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Abstract
Background: MFG-E8 promotes phagocytic clearance of apoptotic cells to maintain
normal tissue homeostasis. However, its functions in intestinal inflammation and
carcinogenesis are unknown. Methods: Experimental colitis was induced in MFG-E8
knockout (KO) and wild-type (WT) mice by DSS administration. Colon tissues were
used for assessments of colitis activity and epithelial proliferation. A mouse colitis
associated cancer (CAC) model was induced by intraperitoneal injection of
azoxymethane (AOM), then the animals were given a single administration of DSS. A
sporadic colon cancer model was established by repeated intraperitoneal injections of
AOM. The role of MFG-ES8 in epithelial proliferation with or without treatment of
siRNA targeting ay-integrin was examined in vitro using a WST-1 assay. Results: The
severity of colitis in KO mice was greater than that in WT mice, while the proliferative
potential of colonic epithelial cells in KO mice was lower during the regenerative phase.
In both CAC and sporadic models, tumor size in KO was lower as compared to WT
mice, while decreased tumor incidence was only found in the CAC model. In vitro
findings showed that MFG-E8 promotes epithelial cell proliferation, and treatment with
a siRNA targeting av-integrin reduced the proliferation of Colon-26 cells stimulated
with recombinant MFG-E8. Conclusions: MFG-E8 promotes tumor growth regardless
of the presence or absence of colonic inflammation, whereas colon tumor development
is initiated by MFG-E8 under inflammatory condition. These MFG-E8 functions may be

dependent on integrin-mediated cellular signaling.



Introduction
Engulfment of apoptotic cells, an essential process to avoid release of dangerous and
inflammatory mediators, is regulated by a variety of molecular mechanisms for
maintaining immune homeostasis (1-5). Milk fat globule-epidermal growth factor 8
(MFG-EB), a secreted glycoprotein, forms a link between phosphatidylserine (PS) on
apoptotic cells and avBs-integrin on phagocytes for enhancing clearance of those cells (2,
3). This glycoprotein is an essential molecule for preventing abnormal immune
activation under physiological conditions (6, 7). Deficiency or dysfunction of MFG-E8
leads to accumulation of apoptotic cells in various organs, which is involved in the
development of several immune-mediated disorders (8-12).

Apart from its function for apoptotic cell clearance, MFG-ES8 also directly
regulates a variety of cellular functions under various disease conditions. In particular,
its anti-inflammatory effects in the intestinal tract have been recently reported (13-17).
Our previous study revealed that MFG-E8 down-regulates an inflammatory function of
macrophages via ovps-integrin-dependent phosphorylated focal adhesion kinase (pFAK)
signaling, which contributed to reduction of intestinal inflammation in dextran sodium
sulfate (DSS)- and trinitrobenzene sulfonic acid (TNBS)-induced colitis models (15-17).
In addition, other studies have demonstrated that MFG-ES8 attenuates intestinal
inflammation triggered by sepsis and ischemic-reperfusion (I/R) in several animal
models (18-22).

In addition to an anti-inflammatory role, MFG-E8 enhances cell proliferation
and migration, as well as anti-apoptosis and vascularization processes, which contribute
to regeneration and repair of damaged tissues in various organs (20, 23, 24). On the

other hand, those functions are also closely associated with malignant cell growth and



tumor progression. Previous studies have shown MFG-E8 overexpression in several
malignancies including breast and bladder cancers, and melanoma, which stimulates
tumor cell growth in an autocrine or paracrine manner (25-27). MFG-E8 also promotes
tumor cell invasion and metastasis by enhancing expression of angiogenesis factors, as
well as down-regulating host tumor immunity (28-30). However, its role in the
pathogenesis of colon cancer remains largely unknown. In particular, there are no
reports regarding the role of MFG-ES8 in development of colitis-associated colon cancer.
In the present study, we employed MFG-E8 knockout (KO) mice to examine
the effect of MFG-ES8 on colonic inflammation as well as its relationship to colon
cancer development, and compared those findings to results obtained with wild type
(WT) mice. We found that a deficiency of MFG-ES8 significantly reduced tumor
incidence and growth in a colitis-associated cancer (CAC) model, while
MFG-E8-dependent tumor growth was also confirmed in a sporadic colon cancer model.
Furthermore, the proliferating potential of MFG-E8 was shown to be dependent on the
cell surface expression of avfs-integrin on epithelial cells. These findings raise the
possibility that blockade of MFG-ES8 or its receptor may become a novel therapeutic

option for colon cancer.



Materials and methods
Reagents
Dextran sodium sulfate (DSS, 5 kDa; Wako Pure Chemicals, Osaka, Japan),
azoxymethane (AOM; Sigma, St Louis, MO, USA), recombinant mouse MFG-ES8
(R&D Systems, Minneapolis, Alabama, USA), and Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) were acquired from their respective suppliers. The antibodies used
were anti-mouse Proliferation Cell Nuclear Antigen (PCNA) (Dako, Tokyo, Japan),
anti-human MFG-E8 antibody (Santa Cruz Biotechnology, Inc, CA), anti-mouse

integrin alpha 5 (Abcam, Cambridge, UK) and anti-mouse Ki67 (Abcam).

Mice

Mfge8”" mice with a C57BL/6 genetic background were obtained from RIKEN BRC,
while WT C57BL/6N mice (males, 6-8 weeks old) were purchased from Charles River
Japan, Inc. (Kanagawa, Japan). The animals were cared for and handled in accordance
with guidelines from the National Institutes of Health and Institute for Animal
Experimentation of Shimane University, including housing under constant

environmental conditions with circadian light-dark cycles.

Colitis induction and analysis

To produce an acute DSS colitis model, a group of mice was fed 2.5% DSS in drinking
water for 10 days, while the control group received only normal drinking water
throughout the experimental period. Body weight (BW) was recorded as a parameter for
colitis evaluation. After the colitis induction period, the mice were euthanized at various

experimental time points and the colons were measured with a ruler on a nonabsorbent



surface. Furthermore, colonic tissues were dissected for histological, real-time PCR, and

enzyme immune assays.

Histological examinations

Tissues were formalin fixed and embedded in paraffin blocks. For histological
examinations, 3-um paraffin sections were stained with hematoxylin and eosin to
visualize their general morphology under a light microscope. Histological grading was
evaluated as previously described (31). In each histological examination, 3 different
parameters were considered: severity of inflammation (based on polymorphonuclear
neutrophil infiltration; 0—3: none, slight, moderate, severe), depth of injury (0-3: none,
mucosal, mucosal and submucosal, transmural), and crypt damage (0—4: none, basal
one-third damaged, basal two-thirds damaged, only surface epithelium intact, entire
crypt and epithelium lost). The score for each parameter was multiplied by a factor
reflecting the percentage of tissue involvement. (x1, 0-25%; x2, 26-50%; x3, 51-75%);
x4, 76-100%), then all values were added to a sum, with a maximum possible score of

40.

RNA extraction and real time-PCR

Total RNA was extracted from each sample using an RNeasy Protect Mini Kit

(Qiagen Inc., Tokyo, Japan), then equal amounts of RNA were reverse transcribed into
cDNA using a QPCR cDNA Kit (Stratagene, La Jolla, CA, USA). All primers utilized
were flanked by intron-exon junctions using the NCBI blast tool and Primer3 software
(Supple Table 1). Quantitative real-time PCR was performed using an ABI PRISM 7700

sequence detection system with SYBR Green PCR master mix (Applied Biosystems,



Foster City, CA, USA), according to the manufacturer’s instructions. The levels of
MRNA were normalized to that of GAPDH using sequence detector software (Applied

Biosystems).

Tumor induction and analysis

We utilized 2 models of murine colon cancer. The first model was established by AOM
injection combined with DSS administration, in other words a CAC models. Mice were
treated with 10 mg/kg of AOM followed by a single cycle of 2.0% DSS over 7 days,
then euthanized at 18 weeks after starting the experiment (32-34). The second model
was established by repeated AOM injections without DSS, in other words a sporadic
cancer model. Mice were treated with 10 mg/kg of AOM weekly for 6 weeks, then
euthanized at 31 weeks after starting the administrations (34-36). Extirpated colons
were fixed in 10% neutral buffered formalin for 24 hours, then stained with 0.2%
methylene blue (Sigma) for 15 minutes. Tumors were examined using a
stereomicroscope at x10 and x40 magnifications, and sizes were calculated using Scion
Image for Windows (Scion Corporation). After the microscopic examination, colon
tissues were embedded in paraffin blocks, and stained with hematoxylin and eosin for

histology.

Immunohistochemistry

Mouse colonic tissue samples were used for detection of PCNA and Ki67. To evaluate
MFG-E8 expression in human colonic mucosa, multiple endoscopic biopsy specimens
were obtained from both active and inactive mucosa of UC patients. In addition, human

colon cancer and adenoma tissue samples were obtained by surgery or endoscopic



resection. Immunohistochemistry was performed using formalin-fixed
paraffin-embedded blocks. After deparaffinization, endogenous peroxidase activity was
blocked with Peroxidase-Blocking Solution (Dako) for 10 minutes. Sections (5 um
thick) were washed with PBS and incubated with an anti-human MFG-E8 antibody
(Santa Cruz Biotechnology) at room temperature for 30 minutes. After washing again
with PBS, the bound antigen-antibody complex was detected using a ChemMate™
DAKO EnVision™ Detection Kit (DAKO). The study protocols were approved by the

ethics committee of Shimane University Faculty of Medicine.

Cell culture

The mouse colon cancer cell line Colon-26 was obtained from American Type Culture

Collection (ATCC, Manassas, VA). We previously reported that Colon-26 cells express
avPs-integrin and respond well to treatment with rMFG-ES8 in vitro (15), thus they were
used for the present in vitro assays. Cells were seeded at 2x10° cells per ml, and grown
in RPMI 1640 medium (Invitrogen) and penicillin-streptomycin-amphotericin B

(Invitrogen), then maintained at 37°C in 5% CO3 in a humidified incubator.

Cell counting assay
Cells were seeded into 24-well plates and harvested 24 hours later using trypsinization,
then 100-pl cell suspensions were subjected to counting with Neubauer hemacytometer

(Erma, Tokyo, Japan).

WST-1 assay

A 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,



monosodium salt (WST-1) cell proliferation assay is based on enzymatic cleavage of the
tetrazolium salt WST-1 to formazan by cellular mitochondrial dehydrogenases present
in viable cells. WST-1 assays of Colon-26 cells were performed as described in the
product manual (Roche, Mannheim, Germany). Formazan dye produced by viable cells

was quantified by measuring absorbance at a wavelength of 450 nm.

RNA interference and transfection

Colon-26 cells were cultured in 6-well plates (2x10%cell /ml), then custom siRNAs
(Qiagen, Valencia, CA, USA) targeting the mouse avintegrin gene were transfected (10
nM/well), according to the manufacturer’s protocol. After transfection, cells were
harvested using trypsinization. The efficiency of target gene knockdown was assessed
by real-time PCR and the results were compared to those obtained with the negative

control siRNA-transfected condition.

Statistical analysis

All results are expressed as the mean with the standard error of the mean (SEM) or as a
range when appropriate. Student’s t-test was used as appropriate to examine significant
differences. P values less than 0.05 were considered to be significant. All statistical
analyses were performed using Statistical Analysis Software (SPSS, version 12.0 for the

PC; SPSS Japan, Inc.).
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Results
BW change and colon morphology of MFG-E KO mice under physiological
conditions
A previous study showed that MFG-E8 KO mice spontaneously develop lupus-like
autoimmune nephritis due to impaired phagocytosis of apoptosis cells (Hanayama, et al,
2004). However, little is known regarding the morphology of the intestinal tract in KO
mice under physiological conditions. In this regard, we first examined age-related
changes in BW (5~30 weeks), and colon length and histology (6 and 30 weeks) in both
KO and WT mice without inflammatory induction, and did not detect any differences
for these parameters between those groups (Fig. 1A-E). In addition, the potential of
epithelial proliferation was investigated in histological sections by PCNA staining. The
number of PCNA-positive epithelial cells in KO mice was higher than that in WT mice

(Fig. 1F and 1G).

MFG-ES8 protects against DSS-induced colonic inflammation

We recently reported that DSS-induced colonic inflammation was severe in MFG-E8
KO mice (16). In the present study, we modified the experimental design and
re-examined the influence of MFG-E8 deficiency on DSS-induced colitis, with those
results shown in Figure 2. The deficiency of MFG-E8 exacerbated several colitis
parameters including BW loss, histological score, and colonic expression of

inflammatory cytokines, which confirmed results recently reported by our group.

Low incidence and growth of CAC in MFG-E8 KO mice

It has been reported that chronic colitis leads to development of CAC (37-39). Notably,

11



CAC more easily develops as colonic inflammation becomes severe. Since MFG-E8
KO mice show severe colitis (Fig. 2), we speculated that they might be more susceptible
to development of CAC than WT mice. A mouse CAC model was induced by
intraperitoneal injection of AOM, then the mice were given a single cycle
administration of DSS (Fig. 3A). Representative images of colon tumors and their
histological appearance are shown in Figure 2B. Contrary to our speculation, the
average number of colon tumors in the KO mice was significantly lower than that in the
WT mice, while the average tumor size per mouse was also lower in KO mice (Fig. 3C).
These findings suggest that a lack of MFG-E8 reduces inflammation-associated tumor

development as well as tumor growth even in the presence of severe colitis.

Increased expression of MFG-E8 and its association with epithelial cell proliferation
To confirm the role of MFG-E8 in CAC development, we established DSS-induced
colitis in WT and KO mice (Fig. 4A), and investigated the time course changes of
MFG-E8 expression in colonic tissues in the mouse models. Colonic expression of
MFG-E8 was significantly increased in the WT mice during the regeneration phase of
DSS-induced colitis (Fig. 4B). Next, we performed PCNA and Ki67 staining of colonic
histological sections to access proliferation of epithelial cells in WT and KO mice, with
representative images of stained colonic PCNA and Ki67 tissues shown in Figure 4C
and Supplementary Figure 1A (3 weeks). The prevalence of PCNA- and Ki67-positive
epithelial cells was significantly greater in the WT mice as compared to the KO mice

(Fig. 4D and Supple. Fig. 1B).

Decreased growth of colon tumors in sporadic colon cancer model of MFG-E8 KO
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Mice

Next, we examined whether a lack of MFG-E8 has an influence on tumor incidence and
growth in a sporadic colon cancer model. This model was established by repeated AOM
injections without DSS administration (Fig. 5A), then the mice were euthanized at 31
weeks. Representative images of colon tumors and their histological appearance are
shown in Figure 5B and C. Although we did not find significant differences regarding
the number of tumors between the KO and WT mice, the average tumor size per mouse

was significantly lower in the former (Fig. 5D).

Increased expression of MFG-ES8 in inflammatory colonic mucosa of UC patients
We performed immunohistochemical analysis using colonic tissue sections of UC
patients to confirm MFG-ES8 localization, which revealed its presence in lamina propria
mononuclear cells (Fig. 6A). MFG-E8 expression was significantly higher in active

mucosa as compared to inactive mucosa (Fig. 6B).

MFG-E8 expression in human colon cancer cells

Previous studies have revealed that several sporadic cancers express abundant MFG-ES8,
which contributes to the growth or invasion of tumors. However, nothing is known
regarding MFG-E8 expression in sporadic colon cancer. In the present study, we
investigated MFG-E8 expression in surgically resected human advanced colon cancer
tissues. Representative images of immunohistochemistry findings are shown in Figure 6.
MFG-E8 expression was clearly observed in colon cancers cells (Figure 6C-a and -b),
whereas that was faintly seen in non-tumorous lesions (Fig 6C-c). Immunoreactive

signals of MFG-E8 were also observed in mononuclear cells that had infiltrated around
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the cancer cells (Fig. 6C-d). We also evaluated MFG-E8 expression in 17 advanced
colon cancer specimens and found that the percentage of cases with positive findings
was 73.0%. Notably, abundant expression was observed in the deeper invasive parts of
the cancer tissues. In addition, we performed immunostaining for detection of MFG-E8
in adenoma (26 cases) and early cancer (23 cases) tumor tissues, and found that its
expression rate in those was 18.2% and 57.0%, respectively. Thus, MFG-E8 expression
in samples from human colon adenomas was shown to gradually increase from early to

advanced cancer.

MFG-ES8 stimulates epithelial cell proliferation via ayfs-integrin

Based on the results of our chimeric mice experiments, we next investigated whether
MFG-ES directly induces proliferation of colonic epithelial cells (Colon-26 cells) in
vitro. Treatment with recombinant mouse MFG-E8 (rMFG-EB8) significantly stimulated
proliferation of Colon-26 cells (Fig. 7A), which was confirmed by the results of WST-1
assay (Fig. 7B). Finally, since the biological functions of MFG-E8 are dependent on the
cell surface receptor avps-integrin, we also examined its role in MFG-E8-induced
epithelial proliferation. Treatment with a neutralizing antibody (Fig. 7C) or siRNA (Fig.
7D) targeting av-integrin significantly reduced the proliferation of Colon-26 cells

stimulated with rMFG-ES8.
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Discussion
In the present study, a deficiency of MFG-ES8 reduced the incidence and size of colon
tumors in a murine CAC model, though the severity of colonic inflammation became
severe in MFG-E8 KO mice. On the other hand, experiments using a sporadic colon
cancer model showed that MFG-E8 expression influenced tumor growth but not the
incidence of tumor development. These findings indicate that MFG-E8 promotes tumor
growth regardless of the presence or absence of colonic inflammation, whereas the
development of colon tumors is initiated by MFG-E8 under inflammatory conditions.

In the present study, MFG-ES8 deficiency exacerbated DSS-induced colitis,
which supports our previous report showing the protective effects of rIMFG-E8 in mice
colitis models. The anti-inflammatory effects of MFG-E8 were also confirmed in I/R-
and sepsis-induced intestinal injury models, and mainly dependent on the prompt
clearance of apoptotic cells as well as an inhibition of inflammatory cytokines produced
by macrophages (17-22). Apart from the anti-inflammatory effect, MFG-E8 directly
regulates epithelial functions including proliferation and apoptosis. Chogle at al.
reported that DSS administration induced more severe crypt-epithelial injury with
delayed regeneration of colonic epithelium in MFG-E8 KO mice as compared to WT
mice (17). In addition, Ajakaiye et al. found that rMFG-ES8 treatment reduced
radiation-induced intestinal mucosal damage with improved survival.

Enhancement of the proliferation and anti-apoptotic characteristics of epithelial
cells contributes to decrease inflammation and induces repair of inflamed tissues. On
the other hand, those functions also accelerate development of cancers under chronic
inflammatory conditions (32, 34, 36-42). In the present study, we found that severe

colitis developed in DSS-treated KO mice due to the lack of an anti-inflammatory effect
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of MFG-ES8. It is known that CAC development occurs more readily with severe colonic
inflammation. However, the number of colon tumors that developed in the present KO
mice was lower than that of those in the WT mice, indicating that MFG-E8 deficiency
suppressed the potential of inflammation-induced cancer development even under
severe colitis condition. PCNA has been identified as an antigen expressed in cell nuclei
during the DNA synthesis phase of the cell cycle (G1 to S phase). To further confirm the
influence of MFG-E8 on colonic epithelial proliferation, we determined the frequency
of PCNA-positive epithelial cells in our DSS-induced colitis model and found that the
number of those cells was significantly greater in WT mice as compared to KO mice,
which was associated with colonic expression of MFG-E8. Ki67, a nuclear protein
expressed from the G1 to M phase, is known as a cellular marker of proliferation. We
also examined Ki67 expression in colonic tissues and found it to be increased in WT
mice. A recent study showed that MFG-E8 regulates expression of cyclin-dependent
kinase (CDK)-3 and enhances proliferation of mammary epithelial cells (25). On the
other hand, p27 and p57 are CDK inhibitors that down-regulate the cell cycle and
inhibit excess cell proliferation. We speculate that expression of those CDK inhibitors is
accelerated in a homeostatic manner in response to increased epithelial cell proliferation,
which may regulate initiation of the process of MFG-E8-related CAC development. We
previously reported that MFG-E8 expression is upregulated in mononuclear cells
infiltrating the lamina propria during the regeneration phase of DSS-induced colitis (14).
A similar expression pattern was also found in human inflammatory colonic mucosa of
UC patients (Fig. 6A). In addition, our present in vitro results clearly showed that
MFG-ES8 stimulates proliferation of colonic epithelial cells. Taken together, these

findings suggest that MFG-E8 secreted by infiltrating inflammatory cells may stimulate
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epithelial proliferation by regulating several cell cycle-related molecules in a paracrine
manner during colitis, which might enhance the turnover of epithelial cells and initiate
CAC development.

In the present study, it is possible that small latent cancer not found
macroscopically or by stereoscopic microscopy did not grow to become overt cancer
due to reduced cell proliferation in the CAC model KO mice. To examine this issue,
sections with tumors (areas around the tumors) as well as serial sections were examined
using a histological method. However, no small latent cancer areas or dysplastic
epithelial lesions were found, suggesting that MFG-E8 contributes to initiation of CAC
development. There are few reports regarding the correlation between MFG-E8 and
cancer initiation markers. Ajakaiye et al. reported that treatment with rMFG-E8
increased the expression of p53, bcl-2, and p21 in intestinal epithelial cells, and also
enhanced the anti-apoptotic function of those cells (23). Okuyama et al. revealed that
p63, a member of the p53 family, stimulates MFG-ES8 expression via p53-binding
consensus sequences and/or related sites (43), which regulates various biological
functions including cell proliferation. Although those findings suggest that the
expression and function of MFG-ES8 associated with p53 or p63 might initiate cancer
development, further studies are necessary to clearly explain the role of MFG-E8 in
initiation of CAC development.

A few studies that examined the role of MFG-ES8 in cancer development
without inflammatory stimuli have been presented. Sugano et al. investigated
development of carcinogen-induced bladder cancer in MFG-E8 KO mice and found that
the extent of tumors but not their incidence was significantly lower in KO mice as

compared to WT mice (26). Neutzner et al. used Ripl-Tag2 transgenic mice, a model of
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pancreas cancer, and established MFG-E8-deficient Rip1-Tag2 mice to examine the role
of MFG-ES8 in development and growth of pancreas cancer. Tumor growth in their
model was lower as compared to the control (Rip1-Tag2 mice), though the incidence of
tumors was similar between those strains (28). We also examined the influence of
genetic MFG-ES8 ablation on tumor incidence and growth in a sporadic colon cancer
model without colitis induction in the present study. Similarly, though the average tumor
size was lower in KO mice, we did not find any differences regarding tumor incidence
between KO and WT mice. We also found that a deficiency of MFG-ES8 significantly
decreased tumor growth in the CAC model. Thus, MFG-E8 contributes to the promotion
of tumor growth regardless of the presence or absence of inflammation.

Previous studies reported the overexpression of MFG-E8 in advanced tumor
cells including breast, bladder, and pancreas cancers, which was associated with tumor
growth, invasion, and metastasis (25-30). Tumor cells overexpressing MFG-E8 show a
high growth potential as well as resistance to apoptosis induction in an autocrine manner,
and silencing the MFG-ES8 gene in those cells inhibits their growth (25, 27, 29).
Although we examined MFG-E8 expression in colon tumors of experimental mice by
immunohistochemistry, immunoreactive signals were not detected due to the low
affinity of commercially available anti-mouse antibodies to the tissue samples. In this
regard, we used surgically resected human colon cancer tissues for
immunohistochemistry and found abundant expression of MFG-E8 in tumor and
infiltrating mononuclear cells, suggesting that MFG-E8 may promote tumor growth
mainly in autocrine as well as paracrine manners. On the other hand, other mechanisms
regarding MFG-E8-mediated tumor growth have been reported. Increased expression of

MFG-ES8 in tumor cells also down-regulates E-cadherin expression, which promotes
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metastasis by controlling epithelial-mesenchymal transition (EMT) (27). In addition to
the direct effects of MFG-E8 on tumor cells, that secreted from tumor tissues induces
angiogenesis by accelerating production of vascular endothelial growth factor (VEGF)
(24, 28). Moreover, MFG-ES8 induces the infiltration of Foxp3-positive regulatory T
cells (Tregs) in tumor tissues, which increases the extent of tumor proliferation by
down-regulating host tumor immunity (26, 27, 29, 30).

avPBs-integrin is expressed in a variety of cells including macrophages,
epithelial cells, and endothelial cells (43). MFG-ES8 binds to avfs-integrin and
contributes to various MFG-E8-induced biological events (6, 7). Bu et al. observed that
treatment with rMFG-E8 enhanced migration of intestinal epithelial cells by activating
intracellular protein kinase C (PKC), as well as reorganizing F-actin and Arp2/3 on the
cells via awB3-integrin (20). Silvestre et al. reported that MFG-E8 induces
owfs-integrin-dependent phosphorylation in endothelial cells and promotes
VEGF-mediated neovascularization (24). In the present study, we clearly demonstrated
that MFG-E8-induced proliferation of colonic epithelial cells was dependent on
owP3-integrin expression in those cells. However, further investigations are necessary to
clarify the precise mechanisms regarding owfs-integrin-dependent intracellular signaling
in epithelial cells and its association with cancer development.

MFG-E8-blocking therapy may be a double-edged sword, as it may reduce
carcinogenesis but enhance colonic inflammation. In this regard, MFG-E8 treatment
should be performed to reduce colonic inflammation only in severe phases of UC, since
long term maintenance with this therapy may accelerate CAC development. On the
other hand, after development of CAC or sporadic cancers, blocking MFG-ES8 function

contributes to reduce tumor growth and metastasis by inhibiting cell proliferation and
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angiogenesis. Further investigations regarding effectiveness and safety are necessary
prior to clinical use of the therapy targeting MFG-ES8.

In summary, we investigated the role of MFG-E8 in intestinal inflammation
and its relationship to tumor development in a murine CAC model. The present results
show that MFG-E8 expression is up-regulated in inflamed colonic tissues and initiates
CAC development, which may be dependent on increased proliferation of epithelial
cells via avpBs-integrin. Furthermore, MFG-E8 promoted tumor growth in both our CAC
and sporadic colon cancer models. These results are the first to show the role of
MFG-ES8 in the pathogenesis of colon cancer. For development of a novel therapy
targeting MFG-ES8, additional findings regarding the various physiological,

immunological, and clinical aspects must be evaluated in the future.
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Figure legends
Figure 1
The natural course of MFG-E8 KO mice under physiological conditions was similar to
that of WT mice. (A) Age-related BW changes (5-30 weeks old) in KO (n=4) and WT
(n=4) mice. Representative images show colon length (B, 6 weeks; C, 30 weeks) and
histology (D, 6 weeks; E, 30 weeks), and immunohistochemistry for PCNA (30 weeks).

(G) Average numbers of PCNA-positive epithelial cells (KO, n=6; WT, n=6).

Figure 2

DSS-induced colitis was found to be exacerbated in MFG-E8 KO mice. Experimental
colitis models were established by administering a 2.5% DSS solution in drinking water
for 10 days (WT, n=7; KO, n=7). (A) BW changes in WT and KO mice with
DSS-induced colitis (B) Representative image showing colon lengths. (C) Average

colon lengths. (D) Representative images showing inflamed colon histology. (E)
Average histological scores. (F, G) Cytokine mRNA and protein levels in colonic tissues.

*p <0.05 vs. WT. **p <0.01 vs. WT.

Figure 3

In the CAC model, MFG-E8 KO mice developed fewer tumors and showed reduced
tumor size as compared to the WT mice. (A) Schematic overview of CAC model. Mice
were injected with AOM (10 mg/kg) in an intraperitoneal manner, followed by a single
cycle of DSS (2.0%, 7 days) in drinking water and euthanized at 18 weeks. (B) Tumor
morphology shown by stereoscopic microscopy (upper, 0.2% methylene blue staining)

and histology (lower, hematoxyline-eosin staining). (C) Average number and size of
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tumors per mouse in WT (n=12) and MFG-E8 KO (n=10) mice. **p <0.01 vs. WT, *p

<0.05 vs. WT.

Figure 4

MFG-E8 was up-regulated during colonic inflammation, while the proliferation of colon
epithelial cells was lower in MFG-E8 KO mice as compared to the WT mice. (A)
Schematic overview of chronic DSS colitis model. Mice were given 2.5% DSS in
drinking water for 7 days, followed by 14 days of regular water. (B) Time-course

change of MFG-E8 mRNA expression in colon tissues (n=4/group). *p <0.05 vs. control.
(C) Representative images showing PCNA staining in the histological sections during
the recovery phase of DSS colitis (3 weeks). (D) Average PCNA-positive cells per

colon crypt (3 weeks, blank bar: WT, black bar: KO). N=4; KO, N=4.*p <0.05 vs. WT.

Figure 5

In the sporadic cancer model, tumors developed in MFG-E8 KO mice were smaller than
those in WT mice. (A) Schematic overview of sporadic cancer model. Mice were
injected with AOM (10 mg/kg) in an intraperitoneal manner weekly for 6 weeks and
euthanized at 31 weeks. (B) Tumor morphology shown by stereoscopic microscopy
(upper, 0.2% methylene blue staining) and histology (lower, hematoxyline-eosin
staining). (C) Average number and size of tumors in WT (n=26) and MFG-E8 KO

(n=21) mice. *p <0.05 vs. WT.

Figure 6

(A) Increased expression of MFG-E8 in mononuclear cells infiltrating the active
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mucosa of UC patients. Representative immunohistochemical images of MFG-E8
expression. (B) MFG-E8 mRNA levels in active and inactive colonic tissues. p <0.01 vs.
inactive. (C) Abundant expression of MFG-E8 in human colon cancer. Surgically
resected human colon cancer tissues were obtained and MFG-E8 expression was
examined by immunohistochemistry. Representative images of MFG-E8 expression in

colon cancer cells (a, b), a non-tumorous lesion (c), and infiltrating mononuclear cells

(d).

Figure 7

MFG-E8 was found to promote epithelial cell proliferation via avBs-integrin. (A, B)
Colon-26 cells (2x10%/well) were seeded and treated with rMFG-ES8 (400 ng/ml) for 24
hours. Cells were counted and a WST-1 assay was assessed. *p <0.05 vs. PBS. Error
bars indicate SEM values obtained from 3 independent experiments. (C, D) Colon-26
cells (2x10%well) were seeded and pre-treated with the neutralizing antibody for
av-integrin (400 ng/ml) for 3 hours or SiRNA targeting av-integrin for 24 hours, then
treated with rMFG-E8 (100 or 800 ng/ml) for 24 hours. The effect of rMFG-ES8 (100
ng/ml) was assessed by a WST-1 assay. *p <0.05, **p <0.01 vs. PBS or control

antibody. Error bars indicate SEM values obtained from 3 independent experiments.
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Supplemental Table 1.

Primer sequences used for real-time PCR.

Supplemental Figure 1.

Colon epithelial cell proliferation was lower in MFG-E8 KO mice as compared to WT
mice. (A) Representative images showing ki67 staining in histological sections during
recovery phase of DSS colitis (3 weeks). (B) Average number of ki67-positive cells per
colon crypt (3 weeks, blank bar: WT, black bar: KO). (WT, n=4; KO, n=4. *p <0.05 vs.

WT.
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Table 1. Primer sequences.

Gene

Sequences (5°-3")

MFG-E8 Forward:

Reverse:

MFG-E8 Forward:

(human) Reverse:

TNF-a Forward:

Reverse:

IL-1B Forward:

Reverse:

MIP-2 Forward:

Reverse:

GAPDH Forward:

Reverse:

CGGGCCAAGACAATGACATC
TCTCTCAGTCTCATTGCACACAAG
GGAGATGTCTTCCCCTCGTACAC
AGATGAGGCGGCGATCTG
AGACCCTCACACTCAGATCATCTTC
TCCTCCACTTGGTGGTTTG
AGGCTCCGAGATGAACAACA
TTGGGATCCACACTCTCCA
TCCAGAGCTTGAGTGTGACG
GCCCTTGAGAGTGGCTATGA
ACCCAGAAGACTGTGGATGG
GGTCCTCAGTGTAGCCCAAG

TNF, tumor necrosing factor; IL, interleukin;

MIP, macrophage inflammatory protein;

GAPDH, glyceraldehyde-3-phosphate dehydro genase.
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