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targeting signals.
Conclusion: MUCI apical targeting is O-glycan-dependent.

MUCI1 or a reporter protein.
\_

(Bacl(ground: MUCT apical delivery in polarized MDCK cells employs a path used by proteins with glycan-dependent
Results: Core O-glycans on mucin-like repeats of MUCI act as an apical targeting signal.

Significance: We have identified a specific sequence with a post-translational modification that can direct apical delivery of

J

MUC1 is efficiently delivered to the apical surface of polarized
Madin-Darby canine kidney (MDCK) cells by transit through api-
cal recycling endosomes, a route associated with delivery of apical
proteins with glycan-dependent targeting signals. However, a role
for glycans in MUC1 sorting has not been established. A key feature
of MUCl is a heavily O-glycosylated mucin-like domain with a vari-
able number of nearly perfect tandem repeats and adjacent imper-
fect repeats. Metabolic labeling, cell surface biotinylation, immobi-
lized lectins, and confocal immunofluorescence microscopy were
used to characterize the polarized delivery of MUC1 mutants and
chimeras in MDCK cells to identify the apical targeting signal. Both
the interleukin-2 receptor « subunit (Tac) and a chimera where the
Tac ectodomain replaced that of MUC1 were delivered primarily
to the basolateral surface. Attachment of the MUC1 mucin-like
domain to the N terminus of Tac enhanced apical but not basolat-
eral delivery when compared with Tac. Conversely, deletions
within the mucin-like domain in MUCI1 reduced apical but not
basolateral delivery when compared with MUCI. In pull-down
assays with lectins, we found a notable difference in the presence of
core 1 O-glycans, but not poly-N-acetyllactosamine, in apically tar-
geted MUCI1 and chimeras when compared with Tac. Consistent
with these data, we found no effect on MUCI targeting when galec-
tin-3, with preference for poly-N-acetyllactosamine, was depleted
from polarized MDCK cells. However, we did block the apical tar-
geting activity of the mucin-like repeats when we overexpressed
CMP-Neu5Ac:GalNAc-Ra2,6-sialyltransferase-1 to block core
O-glycan synthesis. The cumulative data indicate that the core-gly-
cosylated mucin-like repeats of MUCI] constitute an apical target-
ing signal.
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MUCI1 is a transmembrane glycoprotein that functions in
signal transduction through interaction with cytoplasmic pro-
teins and by modifying transcription factor activity after
nuclear targeting of its small subunit (for reviews, see Refs. 1
and 2). Because MUC1 is normally restricted to the apical sur-
face of polarized epithelial cells but is aberrantly localized to all
cell surfaces or intracellular membranes in tumor cells (3, 4), we
are interested in identifying the features of this protein that
regulate its membrane trafficking. Our previous studies identi-
fied sites in the MUC1 cytoplasmic domain for adaptor protein
binding (AP-1, AP-2, and Grb2) and Cys palmitoylation that
altogether modulate its relatively slow clathrin-mediated endo-
cytosis and fast recycling from endosomes (5, 6). Glycosylation
of the mucin-like ectodomain also affects cell surface expres-
sion because we found that modification with shorter O-gly-
cans in glycosylation-defective CHO cells slows delivery to the
cell surface from the biosynthetic pathway and increases MUC1
internalization (7).

Glycans on transmembrane proteins can act as apical target-
ing signals as well as enhancing surface delivery from the bio-
synthetic pathway (for reviews, see Refs. 8 and 9). In line with
these studies, we found that MUCI is efficiently targeted to the
apical surface of polarized Madin-Darby canine kidney
(MDCK)? cells via apical recycling endosomes (AREs), a path-
way selectively used for delivery of apical proteins with glycan-
dependent targeting signals (10). Galectin-3 (Gal-3) is thought
to play a key role in apical targeting of glycoproteins with lipid
raft-independent targeting signals by cross-linking cargo in
trans-Golgi network-derived vesicles, and we recently reported
that MUC1 synthesized in MDCK cells preferentially binds to
canine Gal-3 (11-13). However, there is no direct proof that
MUCT apical targeting is either galectin- or glycan-dependent.

3 The abbreviations used are: MDCK, Madin-Darby canine kidney; ARE, apical
recycling endosome; IP, immunoprecipitate; LEA, L. esculentum agglutinin
(tomato lectin); PNA, peanut agglutinin; polylactosamine, poly-N-
acetyllactosamine; R, imperfect repeat; ST6GalNAc-1, CMP-Neu5Ac:Gal-
NAc-Ra2,6-sialyltransferase-1; TR, nearly perfect tandem repeat; WGA,
wheat germ agglutinin.
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A prominent feature of the MUC1 ectodomain is the variable
number of mucin-like nearly perfect tandem repeats (TRs) of
20 amino acids with five or six Ser/Thr residues that serve as
sites for O-linked glycosylation with GalNAc (14). The TRs are
flanked by five proximal and two distal imperfect repeats (Rs)
with 4—-9 Ser/Thr residues each (see Fig. 1A for details). In
previous studies, both MUCI1 with 30 TR and a mutant MUC1
lacking its cytoplasmic tail were localized using confocal immu-
nofluorescence microscopy to the apical surface of MDCK cells
growing on coverslips, whereas the lymphocyte-specific model
protein CD2 was localized to the basolateral surface of MDCK
cells (15). A chimera of the CD2 ectodomain and MUCI trans-
membrane and cytoplasmic tail was also present at the basolat-
eral surface, whereas a chimera of the MUCI ectodomain and
CD2 transmembrane and cytoplasmic tail was apical, suggest-
ing that an apical targeting signal is present in the MUC1 ect-
odomain (see Fig. 1B) (15).

In the present study, we used metabolic labeling, cell surface
biotinylation, immobilized lectins, and confocal immunofluo-
rescence microscopy to dissect the features of the MUC1 ect-
odomain that target it to the apical cell surface in polarized
MDCK cells growing on permeable supports. Surprisingly, we
found no role for Gal-3 or its ligand, poly-N-acetyllactosamine
(polylactosamine), in apical targeting of MUC1. Rather, core
O-glycans on mucin-like repeats of MUC1 constitute an apical
targeting signal.

EXPERIMENTAL PROCEDURES

Recombinant c¢cDNAs and Adenovirus—The cDNAs for
MUCI1 with 22 tandem repeats (MUC1-22TR), MUC1 with
two tandem repeats (MUC1-2TR), and Tac-MUC1 chimera
were prepared and subcloned into pcDNA3(neo) (Invitrogen)
as described previously (5, 6, 16). See Fig. 1 for models of all
constructs and details on sequences of nearly perfect TRs and
adjacent imperfect repeats (R). The cDNA for MUC1-0R-
FLAG in pCI(neo) (Promega, Madison, WI) was obtained from
Tony Hollingsworth (University of Nebraska Medical Center,
Omaha, NE) (17). The ¢cDNA for full-length wild-type Tac
(interleukin-2 receptor a-subunit from Michael S. Marks (Uni-
versity of Pennsylvania, Philadelphia, PA)) was subcloned into
pcDNA3(neo) to produce a type 1 transmembrane protein of
251 amino acids after cleavage of the 21-residue signal
sequence. The signal sequence of Tac was replaced with the N
terminus of MUCI, including five proximal R and one distal R,
with or without 22 TRs (550 amino acids or 108 amino acids,
respectively, plus the MUCI1 cleavable signal sequence), to pro-
duce the chimera 22TR-Tac or 0TR-Tac, respectively. The
¢cDNA for CMP-Neu5Ac:GalNAc-Ra2,6-sialyltransferase-1
(ST6GalNAc-1) with a C-terminal vesicular stomatitis virus-G
epitope tag was obtained from Joyce Taylor-Papadimitriou
(Guy’s Hospital, London, UK) and subcloned into pcDNA3
(18).

Stably Transfected Cell Lines—MDCK cells were transfected
with (i) pcDNA3(neo) encoding either MUC1-22TR, MUC1-
2TR, Tac-MUCI, 22TR-Tac, 0TR-Tac, Tac or ST6GalNAc-1
or (ii) pCI(neo) encoding MUC1-0R-FLAG. Clonal cell lines
were screened with anti-MUCI1 antibody B27.29 (Fujiribio,
Malvern, PA), anti-Tac (anti-CD25 from Ancell (Bayport,
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MN)), or anti-ST6GalNAc-1 (monoclonal 2C3 from Ulla Man-
del (19) (University of Copenhagen, Denmark). MDCK cells
expressing ST6GalNAc-1 (neo) (named MDCK+ST6) were
stably transfected with pcDNA (hygro) encoding Tac and 0TR-
Tac. Cells were grown in G418 (0.5 mg/ml) with or without
hygromycin (0.4 mg/ml) as indicated and Dulbecco’s modified
Eagle’s medium (DMEM) and Ham’s F-12 (1:1) with 5% fetal
bovine serum at 37 °C in a humidified incubator with 5% CO,
(Invitrogen). Clonal cell lines were isolated and screened by
SDS-PAGE after metabolic labeling and immunoprecipitation.

Surface Delivery in Polarized MDCK Cells—Polarized cul-
tures of MDCK cells were grown on 12-mm Costar permeable
supports (Corning Glass) with 0.4-um membranes on 12-well
plates for 4 days before use. Cell surface delivery was assayed as
described previously (6, 7, 10). Briefly, cells were starved for 30
min in medium lacking Met/Cys (Sigma), metabolically labeled
for 30 min with [**S]Met/Cys (Easy Tag Express-[**S]Protein
Labeling Mixture, PerkinElmer Life Sciences), and chased up to
120 min in normal culture medium. All steps were carried out
in a 37 °C incubator with 5% CO,. Duplicate filters were moved
to ice at each time point. After all time points were collected,
the cells on duplicate filters were treated with sulfo-NHS-SS-
biotin on either the apical or basolateral surface on ice (6, 7, 10).
Cell extracts were prepared, and recombinant proteins were
recovered by immunoprecipitation with either anti-MUC1 TR
mouse monoclonal antibody B27.29 for MUC1, MUC1-2TR,
and 22TR-Tac; mouse monoclonal anti-FLAG epitope anti-
body (Sigma) for MUC1-0R-FLAG; or mouse monoclonal
anti-Tac (CD25) antibody (Ancell) for Tac-MUC1, 0TR-Tac,
and Tac. Armenian hamster monoclonal anti-MUC1 cytoplas-
mic tail antibody CT-2 (20) was included for immunoprecipi-
tation of MUC1, MUC1-2TR, and Tac-MUCI1. Immunopre-
cipitates (IP) were washed and eluted by boiling into 60 ul of 1%
SDS. An aliquot (25%) was retained to calculate the total IP, and
the remaining 75% was diluted 20-fold with a solution of
HEPES-buffered 0.5% Triton X-100 and incubated with avidin-
conjugated beads to recover biotinylated proteins. Both the
total IP and biotinylated proteins were subjected to SDS-PAGE
on 4—15% gradient gels before drying and analysis with a Kodak
TR screen and a Bio-Rad Personal Imager and Quantity One
software. Data are presented as the percentage of the total IP
delivered to the cell surface at each time point for multiple
experiments (mean = S.E.).

Binding to Lectins Conjugated to Beads—Polarized MDCK
cells expressing MUC1-22TR, 22TR-Tac, 0TR-Tac, or Tac and
growing on permeable supports were metabolically labeled
with [**S]Met/Cys for 30 min and chased for 90 min as
described above. For analysis of lectin binding, immunoprecipi-
tates were prepared as already described and eluted into SDS
(an aliquot saved as total IP where indicated), diluted with 1%
Triton X-100 in HEPES-buffered saline, and incubated with 50
wl of a 50% slurry of either tomato lectin (Lycopersicon esculen-
tum; LEA) or wheat germ agglutinin (Triticum vulgare; WGA)
conjugated to beads (4—-5 mg of lectin protein/ml slurry, EY
Laboratories, Inc. (San Mateo, CA)) overnight with end-over-
end mixing. Immunoprecipitates were treated with recombi-
nant Clostridium perfringens neuraminidase (New England
Biolabs, Ipswich, MA) or reaction buffer (mock) before elution
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from Protein G conjugated to Sepharose and subsequent bind-
ing to a slurry of peanut lectin (Arachis hypogaea; PNA) conju-
gated to beads (EY Laboratories). Material bound to lectin-
beads was analyzed by SDS-PAGE and a Bio-Rad imager with
Quantity One software. The data are presented as the percent-
age of the total construct bound to the immobilized lectin (per-
centage bound = (amount of construct recovered from immo-
bilized lectin/total construct added) X 100).

Surface Staining of Polarized MDCK Cells—MDCK cells sta-
bly transfected with MUC1-22TR, 22TR-Tac, 0TR-Tac, or Tac
were plated on 12-mm Costar permeable supports. Four days
after plating, cells were gently rinsed on ice five times with
HEPES-buffered minimum essential medium and blocked on
ice in HEPES-buffered minimum essential medium containing
1% BSA for 30 min. Cells were incubated with either mouse
anti-Tac (CD25, 2.5 ug/ml) or mouse anti-MUC1 TR (B27.29, 5
pg/ml) primary antibodies for 1 h on ice, washed five times, and
incubated with Alexa 488-conjugated goat anti-mouse anti-
body (dilution 1:500; Invitrogen) for 30 min on ice. Cells were
fixed on ice at room temperature in 100 mm sodium cacodylate
buffer, pH 7.4, for 15 min and then permeabilized with 0.1%
Triton X-100 in phosphate-buffered saline containing glycine
and NH,Cl for 5 min at room temperature. Cells were subse-
quently incubated with rat anti-ZO-1 hybridoma tissue culture
supernatant R40.76 (gift of Gerard Apodaca (Pittsburgh, PA))
and Alexa 647-conjugated secondary antibody (Invitrogen) for
30 min at room temperature. Images were acquired using a
Leica SP5-STED CW confocal microscope with a X100 oil
immersion objective (numerical aperture 1.40) equipped with
argon, green helium-neon, and red helium-neon lasers in Core
C of the Pittsburgh Center for Kidney Research. Images were
processed with Adobe Photoshop (Adobe Systems, San Jose,
CA), and single images were processed utilizing the available
range of gray levels without saturation.

Knockdown of Galectin-3 (Gal-3) with siRNAs—MDCK cells
with stable expression of MUC1-22TR were treated with
siRNA duplexes directed to either firefly luciferase (negative
control) or Gal-3 before plating cells on permeable supports as
described previously (21). The polarized delivery of MUC1 and
levels of Gal-3 (R&D Systems, Inc., Minneapolis, MN) and
B-actin (Sigma) were assessed after 4 days by immunoblotting.

RESULTS

The Signal for Apical Targeting Is within the MUCI
Ectodomain—A prominent feature of the MUC1 ectodomain is
the variable number of mucin-like TRs of 20 amino acids with
five Ser/Thr residues that serve as sites for glycosylation
through O-linked GalNAc. To assess the role of the mucin-like
repeats in MUCI apical targeting, we used metabolic labeling of
MDCK cells expressing either wild-type MUC1-22TR (with 22
TRs and seven adjacent Rs), MUC1-2TR (with two TRs and
seven Rs), MUC1-0R-FLAG (with a FLAG epitope tag replac-
ing a tract containing all of the TRs, five Rs, and two N-glyco-
sylation sites), and Tac-MUCI1 with the ectodomain of the nor-
mally basolateral Tac (interleukin-2 receptor o subunit)
replacing the entire MUC1 ectodomain (see models and
sequences in Fig. 1, A and B).
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Cells were starved for 30 min; pulse-labeled with [**S]Met/
Cys for 30 min; and chased for 30, 60, 90, and 120 min prior to
biotinylation of proteins on the apical or basolateral cell sur-
face. As expected, MUC1-22TR was efficiently delivered to the
apical surface (58% of total IP was apical at 120 min), whereas
only a small fraction reached the basolateral surface (maximum
of 9% at 60 min) (Fig. 2), as we observed previously (10). Tac-
MUCI1 was delivered primarily to the basolateral surface (max-
imum of 26% basolateral at 60 min) with only 12% reaching the
apical surface by 120 min. The data obtained for Tac-MUC1 are
consistent with the loss of an apical targeting signal present
within the MUC1 ectodomain and the lack of any apical target-
ing signal within the transmembrane or cytoplasmic domain of
MUCIL. Apical delivery of MUC1-2TR (48% apical at 120 min)
and MUC1-0R-FLAG (25% apical at 120 min) was noticeably
reduced as compared with delivery of MUC1-22TR, but baso-
lateral delivery was not affected. Any statistically significant
reductions in apical delivery and increases in basolateral deliv-
ery when compared with MUC1-22TR are indicated in Fig. 24
with an asterisk. Interestingly, apical delivery of MUC1-2TR
appears delayed when compared with MUC1-22TR because
apical delivery was significantly different only at the 30 and 60
min time points. Altogether, the data support the possibility
that the mucin-like repeats (TR and/or R) are necessary for
MUCI1 delivery selectively to the apical surface of polarized
MDCK cells.

The Mucin-like Repeats of MUCI Contain the Apical Target-
ing Signal—We next designed experiments to determine if the
mucin-like repeats of MUCI1 are sufficient for apical targeting
of a model protein. The N terminus of MUC]1, including 22 TRs
and six adjacent Rs were added to the N terminus of Tac (22TR-
Tac) to determine if the mucin-like domain could reverse the
polarized delivery of this model protein in a pulse-chase assay.
As shown in Fig. 3, Tac was delivered primarily to the basolat-
eral surface in polarized MDCK cells (22% of the total IP was
basolateral, and 9% was apical at 120 min), whereas the chimera
22TR-Tac was delivered primarily to the apical surface (42%
was apical at 120 min). Interestingly, a chimera of the six Rs
attached to the N terminus of Tac (0TR-Tac) was also delivered
primarily to the apical surface (29% apical at 120 min). There
was a statistically significant difference in apical delivery of both
22TR-Tac and 0TR-Tac when compared with Tac at all time
points (p < 0.05) but minimal differences in basolateral delivery
of either 22TR-Tac or 0TR-Tac when compared with Tac.
Although Tac was stable on the basolateral surface, levels of
both 22TR-Tac and 0TR-Tac declined significantly after a
60—-90-min chase. There was no statistically significant differ-
ence between 22TR-Tac and 0TR-Tac delivery to either the
apical or basolateral surface.

The polarized distribution of surface >*S-labeled MUC1-
22TR, Tac, and chimeras observed at 120 min of chase (Figs. 2
and 3) also reflects the steady state expression of these proteins
when their surface expression is analyzed by confocal immuno-
fluorescence microscopy (Fig. 4). Although MUC1-22TR,
22TR-Tac, and 0TR-Tac exhibit primarily apical staining, Tac
exhibits primarily lateral staining. At steady state, 0TR-Tac
appears to have a slightly less polarized distribution compared
with 22TR-Tac. This may reflect reduced stability of 0TR-Tac
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FIGURE 1. Models of MUC1 mutants and chimeras. MUC1 isa type 1 transmembrane protein with a cleaved signal sequence, an ectodomain including Rs and
a variable number of TRs, a SEA module with autocatalytic cleavage 65 residues from the membrane, a 23-residue transmembrane domain, and a 72-residue
cytoplasmic tail. A, amino acid sequences of the TRs and adjacent Rs are shown in single-letter code. There are five variants of TR, as indicated, where residues
Asp-Thrare replaced by Glu-Ser or where Pro is replaced by GIn, Ala, or Thr (all have five Ser/Thr residues except the last, which has six). Conserved residues are
highlighted in gray. There are five proximal Rs between the cleaved signal sequence and the TRs and two distal Rs between the TRs and a Ser/Thr/Pro-rich linker
to the SEA module. The number of Ser/Thr residues in each R varies as indicated between four and nine. N-Linked glycosylation consensus sites (NX(S/T)) are
underlined. B, schematics of constructs used in this study, including MUCT1 (with 22TR or 30TR), MUC1-2TR with 2TR, MUC1-CD2 chimera, Tac-MUC1 chimera,
and MUC1-0R-FLAG (with FLAG replacing a tract with all TRs, four Rs, and two N-glycans). MUC1 R with or without TR were appended to the N terminus of Tac

to generate OTR-Tac and 22TR-Tac, respectively.

at the apical surface, as suggested by the slightly reduced levels
of 0TR-Tac apical expression observed at 120 min as compared
with MUC1-22TR (Fig. 2) and 22TR-Tac (Fig. 3). Altogether,
we concluded that an apical targeting signal is present within
the mucin-like repeats from MUCI.

MUCI Apical Targeting Is Not Dependent on Galectin-3—A
key feature of the mucin-like domain of MUC1 is the presence
of O-linked glycans on Ser and Thr residues (see Fig. 54).
Galectins (Gal) are small proteins that bind glycoconjugates
containing B-galactose, such as polylactosamine, and Gal-3 is
reported to play a key role in apical targeting of glycoproteins by
cross-linking cargo in trans-Golgi network-derived vesicles (11,
12). Using a pull-down assay with the canine galectins
expressed in MDCK cells (GST-tagged Gal-1, -3, -4, -7, -8, and
-9) we recently found that MUC1-22TR expressed in MDCK
cells binds preferentially to Gal-3 (13). Therefore, we asked if
MUCI1 apical targeting was Gal-3-dependent by following
MUC1-22TR surface delivery in polarized MDCK cells after
Gal-3 depletion by treatment of cells with siRNAs.

NOVEMBER 11,2011 +VOLUME 286 +NUMBER 45

MDCK cells stably expressing MUC1-22TR were treated
with siRNA duplexes directed to either firefly luciferase (con-
trol) or Gal-3 and plated on permeable supports as described
previously (21). After 4 days in culture, we measured MUC1—
22TR delivery to the apical and basolateral surface by metabolic
labeling and surface biotinylation and found no difference in
MUC1-22TR polarized delivery in cells treated with control or
Gal-3 siRNAs, despite efficient knockdown of Gal-3 (Fig. 5B).
Consistent with this finding, we also did not find evidence of
differential levels of polylactosamine on our model proteins
that exhibit primarily apical (MUC1-22TR, 22TR-Tac, and
0TR-Tac) or basolateral (Tac) delivery (Fig. 5C). Polarized
MDCK cells expressing either MUC1-22TR, 22TR-Tac, 0TR-
Tac, or Tac were metabolically labeled with [**S]Met/Cys for 30
min and chased for 90 min before immunoprecipitation of the
proteins. Immunoprecipitates were eluted, and equal aliquots
were incubated with either WGA (control with specificity for
GlcNAc or sialic acid) or LEA conjugated to beads (Fig. 5C).
Although MUC1-22TR (68%), 22TR-Tac (63%), OTR-Tac
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FIGURE 2. Mucin-like repeats are necessary for MUC1 apical delivery. Polarized MDCK cells stably expressing MUC1-22TR, MUC1-2TR, MUC1-0R-FLAG, or
Tac-MUC1 were starved for 30 min, pulse-labeled for 30 min with [>**SIMet/Cys, and chased up to 120 min before surface biotinylation at the apical or
basolateral surface. MUC1 and mutants were immunoprecipitated from cell extracts, and 25% was saved as total (Total), whereas 75% was incubated with
avidin-conjugated beads to recover the biotinylated protein (Surface). Total and surface samples were analyzed after SDS-PAGE with a Bio-Rad imager. A, the
percentage of the total MUCT or mutant found on the cell surface is presented for multiple experiments as mean and S.E. (error bars) (n = 3-6), and statistically
significant differences between the mutants and MUC1-22TR are noted by an asterisk (¥, p < 0.05). Representative SDS-gel profiles are shown for MUC1-22TR
(B), MUC1-2TR (C), MUC1-0R-FLAG (D), and Tac-MUC1 (E). Mobility of Bio-Rad molecular markers is indicated on the right of each panel.

(55%), and Tac (61%) all bound similarly to WGA-beads (con-
trol), we found comparable binding of MUC1-22TR (25%) and
22TR-Tac (18%) to LEA-beads but negligible binding of either
O0TR-Tac (4%) or Tac (3%) (percentage bound = (amount of
construct recovered from immobilized lectin/total construct
added) X 100). We concluded that the presence of O-glycans
with terminal polylactosamine on the mucin-like repeats of
MUCI1 does not contribute to apical targeting of MUCL.
MUCI Imperfect Repeats Are O-Glycosylated—W'e next con-
sidered the possibility that shorter O-linked glycans could rep-
resent a key component of the apical targeting signal from
MUCIL. Although O-linked glycosylation of the TR has been
well characterized on both full-length MUC1 and synthetic
peptides based on MUCI tandem repeats (22—25), glycosyla-
tion of the adjacent R has not been addressed. Within the TR,
the Thr within the sequence VITSA and both the Ser and Thr
within the sequence GSTA are modified, whereas the
remaining two sites are used less frequently (see Fig. 1A and
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supplemental Fig. S1) (22—-24). These same three predominant
sites are predicted sites of glycosylation when the amino acid
sequences of the TR variants are analyzed with specificity
parameters developed for the polypeptide-GalNAc transferases
T1,T2,T3,T5,T10, T12, and core 1 Gal transferase (26, 27). A
similar analysis of the sequences of the proximal and distal
imperfect R (and linker) indicates that numerous Ser and Thr
are probably glycosylated such that 1- 6 Ser or Thr residues are
modified in each R. The results of this analysis are consistent
with the presence of O-glycans on six R appended to Tac in both
22TR-Tac and 0TR-Tac.

To confirm that O-glycans are present on the six R of 0TR-
Tac, we first compared binding of MUC1-22TR, 22TR-Tac,
0TR-Tac, or Tac to immobilized PNA with specificity for the
non-sialylated O-linked core 1 glycan (GalB1,3GalNAc-Ser/
Thr) (see Fig. 5A). Polarized MDCK cells expressing each con-
struct were metabolically labeled with [**S]Met/Cys for 30 min
and chased for 90 min before immunoprecipitation of the pro-
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FIGURE 3. Mucin-like repeats from MUC1 are sufficient for apical targeting of a model protein. Polarized delivery of Tac, 22TR-Tac, or 0TR-Tac stably
expressed in MDCK cells was analyzed as described in the legend to Fig. 2. The percentage of total Tac (A), 22TR-Tac (B), or 0TR-Tac (C) is presented for three
experiments as mean and S.E. (error bars) Representative SDS-gel profiles (D-F) are shown with mature (M) and precursor (P) forms noted on the left and
mobility of Bio-Rad molecular weight markers indicated on the right of each panel. The increase in apical delivery of 22TR-Tac and O0TR-Tac was statistically
significantly different from apical delivery of Tac at all time points, whereas basolateral levels were significantly reduced when compared with Tac only at later

time points (¥, p < 0.01). There were no statistically significant differences between apical and basolateral delivery of 22TR-Tac and OTR-Tac.
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- . . . .

i T YRR (R

FIGURE 4. Immunofluorescence microscopy of MUC1-22TR and chimeras
in polarized MDCK cells. Polarized MDCK cells stably expressing MUC1-
22TR, Tac, or chimeras, as indicated, were blocked with 1% BSA on ice and
then incubated with anti-MUC1 TR (B27.29) or anti-Tac antibodies (Ab) on ice
to detect cell surface expression (green). After incubation with secondary anti-
bodies and extensive washing, cells were fixed, permeabilized, and processed
forindirectimmunofluorescence to detect Z0 -1 (red). Single merged panels of
representative apical, lateral, and xz sections of each stable cell line are
shown. Note that anti-Tac antibody is apparently more sensitive at detecting
lateral staining of 22TR-Tac compared with B27.29. Scale bar, 10 um.

0TR Tac
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teins. Immunoprecipitates were pretreated with (or without)
C. perfringens neuraminidase for 1 h prior to elution and incu-

bation with PNA-conjugated beads. We found appreciably

greater binding of MUC1-22TR (15 and 84%), 22TR-Tac (35
and 75%), and 0TR-Tac (25 and 60%) to PN A-beads (before and
after neuraminidase treatment, respectively) than Tac (2 and
19%) (Fig. 6). The levels of protein binding to PNA (MUC1—
22TR, 22TR-Tac > 0TR-Tac  Tac) suggest that both the TR
and the R appended to Tac are modified with core 1 O-glycans.
We conclude that core 1 glycans are clearly present on the per-
fect and imperfect repeats of 22TR-Tac and 0TR-Tac and that
O-glycans could contribute to the apical targeting of these
constructs.

Core O-Glycans on Mucin-like Repeats Are a Key Feature of

the Apical Targeting Signal—Because MUC1 is delivered to the
apical surface by transit through the ARE, a path used by other
apical proteins with glycan-dependent signals (10), and the
mucin-like repeats on 0TR-Tac that direct its apical delivery are
O-glycosylated (Fig. 6), we designed experiments to determine
if O-glycans are a key feature of the apical targeting signal
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FIGURE 5. Polarized delivery of MUC1 in MDCK cells is not Gal-3-dependent. A, pathways and enzymes involved in synthesis of O-linked glycans. Note that
PNA recognizes non-sialyated core 1, whereas LEA recognizes poly-N-acetyllactosamine on core 2 (see boxed structures). ST6GalNAc-1 (ST6) competes with
T-synthase and core 3 synthase (C3GnT) for the substrate GalNAca-Ser/Thr. B, MDCK cells stably expressing MUC1 were treated with siRNA duplexes directed
to firefly luciferase (control) or Gal-3 and plated on permeable supports. After 4 days in culture, the polarized delivery of MUC1 was assessed by metabolic
labeling for 30 min with [>*S]Met/Cys. After varying chase times, apical and basolateral surfaces were treated with sulfo-NHS-SS-biotin. Biotinylated MUC1 was
recovered with avidin-conjugated beads from the MUC1 immunoprecipitates and analyzed with a Bio-Rad imager after SDS-PAGE. MUC1 delivery to the apical
or basolateral surface is presented as the fraction of the total immunoprecipitate found on the cell surface (one representative experiment is shown, n = 2).
Immunoblots for Gal-3 and B-actin in cell extracts after treatment with control (Con), Gal-3 (G-3), or no (NA) siRNAs indicate efficient depletion of Gal-3 in this
experiment. C, polarized MDCK cells expressing MUC1-22TR, 22TR-Tac, 0TR-Tac, or Tac were metabolically labeled for 30 min with [**S]Met/Cys and chased for
90 min before detergent extraction and immunoprecipitation. Immunoprecipitates were resuspended, and equal aliquots were incubated overnight with
beads conjugated to WGA (W) or LEA (L) or reserved as total (T) before analysis after SDS-PAGE with a Bio-Rad Imager. Note that the order of total, WGA, and LEA
varies between gel profiles. The numbers below the gel profiles indicate the percentage of total bound to each lectin (percentage bound = (amount of
construct recovered from immobilized lectin/total construct added) X 100). Results from one representative experiment are shown (n = 2).

within the mucin-like repeats. Because there are no specific
inhibitors of O-linked glycosylation, we stably overexpressed
the enzyme ST6GalNAc-1 in MDCK cells to compete with
enzymes such as core 1 Gal transferase and core 2 and core 3
GIcNACc transferases for the substrate GalNAc-Ser/Thr (see
pathways in Fig. 5A4) (18, 19, 28). Overexpression of
ST6GalNAc-1 produces primarily SAa2,6GalNAc-Ser/Thr
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(Fig. 5, sialyl Tn), thereby preventing synthesis of the core
O-glycans (e.g. core 1, core 2, core 3, or core 4). MDCK cells
expressing ST6GalNAc-1 (MDCK+ST6) and either 0TR-Tac
or Tac were pulse-labeled with [**S]Met/Cys for 30 min and
chased for 30, 60, 90, and 120 min prior to biotinylation of
proteins on the apical or basolateral cell surface (Fig. 7). We
observed that Tac was primarily delivered to the basolateral
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FIGURE 6. Core 1 O-glycans are present on the imperfect repeats of 0TR-Tac. Polarized MDCK cells expressing MUC1-22TR, 22TR-Tac, 0TR-Tac, or Tac were
metabolically labeled for 30 min with [**SIMet/Cys and chased for 90 min before detergent extraction and immunoprecipitation. Inmunoprecipitates were
treated (+) or mock-treated (—) with neuraminidase (N‘ase) prior to resuspension and incubation overnight with beads conjugated to PNA (P) or no beads as
total (T; note different totals for with and without neuraminidase) and analysis after SDS-PAGE with a Bio-Rad imager. The numbers below the gel profiles
indicate the percentage of the total bound to PNA (percentage bound = (amount of construct recovered from immobilized lectin/total construct added) X
100). Results from one representative experiment are shown (n = 2).
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FIGURE 7. Terminal processing of O-linked glycans is a key component of the MUC1 apical targeting signal. Polarized MDCK cells stably transfected with
ST6-GalNAc-1 as well as Tac or O0TR-Tac were starved for 30 min, pulse-labeled for 30 min with [**S]Met/Cys, and chased up to 120 min before biotinylation at
the apical or basolateral surface. Tac (A and B) and 0TR-Tac (C and D) were immunoprecipitated from cell extracts with anti-Tac antibodies, and 25% was saved
as total (Total), whereas 75% was incubated with avidin-conjugated beads to recover the biotinylated protein (Surface). Total and surface samples were
analyzed after SDS-PAGE with a Bio-Rad imager. A and C, the percentage of the total MUC1 or mutant found on the cell surface is presented as mean and S.E.
(error bars) (n = 3). Band D, representative SDS-gel profiles are shown with mature (M) and precursor (P) forms noted on the left and the mobility of Bio-Rad
molecular weight markers on the right of each panel. Both apical and basolateral Tac delivery had a small but significant increase in MDCK+ST6 cells when
compared with MDCK cells, whereas apical 0TR-Tac delivery was significantly decreased, and basolateral 0TR-Tac delivery was increased (p < 0.05; compare
with Fig. 3). E, polarized MDCK cells, MDCK+ST6 cells, or MDCK+ST6 cells expressing Tac or O0TR-Tac were starved for 30 min, pulse-labeled for 30 min with
[**SIMet/Cys, and chased for 120 min. Aliquots from the apical and basolateral medium were analyzed after SDS-PAGE with a Bio-Rad imager. The three
radiolabeled bands between 30 and 50 kDa representing cleaved gp80 were quantified. The numbers below the gel are the percentage of the total gp80
(apical + basolateral) found in the apical medium. A representative gel profile is presented (n = 2).

surface of MDCK+ST6 cells (36% basolateral and 20% apical at
120 min of chase), similar to its delivery in wild-type MDCK
cells (Fig. 34). However, 0TR-Tac delivery to the surface of
MDCK+ST6 cells was non-polarized (19% apical and 16%
basolateral at 120 min), which was very different from its pri-
marily apical delivery in wild-type MDCK cells (Fig. 3C).

To ensure that MDCK+ST6 cells expressing 0TR-Tac were
still capable of apical targeting, we assessed secretion of the
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endogenous protein gp80. The apical targeting of gp80 is
dependent on the presence of N-linked glycans (29). Both
MDCK+ST6 cells (non-transfected or stably transfected with
either 0TR-Tac or Tac) and control MDCK cells were pulse-
labeled with [**S]Met/Cys for 30 min and chased for 120 min
before recovery of the culture medium. In every case, [>*S]gp 80
was secreted primarily into the apical medium (68 —78%), indi-
cating that overexpression of ST6GalNAc-1 does not disrupt
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the polarity of MDCK cells (Fig. 7E). We concluded that core
O-linked glycosylated mucin-like repeats of MUC1 can func-
tion as an apical targeting signal.

DISCUSSION

In this study, we observed that (i) deletion of the mucin-like
repeats from MUCI reduced apical delivery without affecting
basolateral delivery, (ii) adding the mucin-like repeats of MUC1
to Tac enhanced its apical delivery without affecting basolateral
delivery, and (iii) overexpression of ST6GalNAc-1 blocked the
apical targeting activity of the mucin-like repeats. The cumula-
tive data indicate that core-glycosylated mucin-like repeats
within MUCI represent an apical targeting signal.

N-Linked Glycans Are Not Required for MUCI Apical
Targeting—Pemberton et al. (15) previously concluded that
apical targeting information was found within the MUCI1 ect-
odomain by characterizing chimeras of MUC1 and CD2 in
MDCK cells. Concurrently, the results of our studies with chi-
meras of MUCI1 and Tac also indicated that an apical targeting
signal was present within the MUC1 ectodomain. We also sus-
pected that the apical targeting signal would be glycan-depen-
dent because a dominant feature of MUCI is its heavily glyco-
sylated mucin-like domain. Also, we had already found that
MUCT transits the apical recycling endosome, a path used by
other apically destined proteins with glycan-dependent target-
ing signals, such as the sialomucin endolyn (10). Although
endolyn exhibits both N-linked and O-linked glycans, Potter et
al. (30) found that its apical targeting was fully dependent on
terminal processing of two specific N-glycans. However, in pre-
liminary experiments, we found that treatment of cells with
kifunensine to block terminal processing of N-glycans had no
effect on MUCI apical delivery.* Our subsequent analysis of
MUCI1 mutants lacking all five consensus sites for N-glycosyla-
tion was impaired by its consistently low level of expression, but
immunoblot analysis of polarized MDCK cells revealed that the
mutant was still expressed primarily on the apical surface.”
Overall, these data led us to focus on the role of O-linked gly-
cosylation in MUCI1 apical targeting.

MUCI Apical Targeting Is Not Galectin-3-dependent—The
primary feature of the MUC1 mucin-like domain is the pres-
ence of Ser/Thr/Pro-rich nearly perfect tandem repeats that
exhibit at least three sites for O-glycosylation in each repeat.
Because we found that mutations that removed most (2TR-
MUCI1) or all of the tandem repeats (MUC1-0R-FLAG) corre-
spondingly reduced apical delivery, the data were consistent
with the presence of synergistic apical targeting signals within
the tandem repeats. However, the deletion within the MUC1-
OR-FLAG mutant also removed imperfect repeats, which fits
with our subsequent discovery that targeting information was
present with these latter tracts. We were surprised to find that
apical targeting information was present within the imperfect
repeats of MUCI because it was not known whether these
sequences were actually modified with O-linked glycans.
Although analysis of the amino acid sequence of these imper-
fect repeats with specificity parameters developed for several of

4C. L.Kinlough and R. P. Hughey, unpublished data.
®S.J. Gendler, C. L. Kinough, and R. P. Hughey, unpublished data.
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the polypeptide-GalNAc transferases predicted numerous sites
for O-linked glycosylation, we subsequently found that Tac
binding to immobilized peanut lectin with specificity for core 1
O-glycans was notably enhanced by the addition of the imperfect
repeats to the N terminus of Tac (0TR-Tac). However, attachment
of the imperfect repeats to Tac did not enhance its binding to
immobilized tomato lectin with specificity for polylactosamine
that represents terminal processing of core 2 glycans, indicating
that core glycosylation rather than polylactosamine was more
likely a key feature of the apical targeting signal.

The lack of polylactosamine on the apical 0TR-Tac was also
consistent with our finding that Gal-3 plays no role in apical
targeting of MUC1-22TR. Several facts were consistent with
the possibility that Gal-3 might play a role in MUCI apical
targeting: (i) Gal-3 has been implicated in apical targeting in
MDCK cells of the glycoprotein phlorizin lactate hydrolase
with glycan-dependent targeting (31); (i) Gal-3 is the most
abundant galectin in MDCK cells and exhibits a preference for
polylactosamine on both N-linked and O-linked glycans with
either terminal blood group A, sialic acid («2,6), or fucose (13,
32); and (iii) MUC1-22TR synthesized in MDCK cells exhibits
polylactosamine and binds preferentially to Gal-3 in pull-down
assays with all of the endogenous canine galectins (13). How-
ever, we consistently observed that efficient depletion of Gal-3
in MDCK cells using treatment with siRNAs had no effect on
MUCI1 apical delivery.

Core O-Glycans Are a Key Feature of the MUCI Apical Tar-
geting Signal—Because the polylactosamine found on MUC1-
22TR and 22TR-Tac was seemingly irrelevant to MUCI1 apical
targeting, we focused our analysis on the presence of core gly-
cans by overexpression of ST6GalNAc-1 to terminate O-gly-
cans at SAa2,6GalNAc-Ser/Thr. The absence of core glycans
on 0TR-Tac in MDCK+ST6 cells did block its apical delivery,
whereas Tac polarized delivery in MDCK+ST6 cells was
unchanged, indicating that core glycans (e.g core 1,2, 3, or 4) on
the imperfect (and maybe nearly perfect) repeats represented
the apical targeting signal for MUC1. We did test this conclu-
sion by analyzing MUC1-22TR synthesis in cells overexpress-
ing ST6GalNAc-1, but we did not observe a reduction in apical
delivery.* Because we found that MUC1-22TR binding to LEA-
conjugated beads was reduced only 70% in MDCK+ST6 cells as
compared with MUC1-22TR expressed in wild-type MDCK
cells, we suspect that the level of ST6GalNAc-1 expression was
not sufficient to block terminal processing of enough O-glycan
sites in MUC1-22TR (66 sites in 22 TRs plus 18 sites in seven
Rs). However, this level of ST6GalNAc-1 overexpression was
adequate to block terminal processing of the relevant O-glycan
sites in 0TR-Tac (16 sites in six Rs) (see supplemental Fig. S1 for
prediction of Ser and Thr modified by O-glycosylation).

Mechanism of Glycan-dependent Apical Trafficking—O-Gly-
cans on apical glycoproteins have been implicated previously
(33, 34) as a key feature of the apical targeting signal of the
neurotrophin receptor p75 and sucrase-isomaltase. More
recently, Lee et al. (35) reported that terminal processing of
O-glycans by specifically core 2 GIcNAc transferase-2 is essen-
tial for surface expression of the apical sucrase-isomaltase and
dipeptidylpeptidase IV in intestinal epithelial cells (35). They
found that cell surface levels of sucrase-isomaltase and dipeptidyl-
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peptidase IV are greatly reduced in Caco-2 intestinal epithelial
cells after core 2 GIcNAc transferase-2 knockdown with RNAi or
after overexpression of core 3 synthase that blocks synthesis of
core 2 structures in HT-29 intestinal epithelial cells (35). The
requirement for core 2 O-glycans for any surface expression of
dipeptidylpeptidase IV is probably the basis for the earlier reports
showing that treatment of HT-29 intestinal cells with benzyl-Gal-
NAc blocked dipeptidylpeptidase IV and MUCT1 steady state cell
surface expression (36, 37). Interestingly, we did not find any
change in MUCI1 apical delivery in MDCK cells after metabolic
labeling in the presence of the related compound phenyl-Gal-
NAc,* suggesting either that these inhibitors have differential
effects in intestinal and renal epithelial cells or that apical targeting
pathways differ in these two types of epithelia.

A key question that remains unanswered is how and where gly-
cans enable apical sorting. One hypothesis is that glycans play
purely a structural role in maintaining transport-competent con-
formation of apically destined proteins. Alternatively, glycan-de-
pendent sorting receptors, possibly galectins, have been suggested
to facilitate sorting (9, 38, 39). Segregation of apically and basolat-
erally destined proteins first occurs in the trans-Golgi network,
although many proteins subsequently traverse endocytic com-
partments prior to reaching the cell surface (40, 41). Apical pro-
teins that associate with glycolipid-enriched rafts apparently traf-
fic through apical early endosomes, whereas non-raft-associated
proteins may enter the ARE prior to surface delivery (31, 42, 43).
The observation that proteins with glycan-dependent apical sort-
ing signals, including endolyn, p75, and now MUCI, transit the
ARE suggests that segregation of glycan-dependent proteins
occurs by a common mechanism along this pathway (10, 44).
Whether selection involves default routing to the ARE or active
sorting at an earlier step remains to be determined.
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