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1 | INTRODUCTION

Abstract

Gastric cancer is the second leading cause of cancer deaths worldwide, and more un-
derstanding of its molecular basis is urgently needed. Gastric gland mucin secreted from
pyloric gland cells, mucous neck cells, and cardiac gland cells of the gastric mucosa har-
bors unique O-glycans carrying terminal a1,4-linked N-acetylglucosamine (xGIcNAC)
residues. We previously reported that aGIcNAc loss correlated positively with poor
outcomes for patients with differentiated-type gastric cancer. However, the molecular
mechanisms underlying these outcomes remained poorly understood. Here, we exam-
ined the effects of upregulated aGIcNAc expression on malignant phenotypes of the
differentiated-type gastric cancer cell lines, AGS and MKN7. Upregulation of aGIcNAc
following ectopic expression of its biosynthetic enzyme attenuated cell proliferation,
motility, and invasiveness of AGS and MKNY7 cells in vitro. Moreover, AGS cell tumori-
genicity was significantly suppressed by aGIcNAc overexpression in a xenograft model.
To define the molecular mechanisms underlying these phenotypes, we investigated
aGlcNAc binding proteins in AGS cells and identified Mucin-1 (MUC1) and podocalyxin.
Both proteins were colocalized with aGIcNAc on human gastric cancer cells. We also
found that aGlcNAc was bound to MUC1 in murine normal gastric mucosa. When we
assessed the effects of aGIcNAc binding to MUC1, we found that aGIcNAc blocked ga-
lectin-3 binding to MUC1, phosphorylation of the MUC1 C-terminus, and recruitment
of Src and p-catenin to that C-terminus. These results suggest that «GIcNAc regulates

cancer cell phenotypes by dampening MUC1 signal transduction.

KEYWORDS
differentiated-type gastric cancer, invasion, malignant phenotype, tumor suppressor, aGIcNAc-
binding protein

According to WHO estimates for 2019, malignant neoplasms are the

leading or second highest cause of death before the age of 70in 112

Malignant neoplasms are leading causes of death in every country in of 183 countries, and rank as third or fourth in another 23 coun-

the world and are important factors in decreasing life expectancy.’ tries.? Among them, gastric cancer is the second leading cause of
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cancer death worldwide.® Therefore, it is important to understand
the biology of gastric cancer in order to develop useful prognostic
factors or more effective therapeutic approaches.

Recent molecular analyses have identified multiple factors that
regulate progression, invasion, and metastasis of gastric tumors.
Gastric gland mucin secreted from pyloric gland cells, mucous neck
cells, and cardiac gland cells of the gastric mucosa harbors unique
O-glycans carrying terminal aGlcNAc residues.*™® We previously
used expression cloning to isolate cDNA encoding a4GnT and re-
vealed it to be a key enzyme catalyzing aGIcNAc biosynthesis.”
When we generated A4gnt KO mice, we found that they completely
lacked aGIcNAc and spontaneously developed differentiated-type
adenocarcinoma in the pyloric mucosa through a hyperplasia-
dysplasia-carcinoma sequence.® We also observed that aGlcNAc
was frequently lost in differentiated-type gastric adenocarcinoma
in humans and that loss was significantly associated with tumor in-
vasion depth, venous invasion, and poor prognosis.9 Furthermore,
in human gastric atrophy and human pyloric gland-type adenoma,
decreased aGlcNAc levels correlated with malignant potential 202
However, the mechanistic basis for those findings were unknown.

Here, to address that question, we examined effects of forced
aGIcNAc upregulation on malignant phenotypes of the moderately
differentiated gastric cancer cell line, AGS, as well as the well differ-
entiated gastric cancer cell line, MKN7. To do so, in both lines, we
ectopically expressed a4GnT using the Tet-On system and assessed
their phenotypes in vitro and in a xenograft model. Collectively, in
both lines, we observed that aGIcNAc overexpression had tumor-
suppressive effects. We also report the molecular mechanisms that
likely underlie aGIcNAc-mediated tumor suppressive phenotypes.

2 | MATERIALS AND METHODS

Detailed methods, including establishment of a4GnT-expressing
cells using the Tet-On system, analysis of cellular phenotype in vitro,
in vivo tumorigenesis assay, identification of aGIcNAc-binding pro-
tein, IP, fluorescent immunohistochemistry, and statistical analysis,

can be found in Appendix S1.

3 | RESULTS

3.1 | Establishment of ®4GnT-overexpressing AGS
cells using the Tet-On system

To assess effects of aGIcNAc on malignancy, we ectopically ex-
pressed the gene encoding a4GnT in gastric cancer cell lines as a
means to increase aGIcNAc biosynthesis. To do so, we used the
Tet-On system to drive ectopic a4GnT expression in both AGS, a
human moderately differentiated gastric cancer line, and MKN?7,
a human well differentiated gastric cancer line. Expression of
a4GnT was confirmed as induced by Dox treatment by WB analy-
sis (Figures 1A and S1A). Flow cytometric analysis showed that
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FIGURE 1 Establishment of AGS-A cells and analysis of

their proliferation in vitro. (A) Western blot analysis of «1,4-N-
acetylglucosaminyltransferase (a4 GnT) following doxycycline
(Dox) induction using the Tet-On system. B-Actin served as loading
control. (B) Evaluation of cell surface aGIcNAc expression by flow
cytometry. (C) Proliferation analysis based on an MTS assay. The
proportion of cells relative to that seen on day O was calculated
daily, with the value seen on day O set to 1. Results are indicated

as means, and error bars indicate SD (n = 6). Representative results
from three independent experiments are shown. (D,E) Anchorage-
dependent colony formation assay. (D) Representative photographs
of crystal violet-stained cells are shown. (E) Quantification of
colony numbers. Results are indicated as means, and error bars
indicate SD (n = 3). Representative results from three independent
experiments are shown. *p<0.05, **p<0.01.

aGIcNAc was expressed on the cell surface in more than 90% of
Dox-treated AGS cells (Figure 1B) and more than 70% of Dox-treated
MKNY7 cells (Figure S1B). We designated established cells as “AGS-A”
or “MKN7-A" and used them for further study.

3.2 | Upregulation of o GIcNAc mildly attenuates
cell proliferation in vitro

We initially evaluated cellular proliferation by quantifying cell prolif-
eration in vitro using an MTS assay. In AGS-A cells, the proportion of



FUJII ET AL.

3854 H
SRV Cancer Science

proliferating cells relative to controls began to significantly decline
starting at 3-4days after initiating Dox treatment under standard
culture conditions (Figure 1C). MKN7-A cells showed similar effects
(Figure S1C). Analysis using an anchorage-dependent clonogenic
assay confirmed that the colony formation capacity of AGS-A cells
was significantly attenuated relative to controls in the presence of
Dox until day 13 (Figure 1D,E). Likewise, in MKN7-A cells, we ob-
served a mild decrease in anchorage-dependent colony forma-
tion relative to control cells, but that decrease was not significant
(Figure S1D,E). These findings indicate that upregulated aGIcNAc
biosynthesis mildly but significantly attenuates proliferation of
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these gastric cancer cell lines in vitro and attenuates anchorage-

dependent clonogenicity of AGS cells.

3.3 | Upregulated a GIcNAc biosynthesis
significantly suppresses cellular motility and
invasiveness in vitro

We next assessed the effects of aGIcNAc on gastric cancer malig-
nancy by examining metastatic phenotypes in vitro in our aGIcNAc-
overexpressing cell lines. As shown in Figure 2A, adherence of

|

FIGURE 2 In vitro metastatic
phenotypes of AGS-A cells. (A) Analysis
of adhesion to ECM. After precoating
96-well plates with indicated ECM
components, adhesion assays were
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(G) Morphological changes in the
cytoskeleton seen in Dox-treated AGS-A
cells. F-actin was visualized by staining
with Acti-stain 488 fluorescent phalloidin
and observed by confocal microscopy.
Representative photographs are shown.
Scale bar, 10 pm. *p<0.05, **p<0.01.
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AGS-A cells onto collagen type |, collagen type 1V, fibronectin, or it significantly attenuated in Dox-treated cells relative to control
laminin was not affected by Dox treatment. We then assessed cells (Figure 2B,C). Analysis of AGS-A cell invasiveness based on a
AGS-A cell motility using a Transwell migration assay and found Matrigel invasion assay indicated that the number of invaded cells
FIGURE 3 Analysis of in vivo (A) 250 -
tumorigenesis in a xenograft model. -O0-Control
(A) NOD.CB17-Prkdc®9/J mice were -0-Dox
implanted subcutaneously in the flank . 200
with AGS-A cells and doxycycline (Dox) €
was given in drinking water. Tumor size é
was measured at indicated time points. 0] 150
Results are expressed as means (n = 5), §
and error bars indicate SE. Representative § 1
results from three independent 5 00
experiments are shown. *p <0.05. (B) H&E g
staining of tumor cross-sections. Scale bar, = 50
500pum. (C,D) Immunohistochemistry for
(C) a1,4-N-acetylglucosaminyltransferase
or (D) al1,4-linked N-acetylglucosamine. 0
Scale bar, 20pm. 0 20 40 60
(B) Time (days)

FIGURE 4 Identification of a1,4-linked N-acetylglucosamine (aGlcNAc)-binding proteins in AGS-A cells. (A,B) Silver-stained gel

of SDS-PAGE (A) and western blotting (B) analysis of eluates of Griffonia (Bandieraea) simplicifilia lectin Il pull-down products by N-
acetylglucosamine. Arrowheads indicate bands present only in doxycycline (Dox)-treated cells and whose mobility is identical to that seen
in western blotting. (C,D) Immunoprecipitation (IP) and western blot analysis of aGIcNAc binding to (C) Mucin-1 (MUC1) or (D) podocalyxin
(PODXL). Whole cell lysates (WCL) of AGS-A cells were immunoprecipitated and immunoblotted with indicated Abs. Arrowheads indicate
aGlcNAc-bound (C) MUC1 or (D) PODXL. (E) Immunocytochemical analysis of MUC1 and aGIcNAc in AGS-A cells. Upper panels, control
cells; lower panels, Dox-treated cells. Scale bar, 10 pm. (F) Fluorescent immunohistochemical analysis of MUC1 (red) and aGIcNAc (green)

in human gastric cancer tissue. Upper panels show original magnification at x100, and lower represent enlargements of regions contained
within squares in upper panels. Left panels show H&E staining. Scale bar, 100 um. (G) Immunocytochemical analysis of PODXL and aGIcNAc
in AGS-A cells. Upper panels, control cells; lower panels, Dox-treated cells. Scale bar, 10 pm. (H) Fluorescent immunohistochemical analysis
of PODXL (red) and aGIlcNAc (green) in human gastric cancer tissue. Upper panels show original magnification at x100, and lower represent
enlargements of regions contained within squares in upper panels. Left panels show H&E staining. Scale bar, 100 pm.
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significantly decreased in the presence of Dox relative to controls
(Figure 2D,E). We observed comparable outcomes in terms of both
motility and invasiveness in MKN7-A cells (Figure S2). To deter-
mine the relevant mechanism, we undertook gelatin zymography
to assess MMP levels and activities. We observed comparable pro-
MMP-9 and pro-MMP-2 secretion levels in AGS-A cell conditioned
medium with or without Dox and did not detect active MMP-2
(Figure 2F). Given that reduced invasiveness was apparently not due
to MMP-dependent ECM degradation, we analyzed formation of the
cellular cytoskeleton by cultivating AGS-A cells on Matrigel-coated
coverslips treated with or without Dox, and then analyzing F-actin
by phalloidin staining. Relative to untreated controls, Dox-treated
AGS-A cells did not undergo cytoskeletal remodeling (Figure 2G).
These results suggest that aGIcNAc biosynthesis attenuates malig-

nant phenotypes of gastric cancer cells.

3.4 | Enhanced aGIcNAc biosynthesis significantly
attenuates tumorigenesis in a xenograft model

We next assessed the effects of upregulated aGIcNAc biosynthesis
on tumorigenesis using a xenograft model. To do so, we inoculated
immunodeficient mice with AGS-A cells that had been treated with
or without Dox and then continued to administer Dox in drink-
ing water to mice transplanted with the Dox-treated cells. Over
a 60-day observation period, tumor volume in the Dox-treated
group was significantly reduced relative to controls (Figure 3A).
Histologically, most tumor cells in the Dox group were necrotic,
while most tumor cells in the control group appeared to remain vi-
able (Figure 3B). Expression of a4GnT in tumor cells of Dox-treated

TABLE 1 Peptides identified from SDS-

PAGE bands shown in Figure 4A Band of

SDS-PAGE

a Mucin-1

b Podocalyxin

c Podocalyxin

Protein name

H 3857
Cancer Science A yinsan

mice was confirmed by immunohistochemistry using an anti-a4GnT
Ab (Figure 3C), and immunohistochemistry using an anti-aGIcNAc
Ab confirmed upregulated aGIcNAc expression in the Dox group
(Figure 3D). These results together suggest that aGIcNAc biosyn-
thesis attenuates tumorigenesis of AGS-A cells.

3.5 | Identification of o GIcNAc-binding proteins in
AGS cells

We next investigated the molecular basis of antimalignant pheno-
types promoted by aGIcNAc overproduction in AGS-A and MKN7-A
cells. al,4-Linked N-acetylglucosamine primarily binds at the ter-
minal glycosylated residue to scaffold protein MUC6%~%; however,
MUC6 is not expressed in AGS or MKN7 cells (Figure S3). Therefore,
we hypothesized that these cells express other aGlcNAc-binding
proteins and searched for them in AGS cells by WB with an anti-
aGIcNAc Ab. We detected two main bands, one near the top of
the gel and the other at approximately 300kDa in the presence
of Dox (Figure S4) and used GSL ll-conjugated agarose for pull-
down analysis in AGS-A cell extracts. We eluted GSL lI-conjugated
agarose-bound proteins with N-acetylglucosamine and carried out
SDS-PAGE followed by silver staining and WB with anti-aGIcNAc
Ab. We then cut bands from silver-stained gels corresponding to
bands seen in WB of Dox-treated cell extracts (Figure 4A,B), un-
dertook in-gel trypsin digestion, and analyzed products by liquid
chromatograph-mass spectrometry. The top band contained MUC1,
while two bands at approximately 300kDa contained PODXL
(Table 1). To confirm that aGIcNAc binds these proteins, we under-
took IP analysis in AGS-A cell lysates using anti-MUC1-N Ab and WB

Accession
number

Identified peptide
DISEMFLQIYK
QGGFLGLSNIK
LASVPGSQTVVVK
ATFNPAQDK
LGDQGPPEEAEDR
LISLICR
CEDLETQTQSEK
LPAKDVYER
EAGVSDMK
VVSLNGELGDSWIVPLDNLTKDDLDEEEDTHL
DDLDEEEDTHL
LASVPGSQTVVVK
ATFNPAQDK
LGDQGPPEEAEDR
LISLICR
CEDLETQTQSEK
LPAKDVYER

P15941

000592

000592

Note: Excluded from this table are keratin and peptides from nonhuman species.
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with anti-aGIcNAc Ab. That analysis revealed a band near the top
of the gel in the Dox group but not present in controls (Figure 4C,
left two panels). Conversely, IP with anti-aGlcNAc-conjugated latex
beads and WB with anti-MUC1-N Ab revealed bands of the same
molecular weight (Figure 4C, right two panels). We then carried out a
compalable analysis using anti-PODXL Ab and anti-aGIcNAc Ab, and
observed a band at approximately 300kDa in Dox but not in control
samples (Figure 4D). These results indicate that aGlcNAc is bound to
MUC1 and PODXL in AGS-A cells.

3.6 | Colocalization of o GIcNAc with
MUC1 or PODXL in AGS-A cells and human gastric
cancer specimens

We then assessed subcellular localization of MUC1 and PODXL and
their potential colocalization with «GIcNAc. Immunocytochemistry
indicated that MUC1 localized to the plasma membrane of AGS-A
cells and appeared to colocalize with aGIcNAc in the presence of
Dox (Figure 4E). In clinical samples of human gastric cancer tis-
sues, the majority of aGIcNAc is barely expressed in cancer cells.?
However, the present study revealed that MUC1 appeared to colo-
calize with partially remaining aGIcNAc in the plasma membrane
(Figure 4F). In contrast, PODXL localized to the cytoplasm of AGS-A

cells and partially colocalized with aGIcNAc following Dox treat-
ment (Figure 4G). In human gastric cancer specimens, PODXL also
appeared to partially colocalize with partially remaining aGIcNAc in
the cytoplasm (Figure 4H). These results suggest that in human gas-
tric cancer cells, aGIcNAc binds to MUC1 at the plasma membrane
and partially binds to PODXL in the cytoplasm.

3.7 | «al,4-Linked N-acetylglucosamine bound to
MUC1 in murine normal gastric mucosa

We next examined aGIcNAc binding to MUC1 and PODXL in mu-
rine gastric mucosa. As anti-mouse MUCI1-N is not available and
Bickstrém et al.'® reported that immunoprecipitated products by
anti-MUC1-C contains MUC1-N, we used anti-MUC1-C Ab for IP
and WB analysis of aGIcNAc binding to murine MUC1. When we
undertook IP in murine gastric mucosa lysates using anti-MUC1-C
Ab and WB with anti-aGIcNAc Ab, and observed two bands at ap-
proximately 460kDa and near the top of the gel in WT mice but not
in Adgnt KO mice (Figure 5A), which completely lacked aGlcNAc.®
The band at approximately 460kDa was predicted to be aGIcNAc-
bound MUC1-N. Conversely, pull-down with GSL ll-conjugated
agarose beads and WB with anti-MUC1-C Ab revealed bands of
MUC1-C in WT mice but faint bands in A4gnt KO mice (Figure 5B).

A) IP WL ®) PD WL
WT KO WT KO kDa WT KO WT KO kDa
MUCH-C | - - _fi
aGIcNAC 460
—245
—180 aGICNA_(; —460 FIGURE 5 Analysis of al,4-linked
! 245 N-acetylglucosamine (¢GIcNAc)-binding
—25 teins i i tric mucosa. (A,B)
) e — 180 proteins in murine gas ,
MuUC1-C - s T 17 Immunoprecipitation (IP) or pull-down
) . 48 ) . (PD) and western blot analysis of aGIcNAc
B-Actin EI_ B-Actin binding to Mucin-1 (MUC1). Whole
IP: anti-MUC1-C PD: GSL ll-agarose lysates (WL) of indicated murine gastric
mucosa were (A) immunoprecipitated
with anti-MUC1-C terminus (MUC1-C)
© P WL KD (©) PD WL Ab or (B) pulled down with Griffonia
WT KO WT KO a WT KO WT KO kDa (Bandieraea) simplicifilia lectin 11 (GSL
II)-agarose and immunoblotted with
460 460 indicated Abs. Arrowed bands were
aGIcNAc —245 PODXL —245 predicted to be aGlcNAc-bound MUC1-N
L 180 .. —180  terminus (MUCL-N). (C,D) IP or PD and
—135 — 135 western blot analysis of aGIcNAc binding
to podocalyxin (PODXL). Whole lysates
. of indicated murine gastric mucosa were
—460 - 460 (C) immunoprecipitated with anti-mouse
PODXL —245 aGIcNAc —245 PODXL Ab or (D) pulled down with GSL
. . . . —180 —180 [l-agarose and immunoblotted with
—135 —135 indicated Abs. aGlcNAc-bound PODXL
~ . 48 3 . 48 was not detected. p-Actin served as a
R-dictin EI_ Brdictin loading control. KO, A4gnt KO mice; WT,
IP: anti-PODXL PD: GSL ll-agarose WT mice.
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FIGURE 6 Analysis of Mucin-1 (MUC1)-binding proteins and phosphorylation. (A) Binding analysis of MUC1-N terminus (MUC1-N)

and galectin-3. Whole cell lysates (WCL) of AGS-A cells were immunoprecipitated (IP) with anti-MUC1-N and immunoblotted with
anti-galectin-3. (B) Phosphorylation analysis of MUC1-C terminus (MUC1-C). WCL of AGS-A cells were immunoprecipitated with anti-
MUC1-C and immunoblotted with anti-phospho-tyrosine (pTyr). (C) Analysis of MUC1-C-binding proteins. WCL of AGS-A cells were
immunoprecipitated with anti-MUC1-C and immunoblotted with anti-p-catenin and anti-Src Abs. p-Actin served as a loading control. (D-G)
Quantification of the relative intensities of coimmunoprecipitated products to immunoprecipitated MUC1-N (D) or MUC1-C (E-G). Relative
values of binding proteins or pTyr shown in the figure to the immunoprecipitated proteins were determined and the value of control cells
was set to 1. Results are indicated as means, and error bars indicate SD (n = 4). *p<0.05. ND, not detected.

This pull-down product also showed the band at approximately 3.8 | Effects of a GIcNAc binding on

460kDa by WB with anti-aGIcNAc Ab in WT mice but not in A4gnt MUC1 signaling

KO mice (Figure 5B). We undertook further compalable analysis

using anti-PODXL Ab and anti-aGIcNAc Ab, but could not detect Given these findings, we focused primarily on aGIcNAc binding
any aGIcNAc-bound PODXL bands at all (Figure 5C,D). These re- to MUC1 on the plasma membrane of human gastric cancer cells
sults indicate that aGIcNAc binds to MUC1 but not to PODXL in and lysates of murine normal gastric mucosa. Binding of galectin-

murine normal gastric mucosa. 3 to MUCI1-N reportedly promotes MUC1-C phosphorylation,
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enabling protein interactions that activate downstream signal-
ing.!*1> Therefore, we analyzed galectin-3 binding to MUC1-N by
IP with anti-MUC1 Ab and WB with anti-galectin-3 Ab. In standard
culture conditions, we did not observe galectin-3 binding to MUC1
(data not shown) but when cells were cultured on Matrigel-coated
dishes, galectin-3/MUC1 binding was detected in control cells but
was significantly attenuated in the presence of Dox (Figure 6A,D).
We then analyzed MUC1 signaling using extracts from AGS-A
cells cultivated in Matrigel-coated dishes and observed signifi-
cantly decreased MUC1-C phosphorylation in the presence of Dox
(Figure 6B,E). c-Src reportedly phosphorylates MUC1-C, increasing
binding of MUC1-C to B-catenin.’®” When we analyzed binding of
Src and p-catenin to MUC1-C by IP, we observed significantly de-
creased Src and f-catenin binding to MUC1-C in the presence of
Dox (Figure 6C,F,G). Moreover, we found that galectin-3 binding to
MUC1 was significantly enhanced in the gastric mucosa of A4gnt KO
mice compared to WT mice (Figure 7). These results suggest that
the galactose terminus of MUC1-N, an important sugar residue for
galectin-3 binding, could be glycosylated by aGIcNAc, thereby in-
hibiting galectin-3 binding to MUC1-N and attenuating downstream
MUCI1 signaling.

4 | DISCUSSION

In this study, we showed that enhancing aGIcNAc biosynthesis at-
tenuates cellular proliferation, motility, and invasiveness of the
moderately differentiated gastric adenocarcinoma cell line AGS
and the well differentiated gastric adenocarcinoma cell line MKN7
in vitro. We also showed that AGS cell tumorigenesis is suppressed

(A) WT KO kDa (B)
Galectin-3 [ W =31 in-3/MUCT-C
B 2.5, .
MUC1-C 220/
C
215
Galectin-3 ©
>1.0;
25 &
WL MUC1-C A —— 00:30.5-
17
0.0
B-ACHN | se——48 WT Ko
IP: anti-MUC1-C

FIGURE 7 Analysis of galectin-3 binding to Mucin-1 (MUC1)

in murine gastric mucosa. (A) Binding analysis of MUC1 and
galectin-3. Whole lysates (WL) of murine gastric mucosa were
immunoprecipitated (IP) with anti-MUC1-C terminus (MUC1-C) and
immunoblotted with anti-galectin-3. -Actin served as a loading
control. KO, A4gnt KO mice; WT, WT mice. (B) Quantification of the
relative intensities of galectin-3 to MUC1-C. The relative values of
coimmunoprecipitated galectin-3 to immunoprecipitated MUC1-C
were determined and the value of WT mice was set to 1. Results
are indicated as means, and error bars indicate SD (n = 3). *p <0.05.

by aGIcNAc in a xenograft model. Relevant to the molecular basis
of these phenotypes, we identified MUC1 and PODXL as aGIcNAc-
binding proteins, and aGIcNAc binding to MUC1 decreased its
downstream signaling. These findings suggest that aGIcNAc acts as
a tumor suppressor by inhibiting MUC1 signaling.

Previously, we reported that A4gnt KO mice show complete loss
of aGIcNAc and spontaneously develop differentiated-type gastric
adenocarcinoma.® We also reported that aGIcNAc loss is associated
with poor prognosis of differentiated-type gastric adenocarcinoma
patients.9 To define aGIcNAc function in gastric cancer develop-
ment, we upregulated its biosynthesis through ectopic expression
of a4GnT using the Tet-On system in the gastric cancer cell lines
AGS and MKN7. We detected that the forced expression of aGlc-
NAc suppressed cellular proliferation in both cell lines in vitro (see
Figures 1C-E and S1C). Moreover, we showed that tumorigenesis of
AGS cells is suppressed by aGIcNAc overexpression in a xenograft
model (see Figure 3), in agreement with spontaneous development
of differentiated-type gastric adenocarcinoma seen in A4gnt KO
mice.? The above lines of evidence indicate that aGIcNAc acts as a
tumor suppressor in vitro and in vivo.

We previously reported that aGIcNAc is frequently downregu-
lated in samples from patients with differentiated-type gastric ad-
enocarcinoma and observed that loss significantly correlated with
depth of invasion, venous invasion, and stage.”*? Previous reports
show that aGIcNAc is primarily attached to MUC6 in gastric muco-
sa.*~® Accumulating evidence indicates that aGIcNAc loss is an early
event of cancer development in several gastric mucin-producing tu-

6,9-12,18-23

mors including stomach tumors, and MUCé6 expression is

subsequently suppressed at late stages of tumor development.2%-2223
We recently showed that ectopic MUC6 expression attenuates ma-
lignant phenotypes in MIA PaCa-2 and PANC-1 pancreatic cancer
cell lines, and that coexpression of a4GnT further attenuates these
malignant phenotypes in vitro.?* These findings strongly suggest
that aGIcNAc binding to MUC6 has tumor suppressive effects. Here,
we also observed that «GIcNAc overexpression attenuates cellular
motility and invasiveness with cytoskeletal disruption of AGS cells
(see Figures 2B-E,G, and S2B-E). However, MUC6 is not expressed
in AGS or MKNY7 cells (see Figure S3), thus we searched for other
proteins in AGS cells that bind aGIcNAc and antagonize tumor ma-
lighancy. That search revealed two aGIcNAc binding proteins, MUC1
and PODXL, in AGS cells (see Figure 4A-D and Table 1). MUC1 and
PODXL colocalized with aGIcNAc in AGS cells (see Figure 4E,G) and
human gastric cancer cells in the patients (see Figure 4F,H). MUC1
reportedly functions in the development of various cancers,?>?% in-
cluding gastric cancer,?”?? as does PODXL.3%%! We also observed
that the molecular weight of PODXL was decreased by Dox treat-
ment (see Figure 4D, far left and far right panels), suggesting that
aGIlcNACc binding to PODXL might shorten its sugar chains. However,
aGIlcNAc binding to PODXL was not detected in murine normal gas-
tric mucosa (see Figure 5C,D). These results suggest that the signifi-
cance of aGIcNAc-binding to PODXL differs by species.

In this study, we established «a4GnT expressing cells using the
Tet-On system. In the process of preparing both AGS and MKN?7 cell
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FIGURE 8 Schematic showing
inhibitory effects of a1,4-linked N-
acetylglucosamine (aGIcNAc) binding

to Mucin-1 (MUC1). In the absence of
aGIcNAC, galactose on MUC1 is exposed
and galectin-3 binds to galactose
residues on MUC1-N terminus (MUC1-N),
activating downstream signaling. When
aGIlcNAc biosynthesis is upregulated by

ot

Absence of aGIcNAc

>

Galectin-3

Presence of aGIcNAc

N RO, b

a4GnT activity, N-acetylglucosamine ﬂ}
binds to galactose on MUC1 with a
ol,4-linkage, and galectin-3 cannot bind
MUCI1-N. Therefore, signal transduction
is blocked.
) )
\ Y
A | A AAAL
XK ) X J)
Src P Src P
B-Catenin B-Catenin

pools, we selected populations in which a«GIcNAc is highly expressed
at the cell surface. We found that aGIcNAc colocalizes with MUC1
on the plasma membrane of AGS cells and human gastric cancer cells
(see Figure 4E,F). We also found that aGIcNAc is bound to MUC1
present in murine normal gastric mucosa (see Figure 5A,B). Thus,
we focused on MUC1. We found that aGIcNAc binding to MUC1
significantly decreased both galectin-3 binding to MUC1-N (see
Figure 6A,D) and phosphorylation of MUC1-C (see Figure 6B,E).
Moreover, Src and B-catenin binding to MUC1-C was significantly
attenuated by aGIcNAc binding to MUC1 (see Figure 6C,E,F). We
further showed that galectin-3 binding to MUC1 was significantly
enhanced in the gastric mucosa of A4gnt KO mice, which com-
pletely lacked aGIcNAc and developed differentiated-type adeno-
carcinoma, compared to WT mice (see Figure 7A,B). As AGS cells
express p-1,6-N-acetylglucosaminyltransferase (C2GnT) (Figure S5),
which catalyzes initiation of synthesis of the core 2 structure, aGlc-
NAc is on core 2 structure in this cell line. Furthermore, we propose
that when aGIcNAc is absent on the O-glycan of MUC1-N, galec-
tin-3 binds to MUC1-N to activate downstream signal transduction.
However, when aGIcNAc is present, N-acetylglucosamine binds to
galactose with «1,4-linkage, and galectin-3 cannot bind MUC1-N,
blocking signal transduction and inhibiting cell proliferation, motility,
invasiveness, and tumorigenesis (Figure 8). Al Masri et al.*? reported
that formation of a MUC1-C/Src complex activates Src signaling
and enhances cell invasion and proliferation in a mouse mammary
tumor model. Moreover, Schroeder et al. reported that a complex of
MUC1-C and p-catenin enhances cellular invasiveness by interacting
with Vinculin and Fascin in breast cancer.®®** These reports are con-
sistent with our results.

Signal%ﬁuction

In conclusion, glycosylation of MUC1 by aGIcNAc attenuates
its downstream signaling, decreasing cell proliferation, motility, in-
vasiveness, and tumorigenesis. These results suggest that aGIcNAc
regulates cancer cell malignancy and could serve as a useful diagnos-
tic biomarker of malignancy.
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