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MUC1 is a mucin-like type 1 transmembrane protein associated with the apical surface of
epithelial cells. In human tumors of epithelial origin MUC1 is overexpressed in an underglyco-
sylated form with truncated O-glycans and accumulates in intracellular compartments. To un-
derstand the basis for this altered subcellular localization, we compared the synthesis and
trafficking of various glycosylated forms of MUC1 in normal (Chinese hamster ovary) cells and
glycosylation-defective (1dID) cells that lack the epimerase to make UDP-Gal/GalNAc from
UDP-Glc/GlcNAc. Although the MUC1 synthesized in 1d1D cells was rapidly degraded, addition
of GalNAc alone to the culture media resulted in stabilization and near normal surface expression
of MUCI1 with truncated but sialylated O-glycans. Interestingly, the initial rate of endocytosis of
this underglycosylated MUC1 was stimulated by twofold compared with fully glycosylated
MUCI1. However, the half-lives of the two forms were not different, indicating that trafficking to
lysosomes was not affected. Both the normal and stimulated internalization of MUC1 could be
blocked by hypertonic media, a hallmark of clathrin-mediated endocytosis. MUC1 endocytosis
was also blocked by expression of a dominant-negative mutant of dynamin-1 (K44A), and MUC1
was observed in both clathrin-coated pits and vesicles by immunoelectron microscopy of ultrathin
cryosections. Our data suggest that the subcellular redistribution of MUC1 in tumor cells could be
a direct result of altered endocytic trafficking induced by its aberrant glycosylation; potential
models are discussed. These results also implicate a new role for O-glycans on mucin-like

membrane proteins entering the endocytic pathway through clathrin-coated pits.

INTRODUCTION

Oligosaccharides on proteins have a multifunctional role in
the folding, stability, and targeting of glycoproteins. N-gly-
cans, which are added during translocation of proteins in the
endoplasmic reticulum, are used by the chaperones calnexin
and calreticulin to retain glycoproteins within this compart-
ment until they are properly folded (Trowbridge and Hele-
nius, 1998). In the case of soluble lysosomal proteins, the
N-glycans are altered for recognition and proper delivery of
the proteins by the mannose-6-phosphate receptor (Korn-
feld, 1987), whereas N-glycans on some soluble proteins are
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required for their polarized delivery to the apical surface of
epithelial cells (Scheiffele et al., 1995). The role of O-glycans
on glycoproteins is less well understood, although it is clear
that both N- and O-glycans on proteins can provide protec-
tion from degradation. In one case, clusters of O-glycans can
act as an apical targeting signal for either the transmem-
brane or soluble form of the neurotrophin receptor (Yeaman
et al., 1997). Futhermore, specific O-glycans on endothelial
mucins can act as intercellular ligands for molecules such as
selectins (Rosen and Bertozzi, 1994). However, the role that
oligosaccharides play in the regulation of glycoprotein traf-
ficking in the endocytic pathway is undefined.

Human MUCT is a type I transmembrane protein with a
mucin-like ectodomain resulting from extensive glycosyla-
tion of a variable number of tandem repeats (4090 copies)
(Gendler et al.,, 1991; Hilkens et al., 1992). These perfect
repeats of 20 residues (PDTRPAPGSTAPPAHGVTSA) have
five threonines and serines that are all modified with mucin-
type O-linked glycans (Hanisch et al., 1989; Hull et al., 1989;
Lloyd et al., 1996), and this domain is flanked by imperfect
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repeats with fewer glycosylation sites. In addition to O-
linked glycosylation, MUC1 contains five consensus sites for
N-linked glycan addition in a nonrepetitive sequence adja-
cent to the single transmembrane domain. The 72-residue
carboxy-terminal cytoplasmic domain contains seven ty-
rosine residues, at least one of which can be phosphorylated
(Zrihan-Licht et al., 1994; Pandey et al., 1995); phosphoryla-
tion of the tyrosine furthest from the membrane promotes
interaction with the SH2 domain of the adaptor protein Grb2
(Pandey et al., 1995), which can bind proteins such as the Sos
exchange protein of Ras (Chardin et al., 1993; Egan et al.,
1993) or the PRD domain of the GTPase dynamin (Barylko et
al., 1998). Thus, MUC1 is a complex molecule that is likely to
function as more than a simple membrane-anchored mucin.

Litvinov and Hilkens (1993) have shown that an imma-
ture, incompletely sialylated form of MUC1 appears at the
cell surface in mammary epithelial cells and matures by
addition of more sialic acid during several rounds of recy-
cling, and recycling continues even after full maturation.
However, there is a significant increase in intracellular stain-
ing for MUCL1 in breast (Ceriani et al., 1992) and thyroid
(Bieche et al., 1997) carcinomas when compared with normal
epithelia, and the prevalence of intracellular MUC1 in breast
cancer correlates with a poor prognosis for the patient (Ce-
riani ef al., 1992). The basis for this intracellular accumula-
tion is not known but could result from altered kinetics of
membrane trafficking either in the de novo pathway or in
the endosomal, recycling pathway. Because MUC1 is found
in an underglycosylated state in many tumors, we have
compared the trafficking and maturation of MUC1 in normal
Chinese hamster ovary (CHO) cells and glycosylation-defec-
tive CHO cells (IdID cells) that lack the epimerase to make
UDP-Gal and -GalNAc from UDP-Glc and -GlcNAc, respec-
tively (Kingsley et al., 1986). This defect completely blocks
O-linked glycosylation of proteins and prevents maturation
of N-linked glycans. Addition of Gal and GalNAc to the
media of 1d1D cells can reverse this phenotype, and addition
of GalNAc alone results in synthesis of proteins with trun-
cated O-linked glycans, a structure observed on MUCI in
many tumor cells (Hull et al., 1989; Lloyd et al., 1996). Using
MUC1 expression in both CHO and IdID cells, we are now
able to evaluate the effect of MUC1 underglycosylation on its
subsequent internalization. In fact, our present studies on
the trafficking of the mucin-like MUC1 indicate that alter-
ations in O-glycan structure can stimulate its endocytosis
and intracellular accumulation without enhancing the deg-
radation of the molecule.

MATERIALS AND METHODS

Cell Culture

Clonal cultures of normal CHO and glycosylation-defective CHO
cells (1dID cells) expressing human MUC1 with 22 tandem repeats
were obtained by transfection of cells with recombinant MUC1
cDNA in the pREP4 plasmid (Invitrogen, San Diego, CA), followed
by clonal selection and maintenance in media containing hygromy-
cin (0.4 mg/ml) as described previously (Poland ef al., 1997). Clonal
cell lines expressing the human coxsackie adenovirus receptor pro-
tein (hCAR; Bergelson et al., 1997) were obtained by transfection of
MUCI1-expressing CHO or 1dID cells with the hCAR ¢cDNA in the
pcDNAB3.1 vector (Invitrogen), followed by clonal selection in media
containing G418 (0.5 mg/ml); the resulting cell lines were subse-
quently maintained in both G418 and hygromycin. A cell line ex-
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pressing the polymeric immunoglobulin receptor (pIgR) was pre-
pared by transfection of 1dID cells with the rabbit pIgR cDNA
subcloned into the pCB7 vector (Mostov et al., 1986); clonal lines
were selected in media containing hygromycin. All cell lines were
maintained in Dulbecco’s minimum Eagle’s medium (DMEM) and
Ham’s F12 (1:1) with 3% fetal bovine serum (normal culture media)
at 37°C in 5% CO,. All tissue culture reagents were purchased from
Life Technologies (Gaithersburg, MD).

Radiolabeling, Biotinylation, and
Immunoprecipitation of MUC1

Confluent cultures of cells in 35-mm dishes were washed once with
1 ml of DME media lacking methionine and cysteine (Met/Cys;
ICN, Costa Mesa, CA) and starved for Met and Cys in 1 ml of the
same media for 15 min before addition of 50-100 uCi of [3°S]Met/
Cys (Easy Tag Express-[*°S]Protein Labeling Mixture; New England
Nuclear, Wilmington, DE) for the indicated time. Labeled cells were
chased in normal culture medium. Where specified, media used to
starve, pulse, and chase cells was supplemented with either Gal or
GalNAc at the levels indicated in each experiment. After the chase
period, cells were rapidly chilled on ice for biotinylation of cell
surface proteins as previously described (Gottardi and Caplan,
1992). Briefly, cells were washed four times with 1 ml of phosphate
buffered saline (PBS; 137 mM NaCl, 2.6 mM KCl, 152 mM
Na,HPO,, 1.47 mM KH,PO,, 0.5 mM MgCl,, and 0.7 mM CaCl,)
and incubated with 0.5 mg/ml sulfosuccinimidyl-2-(biotinamido)-
ethyl-1,3-dithiopropionate-biotin (Pierce, Rockford, IL) in TEA-buff-
ered saline (10 mM triethanolamine, pH 7.6, 137 mM NaCl, and 1
mM CaCl,) for 10 min. The reaction was quenched by washing the
cells three times with normal culture media. Cells were solubilized
at room temperature with 0.2 ml of 60 mM #n-octyl B-p-glucopyr-
anoside and 0.1% SDS (both from Sigma, St. Louis, MO) in HEPES-
buffered saline (HBS, 10 mM HEPES-NaOH, pH 7.4, 150 mM NaCl)
for 20 min, and insoluble material was removed by centrifugation in
a microcentrifuge at 14,000 rpm for 7 min. Supernatants were re-
covered and rotated end-over-end overnight at 4°C after addition of
protein G immobilized on Sepharose 4B (Sigma) and mouse mono-
clonal antibodies VU-3-C6 against the tandem repeat domain (Rye et
al., 1998) and 232A1 against an extracellular nontandem repeat
domain (Oosterkamp et al., 1997). Inmunoprecipitates were recov-
ered by brief centrifugation and washed once with 0.5 ml each: 1%
Triton X-100 (Boehringer Mannheim, Indianapolis, IN) in HBS,
0.01% SDS in HBS, and finally HBS. Where indicated, the pellets
were resuspended in acetate buffer (50 mM sodium acetate, pH 5.5,
0.15 M NaCl, 9 mM CaCl,) and incubated with or without 1 mU
neuraminidase (Vibrio cholera; Calbiochem, La Jolla CA) for 1 h at
37°C. Biotinylated MUC1 was recovered by elution of the immuno-
precipitates for 2 min at 90°C in 80 ul 1% SDS in HBS and incubation
with 30 ul ImmunoPure Immobilized Avidin (Pierce) after addition
of 0.8 ml HBS. After overnight rotation at 4°C, the avidin-conjugated
beads were washed with 1 ml each: 1% Triton X-100 in HBS and
HBS. The biotinylated MUC1 was recovered by heating for 3.5 min
at 90°C in 50 ul Laemmili SDS-sample buffer containing fresh 0.14 M
B-mercaptoethanol (Laemmli, 1970). Samples were subjected to
SDS-PAGE (all reagents from Bio-Rad, Richmond, CA) on 3-15%
acrylamide gradient gels, and radioactive protein bands were im-
aged and quantitated from the dried gel using a phosphoimager
(Bio-Rad). In some instances, fluorography of gels was carried out
using BioMax MR film (Eastman Kodak, Rochester, NY).

Endocytosis Assay for MUCI

Confluent cultures of MUC1-expressing CHO or 1dID cells in Falcon
six-well dishes (35-mm wells; Becton Dickinson Labware, Franklin
Lakes, NJ) were pulse-labeled with [**S]Met/Cys for 30 min and
chased for 90 min before biotinylation of cell surface proteins on ice
(described above). Where indicated, GalNAc, with or without Gal,
was added to the culture media throughout the radiolabeling pro-
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tocol. Cells in six-well dishes were rapidly warmed to 37°C on a
metal plate in a Precision (Winchester, VA) model 66566 circulating
water bath by the addition of prewarmed HEPES-buffered MEM (20
mM HEPES-NaOH, pH 7.4, 0.6% BSA, 4 mM NaHCO,), incubated
to allow endocytosis for 1-30 min and then rapidly cooled on a
metal plate on ice by two quick washes with ice-cold PBS. Where
indicated, 0.45 M sucrose was included in the culture media to
inhibit clathrin-mediated endocytosis (Hansen et al., 1993). Biotin
remaining at the cell surface was stripped by three 20-min incuba-
tions with 1 ml ice-cold 100 mM sodium 2-mercaptoethanesulfonic
acid (MESNA) in 50 mM Trizma-HCI, pH 8.6, 100 mM NaCl, 1 mM
EDTA, and 0.2% BSA, and residual MESNA was quenched by a
10-min incubation with ice-cold 120 mM iodoacetic acid in PBS. The
internalized biotinylated MUC1 was recovered from cell extracts as
described above. The total biotinylated MUC1 was determined for
each sugar condition on separate six-well dishes by excluding the
MESNA and iodoacetic acid washes. Cells representing the zero
time point of endocytosis were incubated in ice-cold HEPES-buff-
ered MEM on ice for 10 min before washing. Percent internalization
of MUC1 was calculated by dividing the amount of biotinylated
[*SIMUC1 remaining after MESNA treatment by the amount of
biotinylated [**S]MUC1 recovered without MESNA treatment at
each time point. Background values obtained at t = 0 were sub-
tracted from each time point and were typically 1-5% of total
MUCI. Data are presented for individual representative experi-
ments as means * SD for triplicate samples, allowing for error
propagation. Data calculated for combined experiments are pre-
sented as the means * SEM.

Endocytosis Assay for the Polymeric
Immunoglobulin Receptor

Endocytosis of the polymeric immunoglobulin receptor (pIgR) in
1dID cells was determined exactly as described for MUC1 above,
except that samples were immunoprecipitated using a sheep anti-
body directed against the lumenal domain of pIgR (5aSC).

Assay for Fluid Phase Endocytosis

Confluent cultures of CHO or IdID cells expressing MUC1 in 24-
well plastic dishes (15-mm wells; Costar, Cambridge, MA) were
incubated for 2 h with 1 mM GalNAc, with or without 0.1 mM Gal
as indicated, to mimic the conditions for radiolabeling and endocy-
tosis of MUCT. Cells were moved to ice and washed once with cold
HEPES-buffered MEM before addition of prewarmed media (with
or without 0.45 M sucrose as indicated) containing horseradish
peroxidase (HRP type II, Sigma) at 1 mg ml~! and incubated at 37°C
for varying times. Cells were rapidly chilled on ice and washed
twice quickly before three 10-min washes with HEPES-buffered
MEM and a final rinse with PBS. Cells for the zero time point were
incubated on ice with media containing HRP for 15 min. Cells were
solubilized at room temperature with 0.2 ml of 60 mM #n-octyl
B-pD-glucopyranoside and 0.1% SDS in HEPES-buffered saline for 20
min and assayed for peroxidase activity using tetramethylbenzidine
dihydrochloride (Sigma) as described by the manufacturer. Activity
is reported as the means * SD of triplicate samples.

Expression of Proteins from Recombinant
Adenoviruses

The ¢cDNA for pIgR was subcloned into the pAdlox vector and a
recombinant adenovirus (AV-pIgR) generated as described in
Hardy ef al. (1997). A recombinant adenovirus encoding mutant
K44A dynamin-1 with an HA epitope tag (AV-K44A) was prepared
as described previously (Altschuler ef al., 1998). Expression of dy-
namin from this virus requires coexpression of a tetracycline-re-
pressible transactivating protein encoded by a different adenovirus
(AV-TA). Using this system, dynamin expression can be completely
blocked by including low levels of doxycycline (DOX; 20 ng/ml) in
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the postinfection medium. Because initial experiments showed poor
infection of CHO cells by adenovirus, a clonal line of MUCI-ex-
pressing CHO or 1dID cells stably transfected with hCAR (Bergelson
et al., 1997) was used for these studies. Confluent cultures of these
cells were washed once with PBS and incubated with AV-TA with
or without AV-K44A in 0.8 ml PBS (without calcium) for 6-well
dishes or AV-pIgR in 0.3 ml PBS (without calcium) for 24-well
dishes (multiplicity of infection ~ 200). After 2 h at 37°C, virus was
removed, and cells were washed once with 1 ml of normal culture
media and incubated overnight at 37°C in the same media. Controls
for the K44A dynamin expression were either cells infected with
only AV-TA or cells infected with both viruses but subsequently
incubated with DOX. The following day, endocytosis assays were
performed as described above. Inhibition of K44A expression by
DOX was confirmed by Western blot analysis of cell extracts using
the mouse anti-HA monoclonal antibody 12CAS (BabCO, Rich-
mond, CA).

Determination of MUC1 Half-life

CHO and 1dID cells expressing MUC1 were pulse-labeled for 30 min
with [**S]Met/Cys and chased in normal media for 90 min as
described above. Where indicated, GaINAc with or without Gal
were added to the culture media throughout the radiolabeling
protocol. Cells were returned to culture for either 0 or longer times
(3.5-20 h) before solubilization, immunoprecipitation, and recovery
of [**SIMUC1 for SDS-PAGE and phosphoimager analysis. The
half-life of MUC1 was calculated from the levels of radioactivity
using the formula ¢, ,, = 0.693/k,.

Immunogold Labeling of Ultrathin Cryosections

CHO cells expressing MUC1 were cultured on 10-cm plastic dishes
as described above. The cells were rinsed once with Dulbecco’s PBS
(DPBS), fixed 30 min at room temperature with 1.0% (vol/vol)
glutaraldehyde and 2% (wt/vol) paraformaldehyde in DPBS, gently
scraped from the dish with a flexible cell scraper, and pelleted in a
microfuge at 100 X g for 5 min at room temperature. The cell pellet
was resuspended in an equal volume of 3% gelatin (200 bloom;
Sigma) in DPBS, incubated for 10 min at 37°C, and then placed on
ice for 10 min to harden the gelatin. The gelatin cell plug was cut
into 0.5- to 1.0-mm? cubes, and the cubes were incubated overnight
at 4°C in 1.8 M sucrose and 20% (wt/vol) polyvinylpyrrolidone (M,
10,000). The cubes were mounted on cryo-stubs and frozen in liquid
nitrogen. Cryosectioning was performed at —110°C in a Leica (Deer-
field, IL) Ultracut E ultramicrotome with a model type FCS
cryochamber attachment. The sections, collected on drops of su-
crose, were transferred to butvar-coated nickel grids. Incubations
were performed by inverting the grids on drops of the appropriate
solution. The sections were incubated for 15 min in DPBS, washed
three times 5 min each with 0.15% (wt/vol) glycine and 0.5%
(wt/vol) BSA dissolved in DPBS (buffer 1), and then incubated for
20 min with 10% (vol/vol) goat serum diluted in buffer 1. The
sections were incubated with VU-3-C6 anti-MUCT1 antibody (ascites
diluted 1:100 in buffer 1) for 60 min at room temperature, washed
three times 5 min each with buffer 1 and then incubated with protein
A-5 nm colloidal gold (purchased from Dr. Jan Slot, Utrecht Uni-
versity, Netherlands) diluted in buffer 1 for 30 min at room temper-
ature. The sections were washed three times for 5 min each with
buffer 1, washed with DPBS, fixed with 2.5% (vol/vol) glutaralde-
hyde (in PBS) for 5 min, rinsed with DPBS and then water, stained
with 2% (wt/vol) neutral uranyl acetate, 4% (wt/vol) aqueous
uranyl acetate, and then embedded in 1.2% (wt/vol) methylcellu-
lose. Sections were viewed at 80-100 kV in a Jeol 100CX electron
microscope (Peabody, MA).
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Figure 1. MUC1 maturation in 1d1D cells is rescued by Gal and GalNAc. CHO and 1dID cells expressing human MUC1 were pulse labeled
with [¥S]Met/Cys for 15 min and chased for 0-120 min. Where indicated, both 100 uM Gal and 1000 uM GalNAc (+G/GN) were included
in the starvation, pulse and chase media. MUC1 was immunoprecipitated from cell extracts and subjected to SDS-PAGE on a 3-10%
polyacrylamide gradient gel before fluorography of the dried gel. CO and C60 in each panel show immunoprecipitates from nontransfected
control cells, which were labeled and then chased for 0 and 60 min, respectively. M22 (~250 kDa) and P22 (130 kDa) denote the positions
of the mature and propeptide forms of the recombinant MUC1 with 22 tandem repeats, respectively.

RESULTS

Cell Surface Expression of MUC1 in Normal and
Glycosylation-Defective CHO Cells

When CHO cells expressing MUC1 with 22 tandem repeats
are pulsed with [3*S]Met/Cys for 15 min and chased for
varying times, the immature propeptide (P22) present at the
earliest chase time (¢t = 0) is rapidly processed to its fully
mature form (M22; M, ~250,000) in just 15 min (Figure 1). By
contrast, the majority of labeled MUCI synthesized by 1dID
cells, which are defective in the synthesis of UDP-Gal (Fig-
ure 1, labeled G) and UDP-GalNAc (Figure 1, labeled GN),
remains as the propeptide (P22; M, 130,000) during the chase
period and produces only a trace of mature MUC1 (—G/
GN). However, addition of 100 uM Gal and 1000 uM Gal-
NAc (+G/GN) to the media rescues this maturation process
in 1dID cells while having no adverse effect on MUC1 syn-
thesis in CHO cells. No forms of [**S]MUC1 resulting from
any of the culture conditions were found in the media (un-
published observations). Comparison of the band intensities
in this pulse-chase experiment also indicates that the ma-
jority of newly synthesized MUCT1 is degraded in 1dID cells
in the absence of normal glycosylation (t; ,, ~30 min). This
fate is in contrast to other heavily O-glycosylated proteins
synthesized in 1dID cells, which either accumulate as an
immature form or are released into the cell media (Kozarsky
et al., 1988a,b; Zanni et al., 1989; Remaley et al., 1991).
Because CHO cells lack the core 2 B-1,6-GIcNAc trans-
ferase required for synthesis of branched O-glycans (Bier-
huizen et al., 1994), only the unbranched mucin-type O-
glycans (sialylated GalB1,3GalNAc-Ser/Thr) are present on
the CHO MUCI. To determine if addition of truncated gly-
cans (sialylated GalNAc-Ser/Thr) on MUCT is sufficient to
stabilize MUC1 in 1dID cells, we expressed [>*>SIMUCT1 in the
presence of varying levels of GalNAc (50-500 uM); half of
each immunoprecipitate was treated with neuraminidase
before SDS-PAGE to assess sialylation (Figure 2). The results
indicate that increasing levels of GalNAc in the 1dID cell
media results in both increased levels of MUCI and a de-
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creased mobility for MUC1 on SDS-gels consistent with
increasing numbers of O-glycans on each molecule. How-
ever, MUC1 with truncated O-glycans migrates as a much
more heterogenous band on SDS gels than fully glycosylated
MUC1 (compare with CHO MUC control and 1d1D MUC +
Gal and GalNAc in Figure 2), consistent with previous re-
ports for undersialylated MUC1 (Litvinov and Hilkens,
1993; Poland et al., 1997). Unlike most glycoproteins, sialy-
lation of MUCT results in faster rather than slower mobility
on SDS gels, and we find that neuraminidase treatment of all
forms of MUC1 decreases its mobility. Removal of sialic acid
from the MUC1 with truncated O-glycans also decreases its
heterogeneity and confirms our conclusion that the number
of O-glycans on the protein (based on higher molecular
weight) correlates with the concentration of GalNAc in the
media. Thus, increasing numbers of even truncated O-gly-
cans on MUCT1 increase its stability.

To determine if this increased stability reflects increased
surface expression of the MUC1, metabolically labeled cells
were biotinylated with a membrane-impermeant reagent
(sulfo-NHS-SS-biotin) and biotinylated [*°*S]MUC1 was re-
covered from the total immunoprecipitate with avidin-con-
jugated beads and analyzed by SDS-PAGE. We found that
MUC1 with truncated O-glycans is expressed at the cell
surface, and increased numbers of O-glycans correlate with
increased levels of surface expression (unpublished obser-
vations). This effect was more carefully analyzed by com-
paring the kinetics of fully glycosylated and underglycosy-
lated MUCT1 delivery to the cell surface (Figure 3). CHO or
1dID cells expressing MUC1 were starved, pulse-labeled,
and chased for 0-120 min in the presence of GalNAc, with or
without Gal as indicated. After the chase period, cells were
biotinylated on ice and surface [>*>*S]MUC1 was recovered for
SDS-PAGE and analysis with a phosphoimager. The kinetics
of surface delivery of mature MUC1 synthesized in CHO
cells and 1d1D cells (+G/GN) were similar. The slight lag in
appearance of normal MUCL1 in 1dID cells (both G/GN,
t;,» = 35 min for maximal surface expression), when com-
pared with MUC1 synthesized in CHO cells (¢, ,, = 25 min),
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Figure 2. Truncated O-glycans on
MUCT1 can rescue its surface ex-
pression in 1dID cells. Both CHO
and 1dID cells expressing MUC1
were pulsed with [**S]Met/Cys for
15 min and chased for 90 min.
Varying levels of Gal and GalNAc
were included in the starvation,
pulse, and chase media as indi-
cated. Immunoprecipitates  of
MUCI from cell extracts were di-
vided in half and incubated with or
without neuraminidase. Numbers
to the left of the gel correspond to
the mobility of the molecular
weight standards in kilodaltons.
All samples were subjected to SDS-
PAGE and fluorography.
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is likely due to a delay in the synthesis of UDP-Gal/GalNAc
by an alternative pathway. In addition, the kinetics of surface
delivery for underglycosylated MUC1 (+1000GN or + 100GN;
Figure 3) were similar to that of mature MUCT1 in 1dID cells;
however, the level of MUCI1 found at the cell surface under
these conditions was markedly lower (60 and 10%, respective-
ly). Virtually no MUC1 was found on the plasma membrane of
1dID cells grown in the absence of Gal and GalNAc, consistent
with our earlier observation that this form of MUC1 was rap-
idly degraded (Figures 1 and 2). Thus, the cumulative data
indicate that MUC1 stability and surface expression are abso-
lutely dependent on the addition of O-linked glycans, and
increased size and number of O-glycans correlate with in-
creased levels of cell surface expression.

MUCT1 Internalization Is Affected by Glycosylation

The reduced levels of underglycosylated MUC1 found at the
cell surface could be due either to decreased delivery to the
cell surface or to more rapid internalization from the plasma
membrane. To test whether underglycosylation of MUC1
would affect its endocytosis, we developed an assay to mea-
sure MUC1 internalization. CHO and 1dID cells expressing
MUC1 were starved for Met/Cys, pulsed-labeled with
[*°S]Met/Cys for 30 min and chased for 90 min in the
presence of GalNAc, with or without Gal, before chilling the
cells and biotinylating the cell surface with sulfo-NHS-SS-
biotin. This chase period is sufficient to deliver both under-
glycosylated and mature newly synthesized MUC1 to the
cell surface (see Figure 3). Internalization of [**SIMUC1 was
initiated by rapid warming of the cells to 37°C for 15 or 30
min. At each time point, vesicular traffic was stopped by
rapidly cooling the cells on ice. Biotin remaining on cell
surface proteins was removed with the membrane-imper-
meant reducing agent MESNA. Internalized biotinylated
[3°SIMUC1 (protected from MESNA) was recovered after
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Figure 3. MUC1 with truncated O-glycans reaches the cell surface
with normal kinetics. Both CHO and 1dID cells expressing MUC1
were pulsed with [**S]Met/Cys for 15 min and chased for the times
indicated before biotinylation of the cell surface. Varying levels of
Gal and GalNAc were included in the starvation, pulse, and chase
media as indicated (100 uM GalNAc, +100GN; 1000 uM GalNAc,
+1000GN; 1000 uM GalNAc and 100 uM Gal, +G/GN). Biotinyl-
ated [3®SIMUC1 was recovered with avidin-conjugated beads from
the immunoprecipitates and subjected to SDS-PAGE for analysis of
radioactive bands with a Bio-Rad phosphoimager system. Cell sur-
face MUC1 levels in 1d1D samples were normalized to the maximal
level of cell surface [3S]MUCI synthesized in 1dID cells in the
presence of both Gal and GalNAc (+G/GN). The absolute levels of
MUC1 expression in CHO and 1dID cells (+G/GN) are comparable
(see Figure 5B).
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Figure 4. MUCI internalization from the cell surface is affected by
its glycosylation state. CHO and 1dID cells expressing MUC1 were
pulse labeled for 30 min and chased for 90 min before cell surface
biotinylation on ice as described in MATERIALS AND METHODS.
Varying levels of Gal (G, 100 uM) and GalNAc (GN, 100, 500, or
1000 uM) were included in the starvation, pulse and chase media as
indicated. Cells were rapidly warmed to 37°C for the indicated
times to allow internalization of surface MUC1 and rapidly cooled
on ice, and remaining cell surface biotin was stripped with MESNA.
Some samples were not treated with MESNA in order to determine
the total amount of biotinylated MUC1 at t = 0. Internalized bio-
tinylated MUC1 was recovered from the MUC1 immunoprecipitates
with avidin-conjugated beads, and [**SIMUC1 was analyzed after
SDS-PAGE using a phosphoimager. Data are plotted as the percent
of total biotinylated [**S]MUCT1 internalized at each time point and
are presented as means * SD of triplicate samples. Similar results
were obtained in six experiments.

cell lysis by incubation of immunoprecipitated MUC1 with
avidin-conjugated beads. The percent of surface MUC1 in-
ternalized at a given time point was calculated by compar-
ison to control plates of cells not washed with MESNA. As
shown in Figure 4, the level of internalized [3**S]IMUC1 was
near maximal at 15 min for all glycosylated forms of MUCI.
Interestingly, the level of underglycosylated MUC1 (synthe-
sized in 1dID + 500GN or + 1000GN) that was internalized
over this time period was approximately twice that of ma-
ture MUC1 (synthesized in CHO cells or in 1dID cells +
G/GN). However, the intracellular accumulation of poorly
glycosylated [**SIMUCI (synthesized in 1dID + 100GN) was
not enhanced, indicating that there is a threshold of reactiv-
ity associated with the number of truncated O-glycans on
the MUC1.

This increased intracellular accumulation of underglyco-
sylated MUC1 could reflect an increased initial rate of en-
docytosis, a decreased recycling rate, or both. We therefore
compared the initial rate of endocytosis of surface biotinyl-
ated underglycosylated and mature [3**S]MUC1 in 1dID cells
(Figure 5). Endocytosis of both mature (G+GN) and under-
glycosylated (1000GN) MUC1 was evident within 1 min and
proceeded in a linear manner for at least 7 min. However,
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we consistently found a twofold greater initial rate of endo-
cytosis for the MUC1 with truncated O-glycans, which was
consistent with the levels of MUC1 accumulating after 15-30
min (Figure 4). Although it is possible that underglycosy-
lated MUC1 with smaller glycans could exhibit higher levels
of biotinylation that could affect its structure and endocyto-
sis, this is unlikely since the repetitive sequences with the
most O-glycans do not contain lysine residues. Although we
attempted to modify our assay to compare the initial rate of
return of internalized MUCI to the cell surface (recycling),
we did not obtain reproducible results using this approach.

Increased Internalization Does Not Lead to
Increased Degradation of MUC1

One explanation for the increased internalization of under-
glycosylated MUCT might be recognition by quality control
machinery at the cell surface leading to MUCT1 retrieval and
degradation. To determine whether enhanced internaliza-
tion is linked to increased degradation of underglycosylated
MUCI, the half-life of MUC1 in CHO and 1dID cells grown
under various culture conditions was determined as de-
scribed in MATERIALS AND METHODS. As shown in Ta-
ble 1, the MUC1 synthesized in 1dID cells in the presence of
1000 uM GalNAc, with or without 100 uM Gal, had the same
half-life as the mature MUC1 synthesized in CHO cells. The
degradation of MUC1 in CHO cells was blocked by includ-
ing an inhibitor of lysosomal acidification (the weak base
ammonium chloride) in the culture media (unpublished ob-
servations), but not by the presence of a proteosome inhib-
itor (the peptide aldehyde MG-132) (Rock et al., 1994). Be-
cause MUC1 in these cells is not shed into the media
(unpublished observations), this would indicate that MUC1
turns over by degradation in lysosomes. Thus, increased
intracellular accumulation of underglycosylated MUCI in
1d1ID cells is the direct result of increased endocytosis and is
not linked to increased degradation.

MUC1 Is Internalized by Dynamin-dependent,
Clathrin-mediated Endocytosis

To determine whether normal and enhanced internalization
of MUCI1 proceed via the same mechanism or by different
pathways, endocytosis of mature and underglycosylated
MUC1 was measured under conditions that are known to
inhibit clathrin-mediated endocytosis. As shown in Figure
6A, endocytosis of normal MUC1 in CHO cells and under-
glycosylated MUCT in 1dID cells (synthesized in the pres-
ence of 1000 uM GalNAc) was completely inhibited by
hypertonic media. By contrast, fluid phase endocytosis of
HRP, which proceeds through both clathrin-mediated and
clathrin-independent pathways was inhibited only 50% (Fig-
ure 6B). Thus, the increased internalization of MUC1 result-
ing from its altered glycosylation does not occur via an
alternate route but is likely to result directly from increased
clathrin-mediated endocytosis of MUCL1.

Additional experiments were carried out to confirm that
MUC1 internalization occurs via clathrin-coated pits. Be-
cause the actual budding of clathrin-coated endocytic vesi-
cles requires the 100-kDa GTPase dynamin-1, CHO cells
expressing MUC1 were infected with recombinant adenovi-
rus encoding the dominant-negative mutant (K44A) of dy-
namin-1 (Altschuler et al., 1998). Expression of K44A dy-
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cytosis of [**SIMUC1 in 1dID cells,
synthesized in the presence of either
1000 uM GalNAc (1000GN) with or B + MESNA - MESNA
without 100 uM Gal (G+GN), was
characterized as described in MATE-
RIALS AND METHODS and the leg- ’ ’ ’ ’ ’ ’
end to Figure 4. The mean of the 0 1 3 5 7 0

percent endocytosis = SEM for each
time point for three experiments is
shown. By paired Student’s t test
analysis, only the data at 7 min was
significantly different (p = 0.015) be-
tween the two sugar conditions. Re-
gression lines are drawn for each

data set and indicate a 2.2-fold differ-
ence in the rate of endocytosis (p <
0.05). (B) A representative SDS-gel
pattern for internalized [**S]MUC1
from a single experiment is shown,
where n = 3 at each time point.

1000GN

namin in this system is under control of the tetracycline
operon and can be blocked by inclusion of DOX in the
postinfection medium (Figure 7C). As shown in Figure 7A,
expression of dominant-negative dynamin K44A inhibits the
internalization of MUC1 by ~ 80%, whereas fluid phase
endocytosis of HRP is inhibited only 20% (Figure 7B). This
inhibition of MUC1 endocytosis was directly due to the
expression of the mutant dynamin, because normal endocy-
tosis levels were observed either in cells infected only with
AV-TA or in cells cultured in the presence of DOX. Finally,
ultrathin cryosections of CHO cells expressing MUC1 were
stained with the anti-MUCI antibody VU-3-C6 and protein
A-conjugated 5 nm gold to assess the subcellular localization
of the MUCT in these cells. Consistent with our biochemical
data, MUC1 was found evenly distributed on the plasma
membrane, including the microvillar protrusions (Figure 8,
A and C). Most notably, MUC1 was observed in both coated
pits (Figure 8B) and coated vesicles (Figure 8, A and C),
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Table 1. Enhanced endocytosis of MUC1 is not linked to increased
degradation

Cells and culture conditions Half-life (h)

CHO MUC (n = 8) 299 + 6.6
1dID MUC + G/GN (n = 5) 261+ 35
1d1ID MUC + 1000GN (n = 5) 207 + 5.2

Values are means * SEM. CHO and 1dID cells were pulse labeled
for 30 min and chased for 90 min as described in MATERIALS AND
METHODS. Where indicated, GalNAc, with or without Gal, were
included in the starvation, pulse, and chase media (abbreviations
are described in legend to Figs. 1-6). Cells were either solubilized
immediately or returned to culture; immunoprecipitates of
[*SIMUCT1 were subjected to SDS-PAGE and phosphoimager anal-
ysis. The half-life of [*®*S]MUC1 was calculated as described in
MATERIALS AND METHODS.
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is inhibited by hypertonic media.
(A) CHO and IdID cells express-
ing MUC1 were pulse labeled for
30 min and chased for 90 min.
GalNAc (1000 uM) was included
in the starvation, pulse, and chase
media for the 1d1D cells. After bi-
otinylation on ice, cells were rap-
idly warmed to 37°C in the pres-
ence of normal or hypertonic
media (supplemented with 0.45 M
sucrose) for the indicated times.
The level of internalized MUC1
was determined as described in
MATERIALS AND METHODS
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without 100 uM Gal. Endocytosis of the fluid phase marker HRP, carried out in the presence (+ sucrose) or absence of hypertonic media,

was determined as described in MATERIALS AND METHODS.

consistent with clathrin-mediated endocytosis of MUC1;
however, MUC1 was not found in any noncoated pits on the
plasma membrane. In addition, MUC1 was also found in
Golgi-associated vesicles (Figure 8D), although there is no
way to know if this is within the recycling pathway or the
pathway of de novo synthesis. Together, these experiments
demonstrate that internalization of both mature and under-
glycosylated MUCI1 is mediated by the classical clathrin-
and dynamin-dependent endocytic machinery.

Enhanced MUC1 Endocytosis Does Not Affect
Internalization of pIgR

To confirm that the effects we observed on MUC1 internal-
ization were due to its own altered glycosylation and not to

changes in the integrity of the endocytic pathway of 1d1D
cells, we measured the internalization rate of a control re-
ceptor, pIgR, in stably transfected 1dID cells grown under
these same culture conditions. Internalization of pIgR in
1dID cells was measured using the identical protocol fol-
lowed for MUC1. Although the internalization rate for pIgR
was considerably faster than that of MUC1 (20% within 1
min), there was no difference in internalization of [*>S]pIgR
synthesized in 1dID cells in the presence of GalNAc, with or
without Gal (Figure 9A). Similarly, when we examined the
rate of internalization of '?°I-labeled dimeric IgA prebound
to surface pIgR on these 1dID cells, we did not find any
difference in the initial rate of uptake (Figure 9C). In addi-
tion, the level of [*°S]pIgR synthesis was identical under the

Figure 7. MUC1 internalization is
dynamin dependent. (A) Clonal CHO
cells expressing both MUC1 and
hCAR were infected with adenovi-
ruses expressing the tetracycline-re-
pressible transactivating protein (AV-
TA) and the dominant-negative
mutant of dynamin-1 (+K44A, H).
Controls (—K44A, @) for the experi-
ments were either cells infected with
only AV-TA or cells infected with
both viruses but incubated subse-
quently with the tetracyline analogue
doxycycline (DOX) in the media. The
following day, [**S]MUC1 endocyto-
sis was determined as described in
MATERIALS AND METHODS and

C
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the legend to Figure 5. The mean of
the percent endocytosis + SEM for

Time (min) each time point for six (* = 5 min) and

seven (f = 10 min) experiments is shown. By paired Student’s t test analysis, MUC1 endocytosis under the two conditions was significantly different
at both time points (p = 0.01). (B) CHO cells expressing MUC1 and infected as described above for (A) were grown overnight with (—K44A) or
without (+K44A) DOX in the media before assay of HRP uptake as described in MATERIALS AND METHODS. Data are a representative
experiment with the mean * SD of triplicate samples at each time point. (C) Identical aliquots of adenoviral-infected cells from the experiment
described in (B) were grown overnight with (+DOX) or without (—DOX) doxycycline and subjected to Western blot analysis with an anti-HA tag
antibody to visualize HA-tagged dynamin-1 (K44A) under the two culture conditions.
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Figure 8. Distribution of MUCT in transfected CHO cells. Ultrathin cryosections of CHO cells expressing MUC1 were sequentially incubated
with anti-MUC1 monclonal antibody VU-3-C6 and protein A conjugated to 5 nm colloidal gold. MUC1 was observed at the cell surface
(A-C), in coated pits (B), and in coated invaginations and coated vesicles (marked with arrows in A and C, respectively). (D) MUC1 was also
found in Golgi-associated vesicles. G, Golgi; LY, lysosome; M, mitochondria.
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Figure 9. The endocytosis of pIgR in 1dID cells is unaffected by
changes in glycosylation conditions or the presence of MUCI. The
endocytosis of [**S]pIgR synthesized in the presence of either 1000
uM GalNAc, with (@) or without (l) 100 uM Gal, in 1d1D cells with
(B) or without (A) MUC1 coexpression was characterized as de-
scribed in MATERIALS AND METHODS. Endocytosis of dimeric
125]-labeled IgA prebound to pIgR in 1dID cell with (D) or without
(C) coexpression of MUC1 was carried out after preincubation for
2 h with 1000 uM GalNAc, with (@) or without () 100 uM Gal.
Points are the mean of triplicate samples for representative experi-
ments. Experiments were carried out 2-4 times with similar results.
Error values at each point were <20% for both assays.

two glycosylation conditions (unpublished observations),
and the extent of endocytosis in CHO and 1dID cells was
similar to the kinetics described for pIgR-dependent dimeric
IgA uptake in fibroblasts (Mostov et al., 1986). Thus, the
glycosylation-dependent stimulation of endocytosis in 1d1D
cells is MUC1 specific.

To determine whether enhanced clathrin-mediated endo-
cytosis of MUCI could affect internalization of other pro-
teins in this pathway, pIgR endocytosis in 1d1D cells was also
measured in the presence of MUC1 (Figure 9, B and D).
Coexpression of MUC1 and pIgR was achieved by stably
transfecting 1d1D cells expressing MUC1 with the adenovi-
rus receptor hCAR; this stable cell line was then infected
with AV-pIgR to obtain pIgR expression. However, when
the endocytosis of either pIgR (Figure 6B) or dimeric IgA
prebound to pIgR (Figure 6D) was studied in these 1d1D cells
expressing MUC1, there was no significant difference in
either receptor or ligand internalization under the two gly-
cosylation conditions. Endocytosis of pIgR was no different
in CHO and 1dID cells in the absence of any sugar additions
(unpublished observations). Thus, enhanced internalization
of MUC1 apparently does not affect clathrin-mediated en-
docytosis of other proteins using this pathway.
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DISCUSSION

Normal MUC1 Expression Is Dependent on O-linked
Glycosylation

Glycosylation-defective 1dID cells have been used previ-
ously to characterize the role of O-linked glycans in the
synthesis and stability of several secreted and plasma mem-
brane proteins. In the absence of sugar supplements, 1d1D
cells secrete granulocyte macrophage colony-stimulating
factor, human chorionic gonadotropin, apoprotein E, and
apoprotein A-II, all devoid of O-linked glycans, with normal
kinetics (Matzuk et al., 1987; Zanni et al., 1989; Remaley et al.,
1993). However, normal membrane protein expression is
much more dependent on O-linked glycosylation. For exam-
ple, the surface membrane expression of the respiratory
syncytial virus G-protein in 1dID cells requires either N- or
O-linked glycans (Wertz et al., 1989), whereas the surface
expression of glycophorin (Remaley ef al., 1991), the low-
density lipoprotein (LDL) receptor (Kozarsky et al., 1988a),
the human interleukin 2 receptor (Kozarsky et al., 1988b),
decay-accelerating factor (Reddy et al., 1999), and the enve-
lope protein of Epstein-Barr virus (Kozarsky et al., 1988b) all
have an absolute requirement for O-linked glycosylation. In
the case of the LDL receptor, decay-accelerating factor, and
Epstein-Barr virus envelope protein, the proteins lacking
O-linked glycans are unstable and disappear from the cell
during metabolic-labeling studies after just 1 h. However,
the ectodomains of these proteins appear in the cell media,
consistent with cleavage of the protein adjacent to the trans-
membrane domains. By contrast, a form of the human in-
terleukin 2 receptor lacking O-linked glycans is stable in the
cell during metabolic-labeling studies but does not accumu-
late at the cell surface. However, the N-linked glycans on
this aberrant receptor acquire resistance to endoglycosidase
H treatment, indicating that the protein travels at least into
the Golgi. This result suggests that the lack of O-linked
glycans causes either retention of the receptor in the Golgi or
transient surface expression followed by rapid endocytosis
and intracellular accumulation. Inclusion of GalNAc in the
media of 1d1D cells results in O-linked glycosylation of these
missorted membrane proteins and nearly normal levels of
surface expression (Kozarsky et al., 1988a,b; Remaley et al.,
1991; Reddy et al., 1999).

When MUC1 is expressed in 1dID cells, only the 130-kDa
precursor appears transiently before it is apparently de-
graded (Figure 1); because MUC1 does not appear in the
media, this represents an alternative fate for a membrane
protein lacking O-linked glycans. The entire MUC1 ectodo-
main exhibits a highly extended g-turn helix structure (Fon-
tenot et al., 1995) resulting from its high content of proline
throughout the tandem repeats and the flanking imperfect
repeats, and the absence of O-linked glycans in this domain
is likely to result in the complete degradation of the protein
rather than a single cleavage event. However, addition of
GalNAc to the media of 1d1D cells stabilizes MUCI, resulting
in significant surface expression (60% of fully glycosylated
MUC1) with near normal kinetics (Figure 3). Despite this
efficient delivery of MUC1 with truncated glycans to the cell
surface, subsequent experiments indicate that this form does
accumulate within the cell, presumably by enhanced endo-
cytosis (Figures 5 and 6).
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MUC1 Endocytosis Is Clathrin Mediated and
Dynamin Dependent

To characterize the regulation of MUC1 endocytic trafficking
in CHO cells, we first developed a sensitive biotin protection
assay to follow the internalization of the de novo [**S]IMUC1
synthesized with varying levels of glycosylation. Although
the underglycosylated MUC1 in 1dID cells (+1000 uM Gal-
NAc) was internalized at twice the rate of the normally
glycosylated MUCT1 (Figure 5), this is not a generalized effect
on endocytosis of all proteins in the 1dID cells, because
neither pIgR nor its ligand was endocytosed differently un-
der the two glycosylation states (Figure 9).

This glycosylation-dependent enhancement of MUC1 en-
docytosis in 1d1D cells (Figure 5) led us to determine whether
there were alternate routes for basal and stimulated MUC1
endocytosis. Hypertonic media is known to inhibit clathrin-
mediated endocytosis (Hansen et al., 1993), with lesser ef-
fects on fluid phase endocytosis (Oka et al., 1989), and we
found that both the normal and stimulated uptake of MUC1
were completely inhibited by inclusion of hypertonic media
in the endocytosis assay (Figure 6). Fluid phase endocytosis
was inhibited 50% under these same conditions, which is
comparable to levels of inhibition previously reported (Oka
et al., 1989). Thus, it appears that the altered glycosylation of
MUCI results in a direct stimulation of its endocytosis
through clathrin-coated pits. The role of clathrin-mediated
endocytosis in the internalization of MUC1 was confirmed
by the observation that expression of the dominant-negative
mutant of the GTPase dynamin-1 (K44A), which plays a
direct role in the fission of deeply invaginated clathrin-
coated pits (Schmid, 1997), also inhibits MUC1 endocytosis
by 80% (Figure 7). By comparison, fluid phase endocytosis
was inhibited only 20% by expression of dynamin-1 (K44A),
comparable to inhibition levels previously reported in Hela
cells for the expression of dominant-negative dynamin-1
mutants (Damke ef al., 1995; Skretting et al., 1999).

Most microvillar proteins are excluded from clathrin-
coated pits (Bretscher et al., 1980; Rodman et al., 1986). The
simplest explanation for this observation is that both the
microvillar GPI-anchored proteins and transmembrane hy-
drolases lack cytoplasmic signals for endocytosis. However,
MUC1 is unique because it is localized primarily on mi-
crovilli but does enter clathrin-coated pits, as shown by
immunoelectron microscopy in Figure 9. This localization in
clathrin-coated pits suggests that one of the seven tyrosine
motifs in the MUCI cytoplasmic domain may bind adaptors
involved in recruitment of clathrin to the plasma membrane
(Kirchhausen et al., 1997). In fact, both the first (YGQL) and
sixth (YEKV) tyrosine motif from the membrane fit the con-
sensus sequence (YXX¢) for binding adaptors, and charac-
terization of their role in MUC1 endocytosis is in progress.

Potential Mechanisms for Stimulation of MUC1
Endocytosis

The simplest explanation for the increased endocytosis of
MUC1 with truncated O-glycans when compared with ma-
ture MUC1 is that more of the underglycosylated MUC1 can
fit into a coated pit because there is less steric hindrance
between MUC1 molecules. Future experiments will be di-
rected at testing this possibility using MUC1 with larger
glycans in CHO cells expressing the core 2 -1,6-GlcNAc
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transferase. In addition, the secondary structure and length
of this highly extended protein is likely to be modulated by
the number and size of O-glycans (Fontenot et al., 1995),
which in turn could affect budding of clathrin-coated pits
into coated vesicles. It is predicted that the fully extended
MUC1 with 30-90 tandem repeats would be 200-500 nm
long (Hilkens et al., 1992), whereas the diameter of a clathrin-
coated vesicle is ~150 nm. Thus, a mechanism must exist for
the compaction of MUC1 within intracellular vesicles and
the presence of smaller O-glycans on MUC1 should enhance
this step.

We also considered the possibility that the presence of
more MUC1 molecules in each clathrin-coated pit could
enhance budding into vesicles by recruitment of cytoplasmic
proteins regulating endocytosis. For example, there have
been reports that the adaptor protein Grb2, which binds the
PRD domain of dynamin through its SH3 sites (Barylko et
al., 1998), can also bind a phophorylated tyrosine motif in
the cytoplasmic domain of the MUC1 through its SH2 site
(Pandey et al., 1995). Thus, increased MUC1 accumulation
within the clathrin-coated pit due to the truncated O-glycans
could have the side effect of recruiting more dynamin and
enhancing the rate of coated-vesicle formation. This hypoth-
esis also would predict that clathrin-mediated endocytosis
of other proteins such as pIgR, which use clathrin-mediated
endocytosis, would also be enhanced when coexpressed
with MUC1 under these stimulated conditions. This possi-
bility was tested by following the endocytosis of pIgR when
coexpressed with MUC1. However, culture conditions that
produce enhanced endocytosis of MUC1 did not show any
change in the internalization of pIgR or its ligand. Thus, the
enhanced endocytosis of MUC1 resulting from its expres-
sion with truncated O-glycans is specific for MUC1 and does
not seem to affect endocytosis of other proteins using the
clathrin-mediated endocytosis pathway. Future experiments
will be directed at understanding the regulation of MUC1
phosphorylation and whether its interaction with Grb2
might affect its entry into clathrin-coated pits.

MUC1 Recycles at the Cell Surface

Litvinov and Hilkens (1993) have shown previously in ZR-
75-1 human mammary carcinoma cells that endogenous
MUCT1 recycles at the plasma membrane with a total intra-
cellular residence time of 66 min, and 30% of the total MUC1
is intracellular at all times. Their study followed the reap-
pearance of mature MUC1 after neuraminidase treatment of
the cell surface to produce the more slowly migrating form
of the MUC1. However, we (unpublished results) and others
(Ulmer and Palade, 1989; Chege and Pfeffer, 1990; Huang
and Snider, 1993) have found that CHO cells do not resia-
lylate recycling proteins after neuraminidase treatment of
the cell surface. Hull ef al. (1991) have previously shown that
the rat mucin, ASGP-1, receives new O-linked glycans after
its initial delivery to the cell surface, presumably by recy-
cling through intracellular compartments. Therefore, we
have confirmed MUCI recycling in 1dID cells by following
GalNAc-dependent incorporation of [?PH]Gal (new O-gly-
cans) into underglycosylated, surface-biotinylated MUC1
(Altschuler ef al., 1997). Because polypeptide GalNAc-trans-
ferases are found throughout the Golgi complex (Rottger et
al., 1998), this means that the MUC1 recycles from the cell
surface through at least one of these compartments. Thus,
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future experiments will further characterize the route and
regulation of MUC1 recycling through the Gogi complex.
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