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PURPOSE. Three membrane-associated mucins (MAMs)—MUC1,
MUC4, and MUC16—are expressed at the ocular surface epi-
thelium. Soluble forms of MAMs are detected in human tears,
but the mechanisms of their release from the apical cells are
unknown. The purpose of this study was to identify physio-
logic agents that induce ocular surface MAM release.

METHODS. An immortalized human corneal-limbal epithelial cell
line (HCLE) expressing the same MAMs as native tissue was
used. An antibody specific to the MUC16 cytoplasmic tail was
developed to confirm that only the extracellular domain is
released into the tear fluid or culture media. Effects of agents
that have been shown to be present in tears or are implicated
in the release or shedding of MAMs in other epithelia (neutro-
phil elastase, tumor necrosis factor [TNF]), TNF-�–converting
enzyme, and matrix metalloproteinase-7 and -9) were assessed
on HCLE cells. HCLE cell surface proteins were biotinylated to
measure the efficiency of induced MAM release and surface
restoration. Effects of induced release on surface barrier func-
tion were measured by rose bengal dye penetrance.

RESULTS. MUC16 in tears and in HCLE-conditioned medium
lacked the cytoplasmic tail. TNF induced the release of MUC1,
MUC4, and MUC16 from the HCLE surface. Matrix metallopro-
teinase-7 and neutrophil elastase induced the release of MUC16
but not of MUC1 or MUC4. Neutrophil elastase removed 68% of
MUC16, 78% of which was restored to the HCLE cell surface 24
hours after release. Neutrophil elastase-treated HCLE cells
showed significantly reduced rose bengal dye exclusion.

CONCLUSIONS. Results suggest that the extracellular domains of
MUC1, MUC4, and MUC16 can be released from the ocular
surface by agents in tears. Neutrophil elastase and TNF, present
in higher amounts in the tears of patients with dry eye, may
cause MAM release, allowing rose bengal staining. (Invest Oph-
thalmol Vis Sci. 2008;49:1864–1871) DOI:10.1167/iovs.07-1081

Mucins are present on the apical surfaces of all wet-sur-
faced epithelia in either secreted or membrane-associated

forms.1 They are a class of high-molecular weight glycopro-
teins that contain tandem repeats of amino acids rich in serine
and threonine, which serve as sites for O-glycosylation. Se-
creted mucins have no transmembrane-spanning domains and
are produced by goblet cells and specialized epithelial glands.2

Membrane-associated mucins (MAMs) have a single transmem-
brane domain, a short cytoplasmic tail, and a large, heavily
glycosylated extracellular domain and are found in the glyco-

calyx of apical membranes of wet-surfaced epithelia.1 They
may extend as much as 500 nm from the apical epithelial
surface.3,4

To date, 10 MAMs have been identified (MUCs 1, 3A, 3B, 4,
12, 13, 15, 16, 17, and 20).1,5 Most of the wet-surfaced epithe-
lia express several MAMs, but each may have different func-
tions because of differences in cytoplasmic tail sequence, in-
tracellular signaling capability, or presence of binding domains.
For example, MUC1, MUC4, and MUC16 are expressed at the
ocular surface.6–9 All three of these MAMs are hypothesized to
protect, hydrate, and lubricate the ocular surface through their
heavily glycosylated extracellular domains; however, each of
the ocular surface MAMs may have additional and unique
functions. For example, the MUC1 cytoplasmic tail is capable
of signaling and interacting with intracellular molecules such
as �-catenin.10 MUC4 signals through its epidermal growth
factor-like domains in its extracellular domain,11 and the cyto-
plasmic tail of MUC16 associates with the actin cytoskeleton
and has potential sites of phosphorylation.12

Soluble forms of MUC1, MUC4, and MUC16 (previously
known as CA125 antigen) are constituitively released from the
apical surfaces of epithelial cells into luminal fluids in vivo, but
little is known about the mechanisms of shedding.13,14 At least
three possible mechanisms for release are possible. First, con-
stituitive steady release (shedding) may be brought about by an
endogenous protease present normally in either the cell mem-
brane or the extracellular fluids.1 Second, splice variants of the
mucins lacking the transmembrane and cytoplasmic domain
may be released from the apical surfaces.15 Although splice
variants have been reported for MUC1 and MUC4, such vari-
ants have not been reported for MUC16. Third, proteases or
other inflammatory agents in body fluids as a result of disease
may induce aberrant “release” of MAMs from the surfaces of
affected epithelia. It is the latter aberrant release of MAMs that
is the subject of research reported herein.

Soluble forms of MUC1, MUC4, and MUC16 have been
detected in samples of normal human tear fluid, indicating
their shedding from the ocular surface epithelium.16 The
mechanism and site of proteolytic cleavage in the extracellular
domain of MUC1 has been studied in uterine epithelium in
vitro, where its constituitive shedding is induced by agents
such as tumor necrosis factor-alpha (TNF), TNF-�–converting
enzyme (TACE), phorbol-12-myristate-13-acetate (PMA), and
membrane-type matrix metalloproteinase 1 (MT1-MMP).17,18

Agents that have been suggested to induce aberrant MAM
release include neutrophil elastase19 and N-acetylcysteine.20

Release of the extracellular domains of MAMs appears to be
independent of the intracellular cleavage and reassociation that
occurs in MAMs after protein synthesis in the endoplasmic
reticulum during processing and assembly of the full-size pro-
tein.21,22 There is a lack of information on the specific mech-
anisms of constituitive extracellular domain shedding, or in-
duced release of MAMs, at the ocular surface.

Modification of MAM structure and function is hypothesized
to be a contributing factor in dry eye.2 In vitro alteration of
MUC16 glycosylation23 or expression knockdown12 results in a
loss of protection to corneal epithelial cells from rose bengal
penetrance, suggesting that, in dry eye, rose bengal staining
could be a result of either loss of expression or altered glyco-
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sylation of MUC16. MUC16 localization is altered on the con-
junctival epithelium of patients with non-Sjögren dry eye syn-
drome, as shown by binding of the H185 antibody that
recognizes a carbohydrate epitope on MUC16.8,24 It is un-
known whether the alteration in H185 binding is caused by the
decreased expression of MUC16, the altered glycosylation of
the mucin, or the increased rate of release of its extracellular
domain (which carries the H185 epitope) into the tear film.
Because MAMs are proposed to function in lubrication, hydra-
tion, and protection of the ocular surface, understanding the
mechanism of their ectodomain release may help to better
clarify the etiology of dry eye syndrome.

The purpose of this study was to determine physiologically
relevant agents that induce the release of MAMs on the ocular
surface and to determine the possible effects of induced re-
lease. As a model for the ocular surface, we used an immortal-
ized human corneal-limbal epithelial cell line (HCLE) optimized
to express high levels of the ocular surface MAMs MUC1,
MUC4, and MUC16.25 We identified agents, present in the tear
film of patients with dry or inflamed eyes, that induced the
release of the extracellular domains of MUC1, MUC4, and
MUC16 from HCLE cells, suggesting areas of further study in
the pathogenesis and treatment of dry eye.

METHODS

Production and Characterization of MUC16
Cytoplasmic Tail Antibody

A peptide corresponding to the entire cytoplasmic tail sequence of
MUC1613 was synthesized by solid-phase methods, as previously de-
scribed,12 in the Peptide Synthesis Core at Massachusetts General
Hospital. Rabbits were given initial intraperitoneal injection of 500 �g
of the synthetic peptide to the MUC16 cytoplasmic tail conjugated to
keyhole limpet hemocyanin (Rockland Immunochemicals, Gilberts-
ville, PA) in complete Freund adjuvant.26 Rabbits were further immu-
nized by weekly intraperitoneal booster injections of 250 �g purified
MUC16 cytoplasmic tail peptide in incomplete Freund adjuvant. The
antibody was purified by affinity chromatography using 10 mg MUC16
cytoplasmic tail peptide coupled to agarose beads. The specificity of
the antibody was tested by immunoblot of OVCAR-3 cell lysate, the
ovarian carcinoma cell line from which MUC16 was cloned and that
expresses high levels of MUC16. Specificity of the antibody was con-
firmed by loss of binding in immunoblots after preadsorption of the
antibody with excess MUC16 cytoplasmic tail peptide. The antibody is
designated MUC16CT.

Tear Collection

This study was conducted in compliance with good clinical practice,
institutional review board regulations, informed-consent regulations,
and the tenets of the Declaration of Helsinki. Tear washes were
collected from normal subjects as previously described.27 Sixty micro-
liters of sterile saline was instilled onto the unanesthetized ocular
surface, and subjects were asked to move their eyes, without blinking,
to mix the tear fluid content. Washes were then collected from the
inferior fornix of each eye by micropipette. Cellular debris was re-
moved by centrifugation at 14,000 rpm for 30 minutes at 4°C. Col-
lected tear washes were stored at �80°C until used in immunoblot
assays. Tears from four subjects, two women and two men, were
collected for the individual assays to determine whether the MUC16 in
tears contained the cytoplasmic tail. To verify findings from individu-
als, tear washes from 21 subjects were pooled; both sexes were
represented in the pooled sample.

Cell Culture

Immortalized HCLE cells were maintained at 37°C at 5% CO2 and
grown, as previously reported, to optimize mucin expression.25

Briefly, HCLE cultures were grown in keratinocyte serum-free medium

(K-SFM; Invitrogen, Carlsbad, CA) to confluence. After reaching con-
fluence, cells were switched to Dulbecco modified Eagle medium
(DMEM)/Ham F-12 (Cellgro, Herndon, VA) supplemented with 10%
calf serum and 10 ng/mL epidermal growth factor for 7 days, which
promotes stratification, differentiation, and mucin gene expression.25

Assays for Release of Mucins in HCLE Cells

Stratified HCLE cells were cultured as described. Culture medium was
removed, and the cells were washed with phosphate-buffered saline
(PBS) followed by incubation at 37°C with serum-free DMEM/Ham F-12
containing agents to induce mucin release. Incubation times and con-
centrations of test agents were based on previously published reports
of conditions effective in inducing MAM release. HCLE cells were
incubated with DMEM/Ham F-12 containing 5 �g/mL neutrophil elas-
tase (Biomol, Plymouth Meeting, PA) for 30 minutes (reconstituted in
50 mM sodium acetate and 150 mM NaCl and diluted in DMEM/Ham
F-12),19 10% N-acetylcysteine for 10 minutes,20 MMP-7 (340 nM)28 or
MMP-9 (2 �g/mL) for 6 hours,29 PMA (1 �m)18 and TACE (0.1 �g/mL)
for 1 hour,18 or TNF (10 ng/mL) for 24 hours.17 After incubation,
culture medium was removed and concentrated in filter cartridges
(Nanosep 100 K; Pall Life Sciences; East Hills, NY) to remove proteins
of smaller molecular weight.

Protein was extracted from HCLE cells with 2% sodium dodecyl
sulfate (SDS) plus protease inhibitor cocktail (Pierce, Rockford, IL),
denatured in Laemmli sample buffer, and separated on 1% agarose gels
or 12% SDS-PAGE gels, followed by transfer to nitrocellulose with
vacuum blotting (25 �g/lane) or electroblotting of SDS-PAGE gels.30

Immunoblots were performed as previously described16 using antibod-
ies specific to the tandem repeats of MUC1 (214D4; Upstate, Lake
Placid, NY), MUC4 (8G7; a gift of S. Batra31), MUC16 (OC125; Dako,
Carpenteria, CA), and the MUC16 CT. Quantification of protein expres-
sion was determined by densitometry of immunoblots, as previously
described.16 Results were quantified by densitometry of immunoblots
by comparing the total amount of mucin in concentrated culture media
samples to 25 �g cell lysate after the removal of media.

Biotinylation of Surface Proteins

Stratified HCLE cultures were treated with neutrophil elastase for 30
minutes. The treated cells were then processed for cell surface bioti-
nylation by incubation with 250 �g/mL sulfo-NHS-SS-biotin (Pinpoint-
Cell Surface Protein Isolation Kit; Pierce) according to the manufac-
turer’s recommendations. Immobilized gel (NeutrAvidin; Pierce) was
used to bind biotinylated proteins on the cell surface from cell lysates.
Biotinylated proteins were eluted from the gel with SDS-PAGE sample
buffer containing 50 mM dithiothreitol. Protein extract from cultures
in which the labeling reagent was omitted was used as control for
nonspecific binding to the avidin gel. The amount of MUC16 remaining
on the cell surface after protease treatment was expressed as the
percentage of the total of biotinylated surface and released MUC16.
Statistical analyses were performed with the Fisher protected least-
significant difference (PLSD) test or the Mann–Whitney U test (Stat-
View 5.0 for Macintosh; SAS Institute, Inc., Cary, NC). P � 0.05 was
considered significant.

Real-Time Polymerase Chain Reaction

Total RNA was extracted from HCLE cell cultures using reagent (Trizol;
Invitrogen) according to the manufacturer’s instructions. cDNA was
generated from 1 �g DNase-treated RNA, as described previously.25

Real-time quantitative PCR for MUC1, MUC4, and MUC16 was per-
formed as previously described using a sequence detection system (ABI
Prism 7900HT; Applied Biosystems, Foster City, CA) using gene ex-
pression chemistry (TaqMan; Invitrogen)30 with calculations based on
�Ct.32 Primers and probes were purchased from Applied Biosystems.
The amount of cDNA added to each reaction was standardized by
normalizing the amount of target gene in each sample to endogenous
control (GAPDH). Relative levels of mucin mRNA were then calculated
by the ��Ct method using the nontreated control as the calibrator.
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Statistical comparisons of the real-time PCR results were performed
using the Fisher PLSD test. P � 0.01 was considered significant.

Dye-Penetrance Assay

HCLE cells were cultured to stratification and differentiation in 24-well
culture plates, as described. Cells were treated for 30 minutes at 37°C
with neutrophil elastase (5 �g/mL) or vehicle control using nontreated
cells as negative controls. Culture medium was aspirated, and cells
were washed three times with phosphate-buffered saline (PBS), fol-
lowed by a 5-minute incubation of 0.1% rose bengal dye in calcium and
magnesium-free PBS. The dye solution was removed, and cultures were
photographed as previously described.23 The area of islands of strati-
fied cells that excluded rose bengal was quantified in culture images
using ImageJ analysis software (National Institutes of Health, Bethesda,
MD).33 P � 0.01 was considered significant (Fisher PLSD; n � 5).

Hyperosmolarity Assay

Stratified HCLE cells were cultured as described in 24-well culture
plates. After stratification, cells were incubated in hyperosmolar serum-
free DMEM/Ham F-12 (310 mOsm) for 24 hours, as described previ-
ously.34 DMEM/Ham F-12 containing increasing concentrations of so-
dium chloride (0–90 mM) was used to adjust osmolarity of the culture
medium. The amount of released mucin in culture medium and the
remaining cellular mucin was quantified from immunoblots, as de-
scribed. Cells incubated with neutrophil elastase for 30 minutes were
used as a positive-release control. P � 0.01 was considered significant
(Fisher PLSD; n � 3).

RESULTS

Membrane-Associated Mucins in the Tear Film
and HCLE Culture Media Lack the
Cytoplasmic Tail

Soluble forms of the ocular surface MAMs (MUC1, MUC4, and
MUC16) have been detected in samples of normal human tear
fluid.16 The shedding of the extracellular domains of MUC1 and
MUC4 has been well documented in cultured epithelial
cells.14,17,18 The extracellular domains of MUC1 and MUC4 do
not contain the cytoplasmic tail because it remains associated
with the cell membrane.14,17 However, it is unknown whether
the released form of MUC16 is comprised of the extracellular
domain alone or if it also contains the cytoplasmic tail. To
determine the characteristics of the released form of MUC16

from the ocular surface epithelium, immunoblots were per-
formed on tear proteins using an antibody to the extracellular
domain (OC125) and an antibody to the cytoplasmic tail of
MUC16 (MUC16CT) developed for this study. Specificity of the
MUC16CT antibody was demonstrated by preadsorption with
the cytoplasmic tail peptide. Immunoblots of HCLE cell lysate
using the MUC16CT antibody with and without preincubation
with excess cytoplasmic tail peptide (blocking peptide) con-
firmed the specificity of the antibody (Fig. 1A). In addition to
assay of tears with the OC125 and MUC16CT antibodies, HCLE
cells were used to assess MUC16 release because they ex-
pressed high levels of MUC16.25 HCLE cells constituitively
release soluble extracellular MUC16 into the culture medium,
similar to the release of soluble MUC16 into tear fluid from the
native ocular surface (Figs. 1B, 1C).

Agents That Induce Release of MAMs in
HCLE Cells

The release of MUC1 on epithelial cells can be induced by a
variety of agents, including TNF, TACE, and MT1-MMP.17,18,35

Little is known about the induction of MUC4 and MUC16
release, and no data are available on the induction of MAM
release at the ocular surface epithelia. Thus, potential agents
that induce the release of MAMs in other epithelial culture
systems were tested in HCLE cells.

Neutrophil elastase is a protease found in azurophilic gran-
ules in the cytoplasm of neutrophils that induces the release of
the extracellular domain of MUC1 on human and hamster
tracheal epithelial cells.19 The effect of neutrophil elastase on
ocular surface epithelial mucins has not been reported. Thirty-
minute incubation with neutrophil elastase (5 �g/mL) induced
a 5.5-fold increase in the release of MUC16 from HCLE cells
compared with controls. (Fig. 2A; n � 3; P � 0.01). No
significant effect on MUC1 or MUC4 release was observed. The
release of MUC16 was confirmed by immunofluorescence mi-
croscopy of nonpermeabilized HCLE cells treated with neutro-
phil elastase using the OC125 antibody (data not shown),
which recognizes epitopes in the tandem repeat region of the
extracellular domain.36

NAC washings of the ocular surface in normal human sub-
jects have been reported to release soluble MUC1 and MUC4.20

MAMs are also detected in PBS washes of the human ocular
surface, suggesting that there is constituitive shedding of
MAMs.16 In this study, no significant changes in the level of

FIGURE 1. MUC16 in human tear
fluid and HCLE cells. (A) To confirm
the specificity of MUC16CT, immuno-
blots were performed on 25 �g HCLE
cell lysate with or without the pres-
ence of blocking peptide (1 mg/mL
MUC16CT antibody diluted from orig-
inal stock solution 1:2500 in PBS plus
5% reagent [Blotto; BP]). (B) Immuno-
blots for the MUC16 extracellular do-
main (MUC16ECD) using the OC125
antibody and the MUC16 cytoplasmic
tail (MUC16CT) were performed on
normal human tear fluid samples from
four subjects (NTP1–4, two men, two
women; although there was variation
in the amounts of MUC16 in tears, the
differences did not correlate to sex),
medium from stratified HCLE cultures

(HCLE medium), and 25 �g HCLE cell lysate (HCLE CL). (C) To confirm the lack of MUC16CT in tears, excess tear protein (100 �g/well) from pooled
normal tears (NTP) was separated on a 12% SDS-PAGE gel, transferred to nitrocellulose, and probed with the MUC16CT antibody to confirm the absence
of low-molecular weight fragments containing the MUC16 cytoplasmic tail in tear film. Immunoblots using MUC16CT revealed that it binds only to the
HCLE cell lysate—not to culture media or tear samples (Fig. 1B)—indicating that the soluble form of MUC16 in HCLE culture medium and in tear samples
is the extracellular domain of MUC16 and does not contain the cytoplasmic tail. The absence of lower molecular weight species containing the MUC16
cytoplasmic tail in normal tear film was confirmed in immunoblots using excess tear proteins (100 �g) that had been separated by SDS-PAGE (Fig. 1C).
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MAM release were observed when HCLE cells were exposed to
10% NAC (Fig. 2B; n � 3).

Matrix metalloproteinases (MMPs) are a class of proteases
that cleave extracellular matrix proteins and other bioactive
molecules.37 Several, such as MMP-7 and MMP-9, are expressed
by the corneal epithelium.29,38 In addition, MMP-9 activity is
significantly elevated in the tear fluid of patients with dry eye
syndrome.39 The role of MMPs in the release of MAMs has not
been well established. MMP-7 may influence the release of
MUC1 because they colocalize and are secreted together in
lymph node metastases,40 but definitive data are not available.
MMP-7 induced 3.4-fold higher levels of MUC16 release from
the surfaces of HCLE cells after 6 hours of treatment, with no
significant effect on MUC1 or MUC4 (Fig. 2C; n � 3; P � 0.01).
In addition, 6 hours of MMP-9 treatment induced some MUC16
release in HCLE cells, though this effect was not statistically
significant. (Fig. 2C; n � 3).

TACE induces MUC1 shedding in human uterine epithelial
cells.18 Additional studies have reported that TACE induces
MUC1 shedding in uterine epithelial cells through MT1-MMP,
which is expressed in the corneal stroma and basal epithelial
cells.17,41 However, neither TACE (0.1 �g/mL) nor PMA (1
�m),17 which induces TACE-mediated MUC1 shedding, had a
significant effect on MAM release in HCLE cells after treatment
for 1 hour (Fig. 2D; n � 3).

TNF stimulates MUC1 shedding from the uterine epithe-
lial surface, and its action is blocked by synthetic MMP
inhibitors and tissue inhibitors of MMPs.17 TNF is expressed
by the corneal epithelium, and increased levels are found in
the tear fluid of mice in an experimental dry eye model.42

Treatment of HCLE cells with 10 ng/mL TNF for 24 hours
significantly increased the release of MUC1, MUC4, and
MUC16 from the cell surface (Fig. 2E; n � 3; P � 0.01).
Significant levels of release by TNF at 1 and 4 hours were not

observed (data not shown). The release of MUC1 and
MUC16 from the cell surface was confirmed by immunoflu-
orescence microscopy of nonpermeabilized HCLE cells
treated with TNF. Cell surface MUC1 and MUC16 localiza-
tion was reduced on HCLE cells treated with TNF compared
with nontreated cells (data not shown). These results cor-
relate with the immunoblot data in Figure 2E.

Efficiency of MUC16 Release by Neutrophil
Elastase in HCLE Cells

To determine the efficiency of MUC16 extracellular domain
release by neutrophil elastase in HCLE cells, the surface
proteins were biotinylated after treatment (Fig. 3). Densi-
tometry of immunoblots revealed that 30 minutes of neutro-
phil elastase treatment of HCLE cells induced the release of
68% of the MUC16 into the culture medium from the cell
surface (Fig. 3B; n � 4). Nontreated cells constituitively
released approximately 33% of cell surface-associated
MUC16 within the same treatment time. On treatment of
biotinylated HCLE cells with neutrophil elastase, a band at
approximately 40 kDa is present in MUC16CT immunoblots
(Fig. 3C). The presence of this low-molecular weight form of
MUC16 in the membrane indicates that, after 30 minutes of
neutrophil elastase treatment, the remaining portion of
MUC16 containing a fragment of the extracellular domain,
the transmembrane domain, and the cytoplasmic tail are
retained at the membrane.

Restoration of Surface MUC16

Few data are available on the turnover of MAMs at the ocular
surface or the time required for replenishment of mucins after
the induced release of the extracellular domain. To assess the
restoration of MUC16 on the HCLE cell surface after release,

FIGURE 2. Effect of potential shed-
dase on membrane-associated mucin
release from HCLE cells. Stratified
HCLE cell cultures were treated with
agents to induce the release of mem-
brane-associated mucins into culture
media. Results were quantified by
comparing the total amount of mucin
in concentrated culture media sam-
ples to that in 25 �g cell lysate by
densitometry of immunoblots. (A) Ef-
fect of 30-minute exposure to 5
�g/mL neutrophil elastase in media
compared with negative control (se-
rum-free DMEM/Ham F-12) and neu-
trophil elastase vehicle control (50
mM sodium acetate, 150 mM NaCl;
pH 5.5). (B) Effect of 10-minute cul-
ture with 10% N-acetylcysteine
(NAC) compared with PBS control.
(C) Effect of exposure to MMP-7 (340
nM/mL) or MMP-9 (2 �g/mL) for 6
hours compared with negative con-
trol (serum-free DMEM/Ham F-12).
(D) Effect of exposure to PMA (1
�m) and TACE (0.1 �g/mL) for 1
hour compared with negative con-
trol (serum-free DMEM/Ham F-12
and PMA vehicle (0.01% ethanol). (E)
Effect of 24-hour culture with TNF
(10 ng/mL) compared with negative
control (serum-free medium). n � 3.
*P � 0.01 was considered significant.
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cells were treated with neutrophil elastase followed by bioti-
nylation of surface proteins. Densitometry of MUC16 immuno-
blots revealed that 24 hours after neutrophil elastase-induced
release, MUC16 levels returned to 78% of those present on
nontreated cells (Fig. 4A; n � 3). MUC16 mRNA levels were
not significantly altered in HCLE cells 1, 3, 6, and 24 hours after
neutrophil elastase treatment compared with nontreated cells,
suggesting that the MUC16 that is replenished on the cell
surface in this time period is from intracellular stores and
occurs without the induction of increased expression (Fig. 4B;
n � 3).

Effect of Hyperosmolarity on Membrane-
Associated Mucin Release

Hyperosmolarity of tear fluid in patients with dry eye syndrome
is significantly elevated compared with that in normal pa-
tients.43 Elevated osmolarity induces inflammation at the ocu-
lar surface and increases the expression and activity of MMPs in
human corneal epithelial cells in vitro.34 To examine the effect
of hyperosmolarity on MAM release at the ocular surface,
osmolarity was increased from 310 to 500 mOsm in the culture
medium for 24 hours in stratified HCLE cell cultures. Densi-
tometry of immunoblots showed no significant induction of
MUC16 release in HCLE cells grown in hyperosmolar condi-
tions compared with the positive control of a 30-minute neu-
trophil elastase treatment (Fig. 5; n � 3). In addition, the
release of MUC1 and MUC4 were not altered in stratified HCLE
cells grown in hyperosmolar conditions (data not shown).

Effect of MUC16 Release on Dye Penetrance

Rose bengal, an anionic dye used to assess damage to the
ocular surface epithelium,44 was previously shown to be ex-
cluded by differentiated islands of stratified HCLE cells that
express MUC16.12,23 Furthermore, rose bengal penetrance is
significantly increased in HCLE cells with altered MUC16 ex-
tracellular domain glycosylation or when MUC16 is knocked
down by RNAi methods.12,23 To determine whether the induc-
tion of MUC16 release results in changes in the uptake of rose
bengal, stratified HCLE cells were treated with rose bengal after
induced MUC16 release by neutrophil elastase and were com-
pared with vehicle-treated and control cells. Islands of stratified
HCLE cells that excluded the rose bengal dye were observed in
nontreated and vehicle-treated cells (Fig. 6A, 6B). However,
significantly fewer islands excluding the dye were seen in

FIGURE 3. Amount of membrane-as-
sociated MUC16 remaining on HCLE
cells after neutrophil elastase treat-
ment. Stratified HCLE cell cultures
were treated with neutrophil elastase
to induce MUC16 release. After re-
lease, surface proteins were biotinyl-
ated and isolated. The amount of
MUC16 in the medium was com-
pared with the remaining biotinyl-
ated cell surface MUC16 after release
and was quantified by densitometry
of immunoblots. (A) Representative
MUC16 immunoblot of biotinylated
HCLE surface and released protein
after neutrophil elastase treatment
compared with the nontreated nega-
tive control. The avidin control con-

firms that only biotinylated proteins were recovered from the gel. (B) The amount of membrane-associated MUC16 on HCLE cells after neutrophil
elastase treatment is significantly reduced to 32% of total mucin compared with untreated negative control (n � 4; P � 0.05). (C) MUC16CT
immunoblot of biotinylated HCLE surface protein after neutrophil elastase treatment compared with the nontreated negative control, demonstrat-
ing the appearance of a band at approximately 40 kDa. Samples were separated on a 12% SDS-PAGE gel and transferred to nitrocellulose, and an
immunoblot was performed using the MUC16CT antibody. The 40-kDa protein at the cell surface indicates that the cytoplasmic tail, the
transmembrane domain, and the remnant extracellular domain are retained at the cell surface after treatment with neutrophil elastase for 30
minutes.

FIGURE 4. Restoration of surface MUC16 on HCLE cells after release
occurs from cytoplasmic stores. MUC16 (78% � 5%) is restored on the
surfaces of HCLE cells by 24 hours after treatment, without concurrent
increases in message. (A) The percentage of MUC16 present on the
surface of stratified HCLE cells was measured by densitometry of
immunoblots of biotinylated surface proteins over time (1, 3, 6, and 24
hours) after neutrophil elastase-induced release and was expressed
relative to nontreated control (n � 3). (B) MUC1 and MUC16 message
were measured in similarly treated cultures by real-time PCR to non-
treated cells (n � 3). No significant difference in expression level of
either MUC1 or MUC16 mRNA was found up to 24 hours after treat-
ment with neutrophil elastase.
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stratified HCLE cells in which MUC16 release was induced by
neutrophil elastase (Fig. 6C). Areas of islands of dye exclusion
were quantified (Fig. 6D), showing that cells treated with
neutrophil elastase had 66% less island area per field, whereas
there was no significant effect in vehicle-treated cells (n � 5;
P � 0.01). These data indicate that when MUC16 release is
induced, the dye penetrance barrier on HCLE cells is reduced.

DISCUSSION

In this report, we have demonstrated that several physiologi-
cally relevant agents—neutrophil elastase, TNF, and MMP-7—
induce the release of the extracellular domains of MAMs on
HCLE cells, a model for the native corneal epithelium. We have
demonstrated that, after the induction of MUC16 extracellular
domain release in HCLE cells by one of these agents, neutrophil
elastase, MUC16 is restored to the cell surface from cytoplas-
mic stores within 24 hours without increased gene expression.
We have also presented data showing that the induction of
MUC16 release by neutrophil elastase results in a loss of barrier
protection from rose bengal penetrance.

As noted, when HCLE cells were treated with neutrophil
elastase, release of the MUC16 extracellular domain was ob-
served, but MUC1 and MUC4 were not affected. During inflam-
mation or infection, numerous neutrophils are present in the
tear film.45 Degranulation of neutrophils could cause local
release of neutrophil elastase onto cells and into the tear film,
directly affecting the release of MUC16 on the ocular surface.
In this study, biotinylation of HCLE surface proteins after neu-
trophil elastase treatment showed that the majority of surface
MUC16 was released but returned to the surface after 24 hours.
This effect was seen in spite of the fact that the mucin message
did not increase in the 24 hours after the induction of release,
suggesting that MUC16 returns to the surface through intracel-
lular stores during this time. Similarly, TNF, an inflammatory
cytokine elevated in tears of patients with dry eye,46 induced
the release of MUC1, MUC4, and MUC16. However, release
was only observed after a 24-hour exposure, suggesting the

activation of other pathways downstream of TNF binding to its
receptors.

The question arises as to whether the levels of neutrophil
elastase, TNF, and MMP-7 used in the assays reported here are

FIGURE 5. Effect of hyperosmolar culture medium on MUC16 release
in HCLE cells. No change was seen in the amount of released MUC16
in response to hyperosmolarity. Stratified HCLE cells were cultured for
24 hours in media of increasing osmolarity. Cells incubated with
neutrophil elastase for 30 minutes were used as a positive control.
Results were quantified by comparing the total amount of mucin in
concentrated culture media samples to 25 �g cell lysate by densitom-
etry of immunoblots. Each treatment was normalized to serum-free
medium control of normal osmolarity (310 mOsm). For comparison,
the release induced by neutrophil elastase is shown. n � 3. *P � 0.01
was considered significant.

FIGURE 6. Rose bengal penetrance of HCLE cells treated with neutro-
phil elastase. Bright-field micrographs of stratified (A) nontreated, (B)
vehicle-treated, and (C) neutrophil elastase-treated HCLE cells show
changes in the binding pattern of the anionic vital dye rose bengal.
Cells were photographed using phase-contrast microscopy. Scale bar,
50 �m. (D) Quantification of decrease in the amount of surface area
that excludes rose bengal. Areas of islands of dye exclusion were
quantified using image analysis software. n � 5. *P � 0.01.
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comparable with those found in tear fluid. With regard to
neutrophil elastase, given that neutrophils act locally and re-
lease their enzymes locally, it is difficult to define physically
relevant concentrations. The concentration of neutrophil elas-
tase in the sera of normal subjects ranges from 1.3 to 9.35
�g/mL,47 and these levels increase with diseases such as pneu-
monia and bronchitis.48,49 Although neutrophil elastase is
present in closed-eye tears,50 to our knowledge the amounts of
the enzyme per unit of tear volume are unavailable. In our
experiments, neutrophil elastase was used at 5 �g/mL media,
which is comparable to serum levels, particularly in lung dis-
eases.

We used 1 ng/mL TNF levels based on previous studies that
used 1, 10, 25, and 100 ng TNF to study MUC1 shedding in
uterine epithelial cells.17 Serum levels of TNF in normal sub-
jects is 13.78 � 7.52 pg/mL, with a doubling in disease.51

Reports of tear levels of TNF vary widely, ranging from less
than 0.5 to 286 pg/mL in normal subjects, with increases in dry
eye and allergic eye disease.46,52 In any event, the amount of
TNF used in tissue culture experiments appears to be 100- to
1000-fold higher than in body fluids and should be taken into
account when considering the data. Levels of MMP-7 in tear
film have, to our knowledge, not been reported.

The effect of induced MAM release in epithelial cells ap-
pears to be tissue specific. For example, neutrophil elastase
induced the release of the extracellular domain of MUC16 in
HCLE cells but not of MUC1. These results contrast with
previous reports of the induced release and degradation of
Muc1 in hamster airway epithelia by neutrophil elastase.19

Variations in response to induced release may be explained by
differential glycosylation in different epithelia. For example,
the glycosylation states of MUC1 vary between epithelial and
tumor cell lines.53 Differences in the degree and nature of
glycosylation of the MAM extracellular domains could result in
altered accessibility of sheddases to the protease cleavage sites.

We investigated the possibility that the hyperosmolarity
observed in tear fluid of patients with dry eye43 contributes to
MAM release at the ocular surface. Increased osmolarity in
culture medium of corneal epithelial cells increases MMP ex-
pression through specific signaling pathways known to be
induced under cellular stress.34 We report here that the hyper-
osmolarity of the culture medium alone did not induce the
release of MAMs in HCLE cells to a greater extent than consti-
tuitive levels of MAM release, even after 24 hours of exposure,
suggesting that mucin release on the ocular surface is caused
by specific agents of release, not by pathways activated on
ionic changes in tear film. However, if the hyperosmolarity of
the tear film induces inflammation in vivo, this may lead to the
expression of agents that induce MAM release.

MAMs are components of the ocular surface glycocalyx and
have been hypothesized to participate in providing a barrier to
the epithelial surface. Given that the extracellular domain of
MUC16 was specifically cleaved from the cell surface by neu-
trophil elastase, we chose to examine the result of this effect
on the epithelial barrier using rose bengal, a dye that is be-
lieved to penetrate regions of the ocular surface epithelium in
which protection has been compromised.44 Previously, the
production of glycosylated MUC16 by stratified HCLE cells was
hypothesized to provide protection to the epithelial surface
from rose bengal penetrance.23 The fact that release of the
extracellular domain of MUC16 from HCLE cells reduces rose
bengal protection further supports the hypothesis that MUC16
is a component of the protective barrier to the epithelial
surface and that enhanced release may be detrimental to the
ocular surface. This correlates with previously reported data
that altered MUC16 glycosylation and reduced MUC16 expres-
sion result in increased rose bengal penetrance.12,23

Some limitations exist that may affect the interpretation of
the results in this study. The agents that induced specific MAM

release in HCLE cells may induce the release of other mem-
brane-bound proteins on the apical surface, though the sizes of
these molecules are likely to be much smaller and not to play
as important a role in creating a barrier to the cell surface. In
addition, sheddases of MAMs in HCLE cells do not completely
remove the extracellular domains of every MUC16 molecule, as
shown here by biotinylation of surface proteins after neutro-
phil elastase treatment. Another concern is that although HCLE
cells express the same MAMs found in native ocular surface
epithelia (MUC1, MUC4, and MUC16), expression is not uni-
form throughout the culture. Islands of protection from rose
bengal penetration expressing MUC16, rather than complete
surface exclusion as seen in intact native ocular surface epi-
thelium, are observed.23 Although there are limitations to the
culture model, there is sufficient similarity to native epithelium
to test our hypothesis on the alteration of barrier function by
MAM release.

This article presents the first direct evidence that physio-
logic agents in tear film involved in inflammation induce MAM
release at the ocular surface epithelia. We also report neutro-
phil elastase as the first specific inducer of MUC16 release on
the corneal epithelial surface. These data suggest that dry eye
symptoms may result from the release of MAMs through an
increase in the presence or activity of sheddase. To further
understand the function of the MAMs on the ocular surface, the
effects of release on cytoplasmic tail phosphorylation and in-
tracellular signaling must be studied. Based on these results,
agents that block the action of MAM release may be a possible
therapeutic treatment for dry eye.
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