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Tumor-associated MUC1 binds to Siglec-9, which is expected to mediate tumor cell growth and negative
immunomodulation. We hypothesized that a soluble form of Siglec-9 (sSiglec-9) competitively inhibits a
binding of MUC1 to its receptor molecules like human Siglec-9, leading to provide antitumor benefit
against MUC1-expressing tumor, and generated transgenic mouse lines expressing sSiglec-9 (sSiglec-9

KEJ/WOTde Tg). When mammary tumor cells expressing MUC1 were intraperitoneally transplanted into sSiglec-9
i/?[l_]qu]le Siglec-9 Tg, tumor proliferation was slower with the lower histological malignancy as compared with non-

transgenic mice. The sSiglec-9 was detected in the ascites caused by the tumor in the sSiglec-9 Tg, and
sSiglec-9 and MUC1 were often colocalized on surfaces of the tumor cells. PCNA immunohistochemistry
also revealed the reduced proliferation of the tumor cells in sSiglec-9 Tg. In sSiglec-9 Tg with remarkable
suppression of tumor proliferation, MUC1 expressions were tend to be reduced. In the ascites of sSiglec-9
Tg bearing the tumor, T cells were uniformly infiltrated, whereas aggregations of degenerative T cells
were often observed in the non-transgenic mice. These results suggest that sSiglec-9 has an antitumor
benefit against MUC1-expressing tumor in the transgenic mice, which may avoid the negative immuno-
modulation and/or suppress tumor-associated MUC1 downstream signal transduction, and subsequent
tumor proliferation.
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1. Introduction MUC1-C) in the endoplasmic reticulum and the two subunits form

a heterodimeric complex that is expressed at the cell membrane

The MUC1 is a major sialylated transmembrane glycoprotein
that is expressed at the apical surface of normal epithelial cells,
for protection from the external environment [1,2]. The MUC1 pro-
tein is cleaved into N- and C-terminal subunits (MUC1-N and
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[3-5]. The MUC1 is overexpressed in various adenocarcinoma
including breast carcinomas [1,6,7] and is involved in the tumor
growth, tumorigenicity, and resistance to apoptosis, which is cor-
related with poor-prognosis of the tumors [8-13]. Recent studies
have shown that transmembrane MUC1-C functions as an onco-
protein through interactions with EGFR, ErbB2, and other receptor
tyrosine kinases [14]. Additionally, MUC1 directly bind to
B-catenin, and blocks phosphorylation and degradation, contribut-
ing to the malignant phenotype of tumors [15]. Therefore, although
many therapeutic approach targeting MUC1, using anti-MUC1
monoclonal antibody, anti-MUCT1 vaccines, and agents that directly
target MUCT1, have been developed [14,16-22], all the details about
molecular mechanisms of MUC1 in malignant tumor growth have
not been yet revealed.

Recently, Ohta et al. [23] reported that tumor-produced mucins
bound to the sialic acid-binding immunoglobulin-like lectin,
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Siglec-9, leading to negative immunomodulation. Siglec-9 is an
inhibitory receptor expressed on immune cells and the binding of
Siglec-9 to its ligands induces inhibition of NK cell and T cell antitu-
mor immunity [24,25]. Therefore we hypothesized that a factor
inhibiting the binding of Siglec-9 to MUCT1 interfered the transmis-
sion of immunosuppressive signal, leading to provide antitumor
benefits to the animals bearing MUC1-expressing tumors. However,
the more recent study has revealed that binding of the soluble Sig-
lec-9 to the MUCT1 induces recruitment of f-catenin and subsequent
cell growth [26]. Because both reports were performed in vitro, to
clarify the antitumor potential of sSiglec-9 in vivo, we generated
transgenic mouse lines expressing soluble Siglec-9 (sSiglec-9 Tg),
which was expected to competitively inhibit binding of MUC1 to
its receptor molecule similar to Siglec-9, such as CD33-related Sig-
lec, but not mediate immunosuppressive signaling. Here we show
that sSiglec-9 provides an antitumor benefit against proliferation
of mammary tumor expressing MUC1 in the transgenic mice.

2. Methods and materials
2.1. Generation of transgenic animals

The transgene encoding the fusion protein consisting of the
extracellular domain of human Siglec-9 gene (amino acids 1-
342) and Fc region of human IgG2 was inserted into the pCXN2
vector [27]. The plasmid was designated pCXN2/sSiglec-9, which
expressed sSiglec-9. The plasmid was digested with Sall to obtain
the transgene fragment containing the sSiglec-9 gene. Transgenic
mice were generated by microinjection method. To put it briefly,
approximately 500 copies of the Sall transgene fragment contain-
ing the CAG promoter (cytomegalovirus IE enhancer and chicken
B-actin promoter), the sSiglec-9 gene, and the rabbit B-globin
polyA signal. The fragment was microinjected into the pronuclei
of fertilized C57BL/6N]Jcl (CLEA Japan) mouse embryos. The FTA
elute micro cards (Whatman) were used for isolation of genomic
DNA for genotyping. Transgenes were detected by PCR analysis
using specific primers; Sig9lg-F2 1765-1787: 5-GGAAATGGC
TCATCTCTGTCACT-3’ and Sig9lg-R2 2249-2227: 5-GGCTTTGTCT
TGGCATTATGCAC-3'. Blood biochemical examination about gen-
eral screening items including serum proteins, nitrogen com-
pounds, enzymes, lipids, glucose, were performed by a standard
method at Oriental Kobo Life Science Laboratory. All mice were
maintained in the animal facility at our institute and treated
according to Fundamental Guidelines for Proper Conduct of Animal
Experiment and Related Activities in Academic Research Institu-
tions under the jurisdiction of the Ministry of Education, Culture,
Sports, Science and Technology in Japan.

2.2. Antibodies

For immunoblot, we used an anti-human IgG antibody (from
rabbit, Sigma, 1:10,000) as a primary antibody for detection of
sSiglec-9 and an HRP-labeled anti-rabbit IgG antibody (from goat,
Bio-Rad, 1:50,000) as a secondary antibody. For immunohisto-
chemistry, we used antibodies against human IgG (from goat,
Sigma, 1:2000), proliferating cell nuclear antigen (PCNA) (from
mouse, DAKO, 1:1000), human MUC1 (from rabbit, Lab Vision,
1:1000), and anti-human CD3 (from rabbit, DAKO, 1:500) as pri-
mary antibodies. Cy3-, (Jackson ImmunoResearch) and Alexa Fluor
488- (Invitrogen) labeled species-specific antibodies were used at a
dilution of 1:200 as secondary antibodies for immunofluorescence.

2.3. Analysis of transgene expression

The sSiglec-9 protein for positive control of transgene expres-
sion was purified from a supernatant of the transformed MDCK cell

line expressing sSiglec-9 by Protein G affinity chromatography. To
confirm the presence of sSiglec-9 in sera and ascites of transgenic
mice, Western blot analysis was performed by the method of Tow-
bin et al. [28]. One microliter of each serum or supernatant of
tumor ascites sample diluted with water by 100 times were frac-
tionated by 10% SDS-polyacrylamide gel. Serially diluted sSiglec-
9 was used for making a standard. Then the separated proteins
were electrophoretically transferred to an Immobilon transfer
membrane (Millipore). Blotted membrane was treated sequentially
with blocking solution (5% skim milk in phosphate buffered saline
with 0.05% Tween 20), primary antibody, and finally with HRP-
labeled secondary antibody. Detection was performed using ECL
Select Western Blotting Detection System (GE Healthcare).
Densities of detected bands were semiquantified using NIH Image]
software (version 1.41).

2.4. Cells

Mouse mammary tumor cell lines, MM46 and its mutant
MM46-APR-MUC1cl.1. (MM46-MUC1), which overexpress extra-
neous human MUC1 (APR-MUC1), were obtained from Cell
Resource Center for Biomedical Research Institute of Development,
Aging and Cancer, of Tohoku University and RIKEN BioResource
Center, respectively. MM46 cells were cultured in RPMI-1640
(SIGMA) supplemented with 10% heat inactivated fetal bovine
serum (GIBCO), 100 IU/mL penicillin, and 100 pg/mL streptomycin
(GIBCO). MM46-MUCT1 cells were cultured in same culture med-
ium supplemented with 200 pg/mL geneticin (Wako).

2.5. Transplantation of mammary tumor cells

For tumor transplantation, seven- to eight-week-old sSiglec-9
transgenic B6C3F1 mice (C57BL/6 background sSiglec-9 female
mice x C3H/HeN]Jcl male mice, CLEA Japan) and the non-transgenic
littermates (non-Tg) were used. MM46 or MM46-MUC1 cells
(2 x 106 cells) were intraperitoneally transplanted into the mice
under anesthesia by isoflurane inhalation. After transplantation,
mice were observed daily for abnormal clinical signs such as weak-
ness, dyspnea, or ascites accumulation throughout the experimen-
tal period until post-transplantation day (PTD) 28. The body
weights were measured every day and the humane endpoints were
a failure to eat or drink and the 30% weight gain by the tumor
proliferation.

2.6. Histopathological analyses

Under deep anesthesia by isoflurane inhalation, the whole
blood collecting from the hearts were performed for serum sam-
ples. The mice were sacrificed by cervical dislocation, and the
tumor ascites were collected for examination of gene expression
and histopathological analyses. The precipitations of tumor ascites
were immersed overnight in 4% paraformaldehyde (PFA) in 0.1 M
sodium phosphate buffer (PB). The fixed tumor cells were dehy-
drated and then embedded in paraffin-wax in the usual manner.
Paraffin sections (2-4 pm in thick) were cut and stained with hae-
matoxylin and eosin (H. E.). Immunoperoxidase staining by the
streptavidin-biotin method was performed using a Histofine
SAB-PO kit (Nichirei) and 3,3’-Diaminobenzidine tetrahydrochlo-
ride (DAB) detection. The PCNA index (%) was calculated as the
average of PCNA-positive tumor cells/all tumor cells x 100 in 4
fields at a high magnification. In immunofluorescence, sections
were immunoreacted overnight with a mixture of primary anti-
bodies, and then incubated with a mixture of fluorescent species-
specific secondary antibodies for 2 h.
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Fig. 1. Generation of sSiglec-9 transgenic mice. (A) The transgene fragment
contains the CAG promoter (cytomegalovirus IE enhancer and chicken B-actin
promoter), the sSiglec-9 (extracellular domain of human siglec-9 gene and Fc region
of human IgG2) and the rabbit p-globin polyA signal. (B) Detection of sSiglec-9
secreted in the sera of transgenic mouse lines by Western blot analysis.
Semiquantitative concentration (ng/0.01 uL serum) was indicated at the bottom.
ND, not detected.

2.7. MTT assay

Antitumor properties of sSiglec-9 expressed in sera of trans-
genic mice were estimated using the Cell Proliferation Kit I
(MTT) (Roche). Briefly, 5 x 10% of MM46-MUC1 or MM46 cells
were seeded in 96-well plates, and the sera of sSiglec-9 Tg or
non-Tg littermates were diluted directly into the medium to a final
concentration of 5.0%. Cells were incubated for 72 h at 37 °C, and
then 10 pL of MTT labeling solution to a final concentration of
0.5 mg/mL was added. Plates were incubated for an additional
4 h, and 100 pL of solubilization solution was added for overnight
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incubation. The amount of dissolved formazan dye was measured
at A550 nm, using an ELISA plate reader.

2.8. Statistics

The values were expressed as the averages of at least three
times + standard deviations. Statistical analysis was performed by
Student’s t-test.

3. Results
3.1. Generation of sSiglec-9 mice

We generated five transgenic mouse lines with sSiglec-9 trans-
gene under the control of CAG promoter (Fig. 1A), which allows an
expression in all cell types [27]. Western blot analysis using an
anti-human IgG rabbit antibody revealed that the transgene
expression was confirmed in the sera of three of five transgenic
lines and their concentrations of sSiglec-9 protein were relatively
high and variable (2.46-5.62 mg/mL) (Fig. 1B). By immunohisto-
chemistry with an anti-human IgG goat antibody, sSiglec-9 were
expressed in many tissues including various secretory and mucosal
epithelium in the mice of sSiglec-9 transgenic lines. However, no
significant abnormalities in the sSiglec-9 mice were observed in
histological examinations with H.E. staining and general blood bio-
chemical examinations (data not shown). For the following trans-
plant experiment, we used the mice of sSiglec-9 line 48, which
expressed the highest level of sSiglec-9 protein.

3.2. sSiglec-9 mice were significantly resistant to proliferation of
MM46-MUC1 tumor cells not MM46 cells

To find out whether the sSiglec-9 mice were resistant to prolif-
eration of tumor cells expressing MUC1, MM46-MUC1 and MM46

-~ sSiglec-9 Tg (n =22)
<% non-Tg (n =32)

B MM46

Survival Rate (%)
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Fig. 2. sSiglec-9 mice were resistant to proliferation of MM46-MUC1 tumor cells. (A and B) Survival curves of the sSiglec-9 and non-Tg mice after the transplantation of
MM46-MUC1 (A) and MM46 (B). (C and D) Histopathology of transplanted MM46-MUCT1 in sSiglec-9 mice (C) and non-Tg mice (D). Bars, 50 um.
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cells were i.p. inoculated into the sSiglec-9 mice and their non-Tg
littermates. The survival curves demonstrated that the tumor pro-
liferation causing death in sSiglec-9 Tg was significantly slower
than that in non-Tg littermates (Fig. 2A). The sSiglec-9 mice began
to die three days (PTD 17) later after non-Tg did (PTD 14). Further-
more, 28.6% of sSiglec-9 mice survive throughout the experimental
period until PTD 28 and the survived mice had only a small amount
of ascites. All of non-Tg mice died or were sacrificed at the humane
endpoints as above mentioned after transplantation of MM46-
MUCT1 within experimental period until PTD 28. In contrast, there
was not much difference between sSiglec-9 and non-Tg mice after
transplantation of MM46 cells without forcibly expressing MUC1
(Fig. 2B). The histological examination revealed that MMA46-
MUCT cells in ascites of sSiglec-9 mice were relatively small and
uniform in size and shape (Fig. 2C), whereas the tumor cells in
non-Tg mice were pleomorphic with enlargement of many cells
(Fig. 2D).

3.3. Soluble Siglec-9 expression and histopathology in ascites tumor
cells of the sSiglec-9 mice

The expressions of sSiglec-9 were detected in all of the ascites of
MM46-MUCT transplanted mice by Western blot and there was no
significant difference in the concentration of sSiglec-9 between the
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sera and ascites (Fig. 3A). The sSiglec-9-positive signals were
observed to cover the surface of the tumor cells in ascites of the
sSiglec-9 Tg (Fig. 3B). Non-specific signals were not detected in
the non-Tg littermates. When immunofluorescence for sSiglec-9
(green), MUC1 (red), and DAPI (blue) was applied to the MM46-
MUCT cells in the sSig-9 Tg ascites, the colocalizations of sSiglec-
9 and MUCT on the cell surfaces were often detected (Fig. 3C).

3.4. Soluble Siglec-9 was not cytotoxic for MM46-MUCT cells in vitro,
but reduced cell proliferation activities and MUC1 expression of
MM46-MUCT cells in vivo

In order to examine whether sSiglec-9 was cytotoxic and can
suppress the proliferation of MM46-MUC1 cells in vitro, MTT
assays were performed using mice sera and cultured MM46-
MUC1 cells. In the MTT assays, no significant difference was
observed in the proliferation activities between MM46-MUC1
and MM46 cells with sSiglec-9 Tg sera vs. non-Tg sera (Fig. 4A).
In contrast, the PCNA immunohistochemistry revealed that the
reduced proliferation of ascites cells in sSiglec-9 Tg mice (Fig. 4B
and C). The MUC1 expressions were also reduced in sSiglec-9 Tg
mice (Fig. 4D). Additionally, viable, CD3-positive T lymphocytes
were comparative uniformly infiltrated into the tumor ascites of

Ag (ng)

25 50 100

Fig. 3. sSiglec-9 expression in ascites of the MM46-MUC1 tumor-bearing sSiglec-9 mice. (A) A representative result of the expressions of sSiglec-9 in the ascites supernatant
of MM46-MUC1 transplanted mice by Western blot. Semiquantitative concentration (ng/0.01 uL ascite) was indicated at the bottom. ND, not detected. (B)
Immunohistochemistry for the sSiglec-9 of the MM46-MUC1 tumor cells transplanted in the sSiglec-9 Tg mice (left) and non-Tg (right). Bars, 100 pm. (C)
Immunofluorescence for sSiglec-9 (green), MUC1 (red), and DAPI (blue) of the transplanted MM46-MUC1 cells. Bars, 50 um. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. The influences of sSiglec-9 on the tumor cell proliferation and histopathology. (A) MTT assay. No significant difference was observed in the proliferation activities
between cells with sSiglec-9 Tg sera vs. non-Tg sera (*P>0.2). (B) Immunohistochemistry for PCNA of the ascites cells in the sSiglec-9 Tg mice (left) and non-Tg (right),
MM46-MUC1 transplanted. Bars, 100 pm. (C) PCNA labeling index (%). (D) Immunohistochemistry for MUC1 of the ascites cells in the sSiglec-9 Tg mice (left) and non-Tg
(right), MM46-MUC1 transplanted. Bars, 50 um. (E) Immunohistochemistry for CD3 of the ascites cells in the sSiglec-9 Tg mice (left) and non-Tg (right), MM46-MUC1

transplanted. Bars, 100 pm.

sSiglec-9 Tg, although the aggregations of degenerative CD3-
positive cells were often observed in the non-Tg (Fig. 4E).

4. Discussion

In the present study, we generated transgenic mouse lines with
sSiglec-9 transgene under the control of CAG promoter (sSiglec-9
Tg). It has been reported that tumor-produced MUC1 bound to Sig-
lec-9, leading to negative immunomodulation [23]. Siglec-9 is an
inhibitory receptor expressed on immune cells and the binding of
Siglec-9 to its ligands induces inhibition of NK cell and T cell anti-
tumor immunity [24,25]. We hypothesized that a factor inhibiting
the binding of Siglec-9 to MUCT interferes the transmission of the
immunosuppression signal, leading to prevent antitumor immu-
nity, and transplanted MM46-MUC1 mammary tumor cells to sSig-
lec-9 Tg mice intraperitoneally. The sSiglec-9 Tg mice were
resistant to proliferation of MM46-MUC1 tumor cells compare
with non-Tg littermates. These antitumor benefits were not
observed in the sSiglec-9 Tg mice bearing MM46 cells without forc-
ibly expressing MUCT. In the transgenic mouse lines, histopathol-
ogical and blood biochemical abnormalities were not observed.
Furthermore, the expression of sSiglec-9 had no significant effect
on a number of lymphocyte homing into lymph nodes at least
(data not shown). Taken together, these data suggest that the sSig-
lec-9 may be a medical agent against the tumor expressing MUC1,
which did not produce side effects expected on the immune
system.

The sSiglec-9 in mice sera or purified from supernatant from
stably expressing cell line was not cytotoxic for MM46-MUC1 cells
in vitro. However, proliferative activities of MM46-MUC1 cell
transplanted in the sSiglec-9 Tg were lower than those in non-Tg.
These results may suggest that sSiglec-9 in vivo suppressed the
proliferation of MM46-MUC1 cell by inhibition the MUC1 down-
stream signal transduction, due to direct suppression of MUC1
expression and/or competitive inhibition of MUC1 binding to
CD33-related Siglec similar to human Siglec-9. Recently, Tanida
et al. [26] reported that binding of soluble Siglec-9 to the MUC1
induces recruitment of B-catenin and subsequent cell growth
in vitro rather than suppression of the tumor growth, which results
disagree with our ones in vivo. The effect of sSiglec-9 in cell prolif-
eration may depend on various factors such as its localization, con-
centration, and microenvironment including the presence of
endogenous CD33-related Siglec or similar molecules on immune
cells.

Histologically, the viable CD3-positive T lymphocytes were
infiltrated through the tumor ascites of sSiglec-9 Tg, whereas
aggregations of degenerative CD3-positive cells were often
observed in the non-Tg. In addition, the proliferative activities of
splenic T lymphocytes separated from the sSiglec-9 Tg were
slightly higher than non-Tg (data not shown). Yurugi et al. reported
that bindings of Siglec-9 to prohibitins negatively regulate TCR sig-
naling [29]. Taken together, sSiglec-9 in the Tg mice may compet-
itively inhibit the CD33-related Siglec similar to human Siglec-9
bindings to prohibitins, resulting in the histopathological
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difference in the T cell infiltration into the ascites. Also it has been
reported that cancer-associated MUC1 inhibit proliferation of T
lymphocytes and induce apoptosis of T lymphocytes [30,31]. Possi-
bly, suppressed expression of MUC1 in sSiglec-9 Tg mice indirectly
affected activity and proliferation T cells in the tumor.

In summary, we conclude that sSiglec-9 provides an antitumor
benefit against mammary tumor cells expressing MUC1 in the
transgenic mice. The present findings suggest that a sSiglec-9 sup-
press tumor-associated MUC1 downstream signal transduction,
following the tumor proliferation, and might be a medical agent
against the tumor expressing MUC1.
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