular domain was seen at
one end, and this was verified by
antibody incubation to represent
the N terminus of collagen XV. Ear-
lier EM rotary shadowing of colla-
gen XV extracted from human
umbilical cords had shown collagen
XV mostly in a curled/pretzel-like
configuration (38). Occasionally
there were three globular nodules in
the N terminus of collagen XV,
whereas the other end of the mole-
cule lacked any globular domain or
contained only a small knob (38).
The recombinant full-length colla-
gen XV used in our EM rotary shad-
owing studies had a mean length of
241.8 � 9.9 nm, which is more than
the length of 190 nm reported for

FIGURE 4. Collagen XV inhibits the adhesion of fibrosarcoma HT1080
cells to fibronectin and vitronectin. The coating material is presented on
the x axis, and the relative adhesion of cells is presented on the y axis, where
the number of cells adhering to fibronectin alone is set at 100. FN120 and
FN45 are fragments of fibronectin, and ColXV indicates collagen XV coating
alone. The results obtained after an additional coating with collagen XV are
presented in the lighter gray series. Collagen XV inhibits the adhesion of
HT1080 cells when present together with FN and VN. The inhibition is statis-
tically significant (p � 0.00006). Collagen XV does not affect the adhesion of
HT1080 cells to ColI or Lam. Inhibition of the adhesion of cells to FN requires
the presence of a collagen-binding domain in FN as collagen XV was unable
to inhibit the adhesion of cells to FN120 containing the cell-binding domain
but lacking the collagen-binding domain. Error bars indicate S.D.

FIGURE 5. Collagen XV inhibits the migration of HT1080 cells in a dose-dependent manner. In A, the
coating material is presented on the x axis, and the relative surface area covered by cells that have migrated
onto the coated membrane is presented on the y axis, where the value for fibronectin alone is set at 100.
FN�XV, simultaneous coating with FN and collagen XV (with the given concentrations 5 and 25 �g/ml) and
coating with collagen XV (XV, with the given concentrations). A, collagen XV used as a 5 �g/ml coating with FN
resulted in a 34% reduction in migration, and collagen XV used as a 25 �g/ml coating with FN resulted in a 46%
reduction in migration. An asterisk marks a p value of 0.009. Error bars indicate S.D. B–G, migratory cells are seen
either spread on the membrane (black arrowheads) or as round cells still in the membrane pores (arrows). With
a 25 �g/ml concentration of collagen XV together with FN (E), mostly empty pores are seen (white arrowhead),
with occasional spread cells (black arrowhead). Membranes coated with collagen XV alone (F and G) contained
virtually no cells, and the pores were mainly empty (white arrowheads).
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the pretzel-shaped collagen XV isolated from tissues (38).
Rotary shadowing EM has been used previously to determine
the structure of collagen XVIII, and except for the globular
structure (which was not observed in collagen XVIII), the
recombinant full-length human collagen XV produced here
resembles the recombinant chicken collagenXVIII produced in
HEK293-EBNA cells (40). Collagen XVIII purified from
chicken vitreous body also seemed to be in a more bent confor-
mation than the recombinant collagen XVIII (38), and we are
inclined to conclude that tissue-derived collagen XV is more
compressed than recombinant collagen XV. Both the recombi-
nant collagen XV and the collagen XV isolated from tissues
form multimeric structures. The recombinant collagen XV
used in this study presumably does not carry chondroitin sul-
fate side chains (because no smear typical for proteoglycanswas
seen) and has a C-terminal histidine tag. These may affect the
ability of recombinant collagen XV to assemble into exactly

similar multimeric structures seen with protein isolated from
tissues.
Fibronectin is known to bind collagens, and we showed here

that collagen XV binds to fibronectin and also to laminin and
vitronectin in a solid-phase assay. In addition, it binds to the
fibronectin network produced by cultured cells. As collagenXV
is present in the vicinity of basement membranes in blood ves-
sels, muscles, and skin, it can be speculated that it serves a
function in the organization of the basement membrane and
the surrounding tissue. On the EM level, collagen XV in tissues
has been shown to associate with structures linking banded
collagen fibers near basement membranes (2). Although we
found the in vitro binding of collagen XV to collagens I, III, V,
and IV, fibril-associated collagens XII and XIV, and a fibril-
associated proteoglycan, decorin, to be poor, the possibility still
remains that collagen XVmay interact with the collagen fibril-
fiber environment in vivo. It could also be speculated that col-
lagen XV may bind in vivo to fibronectin fibrils linking banded
collagen fibers.
Collagen XV was shown here to be a poor substrate for cells.

Using various FN fragments, we showed that it binds to the
collagen-binding domain of FN. Fibronectin has pro-adhesive,
pro-spreading, and pro-migratory effects, which are exerted by
providing a matrix for the cells with different integrins to bind
to. Interestingly, when collagen XVwas used as a coatingmate-
rial, it was able to inhibit the adhesion of cells to FN (and VN)
and also the migration of cells on FN. Collagen XV expression
in human cervical carcinoma cells has previously been shown to
reduce their tumorigenicity, probably by creating an altered
extracellular matrix that interacts differently with the tumor
cells (41). In the light of the findings reported here, this could be
due to the antiadhesive and antimigratory properties of colla-
gen XV.
Another ECM antiadhesive family of proteins of a different

type is that of the tenascins, where tenascin-C in particular
shows some functions similar to those of collagen XV; it binds
to fibronectin, it interferes with the fibronectin-mediated
spreading of fibroblasts when added to the medium or mixed
with fibronectin used for coating, and it disturbs the adhesion
of cells to fibronectin (42). The proposed mechanism for the
inhibition of spreading involves tenascin binding to fibronectin,
thus preventing the fibronectin from binding to syndecan-4,
resulting in the disassembly of actin stress fibers (42). A similar
mechanism for collagen XV as for tenascin could be proposed
because binding of collagen XV to the collagen-binding region
of FN was required to prevent the adhesion of cells to FN. It
could also be speculated that upon binding to the collagen-
binding region of FN located in the N-terminal part of FN,
collagen XV prevents the binding of integrin(s) to the RGD
sequence of FN bymaking the binding site inaccessible through
involvement of a third, yet unidentified, molecule or by affect-
ing the tertiary structure of the fibronectin matrix and thereby
preventing adhesion and migration. Thus with spatial and
timely expression of collagen XV, it could be possible tomodify
the FNmatrix and its cell binding properties. It is also interest-
ing that mice lacking tenascin-C have an enhanced migration
rate of oligodendrocyte precursors (42) because the migration
of retinal astrocytes was induced in mice lacking collagen XV

FIGURE 6. Collagen XV (XV) interacts with FN, Lam, and VN and binds to
the collagen-binding region of FN. Solid-phase assay of the binding of col-
lagen XV to various matrix proteins. The first solid components are shown on
the x axis, and the proportion of bound collagen XV is shown on the y axis,
where the optic density of fibronectin alone is set at 1. FN120, FN40, and FN45
are fragments of fibronectin. Collagen XV was shown to bind to FN and Lam
and to a lesser extent to VN (A). Of the various fragments of fibronectin, col-
lagen XV was shown to bind to FN45, which contains the collagen-binding
region, but not to FN120 or FN40, which lack the collagen-binding region (B).
p values for the binding of collagen XV to other matrix molecules were eval-
uated but are not presented here as the difference seen in the binding of
collagen XV to FN, FN45, laminin, and VN relative to binding to BSA is evident,
with no overlapping of the standard deviations. The original optical density
values were: FN alone, 0.044; BSA � XV (collagen XV added), 0.067; FN � XV,
1.084; VN � XV, 0.279; Lam � XV, 1.044; and FN45 � XV, 1.013. Error bars
indicate S.D.
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and XVIII (6). By modulating the expression of collagen XV,
cells may change the structure and function of the surrounding
ECM. The results presented here may help to identify the sig-
nificant networks in which collagen XV participates in vivo.
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