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Abstract
Non-fibrillar collagen XV is a chondroitin sulphate modified glycoprotein that is associated with
the basement membrane zone in many tissues. Its precise functions remain to be fully elucidated
though it clearly plays a critical role in the structural integrity of the extracellular matrix. Loss of
collagen XV from the basement membrane zone precedes invasion of a number of tumor types
and we previously showed that collagen XV functions as a dose-dependent suppressor of
tumorigenicity in cervical carcinoma cells. The carboxyl terminus of another non-fibrillar collagen
(XVIII) is cleaved to produce endostatin, which has anti-angiogenic effects and thus may act as a
tumor suppressor in vivo. Since collagen XV has structural similarity with collagen XVIII, its C-
terminal restin domain could confer tumor suppressive functions on the molecule, though our
previous data did not support this. We now show that expression of collagen XV enhances the
adhesion of cervical carcinoma cells to collagen I in vitro as does the N-terminus and collagenous
regions of collagen XV, but not the restin domain. Destruction of a cysteine residue in the
collagenous region that is critical for intermolecular interactions of collagen XV abolished the
enhanced adhesion to collagen I. Finally, we demonstrate that unlike full length collagen XV,
expression of the restin domain alone does not suppress tumorigenicity of cervical carcinoma cells
in vivo; hence, this process is dependent on functions and interactions of other parts of the protein.
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1. Introduction
Our interest in collagen XV as a potential tumor suppressor arose from previous data
(reviewed in (Harris, 2003)) that mapped a locus for suppression of malignancy to a region
between bands A4 and C3 on mouse chromosome 4 (Jonasson et al., 1977). The activity of
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this locus was dependent on gene dosage (Evans et al., 1982) and correlated with the
expression of a dense collagenous matrix (Harris, 1985). A search for potential tumor
suppressor and/or collagen genes within the A4 - C3 region identified the gene encoding
procollagen XVa1 as the most likely candidate. The 1 chain of human type XV collagen
(COL15A1) encodes a 1388 amino acid (aa) protein, with a 25 aa putative signal peptide, a
530 aa N-terminal non-collagenous domain, a 577 residue discontinuous collagenous
sequence and a 256 aa C-terminal non-collagenous domain (Hagg et al., 1998). Within the
collagenous part of the molecule nine collagenous domains (containing the characteristic
Gly-X-Y motif where X and Y may be any other amino acid but an excess of proline and
hydroxyproline residues are found) are interrupted by 8 non-collagenous sequences (Fig.
1A). The N-terminal non-collagenous domain of type XV and type XVIII collagen, to which
it is highly similar, show sequence homology to thrombospondin. Collagen XV was
originally described in sequence derived from a placental cDNA clone (Myers et al., 1992)
though it is widely distributed in many human tissues. It is strongly associated with vascular,
neuronal, mesenchymal and some epithelial basement membranes implicating a function in
adhering the basement membrane to adjacent connective tissue stroma (Myers et al., 1996).
More recently a very close association between collagen XV and the fibrillar collagen
network was shown subjacent to the basement membrane, a location from which it is ideally
placed to contribute to signal transduction pathways (Amenta et al., 2005). Type XV
collagen exists in two core protein forms of 250 and 225 kDa, which differ in their carboxyl
termini; however, the core proteins are modified by O-linked chondroitin/dermatan sulfate
side chains and so may exhibit a much larger apparent molecular weight of about 400kDa or
greater (Amenta et al., 2005), (Li et al., 2000). Collagen XV contains a trimerization domain
located between the collagenous region and the C-terminal restin domain (Wirz et al., 2011).
The trimers are linked by interchain disulphide bonds involving only the two cysteine
residues (at amino acids 733 and 965) in the collagenous domain and not the other 8
cysteines located elsewhere in the molecule (Li et al., 2000) (Fig. 1A).

Not only does the location of collagen XV subjacent to the basement membrane support a
role in the suppression of the growth of malignant tumors, invasion of the basement
membrane by human ductal breast carcinoma cells and colon carcinomas was preceded by
the disappearance of this molecule (Amenta et al., 2003), (Amenta et al., 2000). This
phenomenon is also true for skin carcinomas and melanomas (Fukushige et al., 2005) and
we have preliminary evidence for loss of collagen XV from pancreatic cancers (data not
shown). We demonstrated that expression of recombinant collagen XV in a human cervical
carcinoma cell line that does not normally express the protein, suppresses tumorigenesis in a
dose-dependent manner (Harris et al., 2007). More recently, recombinant collagen XV was
also shown to inhibit the adhesion and migration of fibrosarcoma cells in vitro (Hurskainen
et al., 2010).

One potential mechanism for the tumor suppressor functions of collagen XV is the reported
anti-angiogenic properties of the endostatin domains of collagen XVIII, XV (restin)
(Ramchandran et al., 1999), (John et al., 2005) and C-terminal fragments of collagen IV 3
(tumstatin, arresten and canstatin) (reviewed in (Cooke and Kalluri, 2008). The active
peptides are derived from the non-triple helical carboxyl-terminal NC1 domains of these
collagens, which are cleaved by proteases and released as trimers, though are not active until
converted to monomeric forms. Though endostatin derived from collagen XVIII has been
shown to inhibit angiogenesis (the sprouting of new blood vessels) and endothelial cell
migration and to reduce tumor growth in animal models (O’Reilly et al., 1997) these data are
controversial (Harris, 2005) (Brideau et al., 2007). Also the sequence, structure and function
of collagen XV- and collagen XVIII-derived endostatins are divergent (Sasaki et al., 2000),
(Gaetzner et al., 2005). We previously proposed (Harris et al., 2007) that the tumor
suppressor properties of collagen XV reported here involve mechanisms that are different
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from those mediated by endostatin-like activities for a number of reasons: 1. Collagen XV
alters the growth properties of cervical carcinoma cells in three-dimensional culture in vitro
where angiogenesis is not relevant. 2. We observe the effects in vivo when an incipient
tumor is well below the dimensions at which angiogenesis would be relevant. 3. At high
levels of collagen XV expression suppression of malignancy is complete, in contrast to the
effects of high doses of endostatin on solid tumors. In the experiments described here we
first demonstrate that expression of collagen XV increases adhesion of cervical cancer cells
to collagen I substrates, which may recapitulate early events in tumor growth, and that this is
conferred by the N-terminal and/or collagenous domains of the protein but not by the restin
domain. Moreover, the increased adhesion is dependent on the ability of collagen XV to
form wild-type intermolecular interactions. Next, we show that the expression of the restin
domain of collagen XV alone, does not inhibit tumor growth in vivo. Thus collagen XV-
mediated tumor suppression is not caused by potential anti-angiogenic properties of the
restin domain.

2. Results
2.1 Generation of D98 AP2 clones expressing the restin domain of collagen XV; collagen
XV without the restin domain; and collagen XV with mutations in a critical cysteine residue

The restin construct was transiently expressed in COS-7 cells to demonstrate that it
generated a protein of the expected size (~32 kDa) (Figure 1B). Three additional constructs
were evaluated in transient transfection: a FLAG epitope-tagged version of human collagen
XV (hcolXV), (F-hcolXV); a construct that encompassed the N terminal and collagenous
domains of collagen XV without the restin domain (F-hcolXV(−)restin) (Fig. 1C); and an
hcolXV construct with the cysteine residue at 733 mutated to alanine (hcolXVcys1M) (Fig.
1D), which would be predicted to destroy the normal intermolecular interactions of the
protein (Fig 1A). As expected, the full-length hcolXV generated a ~225 kDa protein in
COS-7 transient transfections (Fig. 1D). Next, stable clones were generated in D98 AP2
cervical carcinoma cells for each construct. Figure 2C shows 3 clones (Rest2, Rest11 and
Rest13) that express high levels of the restin domain, moreover, this protein is secreted from
the cells as demonstrated by western blot of cell culture medium conditioned by a
representative clone Rest 5 (Suppl. Fig. 2C). Three clones that express the F-hcolXV(-restin)
construct ((−)Rest1, (−)Rest14, (−)Rest15) are shown in Figure 2D and two clones that
express hcolXVcys1M (cys1M3C1, cys1M13C1) are shown in Figure 2F.

2.2 Collagen XV expression in D98 AP2 cells increases adherence to collagen I, while the
restin domain alone does not

Adhesion assays were performed to evaluate the interaction of D98 AP2 cells expressing
collagen XV with extracellular matrix component substrates including collagen I, collagen
IV, fibronectin and laminin. Though expression of collagen XV caused no difference in
adhesion to collagen IV, fibronectin and laminin (not shown), it significantly altered
adhesion to collagen I. Fig. 2A shows the results of adhesion assays in which the data were
pooled from three independent experiments using two vector control clones (DP2 and
DP11), two hcolXV clones (15:58 and 15:60) and three individual clones carrying each
hcolXV-derived construct, as described in the previous section. Vector-transfected D98 AP2
clones adhere rapidly to collagen I-coated plastic within 20 minutes of plating, though the
percentage of cells that adhere does not increase significantly above 60% by 30 or 40
minutes after plating. In contrast clones expressing hcolXV show more than 90% adherence
to collagen I by 20 minutes after plating (Figure 2A). The difference between vector controls
and hcolXV-expressing clones was highly significant (p<0.001). In contrast, stable
expression of the restin domain alone in D98 AP2 cells did not increase their adhesion to
collagen I (Fig. 2A). Moreover, the same result was obtained irrespective of whether the
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restin domain construct included or lacked the N-terminal trimerization domain (Suppl. Fig.
1). Cells expressing hcolXV without the restin domain showed adhesion to collagen I that
was very similar to cells which express full-length hcolXV (Fig. 2A). There was a
significant increase from the adhesion of vector controls (p<0.001) and though at some time
points there were small differences between the adhesion of hcolXV and hcolXV(−)restin
clones, this was of low significance (p<0.05) at 40 min and not significant at 30 minutes.

2.3 The collagen XV- induced increase in adherence to collagen I is dependent on its
native structure

The two cysteine residues in the collagenous domain of collagen XV were shown (Li et al.,
2000) to be critical for intermolecular interactions of the hcolXV molecule. We mutated one
of these cysteine residues (C733) to alanine and demonstrated that a stable protein was
generated from the construct (hcolXVcys1M Fig. 1D). D98 AP2 clones stably transfected
with the hcolXVcys1M construct (Fig. 2F) showed no increase in adhesion to collagen I
substrates in comparison to vector control clones (Fig. 2E). Thus the increased adhesion of
collagen XV to collagen I requires the ability of hcolXV to form intermolecular interactions.

2.4 Restin does not suppress tumor growth in vivo
We previously demonstrated the tumor suppressive properties of collagen XV in vivo by
subcutaneous injection of D98 AP2 cells into nude mice. While vector controls rapidly
generated tumors, cells expressing collagen XV showed a dose-dependent inhibition of
tumor growth, with high levels of expression completely abolishing tumor formation (Harris
et al., 2007). Here, we evaluated the growth of D98 AP2 cells expressing the restin domain
alone in the same in vivo assay. Following subcutaneous injection of 1 × 106 cells, tumors
were allowed to develop and animals sacrificed once tumor diameter reached 1.5 cm as we
have never observed regression of tumors of this size. Groups of 5 animals were used and
the experiment was repeated twice. Figure 3 shows a Kaplan-Meier survival plot of three
independent restin domain clones (Rest2, Rest5, Rest11) in comparison to a vector control
(DP3) and a collagen XV high expressing clone (15:58), the latter are representative of
clones used in previous experiments (Harris et al., 2007). The restin domain clones show no
inhibition of tumor growth in comparison to the vector control and in contrast to the hcolXV
high expressing clone 15:58 (log-rank test, P<0.0001). Moreover, one of the restin clones
(Rest5), generated tumors more rapidly and grew to the 1.5 cm diameter faster than vector
control. This observation was not due to differences in growth rate of the clones (Figure 3C),
but might reflect the reduced adherence to collagen I observed in the restin clones (Fig. 2A).
Appearance of tumors in one restin line (Rest2) occurred later than in the vector control;
however, all tumors reached 1.5 cm diameter by 134 days in comparison to 115 days for the
DP3 vector clone. As observed previously, high levels of hcolXV in the 15:58 clone
completely inhibited tumor growth in nude mice.

3. Discussion
We previously showed that human collagen XV altered the growth properties of cervical
cancer cells in vitro and suppressed growth of these cells as tumors in vivo, in a dose-
dependent manner. It was possible that these observations were due to functions associated
with sequence similarity between the carboxyl terminal restin domain of collagen XV and
the endostatin domain of collagen XVIII. Endostatin is a potent inhibitor of angiogenesis
and so can partially inhibit tumor growth in mice (O’Reilly et al., 1997). However, since we
observed an effect of hcolXV on cell growth in vitro and also that the suppression of
malignancy by high doses of hcolXV was complete, rather than partial, we proposed that the
tumor suppressive properties of collagen XV were independent of the restin domain. Here
we demonstrate that unlike endostatin, the restin domain of collagen XV alone is unable to
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suppress tumor formation in vivo. Moreover, we show using an in vitro cell adhesion assay,
which may recapitulate early events in tumor growth, that the combined N-terminus and
collagenous domains of collagen XV have similar properties to the full-length molecule,
whereas the restin domain does not.

Cervical cancer cells expressing high levels of hcolXV showed significantly increased
adhesion to collagen I substrates, though not to collagen IV, laminin or fibronectin, when
compared to vector controls. These observations are in contrast to those of Hurskainen et al.,
(Hurskainen et al., 2010) who showed adhesion of hcolXV to fibronectin and laminin but
not collagen I. However, they used recombinant hcolXV expressed in insect cells, which is
likely to show different glycosylation from our hcolXV expressed in human cells. Restin
domain-expressing clones showed reduced adhesion to collagen I as compared to vector
controls, perhaps reflecting their increased tumorigenic capacity in vivo. In contrast, cells
expressing the N-terminus and collagenous domain of hcolXV showed almost equivalent
levels of adhesion to collagen I as those expressing the full-length protein.

These data encourage further evaluation of the molecular mechanism whereby collagen XV
acts as a dose dependent suppressor of tumorigenicity. Our observations that the tumor
suppressive properties collagen XV lie in its N-terminus and/or collagenous domains and
not in the restin domain and moreover, that these domains interact directly with collagen I,
generate novel routes for further investigation.

4. Experimental Procedures
4.1 Collagen XV expression constructs

The full-length human collagen XV cDNA (hcolXV, NM_001855) was kindly donated by
Dr Taina Pihlajaniemi and transferred to pcDNA3.1(−)Neo as described previously (Harris
et al., 2007). A schematic of the collagen XV protein is shown in Figure 1A. All PCR
primers and oligonucleotides used for mutagenesis or cloning are shown in Suppl. Table 1.
Two restin domain constructs were generated: 1) includes the collagen XV signal sequence
(amino acids 1-27), followed by a large part of NC10 (1130–1388); 2) contains aa 1-27 and
1206–1388, thus just encompassing the restin domain C-terminal region. The signal
sequence was cloned from 81 bp oligonucleotides and the C-terminal domains generated by
PCR from the hcolXV template using Pfu polymerase. All constructs were cloned into
pcDNA3.1(−)Neo. For the construct lacking the restin domain (hcolXV(−)restin, aa 1-1129)
site directed mutagenesis was performed on the hcolXV construct, using the Quikchange
Site-Directed Mutagenesis Kit (Stratagene/Agilent), for primers see Suppl. Table 1. Briefly,
these primers introduce a STOP codon at aa 1130 and move the sequence out of frame, thus
inserting multiple additional 3′ STOP codons and preventing inclusion of C-terminal/Restin
sequences. To insert the FLAG epitope into hcolXV, site-directed mutagenesis was used to
destroy a C-terminal Sac II site (at 4107 bp) without altering the encoded amino acid. Next,
purified 2 x FLAG oligonucleotides were annealed and ligated into a N-terminal Sac II site
(163 bp, located 12 bases 3′ of the signal sequence). To disrupt the critical cysteine residues
(at 733) in the interchain disulphide bonds of hcolXV this amino acid was mutated to
alanine (C733A) generating the hcolXVcys1M construct.

4.2 Cell culture, transient transfection, generation of stable cell clones and cell doubling
time

Transient transfections were performed in COS-7 cells using CaPO4. D98 AP2 clone B cells
(Harris and Bramwell, 1987) were routinely cultured in DMEM and 10% FBS. Stable clones
of D98 AP2 carrying hcolXV and pcDNA3.1 vector controls were generated previously
(Harris et al., 2007); the various mutants of hcolXV were generated by Lipofectin
(Invitrogen) transfection, followed by selection in 650 g/ml neomycin. In vitro growth rates
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of clones were determined by counting cells at 24, 48 and 72 hours after plating 6 × 104

cells into 24-well plates in triplicate.

4.3 Western blots and antibodies
Cell lysis and western blots were carried out as described previously (Harris et al., 2007) and
membranes probed with an antibody specific for the carboxyl terminus of human type XV
collagen (Santa Cruz sc-16515) or the FLAG epitope (M2, Sigma F3165). For analysis of
secreted forms of hcolXV and mutant constructs, media was conditioned by stable clones for
72h, concentrated to 1/5th the volume using an Amicon Ultra-4 column with Ultracel 10 or
Ultracel-100 membranes (Millipore) followed by western blot analysis.

4.4 Subcutaneous injections of tumour cells in athymic mice
One million cells of each indicated cell line were injected subcutaneously into congenitally
athymic (nude) mice to analyze tumor growth. Mice were sacrificed once tumors reached a
diameter of 1.5 cm.

4.5 Cell adhesion assay
Cell adhesion assays were performed as described previously (Leir et al., 2003).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Collagen XV increases adhesion of cells to collagen I.

• N-terminal/collagenous domains of collagen XV mediate collagen I adhesion.

• The c-terminal Restin domain does not increase adhesion to collagen I.

• Mutation of a cysteine residue in the collagenous domain disrupts adhesion.

• Restin does not suppress tumorigenicity of cervical cancer cells in vivo.
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Figure 1. Diagram to show the structure of the collagen XV protein (A) and expression hcolXV
domains and mutants (B–D)
A, (From (Amenta et al., 2005)). Amino terminal non-collagenous domain (dark gray);
carboxyl domain (restin) (pale gray, with arrow marking location of cleavage sites);
collagenous domain (gray boxes) with interruption marked as dashed lines or black bars
depending on their length. Ball and stick symbols show consensus sites for GAG
attachment; C denotes cysteines; * denotes trimerization domain; horizontal black bars
denote the extent of the N-terminal and C-terminal domain constructs. B–D. Western blots
of lysates from COS-7 cells transiently transfected with B) restin alone; C) F-hcolXV and F-
hcolXV(−)restin; D) hcolXV and hcolXVCys1M). B) and D) probed with anti-colXV
antibody and C) with M2 (anti-FLAG). MWs are shown in kDa.
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Figure 2. Collagen XV enhances adhesion of D98 AP2 cells to collagen I substrate and mutation
of one cysteine residue in the collagenous domain of colXV abolishes this effect
A. Pooled data from: 2 vector controls (DP2; DP11), 2 hcolXV-expressing clones (15:58;
15:60); 3 hcolXV(−)restin clones ((−)Rest1, (−)Rest14, (−)Rest15), 3 restin clones (Rest2,
Rest11, Rest13). HcolXV expressing clones show significantly greater adhesion than vector
only controls. The N-terminus/collagenous domains of collagen XV increase adhesion to
collagen I, the restin domain does not. (***p<0.001, **p<0.01, *p<0.05, n.s. not
significant). B – D. Western blots to show expression levels of hcolXV (B), restin (C) and
hcolXV(−)restin (D) in cells used in adhesion assays shown in panel A. B, C probed with
anti-colXV Ab, D, with M2. E. Pooled data from: 2 vector controls (DP2; DP11), 2 hcolXV-
expressing (15:58; 15:60), 2 Clones expressing hcolXV with the central cysteine mutated to
alanine, (Cys1M3C1; Cys1M13C1). The latter adhere like vector controls. (***p<0.001). F.
Western blot probed with anti-colXV Ab to show expression levels of hcolXVcys1MC1 and
hcolXVcys1M13C1 mutants in cells used in adhesion assays shown in panel E, lower panel
probed with anti-tubulin for quantification. Statistical calculations by two way Anova and
unpaired t- test with Mann-Whitney test.
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Figure 3. Expression of the restin domain of type XV collagen does not suppress tumorigenicity
of D98 AP2 cells in nude mice
A. Kaplan-Meier plots of survival of mice injected with vector-only control clone (DP3), a
clone expressing high levels of collagen XV (15:58), restin-only clones (Rest5, Rest2,
Rest11), (log-rank tests: Rest5:DP3, P= 0.0584; Rest2:DP3, P=0.0018; Rest11:DP3,
P=0.503; 15:58:DP3, P=0.0018; Rest5, Rest2, Rest11: 15:58, P<0.001). B. Western blot to
show the expression levels of hcolXV and the restin domain in the clones at the time of
injection, in comparison to tubulin. C. In vitro growth rates over 72 hours of clones used in
A, DP3, 15:58, Rest2, Rest5, and Rest11.
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