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Importance: Lubricin may be an important barrier to
the development of corneal and conjunctival epitheliopa-
thies that may occur in dry eye disease and contact lens
wear.

Objective: To test the hypotheses that lubricin (ie, pro-
teoglycan 4 [PRG4]), a boundary lubricant, is produced
by ocular surface epithelia and acts to protect the cor-
nea and conjunctiva against significant shear forces gen-
erated during an eyelid blink and that lubricin defi-
ciency increases shear stress on the ocular surface and
promotes corneal damage.

Design, Setting, and Participants: Human, por-
cine, and mouse tissues and cells were processed for mo-
lecular biological, immunohistochemical, and tribologi-
cal studies, and wild-type and PRG4 knockout mice were
evaluated for corneal damage.

Resuvlts: Our findings demonstrate that lubricin is tran-
scribed and translated by corneal and conjunctival epi-

thelial cells. Lubricin messenger RNA is also present in
lacrimal and meibomian glands, as well as in a number
of other tissues. Absence of lubricin in PRG4 knockout
mice is associated with a significant increase in corneal
fluorescein staining. Our studies also show that lubricin
functions as an effective friction-lowering boundary lu-
bricant at the human cornea-eyelid interface. This effect
is specific and cannot be duplicated by the use of hyal-
uronate or bovine serum albumin solutions.

Conclusions and Relevance: Our results show that
lubricin is transcribed, translated, and expressed by ocu-
lar surface epithelia. Moreover, our findings demon-
strate that lubricin presence significantly reduces fric-
tion between the cornea and conjunctiva and that
lubricin deficiency may play a role in promoting cor-
neal damage.
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UBRICIN PLAYS A CRITICAL
role as a boundary lubri-
cant in articulating joints.'™
This amphiphilic glycopro-
tein, which is also called su-
perficial zone protein, is a product of the
proteoglycan 4 (PRG4) gene, contains a
1404—amino acid core, is extensively O-
glycosylated with 3(1-3)Gal-GalNac oli-
gosaccharides, and is partially capped
with NeuAc.? Lubricin is synthesized and
secreted by chondrocytes and synovio-
cytes, adheres to cartilaginous surfaces,
and protects articular cartilage against
frictional forces, cell adhesion, and pro-
tein deposition.'® Lubricin deficiency in
the joint leads to loss of joint lubrication,
increased shear stress, cartilage degrada-
tion, and significant pain.>*°# Exogenous
application of natural or recombinant
lubricin to the joint, in turn, may retard
these sequelae.*%12
We hypothesize that lubricin serves an
analogous role on the ocular surface and

protects the cornea and conjunctiva against
significant shear forces generated during
the frequent, physiological, and sponta-
neous eyelid blinks. More specifically, we
hypothesize that lubricin is transcribed and
translated in ocular surface and adnexal
epithelial cells, secreted onto, and ad-
sorbed to, the cornea and conjunctiva, and
thereupon acts to reduce friction and pre-
vent shear stress between these tissues.
Conversely, we also hypothesize that lu-
bricin deficiency will increase shear stress
on the ocular surface and promote cor-
neal damage.

If our hypotheses are correct, then lu-
bricin may be an important barrier to the
development of corneal and conjunctival
epitheliopathies. Damage to the ocular sur-
face is a prevalent complication of Sjogren
syndrome, graft vs host disease, Stevens-
Johnson syndrome, refractive surgery, con-
tact lens wear, and dry eye disease. Dry eye
disease, in particular, affects tens of mil-
lions of Americans and as many as 20% to
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of Lubricin (PRG4) Messenger RNA

Table. Oligonucleotide Primers Designed for Reverse Transcriptase-Polymerase Chain Reaction Analysis

Amplicon Size,
Species Orientation Nucleotide Sequence (5' — 3') Exons base pairs
Human Sense GATGCAGGGTACCCCAAA 9-12 526
Antisense CAGACTTTGGATAAGGTCTGCC
Mouse Sense TGTCAAAGGCTTTGGAGGAC 9-11 367
Antisense TCGCTGAAGTAACAACATTTG

50% of elderly populations in Asia."'* A central feature
of these anterior segment disorders is believed to be an
increase in shear stress that drives a destructive cycle of
inflammation and wear, which may possibly be pre-
vented by a therapeutic supplementation with lubricin.

The purpose of this study was to begin to test our hy-
potheses. For comparative purposes, we examined
whether lubricin messenger RNA (mRNA) is tran-
scribed in murine ocular, as well as in nonocular, tis-
sues. Our results demonstrate that lubricin is produced
by ocular surface epithelia, as well as other tissues, and
acts as a boundary lubricant at the human cornea-eyelid
biointerface. In contrast, lubricin deficiency promotes cor-
neal damage.

BN METHODS B

Human studies in Boston, Massachusetts, and Calgary, Al-
berta, Canada, were approved by the institutional review boards
of the Massachusetts Eye and Ear Infirmary, the Schepens Eye
Research Institute, and the University of Calgary Conjoint Health
Research Ethics Board. All research involving humans fol-
lowed the tenets of the Declaration of Helsinki. All studies with
mice were approved by the Institutional Animal Care and Use
Committee of the Schepens Eye Research Institute and ad-
hered to the Association for Research in Vision and Ophthal-
mology Statement for the Use of Animals in Ophthalmic and
Vision Research.

ANALYSIS OF LUBRICIN mRNA EXPRESSION
IN HUMAN AND MOUSE TISSUES AND CELLS

To determine whether lubricin mRNA exists in ocular surface
and adnexal epithelia, human tissues and cells were obtained
and/or cultured and then processed for molecular biological pro-
cedures. For comparative purposes, we also examined whether
lubricin mRNA is transcribed in murine ocular, as well as in
nonocular, tissues.

Corneoscleral rims (n=10) and bulbar conjunctivae (n=06) were
obtained from the National Disease Research Interchange and/or
clinicians at the Massachusetts Eye and Ear Infirmary. All tis-
sues were deidentified prior to our use, according to Health In-
surance Portability and Accountability Act regulations. Primary
human corneal cell cultures were generated and maintained by
previously published methods.'® Human conjunctival impres-
sion cytology complementary DNA samples were a gift from Pablo
Argueso, PhD, and Abha Gulati, MD. Immortalized human cor-
neal'” and conjunctival'® epithelial cells were gifts from Ilene K.
Gipson, PhD, and James Jester, PhD. Immortalized human mei-
bomian gland epithelial cells were generated in our laboratory."
Human articular cartilage and synovial membrane complemen-
tary DNA samples were a gift from Roman Krawetz, PhD. Hu-

man uterine, cervical, bladder, liver, and prostate RNA samples
were obtained from Ambion. Cornea and conjunctival RNA prepa-
rations from young adult, male and/or female C57BL/6 and BALB/c
mice were a gift from Zahra Sadrai, MD. Adult BALB/c and non-
obese diabetic NOD/LtJ mice were purchased from Taconic Labo-
ratories and Jackson Laboratory, and mice with a 129Sv/Ev ge-
netic background were obtained from Yajun Cui, PhD. Mice were
killed by carbon dioxide inhalation and exorbital, lacrimal, mei-
bomian, submandibular, parotid and/or sublingual glands, and
bladder and vaginal/cervical tissue and/or seminal vesicles were
removed.

Reverse transcriptase—polymerase chain reaction (PCR) was
used to analyze tissue and cell samples for lubricin gene ex-
pression. Total RNA was first extracted by using TRIzol re-
agent (Invitrogen); samples were then exposed to RNase-Free
DNase (Invitrogen) and evaluated on an RNA 6000 Nano Lab-
Chip with an Agilent 2100 Bioanalyzer (Agilent Technolo-
gies) to confirm RNA integrity. Complementary DNAs were tran-
scribed by using oligo dT or random hexamer primers
(Promega), deoxyribonucleotide triphosphates (Invitrogen), and
SuperScript III Reverse Transcriptase (Invitrogen) according
to Invitrogen’s protocol. Species-specific oligonucleotide prim-
ers (Sigma-Aldrich) were generated to amplify 526—and 367—
base pair fragments of the human and mouse lubricin coding
regions, respectively (Table).* The lubricin primers spanned
more than 1 kilobase pair of intron sequences to distinguish
between the amplification of target complementary DNA and
contaminating chromosomal DNA. The identity of lubricin PCR
products was verified by DNA sequencing. Amplicon samples,
as well as sense and antisense primers, were sequenced at the
DNA Sequencing Center for Vision Research at the Massachu-
setts Eye and Ear Infirmary. Tracing data were collected with
3100 Data Collection Software version 1.1 (Applied Biosys-
tems) and resulting chromatograms were downloaded to
FinchTV (www.geospiza.com) or CLC Sequence Viewer 6.0.2
(CLC bio) software. Text files of these data were used to con-
duct Basic Local Alignment Search Tool (http://blast.ncbi.nlm
.nih.gov/Blast.cgi) searches of GenBank databases.

EVALUATION OF LUBRICIN PROTEIN
EXPRESSION IN HUMAN AND PORCINE
OCULAR SURFACE TISSUES

For histological evaluation, human tissues, including the cor-
nea, conjunctiva, and eyelid, were obtained from a human fe-
male cadaver (81 years of age) that was cold-stored prior to para-
formaldehyde fixation.*! The body donor had given informed
consent prior to death, and her ocular surface was macroscopi-
cally normal. Articular cartilage from a 74-year-old human fe-
male knee was generously provided by Prof M. Dietel and Dr
M. von Laffert (Department of Pathology, Charite-
Universitatsmedizin Berlin).

Paraffin-embedded tissues were sectioned serially (10 pm),
placed on glass slides, and rehydrated in a graded alcohol series.
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Figure 1. Identification of lubricin messenger RNA (mRNA) in human and
mouse ocular tissues and cells by reverse transcriptase—polymerase chain
reaction. A, RNA samples in lanes 1 through 4 are a human liver standard, a
corneoscleral rim of a 24-year-old woman, a corneoscleral rim of a
51-year-old woman, and immortalized human conjunctival epithelial cells.
The anticipated amplicon size of the human lubricin transcript was 526 base
pairs (bp), and all bands fell within the 10% error of the Bioanalyzer (2100;
Agilent Technologies) when using a 1000-bp sizing kit (internal controls = 15
and 1500 bp). Samples were sequenced and shown to be lubricin.
Analogous bands were also found in RNAs prepared from the corneoscleral
rim of a 64-year old man, pools of 3 male and 3 female conjunctival tissues,
primary cultures of human male and female corneal epithelial cells, and
immortalized human corneal and meibomian gland epithelial cells (data not
shown). L indicates ladder. B, Presence of lubricin mRNA in impression
cytology samples from the human ocular surface. Samples in lanes 1
through 9 are from a 29-year-old man, 31-year-old man, 59-year-old
woman, 36-year-old woman, 24-year-old woman, 29-year-old woman,
37-year-old woman, 27-year-old man, and 35-year-old woman, respectively.
The RNA in lane 10 was from the conjunctival epithelial cells shown in part A
and was used here as a positive control. C, Identification of lubricin mRNA in
mouse lacrimal and meibomian glands. Samples in lanes 1 through 5 are a
no template control, female NOD/LtJ mouse lacrimal glands, male

NOD/LtJ mouse lacrimal glands, female BALB/c mouse meibomian glands,
and male BALB/c mouse meibomian glands. The bands in these lanes are
equivalent to the anticipated 367-bp size. The NOD/LtJ mouse lacrimal
glands were obtained from 5 adult mice of each sex (ie, 10 glands per
sample), and the BALB/c mouse meibomian glands were isolated from the
eyelids of 7 adult mice of each sex (ie, 28 eyelids/sample).

To facilitate antigen retrieval, sections were incubated in boiling
buffer (either citrate buffer pH 6.0 or TRIS-EDTA buffer pH 9.0)
for 20 minutes, allowed to cool to room temperature, and then

transferred to phosphate buffer. Sections were overlaid with an
aliquot of affinity-purified rabbit polyclonal antibody to human
lubricin (Thermo Fisher Scientific) (4 wg/mL in a commercial di-
luent [Medac Vir-Dil])* or appropriate control solutions. Con-
trol preparations included (1) diluent buffer; (2) an irrelevant rab-
bit monoclonal antibody to CD8 (clone SP16, 100-fold dilution;
Thermo Fisher Scientific); (3) normal rabbit IgG (100-fold dilu-
tion; Santa Cruz Biotechnology Inc); and (4) rabbit antihuman
lubricin antibody, after antibody preincubation for 2 hours at room
temperature with either sense (LPNIRKPDGYDYYAFSKDQ) or
random (MFQSYNTDVILPALRGEAK) peptides (120 pg/mL; Bio
Basic Canada). The sense competitor corresponds to residues 1356
to 1374 of human lubricin. The random peptide has no reactiv-
ity with the rabbit antilubricin antibody. The optimal competi-
tor concentration was predetermined experimentally by dot blot
analyses.” Following incubation first with antibody or control
solutions overnight at approximately 4°C, sections were incu-
bated with a polymer-based secondary antibody system contain-
ing purified F(ab), fragment of goat antirabbit IgG (Nichirei Histo-
fine Simple Stain Max PO; Medac) for 30 minutes at room
temperature, followed by diaminobenzidine (Hoechst) and
hydrogen peroxide. Sections were rinsed, dehydrated, and
placed under a coverslip with Entellan mounting medium
(Merck), examined with a light microscope (DMRB; Leica),
and photographed with a digital camera (SPOT Imaging Solu-
tions, a division of Diagnostic Instruments Inc) with SPOT
software version 4.5.

To examine whether porcine corneal epithelial cells con-
tain lubricin protein, fresh porcine corneas were obtained from
an abattoir. Corneal surfaces from 20 pigs were scraped repeat-
edly with a scalpel. Scrapings were then homogenized in ice-
cold RIPA buffer (Sigma-Aldrich), pipetted repeatedly through
a syringe needle, and centrifuged for 30 minutes at 14 000 X g
at 4°C. The supernatant proteins were separated by anion ex-
change chromatography, as previously described.” The 0.15M
sodium chloride eluent was subject to 3% to 8% TRIS-acetate
sodium dodecyl sulfate—polyacrylamide gel electrophoresis using
the NuPAGE system (Invitrogen) and evaluated by Western blot-
ting.”>** Protein bands were identified with SimplyBlue SafeStain
(Life Technologies) and excised and processed for tandem mass
spectrometry analysis (Southern Alberta Mass Spectrometry Cen-
tre for Proteomics, University of Calgary).”> To serve as a posi-
tive control for lubricin, bovine synovial fluid was obtained from
Animal Technologies Inc.

To determine whether human corneas express lubricin pro-
tein by Western blot, corneas were obtained from the Lions Eye
Bank through the Southern Alberta Organ and Tissue Dona-
tion Program. Corneas from 92- and 100-year-old donors were
stored in Optisol-GS (Bausch & Lomb) at 4°C for 22 days. The
corneal epithelia were then removed, suspended in sodium do-
decyl sulfate buffer, centrifuged at 3000 X g for 3 minutes, and
then processed for electrophoresis and blotting. Similarly, to
assess whether mouse corneas contain lubricin protein, 26 cor-
neas from 13 adult 129Sv/Ev mice were homogenized, pipet-
ted repeatedly, centrifuged, concentrated, and processed for a
Western blot.

INFLUENCE OF LUBRICIN ABSENCE ON MURINE
OCULAR SURFACE TISSUES

For histological evaluation of mouse ocular tissues, central ver-
tical plane sections (3 wm) of methacrylate-embedded samples
were stained with hematoxylin-eosin or periodic acid-Schiff. Pho-
tographs were taken at different magnifications with a digital cam-
era (Eclipse 80i; Nikon Corp) and SPOT imaging software.

To determine whether lubricin absence promotes ocular sur-
face damage, lubricin knockout (KO) and wild-type (WT) con-
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Figure 2. Lubricin protein expression in human ocular surface epithelia and cartilage. Immunohistochemical evaluation for lubricin (A-C) shows a strong staining
of the ocular surface epithelia of the cornea and the palpebral (eyelid) and bulbar (eyeball) conjunctivae. In the conjunctiva, the goblet cells showed less intense or
absent staining and hence appeared as bright spots (arrowhead in C, inset). Negative controls with omission of antibody (diluent control) (D-F) are completely
negative and normal rabbit IgG is almost completely negative (G-1). An irrelevant rabbit antibody (anti-CD8) (J-L) shows no specific lubricin staining. A, D, G, and
J, Overview of the ocular surface with the cornea and palpebral and bulbar conjunctiva (original magnification x2.5). B, E, H, and K, Cornea (original magnification
x20). C, F, I, and L, Conjunctiva (original magnification x10). Strong staining similar to that at the ocular surface is seen in the positive control tissue (cartilage)
with a known presence of lubricin protein (M-0) (same enlargements). Lubricin staining is seen at the surface of the cartilage and at the bone-cartilage junction.
Chondrocytes are marked by arrows and the lubricin depositions in the cartilage matrix are marked by arrowheads (N and Q). The size markers indicate either

1000 ym (A, D, G, J, and M) or 100 pm.

trol mice were evaluated for fluorescein staining patterns in a
randomized and masked fashion. Adult PRG4 heterozygous mice
were generously provided by Yajun Cui. These mice, which have
a 129Sv/Ev genetic background, were briefly quarantined at
Charles River Laboratories and then mated in the Animal Fa-
cilities of the Schepens Eye Research Institute. Lubricin WT,
heterozygous, and KO mice were identified with a PCR-based
genotyping protocol.® All genotype identifications were con-
firmed, before conducting experimental eye evaluations, by col-
lecting and analyzing murine ear punch samples. Animals were
maintained in constant-temperature rooms with fixed light/
dark intervals of 12-hour durations.

Fluorescein staining of mouse corneas was performed by mi-
cropipetting 0.5 pL of fluorescein, 5%, into the inferior con-
junctival sac of both eyes. Approximately 3 minutes after the
fluorescein instillation, the corneas were examined with a slit-
lamp biomicroscope using cobalt blue light 3. Punctate stain-
ing was recorded in a masked fashion by using a standardized
grading system of 0 to 3 for each of 5 areas of the corneal sur-
face.” Corneas were photographed with a Topcon SL-D7 high-
resolution slitlamp imaging system with a Sony SR52 camera.

ANALYSIS OF BOUNDARY LUBRICATION
ON THE HUMAN OCULAR SURFACE

For studies of lubricin function at a human cornea-eyelid inter-
face, human corneas were obtained from the Lions Eye Bank
through the Southern Alberta Organ and Tissue Donation Pro-
gram. Corneas were stored in Optisol-GS at 4°C and used within
2 weeks of collection. Human eyelids were procured from the Uni-
versity of Calgary Body Donation Program within 3 days after death
and either used immediately or stored at —20°C in saline for at
most 2 weeks. Lubricin was purified from culture media that had
been conditioned by articular cartilage disks from mature bo-
vine stifle joints, according to reported methods."*®

Briefly, human corneas and eyelids were mounted on a BOSE
ELF 3200 biomechanical testing machine, forming a cornea-

eyelid interface. Tissue surfaces were articulated against each
other at effective sliding velocities ranging from 0.3 to 30 mm/s
under physiological loads of approximately 15 to 20 kPa fol-
lowing preconditioning.*®

Ocular tissues (n = 6) were tested serially in lubricant baths
of Sensitive Eyes Plus saline solution (Bausch & Lomb), AQuify
Long-Lasting Comfort Drops (which contain hyaluronic acid,
0.1%; CIBA Vision), and bovine lubricin (at 300 pg/mL). Addi-
tional tissues (n = 3) were tested in saline followed by bovine se-
rum albumin (300 pg/mL; Sigma-Aldrich) dissolved in saline. Both
static and kinetic friction coefficients were calculated.

STATISTICAL ANALYSES

Statistical analysis of the corneal fluorescein staining data be-
tween 2 groups was performed by using a ¢ test. The effects of
test lubricant and effective sliding velocity (v.;) (as repeated
factors) on the friction coefficients were assessed by analysis
of variance. Tukey post hoc testing was then used to deter-
mine statistically significant differences (P < .05) at indi-
vidual Vefr-

o EEEETES

ANALYSIS OF LUBRICIN mRNA EXPRESSION
IN HUMAN AND MOUSE TISSUES AND CELLS

Our reverse transcriptase—PCR results demonstrate that
lubricin mRNA is present in human corneal and con-
junctival epithelial cells, corneoscleral rims, conjuncti-
val tissues, and conjunctival impression cytology samples
(Figure 1A and B). The identity of lubricin PCR prod-
ucts in the cornea and conjunctiva was confirmed by DNA
sequence analysis, with all forward and reverse se-
quences returning greater than 96% alignment to hu-
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Figure 3. Specificity of lubricin staining in human ocular surface epithelia. The strong lubricin staining (A-C) in the cornea and conjunctiva was distinctly reduced
after preincubation of the lubricin antibody with a sense peptide (D-F). In contrast, preadsorption to a random peptide (nonsense) did not affect the staining (G-1).
The apparent staining of artificial folds in the cornea (A, D, and G) is a technical artifact, due to the entrapment of reagents. A, D, and G, Overview of the ocular
surface with the cornea and palpebral and bulbar conjunctivae (original magnification x2.5). B, E, and H, Cornea (original magnification x20). C, F, and |,
Conjunctiva (original magnification x10). The size markers indicate either 1000 um (A, D, and G) or 100 pm.

man PRG4 (RefSeq NM_005807.2) on Basic Local Align-
ment Search Tool searches of GenBank databases (eTable
1, http://www.jamaophth.com). We also discovered lu-
bricin mRNA in human meibomian gland epithelial cells,
human uterine, cervical, bladder, and prostatic samples,
and human articular cartilage and synovial membranes
(eFigure 1), as well as in mouse lacrimal and meibo-
mian glands (Figure 1C), mouse cornea and conjunc-
tiva (eFigure 1), and mouse submandibular, parotid, sub-
lingual, bladder, vaginal/cervical, and seminal vesicle
tissues. The identity of most of these lubricin PCR prod-
ucts was evaluated and verified by DNA sequence analy-
sis, again showing greater than 93.8% homology (eTable
2). Alignments for each human sample were identical to
lubricin (PRG#4) transcript variants A (RefSeq
NM_005807.3), B (RefSeq NM_001127708.1), C (RefSeq
NM_001127709.1),and D (RefSeqNM_001127710.1), while
alignments for each mouse sample were identical to lubri-
cin (PRG4) transcripts 1 (RefSeq NM_021400.3) and
2 (RefSeq NM_001110146.1).

EVALUATION OF LUBRICIN PROTEIN
EXPRESSION IN HUMAN OCULAR
SURFACE TISSUES

Our results demonstrate that lubricin protein is pro-
duced and expressed by human corneal and conjuncti-
val epithelial cells (Figure 2A-C). Staining was stron-
gest in the corneal epithelium (Figure 2B) and slightly
less intense along the complete bulbar and palpebral con-

junctiva (Figure 2C). The epithelium of the cornea and
conjunctiva stained throughout all epithelial layers (in-
sets in Figure 2B and C). In the conjunctiva, the goblet
cells showed less intense or absent staining and hence
appeared as bright spots (arrowhead in Figure 2C, in-
set). The lubricin staining intensity at the ocular surface
was similar to that observed in the positive control car-
tilage (Figure 2M-O). Staining at the bone-cartilage junc-
tion occurs in particular in the tidemark region between
the mineralized and hyaline cartilage.

Omission of the primary antibody (diluent buffer con-
trol) (Figure 2D-F) led to a complete lack of staining. Use
of a normal rabbit IgG as the first antibody resulted in
an almost complete absence of staining (Figure 2G-I).
Similarly, replacement of the antilubricin antibody with
an irrelevant rabbit antibody (to CD8) (Figure 2J-L)
yielded no specific staining in ocular surface epithelial
cells. However, as anticipated, this anti—T-cell antibody
did react with lymphocytes in the conjunctival lamina
propria and epithelium (not shown).

Further controls were performed by preabsorbing the
antilubricin antibody with sense or nonsense peptides. As
compared with the strong staining of antilubricin
(Figure 3A-C), preincubation of the antibody with a sense
peptide, which had served to generate the antibody, al-
most completely inhibited immunohistochemical stain-
ing (Figure 3D-F). In contrast, preexposure to a random,
nonreactive peptide did not interfere with lubricin stain-
ing in the ocular surface tissue samples (Figure 3G-I) or
the positive control cartilage sections (Figure 4).
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Figure 4. Specificity of lubricin staining in human cartilage. A section of articular cartilage is seen in low magnification (A, D, and G) as well as in higher
magnification at the surface (B, E, and H) and bone-cartilage junction (C, F, and I). Lubricin staining (A-C) was blocked by antibody preincubation with the sense
(D-F), but not a random (G-I), peptide. Lubricin staining at the cartilage surface forms a thin surface layer (arrowheads), and narrow flattened chrondrocytes may
be seen (arrows). At the bone-cartilage junction, chondrocyte lacunae (arrows) occur as bright spaces that are encircled by lubricin (arrowheads). The overview
image for the sense peptide preincubation (D) has superimposed areas of bone marrow that spilled over the section during the preparation process. Magnification
of the area indicated by a rectangle shows that this material is equally present over and outside the surface and the staining is not specific. Size markers indicate

1000 ym (A, D, and G) or 100 pm.

During preliminary experiments on human tissue sec-
tions processed without antigen retrieval or stored in Op-
tisol, lubricin staining was either greatly reduced (no an-
tigen retrieval) or undetectable (Optisol storage). Optisol
is known to be associated with a marked loss of epithe-
lial cells and extensive epithelial cell damage.*”

To examine whether lubricin protein is expressed in
porcine corneal epithelia, samples were collected and pro-
cessed for Western blot staining. A high-molecular-
weight, approximately 345-kDa immunoreactive lubri-
cin species was observed in the cornea extract (Figure 5).
This approximately 345-kDa band was analogous to that
found in bovine synovial fluid and was not present if the
primary antilubricin antibody was replaced with dilu-
ent. Analysis of tandem mass spectrometry data con-
firmed that the approximately 345-kDa band was lubri-
cin (data not shown). Additional studies identified lubricin
protein in Western blots of human (eFigure 2) and mouse
(eFigure 3) corneas.

INFLUENCE OF LUBRICIN ABSENCE ON MURINE
OCULAR SURFACE TISSUES

A significant increase in the corneal fluorescein staining
of male and female lubricin KO mice (n = 20; mean [SE]
age, 224 [8] days) as compared with their WT controls
(n = 18; mean [SE] age, 224 [12] days) was observed
(Figure 6A). This response was associated with 40% to
44% increases in the staining of the superior (mean [SE],
WT=1.0 [0.1] and KO =14 [0.1]; P < .01) and me-
dial (mean [SE], WT = 0.9 [0.1] and KO = 1.3 [0.1];
P < .05) regions of both corneas. Such staining differ-
ences were also observed if comparisons were limited to
the worst zones of either eye (superior: mean [SE],
WT =13[0.1] and KO = 1.7 [0.2]; P < .05; medial: mean
[SE], WT =1.2 [0.1] and KO = 1.6 [0.2]; P < .05). As
shown in Figure 6B, fluorescein staining of this WT mouse
cornea revealed relatively little damage, marked by su-
perficial stippling and occasional micropunctate stain-
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ing. By contrast, Figure 5C shows significant fluores- alescent areas and patches of contiguous staining were
cein staining in the superior, medial, and lateral regions evident.

of this KO mouse cornea. Numerous macropunctate co- To examine whether lubricin deficiency alters the mor-
phology of the anterior segment, tissues (4 per group, 2
males and 2 females per group) were processed for light
microscopy. Our analyses (4 nonadjacent sections per tis-
sue) showed no obvious differences between WT and KO
mice in the overall histological evaluation of the cornea,
' ‘ conjunctiva, or eyelid (eFigure 4). The eyelids of 2 KO
mice each contained a single, relatively large pocket of
inflammation (eFigure 4). In contrast, only 1 small in-
flammatory focus was present in the eyelid of 1 WT mouse

Porcine corneal epithelium Bovine SF
1° Ab: - LPN LPN

(eFigure 4).
460 — N l
*- ‘ , FUNCTION OF LUBRICIN AS A BOUNDARY
268 — LUBRICANT AT THE HUMAN
238 — CORNEA-EYELID INTERFACE

As shown in Figure 7 lubricin functioned as an effec-
tive friction-lowering boundary lubricant at the human
cornea-eyelid interface when compared with saline and
AQuify. Values of static friction were greatest in saline
(mean [SE], 0.27 [0.01] to 0.51 [0.03]), which were simi-
lar to the performance of AQuify (mean [SE], 0.25 [0.03]
to 0.43 [0.04]) at all velocities (P = .12-.60). By con-
trast, lubricin exhibited significantly lower static fric-
tion (mean [SE], 0.14 [0.02] to 0.29 [0.02]) than both
saline and AQuify at all velocities (P < .001-.05). Ki-
netic friction demonstrated similar trends, exhibiting the
highest values in saline (mean [SE], 0.24 [0.02] to 0.31
[0.03]), which was not significantly different from AQuify
(mean [SE], 0.20 [0.02] to 0.26 [0.01]) at all velocities
(P =.10-.33). Lubricin values of kinetic friction (mean
q [SE],0.12[0.01] to 0.17 [0.02]) were significantly lower
than saline at all velocities (P < .001-< .01) and from
AQuify at the slower speeds 1 and 0.3 mm/s (both
31— P < .01), where a boundary mode of lubrication is more

- — i 4 operative, yet not at the faster speeds (P = .33 and .06,
KDa respectively), where hydrodynamic lubrication plays a
more substantial role. The friction-lowering effect of lu-
bricin appeared to be specific, because bovine serum al-

Figure 5. Identification of lubricin protein in porcine corneal epithelium and
bovine synovial fluid (SF) by Western blot. Lanes contain molecular weight

markers; blots shown with (LPN) and without (—) exposure to antilubricin bumin did not reduce friction compared with saline
antibody (Ab). Arrows indicate lubricin protein. (Figure 7D and F).
‘ [ ]Wild-type [] Knockout
7 ES
£ t
£o0
* 5
é’ ﬂ_‘
4
Left Right Both
Cornea

Figure 6. Effect of lubricin deficiency on the pattern of corneal fluorescein staining. A, Columns and vertical bars equal the mean (standard error) of the degree of
staining on the left, right, or both corneas. Staining was significantly (*P < .05 and 1P < .05, 1-tailed) greater in the knockout than the wild-type mice.

B, Example of fluorescein staining of the wild-type mouse ocular surface. Relatively little damage is evident, marked by superficial stippling and occasional
micropunctate staining. C, Example of fluorescein staining of the lubricin PRG4 —/— knockout mouse ocular surface. Numerous macropunctate coalescent areas
and patches of contiguous staining are evident. Photographs (original magnification x1.6) were taken after instillation of fluorescein drops into the inferior
conjunctival sac. The degree of staining in these images of the superior, medial, inferior, lateral, and central regions of the cornea were all 1 in the wild-type mice
(total score = 5) and 2, 3, 1, 2, and 1, respectively, in the knockout mice (total score = 9).
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B DISCUSSION

Our study demonstrates that lubricin is transcribed,
translated, and expressed by ocular surface epithelial
cells. Our findings also demonstrate that lubricin defi-
ciency promotes corneal damage and lubricin presence
significantly reduces friction between the cornea and
conjunctiva. These results indicate that lubricin func-
tions as a natural boundary lubricant to reduce shear
stress at the ocular surface. In addition, lubricin may
play an analogous role at other sites throughout the
body, given that we discovered the presence of lubri-
cin mRNA in a number of exocrine and reproductive
tissues.

The discovery of a molecule responsible for bound-
ary mode lubrication at the ocular surface supports the
hypothesis of Ehlers,”® who theorized that boundary
lubrication must take place between the eyelid wiper
region” and the cornea.”® However, Ehlers’ hypothesis
was posited without data and was not supported by
other investigators.*® Thus, researchers were unable to
identify boundary lubricants in secreted mucins from
the lacrimal gland and speculated that the cornea-
conjunctiva interface is lubricated by a hydrodynamic
mechanism.**?! They further theorized that maximum
eyelid velocities generate shear rates that far exceed
the boundary lubricant range but are favorable to a
hydrodynamic mode of lubrication.>® Recent studies
echo this proposal®* and are in line with an elastohy-
drodynamic model to predict the shear stresses acting
between the eyelid and ocular surface.’? These stresses
are purportedly reduced by the mucous layer of the
tear film.* Our data, though, indicate that lubricin
contributes significantly to the friction reduction
mechanism of the tear film and protects the cornea
and conjunctiva against the significant shear forces
generated during an eyelid blink.

While hydrodynamic lubrication surely contributes
to the normal tribology of the ocular surface, in
pathologies such as dry eye disease where there is little
or no tear film covering parts of the cornea between
blinks, boundary lubrication involving lubricin may be
a primary method of friction reduction. Boundary
lubrication may also be dominant at the cornea—
contact lens interface where there is a relative lack of
aqueous tear.

The absence of lubricin also promotes ocular surface
damage. Corneas of lubricin KO mice had significantly
increased fluorescein staining, as compared with their WT
controls. This heightened staining occurred predomi-
nantly in the superior and medial regions of both cor-
neas. Increased fluorescein staining is commonly asso-
ciated with dry eye disease®* and is often found in the
medial corneal area.”” Loss or downregulation of lubri-
cin likely increases shear stress at the ocular surface,
which, in turn may lead to inflammation, stimulation of
corneal nerves, and accumulation of inflammatory me-
diators (eg, interleukin la [IL-1a], IL-6, and tumor ne-
crosis factor a) and proteases (eg, metalloproteinase 9
and neutrophil elastase) in the tear film, as well as symp-
toms of discomfort.®*’

Cornea Eyelid
TI17T
v
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Lubricant bath ———: """ %~ :
"'dj-— Cornea
Plug cylinder ——
(0]
0.6 0.6+
Saline
0.4 AQUify 0.4 Saline
£ g lBSA
024 /tubricin 021
0.0 . T . 0.0 T T .
0.1 1 10 100 0.1 1 10 100
Sliding Velocity, mm/s Sliding Velocity, mm/s
0.4 0.4
Ag Saline Ag_ T TBSA
£02 AQuify 02 Saline
= -
v g Lubricin v
0.0+ T T | 0.0+ T T 1
0.1 1 10 100 0.1 1 10 100
Sliding Velocity, mm/s Sliding Velocity, mm/s

Figure 7. Effects of lubricin and sliding velocity on static and kinetic friction at a
human cornea-eyelid interface. A, Tissue preparation. An annulus (outer

radius = 3.2 mm, inner radius = 1.5 mm) was punched from the eyelid, then
attached to a nonpermeable, rigid plastic annular cylinder. B, Test setup. The
corneal ocular surface was fastened to the spherical end of an inert nonpermeable
semirigid rubber plug cylinder (radius = 6 mm) by applying superglue to the sclera.
This plug was attached to the rotational actuator of the BOSE ELF 3200 mechanical
testing machine, thus forming the bottom articular surface. The annulus was
attached to the linear actuator coupled with an axial load (N) and torsion () load
cell, thus forming the upper articulating surface. The lubricant bath was formed by
securing an inert tube around the cylinder. C, Static friction of saline, AQuify
Long-Lasting Comfort Drops (which contain hyaluronic acid, 0.1%; CIBA Vision),
and lubricin. D, Static friction of saline and bovine serum albumin (BSA). E, Kinetic
friction of saline, AQuify, and lubricin. F, Kinetic friction of saline and BSA. Lubricin
and BSA were tested at 300 pg/mL. Values are the mean (standard error) of 6 (C
and E) and 3 (D and F) tests. Values of psic, neg Were greatest in saline and similar in
AQuify, whereas values in lubricin were statistically lower than those in both saline
and AQuify at all effective sliding velocities (ver) (P < .001-P < .05). Values of

< kinetic, Neq > iN lubricin were lowest and statistically different from saline at all vey
(P<.001-P < .01) and from AQuify at the lower v of 1 and 0.3 mm/s (both

P < .01), where a boundary mode of lubrication is more operative, yet not at the
higher v of 30 and 10 mm/s (P =33 and .06, respectively). The friction-lowering
effect of lubricin appeared to be specific, because BSA did not reduce friction
compared with saline.
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Anincreased level of inflammatory mediators and pro-
teolytic enzymes in the tear film of patients with dry eye
disease could have a particularly deleterious effect on the
production and expression of ocular surface lubricin. Cy-
tokines such as IL-1, IL-6, and tumor necrosis factor o
are known to cause a significant decrease in the synthe-
sis and/or secretion of lubricin.>*3%3° Similarly, prote-
ases like neutrophil elastase degrade lubricin.*** Pro-
gressive lubricin loss would lead to a further reduction
in lubrication, a continued increase in excessive shear
stress, greater inflammation, and, potentially, a more se-
vere disease.

Our research demonstrates that exogenous lubricin
functions as an effective friction-lowering boundary lu-
bricant at the cornea-eyelid interface. This effect ap-
pears to be specific and is not duplicated by the use of
hyaluronate-containing solutions or bovine serum
albumin. This lubricating ability, which dramatically
reduces friction, is a key attribute of lubricin in articu-
lating joints.!™* It is possible that lubricin’s friction-
lowering effect on the ocular surface may even be stron-
ger. Our experiments were performed with eyelid tissues
that were obtained up to 3 days after donor death. Con-
sequently, conjunctival changes may have occurred dur-
ing this period and limited the efficacy of lubricin. The
inability of hyaluronate to replicate lubricating activity
in the boundary mode was not surprising, given that hy-
aluronate may often function by providing hydrody-
namic viscosity.’

As part of our studies, we discovered lubricin mRNA
in mouse submandibular, parotid, sublingual, bladder,
vaginal/cervical, and seminal vesicle tissues and in
human uterine, cervical, bladder, and prostatic samples.
The identity of a majority of these lubricin PCR prod-
ucts was evaluated and verified by DNA sequence
analysis. The presence of lubricin in these different tis-
sues should not be considered aberrant. Aside from car-
tilage, other investigators have also found lubricin in
the liver, heart, lung, bone, tendon, kidney, brain, fat,
muscle, testis, small intestine, and the trabecular
meshwork.?%#*# Lubricin may be expressed in multiple
isoforms, and these splice variants may show tissue and
regional specificity and possess different functions.?**
For example, various lubricin domains may modulate
cell proliferation and adhesion, promote matrix bind-
ing, stimulate megakaryocytes, influence parathyroid
hormone action, and regulate the complement sys-
tem.>®2%4947 In addition, species differences exist in the
molecular weight, amino acid content, and carbohy-
drate composition of lubricin.?*#

Our finding of lubricin in salivary glands would help
explain the identification of boundary lubricant proper-
ties in human parotid and submandibular-sublingual sa-
liva** and their possible activity in enamel-to-enamel lu-
brication.”®! It is also possible that lubricin could play
a role in multiple hyaluronate functions, given that lu-
bricin and hyaluronate often act in synergy.'?* Such hy-
aluronate functions include those related to prostate tu-
mor formation, prostate cancer radiotherapy, bladder
disease treatment (eg, recurrent urinary tract infection,
chemical or radiation cystitis, and painful bladder syn-
drome/interstitial cystitis), seminal vesicle homeosta-

sis, uterine cervix healing, cervical relaxation for artifi-
cial insemination, endometriotic lesion suppression,
pregnancy maintenance, vaginal antimicrobial defense,
and therapy for postmenopausal vaginal atrophy.’*®
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Ophthalmic Images

Rhizopus Keratitis Following Corneal Trauma
Amir A. Azari, MD; Sarah Nehls, MD;
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sulphate in the management of bladder disease. Ther Adv Urol. 2011;3(5):
223-232.

A 48-year-old man had a central corneal ulcer (A) after trauma with a metal
wire. The patient began oral and topical treatment with voriconazole after a
filamentous fungus consistent with Rhizopus species was cultured. The
fungus exhibited autofluorescence on a hematoxylin-eosin—stained slide
under a fluorescence microscope (original magnification x400) (B) as well as
eosinophilic hyphae with saccular dilation (hematoxylin-eosin, original
magnification x400) (C).
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