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SUMMARY
MUC4 is a heterodimeric membrane mucin, composed of a mucin subunit ASGP-1 (MUC4α) and
a transmembrane subunit ASGP-2 (MUC4β), which has been implicated in the protection of
epithelial cell surfaces. In the rat stratified corneal epithelium Muc4 is found predominantly in the
most superficial cell layers. Since previous studies in other tissues have shown that Muc4 is
regulated by TGF-β via a proteosomal degradation mechanism, we investigated the regulation of
corneal Muc4 in stratified cultures of corneal epithelial cells. Application of proteosome or
processing inhibitors led to increases in levels of Muc4, particularly in the basal and intermediate
levels of the stratified cultures. These changes were accompanied by increases in Muc4
ubiquitination, chaperone association and incorporation into intracellular aggresomes. In contrast,
treatment with TGF-β resulted in reduced levels of Muc4, which were reversed by proteosome
inhibition. The results support a model in which Muc4 precursor is synthesized in all layers of the
corneal epithelium, but Muc4 is degraded in basal and intermediate layers by a proteosomal
mechanism at least partly dependent on TGF-β inhibition of Muc4 processing.

INTRODUCTION
Rat Muc4/SMC (sialomucin complex) is a heterodimeric membrane mucin composed of a
mucin subunit ASGP-1 (called MUC4α in human) and a transmembrane subunit ASGP-2
(MUC4β in human) (Sherblom and Carraway, 1980; Carraway et al., 2002) The mucin in
the rat is translated from a 9 kb transcript (Sheng et al., 1992; Wu et al., 1994) into a 300
kDa precursor protein (Sheng et al., 1990), which is cleaved into the two subunits by a
proteolytic cleavage (Soto et al., 2003) early in its transit to the cell surface (Sheng et al.,
1990). A second cleavage occurs at a similar time in some cells to release a soluble form of
the mucin (Komatsu et al., 2002).

Several functions have been attributed to membrane mucins. One important function of the
Muc4/SMC is as an anti-adhesive to act as a steric barrier at the cell surfaces of cells by
which it is produced (Carraway et al., 2002). The membrane mucin may extend more than a
micron from the cell surface. The soluble form of the mucin may aid this protective function
by loose adsorption to the membrane mucin (McNeer et al., 1998b; Price-Schiavi et al.,
1998b). A second function of the mucin is to regulate signaling from the membrane
(Carraway et al., 2002). In this context Muc4/SMC binds the receptor ErbB2 and modulates
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its localization (Ramsauer et al., 2003), phosphorylation (Carraway et al., 1999; Jepson et
al., 2002; Ramsauer et al., 2006) and downstream signaling (Jepson et al., 2002; Ramsauer
et al., 2006). The anti-adhesive function of Muc4/SMC has both positive and negative
aspects. Though it can protect epithelia from invasion, it also may disrupt normal cell-cell
interactions if the mucin is overproduced. Such overproduction appears to occur in some
carcinomas (Carraway et al., 2002). To avoid this problem, cells must have stringent
mechanisms for controlling membrane mucin production.

An important, but little understood, aspect of Muc4/SMC is its varied distribution in
different epithelia (Carraway et al., 2002), including both simple and stratified epithelia, as
exemplified by the female reproductive tract, where its localization is cell and hormone
dependent (McNeer et al., 1998a; Idris et al., 2000). Muc4/SMC in the corneal epithelium
has been proposed to play a role in desquamation and homeostasis (Lomako et al., 2005).
Consistent with this proposal immunohistochemical analyses of Muc4/SMC in the cornea
indicate that it is limited to the most superficial layers of the stratified epithelium (Swan et
al., 2002). Analyses of human MUC4 transcript shows its presence throughout the stratified
epithelium. One answer to this discrepancy is that Muc4/SMC is regulated post-
transcriptionally in the cornea, as it is in the mammary gland (Lomako et al., 2009). A
possible clue to that regulation was our recent observation in tumor cells that Muc4/SMC
can be degraded by the proteosome (Lomako et al., 2009). In the tumor cells this
degradation is promoted by TGF-β, which blocks processing of the Muc4 precursor (Price-
Schiavi et al., 2000), shunting it to proteosomal degradation (Lomako et al., 2009).

To address the mechanism by which Muc4 distribution is regulated in corneal epithelia, we
have examined proteosomal degradation of Muc4/SMC in stratified corneal epithelial cell
cultures, using immunoblotting and confocal microscopy for the analysis of Muc4/SMC
together with proteosome inhibitors and N-glycosylation inhibitors to alter proteosome
degradation. We have also used ubiquitin and chaperone analyses to monitor the mechanism
leading to degradation. These combined results clearly show that proteosome degradation
and TGF-β play roles in regulating the levels of Muc4/SMC in the corneal epithelial layers.

MATERIALS AND METHODS
Reagents

TGFβ was from R&D System, Inc, kifunensine (KIF) from Calbiochem, N-CBZ-ILE-
GLU(O-t-BUTYL)ALA-LEUCINAL (PSI) and lactacystin from Sigma, Matrigel from BD
Biosciences.

Rat Corneal Epithelium Primary Cultures
Fisher 344 rats were used throughout this study in accordance with National Institutes of
Health Guide for the Care and Use of Laboratory Animals, and corneal epithelial cell culture
was performed as described earlier (Lomako et al., 2005). Briefly, dissected corneas were
divided into six explants and placed epithelial side up on 12-well plastic plates (Falcon)
coated one day earlier with Matrigel (50 μl per well). Explants were allowed to attach at
37°C in a humidified 5% CO2 incubator for 2.5 hours without medium and covered
overnight with a drop of medium. Then, one ml of medium was added to the wells. Medium
was changed every second day. Migration of epithelial cells from the explants onto the
surface of the well was monitored by light microscopy.

Antibodies
Antibodies used during this study were developed in our laboratory: mAb 4F12 recognizing
an extracellular epitope of ASGP-2 (Rossi et al., 1996), polyclonal C-pep raised in rabbits
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and directed against a peptide from the C-terminal cytoplasmic domain of ASGP-2 (Rossi et
al., 1996) and polyclonal anti-ASGP-2 against isolated ASGP-2 (Sheng et al., 1989).
Monoclonal anti-β-actin and anti-ubiquitin antibodies were from Sigma.

Immunoblotting
To analyze cellular proteins by immunoblotting, cell collection, lysis and immunoblotting
were performed as described previously (Lomako et al., 2009). Briefly, Matrisperse-treated
cells were washed twice with ice-cold phosphate-buffered saline (PBS) and solubilized for 5
min in boiling 2% SDS. Extracts were clarified by centrifugation at 14,000 × g for 10 min,
and 30 μg protein was subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes. Membranes were
probed for 2 h with primary antibodies diluted in 1% bovine serum albumin-Triton tris
buffer solution (BSA-TTBS) (Lomako et al., 2009), washed three times with TTBS and
subsequently incubated for 1 hr with appropriate secondary antibody-horseradish peroxide-
conjugates (Pierce, Rockford, IL) followed by protein visualization by the Renaissance™

Enhanced Chemiluminescence Kit (NEN Life Science Products, Inc., Boston, MA). In each
case β-actin was used as a control for protein loading.

Immunoprecipitation
For immunoprecipitation, cells were suspended in RIPA buffer (150 mM NaCl, 1% Nonidet
p-40, 0.5% inhibitors (Sigma-Aldrich). Cells were disrupted by four cycles of freezing and
thawing, and extracts were clarified by centrifugation at 4000g. The supernatant (1 ml) was
added to Protein G/A-agarose beads with bound antibodies. Samples were rotated overnight
at 4°C, washed five times with ice-cold RIPA buffer and resuspended and boiled in SDS-
PAGE sample buffer for 5 min. Immunoprecipitated proteins were analyzed by SDS-PAGE
and immunoblotting with anti-ASGP-2 antibodies.

Immunofluorescence
Single explants were placed on transparent polyethylene terephtalate (PET) 1 μm mesh
membranes of 12 well inserts (Falcon). Inserts were placed within the wells over explants
seeded on Matrigel, and explants were allowed to attach. Then, 1 ml and 0.2 ml of medium
were added, respectively, to each well and insert to assure connection of the medium
environment for the inserts and wells. The explants growing under the insert served as a
feeder for explants growing in the inserts. The membranes were excised and cultures of
epithelial cells were processed for immunofluorescence analyses.

Laser confocal microscopy was performed at the University of Miami Core Analytical
Imaging Facility with an LSM microscope (Carl Zeiss, GmbH, Germany) equipped with
three laser sources. Cells were analyzed using a 63× water immersion objective. The images
were collected and processed using LSM 510 software obtained from Zeiss.

RESULTS
Proteosome inhibitor effect on Muc4 levels in corneal epithelial cells

In recent studies we have shown that the level of Muc4 in a model tumor system can be
regulated by proteosomal degradation (Lomako et al., 2009). Treatment of the tumor cells
with proteosome inhibitors increased the amount of Muc4 detected by immunoblotting.
Immunofluorescence analyses of the cells showed abundant Muc4 sequestered in
aggresomes in these cells (Lomako et al., 2009). To determine whether Muc4 might be
similarly regulated in rat corneal epithelial cells, we treated stratified 10 day cultures of
these cells (Lomako et al., 2005) with the proteosome inhibitor PSI and analyzed for Muc4
by immunoblotting. As shown in Figure 1, proteosomal inhibition increased the level of
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Muc4 in the corneal epithelial cell cultures, though the increases were modest, less than
those found in the tumor cells, probably due to a greater stability of the Muc4 in the corneal
epithelial cells.

Ubiquitination of Muc4 in corneal epithelial cells
One prediction of the proteosomal degradation model is that Muc4 will be ubiquitinated, and
that ubiquitination will be increased in cells treated to block proteosome degradation as a
consequence of buildup of undegraded Muc4. Figure 2 shows a low level of ubiquitinated
Muc4 in untreated cells, determined by sequential immunoprecipitation and
immunoblotting, presumably because the degradation process is very efficient in removing
the ubiquitinated protein. However, there is a marked increase in the level of ubiquitinated
Muc4 in the cell cultures treated with proteosome inhibitor, as predicted by the proteosomal
degradation model.

Kifunensin disruption of Muc4 processing reduces its levels in corneal epithelial cells
Proteosome degradation can be altered in cells by specific interference with glycoprotein
processing, such as with the mannosidase inhibitor kifunensin, which blocks processing of
N-linked oligosaccharides. This block in processing increases proteosome degradation of
affected proteins. More importantly, the processing block traps the affected proteins inside
the cells. As predicted by the proteosome degradation model, the level of Muc4 in the
corneal epithelial cell cultures is reduced by treatment with kifunensin (Fig. 3) as a
consequence of the increase in its proteosomal degradation.

Complexes of Muc4 with calnexin and calreticulin
Membrane proteins undergoing endoplasmic reticulum-associated degradation, as proposed
in our model for Muc4 (Lomako et al., 2009), form complexes with the chaperones calnexin
and calreticulum. By blocking the Muc4 oligosaccharide processing, with the inhibitor α-
butyl deoxynanojirimycin, which represses proteosomal degradation, increased association
of the Muc4 with these chaperones was observed by sequential immunoprecipition and
immunoblotting (Fig. 4), as predicted for the Muc4 proteosomal degradation model.

Localization of Muc4 in basal and medial layers of stratified corneal epithelial cell cultures
with aberrant processing

The key question concerning the proteosome degradation is whether it contributes to the
distribution of the Muc4 in the different cell layers of the cornea, i.e. whether it can explain
the increased basal to superficial distribution. To address this question, Muc4 in treated and
untreated stratified corneal epithelial cell cultures was analyzed by confocal microscopy
using a double label procedure. Cell surface Muc4 was analyzed by antibody labeling with
the monoclonal antibody 4F12 (Rossi et al., 1996), detected with green-labeled second
antibody, without permeabilization of the cells. The cells were then permeabilized and
intracellular Muc4 was analyzed with polyclonal antibody c-pep (Pflugfelder et al., 2000),
detected with red-labeled second antibody. As shown in panel A of Figure 5, untreated cells
primarily exhibit the superficial cell surface Muc4 and show no evidence of Muc4 in the
basal layers. In contrast, in cultures treated with kifunensin (panel B), the cells exhibit
extensive amounts of intracellular Muc4 in the intermediate levels and even some in the
basal layers, distributed in aggesome-like structures, as a consequence of the block in
processing and traffic to the cell surface. More importantly, cultures treated with proteosome
inhibitor (panel C) also exhibit extensive amounts of intracellular Muc4 in the intermediate
levels and basal layers. Little effect is observed on the cell surface Muc4, as this would
require internalization and lysosomal degradation, which we have observed (unpublished
observations), but which is not affected by these inhibitors. These results are consistent with
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the proteosome degradation model, in which Muc4 is being synthesized in all layers of the
epithelium but is primarily degraded in the basal and intermediate layers.

The increase in intracellular Muc4 in cultures treated with proteosome inhibitors was further
demonstrated by cell surface biotinylation. Cultures treated with increasing concentrations
of proteosome inhibitor were biotinylated to detect cell surface Muc4. Biotinylated and
unbiotinylated proteins were separated using a streptavidin column procedure, then
immunoblotted for quantitation of Muc4. Figure 6 shows the increase in the ratio of
intracellular to cell surface Muc4 with KIF, which blocks transit to the cell surface, or with
proteosome inhibition by PSI. The results are consistent with the proteosome degradation
model for corneal Muc4.

Endoplasmic reticulum localization of Muc4 in corneal epithelial cell cultures with aberrant
processing

The proteosome degradation model requires degradation of Muc4 in the endoplasmic
reticulum. Double label confocal analysis of Muc4 in corneal epithelial cultures with the
endoplasmic reticulum marker protein disulfide isomerase showed extensive co-localization,
particularly in cells treated to repress proteosomal degradation (Fig. 7). Most of the Muc4
not co-localized with the protein disulfide isomerase is present in cytoplasmic particulate
structures, presumably aggresomes.

TGF-β effects on Muc4 levels in corneal epithelial cells
Our previous work on mammary epithelial (Price-Schiavi et al., 1998a, 2000) and tumor
(Lomako et al., 2009) cells has shown that TGF-β is a potent post-transcriptional regulator
of Muc4 expression, blocking processing of the Muc4 precursor and shunting it to the
proteosome. Figure 8 shows by immunoblotting that TGF-β also inhibits Muc4 expression
in rat corneal epithelial cell cultures. Interestingly, the TGF-β treatment also increases the
level of intracellular Muc4, particularly in the basal and intermediate cell layers (Fig. 5,
panel D), possibly because the TGF-β effect overloads the proteosome system and shunts
some of the Muc4 to aggresomes. These effects clearly demonstrate that Muc4 is being
synthesized in all layers of the corneal epithelium, and that TGF-β can serve as a regulator
of its expression in the stratified corneal epithelium.

DISCUSSION
Muc4 is one of three membrane mucins present at corneal cell surfaces (Gipson, 2004)
which may contribute to protection of the cornea. Interestingly, previous studies have shown
Muc4 restricted to the most superficial layers of the stratified corneal epithelium (Swan et
al., 2002). Based on our previous studies of Muc4 regulation (Price-Schiavi et al., 1998a,
2000; Lomako et al., 2009), we hypothesized that this distribution might be due to post-
translational regulation of the Muc4 by proteosomal regulation. Several observations support
this hypothesis. 1) Inhibition of proteosomal degradation increases Muc4 in the epithelia. 2)
This inhibition also demonstrates the presence of Muc4 protein in the basal and intermediate
levels of the stratified epithelia, specifically in intracellular structures. 3) Inhibition of Muc4
processing or proteosomal degradation increases Muc4 ubiquitination and association with
chaperones that are important in the endoplasmic reticulum degradation process.

Equally important is what regulates this proteosomal degradation. Based on our work in
mammary epithelial (Price-Schiavi et al., 1998a, 2000) and tumor (Lomako et al., 2009)
cells, we proposed a role for TGF-β. This hypothesis is supported by our observation that
TGF-β represses levels of Muc4 in the corneal epithelial cells, an effect which can be
blocked by proteosomal inhibitors. Moreover, studies by others have shown that TGF-β is
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produced primarily by cells of the more basal layers of the corneal epithelium (Tuli et al.,
2006). From this work we propose that TGF-β produced by these corneal epithelial cells
represses the cleavage of the Muc4 precursor, as we have shown previously (Price-Schiavi
et al., 2000). Failure of the uncleaved precursor to fold correctly leads to its degradation by
the endoplasmic reticulum-associated proteosomal degradation pathway, thus using a quality
control mechanism for quantitative control and preventing production of the mucin in the
layers of the stratified epithelium.

Muc4 can act as either an anti-adhesive (Komatsu et al., 1997) or a promoter of cell
signaling (Carraway et al., 1999). In the former capacity it might actually damage the
integrity of the stratified epithelium if it were highly expressed in the basal or intermediate
layers. Nevertheless, it can perform important functions in the protection of the superficial
surface. How the signaling function operates in the corneal epithelium is unknown.
However, we have shown a role for Muc4 signaling in the damage response of airway
epithelium, which is a pseudo-stratified epithelium (Theodoropoulos et al., 2009).
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FIGURE 1.
Proteasome inhibition increases the level of Muc4 in rat corneal epithelial cells. Corneal
epithelial cells were cultured for 10 days, as previously described (Lomako et al., 2005),
then treated with 0.1 μM PSI for 4 hours and analyzed by immunoblotting with anti-ASGP-2
as a surrogate for Muc4. C – untreated control cells, PSI – cells treated with 0.1 μM PSI.
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FIGURE 2.
Muc4 is ubiquitinated in rat corneal epithelial cells, and the level of ubiquitinated Muc4
increases after proteasome inhibition. Protein from RIPA extracts of the cells was
immunoprecipitated with anti-ASGP-2 polyclonal antibody coupled to A/G-agarose and
immunoblotted with anti-ubiquitin antibody. C – untreated control cells, PSI – cells treated
for 4 hours with 0.1 μM PSI.
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FIGURE 3.
Kifunensin (KIF), a type 1 mannosidase inhibitor which disrupts proper processing of N-
glycosylated glycoproteins, reduces the level Muc4 in cornea epithelial cells. Corneal
epithelial cells from 10 day cultures were treated with indicated concentrations of KIF for 18
hours and analyzed by immunoblotting.
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FIGURE 4.
Muc4 complexes with endoplasmic reticulum chaperones calnexin and calreticulin are
increased by treatment of cells with α-butyl deoxynanojirimycin (DNJ), the inhibitor of
glucose trimming, which represses endoplasmic reticulum degradation. Cells were treated
overnight with 0.5 mM DNJ. Protein was extracted in RIPA buffer, immunoprecipitated
with anti-calnexin or anti-calreticulin antibodies and immunoblotted with monoclonal 4F12
Abs against ASGP-2 subunit.
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FIGURE 5.
Localization of Muc4 in corneal epithelial cell cultures treated with KIF, proteasome
inhibitor or TGF-β. XY- projection of three-color immunofluorescence staining. Cell
membrane bound Muc4 was labeled on non-permeabilized cells with 4F12 mAb directed to
an extracellular epitope of Muc4, followed by anti-mouse Alexa-Fluor 488 (green).
Subsequently cells were permeabilized with 0.2% Triton X100 and intracellular Muc4 was
labeled with polyclonal anti C-pep antibodies followed by Alexa-594 anti-rabbit antibodies
(red). Nuclei were visualized by DAPI. C – untreated cells; KIF – cells treated for 18 hours
with 5 μM KIF, the α-mannosidase inhibitor; PSI – cells treated for 4 hours with 0.01 μM
PSI, the proteasome inhibitor; and TGF-β – cells treated with 0.4 nM TGF-β for 18 hours.
Horizontal rows are superficial (S), intermediate (I) and basal (B) layers of cells.
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FIGURE 6.
Increased intracellular Muc4 in cells with blocked proteosomal degradation. Cells grown on
polycarbonate filters were subjected to simultaneous biotinylation from apical and basal
sides by using PinpointTM Cell Surface Protein Isolation Kit (Pierce). Proteins from the
biotinylated cells were extracted into lysis buffer, and the extracts were centrifuged for 20
min at 14 000 × g. The pellet was solubilized in sample solubilizing buffer (BioRad).
Soluble biotinylated proteins were immobilized on NeutrAvidinTM gel. Protein from
extract, pellet, run-through, column wash and eluate from avidin column were subjected to
SDS-PAGE and Western blotting with 4F12 mAbs. Blots were scanned and analyzed as
previously described and then normalized to initial volume of extract. C – control cells; KIF
– cells treated with 5 μM kifunensine; and PSI - cells treated with 0.01 μM PSI.
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FIGURE 7.
ER localization of Muc4 in cells with blocked proteosomal degradation using XY-
projection of three-color immunofluorescence staining. Cells were permeabilized according
to the instructions with the SelectFX Alexa Fluor 488 endoplasmic reticulum-labeling kit.
Proteins were double-labeled with polyclonal anti-Muc4 and with monoclonal anti protein
disulphide isomerase (PDI). Muc4 was visualized with Alexa Fluor 594 (red) and PDI with
Alexa Fluor 488 (green) antibodies. Nuclei were stained with DAPI. C – untreated cells;
KIF – cells treated for 18 hours with 5 μM KIF, the α-mannosidase inhibitor; and PSI – cells
treated for 4 hours with 0.01 μM PSI, the proteasome inhibitor. Insets show areas noted by
arrows.
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FIGURE 8.
TGF-β reduces Muc4 in corneal epithelial cells. Cell were grown for 10 days in culture, then
treated for 18 hours with different concentrations of TGF-β. 20 μg of protein extracted to 2%
boiling SDS from each cell type was subjected to SDS-PAGE and Western blotting with
4F12 mAbs recognizing the ASGP-2 subunit of Muc4. Blots were scanned and analyzed by
http://rsb.info.nih.govprogram.
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