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Receptor Family Govern Collagen Endocytosis™
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uPARAP/Endo180 and MR internalize collagens.

collagen degradation.

(Bacl(ground: Mannose receptor family members are candidate mediators of intracellular collagen degradation.
Results: Despite common candidate collagen-binding domains and endocytic capacity throughout the family, only

Conclusion: A multi-domain interplay in the active receptors governs collagen endocytosis.
Significance: Identification of the principal collagen receptors allows elucidation of the biological importance of intracellular
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Members of the well-conserved mannose receptor (MR) pro-
tein family have been functionally implicated in diverse biolog-
ical and pathological processes. Importantly, a proposed com-
mon function is the internalization of collagen for intracellular
degradation occurring during bone development, cancer invasion,
and fibrosis protection. This functional relationship is suggested by
a common endocytic capability and a candidate collagen-binding
domain. Here we conducted a comparative investigation of each
member’s ability to facilitate intracellular collagen degradation. As
expected, the family members uPARAP/Endo180 and MR bound
collagens in a purified system and internalized collagens for degra-
dation in cellular settings. In contrast, the remaining family mem-
bers, PLA,R and DEC-205, showed no collagen binding activity
and were unable to mediate collagen internalization. To pinpoint
the structural elements discriminating collagen from non-colla-
gen receptors, we constructed a series of receptor chimeras and
loss- and gain-of-function mutants. Using this approach we
identified a critical collagen binding loop in the suggested col-
lagen binding region (an FN-II domain) in uPARAP/Endo180
and MR, which was different in PLA,R or DEC-205. However,
we also found that an active FN-II domain was not a sufficient
determinant to allow collagen internalization through these
receptors. Nevertheless, this ability could be acquired by the
transfer of a larger segment of uPARAP/Endo180 (the Cys-
rich domain, the FN-II domain and two CTLDs) to DEC-205.
These data underscore the importance of the FN-II domain in
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uPARAP/Endo180 and MR-mediated collagen internaliza-
tion but at the same time uncover a critical interplay with
flanking domains.

The complex collagen structures of the extracellular matrix
(ECM)? undergo constant remodeling during development and
homeostasis of adult tissues. In pathological conditions, the
balance between collagen synthesis and turnover can be dis-
rupted and this can result in excessive degradation or accumu-
lation of collagen structures with severe consequences for the
affected tissue(s). Osteoporosis, arthritis, fibrosis, and cancer
represent such diseases (1, 2). Elucidating mechanisms of col-
lagen remodeling is therefore of great importance to fully
understand and ultimately stop the progression of these devas-
tating diseases.

Two general pathways have been described for the turnover
of collagen: an extracellular pathway, governed by certain
secreted or membrane-bound proteases, including Cathepsin K
and members of the matrix metalloproteinase (MMP) family,
and an intracellular pathway, where partially fragmented colla-
gen components are transported to lysosomal compartments
for proteolytic degradation (3—6). Different cell surface recep-
tors have been suggested to facilitate internalization of colla-
gens, including certain B1 integrins with phagocytic functions
(7) and, importantly, the family of endocytic receptors desig-
nated the mannose receptor (MR) family (for review see Ref. 8).

Studies on one member of the MR family, the urokinase
plasminogen activator receptor-associated protein (uUPARAP,
Endo180, MRC2, CD280, denoted uPARAP from here on)
(9-12), revealed the pivotal role of the intracellular collagen
degradation pathway in biological and pathological processes.

2 The abbreviations used are: ECM, extracellular matrix; MMP, matrix metallo-
proteinase; MR, mannose receptor; uPARAP, urokinase plasminogen acti-
vator receptor-associated protein; PLA,R, phospholipase A, receptor; Cys-
rich, cysteine-rich; FN-Il, fibronectin type-ll; CTLD, C-type lectin-like
domain; WGA, wheat germ agglutinin; PLA,, phospholipase A; USER, ura-
cil specific excision reagent; mAb, monoclonal antibody.
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uPARAP has thus far been shown to be important in bone
development (13-15), protection against fibrosis in the liver,
lungs, and kidneys (16 —18), and to promote growth and tissue
destruction in cancer in mice (19, 20). uPARAP has also been
shown to be up-regulated in a range of human cancers (20 -24),
and recently, a genome-wide association study suggested a link
between the MRC2 gene encoding uPARAP and temporoman-
dibular joint osteoarthritis (25).

The MR family, in addition to uPARAP, consists of MR
(MRC1, CD206), the phospholipase A, receptor (PLA,R,
PLA,R1), and DEC-205 (Ly75, CD205). All are constitutively
recycling endocytic type-1 transmembrane proteins (26 -32)
and they contain a highly conserved domain composition,
including a cysteine-rich (Cys-rich) domain, a FN-II domain,
and a number of C-type lectin-like domains (CTLD), of which
most, however, possess no carbohydrate binding activity.

The four members are all candidate collagen receptors, as
suggested due to a common putative collagen-binding region
centered around the FN-II domain (8, 10, 30, 33-36). FN-II
domains are well-characterized mediators of collagen binding
in proteins such as fibronectin and MMP-2 and -9 (37-39) and
several studies have demonstrated that this domain is essential
for collagen binding and internalization in not only uPARAP
but also MR (36, 40 —43). A third receptor, PLA,R, has in addi-
tion been suggested to utilize the FN-II domain to mediate cel-
lular adhesion to collagen (44).

Despite the expected functional redundancy in the MR fam-
ily (8, 30, 33, 35, 36), no studies have experimentally investi-
gated a function of PLA,R and DEC-205 in collagen degrada-
tion. Furthermore, the detailed mechanism of collagen
interaction in the MR protein family remains elusive (41, 43, 45,
46). Therefore, to address the considerable gaps in the knowl-
edge of MR family function and to dissect the mechanism of
collagen interaction within the protein family, we initiated a
comparative study of the four receptors with respect to collagen
turnover and identified critical structural elements required for
collagen binding and internalization.

EXPERIMENTAL PROCEDURES

Reagents—The following reagents were purchased from
commercial sources: native, acid-extracted trypsin resistant
collagen type I from rat tail (BD Biosciences, Franklin Lakes,
NJ), native collagen type IV from human placenta, lysosomal
cysteine protease inhibitor E64d, and protease inhibitor cock-
tail III (CalBioChem, Merck Biosciences, Darmstadt, Ger-
many), Porcine Pancreatic PLA, and mannose (Sigma), '*°I
(Perkin Elmer Life Sciences, Waltham, MO), Iodogen iodina-
tion reagent (Thermo Fisher Scientific, Waltham, MA), Man-
nose-BSA (Dextra Laboratories, Reading, UK), rabbit mAb
against C-terminal DEC-205 (Epitomics, Burlingame, CA), Rat
mAb against N-terminal DEC-205 (clone 205yekta, eBiosciences,
San Diego, CA), Rabbit pAb against PLA,R (Novus Biologicals,
Littleton, CO), Rat mAb against MR (Clone MR5D3, Abd Serotec,
Oxford, UK), HRP-coupled rabbit-anti-rat pAb, HRP-coupled
rabbit-anti-mouse pAb, and HRP-coupled Swine-anti-Rabbit pAb
(Dako, Glostrup, Denmark), pcDNA5/FRT/TO and pcDNAS5/
FRT/TO/CAT expression vectors, Oregon-Green gelatin, Wheat
germ agglutinin (WGA)-Alexa647, Hoechst 33342 NucBlue® Live
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ReadyProbes™ Reagent, prolong gold antifade mounting
medium, and Lipofectamine2000 (Invitrogen, Grand Island,
NY), USER (Uracil-Specific Excision Reagent) Enzyme, Hin-
dIII, Sbfl, Xhol, and Xmal restriction enzymes (New England
Biolabs, Ipswich, MA), skimmed milk powder (Isis, Aarhus,
Denmark). PfuX7 polymerase was a kind gift from Dr. Anders
Koefoed Holm at the Technical University of Denmark. The
following ¢cDNA clones were purchased from commercial
sources (all cDNAs correspond to murine receptor DNA): MR
(clone reference BC141338, Accession no. NM_008625),
uPARAP (clone reference BC116642, Accession no.
NM_008626), and DEC-205 (clone reference BC150734,
Accession no. NM_013825) (Imagenes GmbH, Berlin, Ger-
many), PLA,R synthetic cDNA (Accession no. NM_008867),
synthetic uPARAP N-terminal sequence with FN-II domain
(Gly*”®-Cys**”) sequence replaced by equivalent from either
MR (Gly*®'-Cys®®®), PLA,R (Gly*”"*~Cys®*?), or DEC-205
(Gly**>—Cys®*®) (Genscript, Piscataway, NJ), and synthetic
DEC-205 N-terminal ¢cDNA with FN-II domain sequence
(Gly**2—Cys>?) replaced by equivalent from uPARAP (Gly'”"?—
Cys*?”) (BlueHeron, Bothell, WA). MR protein family FN-II
domain borders were predicted with the EMBL Smart protein
online tool, and the amino acid region that represents the core
of the second FN-II domain found in murine MMP-2 (Gly***~
Cys®®?) was used as a reference sequence for comparison.

Expression and Purification of Recombinant Proteins from
Insect Cells—For each receptor, expression vectors were con-
structed to encode the native murine signal peptide followed by
the first three N-terminal domains (Cys-Rich, FN-II, and
CTLD-1) and a common C-terminal tag for affinity purification
(Fig. 1A). These vectors encoding uPARAP (Met'-Val*””), MR
(Met'-Gly*®'), PLA,R (Met'-His*”®), and DEC-205 (Met'-
Glu*’) were designed for expression in an insect cell-based
expression system (Drosophila S2 cells, Invitrogen) as follows:
PCR was performed with specific cDNA templates and 5'- and
3'-primers specific for the terminal sequences of the DNA
encoding the first three N-terminal domains from each recep-
tor (amino acids included are specified above). Xbal- and Spel-
specific recognition sequences were included in the 5’- and
3'-primer overhangs, respectively. The resulting PCR fragment
for each receptor was inserted in the insect cell pMTC-X
expression plasmid in frame with the suPAR-DIII protein
epitope tag (47) using Xbal/Spel cloning. Correct fragment
insertion was confirmed by DNA sequencing. Transfection of
insect cells with expression vectors, large scale insect cell cul-
turing for production, and affinity chromatography for purifi-
cation of recombinant receptor constructs using mAb R2
directed against the suPAR-DIII protein tag was performed as
previously described (47).

Collagen Binding Assay—Binding of recombinant MR-family
proteins to immobilized collagen types I and IV was analyzed in
an ELISA-based setup as previously described (42). Collagens
were immobilized using a concentration of 5 ug/ml. Recombi-
nant receptors were tested in concentration series from 0-9
pg/ml.

Generation of MR Family Member and Chimera Expression
Plasmids—cDNAs encoding murine uPARAP, MR, PLA,R, and
DEC-205 were cloned into expression vector pcDNA5/FRT/TO
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by USER cloning using PfuX7 polymerase PCR (48) and deoxy-
uridine containing primers specific for uPARAP, MR, PLA,R, or
DEC-205 cDNA template. USER enzyme mix was used according
to the manufacturer’s instructions (New England Biolabs).
Generated expression plasmid constructs were confirmed by
sequencing. uPARAP-MR-EN-II, uPARAP-PLA,R-FN-II, and
uPARAP-DEC-205-FN-II chimera DNAs (Fig. 6A) were gener-
ated by SbfI/HindIII cloning of synthetic cDNAs (see above)
into pcDNA5/FRT/TO/uPARAP expression plasmid. DEC-205-
uPARAP-FN-II chimera (Fig. 7A) DNA was generated by Xhol/
Xmal cloning of synthetic DNA (see above) into pcDNAS5/
FRT/TO/DEC-205 expression plasmid. DEC-205-uPARAP-
D1-4 chimera (See Fig. 7A) was generated by USER cloning as
described above by mixing PfuX7 polymerase PCR generated
UPARAP D1-4 (Met'-Lys*°*) DNA fragment with pcDNA5/
FRT/TO/DEC-205 (DEC-205 Lys**~Asp'”>®) DNA fragment
in the USER enzyme reaction.

Transfection of HEK-293T and HeLa Cells—To transfect
HEK-293T cells (Thermo Fisher Scientific, Waltham, MA), the
cells were seeded in 12- or 6-well plates and grown overnight in
DMEM with 10% FCS. Transfection medium was prepared by
carefully mixing a ratio of 2 nug of expression plasmid DNA to 3
pg of Lipofectamine 2000 in 200 ul of DMEM, incubating for 20
min at room temperature and then adding 1300 ul of DMEM
with 10% FCS. Transfection medium was added to cells in place
of seeding medium, and cells were incubated for 24 h before
harvest for Western blotting analysis or before performing
endocytosis assay (see below). Mock transfection was per-
formed with the pcDNA5/FRT/TO/CAT plasmid. For trans-
fection of HeLa cells (CCL-2, ATCC, Manassas, VA) for fluo-
rescent ligand endocytosis assays, coverslips were coated
with rat tail collagen type I (20 ug/ml in 20 mMm acetic acid)
(BD Biosciences) for 2 h at room temperature followed by 3
washes with PBS. HeLa cells were then seeded overnight on
the collagen-coated coverslips. Transfection was performed
as described for HEK-293T cells.

Western Blotting— Transfected HEK-293T cells were homoge-
nized in 50 ul of lysis buffer (1% Triton X-100, Tris-HCI 10 mm,
150 mm NaCl, pH 7.4, 0.5% Protease Inhibitor cocktail III (Cal-
BioChem)) per 600,000 transfected cells. Equal amounts of cell
lysates were analyzed by Western blotting under non-reducing
conditions using the following primary antibodies: mouse
anti-uPARAP mAb 2h9 (0,5 pug/ml) (40) and 5f4 (2 pg/ml) (33),
rat anti-MR mAD (1 ug/ml) (clone MR5D3 AbD Serotec), rab-
bit anti-PLA,R pAb (1:1000, Novus Biologicals), rat anti-DEC-
205 mAb (1:500, eBioscience), and rabbit anti-DEC-205 mAb
(1:5000, epitomics). Primary antibodies were detected with
matching HRP-coupled secondary antibodies (1:6000, Dako).

Endocytosis Assays—Labeling of proteins with '*°I and assay
for internalization of labeled proteins was performed with
300,000 transfected HEK-293T cells as previously described for
newborn mouse skin fibroblasts (9) with the following modifi-
cations. Following a 4-h incubation with '**I-labeled ligand
(150 ng/ml in DMEM, 20 mm HEPES, 15 mg/ml BSA), the
medium was removed, and cells gently harvested by incubation
for 5 min in ice cold PBS with 5 mm EDTA and transfer to an
Eppendorf tube. Cells were then washed twice in PBS by cen-
trifugation for 2 min at 200 X g and resuspension of pellet in
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fresh PBS. Finally, cells were trypsinized in suspension for 2 min
and centrifuged for 1 min at 1000 X g to remove surface bound
radiolabeled ligand from intracellular ligand. The amount of inter-
nalized radiolabeled ligand was determined using a gamma coun-
ter. Experiments, in which the effect of mannose on ligand inter-
nalization was examined, were conducted in low-glucose DMEM
with or without 50 mm mannose.

Endocytosis of fluorescent ligand was assayed with trans-
fected HeLa cells. Fluorescent ligand (OG-gelatin, 20 wg/ml)
was added to HeLa cells in DMEM with 10% FCS, 1% penicillin/
streptomycin and 20 uM E64d, and incubated for 16 h. 3 drops
of NucBlue® Live ReadyProbes™ Reagent (Life Technologies)
per ml medium was added and incubation continued for 20
min. After 3 washes in PBS, 5 ug/ml WGA-Alexa647 was added
for 5 min followed by another 4 washes in PBS and 3 washes in
water. Finally, coverslips were mounted on microscope slides
using prolong gold antifade mounting medium (Invitrogen).

RESULTS

Collagen Binding Activity of Recombinant Receptor Constructs—
To initiate a comparative analysis of the four members of the MR
protein family with respect to collagen interactions, we initially
utilized a purified system with recombinant, truncated receptor
variants. Since previous work has shown that the isolated, recom-
binant FN-II domain from uPARAP is unstable (43), we included
the flanking domains in our molecular constructs. Thus, we made
constructs comprising the Cys-rich domain, the FN-II domain and
the first CTLD domain from each receptor (WPARAP D1-3, MR
D1-3, PLA,R D1-3, and DEC-205 D1-3; Fig. 1A4), including a
common protein epitope tag for affinity purification (47). The
affinity purified recombinant proteins were homogenous and
migrated with the predicted electrophoretic mobility in SDS-
PAGE (Fig. 1B). These proteins were analyzed for their ability to
bind immobilized collagen in an ELISA type setup (42) (Fig. 1C).
Strikingly, both recombinant uPARAP and MR showed strong
binding toward collagen types I and IV, whereas recombinant
PLA,R and DEC-205 were completely devoid of binding activity.
Although restricted to isolated binding studies using purified com-
ponents, these results point to functional distinctions within the
MR family with respect to collagen-related functions.

Only uPARAP and MR Mediate Collagen Endocytosis and
Degradation—To further investigate the abilities of the four
receptors to engage in collagen turnover, we next created a
system with specific expression of each receptor in a functional
cellular setting. In this system, HEK-293T cells were transiently
transfected with ¢cDNA encoding full-length uPARAP, MR,
PLA,R, or DEC-205, respectively. Western blotting performed
on whole cell lysates collected 24 h post transfection revealed a
strong specific expression of each receptor in the transfected
cells (Fig. 2, A-D). A very low endogenous expression of
uPARAP was noted in mock-transfected HEK-293T cells (Fig.
2A) but this was subsequently shown to be irrelevant in the
functional analysis (see Figs. 3 to 7, below). No expression of
MR, PLA,R, or DEC-205 could be detected in mock-trans-
fected cells.

To ensure receptor functionality and expression on the
plasma membrane, the transfected cells were evaluated for
their ability to internalize radiolabeled positive control ligands

JOURNAL OF BIOLOGICAL CHEMISTRY 7937



Mannose Receptor Family and Collagen Endocytosis

A B 2 £
- ™
? o
CysR 2 w 5 o
FN-I T £ 5 x §
CysR - a] € 9 g o
FN-I T g§ £ 7 4
= 5 2 o 0
=
250«
CTLD 1-10 150/
CTLD 1-8 —
. 100
FN-1I &)
1 CTLD-1
™ ™ Protein-epitope-tag 50 |
Cyto Cyto 37 |-
uPARAP DEC-205 uPARAP D1-3
MR MR D1-3 ) o
PLAR PLAR D1-3
DEC-205 D1-3 ]g .
C Collagen type | Collagen type IV
1.0 1.2
-+~ UPARAP -+ UPARAP
-= MR 1.0/ = MR
° 0.81 -e-PLAR -o- PLA,R
8 -+ DEC205 0.8] ~+ DEC205
g 0.6
8 0.6
0.4
2 0.4
0.2 0.2
0 2 4 6 8 10 0 2 4 6 8 10

Receptor concentration (ug/mL)

FIGURE 1. Recombinant uPARAP and MR, but not PLA,R and DEC-205, bind collagens type I and IV. A, overview of domains in the full-length receptors
belonging to the MR protein family and in soluble recombinant constructs. uPARAP, MR, PLA,R, and DEC-205 consist of alarge ectodomain (including a Cys-rich
domain, an FN-Il domain, and 8-10 CTLDs), a transmembrane (TM) region, and a short cytoplasmic domain (Cyto). Soluble recombinant proteins (UPARAP
D1-3, MR D1-3, PLA,R D1-3, DEC-205 D1-3) consist of the Cys-Rich domain, the FN-Il domain, and the first CTLD fused to a protein-epitope tag. B, SDS-PAGE
analysis and Coomassie Brilliant Blue staining of recombinant proteins (1.5 ug samples). The theoretical molecular masses are 53.3, 51.5, 54.6, and 50.5 kDa for
uPARAP D1-3, MR D1-3, PLA,R D1-3, and DEC-205 D1-3, respectively. C, ELISA analysis of the binding of soluble recombinant protein (0, 1, 3, and 9 ug/ml) to
immobilized, heat-denatured collagen type | (5 wg/ml, left panel) and IV (5 wg/ml, right panel). Recombinant protein binding was detected with an anti-tag mAb
and a secondary HRP-coupled antibody. Error bars represent S.D. of duplicate samples.

specific for each receptor (Fig. 3, A-D, left panels), i.e. using
monoclonal antibodies against uPARAP (mAb 2h9, Fig. 34)
and DEC-205 (Fig. 3D), the MR ligand mannose-BSA (33) (Fig.
3B), and the PLA,R ligand, pancreatic PLA, homologue (Fig.
3C) (28, 49). These ligands were efficiently taken up by the
respective receptors (black columns) with no uptake in mock-
transfected cells (gray columns). Together, these results dem-
onstrate that the transfected HEK-293T cells expressed the
four receptors and that these receptors possessed a strong
endocytic capacity.

Having established these tools, we went on to analyze the
endocytic capacity of each receptor for labeled collagen types I
and IV (Fig. 3, A-D, center and right panels). In complete
accordance with the binding studies above, uPARAP (Fig. 34)
and MR (Fig. 3B) transfected cells demonstrated a strong ability
to internalize collagens type I and IV, whereas no collagen
internalization could be detected in PLA,R (Fig. 3C) and DEC-
205 (Fig. 3D) transfected cells, despite the successful internal-
ization of positive control ligands, noted above.

To further substantiate this pattern of collagen internaliza-
tion in the MR protein family, we next employed a different
assay to directly visualize internalized collagen microscopically
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in transfected cells. In this assay, fluorescently labeled gelatin (a
denatured collagen known to interact strongly with uPARAP
(40, 42)) was added to transfected HeLa cells, which due to a
superior ability to adhere, could be grown and transfected
directly on coverslips. Following incubation with the fluores-
cent ligand, cells were examined by confocal microscopy. In this
assay, a strong intracellular signal was detected from the labeled
gelatin when HeLa cells had been transfected with uPARAP or
MR (Fig. 4, Band C, respectively). In contrast, mock, PLA,R and
DEC-205 transfected cells did not accumulate fluorescent gel-
atin (Fig. 4, A, D, and E), in accordance with the results found
using radiolabeled ligands.

To investigate the fate of internalized ligands in the trans-
fected cells, we next performed internalization experiments
with radiolabeled ligands in the presence of E64d, a cysteine
protease inhibitor known to reduce the degradation of internal-
ized proteins in the lysosomal compartment (50), ultimately
leading to an increased accumulation of internalized protein. In
accordance with the expected lysosomal routing of cargo taken
up by these receptors (29, 31, 32,43, 51), uPARAP or MR trans-
fected cells displayed an increase in intracellular accumulation
of radiolabeled collagen in the presence of E64d, compared with
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FIGURE 2. Transfected HEK-293T cells express members of the MR protein
family. Western blot analysis of uPARAP (A), MR (B), PLA,R (C), and DEC-205
(D) expression in whole cell lysates from HEK-293T cells 24 h post transfection.
In each panel, duplicate samples from separate transfections with each
receptor were analyzed in parallel lanes as indicated. A mouse mAb (2h9)
against uPARAP (A), a rat mAb against MR (B), a rabbit pAb against PLA,R (C),
or a rat mAb against DEC-205 (D), were used as primary antibodies for detec-
tion. In each case, the assay detected a protein with the theoretical molecular
mass (~180 kDa for uPARAP, MR, and PLA,R; 205 kDa for DEC-205) in cells
transfected with the relevant receptor. No endogenous expression of these
receptors was noted except for uPARAP, where a very weak band could be
detected by mAb 2h9in non-uPARAP transfected cells (A). Although the poly-
clonal anti-PLA,R antibody gave rise to several unspecific bands (C), these
were clearly distinguishable from the specific PLA,R signal around 180 kDa
(marked by black arrowhead).

conditions without the inhibitor (Fig. 5, A and B). This obser-
vation was in accordance with the pattern by which fluorescent
gelatin accumulated in perinuclear vesicles consistent with
endosomes and lysosomes in uPARAP or MR transfected HeLa
cells (Fig. 4). Notably, the inclusion of E64d did not lead to any
emergence of detectable intracellular collagen in PLA,R and DEC-
205 transfected cells, although the positive control ligands for
these receptors were indeed accumulated in increased amounts
under these conditions (Fig. 5, C and D).

Together, the results above show that uPARAP and MR both
display collagen binding and have the capacity to internalize
solubilized collagen for degradation, whereas the remaining
two members of the protein family are completely devoid of this
activity. This was found to be the case although the latter pro-
teins remained active endocytic receptors.

PLA,R and DEC-205 FN-1I Domains Lack Collagen Binding
Activity—The finding that PLA,R and DEC-205 lack the ability
to interact with collagens, is surprising in light of their posses-
sion of a well-conserved FN-II domain (Fig. 7A and “Discus-
sion”). Therefore, this observation prompted us to investigate
the importance of the molecular context of this domain within
the MR protein family. We first wanted to examine whether any
potential collagen binding activity resided in the FN-II domain
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of PLA,R and DEC-205, which would just be insufficient in the
context of the full-length PLA,R and DEC-205 receptors.
Therefore, we designed receptor chimeras of uPARAP in which
the entire 49 amino acid FN-II domain was replaced with the
counterpart from PLA,R or DEC-205. uPARAP in which the
EN-II domain was replaced with the FN-II domain from MR
served as a positive control (Fig. 64, uPARAP-PLA,R-FN-IJ,
uPARAP-DEC-205-FN-II, and uPARAP-MR-FN-II, respectively).

The chimeric constructs were transiently transfected into
HEK-293T cells and expression was confirmed by Western
blotting. The uPARAP-specific mAb, 2h9 (40), which has an
epitope situated outside the FN-II domain of uPARAP,?
detected expression of wt uPARAP as well as each of the three
chimeras (Fig. 6B, upper panel). Another uPARAP specific
mAb, 54 (16), with an epitope located inside the FN-II domain
(results below),® detected wt uPARAP but not the chimeras,
thereby verifying that the FN-II domain of uPARAP had been
successfully replaced (Fig. 6B, lower panel). Next, each chimera
was evaluated for the ability to mediate collagen internalization.
Strikingly, uPARAP-MR-FN-II transfected cells were nearly as
efficient in internalizing labeled collagen as cells transfected
with wt uPARAP, whereas cells transfected with uPARAP-
PLA,R-EN-II or uPARAP-DEC-205-FN-II were completely
unable to do so (Fig. 6C, left panel). Importantly, all chimeras
had retained their endocytic properties since they all efficiently
internalized the common uPARAP mAb, 2h9 (Fig. 6C. right
panel). This finding indicates that the FN-II domains of PLA,R
and DEC-205 by themselves are completely devoid of collagen
binding capability. At the same time it demonstrates a high level
of similarity in the collagen binding mechanism of uPARAP and
MR, allowing for exchange of the FN-II domain of uPARAP
with the counterpart of MR, without any apparent conse-
quences for the ability to internalize collagen.

A Short Protruding Loop in the FN-II Domain of uPARAP Is
Required for Collagen Binding—The evident difference in activ-
ity between otherwise well conserved FN-II domains within the
MR family incited us to investigate the structural elements
involved in collagen binding by uPARAP and MR FN-II
domains in more detail. To do this, we performed a comparison
of the amino acid sequences of the FN-II domains within the
MR family along with a well-characterized active collagen bind-
ing FN-II domain from MMP-2 (Fig. 7A and “Discussion”). This
comparison demonstrated the high level of homology within
this domain in the MR family (52) but also revealed a distinct
difference: A stretch of 10 amino acids (Thr*°-~Leu®°, uPARAP
sequence, Fig. 7A, purple marking) was clearly more conserved
in the active collagen binding FN-II domains of uPARAP, MR,
and MMP-2 as compared with the inactive counterparts from
PLA,R and DEC-205. Importantly, in the collagen binding sec-
ond EN-II domain of MMP-2, these 10 amino acid residues
were previously demonstrated to constitute a loop protruding
from the central core (53) (Fig. 7B, purple loop), and in addition,
several of these amino acids were proposed to be involved in
collagen binding by this domain (54) (Fig. 7A and “Discussion”).
To analyze the role of this candidate collagen binding loop in

3 H. J. Jirgensen, unpublished data.
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FIGURE 3. Endocytosis of radiolabeled ligands mediated by uPARAP, MR, PLA,R, and DEC-205. HEK-293T cells were transfected with uPARAP (A), MR (B),
PLA,R (C), and DEC-205 (D). In each panel, black columns show the internalization of a radiolabeled positive control ligand (left), collagen type | (center) and
collagen type IV (right), with mock transfected cells shown for comparison (gray columns). Cells were incubated with radiolabeled ligands (100 ng/ml) for 4 h
after which the fraction of intracellular ligand was determined. Positive control ligands were anti-uPARAP mAb (2h9), mannose-BSA, porcine pancreatic PLA,,
and anti-DEC-205 mAb, for uPARAP, MR, PLA,R, and DEC-205, respectively. Data are presented as radioactive ligand in the intracellular fraction in percent of the
total radioactive ligand added to cells. Error bars represent S.D. of triplicate samples.

uPARAP, we constructed two uPARAP mutant receptors
(uPARAP-PLA,R-Loop and uPARAP-DEC-205-Loop), wherein
residues Thr*°-Leu® from murine uPARAP FN-II were
replaced by residues Ile**~Leu®® or 1le**~Pro®® from murine
PLA,R or DEC-205 FN-II domains, respectively. The uPARAP
mutants were transiently expressed in HEK-293T cells and
Western blotting with both mAb 2h9 and 5f4 confirmed
expression (Fig. 7C). When the mutants were subsequently
analyzed for their ability to internalize collagens, we found that
both mutants had completely lost all activity toward collagen,
despite the fact that both of the positive control ligands, mAb
5f4 and 2h9, were efficiently internalized (Fig. 7D). Particularly,
uptake of mAb 5f4, with an epitope situated in the FN-II
domain, indicated proper folding of this domain in the mutants.
These results effectively demonstrate that Thr*-Leu® is
actively involved in collagen binding by uPARAP.

FN-1I Flanking Domains Are Required for Collagen
Internalization—The findings above pointed toward two dif-
ferent models that might explain the difference in collagen
interactions within the receptor family: Either the FN-II
domain from the active collagen-binding receptors would con-
fer collagen internalization capacity to any receptor within the
family, or a more complicated interplay with the flanking
domains of each specific receptor could be involved. To study
these two possibilities, two different chimeras were designed
(Fig. 84). In this set, different domains from uPARAP were
inserted into DEC-205 to investigate the requirements to trans-
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form a non-collagen binding receptor into an active collagen
receptor. The first chimera, DEC-205-uPARAP-FN-II, contained
the FN-II domain of uPARAP inserted into DEC-205 in place of
its native FN-II. The second chimera, DEC-205-uPARAP-
D1-4, contained the first four N-terminal domains of uPARAP
(Cys-rich, FN-II, CTLD-1, and CTLD-2) in place of the corre-
sponding four N-terminal domains of DEC-205. These chime-
ras were transiently transfected into HEK-293T cells and recep-
tor expression was confirmed by Western blotting (Fig. 8B). An
antibody directed against the C-terminal region of DEC-205
successfully detected expression of wt DEC-205 (lanes 3 and 4)
along with DEC-205-uPARAP-FN-II (lanes 5 and 6) and DEC-
205-uPARAP-D1-4 (lanes 7 and 8), whereas the uPARAP spe-
cific mAb, 5f4, detected DEC-205-uPARAP-FN-II (lanes 5 and
6), and DEC-205-uPARAP-D1-4 (lanes 7 and 8) only, thereby
confirming the presence of elements from uPARAP in the
DEC-205 chimeras. Next, the collagen internalization ability of
the chimeras was investigated. Surprisingly, only DEC-205-
uPARAP-D1-4 transfected HEK-293T cells internalized colla-
gen. This was the case, even though both chimeras facilitated a
strong uptake of mAb 5f4 compared with mock and wt DEC-
205 (Fig. 8C), confirming an intact, functioning uPARAP FN-II
domain in the chimeras. Evidently, the FN-II domain from
uPARAP on its own does not confer collagen internalizing
capabilities to DEC-205.

We have previously shown that the single functional lectin
domain in uPARAP, CTLD-2, is important for uptake of glyco-
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sylated collagens through its lectin ativity (42). We therefore
wanted to investigate if this function of uPARAP could be
transferred to DEC-205 along with the general ability to inter-
nalize collagen. To this end we examined uptake of collagen IV,
a highly glycosylated collagen, by DEC-205-uPARAP-D1-4 in
the presence or absence of a potential competitor monosaccha-
ride, mannose (42). The addition of mannose partially inhibited
internalization of collagen IV by DEC-205-uPARAP-D1-4
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transfected HEK-293T cells (Fig. 8D), as was the case for
uPARARP (42), showing that the lectin function of uPARAP was
indeed acquired by the DEC-205 chimera.

Taken together, these chimera studies demonstrate how the
functions of uPARARP in intracellular collagen degradation can
be adapted by an inactive collagen receptor, DEC-205, simply
by transferring the regions of uPARAP necessary for collagen
binding. Furthermore, they illustrate for the first time how the
single EN-II from uPARAP is insufficient to ensure collagen
internalization in the scaffold of a related endocytic receptor.

The Collagen Binding Loop from uPARAP Re-activates FN-I1I
Domains from PLA,R and DEC-205—In a final experiment,
we wanted to investigate the structural properties driving the
interaction between FN-II domains and collagens in more
detail. Specifically we wanted to investigate whether or not the
proposed binding loop (Thr*°-Leu®’) of uPARAP’s FN-II
domain alone was sufficient to enable collagen binding by the
inactive FN-II domains from PLA,R and DEC-205. To do this,
we capitalized on the fact that uPARAP chimeras with PLA,R
and DEC-205 FN-II domains (Fig. 6A) constituted receptors
with all necessary elements required for collagen binding
except for the active FN-II domain. Consequently, we con-
structed two additional mutant receptors. In these, the binding
loop (Thr*°~Leu®) from uPARAP’s FN-II domain was re-in-
troduced into the FN-II domains of PLA,R and DEC-205, posi-
tioned in the uPARAP chimeras. These mutant constructs
were denoted UPARAP-Ppy;;-U,,,,, and uPARAP-Dyyyi-U
respectively. Both mutants were transiently expressed in HEK-
293T cells and compared with wt uPARAP with respect to colla-
gen internalization. Strikingly, uPARAP-Pry;-Uy,,,,, completely
regained the ability to internalize collagen. uPARAP-Dyyy1-Uq,p,
also regained a pronounced ability to internalize collagen despite
the fact that it was expressed at a lower level (Fig. 9, A and B).

These results confirm the active role of residues Thr*°~Leu®”
in collagen binding by the FN-II domain of uPARAP and sug-
gest that these residues constitute an externally protruding
binding loop, which has effectively been altered in the other-
wise homologous FN-II domains of PLA,R and DEC-205.

DISCUSSION

This work is the first comparative functional study of the
entire MR family with respect to the ability to interact with
collagens. By examining recombinant soluble MR-family pro-
teins and characterizing cells expressing full-length receptors,
we show conclusively that collagen internalization is not a com-
mon functional property but is limited to uPARAP and MR.

The lack of collagen internalization in PLA,R and DEC-205
was partly due to a lack of collagen binding by the FN-II domain
of these two receptors. This is surprising, since sequence com-
parisons of the FN-II domain in this family has led to the sug-
gestion that they might all be active in collagen binding (8).
Indeed, the FN-II domain is the most highly conserved domain
within the MR protein family (52). Furthermore, individual
amino acid residues with proposed structural and ligand bind-
ing function are conserved. Thus, cysteine residues along with
invariant aromatic residues in the FN-II domains of the colla-
gen-binding proteins MMP-2, MMP-9, and fibronectin are
completely retained in the MR protein family and most of the

JOURNAL OF BIOLOGICAL CHEMISTRY 7941



Mannose Receptor Family and Collagen Endocytosis

Collagen | Collagen |
A g B:o 2
§ 4 25
C
©
s} ® B Mock 20 [ Mock
Ng 3 Il uPARAP B VR
T O = 1.5 =
g*g 2 Mock+E64d Mock+E64d
5 UPARAP+EB4d 10 MR+E64d
‘i\o, 1 0.5
04 0.0
C Collagen | PLA,
1.0 1.4
=) 1.2
cg 08
5] g 1.0 |:| Mock
g_c_és 06 0.8 B PLAR
E% 0.4 0.6 Mock+E64d
[}
= ..g 0.4 PLA,R+E64d
@ 0.2 o
D Collagen | anti-DEC-205 mAb
1.0 7
=3 6
Qo8
5 ° 5 [ Mock
Rs 06 4 Il DEC-205
=5 n
% © 0.4 3 Mock+E64d
€ E 2 DEC-205+E64d
= 902
N 1
oo L1 WM w7 vz |
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ng/ml Pancreatic PLA, and anti-DEC-205 mAb, respectively; right panels). All other experimental conditions and data presentation were as described for Fig. 3.

additional aromatic residues shown to affect ligand binding (38,
39, 54, 55) display only very conservative changes. However,
careful sequence inspection does reveal interesting differences
in the FN-II domains of PLA,R and DEC-205 when compared
with uPARAP, MR, fibronectin and MMP-2 and -9 (Fig. 7A).
One of the most prominent differences is found within the
Gly**~Tyr*® amino acid stretch (Fig. 7A, MMP-2 FN-II domain
sequence underlined), which has been implicated in collagen
binding by MMP-2 (39, 54, 56) and furthermore has been dem-
onstrated to be part of a loop which extends from the central
core structure of this domain (53). The positively charged
Arg®*, the negatively charged Asp>®, and Gly** and Gly*” are
conserved in uPARAP and MR and in addition a bulky or aro-
matic residue has been conserved at position 38. In the FN-II
domain of PLA,R, Arg®>* and Asp®® have only changed conser-
vatively but importantly, in all examined species the Gly*” res-
idue has been replaced by bulky or charged residues. In addition
the aromatic Tyr®® has been replaced by a leucine. The FN-II
domain of DEC-205 comprises numerous changes in this
stretch of amino acids, including substitution of Gly*® and
Tyr*®. Indeed, through mutational studies we were able to dem-
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onstrate that this stretch of amino acid residues is crucial for the
binding of collagen by uPARAP’s FN-II domain and that
changes in this sequence account for the lack of collagen bind-
ing by PLA,R and DEC-205 FN-II domains. Our comparative
study should, therefore, aid further refined studies to pinpoint
the structural requirements for collagen binding in this domain
type.

We also show that an active FN-II domain from uPARAP is
insufficient to transform DEC-205 into a collagen internalizing
receptor. The presence of all four N-terminal uPARAP
domains did, however, accomplish this. Importantly, this find-
ing demonstrates that the FN-II domain in uPARAP is not an
independent collagen-binding unit and that adjacent domains
directly modulate the binding between uPARAP and collagen.
This is consistent with observations reported for fibronectin
and MMP-2, where, albeit a single FN-II domain does exhibit
low affinity binding toward collagen, additional adjacent FN-II
domains or other domain types serve to modulate the interac-
tion (37, 57). Furthermore, this is supported by two studies
reporting that in a purified system a combination of the Cys-
rich and the FN-II domain from uPARAP or MR alone is unsta-
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FIGURE 6. Loss of collagen internalizing function in uPARAP chimeras with PLA,R and DEC-205 FN-Il domains. A, schematic overview of domain-swaps
in UPARAP chimeras (UPARAP-MR-FN-II, uPARAP-PLA,R-FN-II, uPARAP-DEC-205-FN-II). Inserted domains from MR, PLA,R, and DEC-205 (gray) are highlighted
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or 5f4 were used as primary antibodies for detection. Note that the epitope of mAb 5f4 is situated in the FN-Il domain of uPARAP whereas mAb 2h9 with an
epitope outside this domain detects all uPARAP chimeras. Experimental conditions were as described in Fig. 2. C, internalization of radiolabeled collagen type
| (left panel) or control ligand (mAb 2h9, right panel) by HEK-293T cells transfected with uPARAP chimeras. Cells were incubated with radiolabeled ligands (100
ng/ml) in the presence of E64d (20 um) for 4 h after which the fraction of intracellular ligand was determined. Data are presented as radioactive ligand in

intracellular fraction in percent of total radioactive ligand added to cells. Error bars represent S.D. of triplicate samples.

ble and that atleast one CTLD is required for stabilization of the
protein region (41, 43). Importantly, in our work no instability
was observed for the FN-II domain from uPARAP in the con-
text of the DEC-205-uPARAP-FN-II chimera, since the protein
efficiently internalized the 5f4 antibody against the FN-II domain.
Nonetheless, no internalization of collagen was observed with this
chimeric construct.

It is presently unclear how the FN-II-adjacent domains stim-
ulate collagen binding in uPARAP. One possibility is that the
Cys-rich domain and the first CTLD are involved in a multi-
merization process of the receptor, which could lead to the
formation of a complex with high avidity for collagen ligands.
This suggestion is intriguing, considering the multiple adjacent
binding sites, which must be located in a single collagen I
a-chain (40) and the general complex multimerization and
packaging of collagen molecules in collagen structures. This
concept is supported by our unpublished results, which dem-
onstrate that artificial antibody-mediated multimerization of
recombinant uPARAP produces a complex with stronger bind-
ing toward collagen than the monomeric receptor.* Further-
more, a similar phenomenon has been reported for artificial
multimers of MR (41). Such a multimerization process on the
cell surface, dictated by the Cys-rich domain and/or one or

4D. H. Madsen, unpublished data.
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more CTLDs of uPARAP, could explain why the DEC-205-
uPARAP-FN-II chimera lacks the ability to internalize collagen
while the DEC-205-uPARAP-D1-4 is able do so.

CTLDs may also be directly involved in the modulation of
collagen binding by other means. We and others have previ-
ously shown that CTLD-2 from uPARAP is an active lectin (58)
that directly binds collagen carbohydrate moieties (42). In this
work we show that this function can be transferred to DEC-205
along with the general collagen binding ability by including
CTLD-2 in domains transferred from uPARAP. CTLD-2 from
uPARAP as well as CTLD-4 from MR, has also been proposed
to play a role in the formation of a pH-dependent globular, bent
N-terminal structure driven by an intra-protein interaction
between the Cys-rich and the CTLD, as demonstrated by single
particle electron microscopy (45, 46). This may represent a
built-in mechanism that allows for regulation of collagen bind-
ing on the cell surface and subsequent transport to endosomes
and lysosomes, with a low pH environment.

Functional studies have suggested that PLA,R can mediate
increased cellular adhesion to collagen types I and IV coated
surfaces, dependent on the Cys-rich and FN-II domains (44),
and also an increased cellular invasion through a collagen type
IV rich matrix (49). Both of these observations indirectly indi-
cate a PLA,R-collagen interaction. However, it is unclear
whether this represents any discrepancy with our present find-
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adhesion to, or invasion through, collagen structures, but our
results demonstrate that there is no direct interaction between

ings. In the invasion study, the reported effect was dependent
on cellular stimulation with other PLA,R ligands, which could

suggest that the PLA,R-mediated invasion is a receptor signal-
ing-dependent mechanism rather than a direct collagen inter-
action. We cannot rule out that PLA,R indirectly mediates
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either PLA,R or DEC-205 and collagen. These receptors are
likely to have other important functions, which for PLA,R have
been found to include PLA, enzyme regulation during inflam-
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FIGURE 9. A critical FN-Il domain loop from uPARAP reconstitutes colla-
gen internalization function in uPARAP chimeras with PLA,R and DEC-
205 FN-Il domains. A, internalization of radiolabeled collagen type | (100
ng/ml) by HEK-293T cells transfected with uPARAP FN-Il chimeras modified to
re-introduce the protruding loop from uPARAP (uPARAP-Pgy,-U,.,, and
UPARAP-Dgy;-U,op)- Experimental conditions and data presentation were as
described for Fig. 6. B, Western blot analysis of the HEK-293T cells expressing
thereceptor chimeras shownin A. Anti-uPARAP mAb 2h9 was used as primary
antibody for detection. Experimental conditions were as described in Fig. 2.
Note the weak expression of UPARAP-Dey;-U,s.,, Which is still above back-
ground expression of uPARAP in mock-transfected cells.

mation (59-62) and a pathogenic role in the autoimmune dis-
ease membranous nephropathy (63), whereas for DEC-205 they
include antigen presentation (29, 64).

uPARAP-mediated intracellular collagen degradation has
been thoroughly documented to be an important ECM remod-
eling mechanism in development and pathological processes
(13-20). The role of MR in intracellular collagen degradation in
vivo, however, has only recently started to become clear. In one
study, MR was shown to be responsible for liver specific clear-
ance of collagen fragments from the blood by endothelial cells
(65) and very recently we have been able to show that both MR
and uPARAP is involved in collagen internalization in the skin
(66). The latter work, in which intracellular collagen degrada-
tion was visualized in vivo using confocal microscopy, demon-
strated that both receptors can be active in the same tissue at
the same time, but that each receptor appears to be confined to
specific cell types. Based on this in vivo work, our work pre-
sented here, and results demonstrating a large overlap in
UPARAP and MR tissue expression (14)>*, we speculate that
the impact of intracellular collagen degradation on develop-
ment and disease may be even stronger than demonstrated so
far in studies with each receptor alone, due to a pronounced
functional overlap. For instance, MR may protect against fibro-
sis in parallel with uPARAP (16, 18) or participate in the matrix
destruction seen in cancer progression (19), which could imply
an even greater impact of the current collagen degradation
mechanism in these diseases than previously recognized. In
addition, both, uPARAP and MR might contribute to the char-
acteristic excessive matrix destruction observed in diseases
such as arthritis and osteoporosis (1, 25, 67). Altogether, the
data presented here constitute important new findings in the
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ongoing process of deducing the elusive collagen degradation
mechanism employed by uPARAP and MR, the now identified
principal collagen-internalizing receptors.
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