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Pivotal Role of MUCL1 Glycosylation by Cigarette Smoke in
Modulating Disruption of Airway Adherens Junctions In Vitro

Lili zhang?, Marianne Gallup?l, Lorna Zlock?, Yu Ting Feeling Chenl, Walter E. Finkbeiner?,
and Nancy A. McNamaral:3:4."
IFrancis I. Proctor Foundation, University of California, San Francisco, California

?Department of Pathology, University of California, San Francisco, California
3Departments of Anatomy and Ophthalmology, University of California, San Francisco, California

4School of Optometry and Vision Science Graduate Program, University of California, Berkeley

Abstract

Cigarette smoke increases the risk of lung cancer by 20-fold and accounts for 87% of lung cancer
deaths. In the normal airway, heavily O-glycosylated mucin-1 (MUC1) and adherens junctions
(AJs) establish a structural barrier that protects the airway from infectious, inflammatory and
noxious stimuli. Smoke disrupts cell-cell adhesion via its damaging effects on the AJ protein,
epithelial cadherin (E-cad). Loss of E-cad is a major hallmark of epithelial-mesenchymal
transition (EMT) and has been reported in lung cancer where it is associated with invasion,
metastasis and poor prognosis. Using organotypic cultures of primary human bronchial epithelial
(HBE) cells treated with smoke-concentrated medium (Smk), we have demonstrated that E-cad
loss is regulated through the aberrant interaction of its AJ binding partner, p120-catenin (p120ctn),
and the C-terminus of MUC1 (MUCL1-C). Here, we reported that even before MUC1-C became
bound to p120ctn, smoke promoted the generation of a novel 400kDa glycoform of MUC1’s N-
terminus (MUCL1-N) differing from the 230kDa and 150kDa glycoforms in untreated control cells.
The subsequent smoke-induced, time-dependent shedding of glycosylated MUC1-N exposed
MUCI1-C as a putative receptor for interactions with EGFR, Src and p120ctn. Smoke-induced
MUC1-C glycosylation modulated MUC1-C tyrosine phosphorylation (TyrP) that was essential
for MUC1-C/p120ctn interaction through dose-dependent bridging of Src/MUC1-C/galectin-3/
EGFR signalosomes. Chemical deglycosylation of MUC1 using a mixture of N-glycosylation
inhibitor tunicamycin and O-glycosylation inhibitor benzyl-a-GalNAc disrupted the Src/MUC1-C/
galectin-3/EGFR complexes and thereby abolished smoke-induced MUC1-C-TyrP and MUC1-C/
p120ctn interaction. Similarly, inhibition of smoke-induced MUC1-N glycosylation using
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adenoviral ShRNA directed against N-acetyl-galactosaminyl transferase-6 (GALNT6, an enzyme
that controls the initiating step of O-glycosylation) successfully suppressed MUC1-C/p120ctn
interaction, prevented E-cad degradation and maintained cellular polarity in response to smoke.
Thus, GALNT6 shRNA represents a potential therapeutic modality to prevent initiation of events
associated with EMT in the smoker’s airway.

Keywords

p120-catenin; MUC1; glycosylation; E-cadherin; EGFR; galectin-3; in vitro airway model;
epithelial-mesenchymal transition; cigarette smoke; lung cancer

Introduction

Lung cancer accounts for 28% of all cancer deaths in the United States and 87% are directly
attributable to cigarette smoking [1]. In the U.S. alone, an estimated 45 million current and
45 million former smokers are at high risk for developing lung carcinoma [2]. These
numbers ensure that tobacco-related lung cancer will remain a major global health issue for
at least the next 50 years and underscore an urgent need to investigate novel diagnostic and
therapeutic approaches that can be applied during the earliest stages of lung cancer
development.

In the normal airway, apical mucins (MUC) and basolateral adherens junctions (AJs)
establish a structural barrier that protects the airway from infectious, inflammatory and
noxious stimuli. Epithelial to mesenchymal transition (EMT) causes a morphological change
by which cellular polarity and intercellular adhesions are lost and the cell becomes more
spindle-shaped, motile and invasive [3,4]. There has been overwhelming evidence
demonstrating that EMT is associated with lung cancer. Complete loss, downregulation and
mislocalization of AJ proteins E-cadherin (E-cad) and p120-catenin (p120ctn) are observed
in all subtypes of lung cancer and are associated with grave prognosis [5,6]. Upon loss of
cell polarity in lung cancer, apical MUCL1 is repositioned across the entire cell membrane
and the levels of depolarized MUC1 predict poor prognosis [7-9]. It is well documented that
smoke promotes EMT resulting in loss of cellular polarity, degradation of E-cad, loss of
cell-cell adhesion, as well as increased migration of airway epithelial cells [10-15]. Since
EMT precedes lung carcinogenesis, identifying and abolishing EMT represents an
innovative approach to detect and eradicate lung cancer.

Mucin-1 (MUC1) is a heavily, O-glycosylated transmembrane glycoprotein expressed on the
apical surface of mucosal epithelia in the lung, eye, breast and stomach. MUC1 is
overexpressed in many epithelial cancers (including lung cancer) where it promotes the
immortality and invasion of tumor cells [16]. It is a heterodimeric complex that includes N-
terminal (MUC1-N) and C-terminal (MUC1-C) subunits. MUC1-N contains a variable
number of tandem repeats (VNTR) and forms the mucin component [17]. The tandem
repeats of MUCL1-N are serine, threonine and proline (STR) -rich regions, and thereby
provide a scaffold to build heavily branched, O-linked glycoproteins. This complex O-
glycosylated structure makes up 50-80% of the total mass of MUCL, which can be further
complicated by the addition of sulphate and sialic acid residues to create negatively-charged
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moieties [18]. Cancer cells express aberrant forms or amounts of O-glycans, which provides
ligands that interact with growth factors, lectins, selectins and cell adhesion molecules. The
dense layers of O-glycosylation may also help control the local microenvironment and
protect cancer cells from adverse growth conditions during invasion and metastasis [18].
Increased O-linked glycosylation of MUCL including N-acetylgalactosamine (GalNAc, Tn
antigen) and sialyl Lewis* (SLeX) has been reported in lung cancer [19]. Glycosylated
MUC1-N shed into the circulation and body cavity are readily detectable in serum and
ascites [20]. In fact, serum MUCL1-N, referred to as CA15-3, is routinely used in the
diagnosis of invasive breast cancer [20] and epithelial ovarian cancer [21].

When glycosylated MUC1-N is released from the cellular surface, it leaves MUC1-C as a
putative receptor for interacting with other surface molecules and relaying extracellular
stimulation into the interior portion of cells. MUC1-C is composed of extracellular,
transmembrane and cytoplasmic tail (MUC1-CT) domains [17]. The extracellular domain of
MUC1-C is N-glycosylated at Asn3® and functions as a binding site for galectin-3, a lectin
bridging MUC1-C/EGFR interaction on cellular surface [22]. MUC1-C interacts with
numerous kinases, cell adhesion molecules, transcription factors and chaperones that are
implicated in malignant transformation [23,24]. During EMT apical MUCL is repositioned
across basolateral membranes, which facilitates MUC1-C’s physical interaction with
different protein partners [i.e. epidermal growth factor receptor (EGFR)] on the basolateral
membrane [16,17].

We have been utilizing an organotypic, 3-dimensional model of human, pseudostratified,
polarized, bronchial epithelial cells simulating the in vivo airway [25] to study the early
events that provoke lung cancer development in response to cigarette smoke. With this
approach, we have recapitulated smoke-induced EMT in vitro [11-14]. Specifically, we
showed that 48 hours of smoke exposure promoted the binding of p-catenin (B-ctn) to
MUC1-C, which was chaperoned to the nucleus where it turned on pro-tumor genes via Wnt
activation [11]. Yet, even before MUC1-C/B-ctn interaction and activation of pro-tumor
signaling, smoke induced the apical repositioning of MUC1-C to basolateral membranes
where it interacted with p120ctn to mark the loss of E-cad, liberation of $-ctn from AJs and
the initiation of EMT [12]. Here, we show that the aberrant glycosylation and shedding of
MUCI1-N is an essential event promoting MUC1-C’s interaction with p120ctn. Moreover,
using inhibitors of MUC1-N glycosylation, we were able to reduce MUC1-C/p120ctn
complex formation, preserve AJs and prevent E-cad degradation. These data suggest that
aberrant glycosylation of MUC1-N in response to cigarette smoke plays a functional role in
the initiation of EMT, thereby serving as an early indicator of malignant transformation, as
well as an early therapeutic target in smokers.

Materials and Methods (see supplementary data for details)

Culture and smoke treatment of pseudostratified HBE cells

Pseudostratified HBE cells were established and treated by smoke concentrated medium
(Smk) as we described previously [12] and detailed in supplementary data. Tunicamycin [N-
acetylglucosamine (GIcNAc) analogue] and benzyl-a-GalNAc (N-acetylgalactosamine
analogue) were purchased from Sigma-Aldrich. Target sequence of the synthetic
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oligonucleotide for short hairpin RNA (shRNA) against N-acetylgalactosaminotransferase-6
(GALNT6 shRNA) was obtained from a previous report [26] and provided to Applied
Biological Materials Inc. (ABM) for synthesizing and subsequent cloning into adenovirus
expression vector pSiShuttle. Adenoviral GALNT6 shRNA was further expanded and
tittered in ABM. Premade adenoviral ShRNA against scrambled control (scrambled shRNA)
in pSiShuttle was purchased from ABM.

Human sera and protein analysis

Sera from two non-smokers and two smokers with 35 and 60 pack-year histories were
obtained from the Lung Tissue Research Consortium (LTRC; http://www.nhlbi.nih.gov/
resources/Itrc.htm). Immunoprecipitation and Western blotting were done as we previously
described [12] and detailed in supplementary data. Densitometric quantification of bands
was conducted using ImagelJ software. MUC1-N shed in Ctrl- and Smk-exposed media was
measured with Human CA15-3 ELISA kit (Sigma-Aldrich) following manufacturer’s
instructions. Immunofluorescence was done as we previously described [12] and detailed in
supplementary data. Quantitation of the intensity of GALNT6 IF signals was conducted with
Image J software.

Statistical analysis

Results

Three to four independent repeats were conducted in all experiments. Data were presented
as mean + SEM. A Student’s t test was used and a p value of < 0.05 was considered
statistically significant.

Smoke induces expression and shedding of a 400kDa glycoform of MUC1-N

Pseudostratified HBE cells were incubated with smoke-free (Ctrl) or smoke-conditioned
(Smk) medium. Immunoblotting with anti-MUC1-N (VU4H5) specific to the tandem repeat
(TR) core domain of MUC1-N revealed three isoforms of 400kDa, 230kDa and 150kDa
(Fig. 1A, left panel). In response to smoke, the 150kDa MUC1-N isoform appeared to shift
upward toward the 230kDa band beginning at 1h and continuing for 4h of smoke exposure,
while the 230kDa isoform shifted upward to form the 400kDa isoform within 2h. The
upward shift of MUC1-N was consistent with enhanced glycosylation (Fig. 1C) and resulted
in the eventual disappearance of the 150kDa band with only the 230kDa and 400kDa
isoforms remaining. A similar shift from 150kDa-to-230kDa and disappearance of the
150kDa isoform was noted in H441 cells after a 2h smoke exposure (Fig. S1A). The 10.7-
fold increase in 400kDa MUC1 induced by smoke (Fig. 1A, right panel) was coincident with
a 91% reduction in the 150kDa isoform (p < 0.01). The shift from smaller to larger isoform
occurred within 2h of smoke exposure and persisted through the 24h exposure (Fig. 1A, left
panel). Immunoblotting with anti-MUC1-C (MUC1-CT2) revealed a smear of bands
between 20-25kDa that appeared similar before and after Smk treatment (Fig. 1A, left
panel).

Smoke provoked a time-dependent accumulation of shed MUC1-N in the culture medium as
revealed by human CA15-3 (glycosylated MUC1) ELISA assay (Fig. 1B), thereby
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mimicking mucin shedding into the blood and body cavity of human patients that are readily
detectable in serum and ascites [20]. We used anti-MUC1-N immunoprecipitation (IP) of
Ctrl- or Smk-treated culture medium followed by western blotting (WB) with anti-MUC1-N
to confirm that the isoform of MUC1-N shed in response to smoke was the smoke-specific
400kDa band as shown above the ELISA curve in Fig. 1B. The band intensity of shed
MUC1-N (Fig. 1B) was lower than the 400kDa MUC1-N in cell lysates (Fig. 1A),
suggesting that only a fraction of glycosylated MUC1-N was released into the culture
medium upon smoke exposure. Accordingly, in preliminary studies, we used a similar
approach to detect the 400kDa isoform of MUC1-N in serum obtained from a long-term
smoker that was not apparent in the serum of healthy non-smokers (Fig. 1C). It is important
to note that this band was not present in all smokers suggesting its selectivity for a specific
population of smokers, rather than simply a biomarker of tobacco smoke exposure.

Since expression of the smoke-specific 400kDa MUC1-N occurred as soon as 2h post-Smk
exposure, we hypothesized that smoke-induced O-linked glycosylation in its TR core
domain accounted for the rapid switch from the 150kDa to the 400kDa isoform. Cell lysates
obtained from Ctrl- and Smk-treated cells were IP’d with anti-MUC1-C followed by WB
probed with biotinylated wheat germ agglutinin (WGA,; high affinity to N-
acetylglucosamine (GIcNACc) and sialic acid moieties), biotinylated vicia villosa lectin
(VVA; N-acetylgalactosamine (GalNAc)), anti-MUC1-N and anti-MUC1-C. The 400kDa
band recognized by WGA and VVA completely overlapped with the 400kDa isoform of
MUC1-N (Fig. 1D, left panel); the 20-25kDa bands recognized by WGA completely
overlapped with the 20-25kDa bands of MUC1-C (Fig. 1E, left panel). Densitometric
quantitation revealed a 4.7-fold increase of sugar moieties on MUC1-N 400kDa isoform
(Fig. 1D, right panel) as well as 2.7-fold increase of sugar moieties on MUC1-C (Fig. 1E,
right panel) after 2h. These data confirmed that the smoke-specific, 400kDa MUC1-N
isoform is a glycoform of MUC1-N.

Smoke-induced MUC1-C/p120ctn complex formation depends on smoke-provoked MUC1-
N and MUC1-C glycosylation

We recently demonstrated the essential role of MUC1-C’s interaction with p120ctn in
regulating EMT of polarized HBE cells in response to cigarette smoke [12]. Complex
formation between MUC1-C and p120ctn occurred after 4h of Smk treatment. Yet, 2h
before MUC1-C became bound to p120ctn, we observed aberrant glycosylation of MUC1-N
generating the 400kDa glycoform in response to Smk (Fig. 2A). Similar results were noted
in H441 cells where increased O-glycosylation of MUC1-N occurred in conjunction with
MUC1-C/p120ctn complex formation within 2h of smoke treatment (Fig. S1A). In control
HBE cells, AJ protein p120ctn (green) was localized to subapical intercellular junctions
displaying the classical pseudostratified epithelial morphology, with MUC1-C (red)
localized across the apical surface (Fig. 2B, Ctrl panel). Within 4h of smoke exposure,
apical MUC1-C was repositioned to the basolateral membrane and cytoplasm of polarized
HBE cells where it interacted with p120ctn (yellow signals indicated by white arrowheads)
and provoked loss of p120ctn from AJs (white boxes) (Fig. 2B, Smk panel). MUC1-C/
p120ctn complexes were also found in the nuclei where they participated in the regulation of
HBE cell proliferation (data not shown). Translocation of MUC1-C occurred in conjunction
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with apical-basolateral and cytoplasmic localization of glycosylated MUC1-N (Fig. 2C),
which appeared yellow (indicated by yellow arrowheads) when images of MUC1-N (red)
and Tn (GalNAc) antigen (green) were overlaid.

To investigate the functional significance of MUCL1 glycosylation in response to smoke,
polarized HBE cells were preincubated with TB (a mixture of 40ug/ml tunicamycin and
5mM benzyl-a-GalNAC) or vehicle control (DMSO) overnight before exposure to Ctrl or
Smk medium for 4h. Benzyl-a-GalNAc inhibits elongation of O-glycans while tunicamycin
inhibits N-glycosylation directly and O-glycosylation indirectly when the initial N-
glycosylation is a prerequisite of O-glycosylation. In HBE cells treated with TB, the Smk-
induced shift of MUC1-N to a 400kDa glycoform was completely abolished (Fig. 2D).
Meanwhile the intensity of the 150kDa isoform of MUC1-N was reduced by 50-60% in TB-
treated cells versus untreated control (p < 0.05). The 22-25kDa bands of MUC1-C
disappeared following TB treatment independent of Smk exposure (Fig. 2D). These data
further confirmed that the 400kDa isoform of MUC1-N becomes heavily glycosylated in
HBE cells in response to cigarette smoke. Intriguingly, smoke’s effect on MUC1-C/p120ctn
complex formation was largely abrogated (Fig. 2D) in TB-treated cells. Specifically, smoke
provoked a 12-fold increase in MUC1-C bound p120ctn in vehicle control cells while this
same interaction in TB-treated cells exposed to smoke was unchanged relative to controls
(Fig. 2D). Moreover, tunicamycin treatment alone abolished MUC1-C’s glycosylation but
failed to affect MUC1-N’s glycosylation (Fig. S2), suggesting that MUC1-C is
predominantly N-linked. Benzyl-a-GalNAc treatment alone abolished the smoke-specific
MUC1-N glycoform while leaving MUC1-C glycosylation intact (Fig. S2). Thus, the
smoke-specific glycoform of 400kDa MUC1-N resulted from smoke-provoked O-
glycosylation. Interestingly, either tunicamycin or benzyl-a-GalNAc alone abolished
MUC1-C/p120ctn interaction (Fig. S2), suggesting that glycosylation of both MUC1-N and
MUC1-C are essential to MUC1-C/p120ctn complex formation in response to smoke.

Smoke-induced MUC1-C glycosylation modulates MUC1-C tyrosine phosphorylation (TyrP)
through bridging of a MUC1-C/galectin-3/EGFR signalosome complex

We previously showed that smoke-induced tyrosine phosphorylation (TyrP) of MUC1-C
was essential to MUC1-C/p120ctn interaction [12]. Since inhibition of MUC1-C
glycosylation by TB abrogated smoke-promoted MUC1-C/p120ctn complex formation (Fig.
2D), we investigated whether TB treatment affected MUC1-C-TyrP in response to smoke.
Pseudostratified HBE cells were pretreated with TB or vehicle control before exposure to
Ctrl or Smk for 4h. Immunoblotting of cell lysates with two different TyrP antibodies
revealed a 3.5-fold (PY100) to 2.8-fold (PY20) increase of MUC1-C-TyrP after smoke
exposure (Fig. 3A). Immunofluorescent staining confirmed smoke-provoked elevation of
MUC1-C-TyrP (yellow signals indicated by yellow arrowheads) by overlaying MUC1-C
(red) and PY100/PY 20 (green) images (Fig. 3B). MUC1-C-TyrP was localized diffusely
along apical, basolateral membranes and intercellular AJs after smoke exposure (Fig. 3B,
Smk panel) while it was nearly undetectable in Ctrl cells (Fig. 3B, Ctrl panel). Notably, TB
treatment completely abolished smoke-induced MUC1-C-TyrP (Fig. 3A, left panel);
densitometric quantitation confirmed that levels of MUC1-C-TyrP in TB- and Smk-treated
cells was comparable to untreated control (Fig. 3B, right panel). TB treatment also resulted
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in disappearance of MUC1-C 22-25kDa bands (Fig. 3A, left panel), which accounted for a
54% decrease in MUC1-C expression (p < 0.01). Increased MUC1-C degradation secondary
to MUC1-C deglycosylation by TB may partially but not completely explain abolished
MUC1-C-TyrP in response to smoke.

We have demonstrated that smoke-provoked EGFR/Src/Ink signaling was upstream of
MUC1-C-TyrP [12]. We therefore investigated whether MUC1-C glycosylation was
involved in smoke-induced EGFR signaling. We exposed polarized HBE cells with
increasing doses of smoke and revealed a dose-dependent increase in complex formation of
MUC1-C, EGFR and galectin-3 (Fig. 4A, left panel). Galectin-3 is an intracellular lectin that
has been reported to bridge EGFR and MUC1-C interaction [22]. Band quantitation
indicated a 2.7-fold increase of EGFR and a 3.1-fold increase of galectin-3 in the MUC1-C
complex in response to the maximal dose of Smk versus Ctrl-treated cells (Fig. 4A, right
panel). Moreover, the EGFR bound by MUC1-C was a TyrP (activated) form as indicated
using the 4G10 anti-TyrP antibody to show a 4.2-fold increase in EGFR-TyrP bound to
MUC1-C in response to smoke (Fig. 4A). Similarly, MUC1-C complexes included a TyrP
(activated) form of MUC1-C as indicated using three different TyrP antibodies (4G10,
PY100 and PY20) with increases in MUC1-C-TyrP ranging from 3.7-fold (PY100) to 4.5-
fold (4G10) in response to Smk (Fig. 4A). Immunofluorescent staining of MUC1-C (red)/
galectin-3 (green) (Fig. 4B, left two lanes) and MUC1-C (red)/EGFR (green) (Fig. 4B, right
two lanes) confirmed spatial segregation of apical MUC1-C relative to galectin-3/EGFR on
basolateral membranes in Ctrl cells, while smoke-promoted the aberrant translocation of
MUC1-C, resulting in the colocalization of MUC1-C/galectin-3 and MUC1-C/ EGFR
(overlaying yellow signals indicated by yellow arrowheads) along basolateral membranes
(Fig. 4B, bottom panels).

Since complex formation between MUC1-C and EGFR appeared to involve bridging via a
cytoplasmic sugar, galectin-3 [22], we next investigated whether MUC1-C/EGFR
interaction depended on MUCL1-C glycosylation. As shown in Fig. 5A, MUC1-C
deglycosylation using TB abolished smoke-promoted complex formation of MUC1-C,
galectin-3 and EGFR-TyrP in polarized HBE cells. In contrast, the MUC1-C/Src interaction
was not affected and thereby occurred independent of MUC1-C glycosylation. Similarly, TB
completely abolished smoke-stimulated phosphorylation (activation) of Src (Src-P) and Jnk
(Jnk-P), but did not affect smoke-induced EGFR activation (EGFR-TyrP) (Fig. 5B). We
have demonstrated previously that smoke-induced EGFR/Src/Jnk signaling was upstream of
MUC1-C-TyrP in polarized HBE cells [12]. Here, data indicate that smoke-induced
EGFR/Src/Ink/MUC1-C-TyrP signaling is blocked at EGFR/Src when inhibition of
glycosylation using TB disrupts complex formation between MUC1-C/Src and galectin-3/
EGFR.

Suppression of smoke-induced MUC1-N glycosylation abolished smoke-provoked MUC1-
C /p120ctn interaction and E-cad loss in polarized HBE cells

We next sought to inhibit smoke-induced MUC1-N glycosylation in an attempt to salvage
smoke-promoted AJ damage to the airway epithelium. Enzymes belonging to the N-
acetylgalactosamine (GalNAc) transferase (GALNT) family catalyze the initiating step of
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mucin-type O-glycosylation in the Golgi apparatus to form GalNAcal-O-Ser/Thr [27].
Immunofluorescent staining revealed colocalization (overlaying yellow signal indicated by
yellow arrowheads) of MUC1-N (red) and GALNT®6 (green) in pseudostratified HBE cells
independent of smoke exposure: MUC1-N/GALNT6 were predominantly colocalized along
the apical surface of Ctrl cells while they were colocalized throughout the basolateral
membranes in Smk-exposed cells (Fig. 6A, left two panels). Co-localization (overlaying
yellow signals indicated by yellow arrowheads) of Golgi marker 58K (red) and GALNT6
(green) in Ctrl- and Smk-treated cells confirmed that GALNT6 was localized in Golgi
complex (Fig. 6A, right two panels) both in the presence and absence of Smk. Since
GALNT® has been reported to O-glycosylate MUC1-N invitro and in vivo [26], we
hypothesized that MUC1-N was a substrate of GALNT6. To determine whether GALNT6
functionally regulated MUC1-N’s O-glycosylation, polarized HBE cells were infected with
one multiplicity of infectivity (MOI) of adenoviral GALNT6/scrambled shRNA overnight
and cultured for another four days. MUC1-N (red)/GALNT®6 (green) co-staining confirmed
80% knocking down of endogenous GALNT6 by GALNT6 shRNA versus scrambled
shRNA control (Fig. 6B). Immunoblotting revealed that 1*MOI of GALNT6 shRNA
completely abolished the smoke-specific 400kDa MUC1-N that was observed in scrambled
shRNA- and Smk-treated cells (Fig. 6C). In addition to abolishing the 400kDa isoform of
MUC1-N, 2*MOI of GALNT6 shRNA decreased the 230kDa MUC1-N isoform by 40% (p
< 0.05), suggesting the dose-dependent control of GALNT®6 in modulating MUC1-N’s O-
glycosylation (Fig. 6C). GALNTG6 silencing failed to reduce MUC1-C’s glycosylation in
response to smoke (Fig. 6C), confirming that smoke induced N-glycosylation, but not O-
glycosylation of MUC1-C, as mentioned above. In line with the data obtained in HBE cells,
1*MOI of GALNT6 shRNA abolished the 230kDa MUC1-N glycoform in H441 cells but
did not affect glycosylation of MUC1-C (Fig. S2B).

We next investigated whether suppression of MUC1-N glycosylation using GALNT6
shRNA would reverse EMT initiated by MUC1-C/p120ctn interaction in response to smoke
[12]. As expected, abolishing the smoke-specific isoform of 400kDa MUC1-N using 1*MOI
of GALNTG6 shRNA caused an 82% decrease in MUC1-C/p120ctn complex formation and
successfully retained E-cad expression at cell-cell junctions in response to smoke (Fig. 7A).
Results were confirmed by immunostaining with MUC1-C (red) and AJ proteins p120ctn, p-
ctn and E-cad (all green), indicating that AJ integrity and cellular polarity were maintained
in polarized HBE cells exposed to smoke when endogenous GALNT6 expression was
compromised by GALNT6 shRNA (Fig. 7B, GALNT6 shRNA + Smk lane versus
scrambled shRNA + Smk lane). GALNT6 knockdown also abolished smoke-induced
MUC1-C/p120ctn interaction (Fig. S2B and Fig. S2C) and partially preserved junctional
p120ctn (Fig. S2C) in H441 cells.

Discussion

We recently demonstrated that smoke promotes EMT through modulating increased
complex formation between p120ctn and MUC1-C. MUC1-C/p120ctn interaction in
response to smoke occurred in conjunction with the degradation of E-cad and disassembly of
AJs, both of which are hallmarks of early lung carcinogenesis [12]. Here, we reported that
even before MUC1-C becomes bound to p120ctn, smoke promoted aberrant glycosylation
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and shedding of a 400kDa MUC1-N isoform. Blocking MUC1-N’s glycosylation led to
reduced MUC1-C/p120ctn complex formation and prevented E-cad degradation in response
to smoke.

Human MUCZ1-N contains 20-125 tandem repeats (TR) of 20 amino acids enriched in
serine, threonine and proline residues, which gives the molecule the potential for extensive
O-glycosylation. The core protein has an estimated molecular weight of 120-225kDa,
though the mature glycosylated form ranges from 250-500kDa [28]. WB probed with anti-
MUC1-N (VU4HD5) specific to the TR core revealed three isoforms of MUC1-N (i.e.
400kDa, 230kDa and 150kDa). The 400kDa MUC1-N isoform was only present in cells
exposed to smoke (Fig. 1A). Sugar moieties were demonstrated by WGA staining of the
400kDa band (Fig. 1D). The expression of 400kDa MUC1-N occurred as rapidly as 2h after
smoke exposure (Fig. 1A), which was consistent with the median transit time of 142 minutes
for MUC1 to be translated, glycosylated and moved to the cell surface in mouse uterine
epithelial cells [29]. Moreover, our data demonstrated the subsequent shedding of this
isoform from the cell surface, indicated by a time-dependent accumulation of the 400kDa
MUCZ1-N in culture media of HBE cells exposed to smoke (Fig. 1B).

Perhaps most compelling was the presence of the 400kDa glycoform in the serum of a 60
pack-year smoker that was absent in a 35 pack-year smoker, as well as two control patients
that had never smoked (Fig. 1C). Although increased levels of MUC1 have been previously
detected in the sera of lung cancer patients by CA15-3 ELISA assay [30], we are the first to
use WB to show that only the fully glycosylated 400kDa MUC1-N, and not the 150/230kDa
isoforms, is present in cell culture media and sera. These data suggested that mature O-
glycosylation of the TR domain is either a prerequisite to MUC1-N shedding or confers the
shed glycoform of MUC1-N with increased stability. The action of specific sheddases has
been reported to mediate shedding of MUC1-N [31,32] and O-glycosylation inhibits
degradation of MUC1-N [33]. Since MUC1-N/MUC1-C are non-covalently tethered to the
plasma membrane as heterodimers, the release of MUC1-N from HBE cells in response to
smoke leaves MUC1-C free to function as a putative receptor for surface molecules [17].
Thus, aberrant O-glycosylation of MUC1-N appears to be among the earliest event of
smoke-induced EMT.

Smoke-induced MUC1-C glycosylation mediated EGFR/Src/Ink/MUC1-C-TyrP signaling
through bridging of EGFR/galectin-3/MUC1-C signalosomes. We have shown that in order
to interact with p120ctn, MUC1-C must be first activated through TyrP downstream of
smoke-promoted EGFR/Src/Jnk signaling [12]. Here, we revealed that apical-basolateral
translocation of MUC1-C-TyrP (Fig. 3B) occurred in conjunction with apical-basolateral
translocation of MUC1-N-Tn (Fig. 2C), as well as the formation of MUC1-C/p120ctn and
EGFR/galectin-3/MUC1-C complexes on basolateral membranes of pseudostratified HBE
cells (Fig. 2B and 4B). TB deglycosylation of MUC1-C abrogated MUC1-C/EGFR/
galectin-3 complexes but not MUC1-C/Src complexes (Fig. 5A), indicating that the
association of MUC1-C to EGFR and galectin-3 depends on glycan crosslinking, while
MUC1-C/Src association is more likely due to protein-protein interaction. The extracellular
domain of MUC1-C contains three putative N-glycosylation sites at asparagine residues
(positions 16, 25 and 36) [22]. Consistent with this, the carbohydrate recognition domain
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(CRD) of galectin-3 has been reported to physically bridge N-glycans at Asn36 of MUC1-C
and EGFR [22]. In stage-Il non-small cell lung cancer (NSCLC) the level of galectin-3 was
an indicator of poor clinical prognosis [34]. The YEKYV motif in the cytoplasmic domain of
MUC1-C has been reported to be the binding site of Src [35]. Furthermore, TB
deglycosylation of MUC1-C did not affect smoke-induced EGFR-TyrP but abolished the
Src-P/Ink-P/MUC1-C-TyrP signaling downstream of EGFR (Fig. 3A and 5B). Thus,
galectin-3-mediated MUC1-C/EGFR interaction in response to smoke appears to bring
EGFR and Src-bound MUC1-C into proximity to facilitate EGFR-modulated downstream
signaling. MUC1 has also been reported to facilitate smoke carcinogen benzo(a)pyrene-
induced EGFR signaling through increasing EGFR’s half-life from 32min to 145min in
HBE cells [36]. Thus, smoke-induced bridging of MUC1-C/galectin-3/EGFR may enhance
EGFR signaling by increasing the stability of EGFR. Previous studies provide evidence of
an alternative mechanism whereby nuclear MUC1-C may elicit EMT through modulating
the activity of different zinc-finger transcription factors in breast (ZEB1) [37], pancreatic
(Snail, Slug) [38] and renal (Snail) carcinomas [39]. MUC1-C in complex with androgen
receptor has been reported to drive androgen-independent growth and EMT in prostate
cancer [40].

The defining features of this signaling pathway and the timing by which it occurred formed
the basis of a novel approach to prevent MUC1-C/p120ctn complex formation and Ecad
degradation in response to cigarette smoke. Specifically, we used both GALNT6 shRNA
delivered via adenovirus (Fig. 6C) and chemical inhibitors of glycosylation (Fig. 2D) to
inhibit smoke-induced MUC1-N glycosylation. In the absence of MUC1-N glycosylation,
MUC1-C/p120ctn complex formation was prevented (Fig. 2D and 7A). Deglycosylation of
MUC1-N by GALNT6 shRNA completely abolished smoke-induced E-cad degradation
(Fig. 7A), apical-basolateral translocation of MUC1-C and recovered the spatial segregation
of apical MUCL1-C and basolateral p120ctn (Fig. 7B). Our data are in consistent with two
recent reports: knockdown of GALNT6 resulted in increased E-cad expression and cell
adhesion in breast cancer cells [26], while overexpression of GALNT®6 disrupted acinar
morphogenesis and caused EMT-like cellular changes in normal mammary epithelial cells
[41]. These data established the feasibility of GALNT6 shRNA in preventing the initiation
of EMT and lung carcinogenesis through blocking MUC1-N’s O-glycosylation and
subsequent MUC1-C/p120ctn interaction. Taken together, our data suggest that inhibition of
MUC1-N glycosylation in smokers represents an early therapeutic target to prevent EMT in
lung cancer development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Smoke induces expression and shedding of a 400kDa glycoform of MUC1-N. (A)
Pseudostratified HBE cells exposed to smoke-concentrated medium (Smk) were harvested at
the indicated time points and immunoprecipitated (IP) using an antibody directed against
MUC1-C (MUC1-CT2). MUCL1-C IP was probed with antibodies directed against the
tandem repeat core of MUC1-N (VU4H5) and MUC1-C. VU4HS5 recognized 400kDa,
230kDa and 150kDa isoforms of MUC1-N, while anti-MUC1-C recognized a smear of
bands between 20kDa and 25kDa. Immunoglobulin heavy chain (IgH) served as the loading
control. Densitometric quantitation of the MUC1-N 400kDa band after a 2h Smk exposure
was normalized to unexposed Oh control (designated as 1-fold) and reported as mean + SEM
fold changes (**p < 0.01). (B) Time-dependent shedding of the smoke-specific 400kDa
MUC1-N isoform. Culture media of polarized HBE cells were collected at indicated times
after Smk exposure. MUC1-N in Smk-exposed media was measured using a human CA15-3
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ELISA kit. Results are presented as mU/ml using human CA15-3 standard provided in the
kit. Shed MUC1-N was confirmed as the smoke-induced 400kDa band with VU4H5 IP
followed by VU4HS5 western blotting (WB) as shown in the left corner of the ELISA curve.
IgH bands serve as the loading control. (C) The 400kDa isoform of MUC1-N was detected
in smoker’s serum. VU4H5 IP followed by VU4H5 WB was used to look for the presence of
MUCI1-N in sera obtained from two smokers; one with a smoking history of 60 pack-years
and the other with a history of 35 pack-years. Results were compared to two patients who
never smoked. The 400kDa isoform of MUC1-N was noted in the serum of the patient with
a smoking history of 60 pack-years. Non-specific bands (NS) serve as the loading control.
(D-E) HBE cells exposed to Smk were harvested at indicated time points, IP’d with anti-
MUC1-C and probed with VU4H5, anti-MUC1-C, biotinylated wheat germ agglutinin
(WGA; N-acetylglucosamine (GICNAc) and sialic acid moieties) and biotinylated vicia
villosa lectin (VVA; N-acetylgalactosamine (GalNAc)) on MUC1-N and MUC1-C. Equal
loading was confirmed by IgH bands. Densitometric quantitation of the glycosylated
400kDa MUC1-N (D) and glycosylated MUC1-C (E) detected by WGA after a 2h or 1h
Smk exposure was normalized to unexposed Oh control (designated as 1-fold) (mean £ SEM
fold change; **p < 0.01).
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Figure 2.

Smoke-induced MUC1-C/p120ctn interaction depends on MUCL1 glycosylation in polarized
HBE cells. (A) HBE cells exposed to smoke (Smk) were harvested at indicated time points,
IP’d using anti-MUC1-C and probed with VU4H5, anti-p120ctn and anti-MUC1-C. IgH
bands served as the loading control. Densitometric quantitation of 400kDa MUC1-N and
MUC1-C bound p120ctn in Smk-treated cells was normalized to untreated Ctrl (designated
0Oh as 1-fold) and reported as mean £ SEM fold changes. **p < 0.01, Smk-treated cells
versus Ctrl. (B—C) HBE cells were stained by immunofluorescence after exposure to Smk
and smoke-free medium (Ctrl) for 4h. (B) Immunostaining with anti-MUC1-C (red, top
panels) and anti-p120ctn (green, middle panels) is shown. White boxes in middle panels
indicate p120ctn at intercellular areas, which remains intact in Ctrl cells but predominantly
lost in Smk-exposed cells. Merged MUC1-C and p120ctn images (generating yellow signals,
bottom panels) demonstrate colocalization of MUC1-C and p120ctn in the cytoplasm and
basolateral membranes (white arrowheads) after smoke exposure. (C) Staining with anti-
MUC1-N (red, top panels) and anti-Tn (anti-GalNAc, green, middle panels). Glycosylated
MUC1-N (MUC1-N-Tn, bottom panels) is indicated by overlaying of MUC1-N and Tn
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images generating yellow signals (yellow arrowheads). Cell nuclei were visualized with
DAPI (blue). Scale bar represents 50um. (D) HBE cells were preincubated with TB
[20ug/ml tunicamycin (N-glycosylation inhibitor) and 2mM benzyl-a-GalNAc (O-
glycosylation inhibitor)] or vehicle control (DMSO) overnight and exposed to Smk and Ctrl
medium for 4h in the presence of TB. MUCL1-C IP was analyzed with MUC1-N, MUC1-C
and p120ctn antibodies. After TB treatment, anti-MUC1-N recognized the 150kDa and
230kDa isoforms of MUC1-N, while anti-MUC1-C recognized MUC1-C bands between
20kDa and 22kDa. Equal loading was confirmed with IgH. Densitometric quantitation of
p120ctn IP’d by MUC1-C in Smk and/or TB-treated cells was normalized to untreated Ctrl
(designated as 1-fold) and reported as mean + SEM fold change. **p < 0.01, Smk and/or
TB-treated cells versus untreated Ctrl.
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Figure 3.
Smoke-induced MUC1-C glycosylation modulates MUC1-C tyrosine phosphorylation

(TyrP) in polarized HBE cells. (A-B) HBE cells were preincubated with TB or vehicle
control (DMSO) overnight before treating with Smk or Ctrl medium for 4h in the presence
of TB. (A) Cell lysates were analyzed by WB probed with TyrP (PY100 or PY20)
antibodies. Blots were stripped and reprobed with MUC1-C antibody. Bands recognized by
PY100 and PY20 overlapped with each other and with MUC1-C. Equal loading was
confirmed with GAPDH. Densitometric quantitation of MUC1-C-TyrP (PY100) and
MUC1-C-TyrP (PY20) after Smk and/or TB treatment was normalized to untreated Ctrl
(designed as 1-fold) and reported as mean £ SEM. **p < 0.01, Smk and/or TB-treated cells
versus untreated Ctrl. (B) Immunostaining with anti-MUC1-C (red, top panels), anti-PY100
(green, middle panels of left two lanes) or anti-PY20 (green, middle panels of right two
lanes). Merged MUC1-C and PY100/PY 20 images (generating yellow signals, bottom
panels) demonstrate smoke-provoked MUC1-C-TyrP (yellow arrowheads). Cell nuclei were
visualized with DAPI (blue). Scale bar represents 50um.
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Figure 4.
Smoke provoked formation of MUC1-C/galectin-3/EGFR complexes in polarized HBE

cells. (A) HBE cells were treated with Ctrl or Smk medium at 23 (25%), 46 (50%) and 92
(100%) mg/m3 total suspension particles (TSP) for 4h. MUC1-C IP was analyzed by WB
probed with galectin-3, EGFR and MUC1-C antibodies. Blots were stripped and reprobed
with TyrP antibodies (4G10, PY20 and PY100). Bands recognized by 4G10 overlapped with
EGFR (175kDa) and MUCL1-C (20-25kDa) bands. Bands recognized by PY20 (20-25kDa)
and PY100 (20-25kDa) overlapped with each other and with MUC1-C. Equal loading was
confirmed with IgH bands. Quantitation of galectin-3, EGFR, EGFR-TyrP (4G10), MUC1-
C-TyrP (4G10) and MUC1-C-TyrP (PY100) pulled down by MUC1-C after 100% Smk
exposure was normalized to untreated control (designated as 1-fold) and reported as mean +
SEM fold change. **p < 0.01, Smk-treated cells versus untreated Ctrl. (B) HBE cells were
treated with Ctrl or 100% Smk medium for 4h and immunostained with antibodies directed
against MUC1-C (red, top panels), galectin-3 (green, middle panels of left two lanes) or
EGFR (green, middle panels of right two lanes). Merged MUC1-C/galectin-3 signal (yellow,
bottom panels of left two lanes) indicates smoke-induced MUC1-C/galectin-3 interaction
(yellow arrowheads). Merged MUC1-C/EGFR signal (yellow, bottom panels of right two
lanes) demonstrates smoke-induced formation of MUC1-C/EGFR complexes (yellow
arrowheads). Cell nuclei were stained with DAPI (blue). Scale bar represents 50um.
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Figure 5.
Smoke-induced MUC1-C glycosylation modulates MUC1-C/galectin-3/EGFR complex

formation and Src/Jnk/MUC1-C signaling downstream of EGFR in polarized HBE cells.
(A-B) HBE cells were preincubated with TB or vehicle control (DMSO) overnight before
treating with Smk or Ctrl medium for 4h in the presence of TB. (A) MUC1-C IP was
analyzed with WB probed with galectin-3, EGFR, TyrP (4G10), Src and MUC1-C
antibodies. The 175kDa bands recognized by 4G10 completely overlapped with EGFR.
Equal loading was confirmed with IgH bands. Quantitation of MUC1-C bound galectin-3,
EGFR, EGFR-TyrP and Src after smoke and/or TB exposure was normalized to untreated
control (designated as 1-fold) and reported as mean + SEM fold change. (B) WB probed
with TyrP (4G10), Tyr#16-phosphorylated Src (Src-P), Thri83/Tyrl8_phosphorylated
SAPK/Jnk (Ink-P) and MUC1-C antibodies. The 175kDa bands recognized by 4G10
completely overlapped with EGFR. Equal loading was confirmed with GAPDH.
Densitometric quantitation of EGFR-TyrP, Src-P and Jnk-P after smoke and/or TB treatment
was normalized to untreated control (designated as 1-fold) and graphed as mean + SEM fold
change. **p < 0.01, Smk-treated cells versus untreated Ctrl.
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Figure 6.
Adenovirus-delivered shRNA knockdown of GALNTG in polarized HBE cells. (A)

GALNT®6 colocalized with MUC1-N and Golgi marker 58K. HBE cells were treated with
Ctrl or Smk medium for 4h and immunostained with antibodies against MUC1-N (red, top
panels of left two lanes), 58K (red, top panels of right two lanes), GALNT®6 (green, middle
panels). Merged MUC1-N/GALNT®6 images (yellow signals, bottom panels of left two
lanes) indicate MUC1-N colocalized with GALNT®6 (yellow arrowheads) before and after
smoke treatment. Merged 58K/GALNTG6 images (yellow signals, bottom panels of right two
lanes) demonstrate localization of GALNT6 in Golgi before and after smoke exposure
(yellow arrowheads). Cell nuclei were stained with DAPI (blue). Scale bar represents 50um.
(B) Pseudostratified HBE cells were infected with 1*MOI (multiplicity of infectivity)
adenovirus-delivered scrambled shRNA or GALNT6 shRNA overnight, followed by 4 days
in culture. Immunostaining of MUC1-N (red, top row), GALNTS (green, 2" row), and
merged MUC1-N/GALNTS (yellow, 3™ row) indicate colocalization. Nuclei were
visualized with DAPI (blue). Scar bar represents 50um. Monochrome images of GALNT6
were inverted to black signals (red circles, bottom panels) and quantitated with ImageJ
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software. Knocking down GALNT6 in GALNT6 shRNA-treated cells was compared to
scrambled shRNA-treated control (designated as 1-fold) and graphed as mean = SEM fold
change. **p < 0.01, GALNT6 shRNA-treated cells versus scrambled shRNA control. (C)
Polarized HBE cells were infected with 1*MOI or 2*MOI of adenovirus-delivered
scrambled shRNA or GALNT6 shRNA overnight and cultured for another 4 days. Cells
treated with Smk or Ctrl medium for 4h were IP’d with MUC1-C and probed with MUC1-N
and MUC1-C antibodies. Densitometric quantitation of the 400kDa MUC1-N band (mean *
SEM, **p < 0.01) compared to scrambled shRNA/Ctrl exposed cells (designated as 1-fold),
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Figure 7.
Suppression of smoke-induced MUC1-N glycosylation abolished smoke-provoked MUC1-

C/p120ctn interaction and E-cad loss in polarized HBE cells. (A-B) Polarized HBE cells
were infected with 1*MOI of adenoviral scrambled shRNA or GALNT shRNA overnight
and cultured for another 4 days before exposing to Ctrl or Smk medium for 4h. (A) The cell
lysates were I1P’d with anti-MUC1-C followed by WB probed with p120ctn, E-cad, B-ctn
and MUC1-C antibodies. Equal loading was confirmed with IgH bands. Densitometric
quantitation (mean + SEM fold change, **p < 0.01) of MUC1-bound p120ctn (black
columns) and E-cad (gray columns). (B) Immunofluorescent staining of polarized HBE cells
exposed to scrambled shRNA/Ctrl, scrambled shRNA/Smk, GALNT6 shRNA/Ctrl and
GALNT6 shRNA/Smk for p120ctn (green, top panels), p-ctn (green, middle panels), E-cad
(lower panels) and MUC1-C (red, all panels), DAPI nuclear counterstain (blue). Scale bar
represents 50um.
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Figure 8.
Schematic representation of smoke-provoked MUCL1 glycosylation in regulation of MUC1-

C/p120ctn interaction and adherens junction (AJ) disruption. MUCL1 is localized on the
apical plasma membrane (PM) of polarized HBE cells as a MUC1-N/MUC1-C heterodimer
where it is spatially segregated from AJs and EGFR on the basolateral PM. Cigarette smoke
(Smk) stimulates internalization of MUC1 and its intracellular trafficking to the Golgi,
where MUC1 is initially O-glycosylated (O-Gly) by GALNT®6 and further N- (N-Gly) and
O-glycosylated by other enzymes. In response to smoke, fully glycosylated MUCL is sent
back to apical PM and subsequently translocated to basolateral PM, where MUC1-C, EGFR
and galectin-3 form a signalosome through the bridging of their sugar moieties following
smoke-induced shedding of MUC1-N. Src is also recruited to the MUC1-C/EGFR/galectin-3
complex by smoke where it binds the cytoplasmic tail of MUC1-C (MUC1-CT). Smoke
destroys tight junctions (TJs) and gains access to basolateral EGFR through increased
paracellular permeability. MUC1-C is then activated through tyrosine phosphorylation (Y-P)
by smoke-induced EGFR/Src/Jnk signaling. Activation of MUC1-C promotes its interaction
with p120ctn and p-ctn at AJs. MUC1-C/p120ctn interaction exposes ubiquitin ligation sites
of E-cad and thereby results in proteasomal degradation of E-cad, a hallmark of EMT [12].
MUC1-C/B-ctn interaction facilitates B-ctn’s entry into nucleus and activates the Wnt

J Pathol. Author manuscript; available in PMC 2014 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhang et al.

Page 24

signaling pathway leading to cell proliferation and migration [11]. Blocking smoke-induced
MUCL1 glycosylation through GALNT6 knock down prevents the loss of Ecad and restores
AJ integrity. Thus, targeting the initiating O-glycosylation step of MUC1 may provide a
novel therapeutic approach to prevent smoke-induced EMT and early lung carcinogenesis.
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