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The apical transmembrane glycoprotein MUCI1 is endocy-
tosed to recycle through the frans-Golgi network (TGN) or
Golgi complex to the plasma membrane. We followed the
hypothesis that not only the known follow-up sialylation of
MUCT in the TGN is associated with this process, but also a
remodeling of O-glycan core structures, which would
explain the previously described differential core 2- vs core
1-based O-glycosylation of secreted, single Golgi passage
and recycling membrane MUCI1 isoforms (Engelmann K,
Kinlough CL, Miiller S, Razawi H, Baldus SE, Hughey RP,
Hanisch F-G. 2005. Glycobiology. 15:1111-1124). Trans-
membrane and secreted MUC1 probes show trafficking-
dependent changes in O-glycan core profiles. To address
this novel observation, we used recombinant epitope-tagged
MUC1 (MUC1-M) and mutant forms with abrogated cla-
thrin-mediated  endocytosis (MUC1-M-Y20,60N) or
blocked recycling (palmitoylation-defective MUC1-M-
CQC/AQA). We show that the CQC/AQA mutant transits
the TGN at significantly lower levels, concomitant with a
strongly reduced shedding from the plasma membrane and
its accumulation in endosomal compartments. Intriguingly,
the O-glycosylation of the shed MUC1 ectodomain subunit
changes from preponderant sialylated core 1 (MUC1-M) to
core 2 glycans on the non-recycling CQC/AQA mutant.
The O-glycoprofile of the non-recycling CQC/AQA mutant
resembles the core 2 glycoprofile on a secretory MUC1
probe that transits the Golgi complex only once. In contrast,
the MUC1-M-Y20,60N mutant recycles via flotillin-depend-
ent pathways and shows the wild-type phenotype with dom-
inant core 1 expression. Differential radiolabeling of protein
with [**S|Met/Cys or glycans with [*H]GlcNH, in pulse-
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chase experiments of surface biotinylated MUC1 revealed a
significantly shorter half-life of P’H]MUC1 when compared
with [*SIMUC1, whereas the same ratio for the CQC/AQA
mutant was close to one. This finding further supports the
novel possibility of a recycling-associated O-glycan process-
ing from Gall-4GlcNAcl1-6(Gall-3)GalNAc (core 2) to
Gal1-3GalNAc (core 1).
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Introduction

The correct sorting of newly synthesized proteins for trafficking
to their final cellular destination is an important step in the main-
tenance of cell function and is accomplished by glycan- and
protein-specific sorting signals. In polarized epithelia, sorting to
the basolateral surface depends on the presence of short peptide
sequences in the cytosolic domains of the respective proteins,
whereas apical targeting signals are more diverse. Among these
apical targeting signals, a variety of post-translational modifica-
tions do play a role, such as N- and O-glycans or glycosylpho-
sphatidylinositol anchors (for review, see Potter et al. 2006a;
Vagin et al. 2009). For some apically expressed glycoproteins, it is
known that their surface expression is only transient and that they
traffic back to the trans-Golgi network (TGN) where they can
undergo further glycosylation cycles (Naim et al. 1999). One such
protein, which is known to follow this recycling pathway, is
the type 1 transmembrane glycoprotein MUCI. This heavily
O-glycosylated membrane-bound mucin was early demonstrated
to recycle several times through the TGN and to gain in this way
a maturation of its O-glycans through continued sialylation
(Litvinov and Hilkens 1993). The endocytosis and the vesicular
transport of the protein were shown to follow a clathrin-mediated
pathway (Altschuler et al. 2000), later confirmed to be dependent
on specific tyrosine residues within the highly conserved cytosolic
domain of MUCI (Tyr20 and Tyr60) necessary for binding to the
adaptor protein complex 2 and Grb2, respectively (Kinlough et al.
2004). The reentry into the secretory pathway of MUCI from
endosomes was revealed as dependent on the Cys-palmitoylation
of the CQC motif located at the intersection of the cytosolic and
transmembrane domains (Kinlough et al. 2006).

MUCI can also be shed from the plasma membrane by the
action of specific sheddases or by the dissociation of the
heterodimeric complex formed by the larger subunit containing
the extracellular tandem-repeat domain and the smaller
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transmembrane subunit (Lillehoj et al. 2003; Thathiah et al.
2003; Thathiah and Carson 2004). Accordingly, the exosome-
depleted supernatant of the culture medium from cells trans-
fected with a recombinant MUC1 was shown to contain a
soluble form of the fusion protein that lacks the transmembrane
and cytosolic domains (Engelmann et al. 2005).

A previous study from our group revealed that secreted
(MUCI-S) and membrane-tethered MUC1 (MUC1-M) exhibit
dramatic differences in the patterns of their O-linked chains
(Engelmann et al. 2005). We observed that not only the degree of
sialylation varied as could be expected from the work of
Litvinov and Hilkens (1993), but surprisingly also the core struc-
tures of the O-glycans (Engelmann et al. 2005). Strikingly, the
secreted isoform, which passes through the Golgi complex only
once, expressed predominantly neutral core 2-based glycans,
whereas the membrane-bound isoform, which recycles through
the TGN, expressed almost exclusively sialylated core 1 glycans.
Hence, the single-pass isoform MUCI1-S was modified with the
more complex, branched core structure when compared with the
recycling MUCI1-M glycoform. This difference in the O-glycan
structures observed for MUC1-S and MUC1-M could be either
due to the differential glycosylation of soluble vs transmembrane
proteins within the biosynthetic pathway or due to the continued
processing of core 2 O-glycans on recycling MUCI-M by the
concerted action of glycosidases and glycosyltransferases, analo-
gous to the terminal processing of N-linked glycans. Such pro-
cessing activities for O-linked glycans are not yet known to exist
in the Golgi complex or the TGN. It is accordingly important to
learn whether the observed changes in O-glycosylation are actu-
ally related to the recycling of MUCI.

To test the hypothesis that core 2 O-glycans on newly synthe-
sized MUCI1 are remodeled during recycling, we characterized
the structures of O-glycans on a recombinant epitope-tagged
variant of MUC1 (MUC1-M) and on mutated forms with either
reduced clathrin-mediated endocytosis (MUC1-M-Y20,60N) or
abrogated recycling from endosomes back to the plasma mem-
brane (MUC1-M-CQC/AQA). However, the mutant isoform
MUC1-M-Y20,60N could follow alternative endocytosis path-
ways based on lipid rafts, since we showed in a proteomic study
that MUCT is sorted into flotillin-2-associated rafts (Staubach
et al. 2009). Accordingly, MUCI1-M-Y20,60N could still recycle
through the Golgi complex or the TGN and could show the
partial conversion of the core 2 O-glycans. On the other hand,
the MUC1-M-CQC/AQA isoform is predicted to recycle poorly
and accumulate in endosomes after its initial endocytosis. If the
postulated O-glycan processing by core O-glycan reconstruction
or follow-up glycosylation during recycling is a valid assump-
tion, we have to expect that the non-recycling MUC1-M-CQC/
AQA will not have the conversion of core 2 O-glycans and
would expresses O-glycan profiles similar to those of secreted
isoforms. Data in this manuscript support the hypothesis that
O-glycans on MUCI are remodeled from core 2 to core 1 struc-
tures during recycling after initial delivery to the cell surface.

Results

Generation of MUCI isoforms with altered cellular

trafficking

To address whether MUC1 endocytosis and recycling (through
the TGN or the Golgi complex) has an impact on the O-glycan
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core 2/core 1 expression patterns of the transmembrane glyco-
protein, we created mutant isoforms of the previously described
fusion protein MUC1-M. MUC1-M exhibits wild-type charac-
teristics, since the small transmembrane subunit is identical to
endogenous MUCI, and the large subunit contains a truncated
tandem-repeat domain and two N-terminal epitope tags
(Engelmann et al. 2005). The mutant isoforms of MUCI1-M
differ with respect to site-specific mutations in their cytosolic
domains (see Figure 1 for MUCI-M-Y20,60N and
MUCI1-M-CQC/AQA). The double replacement of Tyr20 and
Tyr60 by Asn had previously been shown to reduce the
clathrin-mediated endocytosis of a Tac-MUC1 chimera by 77%
(Kinlough et al. 2004). On the other hand, the two point muta-
tions of Cys to Ala in the Cys-palmitoylation motif CQC
located at the intersection of the cytosolic and transmembrane
domains had been demonstrated to impair the recycling of the
MUCI1 probe by blocking reentry of the Cys-palmitoylation-de-
fective probe into the secretory pathway and by causing its ac-
cumulation in recycling endosomes (Kinlough et al. 2006). The
wild-type MUCI probe and its mutant isoforms were stably
expressed in the MUCI-positive breast carcinoma cell line
MCF-7 and in the MUCl-negative Human embryonic
kidney-293 (HEK-293) cells. The membrane expression of the
epitope-tagged isoforms was secured for the two cell lines by a
confocal laser microscopy (Figure 2A). Endocytosis of surface
MUCI-M was followed after complexing the mucin with
an ectodomain-specific C595 antibody. We demonstrated the
effective internalization of MUC1-M and its mutant forms in
the cell lines under investigation (Figure 2B). Although the
probes MUCI-M and MUCI-M-Y20,60N showed vesicular
staining, the probe MUC1-M-CQC/AQA was found to accumu-
late in larger endosomal compartments. Endocytosed MUCI1
co-localized with the lipid-raft marker flotillin in MCF-7 cells
consistent with the use of alternative endocytotic pathways for
the mucin that are independent of clathrin vesicles (Figure 2C).
Co-localization with endocytosed MUCI1 was also shown for
the raft-stabilizing galectin-3 (Figure 2C), which has been pre-
viously found to interact directly with some apical cargo in a
glycan-dependent manner (Delacour et al. 2007).

Isolation of shed MUC1-M isoforms

To study the O-glycosylation profiles of MUC1-M isoforms,
we decided to isolate the membrane-shed large ectodomain
subunits. For this purpose, the constituents of primed culture
supernatants were separated into exosome-depleted and exoso-
mal fractions. Western blot analysis of primed exosome-
depleted culture medium (50 mL each) revealed much stronger
shedding of MUC1-M compared with the mutant isoforms. In
particular, the MUC1-M-CQC/AQA mutant was shed at much
lower rates by HEK-293 and MCF-7 cells (Figure 3A). The cel-
lular expression on the other hand did not vary significantly for
different isoforms (Figure 3B), except for a slight increase
observed for the CQC/AQA mutant expressed in both MCF-7
and HEK-293 cells. Yields for shed MUC1-M in HEK-293
cells were ~1 mg/L of medium. Both MUC1-M and mutant
isoforms were demonstrated in immunoblots to lack the cyto-
solic domain at 31 kDa detectable in exosomal membranes
(Figures 4 and 5C). The shed isoforms were isolated from
exosome-depleted culture supernatant by nickel chelate affinity
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Fig. 1. The structure of truncated MUC1-M and mutated isoforms with impaired endocytosis or recycling. Schematic presentation of domain topologies of constructs
with indicated N-glycosylation sites and amino acid sequences of cytosolic domains in the constructs MUC1-M, MUC1-M-Y20,60N and MUC1-M-CQC/AQA.

chromatography and reversed-phase HPLC and analyzed for
purity by sodium dodecyl sulfate (SDS) gel electrophoresis
with silver staining (Figure 5A) or by glycan detection after
transfer to nitrocellulose (Figure 5B).

Non-recycling MUC1 probes exhibit altered O-glycosylation
profiles

The shed isoforms of MUCI1-M, MUCI1-M-Y20,60N and
MUCI1-M-CQC/AQA were digested in-gel with proteinase K
after SDS gel electrophoresis and the eluted (glyco)peptides
were analyzed for their O-glycan profiles by reductive
B-elimination of the oligosaccharides and mass spectrometric
analysis of the permethylated glycans. The relative expression
ratios in HEK-293 and MCF-7 cells (of core 2 vs core 1 and of
sialylated vs neutral glycans) together with a list of the respect-
ive glycan masses and structures are presented in Figure 6.

The shed MUCI probes revealed changes in the relative ex-
pression ratios of core 1 vs core 2 O-glycans and with respect to
the ratio of sialylated vs neutral glycans (Figure 6B). Whereas
the profiles changed only slightly in the Y20,60N mutant when
compared with the wild-type analogous MUC1-M, there was a
dramatic shift in the ratios toward core 2 O-glycan expression
for the CQC/AQA mutant. Impaired clathrin-mediated endo-
cytosis of the Y20,60N mutant could hence be compensated by
alternative routes of vesicular transport as revealed in a recent
proteomic study (Staubach et al. 2009). On the other hand, the
abrogation of recycling due to defective Cys-palmitoylation
and accumulation in endosomes apparently has a much stronger
effect on the glycosylation of the transmembrane protein.

Expectedly, the ratio of sialylated vs neutral glycans decreased
when comparing the wild-type profile to that of the CQC/AQA
mutant, but the effect was weaker than the shift in core expres-
sion.

Comparing the half-lives of MUC1 metabolically labeled

with [’H]GIcNAc or [’ S]Met/Cys

To test the possibility that core 2 O-glycans added to MUCI in
the biosynthetic pathway are remodeled during recycling by the
removal of GIcNAc to reveal a core 1 glycan structure, we com-
pared the half-lives of MUC1 metabolically labeled with either
[PH]GIcNAc or [*>S]Met/Cys (Figure 7). In preliminary experi-
ments, we found that metabolic labeling of proteins with [*H]
GlcNAc was considerably more efficient in MDCK cells when
compared with HEK-293 and MCF-7 cells, and [°’H]GIcNAc
incorporation into MUC1 with 22 tandem repeats was notably
higher when compared with its incorporation into MUC1-M
with only six tandem repeats. MDCK cells stably transfected
with MUCI, or MUC1 with the mutation CQC/AQA, were
pulse labeled with either [PH]GIcNAc or [*>S]Met/Cys for 1 h,
then chased for 1 h in the absence of radioactive metabolites, a
time frame that allows newly synthesized MUCI to reach the
cell surface (Kinlough et al. 2011; Hanisch et al. 2012). Cells
were moved to ice and treated with sulfo-NHS-SS-biotin to tag
all surface proteins, then the cells were returned to culture for
3-24 h in order to follow the disappearance of metabolically
labeled and surface-biotinylated MUCI. Biotinylated MUCI1
was recovered from immunoprecipitates obtained at each time
point with avidin-conjugated beads and analyzed with a
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Fig. 2. Surface expression and endocytosis of MUC1-M probes revealed by a confocal laser microscopy. (A) Immunofluorescence microscopy of HEK-293 cell
surface expressed MUC1-M and mutant MUC1-M isoforms with anti-MUC1 ectodomain antibody C595 (magnification: x400). (B) Endocytosis of antibody-tagged
MUCI1-M, MUC1-M-Y20,60N and MUC1-M-CQC/AQA for 1 h at 37°C in HEK-293 cells (upper panel) and in MCF-7 cells (lower panel; magnification: x400).
(C) Co-localization studies of MUC1-M and lipid-raft marker Flot-2 (flotillin-2) and raft-associated Gal-3 (galectin-3) in MCF-7 cells (magnification: x400). The

white scale bars correspond to 4 pm.

BioRad phosphoimager after SDS—polyacrylamide gel electro-
phoresis (PAGE). The half-lives (mean and SEM) were deter-
mined from three independent experiments and revealed that
MUCI metabolically labeled with [’H]GIcNAc turned over
significantly faster than MUCI labeled with [**S]Met/Cys
(14.0+0.6 vs 17.1+0.2 h, respectively, with P<0.05;
Figure 7). In contrast, MUC1 with the mutation CQC/AQA that
prevents recycling had no significant difference in its half-lives
determined in three separate experiments whether labeled with
[PH]GIcNAc or [*°S]Met/Cys (12.2+1.5 vs 12.0+0.2 h, re-
spectively). Altogether, the data support the hypothesis that
GlcNAc in core 2 O-glycans added within the biosynthetic
pathway are subsequently removed during the recycling of
MUCI after it reaches the cell surface.

Internalized wild-type MUCI traffics to the TGN more
efficiently than the COC/AQA mutant

To test whether wild-type MUC1 and CQC/AQA mutant differ-
entially access the TGN during recycling, transiently transfected
HEK-293 cells expressing the TGN marker mCherry-GalT were
incubated for 1 h at 37°C with an anti-MUC] antibody. Residual
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surface-bound antibody was stripped and the cells were fixed
and processed for indirect immunofluorescence. Confocal image
stacks were scored by two blinded observers for co-localization
between internalized B27.29 antibody and mCherry-GalT
(Figure 8). Both observers scored 100% of the MUC1 expressing
cells (n=7) as having some co-localization of the two markers.
In contrast, fewer than 50% of the cells expressing MUCI
mutant CQC/AQA were scored as having co-localization (1-3 of
seven; Figure 8). Though semi-quantitative, these results are
consistent with the interpretation that internalized MUCI traffics
to the TGN from the cell surface more efficiently than the CQC/
AQA mutant.

Discussion

There are many open questions surrounding the trafficking
routes of apical cell surface membrane glycoproteins, like
MUCI. We know that MUC]1 recycles at the plasma membrane,
but not how it is sorted for either rapid recycling back to the
cell surface or slowly through the TGN or why this sorting
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Fig. 3. Comparative analysis of cellular expression rates vs shedding rates of
wild-type and mutant isoforms. (A) Semi-quantitative estimation of MUC1-M
isoform shedding by HEK-293 and MCEF-7 cells. The same volume of culture
supernatant (50 mL) was analyzed for shed MUC1-M isoforms after affinity
isolation by nickel chelate chromatography using western blotting with the
anti-MUCI (C595) antibody. (B) Comparison of expression levels of the
wild-type and mutant MUC1-M isoforms in extracts of HEK-293 and MCF-7
cells. The ectodomains of the MUC! isoforms were stained with C595
antibody and staining intensity was compared with that of reference protein
GAPDH.

Fig. 4. Cellular release of MUC1-M occurs via shedding. Western blot analysis
of exosome-free culture supernatant from HEK-293 and MCF-7 breast cancer
cells. Different volumes of culture supernatant were used for the isolation of
shed wild-type and mutant isoforms to account for their varying expression
rates (Figure 3). Shed MUCI1-M is devoid of the small endodomain subunit,
which spans the membrane.

takes place at all. We also know that some follow-up glycosyla-
tion occurs during recycling through the TGN, and thereby
secreted isoforms exhibit distinct O-glycan core patterns com-
pared with recycling membrane isoforms. These latter, quite
dramatic changes in the O-glycan core profiles (Engelmann
et al. 2005) correspond to similar findings for N-linked glycans

MUCI recycling and O-glycosylation

on native MUCI1 from human skim milk (secreted mucin) or
human milk fat globule (HMFG) membranes (Parry et al.
20006). In the latter study, it was shown that a single passage of
the glycosylation machinery resulted in preponderant
high-mannose-type N-glycosylation of secreted MUCI,
whereas the HMFG-MUCI1 was nearly exclusively modified
with complex-type chains. Altogether, these previous findings
indicate that changes of MUCI1 glycosylation during recycling
may not be restricted to simply continued sialylation in the
TGN. Instead, it now appears that a remodeling of both N- and
O-linked glycans takes place during recycling.

In this study, we obtained experimental evidence that the
observed dramatic changes in O-glycosylation profiles are clearly
associated with recycling of MUCI1. Recycling transmembrane
probes exhibit a distinct O-glycosylation pattern (sialylated core
1) compared with the secreted probe (largely core 2-based;
Figure 9). Contrasting to this, non-recycling mutant forms of
MUCI1 (CQC/AQA) transmembrane probes with impaired TGN
reentry expressed O-glycan profiles similar to the secreted MUC1
probe (Figure 9). A mutant with impaired clathrin-mediated
endocytosis, however, expressed O-glycan profiles similar to the
wild-type probe (Figure 9). This latter finding may suggest alter-
native, clathrin-independent routes of endocytosis as indicated by
proteomic data on MUCI and flotillin-2 positive lipid rafts from
MCF-7 cells (Staubach et al. 2009).

Although a follow-up sialylation during the recycling of
MUCI has been demonstrated two decades ago (Litvinov and
Hilkens 1993), there is no evidence yet, which would support a
remodeling of O-linked glycans similar to the trimming of endo-
plasmic reticulum N-glycoforms of the high-mannose-type and
the construction of complex-type chains in the Golgi complex
and the TGN. The processing of extended core 2 O-glycans
[Gall-4GlcNAc1-6(Gall-3)GalNAc] would require the action of
at least two glycosidases, a B-galactosidase and a B-N-acetylglu-
cosaminidase, which would trim the predominant core 2-tetra-
saccharide down to a core 1-disaccharide, which then forms the
substrate of sialyltransferases in the TGN. Although these
trimming glycosidases were not yet identified, we could obtain
evidence that at least a partial removal of [PH]GIcNAc that had
been incorporated into MUCT glycans on the first passage of the
Golgi complex is associated with recycling of MUCI. The
shorter half-life of MUCI1-bound [PH]GIcNAc compared with
the MUCI [**S]protein is consistent with the partial removal of
the core 2-characteristic sugar during recycling. The observed
difference in half-lives may be regarded as small; however, the
processing of N-linked chains on MUCI to complex-type
glycans carrying additional GIcNAc residues should be consid-
ered to partially compensate for the removal of GIcNAc from
O-linked chains.

Taken together, the expression of different O-glycoforms
was shown to be associated with the cellular recycling of
MUCI in two different cell lines (HEK-293 and MCF-7), indi-
cating a functional link between these phenomena. Vice versa,
we have already published that MUCI apical targeting is
glycan-dependent. We initially observed that MUCI traffics to
the apical surface via apical recycling endosomes in polarized
renal epithelial cells, a route used by transmembrane proteins
such as endolyn with an N-glycan-dependent apical targeting
signal (Cresawn et al. 2007; Mattila et al. 2009; Mo et al.
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Fig. 5. Purity control of shed MUC1-M isoforms. (A) SDS gel electrophoresis with silver staining of shed samples obtained from culture supernatants of HEK-293
and MCF-7 cells. Equal protein amounts were loaded onto the gel, accordingly the staining intensities do not reflect the differential shedding of the MUC1-M
isoforms demonstrated in Figure 3. (B) Western blot for the glycan detection of identical samples described in (A). The band marked with C refers to a minor
glycoprotein contaminant from calf serum, which was not separable by affinity chromatography combined with reversed phase chromatography. (C) Western blot of
proteins in exosomal membranes stained with either anti-MUC1 ectodomain antibody C595 or with anti-MUC1-endodomain antibody H295.

2012). Subsequently, we did establish that core-glycosylated
mucin-like repeats from the N terminus of MUCI represent an
apical targeting signal (Kinlough et al. 2011). This finding was
consistent with the earlier studies that observed the accumula-
tion of immature glycoforms of proteins including MUCI1 in
endosomal compartments after the treatment of epithelial cells
with benzyl-GaINAc which perturbs the extension of
O-glycans beyond the initial formation of GalNAc-Ser/Thr
(Delacour et al. 2003).

Further support for the involvement of glycans in membrane
sorting came from the finding that galectins (Gal) can play a role
in this process (Schuck and Simons 2004; Delacour et al. 2005,
2006, 2007; Delacour and Jacob 2006; Mo et al. 2012). In par-
ticular, the knockdown of Gal-3 in MDCK cells resulted in the
non-polarized expression of the normally apical lactase-phlorizin
hydrolase, gp114 and p75 neurotrophin receptor, likely by disrup-
tion of galectin-dependent cross-linking. Interestingly, MUC1 in
ZR-75-1 cells is also reported to interact with Gal-3 through the
single N-glycan on its small transmembrane subunit, but we
found that the efficient knockdown of Gal-3 in MDCK cells did
not perturb MUCI1 apical targeting (Ramasamy et al. 2007;
Kinlough et al. 2011). We previously reported that MUCI
expressed in MDCK cells preferentially binds to Gal-3 and both
carbohydrate recognition domains of Gal-9 (Gal-9N and Gal-9C)
in pull-down assays with all of the GST-tagged canine galectins
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(Poland et al. 2011). More recently, we established that the
O-glycan-dependent apical targeting signal of MUCI1 preferen-
tially binds to GST-Gal-9C in pull-down assays with all the
canine galectins, and future studies utilizing Gal-9 knockdown in
MDCK cells will investigate any role for this galectin in MUC1
apical targeting (Kinlough, Poland and Hughey, unpublished
data/in press). Interestingly, similar pull-down assays with
GST-tagged canine galectins and endolyn showed a kifunensine-
sensitive interaction of endolyn with Gal-3, Gal-4, Gal-8 and
Gal-9N, but only the knockdown of Gal-9 in MDCK cells
blocked apical targeting of this protein with established
N-glycan-dependent targeting (Mo et al. 2012). As similar
N-glycan sorting determinants are required for the apical delivery
of endolyn along both the biosynthetic and the postendocytic
pathways, it is also likely that MUCI utilizes O-glycan-depend-
ent targeting for both apical biosynthetic and postendocytic deliv-
ery as well (Potter et al. 2006b). It is not clear yet whether the
reentry of recycling MUCI into the secretory pathway is
restricted to late compartments in the TGN or whether also earlier
compartments, like the cis- to trans-Golgi compartments could
be involved as shown for DPPIV (Volz et al. 1995).

In summary, accumulating evidence supports a dependency
of trafficking/recycling and O-glycosylation in a way that
proteins following different pathways exhibit distinct glycosyla-
tion patterns (this paper) and vice versa that differential
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Fig. 6. Profiling of O-glycosylation on shed MUC1-M isoforms and their mutant isoforms expressed in HEK-293 and MCF-7 cells. (A) Schematic presentation of
O-linked glycans with core 1 and core 2 structures and the molecular masses of sodium adducts of methylated glycan alditols found on recombinantly expressed
MUCI1-M probes. a, core 1 refers to glycans with one HexNAc residue (core-GalNAc) in their calculated monosaccharide compositions, core 2 to glycans with more
than one HexNAc. HEK-293 express non-elongated core 1 and GlcNAc-containing core 2 glycans according to previous studies (Miiller and Hanisch, 2002;
Engelmann et al. 2005). b, the masses refer to pseudo-molecular ions M + Na. ¢, the proposed structures are based on published evidence from mass spectrometry of
methylated glycan alditols and partially methylated alditol acetates derived from MUC1-M (Engelmann et al. 2005). (B) Representative MALDI-TOF mass spectra
registered for samples of permethylated glycan alditols from MUC1-M (upper panel) and MUC1-M-CQC/AQA (lower panel). The ion signals were annotated with
respect to the relative masses of molecular ions (/z) detected as sodium adducts and by assignment of the respective core structure (1 or 2). F refers to the primary
fragment NeuAc;Hex;HexNAc, induced during laser ionization. (C) The bars correspond to the relative amounts of glycans (%) with core 1 (gray shaded) vs core 2
(open) structures or to sialylated (black) vs neutral glycans (gray-shaded). 1, 2 and 3 refer to MUC1-M, MUC1-M-Y20,60N and MUC1-M-CQC/AQA, respectively.

glycosylation determines trafficking routes of some glycopro-
teins (reviewed by Potter et al. 2006a). Both are true for
MUCI, as the O-glycans direct sorting processes and the traf-
ficking determines the glycan processing. Core 2 glycans could
enhance MUCI delivery to the plasma membrane from both
the biosynthetic and recycling pathways, whereas the conver-
sion to core 1 glycans could reduce the efficiency endocytic
trafficking directed by the cytoplasmic Tyr-motifs and thereby

enhance MUCI degradation or accumulation and release
through exosomes.

Materials and methods
Cells and cell culture

The breast cancer cell line MCF-7 and the human epithelial
kidney cell line HEK-293 were obtained from the American
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Fig. 7. MUC]1 labeled with [*’H]GIcNHS, has a shorter half-life than MUC]1
labeled with [>>S]Met/Cys. MDCK cells stably expressing either wild-type
(WT) MUCI or mutant MUC1 (CQC/AQA) that does not recycle from
endosomes, were metabolically labeled with [*’H]GIcNH, or [**S]Met/Cys (1 h
pulse and 1 h chase, in duplicate or triplicate) prior to cell surface biotinylation.
Cells were returned to culture for 3-24 h as indicated in each experiment, and
biotinylated MUC1 or mutant MUC1 were recovered with avidin-conjugated
beads from immunoprecipitates from cell extracts and subjected to SDS-PAGE
and analysis with a BioRad phosphoimager. Radioactive bands were quantified
and half-lives from three independent experiments are presented as the mean
and SEM (A). Note that the half-life for ["HIMUCI is significantly shorter than
the half-life for [*>*SIMUCT (*P < 0.05), whereas no statistical difference was
found between [*H]mutant and [>>S]mutant (see text for details). The
radioactive bands on the SDS gels (B) and semi-log plots of the data (C) from
one representative experiment are shown.

Type Culture Collection and were cultured in 75 or 150 cm?
flasks at 37°C in the presence of 5% CO,. Minimal essential
medium, supplemented with glutamax I, 10% fetal calf serum,
0.1 mM sodium pyruvate, 100 IU penicillin and 100 pg/mL
streptomycin was used for MCF-7 and HEK-293. After trans-
fection with plasmids encoding MUCI variants, 0.1 pg/mL
puromycin was added to all media. Medium was exchanged
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every 3—4 days and the cells were passaged when they reached
80-90% confluency using 0.1% trypsin and 0.2 mM EDTA.
Puromycin was from Sigma, Taufkirchen, Germany, all other
cell culture reagents were obtained from Life Technologies,
Karlsruhe, Germany.

MDCK cells were transfected with pcDNA3(neo) encoding
either MUC1 or mutant MUCI CQC/AQA (both with 22
tandem repeats), and clonal cell lines were selected by cell
growth in G418 (0.5 mg/mL) in Dulbecco’s modified Eagle’s
medium (DMEM) and Ham’s F-12 (1:1) with 5% fetal bovine
serum (DMEM/F-12/5% FBS) at 37°C in a humidified incubator
with 5% CO, (all reagents from Invitrogen Life Technologies,
Karlsruhe, Germany).

Generation and expression of mutant constructs

Preparation of MUC1-M (with N-terminal His6-myc tags and
six tandem repeats) in pCEP-PU was previously described
(Engelmann et al. 2005). Mutations were introduced into the
cytoplasmic tail of MUCI-0TR (MUCI1 with zero tandem
repeats) in pBS-SK(-) (Stratagene, Cedar Creek, TX) using
PCR-based, site-directed mutagenesis using primers with spe-
cific nucleotide changes to produce double mutants CQC/AQA
or Y20N,Y60N. Nucleotide sequences encoding the SEA
domain, transmembrane domain and cytoplasmic domain of
the two MUCI-0TR mutants were amplified by PCR (sense
primer 5-ACA CTC GAG CAC AGC ACT TTT CCC CAG
TTG-3¢ and reverse primer 5'-ATT GGATCC CTA CAA GTT
GGC AGA AGC GGC-3¢). Underlined nucleotides are the
MUCI sequence. The amplified DNA was cut with Xhol and
BamHI1 and ligated into MUC1-M in pCEP-PU that was simi-
larly cut with Xhol and BamH1, using standard techniques.
MUCI-M-CQC/AQA and MUC1-M-Y20,60N in pCEP-PU
were sequenced for accuracy. Preparation of MUCI mutant
CQC/AQA with 22 tandem repeats was described previously
(Kinlough et al. 20006).

Isolation of fusion proteins from culture supernatant

FCS was pre-depleted of calf exosomes by centrifugation in
three steps: 1200 x g for 10 min, 10,000 x g for 30 min and
100,000 x g for 1 h. The exosomes contained in cell culture
supernatants were isolated in four centrifugation steps:
1200 x g for 10 min to remove cells, 10,000 x g for 30 min to
remove cellular debris, 10,000 x g for 30 min to remove
remaining cellular debris and 100,000 x g for 1 h to pellet the
exosomes. The exosomal pellet was washed three times in
phosphate-buffered saline at 100.000 x g for 1 h.

To inhibit proteases, PMSF in DMSO was added to the
exosome-depleted supernatant (final concentration: 1 mM) and
the pH was adjusted with 0.5 M NaH,PO,. Ni Sepharose 6 Fast
flow column (Amersham Pharmacia Biotech, Niimbrecht,
Germany) was washed with sterile deionized water and with
phosphate-buffered saline (PBS), pH 7.0, for equilibration. The
cleared protein sample was then passed through the Ni column
at 4°C. Afterwards, the column was washed with PBS followed
by a stepwise elution with 10, 20, 40, 80, 150 and finally 250
mM imidazole in PBS, 10 mL each. The eluted samples were
concentrated via (Amicon Centriprep Ultracel YM-10 Da,
Millipore, Schwalbach, Germany) then analyzed by SDS-
PAGE and western blotting. MUCI1-positive fractions were

€70z ‘2T Joquiides uo ybingsnid Jo A1sieaiun e /Bio'sfeuinolpioxo qoaA|fy//:dny wouy papeojumoq


http://glycob.oxfordjournals.org/

subjected to HPLC purification on a reversed-phase column
(Vydac 208TP1015, MZ Analysentechnik, Mainz, Germany).
Samples were injected in 500 pL aliquots and the column was
eluted with a gradient of 2-80% acetonitril in 0.1% TFA over
30 min. A flow rate of 1 mL/min was used and the

Fig. 8. Internalized anti-MUC1 antibodies traffic to the TGN. HEK-293 cells
expressing wild-type MUCT or the mutant MUC1 CQC/AQA and the TGN
fluorescent marker mCherry-GalT (red) were incubated with anti-MUCI
tandem repeat antibody B27.29 for 1 h at 37°C to allow antibody
internalization. Residual surface antibody was removed by stripping and the
coverslips were processed for immunofluorescence as described in Materials
and methods to detect internalized anti-MUCI antibody (green). Confocal
sections and merged images are shown. Arrows point to areas where
co-localization (yellow) is evident. Scale bar: 7.5 pm.

MUCI recycling and O-glycosylation

chromatogram was registered spectrophotometrically at 214
nm. Peaks were collected manually and the quality of the pre-
parations was analyzed by SDS—PAGE. The gels were stained
with silver or transferred to nitrocellulose membranes and the
fusion proteins were detected with an anti-MUC!1 ectodomain-
specific monoclonal antibody (C595; gift from Dr. Graem
Denton, University of Nottingham, UK) or an anti-MUCI1
endodomain-specific polyclonal antibody H-295 (Santa Cruz
Biotechnology, Inc., Heidelberg, Germany).

Purified fusion proteins were checked for contaminating
protein (silver-stained gel) or glycoprotein (DIG Glycan
Detection Kit, Roche, Mannheim, Germany) by gel electro-
phoresis and western blotting as directed by the manufacturer.

Endocytosis studies by confocal laser scanning microscopy

Cells were detached from culture flasks by trypsin treatment,
resuspended in complete media and plated on Permanox
chamber slide (sterile plastic, Nunc, Langenselbold, Germany)
overnight at 37°C, 5% CO,. Surface exposed MUCI1 was
stained with a primary mouse monoclonal antibody (C595: 5
pg/mL) and a polyclonal anti-MUCI! rabbit antibody (10 pg/
mL) in cell culture medium and the immune complex was
allowed to follow endocytosis for 1 h at 37°C, 5% CO,. The
cell culture supernatant was removed, cells were rinsed three
times in sterile PBS for 5 min and fixed in 2% paraformalde-
hyde (Roth, Karsruhe, Germany) at RT for 10 min. Surface
charges were blocked by addition of 2% glycine (Roth) in PBS,
pH 7.5, for 30 min at RT followed by three washing steps and
permeabilization with 0.1% Triton X-100 (Fluka, Taufkirchen,

Fig. 9. Correlation between MUCI trafficking and glycosylation. Trafficking pathways of mutant MUC1 probes with impaired clathrin-mediated endocytosis
(MUC1-M-Y20,60N) or impaired reentry into the secretory pathway and blocked recycling (MUC1-M-CQC/AQA). Although MUC1-M-Y20,60N may recycle via
alternative lipid raft-associated pathways and shows similar O-glycosylation as the wild-type MUC1-M, the CQC/AQA mutant accumulates in endosomal
compartments and resembles the non-recycling MUC1-S with respect to O-glycan core expression. Light squares refer to GalNAc, light circles to Gal, dark squares
to GlecNAc, rhombs to sialic acid. RE, recycling endosome; TGN, trans-Golgi network.

943

€70z ‘2T Joquiides uo ybingsnid Jo A1sieaiun e /Bio'sfeuinolpioxo qoaA|fy//:dny wouy papeojumoq


http://glycob.oxfordjournals.org/

H Razawi et al.

Germany). Non-specific protein binding was blocked with 3%
BSA in PBS for 1 h at RT followed by rinsing three times with
sterile PBS and in 0.1% Tween-20/PBS (buffer A), each for 5
min at RT. As secondary antibody, the fluorescently labeled
anti-mouse IgG Alexa Fluor 488 and the fluorescently labeled
anti-rabbit IgG Alexa Fluor 555 (Molecular Probes, Gottingen,
Germany; diluted 1:1000 in buffer A with 0.1% BSA) were
incubated for 1 h at RT. Cells were washed three times in buffer
A for 5 min at RT in the dark. Slides were mounted in fluorescent
mounting medium (Dako, Hamburg, Germany). The microscop-
ic analysis was performed on a confocal laser-scanning micro-
scope Leica TCS SL (Leica, Heidelberg, Germany).

TGN co-localization studies. HEK-293 cells grown on glass
coverslips in DMEM supplemented with 10% FBS were
transfected using Lipofectamine 2000 with plasmid cDNA
encoding MUC1 WT or mutant MUC1 CQC/AQA (both with
22 tandem repeats) along with the TGN fluorescent marker
mCherry-GalT (galactosyltransferase). The following day, cells
were incubated with 5 pg/mL mouse monoclonal anti-MUCI
antibody B27.29 (directed against the extracellular tandem
repeats) for 1 h at 37°C. The coverslips were washed with PBS
three times and surface-bound antibody was stripped by
incubation with 150 mM glycine buffer, pH 2.3, for 15 min at
4°C. Cells were rinsed with PBS and then fixed with 2%
paraformaldehyde for 10 min, permeabilized with 0.1% Triton
X-100 for 5 min and blocked with 2% BSA for 1 h. Cells were
labeled with a goat anti-mouse secondary antibody (IgG Alexa
Fluor 488; 1:500; Invitrogen Life Technologies) for 30 min,
washed and mounted in ProLong Gold Antifade Reagent
(Invitrogen Life Technologies). Confocal images were acquired
using a Leica TCS SP5 microscope and processed using Adobe
Photoshop.

Western blot analysis

Samples were run on SDS—polyacrylamide gels (3% stacking
gel, 10% running gel) in a Mini Protean 3 cell (BioRad,
Munich, Germany). The gel was equilibrated in transfer buffer
(20 mM glycine, 24 mM Trizma-base, 20% methanol) before it
was wet-blotted (BioRad) onto a nitrocellulose membrane
(Schleicher and Schull, Einbeck, Germany) at 90 mA over-
night. Thereafter, the membrane was blocked in Tris-buffered
saline containing 5% non-fat dried milk and 0.1% Tween-20
for 1 h at room temperature before incubation with the primary
antibody (1 h at room temperature). Immunoblots were incu-
bated with rabbit anti-mouse IgG, or pig anti-rabbit HRP-
conjugated secondary antibody (Dako) and MUCI1 was detected
using a Lumilight Kit (Roche) and super RX film (Fujifilm
Europe, Diisseldorf, Germany). Between each incubation step,
the membrane was washed three times with TBST (20 mM Tris—
HCI, 137 mM NaCl, pH 7.6, 0.1% Tween-20). The large ectodo-
main of MUCI probes was stained with C595 antibody.

Mass spectrometric O-glycan analysis

Due to a contaminating glycoprotein detectable at ~126 kDa,
O-glycosylation profiles were determined after electrophoretic
separation by in-gel proteolysis of the glycoproteins, elution of
glycopeptides from the gel and reductive B-elimination of the
O-linked chains. In detail, the region covering proteins with
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apparent molecular masses from 65 to 85 kDa in Coomassie-
stained gels was cut and washed in two 1 mL aliquots of aceto-
nitrile/water (for 1 h each time). Gel slices were dried by
vacuum rotation prior to addition of 50 pL. of 20 mM Tris, pH
7.5, 1 mM CaCl, containing 1 pg proteinase K (Qiagen, Hilden,
Germany). After overnight incubation at 56°C, the resulting
protease-stable glycopeptides were eluted consecutively in 200
uL aliquots of water (2 aliquots) and 50% acetonitrile/water each
by rotation for 1h. The combined aliquots were dried by
vacuum rotation and the glycans were B-eliminated in 50 puL
NaBH,4 (1 M in 50 mM NaOH) under argon by overnight incu-
bation at 50°C. After desalting with Dowex50 x 8 (H+) in a
batch procedure and the removal of borate by codistillation of the
methylester from acidified methanol, the dried residues were
methylated according to the Ciucanu and Kerek (1984) method.
Glycan profiles were measured by performance of MALDI-TOF
mass spectrometry according to previously published protocols
(Miiller and Hanisch 2002; Engelmann et al. 2005).

Metabolic labeling experiments with surface biotinylated
MUCI in MDCK cells

MDCK cells stably transfected with MUC1 or MUCI mutant
CQC/AQA (both with 22 tandem repeats) were plated on
12-well size plates (Costar) in DMEM/F-12/5% FBS. The fol-
lowing day, cells in one-half of the wells were washed with 1 mL
Dulbecco’s PBS (DPBS) without calcium and magnesium
(Cellgro, Mediatech, Inc., Manassas, VA), starved for 15 min in
0.5 mL medium lacking Met/Cys (Sigma) in the CO, incubator,
and metabolically labeled for 1 h in 0.5 mL of the same medium
containing [>>S]Met/Cys (20 uCymL Easy Tag Express-[>>S]
Protein Labeling Mixture, Perkin Elmer Life Sciences,
Baesweiler, Germany).

The other one-half of the wells were washed twice with | mL
DPBS and metabolically labeled for 1 h with [’H]GIcNH, in
0.5 mL of “low glucose medium” prepared with DMEM-no
glucose (Invitrogen), | mM sodium pyruvate (Sigma), 0.1 mg/
mL D-(+)glucose gSigma), 5% FBS (GIBCO) and [°H]GIcNH,
(50 uCy/mL D-[6-"H(N)-glucosamine HCI, Perkin Elmer Life
Sciences).

After 1 h of metabolic labeling, radioactive medium was
removed, cells were washed with 1 mL DPBS, incubated for 1
h in DMEM/F-12/5% FBS in the CO, incubator, and then
moved to ice for biotinylation of cell surface proteins with
sulfo-NHS-SS-biotin as described previously (Kinlough et al.
2006; Hanisch et al. 2012). Cells were then returned to culture
in DMEM/F-12/5% FBS for varying times from 3 to 24 h. At
each time point, MUC1 immunoprecipitates were prepared from
cell extracts of duplicate or triplicate wells, and biotinylated
MUCI was recovered with avidin-conjugated beads for analysis
with a BioRad phosphoimager after SDS-PAGE. [*>S]MUCI
and [PHIMUC] levels were analyzed with Quantity One soft-
ware and the half-life was calculated from the slope of the linear
regression of a semi-log plot of the data using Sigma Plot.
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Abbreviations

BSA, bovine serum albumine; DMEM, Dulbecco’s modified
Eagle’s medium; DMSO, dimethyl sulfoxide; DPBS,
Dulbecco’s PBS; EDTA, ethylene diamine tetraacetic acid;
FCS, fetal calf serum; FBS, fetal bovine serum; GAPDH, gly-
ceraldehyde-3-phosphate dehydrogenase; GST, glutathion S
transferase; HEK, Human embryonic kidney; HMFG, human
milk fat globule; HPLC, high-performance liquid chromatog-
raphy; HRP, horse-raddish peroxidase; MALDI-TOF, matrix-
assisted laser dissociation ionization-time-of-flight; MDCK
cells, madin-darby canine kidney cells; MUC1-M, membrane-
tethered MUC1; MUCI-S, secreted MUC1; PAGE, polyacryl-
amide gel electrophoresis; PBS, phosphate-buffered saline;
PMSEF, phenylmethyl sulfonylfluorid; RT, room temperature;
SDS, sodium dodecyl sulfate; TBST, tris-buffered saline-
tween; TFA, trifluoro acetic acid; TGN, trans-Golgi network.
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