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The structure of O-glycosylated proteins is altered in breast cancer cells, but the mechanisms of such an
aberrant modification have been largely unknown. We here report critical roles of a novel druggable target,
polypeptide N-acetylgalactosaminyltransferase 6 (GALNT6), which is upregulated in a great majority of breast
cancers and encodes a glycosyltransferase responsible for initiating mucin-type O-glycosylation. Knockdown of
GALNT6 by small interfering RNA significantly enhanced cell adhesion function and suppressed the growth of
breast cancer cells. Western blot and immunostaining analyses indicated that wild-type GALNT6 protein
could glycosylate and stabilize an oncoprotein mucin 1 (MUC1), which was upregulated with GALNT6 in
breast cancer specimens. Furthermore, knockdown of GALNT6 or MUC1 led to similar morphologic changes
of cancer cells accompanied by the increase of cell adhesion molecules β-catenin and E-cadherin. Our findings
implied that overexpression of GALNT6 might contribute to mammary carcinogenesis through aberrant
glycosylation and stabilization of MUC1 and that screening of GALNT6 inhibitors would be valuable for the
development of novel therapeutic modalities against breast cancer. Cancer Res; 70(7); 2759–69. ©2010 AACR.
Introduction

Breast cancer is the most common cancer among women
worldwide, and more than a million women are diagnosed
with breast cancer every year (1). Molecular-targeted drugs
such as tamoxifen, aromatase inhibitors, and trastuzumab
(Herceptin) developed recently have contributed to reduc-
tion of its mortality rate and provided a better quality of life
to patients with breast tumors expressing estrogen receptor
(ER) or human epidermal growth factor receptor (EGFR) 2
(HER2). However, a significant portion of patients has
no clinical benefit from these treatments. Furthermore,
increases in the risk of endometrial cancer with long-term
tamoxifen administration as well as cardiac toxicity with
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trastuzumab treatment have been recognized as severe
adverse events (2). Hence, development of novel molecular-
targeted drugs for breast cancer with higher efficacy and low
risk of adverse reactions is essentially important to improve
clinical management. Toward development of such therapeu-
tic agents, we had analyzed the genome-wide gene expres-
sion profile of 81 breast cancers as well as 29 normal
human organs using cDNA microarray and have reported
several novel target candidates for breast cancer therapy
(3–11). In this article, we describe the identification
and characterization of UDP-N-acetyl-α-D-galactosamine
(GalNAc):polypeptide N-acetylgalactosaminyltransferase
6 (GALNT6), which was upregulated in a great majority of
breast cancer cases.
The mucin-type O-glycosylation is initiated by GALNT

family members that transfer GalNAc to serine or threonine
residues on the target protein (reviewed in ref. 12). This mod-
ification occurs in the Golgi complex and is presumably con-
trolled by the expressions and distributions of GALNT
proteins (13). Interestingly, the structure of glycan chains
that covalently attached to glycoproteins was altered in
breast cancer cells. For instance, the O-glycans were often
truncated (core 1–based type) in breast carcinoma cells,
whereas their chains were extended (core 2–based type) in
normal breast cells (reviewed in ref. 14). Mucin 1 (MUC1),
a type I transmembrane protein, contributes to mammary
carcinogenesis through interaction with EGFRs, ERα, and
β-catenin (15). These aberrant O-type glycosylations were
suggested to regulate the protein stability and subcellular
distribution of MUC1 (16). However, the mechanisms of such
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aberrant O-glycosylation of proteins in breast cancer cells
have been largely unknown.
Here, we report that GALNT6 transfers GalNAc to MUC1

protein in vitro and in vivo, stabilizes MUC1 oncoprotein, and
plays critical roles in proliferation and cytoskeletal regulation
of breast cancer cells.

Materials and Methods

Cell lines and clinical samples. Human breast cancer cell
lines (BT-20, HCC1937, MCF7, MDA-MB-231, MDA-MB-435S,
SKBR3, T47D, YMB-1, BT-474, BT-549, HCC1143, HCC1500,
HCC1599, MDA-MB-157, MDA-MB-453, OUCB-F, and ZR-
75-1), HBL-100, COS-7, HEK293T, and HeLa cell lines were
purchased from the American Type Culture Collection
(ATCC) in 2001 to 2003 and cultured under their respective
depositors' recommendation. No abnormalities were ob-
served on the cellular morphology of these cell lines both
at low and high densities of cultures by microscopy accord-
ing to the guideline from ATCC (17). HBC-4 and HBC-5 cell
lines were kindly provided by Dr. Takao Yamori (Division of
Molecular Pharmacology, Cancer Chemotherapy Center, Jap-
anese Foundation for Cancer Research, Tokyo, Japan) with
material transfer agreement in 2001. Human normal breast
epithelial cell lines (HMEC and MCF10A) were purchased
from Cambrex Bioscience, Inc. in 2007. The stocks of cell
lines that had been deposited in liquid nitrogen were used
in this study. We monitored the cell morphology of these cell
lines by microscopy and confirmed to maintain their mor-
phologic images in comparison with the original morpholog-
ic images from the above affiliation. During our recent test in
2009, noMycoplasma contamination was detected in cultures
of all of these cell lines using a Mycoplasma Detection kit
(Roche). Tissue samples from surgically resected breast can-
cers and their corresponding clinical information were ob-
tained from the First Department of Surgery, Sapporo
Medical University (Hokkaido, Japan) and Department of
Breast Surgery, The Cancer Institute Hospital of Japanese
Foundation for Cancer Research (Tokyo, Japan) after obtain-
ing written informed consents. This study, as well as the use
of all clinical materials described above, was approved by in-
dividual institutional Ethical Committees.
Semiquantitative reverse transcription-PCR and North-

ern blot analyses. Reverse transcription-PCR (RT-PCR) and
Northernblots analyseswere performedasdescribedprevious-
ly (5,18).ThePCRprimersequenceswere5′-CGACCACTTTGT-
CAAGCTCA-3′ and 5′-GGTTGAGCACAGGGTACTTTATT-3′
for GAPDH and 5′-GAGTCCAGGTAAGTGAATCTGTCC-3′
and 5′-ATTTCCACCGAGACCTCTCATC-3′ for GALNT6 (Gen-
Bank NM_007210).
Constructs. Weobtainedanopen reading framesequenceof

GALNT6byRT-PCRusingKOD-PlusDNApolymerase(Toyobo)
with the fo l lowing pr imer sets : 5 ′ -CGGAATTCAT-
GAGGCTCCTCCGCAG-3′ and 5′-CCGCTCGAGGACAAA-
GAGCCACAACTGATG-3′ (underlines indicate EcoRI and
XhoI sites, respectively). The PCR product was inserted into
thepCAGGS-nHAcexpressionvector inframewithahemagglu-
tinin (HA) tag at the COOH terminus. For construction of the
Cancer Res; 70(7) April 1, 2010
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GALNT6 enzyme-dead mutants, which contained a substitu-
tion at His271 (H271D) or Glu382 (E382Q) that corresponds to
the residues that are reported to be essential to preserve the
enzyme activity of GALNT1 (19), we performed the two-step
mutagenesis PCR (5) using the following primer sets: 5′-
GCTCACGTTCCTGGATGCCGACTGTGAGTGCTTCCACGG-
3′ and 5′-CCGTGGAAGCACTCACAGTCGGCATCCAG-
GAACGTGAGC-3′ forH271D and 5′-CAGATGGAGATCTGGG-
GAGGGCAGAACGTGGAAATGTCCTTC-3′ and 5′-GAAG‐
GACATTTCCACGTTCTGCCCTCCCCAGATCTCCATCTG-3′
for E382Q [underlines indicate nucleotides that were replaced
from the wild-type (WT)].
Generation of anti–GALNT6-specific antibodies. To

generate anti-GALNT6 polyclonal antibodies, partial recom-
binant GALNT6 protein (codons 35–179) was purified and
inoculated into rabbits, as described previously (9). In
addition, because of the limited amount of above polyclonal
antibody, we also generated mouse anti-GALNT6 monoclo-
nal antibodies, as described previously (20). The hybridomas
were subcloned to assess the ability to recognize GALNT6
protein. After limiting dilution, the clones of 3G7 and 4H11
were selected for immunostaining and Western blot analyses,
respectively.
Recombinant GALNT6 protein. The partial coding

sequence of GALNT6 without a signal peptide (codons 35–
622) was amplified by PCR using the following primer sets:
5′-ATAAGAATGCGGCCGCAGAGGAGGCCACAGAGAAGCC-
3′ and 5′-CGCGGATCCGACAAAGAGCCACAACTGATG-3′
(underlines indicate NotI and BamHI sites, respectively).
The PCR product was cloned into the pQCXIPG-His expres-
sion vector (Medical and Biological Laboratories). HEK293
cells were transfected with the pQCXIPG-GALNT6-His
vector using FuGENE6 transfection reagent (Roche) and then
selected for 2 wk with 2.0 μg/mL puromycin (Invitrogen).
Subsequently, the secreted recombinant GALNT6 protein
was purified using Ni-NTA agarose (Qiagen).
Immunocytochemical staining. The immunocytochemi-

cal staining was performed as described previously (5, 6).
Briefly, the cells were incubated with anti-GALNT6 polyclon-
al (diluted at 1:100) or anti-GALNT6 monoclonal antibodies
(3G7, diluted at 1:300), and nuclei were counterstained with
4′,6-diamidino-2-phenylindole (DAPI). The Golgi apparatus
and cytoskeleton structure were visualized by staining with
anti–Golgi-58k monoclonal antibody (Sigma-Aldrich) and
Alexa Fluor 594 phalloidin (Molecular Probes), respectively.
Immunohistochemical staining. Slides of paraffin-embed-

ded breast cancer, normal specimens, and normal human tis-
sues including heart, lung, liver, and kidney (BioChain) were
stained with anti-GALNT6 polyclonal (diluted at 1:30), anti-
GALNT6 monoclonal (3G7, diluted at 1:40), and anti-MUC1
monoclonal (VU4H5, diluted at 1:50; Santa Cruz Biotechnol-
ogy) antibodies, respectively, as described previously (5, 9).
Western blot analysis. To detect the expression of endog-

enous GALNT6 and MUC1 proteins in breast cancer cells, we
performed Western blot as described previously (5, 6). After
SDS-PAGE, membranes blotted with proteins were incubated
with an anti-GALNT6 polyclonal antibody or anti-GALNT6
(4H11), anti-MUC1 (VU4H5), anti–β-catenin (E-5; Santa Cruz
Cancer Research
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Biotechnology), anti–E-cadherin (BD Biosciences), and
anti–β-actin (Sigma-Aldrich) monoclonal antibodies. Partic-
ularly, the anti-MUC1 monoclonal antibody (VU4H5) can rec-
ognize the endogenous MUC1 proteins at various molecular
weights, which are explainable by its structural features of
the gene containing variable numbers of tandem repeat
and the protein forming homodimers or heterodimers
(21, 22).
VVA lectin blot and pull down. To detect the GalNAc-

conjugated proteins, we did lectin Western blot as described
previously (23). Briefly, whole-cell lysates, including glycopro-
teins of interest, were transferred onto a nitrocellulose mem-
brane (GEHealthcare) after SDS-PAGE. After blocking with 5%
bovine serum albumin, the membrane was incubated with
0.5 μg/mL of biotin-conjugated VVA lectin (EY Laboratories)
and streptavidin–horseradish peroxidase (BD Biosciences).
Similarly, the proteins bound to the biotin-conjugated VVA
lectin were pulled down by streptavidin agarose (Invitrogen)
as described previously (24).
Gene silencing by RNA interference. To knock down en-

dogenous GALNT6 expression in breast cancer cells, we used
psiU6BX3.0 vector for expression of short hairpin RNA
(shRNA) against a target gene as described previously (25).
Target sequences of the synthetic oligonucleotides for shRNA
against GALNT6 were shown in Supplementary Table S1. Ten
days after transfection with each of shRNA expression, we
evaluated the knockdown effect on cell viability by MTT
and colony formation assays as described previously (5). To
examine the early-stage effects in cells in which GALNT6 or
MUC1 was knocked down, we also used the synthesized du-
plex small interfering RNAs (siRNA; Sigma-Aldrich Japan) si-
EGFP (5′-GCAGCACGACUUCUUCAAG-3′) and si-GALNT6
(5′-GAGAAAUCCUUCGGUGACA-3′) corresponding to the
target sequence of sh-G6-2. The si-MUC1 (5′-GUUCAGUGCC-
CAGCUCUAC-3′) was synthesized according to a previous re-
port (26). The RNA interference (RNAi) rescue assay was
conducted as described previously (27).
Cell detachment assay. The strength of cell to culture dish

attachment was quantified by the “cell detachment assay”
(28, 29). Total number of viable cells was evaluated by Cell
Counting Kit-8 (Dojindo) before and after incubation with
a dissociation solution containing 5 mmol/L EDTA in PBS
(−) for 10 min.
Establishment of GALNT6 stably expressed transfor-

mants. Mock (no insert) or pCAGGS-GALNT6 (WT and
H271D) HA expression vectors were transfected into HeLa
cells using FuGENE6 (Roche). Then, the positive clones were
selected under incubation with culture medium containing
0.8 mg/mL of neomycin (geneticin, Invitrogen). Two weeks
later, the stable transformants were selected by the limiting
dilution and screened for clones stably expressing HA-tagged
GALNT6 protein (WT and H271D). Finally, we isolated indi-
vidual clones of mock (001, 003, and 006), WT (101, 110, and
304), and H271D (102, 212, and 114).
In vitro GalNAc transferase assay. In vitro GalNAc trans-

ferase assay was performed as described previously (30, 31).
As substrates, MUC1-a (AHGVTSAPDTR) and MUC1-b
(RPAPGSTAPPA) peptides derived form the tandem repeat
www.aacrjournals.org
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of MUC1 protein were synthesized by Sigma-Aldrich Japan
and fluorescence labeled [dansylation (DNS)]. Briefly, the re-
action was performed in 50 μL of reaction mixtures contain-
ing 25 mmol/L Tris-HCl (pH 7.4), 10 mmol/L MnCl2,
50 μmol/L UDP-GalNAc, 4 μmol/L DNS-MUC1 peptides,
and 0.5 μg of recombinant GALNT6 (codons 35–622) protein.
The reaction mixture was incubated at 37°C for 16 h and an-
alyzed by reversed-phase high-performance liquid chroma-
tography (HPLC) as described previously (30). For the
confirmation of GalNAc conjugation, the reacted samples
were further incubated with Acremonium sp. α-N-acetylgalac-
tosaminidase (GalNAcase; Seikagaku Biobusiness) to remove
the conjugated GalNAc from the MUC1-a peptide.
Statistical analysis. Statistical significance was calculated

by Student's t test using StatView 5.0 software (SAS Institute).
A difference of P < 0.05 was considered to be statistically
significant.

Results

Identification of GALNT6 upregulated in breast cancer.
Through the previous studies of genome-wide gene expres-
sion profiles (3, 4), we first selected the genes that encode
proteins having enzymatic activity, according to the reported
information or the computer-assisted prediction by SMART
program (32), and decided to perform further analysis for the
GALNT6 gene that encodes an O-glycosyltransferase as a pos-
sible druggable target for breast cancer. We confirmed by
semiquantitative RT-PCR analysis its upregulation in 7 of
12 clinical breast cancer specimens and in 12 of 19 breast
cancer cell lines examined (Supplementary Fig. S1A). Subse-
quent Northern blot analysis revealed overexpression of its
∼5-kb transcript in breast cancer cell lines, whereas its ex-
pression was hardly detectable in normal human organs
(Supplementary Fig. S1B) as concordant to the results of
cDNA microarray analysis. We subsequently generated rabbit
polyclonal antibodies and two kinds of mouse monoclonal
antibodies (3G7 and 4H11), all of which could recognize
the endogenous GALNT6 protein (∼75 kDa) in breast cancer
cells without producing any nonspecific bands or back-
ground signals in SDS-PAGE and immunocytochemical stain-
ing (Supplementary Fig. S2A–D). The immunohistochemical
staining analysis revealed its strong staining in breast cancer
tissues but no positive staining in the normal human tissues,
including normal mammary ductal cells, lung, heart, liver,
and kidney (Fig. 1A), in concordance with the results of
Northern blot analysis.
To further characterize the GALNT6 protein in breast

cancer cells, we investigated the subcellular localization of
endogenous GALNT6 in T47D breast cancer cells by immu-
nocytochemical staining using anti-GALNT6 polyclonal anti-
body. The results showed that GALNT6 protein was clearly
observed in the Golgi complex of T47D cells, as evaluated
by costaining with the Golgi marker Golgi-58k (Fig. 1B).
Similarly, we observed strong staining of GALNT6 in the
Golgi complex in breast cancer tissue section (Fig. 1C).
Knockdown of GALNT6. To investigate the biological

significance of GALNT6 overexpression in breast cancer cells,
Cancer Res; 70(7) April 1, 2010 2761
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we generated shRNA expression vectors to knock down the
endogenous expression of GALNT6 (sh-G6-1 and sh-G6-2).
We found that introduction of both of sh-G6-1 and sh-G6-2
into T47D cells resulted in significant reduction of GALNT6
expression that was accompanied by suppression of cell pro-
liferation, whereas no change was observed in cells trans-
fected with a control shRNA vector (Fig. 2A, left) .
Moreover, we confirmed the results of sh-G6-2 specificity
to GALNT6 by using two mismatched shRNAs (sh-mis-1
and sh-mis-2; Fig. 2A, right). To further examine the effects
of GALNT6 knockdown, we introduced the synthesized oligo-
duplex siRNA against GALNT6 (si-GALNT6) into T47D cells.
Interestingly, 4 days after transfection of siRNA, the GALNT6-
depleted (si-GALNT6) cells showed round shape and en-
larged cell size compared with the cells transfected with a
control si-EGFP (Fig. 2B). These morphologic alterations
caused by si-GALNT6 were further assessed by immunos-
taining with fluorescence-labeled phalloidin (Fig. 2C) and
subsequently restored by exogenously introduced GALNT6
(Supplementary Fig. S3).
Cancer Res; 70(7) April 1, 2010
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Stabilization of MUC1 by GALNT6. We noticed that the
appearances of GALNT6-depleted cells were very similar to
those of the cells in which MUC1 was knocked down (33,
34). Because MUC1 was reported to be one of candidate sub-
strates of the GALNT family (31), we compared the knock-
down effects of GALNT6 with that of MUC1 by siRNA
using breast cancer cell lines T47D, MCF7, and SKBR3. First,
as shown in Supplementary Fig. S4A, we confirmed the
knockdown of GALNT6 and MUC1 expressions by Western
blot analysis using an anti-GALNT6 monoclonal antibody
(3G7) and an anti-MUC1 monoclonal antibody (clone
VU4H5) that could specifically recognize endogenous
MUC1 in breast cancer cells. As expected, either GALNT6
or MUC1 depletion caused very similar morphologic changes
(round shape and enlarged cell size) and the attenuated cell
proliferation in all the three cell lines examined (Supplemen-
tary Fig. S4B and C). These findings have indicated that
GALNT6 is likely to be indispensable for the proliferation
of breast cancer cells through the regulation of cytoskeleton
structure possibly by modification of MUC1.
Figure 1. GALNT6 upregulation in breast cancer. A, immunohistochemistry using tissue sections of breast cancer, normal breast, lung, heart, liver, and
kidney. Representative figures were from microscopic observations. Scale bar, 100 μm. B, subcellular localization of endogenous GALNT6 protein in
T47D cells. Endogenous GALNT6 protein (green) is localized with Golgi-58k (red), a marker for Golgi complex. DAPI (blue) was costained to discriminate
from the nucleus. C, subcellular localization of endogenous GALNT6 protein in a breast cancer tissue section. Scale bar, 10 μm. Yellow arrows,
Golgi apparatus.
Cancer Research
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To investigate the interaction of GALNT6 and MUC1 in
more detail, we knocked down GALNT6 expression by siRNA
and examined its effect on the MUC1 protein in T47D cells.
We found that knockdown of GALNT6 protein induced the
reduction of cytoplasmic MUC1 protein (4 days after trans-
fection; Fig. 3A and B), although the transcriptional level of
MUC1 was unchanged (Fig. 3A). When we used another cell
line, MCF7, we observed similar results (Supplementary
Fig. S5A and B), suggesting that GALNT6 may influence the
posttranslational modification and stabilization of MUC1
protein in breast cancer cells. We subsequently introduced
the plasmid designed to express GALNT6 protein intoMCF10A
cells, in which the GALNT6 expression level was very low
www.aacrjournals.org
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(Supplementary Fig. S2B), and found by immunocytochem-
ical staining the remarkable enhancement of the signal in-
tensity of cytoplasmic MUC1 protein by introduction of
GALNT6 (Fig. 3C, yellow arrow), further supporting our hy-
pothesis that GALNT6 plays a critical role for the stabiliza-
tion of MUC1 protein. In addition, we examined the
expression levels of these two molecules in breast cancer
cells by Western blot analysis with anti-GALNT6 and an-
ti-MUC1 monoclonal antibodies and found that GALNT6
and MUC1 proteins were co-overexpressed in breast cancer
cell lines and clinical cancer tissue sections examined, but
neither of the proteins was expressed in HMEC or normal
breast ductal cells (Fig. 3D; Supplementary Fig. S6). Taken
Figure 2. Knockdown of GALNT6 in T47D breast cancer cells. A, top, knockdown effect of GALNT6 expression by shRNAs was confirmed at 10 d after
transfection by semiquantitative RT-PCR analysis. GAPDH, quantity control. Middle, MTT assays were graphed after standardization by mock to 1.0.
*, P < 0.05. Bottom, colony formation assays were carried out after 3-wk selective incubation. B, 4 d after transfection, knockdown of GALNT6 and
corresponding cell morphology were monitored by Western blot (left) and microscopic observation (right), respectively. C, each of the cell shapes was
further investigated by immunostaining with fluorescence-labeled phalloidin (red) at 4 d after transfection with si-EGFP (top) and si-GALNT6 (bottom).
DAPI (blue) was costained to discriminate from the nucleus.
Cancer Res; 70(7) April 1, 2010 2763
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together, our findings imply that upregulation of GALNT6
proteinmight contribute tomammary carcinogenesis through
stabilization of MUC1 oncoprotein.
GALNT6 O-glycosylates MUC1 in vitro and in vivo. To

investigate whether GALNT6 O-glycosylates MUC1 as a sub-
strate, we generated the recombinant WT GALNT6 as well as
the inactive GALNT6 mutant proteins (H271D and E382Q)
and performed in vitro GalNAc transferase assay using
MUC1 peptides (MUC1-a and MUC1-b) corresponding to
the tandem repeat fragment of MUC1 protein. WT GALNT6
O-glycosylated MUC1 peptides as indicated by the left-shifted
band in Fig. 4A. On the other hand, mutant GALNT6 proteins
(H271D and E382Q) could not transfer GalNAc to MUC1 pep-
tides even by 16-hour incubation (no left-shifted band ap-
peared). In addition, we confirmed that treatment of
GalNAcase removed GalNAc, which was transferred by the
WT GALNT6, and restored the left-shifted peak of MUC1-a
peptide (Fig. 4B).
Cancer Res; 70(7) April 1, 2010
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To further investigate whether the exogenous introduction
of GALNT6 protein can glycosylate the endogenous MUC1
protein in vivo, we performed Western blot analysis with
anti-MUC1 monoclonal antibody using HeLa derivative cells
in which stable GALNT6 expression was established; those in
which mock or H271D expression vectors were introduced
were used as controls (mock, WT, and H271D; see Materials
and Methods). In cells with WT GALNT6 (clones 101, 110,
and 304), we observed the highest molecular weight of
MUC1 protein (>250 kDa), whereas in those with mock
(clones 001, 003, and 006) or H271D (clones 102, 212, and
114), we did not observe the shifted band (Fig. 4C). Moreover,
we confirmed that the shifted MUC1 protein corresponded to
the O-glycosylated (GalNAc) MUC1 protein by immunopre-
cipitation with anti-MUC1 monoclonal antibody followed
by VVA lectin blotting and vice versa (Fig. 4D). To further
examine whether GALNT6 stabilizes the MUC1 protein
in vivo, we transfected WT or H271D constructs into MCF10A
Figure 3. GALNT6 is critical for MUC1 stabilization. A, T47D cells were transfected with si-EGFP or si-GALNT6 and collected at days 1, 2, and 4, followed
by Western blot (top) and semiquantitative RT-PCR (bottom). B, 4 d after transfection with si-EGFP (top) or si-GALNT6 (bottom), T47D cells were costained
with anti-GALNT6 polyclonal antibody (green) and anti-MUC1 monoclonal antibody (red). C, 2 d after transfection with a GALNT6 construct
(pCAGGS-GALNT6-HA), MCF10A cells were costained with anti-HA rat (green) and anti-MUC1 monoclonal antibodies (red). Yellow and white arrows
indicate MCF10A cells with and without expression of HA-GALNT6, respectively. D, Western blot analysis revealed co-overexpression of GALNT6 and
MUC1 in breast cancer cell lines. Asterisk indicates a human normal breast epithelial cell line, HMEC.
Cancer Research
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normal epithelial cells and then performed immunocytochem-
ical staining with anti-HA and anti-MUC1 antibodies. The WT
GALNT6 (Fig. 5A) transformants augmented the signal inten-
sity of MUC1 proteins (yellow arrows), whereas the H271D
(Fig. 5B) did not affect that of MUC1 (white arrows), suggest-
ing that GALNT6-mediated glycosylation of MUC1 protein is
critical for stability of MUC1 protein.
GALNT6 and MUC1 are involved in cytoskeletal regula-

tion. Because MUC1 was reported to disrupt cell adhesion
(34, 35), we examined the participation of two cell adhesion
molecules, β-catenin and E-cadherin, in which their involve-
ment in carcinogenesis was reported, in the GALNT6-MUC1
pathway. We knocked down GALNT6 or MUC1 expressions
by siRNA in T47D breast cancer cells and found by semi-
quantitative RT-PCR and Western blot analyses that knock-
down of either GALNT6 or MUC1 remarkably augmented the
proteins of cell adhesion molecules (Fig. 6A, top) but did not
alter their transcriptional levels (Fig. 6A, bottom). We also
immunostained T47D cells with or without GALNT6 knock-
down using anti–β-catenin or anti–E-cadherin monoclonal
antibodies (Fig. 6B and C) and identified cell morphologic
changes (round shape and enlarged size) accompanied by
stronger staining of β-catenin (Fig. 6B) and E-cadherin
www.aacrjournals.org
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(Fig. 6C) proteins. The results of MUC1-depleted T47D cells
were quite similar to those of GALNT6-depleted cells (Sup-
plementary Fig. S7). Because the increase of the cell adhesion
complex might enhance cell-to-plate dish attachment, we
performed the cell detachment assay and found the inverse
correlation between MUC1 expression level and strength of
the cell attachment (Supplementary Fig. S8).

Discussion

Among all human genes, approximately 2,000 to 3,000
genes are estimated to encode druggable proteins, which in-
clude membrane or nuclear receptors, ion channels, protein
kinases, and other enzymes (36). The comparison of whole-
genome expression profiles between a large set of normal
and cancer cells has been considered to be an effective ap-
proach to identify potential targets for development of anti-
cancer drugs (37). Because the reduction of adverse reactions
caused by drugs, particularly by anticancer agents, is one of
the very serious issues to be solved in clinical management,
we have focused on isolation of cancer-specific molecules
that were upregulated commonly in cancer cells but were
not or undetectably expressed in normal human organs
Figure 4. GALNT6 O-glycosylates
MUC1 protein. A, in vitro
O-glycosylation of MUC1-a (left)
and MUC1-b (right) peptides by
WT GALNT6, H271D, or E382Q
recombinant proteins after 16-h
reaction. B, the glycosylated
MUC1-a was digested by
α-N-acetylgalactosaminidase
(Acremonium sp.) at 37°C for 20 h.
The digested samples were
separated by reversed-phase
HPLC. Arrows indicate
GalNAc-conjugated MUC1
peptides. *, contaminated
materials during HPLC (A and B).
C, Western blot analysis of stably
GALNT6-expressing HeLa cells.
D, confirmation for O-glycosylation
of MUC1. Representative clones
of mock (003), WT (110), and
H271D (114) were used for
immunoprecipitation with
anti-MUC1 monoclonal antibody
(top) or pull-down assay using
biotin-conjugated VVA lectin and
streptavidin agarose (bottom).
Subsequently, the precipitates
were immunoblotted with
anti-MUC1 monoclonal antibody
and VVA lectin.
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(3, 4). We have identified several cancer-specific molecules
and characterized them for possible application to develop-
ment of cancer therapy (5, 6, 20, 38, 39). In the present study,
we characterized a novel breast cancer–specific molecule,
GALNT6, encoding an O-glycosyltransferase and showed its
potential as a druggable target by showing its critical roles
in the growth of breast cancer cells.
O-type glycosylation is one of common modifications that

have multiple functions related to the folding, stability, and
targeting of various glycoproteins, and is initiated by mem-
bers belonging to the GALNT family in the Golgi complex
(15). Accumulating lines of evidence have suggested that
the GALNT family members are involved in several cellular
functions by catalyzing substrates specific to each member.
For instance, glycosylation by GALNT3 prevents proteolytic
processing of fibroblast growth factor 23 and that by
GALNT14 promotes ligand-stimulated clustering of death re-
ceptors (40, 41). However, our results uncovered characteris-
tics of GALNT6 distinct from these two GALNT members.
Abnormalities of the glycan structure of proteins are fre-

quently observed in breast cancer cells (42). Immunostaining
Cancer Res; 70(7) April 1, 2010

Researc
on April 13cancerres.aacrjournals.org Downloaded from 
analysis in the present study revealed very intense staining of
GALNT6 in the Golgi apparatus of breast cancer cells (Fig. 1),
but no staining in adjacent normal cells, suggesting its poten-
tial roles in mammary carcinogenesis through protein glyco-
sylation. Subsequent functional analyses of GALNT6 revealed
that GALNT6 is tightly linked to regulation of cytoskeleton
structure and also proliferation of breast cancer cells
throughout stabilization of MUC1 protein (Figs. 2 and 3). Ac-
cordingly, we assume that GALNT6 plays a fundamental role
in aberrant glycosylation of MUC1 in breast cancer cells be-
cause our results have shown that GALNT6 is coexpressed
with MUC1 protein (Fig. 3D) and indispensable to stabilize
it (Fig. 3; Supplementary Fig. S5). The critical roles of
GALNT6-MUC1 pathway were validated by knockdown of
either GALNT6 or MUC1 that resulted in similar effects on
cell shape and proliferation (Supplementary Fig. S4). In
particular, the effects of GALNT6 depletion seem greater
than those of MUC1 depletion (Supplementary Fig. S4C),
which suggests that GALNT6 may have additional functions
through glycosylation of an unidentified substrate. Therefore,
further identification of novel substrates of GALNT6 is
h. 
, 2017. © 2010 Am
Figure 5. Exogenous expression of GALNT6 in
MCF10A cells. Two days after transfection with
plasmids expressing GALNT6-WT (A) and
GALNT6-H271D (B), the cells were costained
with anti-HA rat (green) and anti-MUC1
monoclonal antibodies (red).
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warranted to clarify unveiled pathophysiologic roles of
GALNT6 in breast cancer.
We then investigated enzyme activity of GALNT6 and

showed that WT GALNT6 initiated O-glycosylation of
MUC1 in vitro and in vivo (Fig. 4). Our findings implicated
that the activity of GALNT6 is essential to stabilize MUC1
protein (Fig. 5) and that screening of GALNT6 inhibitors
would be valuable to develop a novel therapeutic agent for
breast cancer. Moreover, because GALNT6 is exclusively up-
regulated in breast cancer cells, but not expressed in normal
human vital organs (Fig. 1A), GALNT6 is supposed to be one
of ideal therapeutic targets and may enable us to develop an
anticancer agent with minimum risk of adverse effects.
To further characterize biological significance of the

GALNT6 and MUC1 interaction, we examined the status of
β-catenin and E-cadherin because these two molecules are
involved in carcinogenesis and also important in the regula-
tion of cell morphology. According to previous reports, it is
likely that MUC1 captures β-catenin through interaction with
its cytoplasmic tail and thereby inhibits complex formation of
cell adhesion molecules (34, 35). We found that GALNT6-
MUC1 pathway has a very significant role in stabilization
www.aacrjournals.org
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and localization of these two molecules and formation of the
cell adhesion complex (Fig. 6). To quantify the GALNT6/MUC1-
mediated disruption of cell adhesion, we performed the cell
detachment assay (Supplementary Fig. S8) and showed that
the detachment (cell to dish) was clearly increased by reduced
MUC1 protein in concordance with previous findings (33).
In summary, our findings suggest a model as described in

Fig. 6D. In breast cancer cells, upregulation of GALNT6 could
cause stabilization of MUC1 protein throughout its glycosyl-
ation activity. Subsequently, the accumulation of glycosylated
MUC1 protein may induce the abnormalities of cell adhesion
molecules such as β-catenin and E-cadherin, resulting in the
antiadhesive effect. Moreover, the elevated MUC1 protein
promotes cancer cell proliferation partly by interactions
with EGFR, c-Src, Grb2, and ERα (43, 44), although further
in-depth analysis will be required to elucidate the precise
mechanism of the GALNT6-MUC1 pathway in breast cancer
cells. Our results reported in this study should contribute to
shed light on the unique roles of abnormal glycosylation in
mammary carcinogenesis, and also indicate a possibility to
develop the inhibitors for enzymatic activity of GALNT6 as
therapeutic modalities against breast cancer.
Figure 6. GALNT6 and MUC1 are involved
in cytoskeletal regulation. A, Western blot
(1st to 5th panels) and semiquantitative
RT-PCR (6th to 10th panels) analyses for
β-catenin (CTNNB1) and E-cadherin (CDH1)
in si-GALNT6–transfected or
si-MUC1–transfected cells. β-Actin and
ACTB, quantity controls at protein and
transcriptional levels, respectively. B and C,
immunocytochemistry of β-catenin and
E-cadherin in si-EGFP–transfected or
si-GALNT6–transfected T47D cells. Green,
anti-GALNT6 polyclonal antibody; red,
monoclonal antibodies against β-catenin (B)
or E-cadherin (C). D, schematic
representation of GALNT6-MUC1 pathway
in mammary carcinogenesis.
Overexpression of GALNT6 attributes to
aberrant glycosylation and stabilization of
MUC1, induces the elevated interaction
with several signal transducers, and thereby
results in proliferation and anti–cell
adhesion of breast cancer cells.
Cancer Res; 70(7) April 1, 2010 2767

h. 
, 2017. © 2010 American Association for Cancer

http://cancerres.aacrjournals.org/


Park et al.

2768

Published OnlineFirst March 9, 2010; DOI: 10.1158/0008-5472.CAN-09-3911 
Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

We thank Akiko Konuma, Kie Naito, Yoshiko Fujisawa, and Aya Sasaki for
excellent technical assistance; Masahiko Ajiro and Jung-Won Kim for the
Cancer Res; 70(7) April 1, 2010

Researc
on April 13cancerres.aacrjournals.org Downloaded from 
preparation of materials; and Drs. Chikako Fukukawa, Yosuke Harada,
Meng-Lay Lin, Arata Shimo, Tomomi Ueki, and Akira Togashi for helpful
discussions.

The costs of publication of this article were defrayed in part by the payment
of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received 11/02/2009; revised 01/06/2010; accepted 01/15/2010; published
OnlineFirst 03/09/2010.
References

1. Parkin DM, Bray F, Ferlay J, Pisani P. Global cancer statistics, 2002.

CA Cancer J Clin 2005;55:74–108.
2. Moulder S, Hortobagyi GN. Advances in the treatment of breast can-

cer. Clin Pharmacol Ther 2008;83:26–36.
3. Saito-Hisaminato A, Katagiri T, Kakiuchi S, Nakamura T, Tsunoda T,

Nakamura Y. Genome-wide profiling of gene expression in 29 normal
human tissues with a cDNA microarray. DNA Res 2002;9:35–45.

4. Nishidate T, Katagiri T, Lin ML, et al. Genome-wide gene-expression
profiles of breast-cancer cells purified with laser microbeam micro-
dissection: identification of genes associated with progression and
metastasis. Int J Oncol 2004;25:797–819.

5. Park JH, Lin ML, Nishidate T, Nakamura Y, Katagiri T. PDZ-binding
kinase/T-LAK cell-originated protein kinase, a putative cancer/testis
antigen with an oncogenic activity in breast cancer. Cancer Res
2006;66:9186–95.

6. Lin ML, Park JH, Nishidate T, Nakamura Y, Katagiri T. Involvement of
maternal embryonic leucine zipper kinase (MELK) in mammary carci-
nogenesis through interaction with Bcl-G, a pro-apoptotic member
of the Bcl-2 family. Breast Cancer Res 2007;9:R17.

7. Shimo A, Nishidate T, Ohta T, Fukuda M, Nakamura Y, Katagiri T.
Elevated expression of protein regulator of cytokinesis 1, involved
in the growth of breast cancer cells. Cancer Sci 2007;98:174–81.

8. Shimo A, Tanikawa C, Nishidate T, et al. Involvement of kinesin fam-
ily member 2C/mitotic centromere-associated kinesin overexpres-
sion in mammary carcinogenesis. Cancer Sci 2008;99:62–70.

9. Ueki T, Nishidate T, Park JH, et al. Involvement of elevated expres-
sion of multiple cell-cycle regulator, DTL/RAMP (denticleless/RA-
regulated nuclear matrix associated protein), in the growth of breast
cancer cells. Oncogene 2008;27:5672–83.

10. Lin ML, Fukukawa C, Park JH, et al. Involvement of G-patch domain
containing 2 overexpression in breast carcinogenesis. Cancer Sci
2009;100:1443–50.

11. Kim JW, Akiyama M, Park JH, et al. Activation of an estrogen/
estrogen receptor signaling by BIG3 through its inhibitory effect
on nuclear transport of PHB2/REA in breast cancer. Cancer Sci
2009;100:1468–78.

12. Ten Hagen KG, Fritz TA, Tabak LA. All in the family: the UDP-
GalNAc:polypeptideN-acetylgalactosaminyltransferases. Glycobiology
2003;13:1R–16R.

13. Brooks SA, Carter TM, Bennett EP, Clausen H, Mandel U. Immuno-
localisation of members of the polypeptide N-acetylgalactosaminyl
transferase (ppGalNAc-T) family is consistent with biologically rele-
vant altered cell surface glycosylation in breast cancer. Acta Histo-
chem 2007;109:273–84.

14. Burchell JM, Mungul A, Taylor-Papadimitriou J. O-linked glycosyla-
tion in the mammary gland: changes that occur during malignancy.
J Mammary Gland Biol Neoplasia 2001;6:355–64.

15. Carraway KL III, Funes M, Workman HC, Sweeney C. Contribution of
membrane mucins to tumor progression through modulation of cel-
lular growth signaling pathways. Curr Top Dev Biol 2007;78:1–22.

16. Altschuler Y, Kinlough CL, Poland PA, et al. Clathrin-mediated endo-
cytosis of MUC1 is modulated by its glycosylation state. Mol Biol
Cell 2000;11:819–31.

17. American Type Culture Collection (ATCC). Cell line verification test
recommendations: ATCC recommends cell line verification tests
and guidelines for publishing. ATCC Technical Bulletin no. 8; Mana-
ssas: ATCC; 2007.

18. Katagiri T, Ozaki K, Fujiwara T, et al. Cloning, expression and chro-
mosome mapping of adducin-like 70 (ADDL), a human cDNA highly
homologous to human erythrocyte adducin. Cytogenet Cell Genet
1996;74:90–5.

19. Hagen FK, Hazes B, Raffo R, deSa D, Tabak LA. Structure-function
analysis of the UDP-N-acetyl-D-galactosamine:polypeptide N-
acetylgalactosaminyltransferase. Essential residues lie in a predicted
active site cleft resembling a lactose repressor fold. J Biol Chem
1999;274:6797–803.

20. Fukukawa C, Hanaoka H, Nagayama S, et al. Radioimmunotherapy
of human synovial sarcoma using a monoclonal antibody against
FZD10. Cancer Sci 2008;99:432–40.

21. Gendler SJ, Lancaster CA, Taylor-Papadimitriou J, et al. Molecular
cloning and expression of human tumor-associated polymorphic
epithelial mucin. J Biol Chem 1990;265:15286–93.

22. Thathiah A, Blobel CP, Carson DD. Tumor necrosis factor-α convert-
ing enzyme/ADAM 17 mediates MUC1 shedding. J Biol Chem 2003;
278:3386–94.

23. Qiu Y, Patwa TH, Xu L, et al. Plasma glycoprotein profiling for colo-
rectal cancer biomarker identification by lectin glycoarray and lectin
blot. J Proteome Res 2008;7:1693–703.

24. Seales EC, Jurado GA, Singhal A, Bellis SL. Ras oncogene directs
expression of a differentially sialylated, functionally altered β1 integ-
rin. Oncogene 2003;22:7137–45.

25. Shimokawa T, Furukawa Y, Sakai M, et al. Involvement of the FGF18
gene in colorectal carcinogenesis, as a novel downstream target of
the β-catenin/T-cell factor complex. Cancer Res 2003;63:6116–20.

26. Ren J, Agata N, Chen D, et al. Human MUC1 carcinoma-associated
protein confers resistance to genotoxic anticancer agents. Cancer
Cell 2004;5:163–75.

27. Park JH, Nishidate T, Nakamura Y, Katagiri T. Critical roles of T-LAK
cell-originated protein kinase in cytokinesis. Cancer Sci 2010;101:
403–11.

28. Gordon PB, Levitt MA, Jenkins CS, Hatcher VB. The effect of the
extracellular matrix on the detachment of human endothelial cells.
J Cell Physiol 1984;121:467–75.

29. Uzdensky A, Kolpakova E, Juzeniene A, Juzenas P, Moan J. The ef-
fect of sub-lethal ALA-PDT on the cytoskeleton and adhesion of cul-
tured human cancer cells. Biochim Biophys Acta 2005;1722:43–50.

30. Takegawa K, Tabuchi M, Yamaguchi S, Kondo A, Kato I, Iwahara S.
Synthesis of neoglycoproteins using oligosaccharide-transfer activ-
ity with endo-β-N-acetylglucosaminidase. J Biol Chem 1995;270:
3094–9.

31. Bennett EP, Hassan H, Mandel U, et al. Cloning and characterization
of a close homologue of human UDP-N-acetyl-α-D-galactosamine:
polypeptide N-acetylgalactosaminyltransferase-T3, designated
GalNAc-T6. Evidence for genetic but not functional redundancy.
J Biol Chem 1999;274:25362–70.

32. Schultz J, Milpetz F, Bork P, Ponting CP. SMART, a simple modular
architecture research tool: identification of signaling domains. Proc
Natl Acad Sci U S A 1998;95:5857–64.

33. Wesseling J, van der Valk SW, Vos HL, Sonnenberg A, Hilkens J.
Episialin (MUC1) overexpression inhibits integrin-mediated cell ad-
hesion to extracellular matrix components. J Cell Biol 1995;129:
255–65.

34. Yuan Z, Wong S, Borrelli A, Chung MA. Down-regulation of MUC1 in
cancer cells inhibits cell migration by promoting E-cadherin/catenin
complex formation. Biochem Biophys Res Commun 2007;362:740–6.

35. Schroeder JA, Adriance MC, Thompson MC, Camenisch TD,
Cancer Research

h. 
, 2017. © 2010 American Association for Cancer

http://cancerres.aacrjournals.org/


GALNT6 Is Involved in MUC1 Glycosylation In vivo

Published OnlineFirst March 9, 2010; DOI: 10.1158/0008-5472.CAN-09-3911 
Gendler SJ. MUC1 alters β-catenin-dependent tumor formation and
promotes cellular invasion. Oncogene 2003;22:1324–32.

36. Clarke PA, te Poele R, Workman P. Gene expression microarray
technologies in the development of new therapeutic agents. Eur J
Cancer 2004;40:2560–91.

37. Stoughton RB, Friend SH. How molecular profiling could revolution-
ize drug discovery. Nat Rev Drug Discov 2005;4:345–50.

38. Kanehira M, Katagiri T, Shimo A, et al. Oncogenic role of
MPHOSPH1, a cancer-testis antigen specific to human bladder
cancer. Cancer Res 2007;67:3276–85.

39. Kanehira M, Harada Y, Takata R, et al. Involvement of upregulation
of DEPDC1 (DEP domain containing 1) in bladder carcinogenesis.
Oncogene 2007;26:6448–55.
www.aacrjournals.org

Researc
on April 13cancerres.aacrjournals.org Downloaded from 
40. Wagner KW, Punnoose EA, Januario T, et al. Death-receptor
O-glycosylation controls tumor-cell sensitivity to the proapoptotic
ligand Apo2L/TRAIL. Nat Med 2007;13:1070–7.

41. Ichikawa S, Sorenson AH, Austin AM, et al. Ablation of the Galnt3
gene leads to low circulating intact Fgf23 concentrations and hyper-
phosphatemia despite increased Fgf23 expression. Endocrinology
2009;150:2543–50.

42. Brockhausen I. Mucin-type O-glycans in human colon and breast
cancer: glycodynamics and functions. EMBO Rep 2006;7:599–604.

43. Singh PK, Hollingsworth MA. Cell surface-associated mucins in
signal transduction. Trends Cell Biol 2006;16:467–76.

44. Wei X, Xu H, Kufe D. MUC1 oncoprotein stabilizes and activates
estrogen receptor α. Mol Cell 2006;21:295–305.
Cancer Res; 70(7) April 1, 2010 2769

h. 
, 2017. © 2010 American Association for Cancer

http://cancerres.aacrjournals.org/


2010;70:2759-2769. Published OnlineFirst March 9, 2010.Cancer Res 
  
Jae-Hyun Park, Toshihiko Nishidate, Kyoko Kijima, et al. 
  
Carcinogenesis

-Acetylgalactosaminyltransferase 6 in MammaryNPolypeptide 
Critical Roles of Mucin 1 Glycosylation by Transactivated

  
Updated version

  
 10.1158/0008-5472.CAN-09-3911doi:

Access the most recent version of this article at:

  
Material

Supplementary

  
 http://cancerres.aacrjournals.org/content/suppl/2010/03/08/0008-5472.CAN-09-3911.DC1

Access the most recent supplemental material at:

  
  

  
  

  
Cited articles

  
 http://cancerres.aacrjournals.org/content/70/7/2759.full.html#ref-list-1

This article cites 43 articles, 12 of which you can access for free at:

  
Citing articles

  
 /content/70/7/2759.full.html#related-urls

This article has been cited by 15 HighWire-hosted articles. Access the articles at:

  
  

  
E-mail alerts  related to this article or journal.Sign up to receive free email-alerts

  
Subscriptions

Reprints and 

  
.pubs@aacr.orgDepartment at

To order reprints of this article or to subscribe to the journal, contact the AACR Publications

  
Permissions

  
.permissions@aacr.orgDepartment at

To request permission to re-use all or part of this article, contact the AACR Publications

Research. 
on April 13, 2017. © 2010 American Association for Cancercancerres.aacrjournals.org Downloaded from 

Published OnlineFirst March 9, 2010; DOI: 10.1158/0008-5472.CAN-09-3911 

http://cancerres.aacrjournals.org/lookup/doi/10.1158/0008-5472.CAN-09-3911
http://cancerres.aacrjournals.org/content/suppl/2010/03/08/0008-5472.CAN-09-3911.DC1
http://cancerres.aacrjournals.org/content/70/7/2759.full.html#ref-list-1
http://cancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
mailto:permissions@aacr.org
http://cancerres.aacrjournals.org/

