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PURPOSE. To examine the role of conjunctival Muc16 in the homeostasis of the ocular surface
epithelium and stroma using Muc16-null knockout (KO) mice.

METHODS. We used KO mice (n ¼ 58) and C57/BL6 (WT) mice (n ¼ 58). Histology and
immunohistochemistry were employed to analyze the phenotypes in the ocular surface
epithelium. The expression of phospho-Stat3, AP-1 components, interleukin 6 (IL-6), and
tumor necrosis factor-a (TNFa) in the cornea and conjunctiva was examined. The shape of
the nuclei of corneal epithelial cells was examined to evaluate intraepithelial cell
differentiation. Epithelial cell proliferation was studied using bromo-deoxyuridine labeling.
Finally, the wound healing of a round defect (2-mm diameter) in the corneal epithelium was
measured. The keratocyte phenotype and macrophage invasion in the stroma were evaluated
after epithelial repair.

RESULTS. The loss of Muc16 activated Stat3 signal, affected JunB signal, and upregulated the
expression of IL-6 in the conjunctiva. Basal-like cells were observed in the suprabasal layer of
the corneal epithelium with an increase in proliferation. The loss of Muc16 accelerated the
wound healing of the corneal epithelium. The incidence of myofibroblast appearance and
macrophage invasion were more marked in KO stroma than in WT stroma after epithelial
repair.

CONCLUSIONS. The loss of Muc16 in the conjunctiva affected the homeostasis of the corneal
epithelium and stroma. The mechanism might include the upregulation of the inflammatory
signaling cascade (i.e., Stat3 signal, and IL-6 expression in the KO conjunctiva). Current data
provides insight into the research of the pathophysiology of dry eye syndrome.

Keywords: membrane-associated mucin, Muc16, cytokine, cornea, conjunctiva, epithelium,
proliferation, wound healing, myofibroblast

Mucins are located at the apical surfaces of all wet-surfaced
epithelia and are essential for the homeostasis of these

epithelia.1 They are a class of high-molecular weight hydro-
philic glycoproteins and contain multiple tandem repeats of
amino acids that are rich in serine and threonine in the central
domain of the core peptide.2 The number of amino acids per
tandem repeat varies between each mucin gene.3 The number
of tandem repeats per allele also varies, making these genes and
the resultant proteins polymorphic.3 The abundant O-linked
carbohydrate side chains provide the very hydrophilic charac-
ter of mucins.4 Epithelial mucins are categorized as secreted
and membrane-associated mucins (MAMs). Secreted mucins
including MUC5AC have no transmembrane-spanning domains
and are produced by goblet cells5; they can trap allergens,
debris, and pathogens to facilitate their clearance from mucosal
surfaces.6 Membrane-associated mucins, such as MUC1, MUC4,
and MUC16 (Muc1, Muc4, and Muc16 in mice), have a short
cytoplasmic tail, a single transmembrane domain, an autopro-
teolytic domain, and a large, heavily glycosylated extracellular
domain that contributes to the formation of the glycocalyx of

apical cells in wet-surfaced epithelia.1 The functions of the
MAMs include an antiadhesive action, lubrication, water
retention, and a pathogen barrier function.1,7 Recent research
has established that mucins exhibit anti-inflammatory effects;
MUC1 has reportedly been involved in the regulation of
Haemophilus influenza–related inflammation.8 Mucin 2 can
play a major role in the development of experimental colitis.9

The ocular surface epithelia also express three MAMs, which
are concentrated on the tips the apical cells’ microplicae and
form a dense glycocalyx at the epithelium–tear film interface.1

Mucin 1 is expressed in both corneal and conjunctival
epithelia.10,11 Mucin 4 is most prevalent in the conjunctival
epithelia in humans.11,12 Mucin 16 (or Muc16 in mice) is
expressed in both corneal and conjunctival epithelia in
humans,11,13 but only in the conjunctival epithelia in mice.14

Membrane-associated mucins that are expressed on the ocular
surface may prevent the adhesion of adjacent cell surfaces
during blinking or sleeping.1 The ocular surface of Muc1-null
mice with C57BL/6 background appeared normal in all respects
tested.15
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Because MAMs are considered to modulate local tissue
inflammation as described above, it is hypothesized that the
loss of Muc16 might induce the expression of inflammatory
cytokines in mouse conjunctiva and secondarily affect the
homeostasis of the corneal epithelium. To explore this
hypothesis, we employed Muc16 knockout (KO) mice.
Muc16-deficient homozygous mutant mice (KO mice) ap-
peared normal, were fertile, displayed a normal rate of growth,
and did not display any abnormal phenotypes.16 Cheon et al.16

did not detect any histological differences in the ovary, uterus,
lung, or testis between the wild-type (WT) and KO mice.
However, our present study demonstrated that the loss of
Muc16 in the conjunctiva certainly impaired the homeostasis
of the corneal epithelium and stroma.

MATERIALS AND METHODS

The experimental protocols and use of experimental mice
were approved by the DNA Recombination Experiment
Committee and the Animal Care and Use Committee of
Wakayama Medical University and conducted in accordance
with the Association for Research in Vision and Ophthalmology
Statement for the Use of Animals in Ophthalmic and Vision
Research. Age-matched KO mice with C57BL/6 background
and C57BL/6 (WT) mice were used.

Histology

Histology was first carried out in the paraffin sections of WT
and KO eyes of 14-day-old (n¼ 4 in each genotype), 56-day-old
(n ¼ 4 in each genotype), and 6-month-old (n ¼ 4 in each
genotype) mice. Hematoxylin and eosin (HE) staining and
Periodic acid-Schiff (PAS) staining were employed. The number
of PAS-positive cells per section of WT and KO eyes of the 56-
day-old mice was counted. The 56-day-old adult KO mice (n¼
2) and WT mice (n ¼ 2) were used for the ultrastructure
examination. After the WT and KO mice were killed, the eyes
were enucleated and fixed with 2% glutaraldehyde in 0.1 M
PBS (pH 7.4) for 48 hours. They were postfixed with 1% OsO4
in 0.1 M PBS, dehydrated, and embedded in Epon/Araldite.
Ultrathin sections were cut with a diamond knife, attained with
uranyl acetate and lead citrate, and observed under transmis-
sion electron microscopy as previously reported.17

Morphology of the Nuclei of the Corneal
Epithelium

Histology suggested that the suprabasal cells of the KO corneal
epithelium appeared less flattened compared with those in a
WT mouse. Therefore, we examined the shape (the degree of
the flatness) of the nucleus in the corneal epithelium of 8-
week-old WT and KO mice using 40,6-diamidino-2-phenylindole
(DAPI) staining to analyze the maturation of the suprabasal
cells as previously reported.18 The ratios between the
horizontal and vertical lengths of the cell nucleus in the
corneal basal cell layers and the suprabasal cell layers were
measured as previously reported.18

Real-Time Reverse Transcription-Polymerase
Chain Reaction (RT-PCR)

We ran RT-PCR for interleukin 6 (IL-6), tumor necrosis factor-a
(TNFa), Muc1, Muc4, and Muc5AC in RNA samples from the
cornea and conjunctiva (including subconjunctival connective
tissue, referred as conjunctiva in the current manuscript) from
8-week-old WT and KO mice (n ¼ 20 in each genotype) as

previously reported.19 The primers that were used have been
listed in Table 1.

Immunohistochemistry

The paraffin sections (5 lm thick) of the 8-week-old mouse
eyes were deparaffinized, rehydrated, and subjected to
immunohistochemistry for phospho-Stat3, AP-1 components
(c-Fos, c-Jun, JunB, and JunD), IL-6, keratin 12 (K12), and
keratin 14 (K14) as previously reported.18 The antibodies that
were used have been listed in Table 2. The paraffin sections (5
lm thick) of the 2-week-old and 6-month-old mouse eyes were
subjected to immunohistochemistry for phospho-Stat3 and
K14. After the primary antibody reaction and washing in PBS,
the specimens were allowed to react with peroxidase-
conjugated polyclonal secondary antibodies (1:200 in PBS;
Cappel, Organon-Teknika, West Chester, PA, USA). After
washing in PBS, the reaction was visualized with 3,3 0-
diaminobenzidine (DAB) as previously reported,20 and the
sections were counterstained with methyl green and mounted
in balsam. Negative control staining was performed by the
omission of each primary antibody and did not yield specific
staining (not shown).

5-Bromo-20-Deoxyuridine (BrdU) Immunolabeling

To examine the patterns of DNA replication (cells in S-phase of
the cell cycle), the incorporation of BrdU was analyzed using
immunohistochemistry as previously reported.21 The WT and
KO eyes of 2-week-old (n¼ 3 in each genotype), 8-week-old (n
¼ 8 in each genotype), and 6-month-old (n ¼ 3 in each
genotype) mice were used. The mice were intraperitoneally

TABLE 1. Primers and Oligonucleotide Probes Used for Real-Time PCR

Primer Oligonucleotide Probe

TNFa Mm00443258_m

IL-6 Mm01210732_gl

Muc1 Mm00449604_m1

Muc4 Mm00466886_ml

Muc5 AC Mm01276718_ml

ALDH3A1 Mm00839312_ml

aSMA Mm01204962_gh

GAPDH Mm03302249_gl

GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

TABLE 2. Antibodies Used for Immunohistochemistry

Antibody Host Company Dilution

Muc16(C-6) Mouse Santa Cruz Biotechnology,

Santa Cruz, CA, USA

350

Phospho Stat3(B7) Mouse Santa Cruz Biotechnology 350

c-Fos(Ab-2)(4-17) Rabbit Calbiochem, San Diego, CA,

USA

3100

c-Jun/AP-1(Ab-3) Mouse Calbiochem 350

JunB Rabbit Atlas Antibodies AB,

Stockholm, Sweden

350

JunD Rabbit Biorbyt Limited, Cambridge,

Cambridgeshire, UK

3100

IL-6(M-19)-R Rabbit Santa Cruz Biotechnology 3200

F4/80 Mouse BMA Biomedicals, Augst,

Switzerland

350

aSMA Mouse Neomarker, Fremont, CA, USA 3200

ALDH3A1(G-2) Mouse Santa Cruz Biotechnology 3100

Antibodies were diluted in PBS.
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injected with 1 mL/100 g BrdU (Amersham, Buckinghamshire,
UK), and 2 hours later, the animals were killed, and the eyes
were enucleated. The eyeballs were fixed in 4% paraformalde-
hyde and embedded in paraffin. The specimens were cut at 5-
lm thickness. Five sections per eyeball were used to BrdU
staining. The interval between the sections was at least 25 lm.
Deparaffinized sections were treated with 2 N HCl for 1 hour at
378C and then washed in PBS before the application of the
antibody. The mouse monoclonal anti-BrdU antibody (1:10;
Roche Diagnostics, Mannheim, Germany) was diluted in PBS.
After DAB reaction (according to the manufacturer’s protocol),
methyl green counterstaining, and mounting, the number of
BrdU-positive cells in the corneal epithelium per section were
counted.

TUNEL Assay

We carried out TUNEL assay in the deparaffinized sections (5-
lm thick) of the 8-week-old mouse eyes as previously
reported.22 In brief, sections were digested by with proteinase
K (10 lg/mL; Sigma-Aldrich, St. Louis, MO, USA) for 5 minutes
at room temperature. After washing, the sections were treated
with 1 3 TdT buffer containing TdT (Invitrogen, CA, USA) and
biotinylated-dUTP (Roche Diagnostics, Mannheim, Germany)
for 45 minutes at 378C. After the sections were washed with

PBS, a reaction with streptavidin-peroxidase and DAB reaction
was performed. After counterstaining with methyl green, the
sections were mounted in balsam. For a negative control,
specimens were stained without the biotinylated-dUTP. For a
positive control, the sections were treated with 10 lg/mL of
DNase I for 10 minutes and then examined.

Wound Healing of Corneal Epithelial Defect

Adult 8-week-old KO mice (n¼ 6) and WT mice (n¼ 6) were
used. A round corneal epithelial defect (diameter: 2.0 mm) was
made with a 2-mm trephine and a scalpel in the right eye. This
procedure left the basement membrane intact. The affected
corneas were stained with fluorescein and photographed
under a microscope at 0, 6, 12, 18, 24, and 30 hours after
injury. The fluorescein-stained areas of the epithelial defect
were measured from photographs obtained under the micro-
scope. At 30 hours post debridement, the numbers of the
corneas with or without stromal opacification (scar) were
statistically analyzed using the v2 test. Each eye was then
processed for histology and immunohistochemistry for a-
smooth muscle actin (aSMA), aldehyde dehydrogenase 3A1
(ALDH3A1), and F4/80 macrophage antigen as described
above.20 The antibodies that were used have been listed in
Table 1.

FIGURE 1. Expression of Muc16 in mouse ocular tissues and the histology of conjunctiva of WT and KO tissues. (a) Mucin 16 is expressed in
conjunctival epithelium, but not in corneal epithelium. Higher magnification picture (insert) shows Muc16 in the superficial layer of the
conjunctival epithelial cells. (b) Histology by PAS staining shows no obvious difference in the morphology of the conjunctival epithelium between
WT (A) and KO (B) mouse. Scale bar: 50 lm. Higher magnification observation did not indicate differences in the morphology of goblet cells
between WT (C) and KO (D) mouse. Scale bar: 10 lm. (c) The number of goblet cells was not affected by the loss of Muc16.

Muc16 and Mouse Cornea IOVS j June 2014 j Vol. 55 j No. 6 j 3628



Another set of corneas that were healing post debridement
from 8-week-old WT and KO mice (n ¼ 10 each) were
processed for RNA extraction and real-time PCR for mRNAs of
aSMA and ALDH3A1 as previously reported.19 We used a real-
time PCR system (TaqMan; Applied Biosystems, Forest City, CA,
USA) as described above. The primers that were used have
been listed in Table 1.

Statistical Analysis

The statistical analysis in each experiment except for the
evaluation of corneal opacification was performed using
unpaired t-tests. A value of P < 0.05 was considered statistically
significant.

RESULTS

Expression of Muc16 in a WT Mouse Eye

Mucin 16 proteins were detected in the superficial epithelial
cells in the conjunctiva and were not detected in the cornea in
the WT mice (Fig. 1a).

Gross Appearance and Histology of the Cornea of a
KO Mouse

Under biomicroscopy, eyes appeared normal in both WT and
KO mice (Figs. 2A, 2B). The corneal surface of both WT and KO
mice were quite normal and similar to each other with only
very minor punctate fluorescein staining (detailed data not
shown). We then examined the histology of the conjunctiva
using PAS staining because Muc16 is a conjunctiva-specific
MAM in mice. We found no difference in the structure of the
conjunctival epithelium and the numbers of goblet cells
between WT and KO mice (Figs. 1B, 1C). Histology by HE
staining showed that the thickness of the stratified epithelium
of the cornea appeared normal in KO mice compared with WT
mice corneal epithelium. The suprabasal epithelial cells were
relatively round or less flattened in the KO corneal epithelium
compared with the WT corneal epithelium (Figs. 2C, 2D).
Scanning electron microscopy also did not demonstrate a
significant difference in the features of the surface of the
superficial corneal epithelium between WT and KO mice (data
not shown).

To further observe the structure of the basal and suprabasal
cells in the corneal epithelium, transmission electron micros-
copy was performed. Ultrastructural observation showed that
suprabasal cells seemed to have a similar size as that of basal
cells in the KO corneal epithelium, whereas the size of
suprabasal cells seemed smaller than that of the basal cells in
the WT mouse (Figs. 2E, 2F). More nuclei were observed in the
superficial layer of the KO cornea than in the WT cornea.
Mitotic cells were seen more frequently in the KO corneal
epithelium than in the WT corneal epithelium. The morphol-
ogy of the microplicae of the superficial cells of the epithelium
did not seem to be affected by the loss of Muc16 under
transmission electron microscopy (data not shown).

Expression Pattern of Phospho-Stat3 and AP-1
Components in WT and KO Cornea and
Conjunctival Tissues

Immunoreactivity for phospho-Stat3 was not observed in the
corneal epithelium and keratocytes of both WT and KO mice as
well as in the WT conjunctiva. However, marked phospho-Stat3
immunoreactivity was detected in fibroblasts in the subcon-
junctival connective tissue of KO mice (Fig. 3a). Immunoreac-

tivity for c-Fos or c-Jun was not observed in the corneal
epithelium and was very faintly seen in the conjunctival
epithelium of both WT and KO mice (data not shown). While
JunB protein was observed in some basal cells of the WT and KO
corneal epithelia and in the WT conjunctival epithelium, it was
detected in the superficial epithelial cells in the KO conjunctiva
(Fig. 3b). JunD protein was observed in the basal cells of the WT
and KO corneal and conjunctival epithelia, and the distribution
of labeled nuclei seemed similar (Fig. 3c).

Effects of the Loss of Muc16 on the Expression of
Mucin Genes and IL-6, TNFa in Ocular Surface
Epithelia

We first examined if the loss of Muc16 was compensated by the
upregulation of other mucins using real-time PCR. The
expression of Muc1 mRNA was higher and the expression of
Muc4 mRNA was lower in conjunctiva than in the cornea (Fig.
4d). There was no statistical difference in the expression levels
of Muc1 and Muc4 between the WT mice and KO mice. The
expression of Muc5AC gene in the conjunctiva was not
affected by the loss of Muc16 gene (Fig. 4d).

We detected the upregulation of phospho-Stat3 in the KO
subconjunctival fibroblasts in vivo, which prompted us to
hypothesize that the expression of inflammatory mediators

FIGURE 2. Histology of WT and KO cornea. No obvious opacification
or other epithelial disorders were observed in both WT (A) and KO (B)
mouse corneas. Scale bar: 1 mm. Hematoxylin and eosin histology
shows that the thickness of the stratified epithelium of the cornea
seems normal in the KO mouse (D) compared with the WT mouse
corneal epithelium (C). The suprabasal epithelial cells (arrows) were
relatively round or less flattened in the KO corneal epithelium
compared with these cell types in the WT cornea. Ultrastructural
observation showed that the size of suprabasal cells seemed similar to
that of basal cells in the KO corneal epithelium (F), while the size of
the suprabasal cells looked smaller than that of the basal cells in the
WT mouse (E). More nuclei were observed in the superficial layer of
the KO cornea compared with the WT mouse (small arrow). Mitotic
cells were more frequently seen in the KO epithelium compared with
the WT cornea (large arrow). Scale bar: 10 lm.

Muc16 and Mouse Cornea IOVS j June 2014 j Vol. 55 j No. 6 j 3629



might be expressed in the cells. To test this possibility, several
real-time PCR evaluations for the mRNAs of IL-6 and TNFa
were completed. The expression of TNFa mRNA was not
affected by the loss of Muc16 in each of cornea or conjunctiva
(Fig. 4a). The loss of Muc16 did upregulate the expression of
IL-6 mRNA in the conjunctiva (*P < 0.05), but not in the cornea
(Fig. 4b). To examine if the findings would be the same with
protein expression, we conducted immunohistochemistry for
IL-6 in the WT and KO ocular tissues. The results showed that
the expression of IL-6 protein was faintly detected in basal cells
of the corneal epithelium and detected in the subconjunctival
connective tissue of both WT and KO mice (Fig. 4c). Although
immunohistochemistry is a qualitative but not quantitative
analysis, the immunoreactions in subconjunctival tissue
appeared more marked in the KO tissue compared with the
WT tissue.

Evaluation of the Morphology of the Nuclei of the

Corneal Epithelium and Expression of K12 and
K14

These morphological findings suggested that the intraepithelial
cell differentiation, such as the differentiation of a basal-type cell
to a suprabasal-type cell, might be impaired. To explore this
hypothesis, we then tried to test this process by evaluating the
morphology of the nuclei of basal and suprabasal cells in each

genotype of the epithelium with DAPI nuclear staining (Fig. 5a)
as previously reported.18 We calculated the ratio of the
horizontal length to the vertical length of the nucleus (Fig.
5b). The ratio of the horizontal to the vertical length of the
nucleus in the corneal basal cell layers was 1.99 6 0.55 in WT
mice and 1.28 6 0.40 in KO mice (P < 0.005) (Fig. 5c). The
ratio in the corneal suprabasal cell layers was 2.90 6 0.63 in WT
mice and 1.79 6 0.47 in KO mice (P < 0.001; Fig. 5c). In both
the basal cells and suprabasal cells, the nuclei of the KO mice
were relatively more round in shape in the sections compared
with the WT cells.

The marker of corneal epithelium, K12, was detected in the
corneal epithelial cells, and was more intense in the basal layer
cells, of both the WT mice and KO mice (data not shown). This
indicated that the loss of Muc16 in the conjunctival epithelium
did not affect the cornea-type epithelial differentiation. A
specific keratin of the basal cells of stratified epithelia, K14,
was detected in the basal cells of the corneal epithelium of the
WT mice. However, it was observed in the basal cells and the
cells upon the basal cells of the corneal epithelium of the KO
mice (Fig. 5d).

Cell Proliferation and Apoptosis in the Corneal
Epithelium of a KO Mouse

Cells that were BrdU-positive were scattered throughout the
basal layer of the corneal epithelial cells of the WT mice and

FIGURE 3. Expression pattern of phospho-Stat3 and AP-1 components in ocular surface. (a) Phospho-Stat3 was detected in subepithelial fibroblasts
(arrows) in the KO conjunctiva ([D], higher magnification in [D’]), but was not seen in the WT tissue ([C], higher magnification in [C’]), as well as
in the corneal epithelium and keratocytes in both genotypes of mice (A, B). (b) JunB protein was observed in some of the basal cells of WT and KO
corneal epithelia (A, B) as well as in WT conjunctival basal epithelial cells ([C], higher magnification in [C’]), while it was detected in the superficial
epithelial cells in KO conjunctiva ([D], higher magnification in [D’]). (c) Nuclear JunD is restricted to the basal layer cells of both the cornea and
conjunctiva in both genotypes of mice (A–D). Scale bar: 10 lm.
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KO mice (Fig. 6a). In the 8-week-old mice, BrdU-positive cells
were more frequently observed per section in the KO mice
compared with the WT mice; the number of cells was 13.85 6

5.68 in WT mice and 16.93 6 6.30 in KO mice (P < 0.05; Fig.
6b).

We attempted to detect apoptotic cells using TUNEL
staining. Cells that were TUNEL-positive were not detected in
the corneal epithelial cells of the WT and KO mice (Fig. 6c).

Age-Dependency of KO Phenotype

To determine if the abnormality in the cornea and conjunctiva
in a KO mouse was age-dependent, we investigated the
morphology and proliferation activity of the corneal epithelium
and the expression of pStat3 in the cornea and conjunctiva of
2-week- and 6-month-old WT and KO mice as described above.
The corneal epithelium of the 2-week-old mice displayed one
or two layers. The histology of conjunctival and corneal
epithelia was similar between 2-week- or 6-month-old WT and
KO mice (Fig. 7a). Keratin 14 was detected in the basal cells of
the corneal epithelium of the WT and KO mice (Fig. 7a). A few
suprabasal cells were labeled for K14 in the corneal epithelium

of 2-week- or 6-month-old WT and KO mice. The expression of
phospho-Stat3 was not detected in the epithelium and stroma
of the WT and KO cornea of the 2-week-old mice. In contrast,
pStat3 immunoreactivity was detected in the fibroblasts in the
subconjunctival connective tissue of the 6-month-old KO mice
(Fig. 7a). There was no statistical difference in the number of
BrdU-positive cells/section between the 2-week- or 6-month-
old WT mice and KO mice (Fig. 7b).

Wound Healing of the Cornea Following Epithelial
Debridement

The corneal epithelial wound closure was determined by the
disappearance of the fluorescein-stained epithelium in the
areas of defects. The areas with the epithelial defects healed
faster in the KO mice compared with the WT mice (Fig. 8a).
The wound area at 12 hours was 1.91 6 0.16 mm2 in the WT
mice and 1.60 6 0.27 mm2 in the KO mice (P < 0.05). The
wound area at 12 hours was significantly decreased in the KO
mice (Fig. 8b). At 30 hours post debridement, all but one of the
WT corneas were without stromal opacification (scar), while
all six corneas exhibited stromal opacification in the KO mice

FIGURE 4. Expression of inflammatory components and membrane-associated mucin family members in cornea and conjunctiva. (a) Real-time
reverse PCR clearly shows that there is no statistical difference in the expression level of TNFa mRNA between WT and KO mice in conjunctiva or
cornea. (b) The loss of Muc16 promotes the mRNA expression of IL-6 in the conjunctiva (*P < 0.05), but not in the cornea. (c)
Immunohistochemistry for IL-6 suggests that the subconjunctival tissue, but not the cornea, is the main source of IL-6 in the ocular surface in both
genotypes of mice, and that IL-6 immunoreactivity seems more intense in the KO tissue compared with the WT one. Scale bar: 10 lm (cornea); 50
lm (conjunctiva). (d) The mRNA expression of Muc1 or Muc4 is higher in the conjunctiva or cornea, respectively, but there is no statistical
difference in their expression levels between WT and KO tissues. The expression of Muc5AC mRNA in the conjunctiva is not significantly affected
by the loss of Muc16.
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(Fig. 8a). The data were statistically analyzed and we found that

the incidence of corneal stromal opacification in the KO mice

was statistically (P < 0.01) higher than in the WT mice.

Immunohistochemistry showed that F4/80-labeled macro-

phages were found in the subepithelial layer of the KO corneas

at 30 hours post debridement, while few F4/80-labeled cells

were seen in the WT corneas (Figs. 9aA, 9aB). The cells in the

posterior stroma were labeled for ALDH3A1, and thus showed

the keratocytic phenotype, while the fibroblastic cells in the

anterior stroma were not labeled in the WT cornea (Fig. 9aC).

In the KO cornea, the majority of the cells in the stroma were

negative for ALDH3A1 (Fig. 9aD). The majority of keratocytes

in the KO corneas were labeled with anti-aSMA antibody while

the stromal cells in the WT mice were minimally positive for

aSMA (Figs. 9aE, 9aF). The immunohistochemical findings of

phenotypic alterations in the keratocytes were not observed in

the stroma of the peripheral cornea (data not shown). Real-

time PCR indicated no difference in the mRNA expression

levels of ALDH3A1and aSMA (Figs. 9b, 9c).

DISCUSSION

The present study demonstrated that the loss of a MAM
member, Muc16, affected the homeostasis of the ocular surface
epithelium in mice. The loss of a conjunctiva-specific mucin
significantly impaired the homeostasis of not only conjunctival
but also corneal epithelium. As mentioned in the introduction,
the expression pattern of Muc16 (or MUC16 in humans) differs
between mice and humans; it is expressed in both cornea and
conjunctiva epithelia in humans,11,13 but only in the conjunc-
tiva in mice.14 However, the present findings clearly indicated
that MAM expression in the conjunctiva was essential to
maintain ocular surface homeostasis; this is an important
concept to understand the disease mechanism underlying
human dry eye patients.

First, we showed that the loss of Muc16 activated Stat3
signal in the subconjunctival tissue and upregulated the
expression of IL-6 in conjunctiva (including subconjunctival
connective tissue); this suggested that the loss of Muc16 might
induce a subclinical inflammatory reaction without additional

FIGURE 5. Evaluation of intraepithelial differentiation of the corneal epithelium. (a) In order to evaluate the morphology of the nuclei of the basal
and suprabasal cells of the corneal epithelium, the tissue was stained with DAPI nuclear staining. Scale bar: 10 lm. (b) The ratio of horizontal/
vertical length of the nucleus of suprabasal or basal cell was calculated to evaluate the intraepithelial differentiation of an epithelial cell. (c) The ratio
of horizontal/vertical length of the nuclei of suprabasal cells and of basal cells was significantly lower in the corneal epithelium of the adult KO mice
than in adult WT mice. ***P < 0.005 and ****P < 0.001 by unpaired Student’s t-test. Bar: standard error. (d) Keratin 14, a marker of basal epithelial
cells, was detected in the basal cells of the corneal epithelium of a WT mouse, while both basal and suprabasal cells (arrows) were labeled for
keratin 14 in the corneal epithelium of a KO mouse. Scale bar: 10 lm.
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external stimuli. Although there was no difference in the
activation level of JunD signal, it has also reportedly been
involved in the promoter activity of IL-6.23 Several studies have
reported that MAM members demonstrated anti-inflammatory
activity in organs other than the eye,8,9 which supports the
current findings, although the exact mechanism how the loss
of Muc16 modulates Stas3 signaling and the expression of IL-6
in conjunctiva is still unknown. A MAM member, Muc13,
reportedly exhibited anti-inflammatory activity in the mouse
intestine; the loss of Muc13 caused spontaneous focal
inflammation as well as exaggerated dextran sodium sulfate-
induced colitis in mice.24 Muc1-deficient tissue of the
gastrointestinal tract or intestinal epithelial cell line with
Muc1-silencing increased the chemokine expression in re-
sponse to the exposure to TNFa in culture.25 Although data
that demonstrates that Muc16 possesses a similar anti-
inflammatory activity are unavailable, our current data
indicated that Muc16 could modulate tissue inflammation in
vivo in the mouse conjunctiva. On the other hand, Muc16 may
provide a protective barrier for the epithelial surface from
bacterial adherence and to suppress the immune system by
suppressing the activity of natural killer cells.26 For example,
the knockdown of Muc16 in cultured human corneal limbal
epithelial cells promoted the adhesion of bacteria on the cell
surface.27 Therefore, the loss of Muc16 in conjunctiva may
have disrupted the normal relationship between the tissue and
commensal bacteria. To further characterize the relationship
between Muc16-null conjunctiva and bacterial components,
the effects of the topical administration (eye drop or

subconjunctival injection28,29) of commercially available lipo-
polysaccharides on signal transduction and on gene expression
pattern need to be examined.

The loss of Muc16 also affected the activation status of the
AP-1 components in the conjunctival epithelium, although its
biological importance has not been determined. The expres-
sion pattern of JunB, but not c-Fos, c-Jun, and JunD, in the
conjunctival epithelium was altered by the loss of Muc16.
Although the mechanism for the alteration of AP-1 components
by Muc16 gene ablation in the conjunctival epithelium still has
to be investigated, a similar expression pattern was reported in
an inflamed human skin sample: the epidermis of a skin biopsy
specimen from a patient with systemic lupus erythematosus
showed a decreased level of JunB and the activation of Stat3 in
association with dermal IL-6 upregulation.30

Dry eye is a multifactorial ocular surface disorder that
causes ocular dryness, discomfort, pain, and visual disturbance.
Tears consist of watery and mucous components as well as
those secreted by the Meibomian glands. Although these
components are essential to the ocular surface homeostasis,
the mechanisms of the development of dry eye syndrome are
not fully understood.

Interleukin 6 and mucin genes are upregulated in the
conjunctiva of dry eye patients,31 and IL-6 stimulates the
expression of Muc4 in a cultured cell line.32 However, in the
current study, we did not observe a significant alteration of the
expression level of other mucins (i.e., Muc1, Muc4, and
Muc5Ac). We then considered that the upregulation of IL-6 in
the conjunctiva might affect the homeostasis of the corneal

FIGURE 6. Proliferation activity and apoptosis in corneal epithelium. (a) The presence of proliferating cells was detected by BrdU labeling. BrdU-
labeled cells were observed in the basal layer of the corneal epithelium of both genotypes (A, B). Scale bar: 50 lm. (b) The number of BrdU-labeled
cells in each cornea section was higher in the KO mouse than in the WT tissue. *P < 0.05. (c) TUNEL-labeled apoptotic cells were not detected in
the corneal epithelia of both WT (A) and KO (B) mice. Scale bar: 10 lm.
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epithelium presumably via tears, because IL-6 reportedly
stimulated cell migration in the corneal epithelium.33 It was
reported that IL-6 did not affect the proliferation of rabbit
corneal epithelial cells in culture, but did enhance the
keratinocyte proliferation.34 Its effects on proliferating activity
in mouse corneal epithelium have not been studied. Namely,
we first hypothesized that the loss of Muc16 in conjunctiva
affected the turnover of the cells in the stratified epithelium of
the cornea possibly via the upregulation of IL-6 in the
conjunctiva. The corneal surface of both WT and KO mice
were similar to each other with only minor punctate
fluorescein staining (data not shown). Scanning electron
microscopy also did not demonstrate significant differences
in the features of the surface of the superficial corneal
epithelium between the WT and KO mice (data not shown).
Our histological observations by light and electron microscopy
suggested the presence of basal cell-like cells in the suprabasal
layer of the corneal epithelium in the absence of Muc16. The
relatively more round nuclei, as observed using light and
electron microscopies and the evaluation of the morphology of
the nucleus with DAPI nuclear staining, were detected in the
suprabasal layer of the KO epithelium compared with the WT
epithelium. Our hypothesis was further confirmed by the
immune-detection of K14, a marker of a basal cell of stratified

epithelia, in the suprabasal cells. The expression of K12, a
marker of cornea-type epithelial differentiation, was not
affected by the loss of Muc16. This finding prompted us to
hypothesize that either the maturation of a basal cell to a
suprabasal cell might be delayed or such maturation might not
catch up to the turnover of the cells in the stratified
epithelium. In order to validate these hypotheses, we then
examined cell proliferation and cell death (apoptosis) in the
KO epithelium. The incorporation of BrdU in the basal layer
cells was more frequent in the corneal epithelium of the KO
mouse compared with the WT epithelium. On the other hand,
increased cell proliferation did not increase the epithelial
thickness. Thus, we evaluated the cell death in the superficial
layer of the corneal epithelium; TUNEL-labeled cells were not
seen in both WT and KO epithelia in the current study.
However, the presence of TUNEL-labeled cells in the superfi-
cial layer of corneal epithelium remains controversial.35–37 One
explanation is that apoptotic cells might be desquamated, and
therefore, histology did not pick these TUNEL-labeled cells in
the epithelium.

We also investigated if the abnormality of the ocular surface
in KO mice depended on the age of the animals. In contrast
with the adult 8-week-old mice, the distribution of K14-labeled
cells in corneal epithelium was similar between WT and KO

FIGURE 7. Corneal epithelium and conjunctiva of 2-week-old and 6-month-old mice. (a) Hematoxylin and eosin staining histology and the
expression pattern of keratin 14 were similar between WT and KO mice at the ages of two weeks and six months. The corneal epithelium was
negative for phospho-Stat3 in both WT and KO mice at the ages of 2 weeks and 6 months. Subconjunctival cells of the 2-week-old WT and KO mice
were negative for pStat3. On the other hand, subconjunctival cells of the 6-month-old KO mouse were labeled for pStat3 (arrows), but not in WT
tissue. (b) The incidence of BrdU-incorporated cells in the corneal epithelium was similar between the WT and KO mice at the ages of 2 weeks and 6
months. Scale bar: 10 lm.
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FIGURE 8. Wound healing of debridement of corneal epithelium. (a) The round epithelial defect (stained with green fluorescein) produced in the
center of the cornea gradually recovered with the migrating remaining epithelium from outside the defect. In 30 hours post wounding, the defect
was closed in both WT and KO mice. The healing rate of the corneal epithelial defect in the KO mouse seemed faster overall compared with the WT
mouse. At 24 and 30 hours, the corneal stroma of the area of the regenerated epithelium was transparent in the WT mouse, while it seemed opaque
in the KO mouse. Scale bar: 1 mm. (b) The size of the remaining defect was significantly smaller in the KO mouse cornea compared with the WT
cornea at 12 hours post wounding. *P < 0.05. Bar: standard error.

FIGURE 9. Immunohistochemical detection of macrophages and analysis of keratocyte phenotype in the healed cornea at 30 hours post
debridement. (a) Immunohistochemistry detects F4/80-labeled macrophages, ALDH3A1 (keratocyte marker), and aSMA (myofibroblast marker). F4/
80-labeled macrophages were more frequently observed beneath the regenerated epithelium in the KO mouse (B) compared with the WT cornea
(A). The cells in the posterior stroma were labeled for ALDH3A1, while fibroblastic cells in the anterior stroma were not labeled in the WT cornea
(C). In the KO cornea, the majority of the cells in the stroma were negative for ALDH3A1 (D). A few a-smooth muscle actin–positive myofibroblasts
were detected in the WT stroma (E). Almost all the stromal cells were labeled with anti-aSMA antibody and thus were myofibroblasts in the KO
cornea (F). Scale bar: 50 lm. Real-time PCR indicated no difference in the mRNA expression level of ALDH3A1 (b) and aSMA (c).
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mice aged 2 weeks and 6 months. The activation of Stat3 was
readily observed in the subconjunctival tissue of 6-month-old
mice, but not in 2-week-old mice, suggesting that the effects of
eyelid opening, such as the colonization of commensal
bacteria, might affect Stat3 signal level in the tissue. The
incidence of BrdU-labeled epithelial cells in the cornea was not
affected by the loss of Muc16 in both 2-week- and 6-month-old
mice. The exact reason why the proliferation of corneal
epithelium was promoted at age 8 weeks but not at 6 months is
unknown. Explanations for this finding might include that the
proliferation activity in the corneal epithelium might decrease
along with aging.38

Interleukin 6 reportedly accelerates the migration of
corneal epithelium as revealed by an organ culture experi-
ment.33 Therefore, the migration of the corneal epithelium
following an epithelial defect might be stimulated in the KO
mouse compared with the WT mouse. To check this point, we
performed a debridement wound healing experiment in WT
and KO corneas in vivo. The results showed that an epithelial
defect in central cornea was more rapidly resurfaced in the KO
mouse compared with the WT mouse. The healing of the
epithelial debridement was associated with the apoptosis of
keratocytes and inflammatory cell invasion in the stroma
beneath the defected epithelium.39,40 Keratocytes in the
peripheral cornea may migrate to the acellular stroma
concomitant with epithelial repair.39,40 The stroma of the
intact cornea of the KO mouse was transparent and
keratocytes were negative for aSMA. The transparency of the
corneal tissue after the resurfacing of the debrided area was
impaired in KO mice even though the epithelial healing was
promoted by the gene ablation of Muc16 compared with WT
mice. We hypothesized that IL-6 expressed in the conjunctiva
of the KO mice might access the denuded stroma presumably
via the tear fluid in the absence of an epithelial barrier and
enhance both the macrophage invasion and the fibrogenic
process by the newly invaded keratocytes during epithelial
regeneration.41,42 To answer this question, we examined the
presence of keratocytes (ALDH3A1-positive) or myofibroblasts
(aSMA-labeled) and macrophages in the stroma at 30 hours
post debridement using immunohistochemistry. These results
showed that more macrophages were observed in the KO
cornea compared with the WT mice; that demonstrated our
hypothesis. In the WT mice, the cells in the posterior stroma
maintained the keratocyte phenotype and were labeled for
ALDH3A1, while the fibroblastic cells in the anterior stroma
were not labeled in the WT cornea. In the KO cornea, the
majority of the cells in the stroma were negative for ALDH3A1.
The fibroblastic cells in the KO stroma were aSMA-positive
myofibroblasts while few myofibroblasts were seen in the WT
cornea. Although immunohistochemistry obviously showed
that a certain percentage of stromal cells lost the keratocyte
phenotype and transformed into myofibroblasts more dramat-
ically in the KO tissue compared with the WT stroma following
the healing of the epithelial debridement, real-time PCR
indicated no difference in the mRNA expression level of
ALDH3A1 and aSMA. Explanations for this discrepancy might
include that the alteration of the RNA expression pattern in the
stroma of the central cornea beneath the regenerated
epithelium might be masked by RNA in the peripheral intact
cornea. (The RNA samples used were extracted from whole
cornea with peripheral intact part.)

In conclusion, we have reported here that the loss of
Muc16, a conjunctival mucin, affected the behaviors of the
corneal epithelium and keratocytes. The mechanism might
include the upregulation of inflammatory signaling cascade,
such as Stat3 signal and the expression of IL-6 in the KO
conjunctiva. The current data provided insights into the
research of the pathophysiology of dry eye syndrome.
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