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Transmembrane mucins are highly O-glycosylated glycopro-
teins that coat the apical glycocalyx on mucosal surfaces and
represent the first line of cellular defense against infection and
injury. Relatively low levels of N-glycans are found on trans-
membrane mucins, and their structure and function remain
poorly characterized. We previously reported that carbohydrate-
dependent interactions of transmembrane mucins with galec-
tin-3 contribute to maintenance of the epithelial barrier at the
ocular surface. Now, using MALDI-TOF mass spectrometry, we
report that transmembrane mucin N-glycans in differentiated
human corneal epithelial cells contain primarily complex-
type structures with N-acetyllactosamine, a preferred galectin
ligand. In N-glycosylation inhibition experiments, we find that
treatment with tunicamycin and siRNA-mediated knockdown
of the Golgi N-acetylglucosaminyltransferase I gene (MGAT1)
induce partial loss of both total and cell-surface levels of the
largest mucin, MUC16, and a concomitant reduction in glyco-
calyx barrier function. Moreover, we identified a distinct role for
N-glycans in promoting MUC16’s binding affinity toward galec-
tin-3 and in causing retention of the lectin on the epithelial cell
surface. Taken together, these studies define a role for N-linked
oligosaccharides in supporting the stability and function of
transmembrane mucins on mucosal surfaces.

Epithelial cells lining mucosal surfaces, such as those of the
ocular surface, respiratory, gastrointestinal, and reproductive
tracts, perform functions ascribed to maintaining a robust bar-
rier that protects against environmental insult (1, 2). Integral to
these functions is the carbohydrate-rich glycocalyx present
along apical membranes on epithelial cells. A major component
of the epithelial glycocalyx is a group of highly glycosylated,
high-molecular-weight glycoproteins termed transmembrane

mucins. These can extend between 200 and 500 nm above
the plasma membrane and cover the extracellular domain of
most membrane glycoproteins, which usually protrude �30
nm (3, 4).

Several transmembrane mucins (MUC1, MUC3A, MUC3B,
MUC4, MUC12, MUC13, MUC15, MUC16, MUC17, MUC20,
and MUC21) have been identified so far (5). Among them,
MUC16 is the largest with 22,152 amino acids and represents
the longest human protein after the muscle protein titin. A
number of mucosal surfaces express MUC16, such as the ocular
surface and the respiratory, gastric, and female reproductive
tracts (6). The glycosylation of transmembrane mucins is cell
type-specific and has been linked to the selective expression of
glycosyltransferases (7). Alteration of transmembrane mucin
protein biosynthesis and/or glycosylation is associated with
multiple pathologies, such as inflammatory bowel disease,
allergy, cancer, and dry eye, a disease affecting �5 million peo-
ple in the United States alone (6, 8 –10).

Structurally, transmembrane mucins contain a single mem-
brane-spanning domain, a cytoplasmic tail, and an extensive
extracellular domain composed of a variable number of tan-
dem-repeat sequences. These repetitive sequences are rich
in serine and threonine residues covalently modified with
O-linked glycans and provide clusters of specific carbohydrate
moieties crucial to mucin structure and function. The stoichio-
metric power of these multivalent tandem repeats are known to
facilitate specific interactions with glycan-binding proteins and
allow control of the local microenvironment (11). The peptide
backbone of MUC16 contains a tandem-repeat region with up
to 60 repeats, each of which is composed of 156 amino acids (5).
Analysis of the carbohydrate content of MUC16 shows that it
accounts for up to 77% of its weight, and it is characterized by
the presence of high amounts of carbohydrates commonly
found in O-glycans, such as galactose and galactosamine (12).
In contrast, relatively low levels of N-glycans are found on
transmembrane mucins, and their structure and function
remain relatively understudied, particularly in healthy tissue.

The transfer of N-glycans to nascent proteins occurs in the
lumen of the endoplasmic reticulum and is a critical step affect-
ing the properties of a glycoprotein in terms of structure and
biological function. N-Glycans ensure proper protein folding
before their exit from the endoplasmic reticulum through
interaction with lectin-like chaperones; aberrant or impaired
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N-glycosylation in the endoplasmic reticulum leads to mis-
folded or unfolded proteins that are tagged by ubiquitination
and then degraded by the proteasome (13). To cope with the
stress, cells activate an integrated intracellular signaling path-
way to correct the protein-folding defect, collectively called
the unfolded protein response. On mature proteins, N-glycan
number and degree of branching controls the residence time
and biological activity of cell-surface receptors by regulating
the formation of galectin-glycoprotein lattices (14, 15). The
activities of medial Golgi-branching N-acetylglucosaminyl-
transferases are critical in this process, as they initiate the gly-
cosylation events that generate sequences recognized by galec-
tins. Recent reports indicate that transmembrane mucins bind
galectins to regulate multiple functions including signal trans-
duction, cell growth and survival, and glycocalyx barrier func-
tion (16 –19). Whereas O-glycosylation and the Thomsen-Frie-
denreich antigen in particular have been shown to regulate the
binding affinity of transmembrane mucins toward galectins,
less clear, however, is the contribution of N-glycans and the
Golgi N-glycan branching pathway in this process (20). In the
present study we have characterized the N-glycans associated
with transmembrane mucins isolated from differentiated
cultures of human corneal epithelial cells. The analysis demon-
strates the presence of complex-type structures with N-
acetyllactosamine residues. Furthermore, we found that N-gly-
cans and the Golgi N-glycan branching pathway maintain
MUC16 stability and glycocalyx barrier function. Mechanisti-
cally, we show that N-glycans promote binding affinity of
MUC16 toward galectin-3 and cause retention of the lectin on
the epithelial cell surface. These data establish a distinct role for
N-linked oligosaccharides in maintaining the integrity of trans-
membrane mucins and supporting the protective function of
the corneal epithelial glycocalyx.

Results

Mucin N-glycosylation and the N-glycan-branching pathway
in ocular surface epithelia

Mucosal cells in both simple and stratified epithelia fre-
quently express various transmembrane mucins on their apical
surfaces; for instance, the ocular surface (21), endometrium
(22), and the respiratory tract (23) produce MUC1, MUC4, and
MUC16. As shown in silico using the NetNGlyc 1.0 and
NetOGlyc 4.0 servers, the predicted N-glycosylation sites on
these mucins represent a marginal fraction compared with the
O-glycosylation sites and tend to concentrate within the C-ter-
minal region of MUC1 and MUC4 and within the C-terminal
and tandem-repeat regions of MUC16 (Fig. 1). MUC1 and
MUC4 have 5 and 22 predicted N-glycosylation sites, respec-
tively, whereas 250 sites are present within the MUC16
sequence, including two reportedly conserved within the tan-
dem-repeat region (24).

Glycosyltransferase expression analysis by qPCR3 revealed
that human corneal and conjunctival epithelial cells at the ocu-
lar surface produce transcripts encoding enzymes involved in
the formation of N-glycan branching structures in the medial
Golgi (Fig. 2a). These include the N-acetylglucosaminyltrans-
ferases I, II, IV, and V (MGAT1, MGAT2, MGAT4, and
MGAT5) required for the biosynthesis of hybrid and complex
N-glycans and �-mannosidase II enzymes that modify high
mannose N-glycan precursors. Comparison of the patterns of
gene expression of the enzymes in the stratified cell lines

3 The abbreviations used are: qPCR, quantitative PCR; BiP, binding immuno-
globulin protein; CHOP, CCAAT-enhancer-binding protein homologous
protein; ConA, concanavalin A; Hex, hexose; HexNAc, N-acetylhexosamine;
PAS, periodic acid-Schiff; PNGase F, peptide N-glycosidase F; rhGal-3,
recombinant human galectin-3; sXBP1, spliced X-box binding protein 1.

Figure 1. N-Glycosylation on transmembrane mucins. Schematic diagram of the total number of putative N- and O-glycosylation sites on the full-length
sequences of human MUC1, MUC4, and MUC16, given as a function of amino acid (aa) sequence position. The range of glycosylation potential is shown as a
percentage. The putative N-glycosylation sites on MUC16 reside predominantly within the C-terminal and tandem-repeat regions. Clustered serine and
threonine residues and two conserved asparagine residues within a MUC16 tandem repeat are shown in blue and red, respectively.
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showed resemblance with those observed in native epithelia,
although the expression of MGAT1, MAN2A2, MGAT2,
MGAT4A, and MGAT4B in conjunctival epithelium was
nearly an order of magnitude lower in the cell line than in
native tissue. Additional analysis of N-glycan processing
genes in human corneal epithelial cells by PCR array revealed
the expression of B4GALT1 and B3GNT8 (Fig. 2b), enzymes
involved in the synthesis of poly-N-acetyllactosamine (25,
26).

Characterization of mucin N-glycan structures by MALDI-TOF
MS

To gain insight into the function of N-glycans in transmem-
brane mucins, we first examined their structure using mucin
isolated from cultures of stratified human corneal epithelial
cells. The purification protocol was based on a standard two-
step procedure using size exclusion chromatography and isopy-
cnic density centrifugation (27). PAS staining after chromato-
graphic separation revealed the presence of carbohydrate-rich

Figure 2. The GlcNAc-branching pathway in ocular surface epithelia. a, branches in complex-type N-glycans are processed through a series of enzymes,
including MGAT1, MAN2A1, MAN2A2, MGAT2, MGAT4A, MGAT4B, and MGAT5 in the medial Golgi compartment. Gene expression of all of these enzymes was
confirmed by qPCR in stratified human corneal and conjunctival cell lines, primary corneal epithelial cells, and native tissue (impression cytology) from human
conjunctiva. b, the expression of N-glycan-processing genes in stratified cultures of human corneal epithelial cells was assessed by qPCR using a human
glycosylation PCR array. The data show expression of B4GALT1 and B3GNT8, enzymes involved in the synthesis of poly-N-acetyllactosamine. In these experi-
ments, negative or positive ��CT values indicate, respectively, whether expression of the gene of interest is higher or lower than the reference gene MGAT1.
Results in a represent three independent experiments performed in duplicate or triplicate. Data are represented as the mean � S.D. Significance was
determined using one-way analysis of variance with Tukey’s post hoc test. The array in b was repeated twice with independently isolated RNA pooled from
three tissue culture plates. *, p � 0.05; **, p � 0.01; ns, nonsignificant. GalT, galactosyltransferase.
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bands in high-molecular-weight fractions (Fig. 3a). Western
blotting analysis after agarose gel electrophoresis identified the
mucins in these fractions to be MUC1, MUC4, and MUC16
(Fig. 3b). MUC1, -4, and -16 have been demonstrated at both
the mRNA and protein levels in stratified corneal epithelium
where they localize to the apical glycocalyx of superficial cells
and participate in barrier function (28). MUC20, a small trans-
membrane mucin highly expressed at the ocular surface, eluted
outside the high-molecular-weight region. MUC20 has been
shown to localize primarily to cell membranes within interme-
diate cell layers and not the apical surface glycocalyx (29), and
therefore, it was not included for analysis in the present study.
The high-molecular-weight fractions (F1-F4) were pooled and
further fractionated in an isopycnic cesium chloride gradient.
Fractions with a buoyant density between 1.26 and 1.43 g/ml
tested positive for MUC1, MUC4, and MUC16 (Fig. 3c) and
were subjected to N-glycan analysis. As shown by Coomassie
G-250 staining, some low-molecular-weight bands were pres-
ent in the mucin isolates. However, we confirmed using PAS

staining that these bands were not glycosylated and would not
interfere with the glycan analysis, consistent with previous data
(30).

We performed the structural analysis of the N-glycans in
human corneal mucins using mass spectrometry. The N-linked
oligosaccharides in the mucin-enriched fraction were enzymat-
ically released and permethylated before MALDI-TOF MS
analysis. Data presented in Table 1 indicate that corneal mucins
are characterized by the presence of complex-type N-glycans
carrying N-acetyllactosamine residues (Hex4 –7HexNAc3– 6).
The profile of the MS spectrum in the middle and high m/z
regions consisted primarily of molecular ions that were consis-
tent with bi-, tri-, and tetra-antennary complex glycans (Fig. 4),
including structures carrying different numbers of putative
N-acetyllactosamine repeats. The majority of the complex
N-glycans was capped with sialic acid (N-acetylneuraminic
acid) residues on their antennae (n � 1– 4) and was also mono-
fucosylated, suggesting core fucosylation (as Fuc-HexNAc at
the reducing terminal). In addition, the results in the low mass
region (m/z � 1580.3, 1784.5, 1988.6, 2193.8, and 2397.9) also
providedindicationthatcornealmucinshavecompositionscon-
sistent with high mannose structures (Hex5–9HexNAc2). The
hybrid-type N-glycans or bisecting GlcNAc structures repre-
sented a minor portion of the total N-glycan profile. Collec-
tively, these results indicate that, consistent with the expression
of N-acetylglucosaminyltransferase genes, complex-type N-
glycan branching is a modification found on human corneal
transmembrane mucins.

Abrogation of N-glycosylation impairs MUC16 stability and
glycocalyx barrier function

With 250 potential N-glycosylation sites, MUC16 has the
highest number of N-glycans per mucin molecule in corneal
epithelium. To elucidate the role of N-glycans on MUC16, we
treated stratified human corneal epithelial cell cultures with

Figure 3. Purification of high-molecular-weight transmembrane mucins
from stratified human corneal epithelial cells. An established two-step
isolation procedure using size-exclusion chromatography and isopycnic den-
sity centrifugation was employed to purify transmembrane mucins. a, �10
mg of cell extract was applied to a Sepharose CL-4B column (1 � 30 cm) and
eluted with PBS, pH 7.5. Fractions were evaluated for glycoprotein content
using PAS staining. The asterisk indicates the stacking gel. b, by Western blot-
ting, the high-molecular-weight fractions F1-F4 contained MUC1, MUC4, and
MUC16 but not the smaller MUC20 transmembrane mucin. c, these fractions
were pooled and subjected to isopycnic density centrifugation. Fractions at a
buoyant density range of 1.26 –1.43 g/ml tested positive for MUC1, MUC4,
and MUC16 and were combined for N-glycan sequencing analyses. Coomas-
sie G-250 staining revealed the presence of some low-molecular-weight
bands in the mucin isolate; however, these bands were not glycosylated, as
shown by PAS staining.

Table 1
Carbohydrate compositions and relative intensities of the major
peaks in the MALDI-TOF MS spectrum of transmembrane mucin N-gly-
cans from human corneal epithelial cells

m/za

Composition
Relative
intensityObserved Theoretical

%
1580.3 1579.9 Hex5HexNAc2 55.3
1784.5 1784.0 Hex6HexNAc2 60.8
1988.6 1988.1 Hex7HexNAc2 75.3
2041.7 2040.2 Hex4HexNAc4Fuc1 16.4
2071.7 2070.2 Hex5HexNAc4 26.7
2157.7 2156.2 Hex4HexNAc3Fuc1NeuAc1 17.3
2193.8 2192.2 Hex8HexNAc2 85.2
2245.8 2244.3 Hex5HexNAc4Fuc1 64.7
2397.9 2396.3 Hex9HexNAc2 30.3
2418.9 2418.4 Hex5HexNAc4Fuc2 24.8
2432.9 2431.4 Hex5HexNAc4NeuAc1 62.1
2607.1 2605.5 Hex5HexNAc4Fuc1NeuAc1 100.0
2695.1 2693.5 Hex6HexNAc5Fuc1 16.5
2794.2 2792.6 Hex5HexNAc4NeuAc2 39.3
2968.3 2966.7 or

2968.7
Hex7HexNAc6 or Hex5HexNAc4

Fuc1NeuAc2

53.3

3056.4 5054.7 Hex6HexNAc5Fuc1NeuAc1 22.2
3418.7 3415.9 or

3417.9
Hex6HexNAc5Fuc1NeuAc2 or Hex8

HexNAc7

18.9

3506.8 3504.0 Hex7HexNAc6Fuc1NeuAc1 15.7
3868.1 3865.2 Hex7HexNAc6Fuc1NeuAc2 21.8
4229.4 4226.4 Hex7HexNAc6Fuc1NeuAc3 18.8

a All peaks were observed as (M	Na)	 ions.

N-Glycosylation and MUC16 function

11082 J. Biol. Chem. (2017) 292(26) 11079 –11090



tunicamycin, a potent inhibitor of N-linked glycosylation acting
in the endoplasmic reticulum. This resulted in partial loss of
binding to ConA, a plant lectin that specifically binds to man-
nose-rich carbohydrate cores in N-glycans, and a concomitant
decrease in total and cell-surface expression of MUC16 (Fig.
5a). In addition, we used the rose bengal penetrance assay to
provide evidence that inhibition of N-glycosylation impairs gly-
cocalyx barrier function (Fig. 5b), which could be attributed to
the overall loss of MUC16 glycans, both N- and O-linked. These
results are in agreement with data showing that knockdown of
MUC16 expression impairs corneal epithelial barrier function
(31).

Furthermore, we employed an additional approach to evalu-
ate the role of the Golgi N-glycan-branching pathway in main-
taining MUC16 stability and function. Here, small interfering

RNA (siRNA) technology was used to transiently knock down
the N-acetylglucosaminyltransferase MGAT1 in stratified cul-
tures of human corneal epithelial cells. Compared with the
scramble control, transfection with MGAT1 siRNA resulted in
a 5-fold decrease in MGAT1 mRNA expression and a 2-fold
reduction in PHA-L (Phaseolus vulgaris leucoagglutinin), a
marker of GlcNAc-branching (Fig. 5c). Similar to our observa-
tions with tunicamycin, abrogation of MGAT1 impaired the
protein stability and cell-surface expression of MUC16 and was
associated with reduced glycocalyx barrier function (Fig. 5, d
and e). These results correlated with the transcriptional up-reg-
ulation of the molecular chaperone BiP and the transcription
factor CHOP (Fig. 5f), indicative of cells undergoing endoplas-
mic reticulum stress and the activation of pathways within the
unfolded protein response that prepare cells for apoptosis in

Figure 4. MALDI-TOF profile of N-glycans from transmembrane mucins isolated from human corneal epithelial cells. The N-linked glycans were released
enzymatically by PNGase F, permethylated, and profiled by MALDI-TOF mass spectrometry. Magnified portions at m/z � 1500 –2500, 2500 –3500, and 3500 –
5500 are shown. Putative structures are assigned based on compositional information and known biosynthetic pathways. Most of the N-glycans on corneal
mucins have compositions consistent with bi-, tri-, and tetra-antennary complex glycans, carrying N-acetyllactosamine residues and high mannose structures.
All molecular ions detected are present in the form of [M 	 Na]	.
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the event of irrecoverable levels of stress (32). In these experi-
ments, transfection with MGAT1 siRNA did not significantly
alter the expression of sXBP1, a component of the IRE1 (inosi-
tol-requiring transmembrane kinase/endonuclease 1) response
involved in the activation of genes crucial for secretory func-
tion. Taken together, these data support the concept that
N-glycans and the GlcNAc-branching pathway stimulate the
integrity and protective role of MUC16 in corneal epithelium.

N-Glycans modulate the MUC16-galectin-3 interaction

To get insight into the mechanism by which mucin N-glycans
promote glycocalyx barrier function, we investigated the con-

tribution of N-glycosylation to the binding of MUC16 to
galectin-3, an association that has been shown to have a pro-
tective effect on the epithelial cell surface (16, 17). For these
experiments, a slot-blot galectin-3 binding assay was devel-
oped where recombinant human galectin-3 (rhGal-3) was
directly immobilized onto membranes and probed with
human corneal cell lysates treated with PNGase F, an
enzyme causing N-glycan cleavage on glycoproteins. As
shown in Fig. 6a, immobilized rhGal-3 was able to bind con-
trol MUC16 in a dose-dependent manner. In contrast, incu-
bation of cell lysates with PNGase F significantly reduced the
binding activity of MUC16 toward immobilized rhGal-3.

Figure 5. N-Glycosylation regulated MUC16 stability and the integrity of the corneal epithelial glycocalyx. a, tunicamycin (TM, 10 �g/ml) was added for the last
3 days of culture to inhibit synthesis of N-glycans in stratified human corneal epithelial cells. At the end of the incubation, cell-surface proteins were biotinylated at 4 °C,
and an aliquot of �20% of the total cell lysate was stored before pulldown. The biotinylated proteins were isolated using NeutrAvidin™. Under these conditions,
tunicamycin decreased MUC16 levels both in the cell extracts and on the plasma membrane. Inhibition of N-glycosylation by tunicamycin in these experiments was
evaluated using ConA. b, Rose bengal penetrance into epithelial cells significantly increased after treatment with tunicamycin. c, cultures of human corneal epithelial
cells were transfected with either non-targeting scramble control (siScr) or MGAT1-targeting siRNA (siMGAT1). Reduction in the expression of MGAT1 mRNA and
N-glycan GlcNAc-branching was determined by qPCR and PHA-L (P. vulgaris leucoagglutinin) blot analysis, respectively. d, similar to tunicamycin, siRNA down-
regulation of MGAT1 reduced the total and cell-surface levels of MUC16 protein. e, suppression of MGAT1 by siRNA was associated with an increase in Rose bengal
penetrance into epithelial cells. f, the levels of MGAT1, BiP, CHOP, and sXBP1 mRNA were determined by qPCR. Results in a–f represent three independent experiments
performed in triplicate. The box and whisker plots show the 25 and 75 percentiles (box) and the median and the minimum and maximum data values (whiskers).
Significance was determined using Student’s t test. **, p � 0.01; ***, p � 0.001; ****, p � 0.0001; ns, nonsignificant.
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The enzymatic release of N-glycans by PNGase F was evi-
denced using ConA.

Furthermore, N-glycosylation inhibition experiments were
performed in cell culture to address whether N-linked glycosyl-
ation is required to cause retention of galectin-3 on the epithe-
lial cell surface. Treatment of stratified human corneal epithe-
lial cells with PNGase F resulted in a significant reduction in
cell-surface ConA-binding and a 2-fold increase in the amount
of galectin-3 present in the cell culture medium (Fig. 6b). Addi-
tionally, we showed that the amount of galectin-3 present on
the epithelial cell surface decreased in a dose-dependent man-
ner after incubation of the cell cultures with tunicamycin (Fig.
6c). Finally, we investigated the role of the Golgi N-glycan
branching pathway in this process. As shown in Fig. 6d, tran-
sient knockdown of MGAT1 significantly reduced the amount
of cell-surface galectin-3 compared with scramble control.
Overall, these results demonstrate that mucin N-glycans and
the GlcNAc-branching pathway are critical for maintaining the
integrity of the corneal epithelial glycocalyx.

Discussion

Proper maintenance of mucosal homeostasis requires the
establishment of diverse regulatory mechanisms that coopera-

tively protect against pathogenic and environmental chal-
lenges. These include secretion of a broad range of antimicro-
bial peptides aimed to shape the mucosal microenvironment
and the modulation of the immune response when the integrity
of the epithelium is compromised. The epithelium further con-
tributes to provide a robust anatomical barrier by forming
intercellular tight junctions and producing a dense glycocalyx
on the apical surface composed of transmembrane mucins.
Although the contribution of mucin O-glycans to the protec-
tion of mucosal surfaces has been extensively investigated, rel-
atively little is known about the structure and function of mucin
N-glycans in healthy epithelia. Here, we have characterized
N-glycans associated to transmembrane mucins produced by
differentiated human epithelial cells and have found a role for
N-glycans and the Golgi N-glycan-branching pathway in main-
taining MUC16 stability and the barrier function of the corneal
glycocalyx.

Initial attempts using gel filtration chromatography to quan-
tify the carbohydrate content of MUC16 isolated from
OVCAR-3 ovarian cancer cells suggested that very few N-gly-
cans were present on the mucin (12). These results have been
subsequently challenged with more sensitive methods of detec-
tion, indicating that the content of N-glycans on MUC16 is

Figure 6. Galectin-3 interaction with MUC16 and its retention on the cell surface were N-glycan-dependent. a, 2-fold serial dilutions of rhGal-3 were
applied individually to a nitrocellulose membrane in a slot-blot apparatus. Membranes were subsequently incubated with denatured cell lysates treated with
or without PNGase F for 3 h at 37 °C. The enzymatic release of N-glycans significantly reduced the binding activity of MUC16 toward immobilized rhGal-3.
Removal of N-glycans after PNGase F treatment was evaluated using ConA. b, treatment of stratified human corneal epithelial cells with PNGase F for 24 h
significantly increased the amount of galectin-3 present in the cell culture medium. Relative amounts of N-glycans in biotinylated cell-surface proteins were
evaluated using ConA. c, stratified human corneal epithelial cells were cultured in medium containing 1–10 �g/ml tunicamycin (TM) for the last 3 days of
culture. Cells were then surface-labeled with biotin at 4 °C and pulled down using NeutrAvidin™. Galectin-3 was detected by Western blotting. d, cultures of
human corneal epithelial cells were transfected with either non-targeting scramble control (siScr) or MGAT1-targeting siRNA (siMGAT1). As observed by
cell-surface biotinylation and Western blotting, the knockdown of MGAT1 decreased the abundance of cell-surface galectin-3. Results in a and c represent at
least three independent experiments. Results in b and d represent three independent experiments performed in triplicate. Data in c are represented as the
mean � S.D. The box and whisker plot show the 25 and 75 percentiles (box) and the median and the minimum and maximum data values (whiskers). Significance
was determined using Student’s t test (b and d) and one-way analysis of variance with Tukey’s post hoc test (c). **, p � 0.01; ***, p � 0.001; ****, p � 0.0001; ns,
nonsignificant.
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more abundant than initially thought. MALDI-TOF sequenc-
ing has established that MUC16 derived from OVCAR-3 cells is
rich in N-glycans and has compositions consistent with com-
plex-type glycans containing bisecting GlcNAc and high man-
nose-type structures (30). The most abundant complex-type
N-glycans consisted of mono-fucosylated bisected bi-anten-
nary structures, although tri- and tetra-antennary structures
were also observed when analyzing high-molecular-mass com-
ponents. The level of sialylation was relatively low, with no
components carrying more than a single sialic acid, and there
was evidence for fucose in the antennae other than the core.
The presence of bisected bi-antennary structures in MUC16
has been further confirmed using serum from patients with
ovarian cancer (33). Interestingly, our data indicate that trans-
membrane mucin N-glycans in differentiated human corneal
epithelial cells contain primarily complex-type structures with
N-acetyllactosamine. In contrast to OVCAR-3 cells, we have
observed that bisecting GlcNAc represents a minor portion of
the total glycan profile in corneal mucins, which are also char-
acterized by the presence of more than one terminal sialic acid
in the antennae. These structural differences and the propor-
tion of each glycan may reflect specific requirements of individ-
ual epithelia, leading to precise cellular responses (14). Because
of the lack of experimental data, little is known about the con-
tribution of transmembrane mucin N-glycans to the require-
ments of individual epithelia. It is tempting to speculate that a
lack of glycan chains containing bisecting GlcNAc in corneal
epithelium is necessary for the maintenance of barrier integrity,
as the introduction of bisecting GlcNAc into glycoproteins has
been shown to negatively affect their interaction with galectins
(34); yet this hypothesis remains untested.

Our results from tunicamycin-treated cells show that
abrogation of N-glycosylation in the endoplasmic reticulum
decreases total and cell-surface levels of MUC16 with a con-
comitant impairment of epithelial barrier function. These data
areconsistentwithrecent findingsshowingthatdefectiveN-gly-
cosylation affects the stability of a recombinant 114-amino acid
fragment within the C-terminal domain of MUC16 (35) and
suggest that N-glycans are crucial to the function of native
MUC16. To investigate the effects of the N-glycan branching
pathway in MUC16 stability, we established a protocol to
impair the expression of MGAT1, a resident Golgi glycosyl-
transferase that initiates complex N-linked oligosaccharide bio-
synthesis. The results indicated that, similar to N-glycan abro-
gation in the endoplasmic reticulum, knockdown of MGAT1 in
the Golgi was sufficient to reduce the stability of MUC16 and
impair the barrier function of the epithelial glycocalyx. The
ability of tunicamycin to impair MUC16 stability was expected
based on its ability to induce protein misfolding in the endo-
plasmic reticulum, which could affect MUC16 itself or other
proteins involved in MUC16 biosynthesis, leading to protein
retrotranslocation into the cytosol and degradation via the
ubiquitin-proteasome system (13). Indeed, the C-terminal
region of MUC16 has been shown to be susceptible to ubiqui-
tylation and proteasomal degradation (35). Even more intrigu-
ing was the observation that MGAT1 down-regulation affects
MUC16 protein integrity, as MGAT1 is a medial-Golgi enzyme
and does not influence nascent protein folding. Previous obser-

vations in hepatocarcinoma cells have shown that suppression
of MGAT5, a branching N-acetylglucosaminyltransferase act-
ing on carbon 6 of �1,6-linked mannose, affects the function of
N-glycan-synthesizing enzymes and chaperones and causes the
unfolded protein response (36). In our experiments, knock-
down of MGAT1 led to transcriptional activation of BiP and
CHOP, suggesting a model by which MGAT1 indirectly affects
MUC16 stability by promoting endoplasmic reticulum stress
and the activation of proteins involved in the recovery process.

The mechanism by which transmembrane mucin N-glycans
stimulated glycocalyx barrier function could potentially involve
interaction with galectin-3 on the epithelial surface. Several
groups including ours have reported that O-glycans on trans-
membrane mucins allow interaction with galectins, such as
MUC16 with galectin-1 and -3 (16, 37), which in the cornea
promote the formation of protective lattices. Despite these
findings, studies both in vitro and in vivo support the concept
that interaction with galectins may also depend on the presence
of N-glycans on transmembrane mucins. Although limited by
the conformational constraints of artificial formats, experi-
ments with synthetic glycan microarrays have shown that
galectin-3 displays maximum binding affinity toward N-gly-
cans compared with O-glycans (38). These studies have been
supported by the use of CHO glycosylation mutants with vari-
ous repertoires of cell surface glycans indicating that complex
N-glycans are the preferred ligands for galectins (39). It is pos-
sible to speculate that the presence of putative N-glycosylation
sites within the MUC16 tandem repeat would contribute to
promote interaction with galectins, as the affinity of lectins
toward glycoproteins is associated with the density and number
of glycan epitopes and not just the structure of a single epitope
(40). In this study we show that N-acetyllactosamine is a com-
mon structure found in corneal mucin N-glycans and that
PNGase F removal of N-glycans reduces the affinity of MUC16
toward galectin-3, findings that implicate N-glycosylation in
modulating the mucin-galectin lattice. Furthermore, we show
that N-glycans in general and MGAT1 in particular are impor-
tant for the normal expression of galectin-3 on the cell surface,
suggesting that complex N-glycans on MUC16 contribute to
sustain glycocalyx barrier function in the cornea via retention
of galectin-3. Outstanding questions remain regarding the rel-
ative contributions of N- and O-glycans in modulating the over-
all affinity of transmembrane mucins toward galectins, includ-
ing the enzymes controlling their biosynthesis and whether
they play non-redundant roles during corneal homeostasis.
These investigations will help to define the importance of these
pathways and the therapeutic potential of their stimulation in
reversing ocular surface epithelial dysfunction.

Experimental procedures

Cell culture and reagents

Telomerase-immortalized human corneal and conjunctival
epithelial cells were grown in keratinocyte serum-free medium
(KSFM; Thermo Fisher Scientific, Rockford, IL) supplemented
with bovine pituitary extract, 0.2 ng/ml epithelium growth fac-
tor (EGF), and 0.4 mM CaCl2 at 37 °C in 5% CO2. Once conflu-
ent, cells were switched to Dulbecco’s modified Eagle’s medium
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(DMEM)/F-12 supplemented with 10% newborn calf serum
and 10 ng/ml EGF for 7 days to promote cell stratification and
establishment of barrier function (41). These cell lines were
derived from normal tissue and expressed the same mucin gene
and keratin repertoire as native epithelia (42). Human corneal
epithelial explant cultures were generated from residual cor-
neoscleral rims obtained as discarded samples from an unre-
lated study. Human conjunctival impression cytology samples
were obtained as archived material from a previously published
study (43). rhGal-3 was expressed as previously reported by the
addition of 0.3 mM isopropyl �-D-1-thiogalactopyranoside
(IPTG) to RosettaTM Escherichia coli clones carrying a galec-
tin-3 expression vector (17). The rhGal-3 was purified from
lysates by affinity chromatography using lactosyl-Sepharose.
To eliminate contaminating bacterial endotoxins, rhGal-3 was
further purified by polymyxin B affinity chromatography. The
absence of lipopolysaccharide was confirmed using the Toxin-
SensorTM Chromogenic LAL Endotoxin Assay kit (Gen-
Script, Piscataway, NJ). Protein solutions were concentrated by
filtration (VIVASPIN, Littleton, MA) dialyzed against phos-
phate-buffered saline (PBS) buffer containing 10% glycerol and
stored at 
20 °C. N- and O-glycosylation sites on the full-
length sequences of human MUC1, MUC4, and MUC16 were
analyzed using the artificial neural networks NetNGlyc 1.0 and
NetOGlyc 4.0 (Center for Biological Sequence Analysis, Tech-
nical University of Denmark, Lyngby, Denmark), respectively.

Mucin purification

Transmembrane mucins were purified from stratified cor-
neal epithelial cell cultures as previously described (44). Briefly,
protein from cell cultures was extracted using radioimmune
precipitation assay buffer (150 mM NaCl, 25 mM Tris-HCl, pH
7.6, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS) plus
CompleteTM EDTA-free Protease Inhibitor Mixture (Roche
Diagnostics). After homogenization with a pellet pestle, the
protein extract was centrifuged at 17,115 � g for 45 min at 4 °C,
and the protein concentration of the supernatant was deter-
mined using the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific). Proteins were size-fractionated by gel chromatogra-
phy on a Sepharose CL-4B column. Fractions containing the
high-molecular-weight mucins were pooled and digested with
RNase A and DNase I for 3 h at room temperature and further
purified by isopycnic density gradient centrifugation in cesium
chloride at 164,000 � g for 72 h at 4 °C. Mucins resolved in the
middle of the density gradient were pooled, dialyzed, and stored
at 
80 °C before N-glycan structural analysis. The protein con-
centration in mucin isolate was measured using the Micro
BCA Protein Assay kit (Thermo Fisher Scientific). PAS stain
(GelCode Glycoprotein Stain, Thermo Fisher Scientific) and
Coomassie G-250 (GelCode Blue Safe Protein Stain, Thermo
Fisher Scientific) were used to monitor carbohydrate and pro-
tein content after SDS-PAGE (10% resolving gel), respectively,
whereas Western blotting was used to monitor transmembrane
mucin content following agarose gel electrophoresis.

Cell-surface protein biotinylation

Before biotinylation, the medium was discarded, and the cul-
tures were serum-starved for 2 h. Cells were then surface-la-

beled with the Pierce� Cell Surface Protein Isolation kit
(Thermo Fisher Scientific) following the manufacturer’s
instructions. Briefly, cells were incubated with 0.25 mg/ml cell-
impermeable sulfo-NHS-SS-Biotin at 4 °C for 30 min. After
quenching the reaction and washing with Tris-buffered saline
(TBS), cells were lysed in the presence of Halt Protease Inhibi-
tor Mixture (Thermo Fisher Scientific). Lysates were incubated
with 100 �l of NeutrAvidinTM for 1 h at room temperature.
Biotinylated proteins were eluted with dithiothreitol.

Inhibition of N-glycosylation and enzymatic deglycosylation

To inhibit N-glycosylation, cells were cultured in medium
containing 1–10 �g/ml tunicamycin (Sigma) for the last 3 days
of culture. For enzymatic deglycosylation of cell lysates, pro-
teins (0.5 mg) were denatured by boiling for 5 min at 95 °C in
buffer containing 52 mM �-mercaptoethanol and 0.1% SDS.
The denatured samples were treated with 10 �l of PNGase F (5
units/�l) from Elizabethkingia meningoseptica (Sigma) for 3 h
at 37 °C in the presence of 0.75% Triton X-100. Enzymatically-
cleaved glycans were removed by filtration in a NanoSep 10K
column (VIVASPIN). Proteins on the membrane were recov-
ered using PBST (PBS 	 0.1% Triton X- 100) and stored at

80 °C before galectin-3-binding assay. For PNGase F treat-
ment of live cells, cultures were washed 3 times with PBS and
incubated with 10 units/ml PNGase F in DMEM/F-12 at 37 °C
for the last day of culture as described (45).

For structural analyses, mucin isolates (40 �g) were lyophi-
lized, reduced in 500 �l of a 2 mg/ml dithiothreitol solution at
50 °C for 90 min, and then alkylated with 500 �l of a 12 mg/ml
iodoacetamide (Sigma) solution for 90 min at room tempera-
ture in the dark. The sample was dialyzed against 50 mM ammo-
nium bicarbonate for 24 h at 4 °C, lyophilized, and incubated
with 1 ml of 50 �g/ml TPCK (tosylphenylalanyl chloromethyl
ketone)-treated trypsin (Sigma) at 37 °C overnight. The
digested peptides were then purified using a Sep-Pak C18 (200
mg) cartridge (Waters Corp., Milford, MA), lyophilized, and
incubated with 2 �l (500units/�l) of PNGase F from Flavobac-
terium meningosepticum (P0704, New England Biolabs, Ips-
wich, MA) in 200 �l of 50 mM ammonium bicarbonate at 37 °C
for 4 h. The mixture was further incubated with 3 �l of PNGase
F at 37 °C overnight. The released N-glycans were purified over
a Sep-Pak C18 (200 mg) cartridge. The flow-through and wash
fraction containing the released N-glycans were collected,
pooled, and lyophilized.

Permethylation of N-glycans

To enhance the sensitivity of N-glycan analysis by mass spec-
trometry, permethylation of N-glycans was carried out using
the NaOH:DMSO slurry method. Here, lyophilized N-glycans
were incubated with 1 ml of a NaOH:DMSO slurry solution and
500 �l of methyl iodide (Sigma) for 20 –30 min under vigorous
shaking at room temperature. One ml of chloroform and 3 ml of
Milli-Q water were then added, and the mixture was briefly
vortexed to wash the chloroform fraction. The wash step was
repeated 3 times. The chloroform fraction was dried, dissolved
in 200 ml of 50% methanol, and loaded into a Sep-Pak C18 (200
mg) cartridge. The eluted fraction was lyophilized and dis-
solved in 10 �l of 75% methanol from which 1 �l was mixed
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with 1 �l 2,5-dihydroxybenzoic acid (Sigma) (5 mg/ml in 50%
acetonitrile with 0.1% trifluoroacetic acid) and spotted on a
MALDI polished steel target plate (Bruker Daltonics, Bremen,
Germany).

MALDI-TOF mass spectrometry

The profiling of permethylated N-glycans was performed at
the Glycomics Core at Beth Israel Deaconess Medical Center,
Boston. Mass spectrometry data were acquired on an UltraFlex
II MALDI-TOF Mass Spectrometer (Bruker Daltonics). Reflec-
tive positive mode was used, and data were recorded between
500 m/z and 6000 m/z. The mass spectrometry N-glycan profile
was acquired by the aggregation of at least 20,000 laser shots.
MS spectra were processed using mMass (46). Mass peaks were
manually annotated and assigned to a particular N-glycan com-
position when a match was found.

MGAT1 siRNA

Depletion of MGAT1 was achieved using the Silencer� Select
Pre-designed siRNA (s8728; Thermo Fisher Scientific) target-
ing a sequence of human MGAT1 mRNA (5�-UGAGGAC-
CAAUGACCGGAAtt-3�). A nonspecific scrambled siRNA
(4390843; Life Technologies) served as the negative control. For
knockdown, cells in 12-well plates were transfected twice, at
confluence and 3 days post-confluence, by 6-h incubation with
10 �l of siRNA in Lipofectamine 2000 (Life Technologies; 2 �l)
dissolved in 400 �l of Opti-MEM plus GlutaMax reduced-se-
rum medium (Thermo Fisher Scientific). Cells were allowed to
recover in supplemented DMEM/F-12 medium for 72 h after
each transfection.

Western blotting and lectin blotting

Cell extracts were obtained by lysis in radioimmune precip-
itation assay buffer supplemented with CompleteTM EDTA-
free Protease Inhibitor Mixture (Roche Diagnostics). After
homogenization with a pellet pestle, the cell extracts were cen-
trifuged at 17,115 � g for 30 min at 4 °C, and the protein con-
centration of the supernatant was determined using the Pierce
BCATM Protein Assay Kit (Thermo Fisher Scientific). For anal-
yses of cell culture medium, cells were washed with PBS fol-
lowed by incubation with serum-free DMEM/F12 for 24 h at
37 °C. Medium was collected and centrifuged at 6,000 � g for 4
min to remove cellular debris.

For analysis of MUC1, MUC4, and MUC16, proteins were
separated by 1% agarose gel electrophoresis and blotted onto
nitrocellulose membranes using a vacuum as described (16).
For analysis of MUC20, galectin-3, and GAPDH, proteins were
separated by SDS-PAGE (10% resolving gel) and electroblotted
onto nitrocellulose membranes. Nonspecific binding to the
nitrocellulose was blocked at room temperature by 1 h of incu-
bation with 5% nonfat milk in PBS for detection of MUC1 and
MUC4 or 0.1% Tween 20 in Tris-buffered saline (TTBS) for
detection of MUC16, MUC20, galectin-3, and GAPDH. Mem-
branes were then incubated with primary antibodies to MUC1
(214D4, 1:3000; Upstate, Lake Placid, NY), MUC4 (8G7, 1:1000;
Santa Cruz Biotechnology, Dallas, TX), MUC16 (M11, 1:3000;
Neomarkers, Fremont, CA), MUC20 (RB13033, 1:3000;
Abgent, San Diego, CA), and galectin-3 (H160; 1:3000; Santa

Cruz Biotechnology) in blocking buffer overnight at 4 °C.
GAPDH staining (1:5000; FL-335; Santa Cruz Biotechnology,
Dallas, TX) served as a sample loading control. After washing
with TTBS, membranes were incubated with the appropriate
secondary antibodies coupled to horseradish peroxidase
(1:5000; Santa Cruz Biotechnology) for 1 h at room tempera-
ture. Peroxidase activity was visualized using the West Pico
Chemiluminescent Substrate (Thermo Fisher Scientific) ac-
cording to the manufacturer’s instructions. Densitometry was
performed using ImageJ software (National Institutes of
Health, Bethesda, MD).

For lectin blotting, proteins were separated by 1% agarose gel
electrophoresis, blotted onto nitrocellulose membranes, and
blocked with 1% polyvinylpyrrolidine in TTBS overnight at
4 °C. Membranes were then incubated with biotin-labeled con-
canavalin A (0.5 �g/ml; Vector Laboratories, Burlingame, CA)
or P. vulgaris leucoagglutinin (5 �g/ml; Vector Laboratories)
for 1.5 h at room temperature. Membranes were developed
with the Vectastain ABC kit (Vector Laboratories), and glyco-
proteins were visualized using chemiluminescence.

Slot blot galectin-3 binding assay

Two-fold serial dilutions of rhGal-3 were applied individu-
ally to a nitrocellulose membrane in a slot-blot apparatus (Bio-
Rad). Individual wells were overlaid for 30 min with 10 �g of cell
lysate in 200 �l of TBS. The membranes were then blocked with
1% polyvinylpyrrolidine in TTBS for 45 min, washed thor-
oughly, and probed with the MUC16 primary antibody for 45
min. After washes with TBS, membranes were incubated with
goat anti-mouse IgG (1:5000; Santa Cruz Biotechnology, Santa
Cruz, CA) for another 45 min. Antibody binding was detected
using chemiluminescence.

qPCR

Total RNA was isolated from cell cultures and impression
cytology samples using the extraction reagent TRIzol (Thermo
Fisher Scientific) following the manufacturer’s instructions.
Residual genomic DNA was eliminated by DNase I digestion
of the RNA preparation. One �g of total RNA was used for
cDNA synthesis (iScriptTM cDNA Synthesis; Bio-Rad). Primer
sequences used to amplify the MGAT1, MAN2A1, MAN2A2,
MGAT2, MGAT4A, MGAT4B, MGAT5, binding immunoglob-
ulin protein (BiP), CCAAT-enhancer-binding protein homo-
logous protein (CHOP), and spliced X-box binding protein 1
(sXBP1) mRNA are listed in supplemental Table 1. Gene
expression was measured using the KAPA SYBR� FAST qPCR
kit (Kapa Biosystems, Wilmington, MA) in a Mastercycler ep
realplex thermal cycler (Eppendorf, Hauppauge, NY). The fol-
lowing parameters were used: 2 min at 95 °C followed by 40
cycles of 5 s at 95 °C and 30 s at 60 °C. Expression values were
corrected for the housekeeping gene GAPDH (PrimePCR
GAPDH primers; Bio-Rad) and normalized using MGAT1 as a
reference gene. Fold changes were calculated using the compar-
ative CT method.

Human glycosylation PCR array

The expression of N-glycan-processing genes in stratified
cultures of human corneal epithelial cells was assessed by qPCR
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using a human glycosylation PCR array (RT2 ProfilerTM PCR
array, SABiosciences Corp., Frederick, MD) according to the
manufacturer’s instructions. Expression values were corrected
for the housekeeping gene GAPDH and normalized using
MGAT1 as a reference gene. The ��CT method was used for
relative quantitation of the number of transcripts.

Barrier function assay

Transcellular barrier function in cell culture was assayed
with the rose bengal anionic dye (Acros Organics; Morris
Plains, NJ) as described previously (41). For dye penetrance
assay, cells in tissue culture plates were rinsed with PBS and
incubated for 5 min with a 0.1% solution of Rose bengal. After-
ward, the dye was aspirated, and the culture was further washed
with PBS. The extent of dye penetrance in cell culture was
assessed using an inverted microscope (Nikon Eclipse TS100).
Pictures were taken at 10� with a SPOT Insight Fire Wire
Camera (Diagnostic Instruments, Inc., Sterling Heights, MI)
and analyzed using ImageJ software.

Statistical analyses

Statistical analyses were performed using Prism 7 (Graphpad
Software, San Diego, CA) for Mac OSX.
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