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Tumor-associated MUCS5AC stimulates in vivo
tumorigenicity of human pancreatic cancer
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Abstract. MUCS5AC, a high molecular weight glycoprotein,
is overexpressed in the ductal region of human pancreatic
cancer but is not detectable in the normal pancreas, suggesting
its association with disease development. In the present
study, we investigated the in vitro and in vivo effects of
MUCSAC knockdown by short interfering RNA (siRNA) in
the MUCS5AC-overexpressing SW1990 and BxPC3 human
pancreatic cancer cell lines in order to clarify its function.
Significant decreases in the expression levels of MUC5AC
mRNA and protein were observed in SW1990 and BxPC3
cells that had been stably transfected with a MUCSAC siRNA
expression vector (SW1990/si-MUCS5AC and BxPC3/si-
MUCSAC cells) compared to those in cells transfected with
an si-mock vector (SW1990/si-mock and BxPC3/si-mock
cells). In in vitro studies, neither type of MUCSAC-knockdown
cell showed any difference in cell survival, proliferation, or
morphology from the si-mock cells or parental cells. However,
in vivo xenograft studies demonstrated that MUCS5AC
knockdown significantly reduced the tumorigenicity and
suppressed the tumor growth of si-MUCS5AC cells compared
to those of the si-mock cells. Immunohistochemical analysis
revealed that CD45R/B220* and Gr-1* cells had infiltrated
into the tumor tissue of the SW1990/si-MUCS5AC cells.
Furthermore, cancer-associated antigen specific antibodies
were detected at high levels in the sera from the SW1990/si-
MUCSAC cell-bearing mice. These results suggest that tumor-
associated MUCS5AC expressed on the surface of pancreatic
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cancer cells supports the escape of pancreatic cancer cells
from immunosurveillance. The present findings highlight a
new dimension of MUCS5SAC as a functional immuno-
suppressive agent and its important role in pancreatic cancer
progression.

Introduction

Mucins are heavily glycosylated proteins that are expressed
in mucosal tissues, establish a selective molecular barrier at the
epithelial surface, and engage in signal transduction pathways
that regulate morphogenesis. Mucins can be classified into
MUCI1-20, which each have characteristic tandem repeat
sequences. The amino acid residues of mucin are rich in serine
and threonine, so have the potential to be O-glycosylated,
and sugar chains constitute up to 80% of their molecular weight
(1). In addition, mucins influence many cellular processes
including growth, differentiation, transformation, adhesion,
invasion, and immune surveillance. According to their cellular
localization, mucins are divided into two classes: membrane
bound mucins and secreted mucins. The secreted mucins,
which lack a transmembrane domain and are secreted into
extracellular spaces, include MUC2, MUCS5AC, MUCSB,
MUC6, MUC7, MUCS, and MUC19. The expression of
secreted mucins is restricted to secretory organs and cell types.
The membrane bound mucins, which are type I membrane
proteins, include MUC1, MUC3, MUC4, MUC12, MUCI13,
MUCI15, MUC16, MUC17, and MUC20. The membrane
bound mucins are also considered to act as sensors of the
external environment. Alterations in the gene expression of
mucins accompany the development of cancer and influence
cellular growth, differentiation, transformation, adhesion, and
invasion (2-14). For example, aberrant expression of MUC4
in pancreatic, lung, breast, colon, and ovarian malignancies
potentiates tumor cell growth and metastasis by altering the
behavioral properties of tumor cells (15). MUC2-deficient
mice showed increased proliferation, decreased apoptosis,
and increased intestinal epithelial cell infiltration and frequently
developed small intestinal, rectal, and gastrointestinal tumors
(16). These results showed that MUC?2 is involved in the
suppression of cancer that protect the gastrointestinal tract.
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It has been reported that MUCSAC is aberrantly expressed
in premalignant and malignant lesions as well as in several
pancreatic cancer cell lines, but is undetectable in normal
pancreatic tissue (17-21; Ho et al, Gastroenterology 118: abs.
664, 2000). In our previous study, MUC5SAC was expressed in
89.6% (60 of 67 cases) of pancreatic cancer cases (unpublished
data). However, the details of how MUCS5AC is involved in the
process of malignant transformation, proliferation, and metas-
tasis in pancreatic cancer remain to be elucidated. In the present
study, we adapted the small interfering RNA (siRNA) tech-
nique to suppress MUCS5AC expression in human pancreatic
cancer cells and evaluated the effect of MUC5AC-knockdown
on human pancreatic cancer cells in vitro and in vivo to clarify
its functional role in human pancreatic cancer progression.

Materials and methods

Materials. The human pancreatic cancer cell lines SW1990,
BxPC3, and PK-45P were purchased from Summit Pharma-
ceuticals International Corp. (Tokyo, Japan), Dainippon
Sumitomo Pharma Biomedical Co. Ltd. (Osaka, Japan), and
Cell Resource Center for Biomedical Research, Institute of
Development, Aging and Cancer Tohoku University (Miyagi,
Japan), respectively. The mouse anti-human MUCS5AC mono-
clonal antibody (K-MACS5, IgG1) was developed in our
laboratory. The rat anti-mouse CD45R/B220 monoclonal
antibody (clone RA3-6B2) against B lymphocytes and the
Ly-6G and Ly-6C (Gr-1, clone RB6-8C5) monoclonal antibody
against granulocytes were purchased from Becton-Dickinson
(San Jose, CA).

Mice. The experimental protocol was approved by the Ethics
Committee on Animal Experiments of the Biomedical
Research Laboratories of Kureha Corp., and the mice were
treated in accordance with the guidelines of the committee.
Five-week-old specific-pathogen-free female BALB/c-nu/nu
mice purchased from Charles River Japan, Inc. (Kanagawa,
Japan) were acclimatized for one week and then used in the
experiments at the age of six weeks. The mice were allowed
free access to sterilized CE-2 food (Oriental Yeast, Tokyo,
Japan) and sterilized tap water and were bred at 25+2°C, a
humidity of 55+7%, laminar flow, and under a 12-h light/12-h
dark cycle at 150-300 lux. To maintain a uniform environment,
noise was carefully avoided, and only the experimenters and
keepers were allowed into the animal room.

Cell culture conditions. SW1990 cells were cultured in
Dulbecco's modified Eagle's medium (DMEM; Invitrogen
Corp., San Diego, CA) supplemented with 10% fetal bovine
serum (FBS; Biowest, Nuaill, France), 50 IU/ml penicillin,
and 50 pg/ml streptomycin. BxPC3 and PK-45P cells were
cultured in Roswell Park Memorial Institute (RPMI)-1640
(Invitrogen) supplemented with 10% FBS (Biowest), 50 IU/ml
penicillin, and 50 pg/ml streptomycin. The cells were grown
at 37°C under 5% CO, in a humidified atmosphere and
passaged before they reached confluency using 0.25% (w/v)
trypsin solution containing 0.04% (w/v) EDTA.

Construction of the siRNA expression vector. Eight types of
siRNA sequences (19-mer) against human MUCS5SAC were
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designed using a computer algorithm and tested for silencing
efficacy in transient assays. The MUCS5AC siRNA target
sequence 5-TTTGAGAGACGAAGGATAC-3' was found to
be the sequence showing the most marked effects and cloned
in order to generate a stable siRNA expressing construct into
the pSilencer 3.1-H1 neo vector (Ambion, Inc., Austin, TX).
Briefly, oligonucleotides (64-mer) encoding 19-mer hairpin
sequences specific to the mRNA target were designed. These
contained two complementary domains (sense and antisense)
separated by the loop sequence 5'-TTCAAGAGA-3'. Double-
stranded oligonucleotides were ligated into the pSilencer 3.1-
H1 neo vector at BamHI (Takara Bio Inc., Shiga, Japan) and
HindIll (TaKaRa) restriction sites (pSilencer/si-MUCSAC).
The plasmid was then amplified in chemically competent
Escherichia coli (DH5a cells).

Quantitative real-time PCR. Quantitative real-time PCR
(qRT-PCR) was performed with a Light Cycler system (Roche
Diagnostics K.K., Tokyo, Japan) using the Light Cycler DNA
master SYBR-Green I kit (Roche Diagnostics K.K.) according
to the manufacturer's protocol. The following primers were
used: for human MUCS5AC gene: 5'-GCCACCGCTGCGGC
CTTCTTC-3' (forward) and 5'-GTGCACGTAGGAGGACA
GCGC-3' (reverse) and for human glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) gene: 5'-GAAGGTGAAGGTCGG
AGTC-3' (forward) and 5'-GAAGATGGTGATGGGAT
TTC-3' (reverse). GAPDH gene expression was used for
c¢DNA normalization. Amplification was carried out as follows:
initial denaturation at 95°C for 15 min, followed by 40 cycles
at 95°C for 10 sec, a touchdown annealing (0.5°C/cycle) from
68-60°C for 10 sec, and elongation at 72°C for 10 sec. After
the completion of PCR amplification, a melting curve analysis
was performed.

Transfection and selection of clones. SW1990 and BxPC3
cells were transfected with pSilencer/si-MUCSAC as a target
vector or pSilencer/si-mock as a control vector using Genejuice
(Merck, Darmstadt, Germany) according to the manufacturer's
instructions. Briefly, the cells were seeded in a 100-mm culture
dish and grown to 60-80% confluence. The medium was then
removed, and the cells were washed twice in serum-free
medium, before being incubated for 8 h in 15 ml serum-free
medium with 18 ul Genejuice and 6 ug plasmid DNA. The
cells were then washed in medium and cultured for 24 h in
complete medium, and each cell was subcultured after 48 h
(~5-fold). SW1990 and BxPC3 cells were selected by culturing
them in the presence of geneticin at 600 and 400 ug/ml,
respectively. The efficiency of MUC5AC-knockdown was
tested by qRT-PCR and FACS analysis.

Fluorescence-activated cell sorting (FACS) analysis. The
cells were detached using 0.04% (w/v) EDTA, washed
with PBS, and resuspended in PBS containing 2% FBS and
2 mM EDTA (FACS buffer) and then were incubated with
an appropriate dilution of K-MACS5 (1 ug), mouse serum
(100-fold dilution), or isotype control (1 ug) per 10° cells for
2 h at 4°C. After being washed three times in FACS buffer,
the cells were incubated with a FITC-conjugated rabbit anti-
mouse secondary antibody (Becton-Dickinson) for 30 min at
4°C. The cells were then washed three times and resuspended
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in FACS buffer, before being analyzed on a FACScan (Becton-
Dickinson) with >10* cells analyzed per sample. The data
files were analyzed using CellQuest (Becton-Dickinson), and
the cells were gated using forward and side scatter variables
to eliminate dead cells and debris.

Cell proliferation assay. The cells were suspended in each
medium at a density of 1x10%ml, and 100 gl suspensions
were seeded in 96-well plates. After incubation for 0, 1, 2,
3, or 4 days, 20 pl of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) solution (5 mg/ml) was
added. Following incubation at 37°C for 3 h, the supernatant
was removed, and dimethylsulfoxide (DMSO) was added at
100 ul/well. The absorbance of formazan was measured at a
wavelength of 570 nm and a reference wavelength of 630 nm
with a Bio-Rad Microplate Reader 550 (Bio-Rad Laboratories
Inc. Tokyo, Japan). Cell growth curves were plotted from the
mean = standard deviation (SD).

Tumorigenicity assay in xenograft models. Exponentially
growing cells were detached with 0.25% (w/v) trypsin solution
containing 0.04% (w/v) EDTA and resuspended in PBS at a
density of 1x10%/ml. Each cell line (1x107/mice) was implanted
s.c. into the flanks of nude mice, and their body weight and
tumor volume were measured at least once a week. To deter-
mine tumor volume, two bisecting diameters were measured
using a slide caliper, and the tumor volumes were calculated
using the following formula: tumor volume = length x (width)?
x 0.5236 (22). At the end of the experiment, the tumors were
removed, weighed, and fixed in 10% formaldehyde neutral
buffer solution. Ten mice were used for each cell line. Tumors
growth curves were plotted as the mean volume + standard
error (SE).

Metastasis assay. The experimental lung colonization was
evaluated by injecting 1x10° viable cells in 100 u1 of PBS i.v.
into the lateral tail vein of the BALB/c-nu/nu mice. The mice
were euthanized on day 30 posttransplantation, their lungs
were removed, and the total number of surface colonies was
estimated under a dissecting microscope. Ten mice were used
for each cell line.

Histology and immunohistochemistry. Lymphocyte infiltration
into tumor tissue was evaluated by immunohistochemical
analysis. Tumor tissues fixed in 10% formaldehyde neutral
buffer solution were embedded in paraffin. Paraffin-embedded
sections of 4 ym thickness were deparaffinized with xylene
and ethanol, treated with 3% hydrogen peroxide solution for
20 min to inactivate endogenous peroxidase, and blocked with
2% porcine plasma in TBS for 15 min to reduce non-specific
binding. Then, K-MACS5 monoclonal antibody, rat anti-mouse
CD45R/B220 and Gr-1 monoclonal antibodies were added,
and the sections were incubated at room temperature for 1 h.
After being washed three times with TBS containing 0.05%
Tween-20 (TBS-T), a horseradish peroxidase-labeled
secondary antibody was added, and the sections were incubated
at room temperature for 30 min. After being washed a further
three times with TBS-T, immunoreaction was visualized with
Liquid DAB Chromogen (Dako Japan Co. Ltd., Kyoto, Japan),
and the sections were counterstained with hematoxylin. After
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being mounted on a glass slide with Entellan Neu (Merck),
the stained specimens were examined using a microscope.
In parallel to the immunostaining, hematoxylin and eosin
(H&E) staining was performed for morphological evaluation.

Secondary tumor challenge. The primary tumor (SW1990/si-
MUCSAC cells) was implanted via the injection of 1x107 cells
into the right flanks of nude mice. After 42 days, a secondary
tumor (SW1990/si-mock cells) was implanted on the opposite
flank. Tumor growth was measured at least once a week
according to the above method.

Statistical analysis. All data are expressed as means + SD or
SE. Statistical significance was determined by the Student's
t-test. P-values <0.05 were considered significant.

Results

Establishment of MUC5SAC-knockdown cells by siRNA. The
MUCS5AC-overexpressed human pancreatic cancer cell lines
SW1990 and BxPC3 were transfected with the pSilencer
3.1-H1 neo/si-MUCSAC vector or the pSilencer 3.1-H1 neo/si-
mock vector as a negative control, and stable transfectants
were established. In order to confirm the silencing efficiency
of MUCSAC siRNA, the MUC5AC mRNA and protein
levels in the transfectants were determined by qRT-PCR and
FACS analysis. qQRT-PCR data showed that MUCS5AC
expression was significantly decreased in stably transfected
cells containing MUCS5AC siRNA (SW1990/si-MUCS5AC
and BxPC3/si-MUCS5AC cells) compared with si-mock
cells containing the control vector (SW1990/si-mock and
BxPC3/si-mock cells) (Fig. 1A). The loss of MUCSAC from
the cell surface was determined by FACS analysis. It was
found that the surface expression of MUCS5AC was also
substantially down-regulated in SW1990/si-MUCS5AC and
BxPC3/si-MUCS5AC cells (si-MUCS5AC transfectants)
compared with the SW1990/si-mock and BxPC3/si-mock
cells (si-mock transfectants), respectively (Fig. 1B). However,
there were no differences between the si-mock transfectants
and parental cells with regard to their mRNA and protein
expression levels (data not shown). Therefore, in the following
experiments, SW1990/si-mock and BxPC3/si-mock cells
were used as negative controls.

In vitro cell survival, proliferation, and morphology. To
investigate the effect of MUCS5SAC on cell proliferation,
SW1990/si-mock, SW1990/si-MUC5AC, BxPC3/si-mock,
and BxPC3/si-MUCS5AC cells were seeded in 96-well plates
and the number of cells was determined over time. As shown
in Fig. 2A and B, no difference in cell proliferation was
observed between the SW1990/si-MUCS5AC and SW1990/si-
mock cells or between the BxPC3/si-MUCSAC and BxPC3/si-
mock cells. Next, we examined whether the knockdown of
MUCSAC was associated with any morphological changes.
Each cell was plated, and morphological changes were assessed
during proliferation from sparsity to confluence. As a result,
the SW1990/5i-MUCS5AC and BxPC3/si-MUCS5AC cells
tended to cluster together, and some of them exhibited a
fibroblast-like morphology and a tightly packed cobblestone-
like morphology, respectively (Fig. 2C), but the difference in
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Figure 1. Establishment of MUC5AC-knockdown human pancreatic cancer
cell lines. SW1990 and BxPC3 cells were stably transfected with pSilencer
3.1-H1 neo/si-mock or pSilencer 3.1-H1 neo/si-MUCS5AC (an MUC5AC
specific siRNA expression vector). The MUCSAC expression of each cell
was then analyzed by qRT-PCR and FACS as described in Materials and
methods. (A) MUCSAC and GAPDH mRNA expression levels were evaluated
by qRT-PCR. qRT-PCR was performed on cDNA from each cultured cells
using human MUCS5AC-specific primers. Values were normalized using the
internal control gene, GAPDH. All PCR experiments were performed in
triplicate. Columns, mean of triplicate determinations; bars, SD. (B) FACS
analysis of MUCS5AC expression in mock- and MUCS5AC-knockdown cells.
Fluorescence of MUCSAC expressing SW1990 and BxPC3 cells probed
with K-MACS mAb. Top, SW1990/si-mock and SW1990/si-MUCSAC
cells; bottom, BxPC3/si-mock and BxPC3/si-MUCS5AC cells; gray filled
histograms, isotypic control antibody; bold lines, K-MACS5. The experiment
was repeated twice. Representative data are shown.

morphology between the si-mock and si-MUCS5AC cells was
not marked.

In vivo tumorigenicity and metastatic potential. As both the
si-mock and si-MUCSAC cells showed exactly the same
proliferation rate in vitro, we examined their ability to induce
tumorigenicity in vivo. SW1990/si-MUCS5AC cell-challenged
mice barely developed any visible solid tumors, but the si-mock
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Figure 2. Effect of MUCS5AC on cell growth and morphologic change.
SW1990/si-mock and SW1990/si-MUCS5AC (A) or BxPC3/si-mock and
BxPC3/si-MUCSAC cells (B) seeded in a 96-well plate were cultured for 0,
1,2, 3, or 4 days. Filled columns, si-mock cells; open columns, si-MUCS5SAC
cells. Their cell number was determined by their absorbance as described in
Materials and methods. The experiment was repeated thrice. Representative
data are shown. Columns, mean of triplicate determinations; bars, SD.
SW1990/si-mock and SW1990/si-MUCS5AC (C, top) or BxPC3/si-mock and
BxPC3/si-MUCS5AC cells (C, bottom) were cultured during proliferation
from sparsity to confluence, and phase-contrast microscopic images were
observed. The experiment was repeated thrice. Data shown are representative
images captured from one of three independent experiments performed in
triplicate. Bar, 50 ym.

cell-challenged mice had developed tumors by one week
as expected (Fig. 3A). The tumor growth of the SW1990/si-
MUCSAC cells was suppressed compared to that of the
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Figure 3. MUCS5SAC-knockdown by siRNA significantly inhibited tumor
xenograft growth. (A) Tumor growth curves of SW1990/si-mock (filled
circles) and SW1990/si-MUCSAC (open circles) cells. (B) Tumor growth
curves of BxPC3/si-mock (filled circles) and BxPC3/si-MUCSAC (open
circles) cells. The cells were s.c. implanted with 1x107 cells into the nude mice
on day 0. The mice were monitored for tumor formation until 42 (A) and
49 (B) days, respectively, and the tumors were measured on the indicated
days. These experiments were repeated at least thrice. Representative data are
shown. Points, mean tumor volume of 10 mice for each group; bars, SE.
Statistically significant at “P<0.005 and “P<0.001 (versus si-mock cell-
challenged mice group).

SW1990/si-mock cells after day 28 (P<0.005). Also tumor
volumes were significantly increased in the mice injected
with BxPC3/si-mock cells compared with the tumor growth
in those injected with BXxPC3/si-MUCSAC cells (Fig. 3B). The
tumor growth of the BxPC3/si-MUCS5AC cells was decreased
compared with that of the BxPC3/si-mock cells after day 7
(P<0.001). Furthermore, to examine whether the proliferation
of si-MUCS5AC cells was also inhibited in a lung metastasis
model, the SW1990/si-mock and SW1990/si-MUCS5AC cells
were injected i.v. into nude mice, and metastases were
enumerated after day 30. As a result, there were no lung
metastases that could be confirmed under a dissecting
microscope in the SW1990/si-MUCS5AC cell-challenged mice,
while many metastases were observed in the SW1990/si-mock
cell-challenged mice (Table I).

Accumulation of immunocytes in the tumor tissues. To identify
the types of immunocytes that infiltrated into the tumor tissues,
the tumor challenge sites were removed and subjected to
histological and immunohistochemical examination. First,
MUCSAC expression at the SW1990/si-mock cell-challenged
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Table I. MUCS5AC-knockdown in tumor cells significantly
diminishes lung metastasis.?

Count of lung metastases

Mice no. 1 2 3 4 5 6 7 8 9 10

SW1990/ 4 10 3 5 6 8 7 6 10 4
si-mock

SW1990/ O o0 o0 o0 0 0o o0 O 0 O
si-MUC5AC

“Tumor cells (1x10°) were injected into the lateral tail veins of the
mice. The lungs were collected 30 days after posttransplantation,
and the total numbers of surface colonies were counted. Ten mice
were used for each cell line. The experiment was repeated twice.
Representative data are shown.

site and SW1990/si-MUCS5AC cell-challenged site was
examined by IHC using K-MACS5 monoclonal antibody, and
its significant suppression at the latter site was confirmed
(Fig. 4A). Next, rat anti-mouse CD45R/B220 and Gr-1
monoclonal antibodies were used for the detection of the B
lymphocytes and granulocytes, respectively. As shown in
Fig. 4B, H&E staining showed that many immunocytes had
infiltrated into the SW1990/si-MUCS5AC cell-challenged site.
Immunohistochemistry revealed that the infiltrating cells
were CD45R/B220* (Fig. 4C) and Gr-1* cells (Fig. 4D) that
were scattered throughout the tumor, but were particularly
localized in the epithelial and surrounding stromal compart-
ments. In contrast, few or no infiltrating immunocytes were
found at the SW1990/si-mock cell-challenged site.

Antibody production by B lymphocytes. As it was shown in the
above immunostaining examination that many B lymphocytes
had accumulated at the SW1990/si-MUCS5AC cell-challenged
site, we investigated whether B lymphocytes raised specific
antibodies against the implanted tumor cells. To do this,
sera were collected from SW1990/si-mock and SW1990/si-
MUCSAC cell-challenged mice and were used to evaluate
the responsiveness to human pancreatic PK-45P cells, which
do not express MUCS5AC, by FACS analysis. FACS analysis
showed that the sera of the SW1990/si-MUCS5AC cell-
challenged mice more effectively recognized PK-45P cells
as a foreign substance, compared to that of the SW1990/si-
mock cell-challenged mice (Fig. 4E).

Rejection of a secondary challenge with SW1990/si-mock
cells in mice subjected to primary challenge with SW1990/si-
MUCSAC cells. It was thought that memory B cells may play
a pivotal role in the rejection of grafted SW1990/si-MUCS5AC
cells in nude mice. So, we investigated whether a secondary
challenge with SW1990/si-mock cells would be rejected in
mice that had previously been challenged with SW1990/
si-MUCSAC cells. As a first step, SW1990/si-MUCS5AC
cells (the primary tumor) were implanted into the right
flanks of nude mice. After 42 days, SW1990/si-mock cells
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(the secondary tumor) were implanted into the opposite flank
(Fig. 5A). As a result, the secondary tumor growth of SW1990/
si-mock cells was significantly decreased in the primary
tumor-bearing mice compared with the primary tumor-absent
mice (Fig. 5B). Significant inhibition was shown after day 7
of the secondary challenge (P<0.001). In other words, the
primary graft of SW1990/si-MUCS5AC cells caused strong
rejection of the secondary tumor graft. Furthermore, the
primary tumor no longer developed and was not promoted
by the secondary inoculation (data not shown). In contrast, the
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Figure 4. MUCS5AC inhibits the accumulation of immunocytes into tumor
tissue. The tumors challenged in the experiment shown in Fig. 3A were
subjected to histological and immunohistochemical examinations. Tumor
sections obtained from SW1990/si-mock (left) and SW1990/si-MUCS5AC
(right) cell-challenged mice were treated with mouse anti-human MUC5AC
monoclonal antibody (A), H&E (B), rat anti-mouse CD45R/B220 (C), and
Gr-1 (D) monoclonal antibodies as described in Materials and methods.
Representative stainings are shown. Bar, 20 ym. (E) MUC5AC suppresses
antibody production against implanted tumor cells. Serum was collected
from each of the SW1990/si-mock and SW1990/si-MUCSAC cell-challenged
mice in the experiment shown in Fig. 3A, and equivalent amounts of each
serum (n=10) were mixed and diluted to 1:100. The mixed serum was used
to evaluate the responsiveness to PK-45P cells by FACS analysis as
described in Materials and methods. Gray filled histogram, normal control
serum; thin line, the mixed serum from SW1990/si-mock cell-challenged
mice; bold line, the mixed serum from SW1990/si-MUCS5AC cell-
challenged mice. All these experiments were performed at least thrice. One
representative data set of three independent experiments is shown.

tumor volumes of the SW1990/si-mock cells in the primary
tumor-absent mice were significantly increased, as expected
from the results shown in Fig. 3A.

Discussion

In spite of recent developments that have improved the
prevention, screening, and therapy for pancreatic cancer, it
still has a poor prognosis: a 5-year survival rate of up to 3%
and a median survival of up to 6-month. This poor prognosis
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Figure 5. MUCSAC suppresses the immune memory system. (A) Animal
experiment protocol. (B) Tumor volume. The primary tumor (SW1990/si-
MUCSAC cells) was implanted with 1x107 cells into the flanks of nude
mice. After 42 days, a secondary tumor (SW1990/si-mock cells) was implanted
with 1x107 cells into the primary tumor-absent mice (filled triangles) and the
primary tumor-bearing mice (open triangles). Tumor size was measured
on the indicated days. These experiments were repeated at least thrice.
Representative data are shown. Points, mean tumor volume of 10 mice for
each group; bars, SE. Statistically significant at "P<0.001 (versus primary
tumor-absent mice group).

is a consequence of metastatic disease, which results from a
lack of early detection and effective treatment. Concerning
the relationship between the malignancy grade of pancreatic
cancer and mucins, it was previously reported that MUCI
and carbohydrate antigens such as sialyl Lewis antigen are
related to metastatic potential and prognosis. For example,
Tsutsumida et al previously reported that down-regulation of
MUCI expression by siRNA significantly decreased human
pancreatic cancer cell proliferation in vitro and in vivo (23).
Chaturvedi et al demonstrated that silencing MUC4 expression
by transfecting MUC4-specific short hairpin RNA into a
human pancreatic cell line decreased cell growth and metastasis
in vivo and induced ectopic expression of growth- and
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metastasis-associated genes. They also showed that over-
expression of MUC4 is associated with increased tumor cell
growth and metastasis via interference with the interaction
between cancer cells and extracellular matrix proteins (24).

MUCSAC has been shown to be a major component of
the stomach and airway, and little or no expression of
MUCS5AC is found in other normal tissues; whereas, it is
anomalously expressed in human pancreatic and colorectal
cancers. This implies that MUCS5AC plays an important
role in these cancers, but few reports exist on its function.
Here, we established MUCS5AC-knockdown cells by
introducing siRNA and investigated how MUCS5AC
contributes to tumor progression. The findings from the
present study showed that the ectopic expression of MUC5AC
was not involved in cell growth in vitro, but that it was
intimately involved in tumor growth in vivo. The expression
levels of cell-adhesion factors, some of which, such as sialyl-
Lewis?, sialyl-Lewis*, and E-cadherin are known to be related
to metastasis, were not affected in si-MUCS5AC cells (data
not shown). In addition, to test the alteration in migratory
capacity after the suppression of MUCSAC, we performed a
scratch wound-healing assay in si-MUCSAC and si-mock
cells. The scratch wound-healing assay is considered to be an
in vitro model of the epithelial cell migration that occurs
during wound healing. The scratch wounds in both cells were
closed with a large portion after 48 h and no significant delay
in the migration of si-MUCSAC cells into the empty space
was observed (data not shown). Therefore, it appears that the
functions of MUCS5AC in pancreatic cancer are essentially
different from those of other mucins. In the future, we are
going to perform a microarray analysis of si-mock and si-
MUCSAC cells and to investigate the expression of tumor-
associated genes.

An analysis of the functional role of MUCS5AC was
reported for colorectal cancer. It may be assumed that the
expression of MUCSA plays a role in the invasiveness of
cancers, as it is detected in the early stages of human colorectal
cancer. Truant et al reported on the invasive properties of the
human colon carcinoma cell line HT-29 (HT-29 STD) and its
highly MUCSAC secreting-variant (HT-29 5M21). It was
found that HT-29 STD cells are non-invasive; whereas, HT-29
5M21 cells are invasive due to a lack of cell-cell adhesion
through E-cadherin, and HT-29 STD cells and HT-29 5M21
cells also have different morphologies, the former grows in
multilayers, but the latter grows in monolayers (25). In the
present study, MUC5AC-knockdown cells and their parental
cells proliferated in multilayers and did not differ in morpho-
logy (Fig. 2). These results indicate that the MUCS5AC
molecules of pancreatic and colorectal cancers may have
different functions.

In a previous report, mucins were found to have inhibitory
effects on the antitumor response of the host and to promote
tumor progression and metastasis. Cell-cell adhesion con-
tributes to the normal development and function of cells;
whereas, the highly glycosylated rigid structure of the mucins
reduces both homotypic cell-cell adhesion and cell-substratum
interactions (26). Almost all of the functions of mucins reported
until now have been connected to proliferation, adhesion,
migration, or invasion, and in vitro as well as in vivo pro-
liferation has been reported to be inhibited by knockdown
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of the expression of mucins. However, the present study
demonstrated that MUC5AC-knockdown affected in vivo
proliferation but not in vitro proliferation, which differs from
the results of previous reports. As shown in Figs. 2 and 3,
MUCS5AC-knockdown cells showed similar results to the
control cells with regard to cell survival, proliferation, and
morphology in vitro. However, in in vivo xenograft studies,
their tumor growth was significantly inhibited compared with
that of the control cells. So, why were in vivo tumorigenicity
and metastasis inhibited when no marked in vitro effect was
observed? One of the reasons for this inhibitory effect is
thought to be induced by antibody-dependent cell-mediated
cytotoxicity (ADCC). In the present study, B cells and neutro-
phils were found to accumulate at SW1990/si-MUCS5AC
cell-challenged sites (Fig. 4). Moreover, a greater number
of antibodies against human pancreatic cells were present in
the blood of the SW1990/si-MUCSAC cell-challenged mice
compared to the levels produced by the SW1990/si-mock
cell-challenged mice (Fig. 4E). Neutrophils are non-specific
cytotoxic immunocytes that exclude infecting organisms.
Recently, it has been reported that neutrophils also have
antitumor effects mediated through ADCC via phagocytosis,
elastase, or superoxide (27-29). ADCC is triggered by tumor-
specific antibodies and Fc receptor-expressing cytolytic cells
such as NK cells, neutrophils, eosinophils, and monocytes/
macrophages (30). According to these results, the present
in vivo tumor inhibition was supposed to be induced by
ADCC. Moreover, si-MUCS5AC cells are a MUC5AC-knock-
down cell line and are not able to grow in vivo. The SW1990/
si-MUCS5AC cell-challenged mice used in this study signi-
ficantly rejected a secondary tumor challenge with SW1990/si-
mock cells, which are usually able to grow in vivo (Fig. 5B).
As nude mice were used in the present experiments, antigen
memory via cytotoxic T cells can not be involved. Therefore,
the mice that received the si-MUCS5AC cells might have
produced specific antibodies against an unknown pancreatic
cancer specific antigen, and these antibodies may have
inhibited the secondary-challenged si-mock tumor via
ADCC. It would be interesting to know which molecule
serves as the antigen in this case, as its identification and
analysis would provide a target for molecular pancreatic
cancer therapeutics.

Another possible reason for the in vivo inhibition of
tumorigenicity is that MUCSAC is directly involved in immune
suppression and avoidance. Several reports have investigated
MUCI1 or MUC2. Overexpression of MUCI in pancreatic
cancer is associated with poor prognosis (31), and there is
disputed evidence that tumors associated with MUC1 directly
influence the response of immunocytes. For example, MUCI1
inhibits the function of effector cells such as natural killer
cells, lymphokine-activated killer cells, and cytotoxic T-cells.
Also, soluble MUCI induces apoptosis of activated T cells
and inhibits the proliferation of natural killer cells and
cytotoxic T-cells (32,33). MUC?2 has been reported to bind to
a scavenger receptor of monocytes/macrophages and leads to
the overproduction of PGE2, which suppresses immuno-
cytes through COX2 (34,35). In this study, the growth of
MUCS5AC-knockdown cells was inhibited in not only xeno-
grafted tumors but also a lung metastasis mode (Table I).
Thus, it has been suggested that MUC5AC may be involved
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in immunosuppression and evasion from the immune
system similarly to MUC1 and MUC2. However, future
studies are needed to investigate the immunosuppressive
mechanism of MUCS5AC in human pancreatic cancer.

In conclusion, we investigated the role of MUCS5AC in
human pancreatic cancer progression using specific siRNA
against MUCSAC. Our data showed that suppression of
MUCS5AC in two human pancreatic cancer cell lines dramati-
cally reduced in vivo tumor growth and metastasis without
affecting cell growth in vitro. Also infiltration of CD45R/B220*
and Gr-1* cells was observed in tumor tissue generated by
implanting si-MUCSAC cells into mice. Furthermore, specific
antibodies against the tumor cells were mostly observed in
the sera of SW1990/si-MUCS5AC cell-bearing mice. These
results suggested that the MUCSAC expressed on the surface
of pancreatic cancer cells aids cancer cell escape from the
immune system. The present findings highlight a new
dimension of MUCSAC as a functional immunosuppressive
agent and its important role in pancreatic cancer progression.
Also, MUCS5SAC may be an important indicator for the
diagnosis and prognosis of pancreatic cancer, and disruption
of MUCS5AC may have potential as a treatment for MUC5AC-
expressing pancreatic and other cancers.
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