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lubrication.

(PMN) in an L-selectin-dependent and -independent manner.

(Bacl(ground: Lubricin is an abundant mucin-like glycoprotein in synovial fluid and a major component responsible for joint
Results: Lewis x and sulfated O-glycans enable lubricin to bind L-selectin. Lubricin binds to polymorphonuclear granulocytes

Conclusion: PMN isolated from peripheral blood and synovial fluid keep a coat of lubricin.
Significance: Lubricin may play a role in PMN-mediated inflammation.
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Lubricin (or proteoglycan 4 (PRG4)) is an abundant mucin-like
glycoprotein in synovial fluid (SF) and a major component respon-
sible for joint lubrication. In this study, it was shown that O-linked
core 2 oligosaccharides (GalB1-3(GlcNAcB1-6)GalNAcal-
Thr/Ser) on lubricin isolated from rheumatoid arthritis SF con-
tained both sulfate and fucose residues, and SF lubricin was
capable of binding to recombinant L-selectin in a glycosylation-
dependent manner. Using resting human polymorphonuclear
granulocytes (PMN) from peripheral blood, confocal micros-
copy showed that lubricin coated circulating PMN and that it
partly co-localized with L-selectin expressed by these cells. In
agreement with this, activation-induced shedding of L-selectin
also mediated decreased lubricin binding to PMN. It was also
found that PMN recruited to inflamed synovial area and fluid in
rheumatoid arthritis patients kept a coat of lubricin. These
observations suggest that lubricin is able to bind to PMN via an
L-selectin-dependent and -independent manner and may play a
role in PMN-mediated inflammation.

Lubricin is encoded by the PRG4 (proteoglycan 4) gene and
synthesized by superficial zone chondrocytes and synoviocytes.
Translated products of PRG4 have been referred to as superfi-
cial zone protein, megakaryocyte-stimulating factor precursor,
camptodactyly-arthropathy-coxa vara-pericarditis protein,
and hemangiopoietin (1-7). Alternative exon splicing of PRG4
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transcripts and post-translational modifications lead to the dif-
ferences in protein primary structure (4, 6). There are seven
different isoforms of lubricin, six of which are identified in
humans (1, 4, 6 -9). They may have different biological func-
tions. As a lubricating glycoprotein, the expression of lubri-
cin has been found in synovial fluid (SF)? (10), superficial
layer of articular cartilage (11), tendons (12), and menisci
(13). In addition, lubricin has been detected in blood and
urine (7, 14). However, its extra-articular function is still
poorly understood. In this study, we use “lubricin” when
referring to the PRG4 gene products expressed in articular
joints as well as in plasma.

Human lubricin is a secreted mucinous glycoprotein consist-
ing of 1404 amino acids (1). Lubricin contains multiple protein
domains, which probably contribute to its diverse biological
properties, such as promoting growth in both pure and mixed
megakaryocyte colonies, cytoprotection, matrix binding,
dimerization, and inhibition of adhesion (1, 15, 16). The largest
central mucin-like domain consists of 59 imperfectly repeated
sequences of EPATTPK. This domain is flanked by a C-termi-
nal hemopexin domain and two somatomedin B-like domains
at the N terminus. In addition, a single putative glycosamino-
glycan attachment site (D**°EAGSG?**°) and heparin binding
site (K'**RSPKPPNKKKTKKV'*®) have been reported within
the human lubricin primary sequence (1, 4, 11, 17).

Lubricin is responsible for the boundary lubrication of artic-
ular cartilage (18, 19). The O-glycans of lubricin have been
assigned this function because removal of the ultimate and
penultimate sugars (NeuAc and Gal residues) resulted in a loss
of boundary lubricating ability (6). Recent studies indicate that
lubricin also plays an important role in controlling adhesion-

3The abbreviations used are: SF, synovial fluid; CS, chondroitin sulfate;
DAS28, disease activity score using 28 joint counts to assess the severity of
RA; Fuc, fucose; OA, osteoarthritis; PMN, human polymorphonuclear gran-
ulocyte(s); RA, rheumatoid arthritis; RF, rheumatoid factor; SDS-AgPAGE,
SDS-agarose polyacrylamide composite gel electrophoresis; sLe*, sialyl
Lewis x.
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dependent synovial growth (20), preventing protein deposition
onto cartilage from synovial fluid and inhibiting the adhesion of
synovial cells to the cartilage surface (1, 3, 12). Loss-of-function
mutations in the PRG4 gene causes the camptodactyly-arthrop-
athy-coxa vara-pericarditis syndrome in humans, a syndrome
of precocious joint failure associated with non-inflammatory
synovial hyperplasia and subintimal fibrosis of the joint capsule
(3). Lubricin is found heterogeneously expressed in the syno-
vium of rheumatoid arthritis (RA) and osteoarthritis (OA),
implyinga role in the pathogenesis of these diseases (21, 22). RA
patients varied with respect to lubricin expression, where the
patients with low levels of lubricin had more aggressive joint
disease (22). A relationship between the pathogenesis of OA
and down-regulation of lubricin has been suggested in several
animal models (23-26). Furthermore, treatment of rat joints
with injections of recombinant lubricin has indicated its pro-
tective effects on chondrocytes, suggesting the benefits of lubri-
cating molecules as a possible therapy for OA (1, 16).

One of the hallmarks of RA is the infiltration of inflammatory
cells, such as T cells, B cells, and macrophages, in the synovial
tissue (27). The recruitment of leukocytes toward inflammatory
foci is preceded by a highly coordinated sequence of interac-
tions between leukocytes and endothelial cells, a process
termed the adhesion cascade (28, 29). Polymorphonuclear
granulocytes (PMN) or neutrophils are one of the first immune
cells to be recruited at inflammatory foci. PMN, like other leu-
kocytes, use L-selectin to roll along the endothelium in the ini-
tial phase of the adhesion cascade. In RA, PMN are rarely found
in the synovial tissue. Instead, they accumulate in the synovial
cavity (30). In particular, PMN have been reported at the pan-
nus/cartilage border, where the joint destruction takes place,
suggesting that these cells play an important role in the RA
pathogenesis (31-33).

In our previous study, the O-glycans of lubricin were inves-
tigated (34). Approximately 30-35% of the total molecular
mass of lubricin counts for O-glycosylation. Among them, core
1 O-linked oligosaccharides (GalB1-3GalNAcal-) and sia-
lylated core 1 (Neua2-3GalBl-3GalNAcal- and Neua2-
3GalB1-3(NeuAca2-6)GalNAcal-) were the predominant
structures on lubricin. In addition, core 2 structures, such as
NeuAca2-3GalB1-3(NeuAca2-3GalB1-3/4GIcNAcB1-6)-
GalNAcal-, were also found in a low amount together with a
small proportion of sulfated core 2 oligosaccharides. The pres-
ence of sulfated glycans indicates a potential L-selectin binding
ability, especially if the sulfate is linked to the 6-positon of
GlcNAc on either extended core 1- or core 2-branched O-gly-
cans (34). The optimal recognition by the C-type lectin domain
of L-selectin requires sialylation, fucosylation, and sulfation
(e.g. 6-sulfo sialyl Lewis x (6-sulfo sLe*, NeuAca2-3GalB1-
4(Fucal-3)(6S)GIcNAcB1-)) of N- or O-linked glycans (35-
38).

In this study, the linkage position of sulfation and potential
fucosylation of lubricin were addressed. The ability of L-selec-
tin and human PMN from peripheral blood and SF to bind
lubricin were also investigated in order to discover a potential
role of lubricin in inflammation.
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L-selectin Ligand Activity of Lubricin

EXPERIMENTAL PROCEDURES

Human Synovial Tissue and Cells—Synovial fluid samples
from 10 RA patients (six rheumatoid factor (RF)-positive and
four RF-negative) were collected during aseptic aspiration of
knee joints at the Rheumatology Clinic, Sahlgrenska University
Hospital (Gothenburg, Sweden). The RF-positive RA patients
(age 58.8 = 16.6; DAS28 3.7 * 0.8) were treated with metho-
trexate (5), biologicals (3), or corticosteroids (3); the RF-nega-
tive patients (age 67.5 = 8.3; DAS28 3.7 £ 1.3) were treated with
methotrexate (4). In addition, synovial tissue specimens were
obtained from RA patients during joint replacement surgery at
the Orthopedic Clinic, Sahlgrenska University Hospital. All
patients gave informed consent, and the procedure was
approved by the Ethics Committee of Gothenburg University.
AllRA patients fulfilled the American College of Rheumatology
1987 revised criteria for RA (39). One synovial fluid sample
from a psoriatic arthritis patient was obtained from Royal
Prince Alfred Hospital (Sydney, Australia) with the patient’s
written consent.

Enrichments of Native and Recombinant Lubricin—Col-
lected synovial fluid were clarified by centrifugation at 10,000 X
g for 10 min and stored at —80 °C before use. The acidic pro-
teins were purified as described previously (34). Lubricin-con-
taining fractions were precipitated with 80% ethanol for 16 h at
—20°C. The precipitate was collected by centrifugation at
12,100 X g for 20 min and resuspended in phosphate-buffered
saline (PBS) at pH 7.4 after air drying. Protein concentration
was determined by BCA protein assay kit (Thermo Scientific,
San Jose, CA) using bovine serum albumin (BSA) as a standard.

Stable CHO cells expressing full-length lubricin (accession
number NM_005807) in pcDNA3.1 vector was generated by
zeocin selection (40, 41). Serum-free medium, which contained
recombinant lubricin, was enriched as native lubricin.

Oligosaccharide Characterization—Purified lubricin was
reduced with 10 mm dithiothreitol (DTT) at 95 °C for 20 min
and alkylated with 25 mm iodoacetamide for 1 h at room tem-
perature in the dark before applying to a 3— 8% Tris acetate gel
(NuPAGE, Invitrogen). The gels were then transferred onto
PVDF membrane (Immobilon P membranes, Millipore, Bil-
lerica, MA) using a semidry method as described previously
(42).

O-Linked oligosaccharides were released by reductive
B-elimination from the Direct Blue 71-stained PVDF mem-
brane corresponding to the area where lubricin was detected. In
brief, membrane strips were incubated with 50 ul of 1.0 M
NaBH, in 100 mm NaOH for 16 h at 50 °C. Reactions were
quenched with 1 ul of glacial acetic acid, and samples were
desalted and dried for capillary graphitized carbon LC-MS and
LC-MS/MS in negative ion mode using an LTQ XL ion trap
mass spectrometer (Thermo Scientific) (42). Oligosaccharides
were identified from their MS/MS spectra using UniCarb-DB
database (2011 version) (43) and validated manually. The anno-
tated structures on lubricin are available on the UniCarb-DB
database (available on the World Wide Web).

The Mann-Whitney U test was used for comparing two
groups (RF-positive and RF-negative) for the degree of O-gly-
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cosylation. A p value of 0.05 was considered to indicate statis-
tical significance.

Western Blotting, Inhibition ELISA, and Co-immunoprecipi-
tation—Samples were separated by electrophoresis either with
3—8% Tris acetate gel or with gradient SDS-agarose polyacryl-
amide composite gel (SDS-AgPAGE). Proteins blotted onto
PVDF membranes were blocked with TBS-T buffer (Tris-buff-
ered saline, pH 7.4, with 0.01% Tween 20) containing 1% BSA.
After washing, membranes were incubated for 1 h at room tem-
perature with mouse anti-lubricin antibody (mAb 13 and mAb
378, Pfizer Research, Cambridge, MA), mouse anti-sialyl Lewis
x (CD15s or mAb CSLEX1, BD Biosciences), mouse anti-chon-
droitin sulfate (mAb CS56, Sigma-Aldrich), or recombinant
human L-selectin/Fc (human IgG1) chimera (R&D Systems,
Minneapolis, MN) and subsequently incubated for 1 h at room
temperature with horseradish peroxidase (HRP)-conju-
gated rabbit anti-mouse immunoglobulins (DakoCytomation,
Glostrup, Denmark) and goat anti-human IgG (Fc-specific, Sig-
ma-Aldrich), respectively. After washing, immobilized anti-
bodies were visualized by SuperSignal West Femto maximum
sensitivity substrate (Thermo Scientific).

To desialylate O-glycans, the reduced and alkylated samples
were incubated with 5 milliunits of sialidase A (Prozyme Inc.,
Oxford, UK) at 37 °C for 16 h. The reaction was stopped by
heating at 95 °C for 10 min in SDS-loading buffer. To charac-
terize bound lubricin, human PMN were freshly isolated from
heparinized peripheral blood from healthy volunteers as
described previously (44). Cell pellet was heated at 95 °C for 10
min in the presence of SDS-loading buffer. The resultant sam-
ples were subjected to electrophoresis directly.

To investigate the potential association of synovial lubricin
with proteoglycan, synovial fluid was treated with either chon-
droitinase ABC from Proteus vulgaris (Seikagaku Corp., Tokyo,
Japan) in 0.1 Mm NH,Ac (pH 8.0) or hyaluronidase from Strepto-
myces hyalurolyticus (Sigma-Aldrich) in 0.1 M NH,Ac (pH 5.9)
at 37 °C overnight. The resultant samples were separated by
3—8% Tris acetate gel after reduction and alkylation. Bovine
articular cartilage aggrecan was used as a positive control
(Sigma-Aldrich).

Inhibition ELISA was carried out by coating 96-well micro-
titer plates (Nunc, Roskilde, Denmark) with 2 ug/ml recombi-
nant L-selectin in 0.1 M sodium carbonate buffer, pH 9.5. After
washing and blocking with 1% BSA in TBS-T buffer, synovial
lubricin with or without inhibitors were added and incubated at
37 °Cfor 1 h. Bound lubricin was detected by mAb 13 and HRP-
conjugated rabbit anti-mouse immunoglobulins. Color was
developed by using tetramethyl benzidine buffer (Sigma-
Aldrich) as substrate for 10 min and measured at 450-nm wave-
length. 100 ug/ml bovine fetuin (Sigma-Aldrich), 100 wg/ml
porcine gastric mucins (Sigma-Aldrich), and 50 ug/ml 6-sulfo
Le* (Dextra, Reading, UK) were used as inhibitors.

For immunoprecipitation, purified lubricin was reduced
with 10 mm DTT at 56 °C for 45 min. The DTT and other
impurities were removed by a spin filter with a 300-kDa cut-off
(Millipore). The retained sample was then incubated with
recombinant human L-selectin/Fc chimera at room tempera-
ture for 1 h in the presence of 1 mm CaCl,. Then Dynabeads®
Protein G (Invitrogen) were transferred to the mixture and
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incubated at room temperature for another 2 h. After washing,
the beads were heated at 70 °C for 20 min in the presence of
SDS-loading buffer containing 10 mm DTT and 5% SDS.

Immunofluorescence and Confocal Microscopy—Human
synovial tissue specimens from five RA patients were processed
for immunohistochemical staining as described previously (45).
In brief, paraformaldehyde-fixed paraffin-embedded 4-um sec-
tions of human synovial tissue were deparaffinized and rehy-
drated and subjected to an antigen retrieval procedure. Non-
specific binding was blocked using a serum-free protein block
(DakoCytomation). After blocking, rabbit anti-lubricin (PA3-
118) antibodies or normal rabbit serum (DakoCytomation) in
TBS containing 1% BSA were used in sequential staining with
Alexa Fluor 555-conjugated goat anti-rabbit IgG (Invitrogen),
respectively.

Peripheral PMN were isolated as described from buffy coats
from healthy volunteers (46). After dextran sedimentation at
1 X g and hypotonic lysis of the remaining erythrocytes, the
PMN obtained by centrifugation in a Ficoll-Paque gradient
were washed twice in Krebs-Ringer phosphate buffer. The cells
were resuspended in Krebs-Ringer phosphate buffer and stored
on ice as resting cells (1 X 107/ml).

For confocal immunofluorescence microscopy analysis,
peripheral resting PMN were stained with an allophycocyanin-
labeled anti-L-selectin antibody (clone DREG56, BioLegend,
San Diego, CA) and rabbit anti-lubricin diluted in blocking
buffer for 90 min on ice. After washing, cells were stained with
a secondary fluorescein isothiocyanate (FITC)-labeled swine
anti-rabbit antibody (DakoCytomation) for 80 min on ice. Fol-
lowing a final wash, cells were air-dried on microscopic slides
overnight protected from light.

For studies on synovial PMN, SF samples from three RA
patients were collected and passed through a 40-um nylon cell
strainer (BD Biosciences). The cell suspensions were washed in
PBS and subjected to centrifugation at 1500 rpm for 10 min at
room temperature.

The pelleted synovial cells were resuspended in PBS, spread
onto glass slides, and fixed in 70% ethanol for 10 min. The fixed
cells were subjected to the same double immunofluorescence
protocol as the synovial tissue specimen mentioned above,
staining for lubricin.

The stained cell and tissue specimens were washed and
mounted in Prolong Gold antifade reagent with 4’,6-di-
amidino-2-phenylindole (DAPI) nuclear stain (Invitrogen).
Normal mouse IgG and normal rabbit serum were used as neg-
ative controls to set the background fluorescence levels. Images
were collected using a confocal microscope (Zeiss LSM700,
Oberkochen, Germany) and analyzed using Zen image analysis
software 2009 (Zeiss).

Flow Cytometric Analysis—Resting PMN were incubated in
Krebs-Ringer phosphate buffer alone or in the presence of 10
ng/ml human recombinant TNF-« (Sigma-Aldrich) at 37 °C for
20 min. After washing, cells were incubated with different anti-
bodies for 1 h on ice. For L-selectin detection, phycoerythrin-
labeled anti-L-selectin antibody (CD62L, BD Biosciences) was
used. After washing, bound lubricin was detected by the rabbit
anti-lubricin antibody followed by a FITC-labeled swine anti-
rabbit antibody (DakoCytomation). Samples were washed and
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FIGURE 1. Lubricin binds to recombinant human L-selectin/Fc chimera. A, RA lubricin samples (RAT and RA2) were separated by SDS-AgPAGE under
non-reducing conditions. Recombinant L-selectin/Fc chimera bound to lubricin, whereas sialidase A treatment abolished this interaction (RA7). SF lubricin and
L-selectin/Fc chimera were detected by mAb 13 and goat anti-human IgG (Fc-specific) antibodies, respectively. Recombinant lubricin (Re lub) was also analyzed
in the same way. No L-selectin was found bound to recombinant lubricin in comparison with native lubricin (RA3). B,immunoprecipitation was verified by silver
stain and lubricin-specific antibody (mAb 13). In breakthrough, no L-selectin/Fc chimera was detectable by silver stain. In elutant, eluted L-selectin/Fc chimera
could be detected by silver stain, whereas lubricin was detectable by immunoblot (WB). The arrow indicates synovial lubricin, and the arrowhead indicates
L-selectin/Fc chimera. C, inhibition ELISA with synovial lubricin and L-selectin. 96-well microtiter plates were coated with L-selectin. Synovial lubricin with or
without inhibitors (fetuin, porcine gastric mucins (PGM), or 6-sulfo Le (sulfo Lew x)) is shown. Bound lubricin was detected by mAb 13. Treatment with 1% BSA

instead of lubricin was used as negative control (Ng).

analyzed by a flow cytometer (Accuri C6, BD Biosciences).
When indicated, purified SF lubricin (50 ng/ml) was added to
cells on ice for 90 min prior to washing and the addition of
antibodies.

Lubricin LC-MS Identification—Coomassie-stained bands
were destained, carbamidomethylated, digested with trypsin,
and extracted from gel pieces as described previously (34). The
resultant peptides were subjected to nano-LC-electrospray ion-
ization MS/MS analysis with an LTQ Orbitrap XL mass spec-
trometer (Thermo Scientific). Peptide MS/MS spectra were
searched against UniProt and the NCBI human protein data-
base by using Mascot software (version 2.2.04, Matrix Science
Inc.). Only peptides with a mass deviation lower than 10 ppm
were accepted, and two peptides with manual inspection were
used for protein identification.

RESULTS

Lewis x and Sulfated O-Glycans Enable Synovial Lubricin to
Bind L-selectin—The presence of sulfated O-glycans of synovial
lubricin makes it a potential ligand for selectin binding (34). We
were therefore interested to see if human SF lubricin can bind
to L-selectin.

Synovial lubricin was purified from RA patients (n = 10). As
shown in Fig. 14, using lubricin-specific antibody (mAb 13), SF
lubricin was detected as two bands both with an apparent
molecular mass of >200 kDa when separated on SDS-agarose
polyacrylamide composite gel under non-reducing conditions.
Both bands were identified as lubricin by LC-MS after tryptic
digestion (see below). The upper band is supposedly a dimer of
SF lubricin, similar to that reported for bovine SF lubricin (47).

The separated SF lubricin was probed with recombinant
human L-selectin/IgG chimera. As shown in Fig. 14, RA SF
lubricin from different patients was consistently shown to bind
recombinant L-selectin. No binding was detected when SF
lubricin was incubated with secondary antibody alone (goat
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anti-human IgG, Fc-specific; data not shown). Because interac-
tion with L-selectin is sialylation-dependent, as expected,
desiaylation of lubricin by sialidase A diminished the interac-
tion (Fig. 1A, Sialidase A). Sulfation is also required for high
affinity L-selectin binding. When recombinant lubricin,
expressed in CHO cells that do sialylate glycan but lack sulfa-
tion due to an inability to make core 2 structures, was incubated
with L-selectin (Fig. 14), no binding was detected, indicating
that sulfation on O-glycan of lubricin was necessary for L-selec-
tin binding. Although the presence of both sialylated and sul-
fated O-glycans on lubricin has been reported in our previous
study (34), high affinity L-selectin ligand, 6-sulfo sLe*, was not
detected on lubricin. Because our result indicated L-selectin
binding despite the lack of this epitope, the level of L-selectin
affinity was investigated further. Thus, an inhibition ELISA was
performed (Fig. 1C). The results indicated that the binding of
lubricin to L-selectin was inhibited by 6-sulfo Le* (90%),
whereas bovine feutin (mainly sialylated glycans) and porcine
gastric mucin (sulfated non-sialylated glycans) could only
inhibit slightly (10%). These data indicate that lubricin is a mod-
erate binder to L- selectin, between the level of a nonspecific
sialylated and sulfated glycoprotein but not as good as previ-
ously reported high affinity ligand (48, 49).

L-selectin/IgG was also shown to capture lubricin in immu-
noprecipitation experiments. Silver staining of eluted sample
revealed a band around 114 kDa representative of eluted L-se-
lectin/IgG (Fig. 1B, Silver stain), and Western blot with mAb 13
revealed that lubricin was selectively enriched from SF (Fig. 1B,
WB).

Presence of Lubricin in Serum and Binding to Peripheral
PMN—In order to study the potential binding of lubricin to
native L-selectin on leukocytes, we first investigated the pres-
ence of lubricin on freshly prepared PMN from peripheral
blood. Using confocal microscopy, we found that lubricin
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FIGURE 2. Lubricin binds to peripheral PMN and partially co-localizes with L-selectin. A, confocal immunofluorescence analysis of L-selectin and lubricin
on the surface of resting PMN from peripheral blood of healthy donors. Lubricin (green) on the cell surface of PMN partially co-localizes (yellow) with L-selectin
(red). Nuclei were stained with DAPI (blue). B, presence of serum lubricin in lysates of peripheral PMN. Isolated peripheral PMN were lysed and separated
on SDS-agarose polyacrylamide composite gel using purified SF lubricin as a positive control. C, both serum and synovial lubricin have similar size and protein
level. 4 ul of serum from a healthy donor (C7 and C2) and RA patients (RAT and RA2) were separated on SDS-AgPAGE. D, serum lubricin (Serum) from one RA
patient before (C; 1 ul) and after purification (P) was separated by SDS-AgPAGE. For comparison, the same patient’s SF lubricin (SF) before (C; 0.5 wl) and after
purification (P) was used as a control.
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FIGURE 3. L-selectin-tethered lubricin is shed off upon activation. The levels of L-selectin and lubricin on peripheral PMN from healthy controls were
monitored by flow cytometry. A, level of L-selectin on PMN before (blue line) and after (red line) stimulation with TNF. B, level of lubricin on PMN before (blue line)
and after (red line) stimulation with TNF. C, the association between resting PMN and lubricin in the absence (blue line) and presence (red line) of exogenous

lubricin purified from SF. Neg. Ctrl., negative control.

coated the surface of circulating PMN (Fig. 24, green). That
lubricin associates with peripheral PMN in healthy subjects was
further shown by immunoblotting of cell lysates (Fig. 2, B and
C) and flow cytometry (Fig. 3) of isolated PMN samples.

The presence of lubricin in circulation was confirmed by
Western blotting of serum from both healthy and RA patients
(Fig. 2C). The result indicated that lubricin has a similar size
and protein level in both RA and healthy sera. In addition, there
was no apparent difference between synovial fluid and serum
lubricin in size. As shown in Fig. 2D, the higher loading of lubri-
cin in SF and serum manifests as increased polydispersity,
whereas after purification and a lower amount of lubricin
loaded, both SF lubricin and serum lubricin display similar
apparent molecular mass. This indicated that lubricin from
these two compartments displayed similar size. Preliminary
data also indicated similar glycosylation on both proteins (data
not shown).

We hypothesized that lubricin association with PMN is
mediated by binding to L-selectin on the surface of these cells.
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Because L-selectin is cleaved off from activated PMN (44), we
expected to find decreased lubricin levels on the surface-acti-
vated cells. We found that both the surface expression of L-se-
lectin and the coating of lubricin were dramatically decreased
after TNF activation, indicating that release of L-selectin and
lubricin was mediated by the TNF signaling pathway (Fig. 3, A
and B). Because lubricin is able to bind to L-selectin, it is possi-
ble that some lubricin binds to PMN via L-selectin, whereas
other lubricin binds through unknown receptors. Confocal
microscopy of resting peripheral PMN displayed partial
colocalization (Fig. 2A, yellow) of these molecules, which
strengthens the notion that lubricin binding to the surface of
peripheral PMN is at least in part mediated via L-selectin.
The addition of exogenous lubricin, purified from SF, to rest-
ing peripheral PMN resulted in a minor increase of lubricin
binding (Fig. 3C).

These data demonstrate that lubricin is present not only in
joints but also in serum and that circulating PMN are coated
with lubricin under physiological conditions. Some, but not all,
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FIGURE 4. The presence of synovial lubricin in the synovial lining layer and on the surface of synovial PMN. Immunofluorescence analysis was carried out
on synovial tissue specimens (A) and isolated synovial PMN (B) from RA patients. A, in the RA synovium, a large number of leukocytes (arrowheads) were present
in germinal center-like structures in the sublining. Lubricin was only found within synoviocytes of the synovial lining layer (arrows). B, synovial PMN were
isolated by centrifugation and washed with PBS. Lubricin was found on the surface of most PMN (arrows). C, representative flow cytometry plot of synovial cells
stained with anti-lubricin antibody. The isolated cells were recognized as PMN (70%; 4), monocytes (5%; 3), lymphocytes (7%; 2), and nonspecific cells (7) by

forward-side scatter. A majority of the PMN were coated with lubricin (green).

of this lubricin is removed from the cell surface concomitant
with L-selectin shedding during cellular activation, strongly
indicating that lubricin association with resting PMN is medi-
ated by both L-selectin and by unknown receptors.

As mentioned above, in flares of RA, large numbers of neu-
trophils accumulate in the SF. Therefore, we next addressed
whether lubricin could be associated with synovial PMN as
well.

Synovial leukocytes were freshly isolated from SF of RA
patients, and the PMN were identified on basis of their partic-
ular multilobulated nuclei. Most synovial PMN were coated
with lubricin (Fig. 4, B (arrow) and C) in a similar manner as
PMN from peripheral blood. Confocal immunofluorescence
using RA synovial tissue specimens revealed positive cytoplas-
mic staining of lubricin in cells of the synovial lining (Fig. 4A).
No continuous staining of the apical surface of the lining layer
was found in these specimens. These findings suggest that
adherence of lubricin to synovial PMN is specific and not just a
casual coating of cells and tissues in the synovial cavity. In the
synovium, only synovial fibroblasts were found to be lubricin-
positive (Fig. 4A, arrows). Lubricin is absent on lymphocytes in
synovium (Fig. 4A, arrowhead) and monocytes or lymphocytes
in synovial fluid (Fig. 4B, arrowhead). Flow cytometric analysis
of a synovial fluid sample isolated from an RA patient showed
that all PMN were lubricin-positive, and the lubricin negative
cells were identified as monocytes or lymphocytes (Fig. 4C).
Taken together, both peripheral and synovial PMN are covered
by lubricin, some of which co-localize with L-selectin.

O-Linked Oligosaccharides of Synovial Lubricin Are Likely to
Be Responsible for L-selectin Binding—Because binding to L-se-
lectin requires 6-sulfo sLe* and lubricin is able to bind to L-se-
lectin, O-glycans of lubricin should contain 6-sulfo sLe*, as
expected. However, in our previous study, no fucosylated
O-glycans or 6-sulfo sLe*-containing O-glycans were found on
synovial lubricin. Furthermore, the linkage and position of sul-
fate groups were not determined. The sulfate could link to C3 or
C6 of Gal or C6 of GlcNAc residue resulting in 3'-sulfo,
6'-sulfo, and 6-sulfo O-glycan, respectively (34).

To characterize the position and linkage of sulfate groups as
well as other modifications, such as fucosylation, O-linked oli-
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gosaccharide of synovial lubricin isolated from RA patients was
released by reductive B-elimination as described previously
(34); the entire oligosaccharide mixture was analyzed by porous
graphitized carbon LC-electrospray ionization MS/MS.

Core 1 type O-glycans were the predominant O-glycan struc-
tures (81.6%) on synovial lubricin from RA patients (n = 10).
About 73% of core 1 and 50% of core 2 O-glycans were mono-
sialylated. There were more monosialylated structures (68.5%)
than disialylated structures (16.1%) (Fig. 6B). In comparison
with RF-negative RA patients (n = 4), RE-positive patients (n =
6) have higher core 2 (21.3 = 6.2% versus 14.2 + 6.2%) and lower
core 1 (78.7 = 6.2% versus 85.8 = 6.2%). However, the differ-
ence was not significant. RE-positive RA patients have signifi-
cantly higher sulfated O-glycans than RF-negative ones (3.2 =
1.2 versus 1.6 * 1.6%, p = 0.038, Mann-Whitney test).

In the mass spectrum analysis, oligosaccharides correspond-
ing to sialylated and sulfated core 2 structures were detected
(Fig. 5). The biosynthetic precursor of the non-sulfated core 2
structure with the composition Hex,HexNAc, ([M — H] ~ ions
of m/z 749) was identified as a single isomer (Fig. 54) by LC-
MS/MS. The presence of the *A;,, fragment ion (m/z 424) was
consistent with an N-acetyllactosamine elongation on the C-6
of the GalNAcol. The A, and ®*A,-H,O fragment ions
(m/z 281 and 263) indicated Hex; HexNAc, contained in a type
2 (GalB1-4GIcNAcB1-) glycan (Fig. 54, inset) (50). Thus, this
structure was annotated as the core 2 O-glycans, Galpl-
4GIcNAcB1-6(GalB1-3)GalNAcal- (50). Sulfated structures
were also detected and sequenced after desialylation. To deter-
mine the position and linkage of the sulfated core 2 O-glycan,
the [M — H] ™ ions of m/z 829 were chosen for fragmentation.
The presence of ions at m/z 282, 444, and 667 in MS/MS spec-
trum (Fig. 5B) indicated that the sulfate group was linked to
GlcNAc and not to the Gal residue. The MS? spectrum showed
fragmentions at m/z 97 (HSO,) and 139 (“*Aginac
OCHCH,SO, ), which further confirmed the presence of sul-
fate (m/z 97) and sulfate residue linked to C-6 of GIcNAc but
not to C-3 of GIcNAc (Fig. 5B, inset) (51). Therefore, ions at m/z
829 were assigned as 6-sulfo core 2 type O-glycans. Sialylated
sulfated core 2 O-glycans, such as [M — H] ™ ions with m/z 1120
and 1411, were assigned as mono- and disialylated 6-sulfo core
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FIGURE 5. Sialylated and sulfated core 2 O-glycans on SF lubricin determin

ed by LC-MS in the negative ion mode. A, MS/MS spectrum of a desialylated

core 2 oligosaccharide with a [M — H] ™ ion of m/z 749. The inset shows the expanded region of linkage-specific ®?A ions for type 2 (GalB1-4GIcNAc) linkage.
B, MS/MS spectrum of a desialylated sulfated core 2 oligosaccharide with an [M — H]~ ion of m/z829. The inset shows the MS? spectrum of the fragment ion at
m/z 282, which is consistent with GIcNAc6S; C, MS/MS spectrum of sialylated and sulfated core 2 O-glycan with an [M — 2H]?>~ ion of m/z 706. D, MS/MS
spectrum of an sLe*-containing core 2 O-glycan with an [M — 2H]?~ ion of m/z 738. Proposed structures and fragments are featured as insets in each spectrum.
The nomenclature of fragments is based on the rules introduced by Domon and Costello (68).

2 O-glycans, respectively, based on the sequence obtained after
desialylation (Fig. 5C). On synovial lubricin isolated from RA
patients, the sulfated O-glycans accounted for about 14.6% of
core 2 type and 2.6% of the total O-glycans based on mass spec-
trometric intensities (Fig. 6B).
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A low intense parent ion of a disialylated, fucosylated O-gly-
can ([M — 2H]*” ion of m/z 738, NeuAc,Hex,HexNAc,-
deHex,) indicated a potential sLe* epitope on synovial lubricin
(Fig. 5D). The MS/MS spectrum of the parent ion of m/z 738
showed that it was a core 2 type O-glycan. This structure was
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FIGURE 6. Synovial lubricin contains sLe* epitope but no detectable chondroitin sulfate. A, SF lubricin has the sLe* epitope. Lubrin was separated by 3-8%
NuPAGE and probed with antibodies specific to lubricin (mAb 13 and mAb 378), chondroitin sulfate (mAb CS56), and sLe* epitope (CSLEX1), respectively. A
significant amount of sLe* epitope could be detected by CSLEX-1. SF lubricin was negative to chondroitin sulfate-specific antibody (mAb CS56), although
positive control bovine aggrecan showed very strong binding. However, when SF lubricin was treated with hyaluronidase (HA) and chondroitinase ABC (C'ase
ABQ), the size of lubricin was slightly reduced, as indicated by the lubricin-specific antibody (mAb 378). The arrow indicates synovial lubricin localization.
B, distribution of O-linked glycans on SF lubricin (n = 10 RA patients, including four RF-negative and six RF-positive). Core 1 O-glycans include neutral and
mono-/disialylated core 1 O-glycans (m/z 384, 675, and 966, respectively). Neutral O-glycans include one core 1 O-glycan (m/z 384) and two core 2 type
O-glycans ions at m/z 587 and 749. Monosialylated O-glycans contain ions at m/z 675, 878, 1040, and 1120, whereas disialylated structures include ions at m/z
966, 1331, 1411, and 1477.Sulfated O-glycans consist of ions at m/z667,829, 1120, and 1411. Fucosylated O-glycan only represents ion at m/z 1477.The number

represents the percentage relative to total ion density. Error bars, S.D.

only detectable in some samples (1 = 7 of 10). Due to the low
abundance of this glycan (0.7% of core 2 type and less than 0.1%
of total O-glycans), limited structural information was obtained
by MS/MS. When using CSLEX-1 mAb (mouse anti-sLe™
monoclonal antibody) probed with synovial lubricin, positive
staining was observed (Fig. 64). It demonstrated the presence
of the sLe* epitope and low abundance of this epitope. Further
modification of this structure, such as sulfation, which leads to
6-sulfo sLe*, was not detectable by LC-MS. The central mucin-
like domain of human synovial lubricin consists of 59 imper-
fectly tandem repeat units (EPATTPK) with dense O-linked
oligosaccharides attached to serine or threonine residues.
Based on mass spectrometric intensities, even with the most
optimistic estimation of the glycosylation with two glycosyla-
tion sites per tandem repeat, the amount of sLe™ will be less than
one epitope per lubricin molecule.

There were also two potential N-glycosylation sites (Asn°°
and Asn'**®) on lubricin. The second N-glycosylation site has
been identified recently from human blood plasma lubricin
(52). In this study, non-glycosylated peptide (N''*?GTLVAFR,
[M + 2H]*" ion of m/z 439.7403) was detected in synovial
lubricin (Table 1), indicating that the second N-glycosylation
site on synovial lubricin was not fully occupied, if occupied at
all. The peptide containing the first N-glycosylation site was not
detected. The sequence of lubricin and the proteomic data indi-
cated that N-glycosylation was low and cannot provide the high
avidity required for L-selectin binding (53, 54).

In addition, we failed to identify chondroitin sulfate (CS) on
lubricin using the CS-specific mAb CS-56, which readily
detected CS in bovine aggrecan (Fig. 64, mAb CS56), which was
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confirmed by LC-MS after chondroitinase ABC treatment
using bovine aggrecan as a control (data not shown). However,
we found that the apparent polydispersity of lubricin was lower
after chondroitinase ABC treatment of synovial fluid (Fig. 64).
A similar result was obtained when synovial lubricin was
treated with hyaluronidase (Fig. 64, HA) indicating that
residual hyaluronidase activity of chondroitinase ABC and
synovial hyaluronic acid influence the migration of lubricin
in SDS-AgPAGE.

Taken together, all of these data indicate that sLe* epitopes
and CS side chains are not the prime ligand for L-selectin bind-
ing of lubricin but rather the cluster of sialylated and sulfated
oligosaccharides on the tandem repeat of lubricin, which all
together provide a patch for L-selectin binding.

Proteomic Analysis of Human Synovial Lubricin—To identify
SF lubricin, the bands corresponding to lubricin were excised,
trypsinized, and subjected to proteomic analysis. The LC-MS
identified 74.9% peptides of the non-mucin domain (residues
1-199 and 1141-1404) (Table 1). We also observed the non-
glycosylated mucin repeat unit tryptic peptide, EPAPTTPK
(m/z 417.7132%") from the mucin domain (residues 200—
1140), indicating that not all potential O-glycosylation sites
were occupied. This shows that the amount of glycan epitope
sLe is even less on lubricin compared with if all threonines are
occupied in the mucin domain.

There are five splice variants that have been reported on
lubricin (4, 7). Isoform A consists of exons 1-12 (Swiss-Prot
number Q92954-1); isoform B (Q92954-2) lacks exon 2; iso-
form C (Q92954-3) lacks exons 4 and 5; isoform D (Q92954-4)
lacks exons 2, 4, and 5; and isoform F (Q92954-6), also known as
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TABLE 1
Proteomic analysis of enriched synovial lubricin

Reduced and alkylated sample was separated by 3— 8% Tris acetate NuPAGE. Protein bands were visualized by Coomassie Blue (Fig. 64, CB). Gel pieces were subjected to
LC-MS/MS analysis after trypsin digestion. Peptides from exons 2—-12 were detected. Exon 1 is supposed to be the signal peptide. In addition to the canonical repeat unit
(EPAPTTPK, 33 repeats), two additional non-canonical repeats (KPAPTTPK, four repeats; ETAPTTPK, three repeats) were also observed without O-glycosylation.

Lubricin peptide sequence Amino acid positions Exon(s)
CGEGYSR 34-40 2
VCTAELSCK 63-71 2-3
CFESFER 74-80 3
(K)APPPSGASQTIK 118-130 4
NSAANRELQK 187-196 5
ETSLTVNK 273-280 6
ETTVETK 281-287 6
ETQSIEK 309-315 6
EPAPTTPK 403-410, 434—441, 450-457, 473-480, 497-504, 559566, 567574, 6

583-590, 607-614, 679-686, 687694, 695-702, 719-726,

764-771,772-779, 788-795, 833-840
KPAPTTPK 442-449, 489-496, 575-582, 599-606 6
ETAPTTPK 615-622, 703-710, 825-832 6
KPTSTKKPK 1030-1038 6
VPNQGIINPMLSDETNICNGKPVDGLTTLR 1128-1158 6-7
NGTLVAFR 1159-1166 7
GHYFWMLSPFSPPSPAR 1167-1201 7-8
DSQYWR 1213-1218 9
(FTNDIK)DAGYPKPIFK 1219-1234 9
GFGGLTGQIVAALSTAK 1235-1251 9
NWPESVYFFK 1254-1263 9
(R)GGSIQQYIYK 1264-1274 10
RPALNYPVYGETTQVR 1285-1300 10
IQYSPAR 1318-1324 10
GVLHNEVK 1331-1338 11
KPDGYDYYAFSK 1361-1372 11
DQYYNIDVPSR 1373-1383 12
VWYNCP 1399-1404 12

hemangiopoietin, lacks exon 5. Our proteomic results identi-
fied peptides derived from all exons except exon 1 (Table 1).
These data suggest that if only a single isoform is present in
synovial fluid, it is isoform A, but it is more likely that we are
detecting a mixture of several isoforms.

DISCUSSION

Because the expression level of lubricin in SF has been asso-
ciated with disease stage of arthritis, lubricin may serve as a
potential arthritic biomarker like glycosaminoglycans and car-
tilage proteins (e.g. aggrecan, heparin sulfate, and cartilage oli-
gomeric matrix protein) (55, 56). Lubricin is a mucin-like gly-
coprotein. The diverse O-glycan structures and multiple
protein domains of lubricin endow properties not only for
boundary lubrication but also for other biological functions,
including protection of chondrocytes.

In this study, lubricin was found to be able to bind to L-se-
lectin (Figs. 1-3), suggesting that lubricin is a novel L-selectin
ligand. There are three groups of L-selectin ligands: the ortho-
dox ligands with 6-sulfo sLe* structure on sialomucins and gly-
coproteins (i.e. GlyCAM-1 (glycosylation cell adhesion mole-
cule-1), CD34, podocalyxin, and MAdCAM-1 (mucosal
vascular addressin)); ligands with clusters of sLe* and Tyr-SO,
like PSGL-1 (P-selectin-glycoprotein ligand-1) and endoglycan;
and proteoglycans with predominantly heparan or chondroitin
sulfate modifications (57-59). However, lubricin is different
from those identified L-selectin ligands. We did not find
extended core 1 O-glycan structures. Only alow amount of sLe*
could be found on core 2 O-glycan (Figs. 5D and 6A). However,
the 6-sulfo sLe* epitope was absent on lubricin isolated from 10
RA patients. This suggests that L-selectin may actually recog-
nize a conformational “clustered saccharide patch” rather than
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a linear defined epitope on lubricin. Thus, the interaction
between L-selectin and lubricin is suggested to be weaker than
high affinity L-selectin ligands. Inhibition ELISA (Fig. 1C) con-
firmed that when using 6-sulfo Le*, the binding of lubricin to
L-selectin was inhibited significantly. A similar clustered sac-
charide patch could be found in the closely packed oligosaccha-
rides of mucins or in densely modified heparan/chondroitin
sulfate glycosaminoglycans (60, 61). However, our result
showed that lubricin was devoid of heparan/chondroitin sulfate
(Fig. 6A). Although the apparent polydispersity was reduced upon
chondroitinase ABC treatment, this was probably due to the trace
hyaluronidase activity of chondroitinase ABC. When samples
were treated with hyaluronidase, a similar result as with chon-
droitinase ABC treatment was obtained, indicating the presence of
interaction between lubricin and undigested hyaluronic acid in the
sample. This result is consistent with a recent study in which a
protein-rich lubricin fraction was devoid of chondroitin sulfate
(17). Therefore, the sialylated and sulfated glycans may play a key
role in the interaction with L-selectin.

In this study, the sulfated O-linked oligosaccharides present on
lubricin from RA patients account for 2.6% of total O-glycans and
14.1% of core 2 O-glycans (Fig. 6B). All sulfate groups on lubricin
are linked to the 6-position of GlcNAc on core 2 O-glycan struc-
tures as determined by MS? spectrum (Fig. 2B). There are two
6-O-sulfotransferases, GIcNAc6ST-1 and -2, responsible for
transferring the sulfate group to the GIcNAc residue and also
essential for L-selectin ligand biosynthesis. GIcNAc6ST-2 (also
known as LSST and HEC-GIcNAc6ST) is restrictedly expressed in
high endothelial cells. A study has shown that the expression of
GIcNAC6ST-2 was detected in endothelia in RA tissue but not in
OA (62). However, in our previous study, sulfated core 2 type
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O-glycans were also found in OA patients (34). Thus,
GIcNAc6ST-1is more likely to be responsible for sulfation of syno-
vial lubricin.

To our knowledge, this is the first report of the presence of
lubricin on the surface of both peripheral and synovial PMN,
and in part, this interaction was executed by association with
L-selectin on the cell surface (Figs. 2—4). Upon stimulation with
TNEF-a, most lubricin was shed off together with L-selectin. In
the circulation, the presence of L-selectin-tethered lubricin
may be expected to compete with membrane-bound higher
affinity L-selectin ligands and influence the rolling of leuko-
cytes on the surface of endothelial cells. In joints, the presence
of negatively charged lubricin on cartilage protects cartilage
surfaces and underlying superficial zone chondrocytes by
inhibiting protein deposit and cell overgrowth (20). Most PMN
coated with lubricin may be electrostatically repelled from car-
tilage surfaces in a similar manner. Defects of the replenishing
layer of lubricin on the synovial lining (e.g. down-regulation or
increasing protease activity in SF) may result in loss of protec-
tion. In this scenario, cells in synovial fluid (e.g PMN) may
adhere to cartilage, leading to destruction of cartilage. It has
been reported that low expression levels of lubricin were asso-
ciated with a strong synovial stromal activation (22), character-
ized by the infiltration of T cells and macrophages, and was
associated with a higher destructive potential and a worse prog-
nosis (63). Prg4 knock-out mice exhibited a degenerative phe-
notype, including synovial hyperplasia and abnormal cartilage
surface (64).

There are two things of particular importance in this study:
first, the presence of lubricin in plasma and, second, that not
only L-selectin but also another receptor(s) on PMN is able to
bind to lubricin. Although the presence in plasma has been
reported (7, 14), the origin and properties (e.g. splicing variant,
glycosylation) of this lubricin have not been fully characterized.
In this study, serum lubricin was demonstrated to be of a size
similar to that of SF lubricin, and the protein levels in both
compartments were similar. It is not clear whether serum lubri-
cin has the same origin as synovial lubricin, but it has been
indicated that intra-articular injection of recombinant lubricin
constructs will deposit on an area of post-traumatic arthritis
damage in a rat model (65). The origin and biological functions
of serum lubricin are worthy of further investigation.

That lubricin binds PMN also in a non-L-selectin-dependent
manner suggests that an additional PMN receptor(s) is also
involved. Siglec-9 (sialic acid-binding immunoglobulin-like
lectin 9) could be one of these receptors, which recognizes both
a2,3- and a2,6-linked NeuAc (66) and is up-regulated on neu-
trophils in RA patients (67).

In summary, we demonstrated the presence of sLe* epitopes
on lubricin. These glycoepitopes enable lubricin to bind to
L-selectin. We also detected the presence of lubricin on both
peripheral and synovial PMN, indicating a role in inflammation
by influencing the interaction between PMN and other cells.
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