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Abstract

Cancer associated fibroblasts (CAFs) are responsible for tumor growth, angiogenesis, invasion, and metastasis. Matrix
metalloproteinase (MMP)-9 secreted from cancer stroma populated by CAFs is a prerequisite for cancer angiogenesis and
metastasis. Omega-3 polyunsaturated fatty acids (omega-3 PUFA) have been reported to have anti-tumor effects on diverse
types of malignancies. Fat-1 mice, which can convert omega-6 to omega-3 PUFA independent of diet, are useful to
investigate the functions of endogenous omega-3 PUFA. To examine the effect of omega-3 PUFA on tumorigenesis, TC-1
cells, a murine epithelial cell line immortalized by human papillomavirus (HPV) oncogenes, were injected subcutaneously
into fat-1 or wild type mice. Tumor growth and angiogenesis of the TC-1 tumor were significantly suppressed in fat-1
compared to wild type mice. cDNA microarray of the tumors derived from fat-1 and wild type mice revealed that MMP-9 is
downregulated in fat-1 mice. Immunohistochemical study demonstrated immunoreactivity for MMP-9 in the tumor stromal
fibroblasts was diffusely positive in wild type whereas focal in fat-1 mice. MMP-9 was expressed in primary cultured
fibroblasts isolated from fat-1 and wild type mice but was not expressed in TC-1 cells. Co-culture of fibroblasts with TC-1
cells enhanced the expression and the proteinase activity of MMP-9, although the protease activity of MMP-9 in fat-1-
derived fibroblasts was lower than that in wild type fibroblasts, Our data suggests that omega-3 PUFAs suppress MMP-9
induction and tumor angiogenesis. These findings may provide insight into mechanisms by which omega-3 PUFAs exert
anti-tumor effects by modulating tumor microenvironment.
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Introduction Matrix-metalloproteinases (MMPs) are synthesized as proen-
zymes and typically activated by proteolytic removal of a
The tumor microenvironment is comprised of microvascular propeptide [7]. MMPs are reported to influence tumor progression
endothelial cells, adjacent normal epithelial cells and cancer- by facilitating events pivotal for neovascularization and establish-
associated fibroblasts (CAFs), and is reported to be an important  ment of distant metastasis including proliferation, survival and
regulator of tumorigenesis [1,2]. As the most common cellular  migration of endothelial, tumor and stromal cells [8,9]. MMP-2
population found in the tumor microenvironment, CAFs are and MMP-9 are il—nplicated as prerequisites for angiogenesis and
responsible for the synthesis ofproteins involved in the remodeling metastasis in the carcinogenesic process: MMP-2 is expressed n
of the extracellular matrix (ECM), and for the secretion of growth the various cancer cell lines {10]. In contrast, MMP-9 has very
factors and cytokines that regulate tumor cell proliferation and limited or no expression in these cancer cells. Instead, MIMP-9 is
invasion [3,4]. In murine ovarian cancer xenograft models, the well-known to be secreted from cancer stromal fibroblasts and
p53/NF-xB pathway in CAFs significantly increased in vivo tumor endothelial cells [11,12]. MMP-9 is a2 member of a family of zinc
growth [5]. In colon cancer, Zhu Y et al. report that IL-1f containing endoproteinases that is involved in degradation of
increased colon cancer cell proliferation and invasion by up- extracellular matrix (ECM) and in vascular remodeling [13].
regulating COX-2 signaling in CAFs [6]. Docosahexaenoic acid (DHA, 22:6n-3) and eicosapentaenoic

: acid (EPA, 20:5n-3) are representative mediators of omega-3
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polyunsaturated fatty acids (omega-3 PUFAs) and exert anti-
inflammatory effects in acute and chronic pathological inflamma-
tory reactions by counteracting inflammation [14]. Omega-3
PUFAs are also reported to have anti-cancer effects based on in
vitro and vivo studies [15-17]. Several mechanisms have been
proposed to explain the anti-cancer effects of omega-3 PUFAs.
Omega-3 PUFAs alter the growth of tumor cells by modulating
cell replication, by interfering with components of the cell cycle or
by increasing cell death via necrosis or apoptosis [18,19]. Omega-
3 PUFAs are also known to exert anti-angiogenic effects by
inhibiting the production of many angiogenic mediators including:
vascular endothelial growth factor (VEGEF), platelet-derived
growth factor (PDGF), and prostaglandin E2 (PGE2) [20-24].

Dietary supplementation is a traditional approach to modify
tissue nutrient composition in animal studies of nutrition. Feeding
animals diets that alter specific nutritional and non-nutritional
components can help to differentiate experimental groups;
however, it can be exceedingly difficult to provide diets that are
identical in all but a single or a small but controlled number of
components. Kang et al. recently engineered a transgenic mouse
that carries the fat-1 gene from the roundworm Caenorhabditis
elegans [25]. This gene encodes an omega-3 fatty acid desaturase
that catalyzes the conversion of omega-6 to omega-3 PUFAs and
that is absent in most animals, including mammals. There is a
remarkable difference in the tissue omega-6/omega-3 PUFA ratio
between wild type and fat-1 transgenic mice [26]. Fat-1 mice,
which typically exhibit a balanced ratio of omega-6 to omega-3
PUFAs in their tissues and organs independent of diet, allow
carefully controlled studies to be performed in the absence of
potential confounding factors of diet. This makes them a useful
model to investigate the biological properties of endogenous
omega-3 PUFAs [25]. Several reports using fat-1 mice have
demonstrated anti-cancer effects of omega-3 PUFAs [27--30]. In
these investigations, omega-3 PUFAs exerted anti-cancer effects by
suppressing inflammatory reactions and PGE2 secretion from
cancer cells. To date, there are few studies that investigate the
involvement of omega-3 PUFAs in the biology of CAFs.

In this study, we hypothesized that omega-3 PUFAs may alter
tumor microenvironments by influencing CAF activity. To
examine this hypothesis, fibroblasts derived from fat-1 and wild
type mice were assessed both in vitro and in vivo under conditions
allowing interaction with TC-1 cancer cells. TC-1 cells were
derived from the epithelium of C56BL/6 mice and immortalized
by human papillomavirus (HPV) type 16 E6 and E7 oncoproteins.
They are commonly used in vitro and in vivo in murine models of
HPV-related cancer [31]. Here, we investigated the involvement
of omega-3 PUFAs in TC-1 tumorigenesis by comparing fat-1 and
wild type mice. Our specific focus involved the study of tumor-
associated fibroblasts. These models are useful in the study of
CATFs because the cancer cells originate in wild type murine
epithelium while the cancer stromal components, including CAFs,
come from fat-1 (omega-3 PUFAs-rich) or wild type (normal
PUFAs) mice.

Materials and Methods

Animals and diet

Fat-1 mice were created on a C57BL/6 background as
described [26] and subsequently backcrossed (at least four times)
onto a C57BL/6 background. Animals were fed a special diet
(AIN-76A+10% safflower oil; CLEA Japan, Inc.) that contained
10.3% total fat with fatty acid composition of C16:0 (7.6%), C18:0
(2.7%), C18:1n-9 (14.1%), C18:2n-6 (73.2%), C18: 3n-3 (0.3%),
C20:4n-6 (<0.1%), C20:5n-3 (<0.1%), C22: 6n-3 (<0.1%), high
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in n-6 and low in n-3 fatty acids, until the desired age (6-8 weeks)
for experiments. To prevent the oxidation of lipids in the diet, all
foods were stored in the refrigerator with antioxidants (AGELESS;
Mitsubishi Gas Chemical Inc.), and prepared newly every two
days. Animal studies were approved by the University of Tokyo
Animal Committee.

Tumor growth assay in mice

TC-1 cells are derived from a primary lung epithelial cell from
C56BL6/mice and immortalized using HPV 16 E6/E7 plus c-
Has-ras (kind gift from Dr. T. C. Wu, Johns-Hopkins University,
Baltimore MD USA) [32]. TC-1 cells were cultured in DMEM
(Gibco, NY, USA) containing 10% FBS, 100 U/ml penicillin,
0.1 mg/ml streptomycin, and 0.25 g/ml amphotericin B. Eight-
week-old female mice were injected with 5 x 10° murine TC-1 cells
suspended in 100 pl of DMEM. Tumor volume, based on caliper
measurements, was calculated at 7 and 14 days after injection
according to the following formula: (tumor volume)=1/2x(the
shortest diameter) ?x(the largest diameter). Mice were sacrificed
14 days after inoculation, tumors were excised and stored at
—80°C for future analyses.

cDNA microarray

Total RNA from TC-1 tumors (above) was extracted using an
RNeasy minikit (QJAGEN, Hilden, Germany). For the ¢cDNA
microarray analysis, 0.5 pg of pooled total RNA was amplified
and labeled using an Amino Allyl MessageAmpTM II mRNA
Amplification kit (Applied Biosystems, Foster Gity, CA, USA)
according to the manufacturer’s instructions. Each sample of
mRNA labeled with Cy3 and reference mRNA labeled with Cy5
was cohybridized to the GeneTM Mouse Oligo chip 24 k (Toray
Industries Inc., Tokyo, Japan) at 37°C for 16 h. After hybridiza-
tion, each DNA chip was washed and dried. Hybridization signals
derived from Cy3 and Cy5 were scanned using Scan Array
Express (PerkinElmer, Waltham, MA, USA). The scanned image
was analyzed using GenePix Pro (MDS Analytical Technologies,
Sunnyvale, CA, USA). All analyzed data were scaled by global
normalization. GEO accession number is GSE54079.

Immunohistochemistry

Paraffin sections (4 um) of TC-1 tumors were dewaxed in
xylene and rehydrated through graded ethanol to water. Antigens
were retrieved by boiling in 10 mM citrate buffer (pH 6.0) for
30 min. The cooled sections were incubated in DAKO REAL
Peroxidase-Blocking solution (DAKO, Carpinteria, CA, USA) for
10 min to quench endogenous peroxidase. To block nonspecific
binding, sections were incubated in DAKO Protein Blocking
solution (DAKO) for 10 min at room temperature. Sections were
then incubated with a rabbit polyclonal antibody against mouse
MMP-9 (PAB12714, Abnova, 1:100 dilution) in DAKO REAL
Antibody Diluent (DAKO) overnight at 4°C. The slides were
incubated for 1 hour at room temperature with peroxidase-
conjugated secondary antibodies, washed, incubated with DAB,
counterstained with hematoxylin, dehydrated through an ethanol
series and xylene, and mounted. To evaluate tumor microvessel
formation, tumor sections were stained for CD-31 using a rat
monoclonal antibody against mouse CD-31 (ab56299, Abcam,
Tokyo, Japan, 1:100 dilution).

RT-quantitative PCR (RT-gPCR)

Total RNA was extracted from TC-1 tumors and cultured
fibroblasts using an RNeasy minikit (QIAGEN, Hilden, Ger-
many), followed by reverse transcription. cDNA was amplified for
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