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PURPOSE. To compare regional conjunctival expression of membrane-associated mucins
(MAMs) MUC1, MUC4, and MUC16 in normal and dry eye (DE) subjects.

METHODS. Adults with and without signs and symptoms of DE were recruited. Impression
cytology was performed to collect MAMs from four bulbar and upper eyelid palpebral
conjunctival regions of both eyes. After protein extraction, samples from both eyes of a
single subject were pooled by region, and expression was analyzed using a capillary elec-
trophoresis nano-immunoassay system. The chemiluminescence intensity of each antigen
binding signal was calculated after normalization to the total protein amount. Statistical
analyses were conducted using GraphPad Prime 9.

RESULTS. Samples from thirteen to sixteen DE and seven to eleven normal subjects were
analyzed. In normal samples, MUC1 expression from the nasal bulbar conjunctiva was
significantly greater than superior (P = 0.004) and inferior (P = 0.005). In DE samples,
MUC1 expression was highest superiorly. Significant differences in MUC4 and MUC16
expression were not seen in normal samples. MUC4 and MUC16 expression was upreg-
ulated superiorly (P < 0.0001) and inferiorly (P < 0.0001) in DE compared with those
regions in normal samples.

CONCLUSIONS. Although MAMs form a hydrophilic barrier called the glycocalyx, each mucin
may have unique functions that are currently unexplored. All MAMs were expressed in
the upper palpebral conjunctiva. Increased MUC1 expression nasally in healthy subjects
suggests a functional need for increased protection. When comparing DE with normal
eyes, upregulation of MUC1 superiorly, and in both MUC4 and MUC16 both superiorly
and inferiorly, may indicate a need to decrease eyelid friction during blinking, especially
in DE.

Keywords: dry eye, glycocalyx, membrane-associated mucin, MUC1, MUC4, MUC16, lid
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The ocular surface is a unique, wet-surfaced epithelium
exposed to the environment, making it highly suscepti-

ble to injury, pathogens, and dryness. Consequently, the eye
uses various biological mechanisms and structures to safe-
guard and moisturize itself, ensuring a transparent cornea
and a water-loving surface that are crucial for maintaining
clear vision. All wet-surfaced epithelia, including the eye, are
covered by a mucous coating known as the glycocalyx. The
glycocalyx functions to protect the ocular surface by serving
as a barrier against pathogens and to create a hydrophilic
surface for tear film adherence and coverage to maintain
ocular lubrication. The glycocalyx is composed primarily
of membrane-associated mucins (MAMs), known as MUC1,
MUC4, and MUC16.1,2 These mucins are also present in the
tear film,with MUC5AC being the primary gel-forming mucin
secreted into the tears.3 Its primary functions are to trap
allergens, clear away debris, and form a mucus gel tear film
for optimal hydration. Goblet cells, which produce these
mucins, are most numerous in the lower fornix and lower
palpebral region to aid in trapping debris found in the tear
film.4 They have also been detected in the palpebral conjunc-
tiva of the lid margin of the eyelids.5

MAMs such as MUC1, MUC4, and MUC16 are expressed
in both the cornea and conjunctiva.6,7 However, the distri-
bution of MAM expression across different regions of the
conjunctiva is unknown, although it is known that the mRNA
level for MUC4 decreases toward the central cornea.8 Simi-
lar variations in MAMs expression exist in other parts of the
body, such as the lung epithelia, where they contribute to
formation of a mucin mesh network that effectively repels
bacteria and unwanted particles in the airways.2,9 Further-
more, a study by Gipson et al.10 compared the functions of
MUC1 and MUC16 on the eye, and determined that knock-
down of MUC16 decreased corneal epithelial cell barrier
function in vitro, whereas knockdown of MUC1 did not
have the same effect on barrier function. Others have shown
that MUC1 plays a significant role in modulating pathogen-
induced inflammation in gastric mucosa, suggesting differ-
ences in mucin function despite their similar underlying
structures.11,12

Dry eye disease (DED) is a multifactorial ocular surface
disease characterized by an imbalance in tear film homeosta-
sis, leading to tear film instability, hyperosmolarity, ocular
surface inflammation and damage. Notably, goblet cell loss
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and decreased MUC5AC levels are often observed in moder-
ate to severe DED.13–15 However, studies investigating the
effects of DED on MAMs show inconsistent results likely
owing to the complex etiology and highly variable sever-
ity levels of DED as well as different techniques used for
in vivo sampling.16–21 Kessing22 established the differences
in goblet cell density in the bulbar conjunctiva of the eye
in 1968. Impression cytology, a technique first described
by Egbert et al.23 in 1977, is used to study goblet cells in
the conjunctiva. Therefore, impression cytology can also be
used to collect conjunctival epithelial cells in vivo for the
analysis of MAM expression. It is hypothesized that there
may be some initial compensatory increases in MAM expres-
sion during the early stages of DED, but in severe disease
and subsequent damage to ocular surface tissues, decreased
MAM expression becomes evident. To test this hypothesis,
the variation in conjunctival expression of MAMs must be
investigated in individuals without DED and then compared
regionally in DED.

The aim of this study was to evaluate whether the palpe-
bral conjunctiva in the lid margin of the eyelids expresses
MAMs and compare MUC1, MUC4, and MUC16 expression
across different areas of the bulbar conjunctiva in patients
with and without DED. The anatomical regions of the bulbar
conjunctiva investigated included the nasal, superior, infe-
rior, and temporal regions.

METHODS

Subject Selection

This research was reviewed by an independent ethical
review board and conforms with the principles and appli-
cable guidelines for the protection of human subjects in
biomedical research. Subjects with symptoms and moder-
ate to severe signs of DED and age matched normal controls
were recruited. All subjects were 18 years of age or older and
provided written informed consent before undergoing any
study-related procedures. Subjects were administered estab-
lished questionnaires for DED including the Ocular Surface
Disease Index and the Standard Patient Evaluation of Eye
Dryness to evaluate symptoms. The ocular surface of all
subjects was evaluated using a slit lamp biomicroscope to
evaluate signs of DED. Sodium fluorescein was instilled in
the inferior fornix of each eye using strips wetted with saline;
the corneas were assessed for staining in five zones (central,
inferior, superior, nasal, and temporal) after one minute
using the 0- to 4-point National Eye Institute scale with 0.5-
point increments. Conjunctival staining was assessed using
lissamine green (LG) strips wetted with saline and applied
to the inferior palpebral fornix of each eye. The National Eye
Institute scale was also used to grade conjunctival staining
which incorporates the van Bijsterveld schema by dividing
the nasal and temporal regions each into three zones: supe-
rior paralimbal, inferior paralimbal, and peripheral. Each
zone is graded on a scale from 0 to 3 for a maximum score of
9 nasally and 9 temporally.24 The inclusion criteria for symp-
toms for the DE group were a self-reported history of DE
symptoms for 3 months before enrollment, Ocular Surface
Disease Index of greater than 10,25 and Standard Patient
Evaluation of Eye Dryness score of 6 or greaster26 at the
study visit. For DED signs, ocular surface staining and tear
breakup time in the same eye had to be indicative of moder-
ate to severe ,DED including a corneal fluorescein staining
score of 1.5 or higher in at least 1 region in at least 1 eye27;
total summed corneal fluorescein staining score of 3.0 or

higher28; total summed conjunctival LG staining score of 3.0
or higher28; and tear breakup time of 10 seconds or less.29

For the normal controls, Standard Patient Evaluation of Eye
Dryness of less than 6, Ocular Surface Disease Index of less
than 10, total summed corneal fluorescein staining score of
less than 3, total summed conjunctival LG staining score of
less than 3, and tear breakup time of more than 10 seconds.
Exclusion criteria included current contact lens wear, use of
ophthalmic medications within 30 days, pregnant or nurs-
ing by self-report, and signs of ocular infection, conjuncti-
val scarring, obvious meibomian gland dysfunction, or other
serious ocular condition that may impede study procedures
to collect ocular surface samples. A phenol red thread tear
test was used to assess tear volume as previously described
to evaluate subjects for aqueous deficiency.30

Epithelial Cell Collection

Impression cytology was used to collect ocular surface
epithelial cells. This technique involves application of cellu-
lose acetate filter paper to the ocular surface which removes
the superficial cell layers of the epithelium. Circular cellu-
lose ester membranes with a 0.45 μm pore size and 13
mm in diameter were acquired (EMD Millipore MF-Millipore;
Darmstadt, Germany). The membranes were cut in half to
decrease the size for more targeted, regional application
of the membrane to the conjunctival surface of the eye.
For sample collection on the bulbar conjunctiva, a drop of
proparacaine hydrochloride 0.5% was instilled into each eye
to temporarily anesthetize the ocular surface. Subjects were
asked to look in the opposite direction of the region being
sampled; that is, for temporal bulbar collection, the subject
was instructed to look nasally. Sterile tweezers were used
to hold the semicircle of filter paper, which was applied to
the conjunctival surface. The filter paper was held in place
for 10 seconds, and then removed and placed into an empty
0.6-mL microcentrifuge tube. This method was repeated for
four bulbar conjunctival regions: superior, inferior, nasal,
and temporal (Fig. 1). Samples collected from the right and
left eyes from the same region were stored together in the
same tube per subject. For palpebral conjunctival cell collec-
tion, the upper eyelid was everted, and the semicircle of filter
paper was applied for 10 seconds to a region that included
the lid wiper area. Samples were then immediately placed in
a −80°C freezer until further analysis could be completed.

Protein Extraction of Epithelial Cells From
Impression Cytology Samples

Two semicircle filter papers from both eyes of a single indi-
vidual were pooled into one protein sample and placed in

FIGURE 1. Sampling regions. Impression cytology samples were
collected from the nasal, temporal, superior, and inferior bulbar
conjunctival regions as shown.
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200 μL of ice-cold 1x RIPA buffer (#9806; Cell Signaling Tech-
nology, Danvers, MA, USA) supplemented with 1mM PMSF
(#8553; Cell Signaling Technology) immediately before use.
During 30 minutes of incubation of the extracts on ice,
mechanical homogenization was applied to disrupt the cell
membrane using a pestle motor (2 cycles of 30-second bursts
with a 15-minute pause each time). Then, samples were
centrifuged at 16,000×g for 15 minutes at 4°C. The super-
natant containing protein extracts was saved into a new tube,
concentrated at 40°C for 30 to 50 minutes using a centrifugal
vacuum concentrator (Eppendorf, Hamburg, Germany), and
tested by JESS capillary-based immunoassay, as described
elsewhere in this article. The total protein concentration of
the extracts was quantified using Quick Start Bradford 1×
Dye Reagent (Bio-Rad, Hercules, CA, USA) according to the
manufacturer’s protocol.

Simple Western Capillary-Based Immunoassay

JESS, a capillary electrophoresis nano-immunoassay system
(Protein Simple, San Jose, CA, USA), was used for the
protein expression according to the manufacturer’s instruc-
tion. Briefly, optimal concentrations of protein and primary
antibody were determined through empirical optimization
(Supplementary Fig. S1A). An equal amount of protein
lysates (0.3 μg) was loaded into a 66- to 440-kDa separa-
tion module kit (#SM-W008, Protein Simple). Primary anti-
bodies (anti- MUC1 [1:50 dilution; #MAB6298, R&D Systems,
Minneapolis, MN, USA], anti-MUC4 [1:50 dilution; #NBP1-
52193, Novus, St. Louis, MO, USA], anti-MUC16 [1:50 dilution;
#NB120-10032, Novus]), horseradish peroxidase–conjugated
secondary antibody (anti-mouse; #DM-002 [Protein Simple]
or anti-rabbit; #DM-001 [Protein Simple]) and/or NIR-
conjugated mouse secondary antibody (#DM-009, Protein
simple) and peroxide/luminol-S (Protein Simple) for chemi-
luminescent revelation were also loaded on the cartridge.
Default assay parameters were used for the separation
electrophoresis and immunodetection steps. The calculated
chemiluminescence intensity of each single antigen bind-
ing signal by the Compass Simple Western software 6.1
(Bio-Techne, San Jose, CA, USA) is presented as an electro-
pherogram format as well as virtual blots. The peak area,
chemiluminescence intensity, and the signal/noise ratio of
detected proteins were analyzed with the “dropped lines”
setting using the integrated Compass software, followed by
normalization to the total protein amount (a total protein
detection module; #DM-TP01; Protein Simple).

Statistical Analysis

Statistical analyses and graphical illustrations were
conducted using GraphPad Prism 9.1 (GraphPad Soft-
ware, La Jolla, CA, USA). The data given in figures and
text are expressed as mean ± SD. A one-way ANOVA or
two-way ANOVA followed by multiple comparisons test

(Tukey or Sidak’s) were used for data of more than two
groups. Spearman correlations were used to evaluate rela-
tionships between conjunctival staining grades and mucin
protein levels. P values of less than 0.05 were considered
statistically significant.

RESULTS

Of the subjects screened, 28 met the inclusion and exclu-
sion criteria for the study, with 16 classified as DED and 12
normal. The demographics for all subjects enrolled includ-
ing age, sex, ethnicity, and race are listed in Table 1. The
DE questionnaire scores and ocular surface characteristics
are listed in Table 2. The average phenol red thread test
results indicated normal tear volume for both DE (22.3 ± 9.4
mm) and normal (25.8 ± 7.4 mm) subjects with no differ-
ence between groups (P = 0.3). Based on these assessments,
subjects in the DE group likely had primarily moderate evap-
orative DED contributing to significant corneal staining. In
some subject samples, there was insufficient sample mate-
rial to perform mucin analysis for a region of conjunctiva,
and so the number of datapoints per region for mucin anal-
ysis varies. However, the expression of MUC1, MUC4, and
MUC16 was detected in all regions of the bulbar conjunctiva
(nasal, temporal, superior, and inferior), as well as in the
palpebral conjunctiva of the upper eyelid. See the Supple-
mentary Figures 2 and 3 for full blot images.

MUC1 Expression

Figures 2A and 2C show representative virtual blots for
MUC1 and total protein profile for each region of conjunctiva
sampled for normal and DE subjects respectively. In normal

TABLE 1. Demographics

Normal
(n = 12)

DE
(n = 16) P Value

Age (years)
Mean ± SD 43.5 ± 14.6 54.1 ± 14.1 0.06*

Median 41.0 55.5
Range (minimum, maximum) (23, 61) (26, 81)

Sex
Male, n 3 7 0.43†

Female, n 9 9
Race
African American 8 6
Caucasian 2 9
Asian 2 1

Ethnicity
Hispanic 0 1
Non-Hispanic or non-Latino 12 15

* Student t test.
† Fisher’s exact test.

TABLE 2. DE Questionnaire Scores and Ocular Surface Characteristics

Normal (n = 12) DE (n = 16) P Value

Ocular Surface Disease Index score 1.0 ± 1.7 45.1 ± 24.5 <0.001
Phenol red thread test (mm) 25.8 ± 7.4 22.3 ± 9.4 0.3
NaFl tear film breakup time (s) 11.2 ± 0.9 5.4 ± 1.7 <0.001
Total corneal staining 0.5 ± 0.5 5.4 ± 2.6 <0.001
Lissamine green
Conjunctival staining total 0.5 ± 0.8 8.3 ± 4.7 <0.001

Data represented as mean ± SD, data for right eyes only as applicable, Student’s t test.
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FIGURE 2. MUC1 expression. (A) JESS capillary-based Western for MUC1 in protein lysates from impression cytology of nasal, temporal,
superior, inferior conjunctiva, and upper eyelid of normal eye subjects. Representative virtual blots for MUC1 and total protein profile are
shown. (B) Quantification of JESS capillary-based Western from (A). Significance testing was performed using one-way ANOVA with Tukey’s
multiple comparison test from n = 6. **P < 0.0021; ns, not significant. (C) JESS capillary-based Western for MUC1 in protein lysates from
impression cytology of nasal, temporal, superior, inferior conjunctiva and upper eyelid of DE subjects. (D) Quantification of JESS capillary-
based Western from (C). Significance testing was performed using one-way ANOVA with Tukey’s multiple comparison test. P < 0.0032;
***P < 0.0002; ns, not significant.

samples, significantly higher levels of MUC1 expression
were detected in the nasal bulbar conjunctiva (23.6 ± 9.2)
compared with the superior region (0.71 ± 0.2) (P = 0.02)
and the inferior region (1.65 ± 0.5) (P = 0.03) (Fig. 1B).
However, in DE samples, the highest expression of MUC1
was observed in the superior bulbar conjunctiva (13.2 ±
2.1) compared with nasal (2.8 ± 0.5) (P < 0.0001), temporal
(5.8 ± 1.3) (P = 0.0003), inferior (4.6 ± 0.8) (P < 0.0001),
and upper lid palpebral (1.5 ± 0.4) (P < 0.0001) (Fig. 2D).
When comparing MUC1 expression between normal and DE

samples, MUC1 expression was significantly higher in the
nasal (23.6 ± 9.2) (P = 0.0001) and temporal (18.8 ± 7.4)
(P = 0.04) bulbar conjunctiva of normal samples compared
with the nasal (2.8 ± 0.5) and temporal (5.8 ± 1.3) bulbar
conjunctiva of DE samples, respectively (Fig. 3A).

MUC4 Expression

In Figures 4A and 4C, representative virtual blots for MUC4
and total protein profile are presented for each region of

Downloaded from m.iovs.org on 04/27/2024



Regional Conjunctival Mucin Expression IOVS | February 2024 | Vol. 65 | No. 2 | Article 20 | 5

FIGURE 3. MUC1 expression in normal vs DE. Significance test-
ing was performed using two-way ANOVA with Sidak’s multiple
comparison test from n = 6–14. ****P < 0.0001; ns, not significant.

conjunctiva sampled in both normal and DE subjects. In
normal samples, there were no statistically significant differ-
ences across regions of the bulbar conjunctiva nor when
compared with the palpebral conjunctiva of the upper eyelid
(Fig. 4B). However, in DE samples, MUC4 expression was
upregulated in the superior (297.6 ± 32.8) (P < 0.0001)
and inferior (338.5 ± 27.3) (P < 0.0001) bulbar conjunc-
tiva compared with nasal (77.3 ± 7.4), temporal (85.6 ±
5.3), and upper eyelid palpebral (100.6 ± 16.4) conjunc-
tiva (Fig. 3D). When comparing MUC4 expression between
normal and DE samples, MUC4 expression was higher in
the superior (297.6 ± 32.8) (P <0.0001) and inferior (338.5
± 27.3) (P <0.0001) bulbar conjunctiva in DE subjects
compared with the superior (18.5 ± 4.4) and inferior (34.8
± 8.3) bulbar conjunctiva in normal subjects, respectively
(Fig. 5A).

MUC16 Expression

Similar to MUC4 expression, there were no significant
differences in MUC16 expression across bulbar conjuncti-
val regions nor with the palpebral conjunctiva in the upper
eyelid in normal subjects (Fig. 6B). In DE samples, MUC16
expression was higher in the superior (11.9 ± 1.3) (P <

0.0001) and inferior (10.9 ± 1.6) (P < 0.0001) regions of the
bulbar conjunctiva compared with nasal (4.4 ± 0.5), tempo-
ral (5.1 ± 0.3), and palpebral (1.9 ± 0.3) conjunctiva of
the upper eyelid (Fig. 5D). When comparing MUC16 expres-
sion between normal and DE samples, it was observed that
MUC16 expression was significantly higher superiorly (11.9
± 1.3) (P < 0.0001) and inferiorly (10.9 ± 1.6) (P < 0.0001)
in DE samples compared with samples collected from the
superior (2.1 ± 0.5) and inferior (2.4 ± 0.4) bulbar regions
of normal subjects (Fig. 7A).

Correlations Between Mucin and Staining

Owing to impression cytology samples being pooled by
region from both eyes of each subject, the nasal and tempo-
ral conjunctival staining scores were summed for both eyes
per subject. The summed nasal and temporal conjunctival
staining scores were assessed for associations with MUC1,
MUC4, and MUC16 expression in the nasal and temporal
regions, respectively. A statistically significant, moderate,

positive correlation was found between MUC4 expression
nasally and nasal staining (r = 0.68; P < 0.001), as well as
between MUC4 expression temporally and temporal staining
(r = 0.49; P = 0.02). Figures 8 and 9 show plots for nasal and
temporal mucin expression vs. temporal and nasal staining,
respectively.

DISCUSSION

We demonstrate for the first time the expression of MUC1,
MUC4, and MUC16 proteins in the palpebral conjunctiva of
the upper eyelid. Our investigation extends beyond previous
research by examining four distinct regions of the bulbar
conjunctiva. The purpose was to determine whether MAMs
are expressed at similar levels across these regions in indi-
viduals with a healthy ocular surface, and to compare these
levels with those observed in individuals with DE condi-
tions. Until now, studies investigating MAMs on the ocular
surface have been limited primarily to the bulbar conjunc-
tiva, cornea, and tear film to unravel the various functions
of these mucins in the eye.31–33

MAMs play a crucial role in adhering to and anchor-
ing the hydrophobic epithelial surface of the eye. The high
glycosylation of these mucins imparts a negative charge and
owing to steric constraints, creates a brush-like hydrophilic
covering known as the glycocalyx that helps the tear film
to adhere to and lubricate the surface of the eye.34 This
brush-like glycocalyx covering also helps to decrease the
coefficient of friction on the surface of the eye during eyelid
blinking, ensuring smoother movement.34 The presence of
MUC1, MUC4, and MUC16 proteins in the lid wiper of the
upper eyelid’s palpebral conjunctiva could indicate a role in
minimizing friction between the cornea and conjunctiva and
the eyelid during blinking.35 The lubrication system on the
ocular surface is mainly a hydrodynamic lubrication regime,
whereby the eye’s surface and eyelid are fully separated by
the fluid of the tear film.5,35 In this type of regime, friction
primarily depends on the properties of the tear film, namely,
viscosity, which is governed by mucins and other proteins in
the tear fluid.35 However, in conditions such as DED, where
the tear fluid is decreased, contact between the eye’s surface
and the eyelid may occur, resulting in a boundary lubri-
cation regime.35 In this type of regime, the quality of the
surface of the eyelid would become crucial in determining
friction. If MAMs in the eyelid become damaged or absent,
the resultant increased friction, albeit possibly minor, may
contribute to the observed ocular surface damage in severe
DED.

Statistically significant differences in expression of MUC1,
but not MUC4 or MUC16, were found across regions of the
bulbar conjunctiva in normal subjects. MUC1 was expressed
significantly higher nasally when compared with the supe-
rior and inferior bulbar conjunctival regions. The individual
function of MUC1 on the ocular surface has not been eluci-
dated. However, MUC1 is expressed in normal oral, respi-
ratory, digestive, and other mucosal epithelia of the body,
where it lubricates and protects the tracts, airways, and
organ linings and may provide some barrier to pathogen
adherence.36–38 Additionally, MUC1 is overexpressed on
cancer cells where studies in vitro demonstrate that it plays
a role in metastasis and tumor invasion as an antiadhe-
sive glycoprotein.39,40 Based on the findings of this study,
it is plausible to suggest that MUC1 may play a protective
and antiadhesive role specifically in the nasal region of the
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FIGURE 4. MUC4 expression. (A) JESS capillary-based Western for MUC4 in protein lysates from impression cytology of nasal, temporal,
superior, inferior conjunctiva and upper eyelid of normal eye subjects. Representative virtual blots for MUC4 and total protein profile are
shown (B) Quantification of JESS capillary-based Western from (A). Significance testing was performed using one-way ANOVA with Tukey’s
multiple comparison test from n = 7. ns, not significant. (C) JESS capillary-basedWestern for MUC4 in protein lysates from impression cytology
of nasal, temporal, superior, inferior conjunctiva and upper eyelid of DE subjects. (D) Quantification of JESS capillary-based Western from
(C). Significance testing was performed using one-way ANOVA with Tukey’s multiple comparison test from n = 16. ***P < 0.0002; ****P <

0.0001; ns, not significant.

bulbar conjunctiva, although additional studies are needed
to confirm these results.

In DE subjects, significant upregulation of MUC1 was
observed in superior region, whereas MUC4 and MUC16

were upregulated in both superior and inferior regions of
the conjunctiva. The O-glycans attached to MAMs facili-
tate disadhesion between cells of the palpebral conjunc-
tiva, cornea, and bulbar conjunctiva.41,42 Altered glycosyla-
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FIGURE 5. MUC4 expression in normal vs DE. Significance test-
ing was performed using two-way ANOVA with Sidak’s multiple
comparison test from n = 7–16. ****P < 0.0001; ns, not significant.

tion and disruption of the O-glycan attachments to MAMs,
which may occur in DED, could lead to increased adhe-
sion between the eyelid and ocular surface, resulting in
damage to the epithelial surface.43 Upregulation of MAMs
in the superior and inferior bulbar conjunctiva in DE, the
primary regions within the pathway of eyelid blinking, may
serve as a protective mechanism in an attempt to promote
disadhesion between the eyelid and the ocular surface. If
the adhesive force between the palpebral conjunctiva and
ocular surface epithelium is too great, the high shearing
force can peel the corneal epithelium from the underlying
basement membrane, resulting in a painful corneal erosion,
a condition that occurs at a greater frequency in those with
DED.44

Significant differences were observed in the expression
of each MAM regionally between normal and DE subjects.
In DE subjects, MUC1 was upregulated in the superior
conjunctiva but downregulated nasally and temporally when
compared with normal subjects. Both MUC4 and MUC16
were significantly upregulated superiorly and inferiorly in
DE subjects compared with normal subjects. DED has core
mechanisms of tear film instability and inflammation, which
results in ocular surface damage if left untreated.45 MAMs
contribute to lubrication of the ocular surface by stabiliz-
ing the tear film.46 Therefore, alterations in MAMs in DED
could potentially disrupt the tear film. Several investiga-
tors have reported varying findings concerning the expres-
sion of MAMs in DED. Although some investigators report
increases,17,19,47 others indicate decreases18,48 or no changes
in expression.16,20 To clarify, and reach a more definitive
understanding, further studies are required to resolve these
discrepancies. However, as the results presented in this arti-
cle show, conjunctival regions from which MAM samples are
collected can impact resulting conclusions. Regional differ-
ences in MAM expression exist in normal individuals, such as
MUC1 expression being higher nasally, and the expression
of each MAM can be affected differently in DED depend-
ing on the region, such as MUC4 and MUC16 expression
being higher superiorly and inferiorly vs. MUC1 expres-
sion only higher superiorly, which may explain some of the
discrepancies noted by other investigators. Therefore, it is
crucial for future investigators to consider these regional

differences when selecting sampling regions for MAM
evaluation.

Another explanation for these discrepancies is subject
selection for DED. Historically, patients with DED have been
classified as primarily evaporative, where the tear film evap-
orates too quickly, or aqueous deficient, where there is a
low volume of tears being produced. It is now thought
that the majority of individuals with DED have a combina-
tion of both types with the evaporative mechanism present
in approximately 80% of DED patients.49 Studies analyz-
ing mucin differences in DED must report inclusion and
exclusion criteria to understand the type of DED under
analysis. In the current study, DED subjects had normal
tear volumes and primarily evaporative DE with significant
keratitis.

Secondary analyses looked at whether MAM expres-
sion in nasal and temporal bulbar conjunctival regions
was correlated with LG staining in the same area. Moder-
ate, statistically significant correlations were found between
MUC4 expression and staining temporally along with MUC4
expression and staining nasally. Nonsignificant correlations
were seen between MUC1 and MUC16 expression and stain-
ing. Clinical dyes such as LG, sodium fluorescein, and Rose
Bengal are used clinically to assess damage to epithelial
cells in DED.50,51 Although the mechanisms of staining are
debated, hyper-fluorescent punctate staining seen on the
ocular surface in DED are likely caused by barrier dysfunc-
tion such as loss of mucin, apoptosis of cells, or abnormal
pooling in areas lacking epithelial cells.52,53 Past in vitro
studies have shown the exclusion of Rose Bengal on corneal
and conjunctival epithelial cells in culture that express
MUC16.54,55 Because Rose Bengal is not commonly used
clinically owing to increased patient discomfort compared
with LG,56 our aim here was to evaluate any potential
correlation with increased LG staining with mucin expres-
sion. Because MUC4 expression was found to be correlated
with LG staining, it is possible that clinicians can interpret
LG staining as an indicator of alteration in MUC4 expres-
sion, although more studies are needed to confirm this
finding.

Analyzing ocular surface mucins often encounters the
limitation of a small sample size and volume. Despite the
noninvasive nature of the collection process using impres-
sion cytology from the bulbar conjunctiva, it remains an
uncomfortable experience for the majority of patients, even
with the application of topical anesthesia. To yield higher
quantities of mucin, our study implemented a compre-
hensive sampling approach, encompassing both eyes and
all regions of the conjunctiva, resulting in the collec-
tion of 10 samples from each subject. Despite this dili-
gent sampling strategy, numerous samples still presented
suboptimal quantities for analysis. The challenges associ-
ated with mucin analysis arise from their high glycosy-
lation and high molecular weight, making detection and
analysis in human samples problematic owing to issues,
such as unspecific antibody binding and the requirement
for low limits of detection, which are especially criti-
cal for small sample quantities. However, our study has
successfully demonstrated the specific detection of each
mucin protein using dedicated antibodies, even within
the constraints of a limited sample size (average of <4
μg/μL per eye). Moving forward, we aim to enhance the
robustness of our findings by increasing the sample size
and exploring additional research questions in upcoming
studies.
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FIGURE 6. MUC16 expression. (A) JESS capillary-based Western for MUC16 in protein lysates from impression cytology of nasal, temporal,
superior, inferior ,conjunctiva and upper eyelid of normal eye subjects. Representative virtual blots for MUC16 detected with mouse NIR
fluorescence secondary antibody and total protein profile are shown. (B) Quantification of JESS capillary-based Western from (A). Significance
testing was performed using one-way ANOVA with Tukey’s multiple comparison test from n = 7. P < 0.0032; ns, not significant. (C) JESS
capillary-based Western for MUC16 in protein lysates from impression cytology of nasal, temporal, superior, inferior conjunctiva and upper
eyelid of DE subjects. (D) Quantification of JESS capillary-based Western from (C). Significance testing was performed using one-way ANOVA
with Tukey’s multiple comparison test from n = 16. ***P < 0.0002; ****P < 0.0001; ns, not significant.

In conclusion, MUC1, MUC4, and MUC16 expression was
detected in the upper eyelid palpebral conjunctiva, suggest-

ing a role for MAMs in the lid wiper region. Although the
overall function of MUC1, MUC4, and MUC16 is to form the
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FIGURE 7. MUC16 expression in normal vs DE. Significance test-
ing was performed using two-way ANOVA with Sidak’s multiple
comparison test from n = 7–16. ****P < 0.0001; ns, not significant.

FIGURE 8. Mucin expression and nasal LG staining. Correlation of
MUC1, MUC4, and MUC16 expression with LG staining in the nasal
bulbar conjunctiva.

FIGURE 9. Mucin expression and temporal LG staining. Correlation
of MUC1, MUC4, and MUC16 expression with LG staining in the
temporal bulbar conjunctiva.

glycocalyx, each mucin may have additional unique func-
tions that are currently unexplored. The elevated expres-
sion of MUC1 in the nasal bulbar conjunctiva of healthy
subjects suggests a functional need for increased lubrica-
tion and protection against pathogen adhesion in this area.
Regional differences in expression on the bulbar conjunctiva
in normal subjects were not seen for MUC4 or MUC16. When
comparing DE with normal samples, there was an upregu-
lation of MUC1 superiorly, and in both MUC4 and MUC16
both superiorly and inferiorly, which may indicate a need
to decrease friction between the eyelid and ocular surface
in patients with DE during blinking. LG staining may be an
indicator of alterations in mucin expression in the conjunc-
tiva. MUC16 has a multifunctional role as a component of the
glycocalyx, and its unique and critical functions may warrant
ubiquitous expression across all regions of the bulbar
conjunctiva.
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