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upper dermis and the basement membrane zone.

(Background: What is the biological function of COMP in skin ECM?
Results: COMP binds collagens XII and XIV that associate with collagen I fibrils. All three proteins localize to anchoring

Conclusion: COMP acts as an adapter in ECM of healthy skin, organizing the dermal collagen network.
Significance: COMP organizes collagen I fibrils into a suprastructure that may contribute to stabilizing cohesion between the
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The tensile and scaffolding properties of skin rely on the com-
plex extracellular matrix (ECM) that surrounds cells, vascula-
ture, nerves, and adnexus structures and supports the epider-
mis. In the skin, collagen I fibrils are the major structural
component of the dermal ECM, decorated by proteoglycans and
by fibril-associated collagens with interrupted triple helices
such as collagens XII and XIV. Here we show that the cartilage
oligomeric matrix protein (COMP), an abundant component of
cartilage ECM, is expressed in healthy human skin. COMP
expression is detected in the dermal compartment of skin and in
cultured fibroblasts, whereas epidermis and HaCaT cells are
negative. In addition to binding collagen I, COMP binds to col-
lagens XII and XIV via their C-terminal collagenous domains.
All three proteins codistribute in a characteristic narrow zone in
the superficial papillary dermis of healthy human skin. Ultra-
structural analysis by immunogold labeling confirmed colocal-
ization and further revealed the presence of COMP along with
collagens XII and XIV in anchoring plaques. On the basis of
these observations, we postulate that COMP functions as an
adapter protein in human skin, similar to its function in carti-
lage ECM, by organizing collagen I fibrils into a suprastructure,
mainly in the vicinity of anchoring plaques that stabilize the
cohesion between the upper dermis and the basement mem-
brane zone.

Connective tissues possess specific structural and functional
properties that are largely determined by the supramolecular

*This work was funded by Deutsche Forschungsgemeinschaft through
Grants KR558/14-1 (to T.K. and B.E.), ZA561/2-1 (to F. Z.), and SFB 829 (to
M. P.and M. K.).

I This article contains supplemental Figs. ST and S2 and Table S1.

" Both authors contributed equally to this work.

2 To whom correspondence should be addressed: University of Cologne, Der-
matology, Kerpener Str. 62, 50937 Cologne, Germany. Tel.: 49-221-478-
6152; E-mail: beate.eckes@uni-koeln.de.

JUNE 29, 2012 +VOLUME 287+NUMBER 27

arrangement of the collagen network and its interactions with
surrounding ECM? proteins. To date, 28 different types of col-
lagens are known that are categorized in eight subfamilies on
the basis of their function, assembly, and domain homology (1,
2). Among these, fibrillar collagens form the major component
of the ECM in connective tissues. Examples are collagen I,
which is abundant in skin, bone, tendon and ligament, and col-
lagen II, predominantly expressed in cartilage.

In skin, the arrangement of the collagen network varies con-
siderably with anatomical location. In the reticular (deeper)
dermis, well ordered thick collagen fibrils predominate,
whereas in the papillary (upper) dermis underlying the epider-
mis and basement membrane, the collagen network is less rigid
with a loose connective tissue and a distinct organization of
collagen fibrils (3).

The supramolecular organization of collagen fibrils is critical
for tissue integrity, biomechanical stability, and function. Col-
lagen fibril networks are stabilized by their interaction with
proteoglycans and with other collagenous and non-collagenous
proteins. A large number of non-collagenous ECM compo-
nents have been implicated in regulating collagen fibrillogen-
esis, including small leucine-rich repeat proteoglycans like
decorin, fibromodulin, and lumican. Fibromodulin accelerates
lateral growth of collagen I fibrils, thus enhancing fibril thick-
ness (4). Decorin and lumican interfere with orderly lateral
assembly of collagen molecules and, thus, retard fibril growth
(5, 6).

Collagens themselves also regulate the formation of collagen
I fibrils and fiber bundles either by directly binding the fibrillar
collagens or by binding adapter molecules. Collagen III is asso-
ciated with thinner collagen I fibrils in tendons (7), and collagen
XI has been reported to inhibit lateral growth of collagen II

3 The abbreviations used are: ECM, extracellular matrix; FACIT, fibril-associ-
ated collagens with interrupted triple helices; COMP, cartilage oligomeric
matrix protein; SFM, serum-free medium.
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fibrils in cartilage (8). Fibril-associated collagens with inter-
rupted triple helices (FACIT), such as collagen IX, inhibit lat-
eral growth of cartilage collagen fibrils (9). Collagens XII and
XIV are also classified as FACIT collagens on the basis of their
structural organization (10). Collagen XIV binds to banded col-
lagen I fibrils, and characterization of collagen XIV-deficient
mouse tendons showed a shift toward larger-diameter fibrils
(11). Immunoelectron microscopy revealed that collagen XII
associated with collagen I fibrils in calf, chick, and human ten-
dons and skin and, by analogy, collagen XII has been proposed
to serve similar functions as collagen XIV in connective tissues
enriched in collagen I (12, 13). Structurally, both collagen XII
and XIV are comprised by two collagenous domains (Coll and
Col2) separated by two short non-collagenous domains (NC1
and NC2) at the C terminus and a very large N-terminal non-
collagenous NC3 domain (Fig. 1A). Collagen XII interacts with
various other ECM proteins like decorin, tenascin-X, and fibro-
modulin via distinct or overlapping domains. For example,
binding to avian tenascin-X occurs via its non-collagenous
N-terminal NC3 domain (14), whereas decorin-binding is inde-
pendent of the NC3 domain (15). Two collagen XII variants
arise by alternative splicing and differ by N-terminal domains
present exclusively in the large splice variant (Fig. 1A). This
contributes a heparin binding site not present in the short splice
variant. Thus, the two variants of collagen XII display differen-
tial ligand binding properties (13). In addition to structural sim-
ilarities, collagen XIV also shows functional homologies to col-
lagen XII by binding to decorin (16), tenascin-X (17), and
heparin (18). However, the two proteins display different
expression patterns, especially during development (19).

In cartilage ECM, one of the pivotal proteins involved in
bridging the collagen II fibril network and other cartilage com-
ponents is COMP, the fifth member of the thrombospondin
family (20, 21). COMP monomers consist of an N-terminal
oligomerization domain followed by four EGF-like repeats,
eight calcium-binding thrombospondin-like type 3 domains,
and a globular C-terminal domain (21) (Fig. 1A). Five identical
monomers assemble into a bouquet-like complex (20, 22) in
which the N termini form a pentameric coiled-coil structure
that is further stabilized by disulfide bridges (21, 23). Mutations
in COMP affecting calcium binding and protein folding cause
skeletal dysplasias (24, 25). These diseases are either due to
intracellular retention of COMP (26) and other ECM molecules
in the endoplasmic reticulum (27), leading to chondrocyte
death (28, 29), or to secretion of mutant proteins that cause a
disruption of extracellular matrix structures observed in chon-
drocyte cultures (30, 31) and in vivo (32, 33). Expression of
abnormal COMP is thus deleterious to cartilage homeostasis,
whereas ablation of COMP in mice did not result in obvious
skeletal abnormalities (34).

In vitro studies revealed that COMP binds with high affinity
to collagens I and II (35), promoting early association of colla-
gen molecules and enhancing collagen fibril formation and
organization (36). Moreover, COMP acts as a molecular bridge
in maintaining the interstitial collagen I network in cartilage by
binding to the FACIT collagen IX (37, 38), which decorates the
surface of collagen II fibrils (39), and to other ECM proteins (40,
41). Binding to collagens is accomplished via the C-terminal
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globular domains of the COMP pentamer (35, 37, 38). Muta-
tions in the C-terminal globular domain do not strongly affect
binding to collagens but disrupt collagen fibrillogenesis in vitro
(42, 43).

On the basis of the analogy to collagen II in cartilage, in this
study we investigated whether COMP may function as an orga-
nizer of the dermal collagen I network in the skin and, if so,
whether binding to the FACIT collagens XII and XIV is
involved, representing molecules that decorate the major col-
lagen I fibrils present in skin ECM. We report in vitro binding
between COMP and collagens XII and XIV and colocalization
of these proteins in vivo. Interestingly, the proteins also codis-
tribute at the ultrastructural level in healthy human skin,
mainly in a characteristic band-like pattern in the topmost pap-
illary dermis adjacent to anchoring plaques in close vicinity to
keratinocytes and fibroblasts.

EXPERIMENTAL PROCEDURES

Recombinant Proteins—For cloning of collagen XII
(mCol12al, accession no. NM_007730.2), first the Ct-XII frag-
ment (Fig. 1A) was amplified from embryonic day 15.5 mouse
embryo ¢cDNA using the primer pairs P3/P8 (see list of PCR
primers in supplemental Table S1). The PCR product was
ligated (rapid DNA ligation kit, Roche) into a pBK II vector for
sequencing, followed by cloning into a modified pCEP-Pu vec-
tor carrying a 3’ Hisg tag (44). The collagen ssv-XII was gener-
ated by cloning two additional fragments using primer pairs
M854/M893 (N-terminal) and P143/P144 (middle). Both frag-
ments were ligated into a pBK II vector for sequencing. The
Ct-XII as well as the N-terminal ssv-XII fragments were
digested with herculase (Stratagene) to generate blunt ends.
The ssv-XII was created by digestion of the N-terminal frag-
ment with BspEl, the middle fragment with Ndel and BspEI,
and the blunt end Ct-XII with Ndel, which were ligated in that
order. The resulting ssv-XII was cloned via the restriction sites
Nhel and Psp XI into a modified pCEP-Pu vector containing a
5" 2X Strepll tag (45). For cloning the collagen Isv-XII, an
N-terminal fragment was amplified using the primers P145/
P146 and cloned into a pBK II vector for sequencing. The pre-
viously cloned ssv-XII was digested with Nhel and Nsi I to
remove its N-terminal part and replace it with the de novo
N-terminal fragment for Isv-XII via the Nsi I site. The resulting
Isv-XII was cloned via Nhel and Psp XI into a modified
pCEP-Pu vector containinga 5’ 2X Strepll tag. The Nt-XII and
mid-XII fragments were amplified with the primer pairs P145/
T374 and T375/T376 using the Isv-XII cDNA as a template and
cloned into the same pCEP-Pu vector as the full-length
collagens.

Cloning of full-length collagen XIV (mColl4al, accession
no. NM_181277.3) was carried out by amplifying the Ct-XIV
and an N-terminal fragment with the primer pairs P18/P19 and
M850/P148 and ligation of the amplified product into a pBK II
vector. Both fragments were fused via the internal restriction
site SbfI and cloned into a modified pCEP-Pu vector containing
a 5 2X Strepll-tag. For the Nt-XIV fragment the primers
M850/T377 were used, and the fragment was cloned via the
pBK II vector for sequencing into the pCEP-Pu vector with a 5’
2X Strepll-tag. The Ct-XIV fragment was cloned into a modi-

VOLUME 287 +NUMBER 27+JUNE 29, 2012


http://www.jbc.org/cgi/content/full/M111.335935/DC1

fied pCEP-Pu vector harboring a 5’ Hisg tag. COMP (mCOMP,
accession no. NM_016685.2) was amplified with the primer
pair P987/P988 and cloned into a modified pCEP-Pu vector
containing a 5 2X StreplI tag.

HEK293-EBNA cells (Invitrogen) were stably transfected
with all full-length constructs and their fragments as described
(46). Immunoblotting of all proteins was carried out using
supernatants of transfected HEK293-EBNA cells by separating
the proteins by SDS-PAGE using 4—12% gradient gels under
non-reducing and reducing conditions and transfer onto nitro-
cellulose. Membranes were blocked in 3% BSA/TBS/0.05%
Tween 20 (TBST), incubated with antibodies recognizing the
2X Strepll tag (IBA) or the Hisg tag (Qiagen), followed by incu-
bation with horseradish peroxidase-conjugated anti-mouse
secondary antibodies. Proteins were visualized with Immobilon
Western chemiluminescent HRP substrate (Millipore). Col-
lected supernatants were supplemented with 1 mm phenyl-
methylsulfonyl fluoride (Sigma). Strep-tagged proteins (Isv-XII,
ssv-XII, Nt-XII, mid-XII, XIV, Nt-XIV, and COMP) were
passed over a streptactin-Sepharose column (IBA) after filtra-
tion, and the recombinant proteins were eluted with buffer (100
mwM Tris, 150 mm NaCl (pH 7.4)) containing 2.5 mMm d-desthio-
biotin (Sigma) (45). Supernatants containing His-tagged pro-
teins (Ct-XII and Ct-XIV) were additionally supplemented with
10% 0.5 m Na,HPO, and, after filtration, passed over a Ni-Sep-
harose 6 Fast Flow (GE Healthcare) and eluted stepwise with
10-250 mM imidazole in 20 mm Tris, 150 mm NaCl (pH 8.0)
(46). All proteins were dialyzed against TBS (pH 7.4) to remove
imidazole as well as d-desthiobiotin.

Antibodies and Antibody Production—To produce poly-
clonal antibodies recognizing human collagen XII or XIV, the
fibronectin type III repeats 14 to 18 of collagen XII and 5 to 8 of
collagen XIV were selected for immunizing guinea pigs (11, 14).
The fragments were amplified using the primers 5'-cac GCT
AGCagaggactggcaagaaatgtcc-3"and 5'-ttg TGA TCA tta ggt
atg ttc ttt aac aga gac t-3' for collagen XII and 5'-aaa GCT AGC
gaa gtt cca gec cag caa tac-3" and 5'-aaa GCT AGC gaa gtt cca
gce cag caa tac-3' for collagen XIV and cloned into a pPET
vector (EMD Biosciences) carrying a 5 His, tag. Bacterial
expression, purification, and immunization were carried out as
described (14). Polyclonal antibodies recognizing mouse
COMP were produced by immunizing rabbits with the purified
full-length recombinant mouse protein described above. The
antisera were purified by affinity chromatography on a CNBr-
activated Sepharose (GE Healthcare) column coupled with the
corresponding recombinant antigens and tested as described
(14). The molecular specificity of the antibodies was character-
ized by preabsorbing antibodies with recombinant immuno-
gens followed by immunostaining of tissue sections and West-
ern blot (supplemental Fig. S1). The antibody against human
COMP was raised in rabbit using COMP purified from human
cartilage as antigen for immunization according to standard
protocols. The antibody reacts with human recombinant
COMP as well as with COMP from several other species and
shows the expected staining in Western blot analyses of carti-
lage extracts.

Immunohistochemistry —and  Immunofluorescence—Skin
biopsies from healthy donors were embedded in optimal cut-
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ting temperature compound (Sakura) for cryosectioning. To
separate epidermis from dermis, whole skin was incubated with
1 M NaCl for 72 h at 4 °C, washed thoroughly, and dried briefly
before being embedded in optimal cutting temperature com-
pound. For single antibody immunohistochemistry, 6-um sec-
tions were cut, fixed with ice-cold acetone, endogenous perox-
idase-blocked (Dako) for 10 min, and unspecific binding sites-
blocked with 10% fetal calf serum for 1 h. Sections were then
incubated with primary antibodies for 1 h at room temperature
and washed with PBS, followed by incubation with secondary
antibodies conjugated with HRP (EnVision-AEC kit, Dako).
Signals were visualized with 3-amino-9-ethyl-carbazole and
counterstained with hematoxylin.

For coimmunofluorescence, 6-um cryo sections were fixed
in 2% paraformaldehyde for 10 min at room temperature, and
sections were blocked with 5% BSA/0.1% Triton X-100 for 1 h.
A combination of primary antibodies was applied for 1 h at
room temperature, followed by guinea pig and rabbit secondary
antibodies coupled to Alexa Fluor 488 (green) and Alexa Fluor
568 (red), respectively (Molecular Probes). Nuclei were coun-
terstained with DAPI. Photo micrographs of the stained sec-
tions were taken using either a DM 4000B microscope (Leica)
or a Nikon Eclipse 800E fluorescence microscope equipped
with a digital camera (DXM 1200F, Nikon). Images were fur-
ther processed with Adobe Photoshop.

Isolation of Primary Fibroblasts and Cell Culture—Primary
fibroblasts were isolated from human skin by explant culture as
described (47) and used between passages 2 and 5. Fibroblasts
and HaCaT cells (kindly provided by Dr. Petra Boukamp,
Heidelberg) were cultured in DMEM (Invitrogen) containing
10% FCS (PAA), 50 pug/ml Na-ascorbate (Sigma), 2 mm gluta-
mine, and antibiotics (Seromed-Biochrom) at 37 °C in 5% CO,
on 6-well culture plastic (BD Biosciences) for 24 h.

Real-time Quantitative RT-PCR—RNA was extracted from
separated dermis and epidermis or cultured primary human
dermal fibroblasts and HaCaT cells using the RNeasy kit (Qia-
gen). The epidermis was separated from the dermis by incu-
bating thin strips of whole human skin in thermolysin (Pro-
tease type X; Sigma) dissolved at 1 mg/ml in buffer (10 mm
HEPES, 150 mMm NaCl, 6 mm KCl, 1 mm CaCl,, 1 mm MgCl,),
overnight at 4°C (48). Thereafter, the epidermis was carefully
peeled away from the dermis, and the separated tissues were
stored in RNAlater (Qiagen).

Total RNA was reverse transcribed using oligo(dT) primers
and the revertAid™ first strand cDNA synthesis kit (Fermen-
tas). Primers were as follows: COMP, 5’-tgc gac gac gac atc gac
ggc-3' (forward) and 5'-cgc tgt cac aag cat ctc cca caa-3’
(reverse); Thy-1, 5'-atg aac ctg gcc atc agc atc gc-3' (forward)
and 5'-cga ggt gtt ctg agc cag cag gc-3' (reverse); al(I) procol-
lagen, 5'-cca gaa gaa ctg gta cat cag ca-3' (forward) and 5'-cgc
catact cga act gga at-3' (reverse); K14, 5'-cga cct gga agt gaa gat
cc-3' (forward) and 5'-gtc cac tgt ggc tgt gag aa-3' (reverse);
$26,5'-ccg tge ctc caa gat gac aa-3’ (forward) and 5'-aga act cag
ctc ctt aca-3' (reverse) (Metabion). Amplification reactions
were set up in triplicate, including PowerSYBR Green PCR
Master Mix, using a 7300 real-time PCR system (Applied Bio-
systems). The comparative method of relative quantification
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(2724<Y) was used to calculate expression levels of target genes
after normalizing to S26.

Solid Phase Binding Assays—10 pg/ml recombinant collagen
XII, collagen XIV, or fragments thereof were immobilized on
96-well plates (Nunc Maxisorb) overnight at 4 °C. After wash-
ing with TBS containing 0.05% Tween 20 and blocking with 5%
skim milk for 1 h at room temperature, recombinant COMP
was added in indicated concentrations and incubated for 2 h at
room temperature. Excess ligand was removed by washing
thrice with TBS containing 0.05% Tween 20. Bound COMP was
detected by an affinity-purified rabbit antibody against mouse
COMP (1:3000) and swine anti-rabbit horseradish peroxidase-
coupled IgG (1:3000) (Dako). HRP activity was detected by
incubation with 50 ul of 0.25 mMm tetramethylbenzidine and
0.005% (v/v) H,O, in 0.1 M sodium acetate (pH 6.0) for 10 min.
The reaction was stopped with 50 ul/well of 0.25 M H,SO,, and
the absorbance was measured at 450 nm using a multilabel
counter (Victor®, PerkinElmer Life Sciences). All measure-
ments were done in triplicate, and identically treated uncoated
wells or wells without ligand were used as blanks. All buffers
contained 1 mm ZnCl,, considered to be essential for the inter-
action of COMP with collagen I and II (35).

Surface Plasmon Resonance Spectroscopy—Surface plasmon
resonance spectroscopy was performed using a BIAcore 2000
(BIAcore AB) system. The recombinant pentameric mouse
COMP (360 response units) was coupled to the surface of a
CMS5 chip in 25 mm sodium acetate (pH 4) as described (14). To
measure protein interactions, the recombinant full-length col-
lagen Isv-XII and XIV were passed over the chip as soluble
analytes in serial dilutions (3—300 nMm) in running buffer (20 mm
HEPES, 150 mm NaCl, 500 nm ZnCl, 0.005% P20 (pH 7.4)). The
experiments were performed at a constant flow rate of 30
wl/min with an association time of 300 s and a dissociation time
of 500 s. Fitting of the data and calculation of the apparent K,
value was performed with the BIAevaluation 4.1 software using
the 1:1 Langmuir binding model.

Immunoelectron Microscopy of Skin Samples—Skin samples
from a human neonate, a 1-year-old, and a 2.5-year-old were
rinsed in Dulbecco’s serum-free medium (SFM), immunola-
beled en bloc by immersing in primary antibody diluted 1:5 in
SFM overnight at 4 °C, rinsed extensively in SFM, immersed in
appropriate 1 nm of gold conjugate (Amersham Biosciences),
diluted 1:3 in SFM, and rinsed extensively in SEFM. The 1-nm
gold particles were enhanced using the Nanoprobe gold-en-
hanced EM (GEEM) kit. Briefly, tissue in buffer was chilled on
ice, incubated on ice for 15 min in complete enhance solution,
warmed quickly to 25 °C, and incubated for 5 min. Thereafter,
tissue was rinsed in ice-cold SFM and fixed. For simultaneous
localization of COMP with either collagen XII or XIV, tissues
were immersed in a combination of the antibodies diluted 1:5
with SFM overnight at 4 °C and then in the appropriate combi-
nation of colloidal gold conjugated secondary antibodies (6 or
10 nm as specified in the figure legends) diluted 1:3 in SEM
overnight at 4 °C. The specific reactivity of the gold-conjugated
secondary antibodies with primary antibodies raised in rabbit
and guinea pig was confirmed experimentally (supplemental
Fig. S2). Tissues were rinsed in SFM and fixed in 1.5% glutaral-
dehyde/1.5% paraformaldehyde containing 0.05% tannic acid
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in SEM followed by 1% OsO,, then rinsed, dehydrated, and
embedded in Spurrs epoxy. Ultrathin sections were cut at
60— 80 nm, mounted onto formvar-coated 1 X 2 mm slot grids,
stained with uranyl acetate and lead citrate, and imaged at 120
kilovolts using a FEI Tecnai G2 transmission electron micro-
scope. Images were recorded on an AMT 2 K X 2 K side-
mounted digital camera.

Rotary Shadowing Electron Microscopy—A 30 ul sample at a
concentration of 100 ug/ml in ammonium bicarbonate was
mixed with 70 ul glycerol and nebulized, using an airbrush,
onto freshly cleaved mica. The sample was dried in vacuum and
rotary-shadowed using a Pt-C electron beam gun angled at 6
degrees relative to the mica surface within a Balzers BAE 250
evaporator. The replica was backed with carbon, floated onto
distilled water, and picked up onto 600 mesh grids. Photomi-
crographs were taken using a FEI Tecnai G2 operated at 120 KV
as described above.

RESULTS

Expression and Purification of Recombinant Full-length COMP,
Collagen XII, Collagen XIV and Fragments Thereof—To
characterize binding properties of COMP, collagen XII, and col-
lagen X1V, full-length recombinant proteins were generated in
an eukaryotic expression system (Fig. 1A4). Complete open
reading frames of COMP, collagen XII (long and short splice
variants denoted as lsv-XII and ssv-XII, respectively), and col-
lagen XIV were amplified (supplemental Table S1) from cDNA,
confirmed by sequencing, and ligated into a modified episomal
expression vector (45). Recombinant plasmid DNA was stably
transfected into HEK293-EBNA cells, and recombinant pro-
teins were purified from cell culture supernatants. The oligo-
merization patterns of these high molecular weight proteins
(i.e. pentamers for COMP and trimers for collagen XII and XIV)
were confirmed by immunoblotting the supernatant of trans-
fected HEK293-EBNA cells (Fig. 1B). Recombinant collagen
Isv-XII (M, 360 kDa), ssv-XII (M, 200 kDa), and XIV (M. 200
kDa) were detected as monomers as well as non-reducible
dimers under reducing conditions and additionally as trimers
under non-reducing conditions. Recombinant COMP mono-
mers were detected at an expected M, of ~110 kDa under
reducing conditions and as pentamers under non-reducing
conditions.

To delineate the putative binding sites for COMP in colla-
gens XII and XIV, smaller fragments of these proteins were
generated (Fig. 14). Expression and purification of these frag-
ments was carried out as described under “Experimental Pro-
cedures” and protein oligomerization of these fragments was
analyzed by immunoblotting supernatants of transfected
HEK293-EBNA cells under non-reducing and reducing condi-
tions (Fig. 1B). As the collagenous domains of C-terminal frag-
ments oligomerize, multiple bands representing trimers,
dimers, and monomers were detected, whereas specific single
bands were detected for the middle and N-terminal fragments.
The identity and molecular shape of the full-length proteins
and the fragments were confirmed by mass spectrometry pep-
tide mass fingerprinting (data not shown).

Interaction of COMP with Collagens XII and XIV—The inter-
action of COMP with collagen XII and collagen XIV was ana-
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FIGURE 1. Domain structure and Western blot analysis of recombinant proteins. A, schematic representation of the domain structure of recombinant
murine collagen Xl, collagen XIV, and COMP as monomers: collagen Xll long splice variant (Isv-XIl), short splice variant (ssv-X/l), N-terminal fragment (Nt-XI),
middle fragment (mid-XIl), and C-terminal fragment (Ct-X//); collagen XIV full-length (X/V), N-terminal (Nt-XIV) and C-terminal fragment (Ct-XIV); and full-length
COMP (COMP). B, Western blot analysis of supernatants of stably transfected HEK293-EBNA cells was carried out by SDS-PAGE separation under non-reducing
(-DTT) and reducing conditions (+DTT). Recombinant proteins were detected with antibodies recognizing the Strepll tag or the His tag (Ct fragments). COMP
pentamers and trimers, dimers, and monomers of Isv-Xll, ssv-XII, Ct-XII, XIV, and Ct-XIV were detected under non-reducing conditions (asterisks). Stably linked
dimers of collagen Xl and XIV were seen even under reducing conditions. Single specific bands were detected for middle (mid-XIl) and Nt (Nt-XII, Nt-XIV)

fragments. Molecular weight standards (kDa) are shown on the left.

lyzed by surface plasmon resonance spectroscopy. Pentameric
COMP was immobilized to a CM5 sensor chip, and the long
splice variant of collagen XII was injected as soluble analyte at
increasing concentrations (3—300 nm). The association and the
dissociation curves were analyzed in a Langmuir 1:1 binding
model (Fig. 24). The long splice variant of collagen XII bound to
COMP with an apparent K, of 2.32 nm. As collagen XII shares
high structural and functional homology with collagen XIV, we
determined whether COMP interacts with collagen XIV. In
surface plasmon resonance spectroscopy, soluble full-length
collagen XIV bound to immobilized COMP with an apparent
K, of 11.8 nm (Fig. 2B). These binding analyses confirmed that
COMP binds to the two FACIT collagens XII and XIV with
affinities of the same order of magnitude.

COMP Binds to the Collagenous Domains of Collagen XII but
Not to the Large NC3 Domain—Two splice variants of collagen
XII are known that differ in their expression depending on the
tissue and the developmental stage (13). We explored whether
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COMP binds to the short splice variant of collagen XII with
similar affinity as to the long splice variant. Instead of SPR spec-
troscopy, ELISA-style binding assays were used with immobi-
lized collagen XII and increasing concentrations of COMP as
soluble ligand because of the limitation of the purified proteins.
For these experiments, the molar concentration of COMP was
calculated assuming the molecular mass of pentameric COMP
to be 524 kDa (20). The titrations gave saturable binding with
half maximal binding at a concentration of 1.05 nm (Fig. 34),
indicating that COMP binds both collagen XII splice variants
with comparable affinity.

To narrow down the exact binding site in collagen XII
responsible for the interaction, we analyzed the binding of
COMP to selected collagen XII fragments. Single concentra-
tion ELISA-style binding experiments using COMP (100 nMm) as
soluble ligand and Nt, mid, and Ct (10 pg/ml) fragments of
collagen XII as solid analyte revealed that COMP binds to the
Ct-XII fragment, which contains the collagenous domains Coll

JOURNAL OF BIOLOGICAL CHEMISTRY 22553



COMP, a Matrix Organizer in Skin

A ColXIl - COMP B ColXIV - COMP
100 = 280
2 -]
X 80 X 230
2 60 2 180
5 5
o 40 2 1%
0 [2]
8 20 8 80
a Q
o, a %0 )
o o ] ) ' '
-20
20 200 400 600 800 0 200 400 600 800
time [sec] time [sec]

FIGURE 2. COMP binds to FACIT collagens XII and XIV. Interaction of soluble Isv-XIl (A) and XIV (B) with immobilized pentameric COMP was evaluated by
surface plasmon resonance spectroscopy. The curves are drawn in ascending order, reflecting the concentrations of 3, 10, 30, 100, and 300 nm of the soluble
analyte. The amounts of interacting analytes were monitored by measuring the variation in plasmon resonance angle over time expressed in response units
(RU).
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FIGURE 3. COMP binds to the C-terminal collagenous domain of collagen XII but not to the NC3 domain. A, binding of soluble COMP to the immobilized
short splice variant of collagen XII (ssv-XI/) was determined by solid phase ELISA-style assay using our antibody against mouse COMP to detect the bound
ligand. The resulting saturation curve was used to calculate the apparent K, value of about 1 nm. B, recombinant fragments of collagen XlI (ssv, Nt, mid, Ct) and
BSA wereimmobilized at a concentration of 10 ng/ml, and binding of COMP (100 nm) was determined by an ELISA-style assay using the antibody against mouse
COMP. BSA served as a negative control. The measurements clearly demonstrated that the binding site for COMP is located in the collagenous region of
collagen Xll and not in the NC3 domain. C, Ct-XIl was immobilized at 10 ug/ml, and binding of pentameric COMP in concentrations ranging from 0.1 to 100 nm
was analyzed. Saturable binding curves confirmed the interaction of COMP with the C-terminal collagenous domain of collagen XII. For all measurements
shown in this figure, AE represents the measured extinction minus the blank value. Each value depicts mean = S.D. (n = 3). D, rotary shadowing of the
interacting Ct-XIl fragments and pentameric COMP indicates that the recombinant proteins maintained the appropriate conformation. Scale bars = 25 nm.

and Col2 along with the short non-collagenous NC1 and NC2
domains and a thrombospondin N domain (Fig. 3B). No bind-
ing was observed with the middle and Nt fragments, which
collectively form the large non-collagenous NC3 domain of col-
lagen XII. The short splice variant of collagen XII and bovine
serum albumin were used as positive and negative controls.
Binding of COMP to Ct-XII was saturable with half-maximal
bindingat 1.53 nM, a value in good agreement with the apparent
K, calculated for the binding of COMP to the long and short
splice variants of full-length collagen XII (Fig. 3C). The intact
structure of the interacting proteins used in binding assays was
demonstrated by rotary shadowing (Fig. 3D). Taken together,
COMP binds the collagenous region of collagen XII with an
apparent K, of ~1 nm, as demonstrated by two independent
methods.

Collagen X1V Binds to COMP via Its Collagenous Domains—
To narrow down the binding site for COMP in collagen XIV,
binding of COMP to the N- and C-terminal fragments of colla-
gen XIV was studied in an ELISA-style binding assay. COMP as
a soluble ligand (100 nm) binds the immobilized (10 pg/ml) Ct
fragment of collagen XIV (Fig. 14), whereas nearly no binding
was observed with the Nt fragment (large non-collagenous NC3
domain) (Fig. 4A). Full-length collagen XIV and bovine serum
albumin were used as positive and negative controls. Binding of
soluble COMP to immobilized collagen XIV Ct fragment was
with a saturable half maximal binding at 6.99 nm (Fig. 4B).
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Rotary shadowing of the Ct-XIV fragment confirmed its
domain structure and shape (Fig. 4C).

COMP Is Present in the ECM of Human Skin and Is Produced
by Dermal Fibroblasts—Connective tissues rich in collagen I,
e.g. skin, bone, tendon, and ligaments are also abundant in col-
lagens XII and XIV. To determine the physiological relevance
of COMP binding to these FACIT collagens, we first analyzed
the COMP presence in skin. Immunostaining of skin biopsies
from healthy donors with antibodies raised against human
COMP demonstrated the protein mainly in the superficial pap-
illary dermis, just below the epidermal keratinocytes, in a con-
tinuous linear pattern (Fig. 5, A and C). Much lower expression
was found in the reticular dermis. Absence of signals upon pre-
incubation of the antibody with recombinant human COMP
and detection of the protein in human cartilage and skin
extracts upon immunoblotting confirmed the specificity of the
antibody (not shown). Immunostaining of separated epidermis
and dermis (salt-split human skin) revealed COMP protein
almost exclusively in the dermal compartment (Fig. 5, Band D).
Further, quantitative real-time RT-PCR demonstrated abun-
dant COMP transcripts in extracts of separated dermis (Fig. 5E)
and cultured primary dermal fibroblasts (), which were also
highly positive for the specific human fibroblast marker Thy-1
(49) and a1(I) procollagen (G and K). In contrast, no COMP
transcripts were detected in extracts of epidermis (Fig. 5E) or
cultured epidermal HaCaT cells (I), which showed a high
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FIGURE 4. COMP binds to the C-terminal collagenous domain of collagen XIV. A, recombinant full-length collagen XIV (XIV), collagen XIV fragments (Nt-XIV,
Ct-XIV), and BSA were coated at 10 wg/ml on microtiter plates overnight at 4 °C, and binding of COMP (100 nm) was determined by ELISA-style assay using the
antibody against mouse COMP. The measurements pointed to a binding site for COMP localized in the collagenous region of collagen X1V, whereas no binding
was observed with the non-collagenous Nt fragment. B, saturable binding was observed for COMP to immobilized C-terminal collagenous region of collagen
XIV (Ct-XIV) as determined by ELISA-style assay, confirming the presence of the binding site for COMP in the collagenous domain of collagen XIV. For all
measurements shown in this figure, AE represents the measured extinction minus the blank value. Each value depicts the mean = S.D. (n = 3). C, rotary
shadowing of the Ct fragment of collagen XIV demonstrated that the fragment maintained an appropriate conformation. Scale bar = 25 nm.
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FIGURE 5. COMP is produced by dermal fibroblasts and deposited in the papillary dermis of healthy human skin. A, COMP deposition and localization in
human skin as detected by immunohistochemistry (n = 10). Cryosections were immunostained using antibodies against human COMP showing a subepider-
mal localization in the superficial papillary dermis. B, the immunostaining remained restricted to the dermal part of the skin upon separation of the epidermis
from the dermis by 1 m NaCl. Cand D are higher-magnification images of A and B, respectively. Scale bars = 50 wm. mRNA levels were determined by real-time
RT-PCR for COMP (E and /), Thy-1 (F and J), a1(l) procollagen (G and K), and keratin-14 (K14) (H and L) in epidermis (Epi) and dermis (Derm) separated after
treatment with thermolysin, in cultured HaCaT cells and human primary dermal fibroblasts (Fibs). COMP expression was detected exclusively in extracts of
dermis and dermal fibroblasts. Restricted expression of Thy-1 and «1(l) procollagen only in dermis and cultured fibroblasts and absence of keratin 14 (K14)
expression in fibroblast cultures confirmed the dermoepidermal separation and the purity of the cell cultures. The signals obtained were normalized to S26
mRNA used as internal control. Expression levels are expressed relative to signals in epidermis and HaCaT cells. Each value depicts mean =+ S.D. Results are
representative of n = 3 independent experiments using different donors/cell strains.

expression of keratin 14 (H and L), a marker for proliferating of the hair follicles that are embedded in the dermis but are
keratinocytes in the basal layer of the epidermis (50, 51). Kera-  absent from extracts of cultured dermal fibroblasts (Fig. 5L).
tin 14 signals in the dermis (Fig. 5H) derive from keratinocytes Thus, COMP is produced by dermal fibroblasts and is depos-
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Collagen XIV

FIGURE 6. COMP and FACIT collagens XIl and XIV show partial codistribution in the papillary dermis of human skin. Skin biopsies from healthy human
donors (n = 3) were coimmunostained with antibodies recognizing human collagen XII (A, green) and human COMP (B, red) raised in guinea pig and rabbit,
respectively. Nuclei were stained using DAPI (blue). Coimmunofluorescence (C, merge) demonstrated extensive codistribution of COMP and collagen Xll in the
papillary dermis, just below the epidermis. Consecutive skin samples were coimmunostained with antibodies recognizing human collagen XIV (D, green) and
human COMP (E, red) raised in guinea pig and rabbit, respectively. Collagen XIV showed deposition throughout the dermis with strong subepidermal signals,
which partially codistributed with COMP (F, merge). The broken line indicates the dermoepidermal junctional zone. epi and derm depict the epidermis and

dermis, respectively. Scale bar = 10 um.

ited in a characteristic pattern, mainly in the papillary dermis of
human skin.

COMP Partially Codistributes with the FACIT Collagens XII
and XIV in Human Skin—To assess whether the interaction of
COMP with collagens XII and XIV observed in vitro may be
functionally relevant in vivo, coimmunofluorescence was per-
formed to reveal the distribution of all three proteins in adult
human skin. Collagen XII is concentrated predominantly in the
papillary dermis in a similar distribution as COMP (Fig. 6, A
and B), whereas collagen XIV is located throughout the dermis,
including the reticular compartment (D). Overlay of the signals
demonstrates substantial colocalization of COMP and collagen
XII (Fig. 6C) and also of COMP and collagen XIV in the upper
papillary dermis (F). This codistribution strongly suggests that
COMP may interact with FACIT collagens in human skin and
thus may function as a structural bridge in maintaining collagen
fibril architecture, comparable with COMP and collagen IX in
cartilage (37, 38).

Ultrastructural Localization of COMP and FACIT Collagens
XII and X1V in Human Skin—Having established the ability of
COMP to bind to collagen XII and XIV and their presence in
close proximity in the upper papillary dermis, we sought further
evidence for a potential interaction of these proteins in skin.
Therefore, freshly obtained human skin was processed for
ultrastructural localization of COMP, collagen XII, and colla-
gen XIV and immunostained by the en bloc method (see
“Experimental Procedures”) with specific primary and gold-
conjugated secondary antibodies. Electron microscopy con-
firmed that COMP localizes subepidermally and revealed that it
is distributed in clusters overlapping with, but not limited to,
anchoring plaques (Fig. 7A). A similar localization pattern was
observed for collagen XII (Fig. 7B) and XIV (C) in the papillary
dermis adjacent to the basement membrane (depicted as a bro-
ken line in Fig. 7). All three proteins were present in clusters
that did not show an obvious orientation relative to collagen
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FIGURE 7. Ultrastructural colocalization of COMP and FACIT collagens XII
and XIV in the dermis of human skin. Human skin was incubated en bloc
with a rabbit antibody against mouse COMP (A), with a guinea pig antibody
against human collagen XII (B), and with a guinea pig antibody against
human collagen XIV (C), followed by incubation with secondary antibodies
conjugated to 1 nm colloidal gold and by gold enhancement. The localization
of COMP (A), collagen XII (B), and collagen XIV (C) was associated with anchor-
ing plaques in the papillary dermis. The broken line indicates the basement
membrane. Colocalization of COMP with collagen XlI (D) and collagen XIV (E)
at the ultrastructural level was determined by double labeling of human skin
with the respective primary antibodies followed by secondary antibodies
conjugated to differently sized colloidal gold particles. For colocalization of
COMP with collagen XII (D) and collagen XIV (E), gold particles of 10-nm diam-
eter were used to detect COMP, and gold particles of 6-nm diameter were
used to detect either collagen Xl or XIV. Colabeling of COMP/collagen XlI (D)
and COMP/collagen XIV (£) is indicated by arrows. D’ and E’ show magnified
images of areas marked by open arrows in D and E, respectively. Scale bars =
100 nm.

fibrils. Coimmunolabeling of COMP and collagen XII with sec-
ondary antibodies conjugated with differently sized gold parti-
cles showed that COMP (10 nm) and collagen XII (6 nm) indeed
colocalize in some areas (Fig. 7, D and D’) but that the two
proteins are also present in discrete areas. Coimmunogold
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labeling for COMP (10 nm) and collagen XIV (6 nm) similarly
demonstrated that there are regions of colocalization but also
regions of independent deposition (Fig. 7, E and E’). Taken
together, these results indicate the presence of complexes
between COMP and FACIT collagens that are concentrated in
anchoring plaques and decorate collagen I fibrils.

DISCUSSION

COMP has been implicated in various human skeletal dis-
eases. Mutations in COMP cause chondrodysplasia, such as
multiple epiphyseal dysplasia (MED) and pseudoachondropla-
sia (PSACH) (24, 25). The presence of COMP fragments in
serum and synovial fluid serves as a marker for cartilage degra-
dation in osteoarthritis and rheumatoid arthritis (52). Still, the
biological function of COMP has remained obscure, especially
because the constitutive ablation of COMP in mice failed to
show major skeletal defects (34). The current view is that
COMP functions as an adapter molecule in cartilage ECM by
interacting with fibrillar collagen II (35), FACIT collagen IX
(37, 38), matrilins (40), aggrecan (41), and fibronectin (53).

Because COMP has the capacity to bind collagen IX, which
shares structural and molecular similarities with collagens XII
and XIV, we investigated the expression and function of COMP
in skin ECM with high concentrations of collagen XII and XIV
and put forward the hypothesis that COMP may act as a matrix
modifier by interacting with collagen I and associated FACIT
collagens. The antibodies used for these investigations have
been characterized in detail, and cross-reactivity has been ruled
out as demonstrated in supplemental Figs. 1 and 2. COMP
expression in skin has been reported for certain pathological
conditions, e.g. fibrosis, yet no COMP deposition was noted in
healthy human skin (54—56). This is the first report showing
that COMP is a matrix component of healthy skin with a
restricted localization mainly in the papillary dermis, where it
interacts with collagens XII and XIV found on the surface of
collagen I fibrils. COMP is exclusively produced by fibroblasts,
although keratinocytes may play a role in modulating expres-
sion. This conclusion is on the basis of detection of specific
COMP transcripts in dermal extracts after separation of epider-
mis from dermis and in lysates of cultured fibroblasts but not
epidermal cells, as well as on the immunolocalization of COMP
in the dermis and not epidermis of salt-split skin.

By surface plasmon resonance spectroscopy, we observed
significant binding of COMP to FACIT collagens XII and XIV
with apparent K, values of the same order of magnitude. Bind-
ing was confirmed in the reverse direction by ELISA-style
assays, yielding a similar apparent K. Two splice variants of
collagen XII occur with distinct expression patterns (13). The
large splice variant (Fig. 14, Isv) is mostly restricted to embry-
onic tissues, whereas the short variant (Fig. 14, ssv) and only
small amounts of Isv are detected postnatally, as shown for
avian skin (13). The NC3 region present only in the long splice
variant accounts for some differential binding properties. For
example, a heparin binding site is located in the seventh
fibronectin type III repeat of the NC3 domain in Isv and is
absent in the short variant (13). Here we show that COMP
binds to both splice variants of collagen XII with similar affinity,
demonstrating that COMP binding is independent of the NC3
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FIGURE 8. Proposed model for the function of COMP in skin. COMP binds
to collagen XII and XIV. All these proteins cluster in and around anchoring
plagues. We postulate that anchoring plaques are not only amorphous
patches where anchoring fibrils end but serve as docking sites for important
multimeric proteins like COMP and collagens Xl and XIV. Thus, anchoring
plaques may connect to interstitial collagen I fibrils via COMP and FACIT col-
lagens Xl and XIV in the papillary dermis. BM, basement membrane; col VI,
collagen VIl that forms anchoring fibrils.

domain. This domain is thought to extend into the pericellular
space and to be available for interaction with other ECM pro-
teins, e.g. tenascin-X (14). Our binding studies using defined
molecular fragments clearly show that binding of COMP to
both collagen XII and XIV is conferred by the collagenous
C-terminal region and abrogated by collagenase treatment (not
shown). The collagenous regions of collagens XII and XIV also
bind decorin (15), and they are the regions binding to the major
collagen Ifibrils (10,57). All these interactions are thought to be
important for regulating fibril spacing and diameter (13, 58).
On the basis of the codistribution of COMP with collagen XII
and XIV and the propensity for mutual interactions, COMP
may contribute to such control mechanisms in skin ECM.
Halasz et al. (36) showed that collagen fibrils formed in vitro in
the presence of COMP are uniform and distinct. The COMP-
null mouse does not show obvious skeletal alterations (34), and
no study of the skin has been reported. Interestingly, patients
with PSACH or MED and mice expressing mutant COMP
exhibit thicker collagen fibrils in tendon and ligaments (59).
Further, high levels of COMP in equine tendon correlated with
thinner collagen fibrils (60). This agrees well with the distribu-
tion of COMP in human skin, where it is mainly localized in the
papillary dermis, which is characterized by collagen fibrils of
smaller diameter.

We demonstrated, by immunoelectron microscopy, codistri-
bution of COMP with collagens XII and XIV aligning with
major banded collagen I fibrils. All three components were
found at much higher abundance in papillary dermis (adjacent
to the basement membrane zone), and all three proteins codis-
tributed in anchoring plaques. The latter are amorphous struc-
tures in the skin basement membrane zone containing collagen
IV, laminin 332, and collagen VII that are interspersed into the
banded fibril network of the papillary dermis and thought to
contribute to the stability of the dermoepidermal junctional
zone (61, 62). Although these data are largely descriptive at this
point, they have several functional implications. They indicate
that anchoring plaques are complex structures which, on the
one hand, connect to the basement membrane via anchoring
fibrils (61, 62, 63) and, on the other hand, are interconnected to
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the interstitial collagen network in the papillary dermis by
COMP and the FACIT collagens XII and XIV (Fig. 8).

The precise biological function of COMP in the papillary
dermis is not understood. We propose that the interaction of
COMP with FACIT collagens associated with major collagen
fibrils in the dermoepidermal junction zone may play an impor-
tant role in regulating the suprastructure of collagen I fibrils in
skin and, thus, may represent an additional molecular mecha-
nism providing tissue integrity and homeostasis in the upper-
most dermis. Although the involvement of COMP in skin dis-
ease has not yet been explored comprehensively, it is interesting
that pronounced COMP expression was detected in sclero-
derma (55, 56), where skin alterations with irregularly packed
thin collagen fibrils in the papillary and reticular layers of the
dermis have been reported (64, 65).

Future studies are required to precisely delineate the role of
COMP in scleroderma and other fibrotic conditions. Very
recently, COMP was shown to enhance the cellular response to
TGEP (66), which is considered a pivotal player in the patho-
physiology of these disease states (67, 68). Thus, COMP could
be directly involved in the persistent activation of fibroblasts,
leading to the excessive deposition of altered collagen fibrils.
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