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Abstract: The extracellular matrix (ECM) molecule tenascin C (TNC) is known to be highly expressed
under various pathological conditions such as inflammation and cancer. It has been reported that
the expression of TNC is correlated with the malignant potential of cancer. In our laboratory,
it was found that the peptide derived from the alternative splicing domain A2 in TNC, termed
TNIIIA2, has been shown to influence a variety of cellular processes, such as survival, proliferation,
migration, and differentiation. In this study, we investigated the effect of TNC/TNIIIA2 on the
invasion and metastasis of colon cancer cells, Colon26-M3.1, or PMF-Ko014, using an in vitro and
in vivo experimental system. The degree of cell invasion was increased by the addition of TNC and
TNIIIA2 in a dose-dependent manner. The invasion by TNC and TNIIIA2 were suppressed by an
MMP inhibitor or TNIIIA2-blocking antibody. In an in vivo experiment, pulmonary metastasis was
promoted conspicuously by the addition of TNIIIA2. In this study, we found that colon cancer cell
invasion and metastasis was accelerated by TNC/TNIIIA2 via MMP induction. This result suggests
the possibility of a new strategy targeting TNC/TNIIIA2 for colon cancer.
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1. Introduction

Many internal cells adhere and depend on the extracellular matrix (ECM). The ECM participates
in various processes, including cell proliferation, survival/death, differentiation, migration, and
adhesion [1,2]. This “anchorage dependent” cell functions are controlled mainly by integrin,
a transmembrane adhesion receptor. Integrin is expressed on the cell membrane as a heterodimer of
two subunits, called the « chain and f chain. Until now, 19 types of « chains and eight types of 3
chains have been found, and at least 24 types of different integrin heterodimers were identified by
those combinations [3]. When cells are combined with ECM through integrin, the cytoskeleton system
is constructed in the intracellular domain of integrin and activates various signal molecules [4].

Tenascin C (TNC), one of the ECM components, forms a large structure body outside of the cell by
assembling other ECM and participates in cell adhesion, movement, permeation, survival/migration,
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and differentiation [5]. Depending on the cellular context, TNC acts as either an adhesive or an
antiadhesive substrate [6-8]. Because TNC has contradicting actions in cell adhesion, it is classified
as adhesion modulatory ECM. TNC is not expressed in normal cells except in immune tissues, such
as bone marrow and thymus gland [9,10], but is expressed specifically in malignancy, inflammation,
and wound healing. It is reported that the high expression of a molecular variant of TNC was
elevated depending on a malignant potential in the stroma of some malignancies, including oral cancer,
sarcoma, breast cancer, and colon cancer [11-14]. TNC is a large protein with a molecular weight of
250-350 kDa, which is composed a hexamer connecting the polypeptide chain at the N-terminus and a
peptide derived from the selective splice domain A2, called TNIIIA2 [15]. TNIIIA2 is a 22-mer peptide
containing an active sequence YTITIRGV (human), and it has various influences on cell function as
well as the promotion and induction of cell adhesion by the strong and continuous activation of 31
integrin through the syndecan-4 receptor [16], but the expression level of TNIIIA2 in vivo has not been
well known.

However, the morbidity and mortality of colon cancer have recently increased in Japan, ranking
as the third and second most common causes of morbidity and the third and first most common causes
of mortality in males and females, respectively. Risk factors for colon cancer include environmental
factors such as overeating, drinking, and processed meat [17] as well as hereditary diseases such
as familial adenomatous polyposis [18,19]. The increased expression of TNC has been reported in
both inflammatory bowel disease patients and colon cancer patients [14,20,21]. In addition, there
is an association between malignant potential and TNC expression for colon cancer [14], and it is
possible that TNC participates in the malignant transformation of tumors. The increased expression of
TNC macromolecule variant that develops in malignant tumor tissue participates in tumor formation,
migration, and malignant transformation [22]; however, the detailed mechanism by which TNC
participates in such a pathological process based on the sequences involved in biochemical activity is
not clear. Therefore, we performed the following analysis to clarify the participation of TNC and the
functionality of the peptide TNIIIA2 isolated by TNC in the invasion and metastasis of colon cancer
cells in this study.

2. Results

2.1. Functional Analysis of Tenascin C (TNC)/TNIIIA2 in the Invasion of Colon Cancer Cells

An invasion assay was performed to clarify whether TNC or TNIIIA2 had an influence on
the sub-basal membrane invasion of Colon26-M3.1 cells. As a result, both TNC and TNIIIA2
increased invasion in a concentration-dependent manner, and their invasion reached plateau (Figure 1).
Additionally, the results showed that TNC induced Colon26-M3.1 cell invasion significantly but only
weakly, while TNIIIA2 potently induced invasion, but required higher concentrations.

Matrix metalloproteinase (MMP) is an enzyme that breaks down ECM. In the invasion of cancer
cells to the sub-basal membrane, MMP produced by cancer cells destroys the basal membrane
enzymatically and the cancer cells move into that gap [23,24]. It is known that both TNC and MMP
are strongly expressed in tumor tissue [25]; in addition, there are reports that TNC aggravates the
MMP production of cancer cells [26,27]. Therefore, we hypothesized that TNC or TNIIIA?2 affected the
promotion of MMP and examined the mRNA expression of MMP-2/9 of Colon26-M3.1 via RT-PCR.
The results showed that TNC was hardly induced in MMP-2 gene expression, but significantly, albeit
weakly, in MMP-9 gene expression. In contrast, TNIIIA2 prominently increased the expression of both
MMP-2 and MMP-9 gene (Figure 2). The results suggest that TNC might have an ability, albeit a weak
one, to induce colon cell invasion at lower concentrations, while TNIIIA2 potently induce the invasion
but requires higher concentrations, as compared to that of TNC.
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Figure 1. Tenascin C (TNC) and the peptide derived from the alternative splicing domain A2 in TNC
(TNIIIA2) dose-dependently promote Colon26-M3.1 invasion. Colon26-M3.1 cells (3.0 x 10* cells/
200 uL/well) were seeded into the upper compartment of the invasion chamber in the presence of TNC
(A) or TNIITIA2 (B) and were allowed to invade for 24 h. Cells that moved into the lower surface of the
membranes were stained with crystal violet and counted for four high powered fields. Data represent

the mean of three determinations + SD. * p < 0.05.
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Figure 2. TNC and TNIITA2 upregulate the mRNA level of matrix metalloproteinase (MMP)-2,9
of Colon26-M3.1. Colon26-M3.1 cells (2.5 x 10° cells/500 uL/well) were seeded onto a 24-well
plate in the presence or absence of TNC (10 pug/mL) or TNIIIA2 (25 ug/mL) in serum-free medium.
After incubation for 48 h at 37 °C, the mRNA levels of MMP-2 (A) and MMP-9 (B) were quantified by
real-time RT PCR. Data represent the mean of three determinations + SD.

Next, we analyzed the action of TNC on invasion in the presence of MMP inhibitor. The invasion
by TNC and TNIIIA2 was completely blocked by an MMP inhibitor in Colon26-M3.1 (Figure 3A) and
PMF-Ko14 (Figure 3B), suggesting that MMP-2/9 secretion from these cells was involved in their

invasion induced by either TNC or TNIIIA2.
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Figure 3. The enhanced invasion of Colon26-M3.1 (A) or PMF-Ko14 (B) by TNC and TNIIIA2 is
dependent on Matrix metalloproteinase (MMP). Colon26M3.1 cells (3.0 x 10* cells/200 uL/well) or
PME-Ko14 cells (3.0 x 10% cells/100 uL/well) were seeded onto the upper compartment of the invasion
chamber with TNC (10 ng/mL) or TNIIIA2 (12.5 pg/mL) and an MMP inhibitor (100 uM) and were
allowed to invade for 24 h. Cells that invaded the lower surface of the membranes were counted.

Data represent the mean of three determinations + SD.

We previously reported that MMP-2/9 promotes the limited proteolysis of TNC itself as well
as the basal membrane ECM and isolates the functional component with TNIIIA2 activity [16].
The invasion-promoting effect of Colon26-M3.1 and PMF-Ko14 by TNC mentioned above might
be a component of the effects of isolated TNIIIA2-associated fragments, which were promoted by
MMP. Therefore, we performed invasion experiments by adding an anti-TNIIIA2 antibody. The results
show that the invasion-promoting action of TNC and TNIIIA2 was inhibited by the anti-TNIIIA2

antibody (Figure 4).
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Figure 4. Involvement of anti-TNIIIA?2 inhibitor in the increase of Colon26-M3.1 (A) or PMF-Ko14 (B)
invasion by TNC and TNIIIA2. Colon26-M3.1 cells (3.0 x 10% cells /200 pL/well) or PMF-Ko14 cells
(3.0 x 10% cells /100 uL/well) were seeded onto the upper compartment of the invasion chamber with
TNC (10 ug/mL) or TNIIIA2 (12.5 pg/mL) and an anti-TNIIIA2 antibody (10 pug/mL) and were allowed
to invade for 24 h. Cells that invaded the lower surface of the membranes were stained with crystal
violet and counted for four high-powered fields. Data represent the mean of three determinations 4 SD.

These results suggest that at least one part of the invasion-promoting action of TNC is related to
the TNIIIA2 component in TNC molecules. In other words, MMP production is promoted by TNC,
and the mechanism that exposes TNIIIA2 by degradation promotes further invasion. Taken together
with the results of Figures 1-3, it could be assumed that MMP-9 secretion induced by TNC leads
TNIIIA?2 release from TNC, and the resulting TNIIIA2 further induces induction of MMP-2/9 gene,
resulting in active invasion of Colon26-M3.1 cells and PMF-Ko14 cells. Thus, weak secretion of MMP-9
induced by TNC may trigger a positive spiral of MMP-2/9 gene expression through release of TNIIIA2.

2.2. The Effect of TNIIIA2 on a Mouse Model of Metastasis

The results from in vitro experiments suggest that TNC and TNIIIA2 induce cancer cell invasion
with producing MMP and might be related to the cell growth factor of mesenchymal cells and the
induction of cytokine production. Next, we analyzed the action of TNC and TNIIIA2 using a pulmonary
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metastasis model by injecting Colon26-M3.1 cells into the mouse tail vein. The results show that the
number of the pulmonary nodules increased clearly by the addition of TNC and TNIIIA2. The addition
of TNIIIA2 showed a statistically significant increase in nodules compared to controls (Figure 5).
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Figure 5. TNIIIA2 increases the number of lung metastatic nodules. A Colon26-M3.1 cell suspension
(5.0 x 10* cells/100 uL/head) was injected intravenously into six-week-old Balb/c female mice with or
without TNC (5 pg/head) or TNIIIA2 (5 ug/head, n = 5 each). Fourteen days after injection, the lungs
were stained with Bouin’s fixative. (A) The overview of the lungs of mice injected with Colon26-M3.1
alone, (B) those with TNC, and (C) those with TNIIIA2. The number of lung metastatic nodules was
counted (D).

3. Discussion

TNC is a multifunctional ECM with a variety of actions, and it may have a relationship with the
malignant potential of colon cancer [14], but its functions are not well understood.

In this study, it was revealed that the production of MMP-2/9 was increased by TNC or TNIIIA2.
We previously reported that the proteolysis of TNC by MMP induced the release of functional TNC
fragments, including TNIIIA2, resulting in the activation of 31 integrin [16]. In addition, Notch
signaling plays important roles in carcinogenesis in colon cancer [28]. Because Notch signaling is
thought to be related to MMP-9 activation, TNC or TNIIIA2 might activate Notch signals through the
production of MMP and participate in tumor invasion. The invasion-promoting effect of TNIIIA2 is
presumed to participate in the process by which the functional component of TNIIIA2 is exposed by
limited proteolysis via MMP production and the activation of 31 integrin accelerates further invasion.

In in vivo experiments that evaluated the pulmonary metastasis of colon cancer cells, pulmonary
metastasis was facilitated by the combination of TNIIIA2. Two types of metastasis are prevalent: one is
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hematogenous metastasis, in which cancer cells detach from the primary tumor and spread through
the blood to other organs, and the other is lymphogenous metastasis, in which the cancer cells spread
through the lymph. In this experiment, we injected cancer cells into the tail vein, which imitated
hematogenous metastasis. Hematogenous metastasis is thought to be constructed in several steps.
The steps include detachment from a primary tumor, permeation or invasion into the blood vessels,
migration from intravascular to extravascular regions, and adhesion or engraftment to organs such
as the lungs or the liver. In this study, it was revealed that TNIIIA2 participates in hematogenous
metastasis after cancer cells infiltrate the blood vessels. Oskarsson et al. reported that TNC derived
from cancer cells contributed to pulmonary micrometastasis and played important roles in the initial
stage of tumor growth [29]. It is thought that the difference in the survival/proliferation of TNIIIA2
depends on the cell strain. Further detailed analysis, including the investigation of human cells in
which TNC is highly expressed or TNIIIA2 is involved in metastasis, is required.

Although it is not clear how TNC or TNIIIA2 participate in cancer invasion, fibroblastic cells
have been reported to be involved in the process. The tumor stroma is composed of fibroblastic
cells, inflammatory cells such as macrophages and various factors, including the ECM protein.
The interaction between epithelial cells and stroma cells plays an important role in the carcinogenic
process, including hyperplasia from normal epithelial cells, the formation of adenoma and malignant
transformation [30]. The TGF-{ released from fibroblastic cells is reported to affect the malignant
transformation of cancer cells [31] and promote the function of TNC and participation in cancer
invasion [32]. The relationship between fibroblastic cells and TNIIIA2 has not been clarified, and future
investigation is necessary.

Some reports have mentioned the possibility that the anticancer agent targets TNC. Santis et
al. reported that the monoclonal antibody ST2146 for TNC showed good accumulation in tumor
tissue regardless of the expression of TNC by the analysis of tumor-bearing mice [33]. They suggested
that the chimeric antibody of TNC, which showed high accumulation in brain tumors, could be
used as a therapeutic drug [34]. Other clinical trials have been carried out with some TNC-specific
antibodies [35]. In addition, because the serum and immunohistochemical TNC level is high in colon
cancer and bladder cancer patients, it can act as a tumor marker [36-38]. TNIIIA2, which we analyzed
in this study, might be useful as a tumor marker as well as a target of anticancer agents.

This study has some limitations. Most importantly, we are not able to declare that the data
obtained in this study could be applied widely in human malignancies other than colon cancer.
Other cancers should be examined in addition to colon cancer. It would be important to ascertain if the
anti-cancer effect of anti-TNIIIA2 antibody could be successfully observed also in other cancer cells
and another in vivo xenograft model.

4. Materials and Methods

4.1. Cells and Animals

The mouse colon cancer cell line Colon26-M3.1 was acquired from Saiki at the Division
of Pathogenic Biochemistry, Institute of Natural Medicine, University of Toyama, Toyama,
Japan. Colon26-M3.1 is a mouse epithelial-like transformed colon cell line and well known to
induce lung metastasis by vein injection. Roswell Park Memorial Institute RPMI1640 medium
(Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) with 10% FBS (SAFC Biosciences, St. Louis, MO, USA)
with 0.15% NaHCO3, 2 mM L-glutamine, and 100 ng/mL penicillin-streptomycin (Nacalai Tesque,
Kyoto, Japan) was used for Colon26-M3.1 cell culture. The PMF-ko14 cell was obtained from RIKEN
Bio Resource Center (Tsukuba, Japan). This cell originated from a Japanese colon cancer patient and
was established as cell line. Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma-Aldrich Japan
Co., Ltd., Tokyo, Japan) with 10% FBS (SAFC Biosciences, St. Louis, MO, USA) was used for PMF-ko14
cell culture. Cells were incubated in a 5% CO, incubator at 37 °C.

The Balb/c mice were purchased from Sankyo Laboratory Service Co., Inc. (Tokyo, Japan).
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4.2. Reagents and Instruments

TNC was purified from the culture supernatant of the SK-MEL-28 cells according to methods
reported elsewhere [39]. Refined TNC was confirmed to include a high polymer variant of molecular
weight 250-350 kDa. The cell counting kit and Engelbreth—-Holm-Swarm (EHS) sarcoma extract
(Matrigel®) were purchased from Dojindo (Kumamoto, Japan) and AGC Asahi Glass (Tokyo, Japan),
respectively. The synthetic TNIIIA2 peptide (RSTDLPGLKAATHYTITIRGVTC) was purchased
from Eurofins genomics (Whitefield, India). The preparation of antihuman TNIIIA2 polyclonal
antibody has been described previously [40]. In brief, the synthetic peptide CATHYTITIRGVT was
conjugated to KLH (keyhole limpet hemocyanin) as a haptenic antigen and it was immunized to a
rabbit. The IgG fraction of rabbit serum was applied to Sepharose beads coupled with the synthetic
peptide immunogen. Eluted IgG was used as the anti-TNIIIA2 antibody. The MMP-2/-9 inhibitor II,
(2R)-((4-biphenylylsulfonyl)-amino)-N-hydroxy-3-phenylpropionamide (BiPS) was obtained from
Calbiochem (San Diego, CA, USA). The QuantiFast SYBR Green PCR Kit was purchased from
QIAGEN (Hilden, Germany). The Nuclepore Track-Etch Membrane was obtained from Sigma-Aldrich
(St. Louis, MO, USA). We used HITACH MTP-800 Lab (Tokyo, Japan) for absorbance measurements
and the Applied Biosystems 7500 Real-Time PCR system (San Francisco, CA, USA) for RT-PCR.

4.3. Invasion Assay

A transwell chamber was used for invasion assays [41]. The upper chamber and lower chamber
were sterilized by UV irradiation. The porous PVP membrane filter (8.0 um) was sterilized by autoclave.
Two hundred microliters of medium including 5% FBS was added to the lower chamber and the
membrane filter mentioned above was placed on top without creating air bubbles; this assembly was
attached to the upper chamber. For a basement membrane matrix, EHS sarcoma extract (Matrigel®)
including 1 ug/mL FN was adjusted to 600 ug/mL with PBS solution, and 100 uL were applied to
the membrane filter. The Matrigel® was gelated by incubation at 37 °C in a 5% CO, incubator for one
hour. After removing the supernatant of the gel, Colon26-M3.1 cells (3.0 x 10* cells /200 pL/ well)
or PMF-ko14 cells (3.0 x 10* cells/100 uL/well) were seeded and incubated at 37 °C in a 5% CO,
incubator for 24 h with various concentrations of TNC or TNIIIA2 with or without an MMP inhibitor
or an anti-TNIIIA2 antibody. After removing non-permeating cells from the membrane filter with a
cotton swab, the invaded cells were fixed by dipping them in a PBS (—) solution including 4% formalin
and 10% glycerol with the undersurface as the top at room temperature for one hour. The invaded
cells were counted in 4-5 areas under a 100 x microscope after dying the cells with crystal violet stain.

4.4. RT-PCR

Colon26M3.1 cells (2.5 x 10° cells/500 uL/well) were seeded onto a 24-well plate in the
presence or absence of TNC (10 pg/mL) or TNIIIA2 (25 ug/mL) in a serum-free medium. The cell
RNA was extracted using the PCR RNeasy® Mini Kit (QIAGEN, Hilden, Germany) according
to the manufacturer’s instructions. After the RNA concentration was measured by Nano Drop
(ND-1000 spectrophotometer), cDNA was gathered by the reverse transcription reaction using Quanti
Tect® Reverse Transcription (QIAGEN, Hilden, Germany) and amplified in TaKaRa PCR Thermal
Cycler Dicer (Takara Bio, Shiga, Japan) using various primers (Table 1).

Table 1. The primers for MMP-2 and MMP-9.

Forward: 5-TTCACCACCATGGAGAAGGC-3’

GAPDH Reverse: 5/'-GGCATGGACTGTGGTCATGA-3'
MMP-2 Forward: 5'-AGATCTTCTTCTTCAAGGACCGGTT-3
- Reverse: 5'-GGCTGGTCAGTGGCTTGGGGTA-3/
.5/ _3/
MMP-9 Forward: 5'-CACCACCACAACTGAACC-3

Reverse: 5'-GCCTAGACCCAACTTATCC-3'
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The PCR products were electrophoresed using 2% agarose gel TBE including 0.5 ug/mL EtBr and
developed with a trans-illuminator.

4.5. Animal Model of Metastasis

The Colon26-M3.1 cells suspended in medium including 10% FBS with or without TNC
(5 ng/head) or TNIIIA2 (5 pg/head) were injected to the tail vein of the female Balb/c mice
(6 weeks old, n = 5 each). The lungs were removed 14 days after injection and fixed and stained
with Bouin’s solution. Metastatic foci can be distinguished as whitish colonies from yellowish lung
parenchyma. Surface metastatic foci in lung lobes were counted under a dissecting microscope. All of
the animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC)
of Tokyo University of Science (protocol # Y12032, Y13037, Y14039, Y15002, Y16052; date of approval is
28 March 2012).

4.6. Statistical Analysis

All values are shown as the means + standard deviation. A two-tailed Student’s ¢ test was used
to analyze the difference between the two groups, and the Student-Newman-Keuls post-hoc test
was used for more than three groups. Statistical analyses were performed with the software Statcel
4 (OMS Publishing Co., Saitama, Japan) and SAS 9.4 (SAS Institute, Cary, NC, USA). A statistically
significant difference was represented by a p-value less than 0.05.

5. Conclusions

In this study, we showed that TNC participated in the malignant transformation of colon cancer
cells through one of its functional components, TNIIIA2. Thus, a new therapeutic strategy for colon
cancer could target TNC/TNIIIA2, and further investigation is needed.

Author Contributions: Takuya Iyoda and Fumio Fukai conceived and designed the experiments; Manabu Sasada,
Sadahiro Kamiya, Yuka Ito, Takuya Iyoda, Hikaru Watanabe, and Yuko Okada performed the experiments;
Manabu Sasada, Sadahiro Kamiya, and Hideo Suzuki analyzed the data; Kazuma Ishibashi contributed
reagents/materials; Akinori Yanaka proofread the paper, and Hideo Suzuki wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

Hynes, R.O. Integrins: Versatility, modulation, and signaling in cell adhesion. Cell 1992, 69, 11-25. [CrossRef]

2. Calderwood, D.A.; Shattil, S.J.; Ginsberg, M.H. Integrins and actin filaments: Reciprocal regulation of cell
adhesion and signaling. J. Biol. Chem. 2000, 275, 22607-22610. [CrossRef] [PubMed]

3. Hynes, R.O. Integrins: Bidirectional, allosteric signaling mashines. Cell 2002, 110, 673-687. [CrossRef]

4. Howe, AK,; Aplin, A.E,; Juliano, R.L. Anchorage-dependent ERK signaling-mechanisms and consequences.
Curr. Opin. Genet. Dev. 2002, 12, 30-35. [CrossRef]

5. Chiquet-Ehrismann, R. What distinguishes tenascin from fibronectin? FASEB J. 1990, 4, 2598-2604. [PubMed]

6.  Chiquet-Ehrismann, R.; Kalla, P,; Pearson, C.A.; Beck, K.; Chiquet, M. Tenascin interferes with fibronectin
action. Cell 1988, 53, 383-390. [CrossRef]

7. Bourdon, M.A.; Ruoslahti, E. Tenascin mediates cell attachment through an RGD-dependent receptor.
J. Cell Biol. 1989, 108, 1149-1155. [CrossRef] [PubMed]

8. Joshi, P; Chung, C.Y.; Aukhil, I.; Erickson, H.P. Endothelial cells adhere to the RGD domain and the
fibrinogen-like terminal knob of tenascin. J. Cell Sci. 1993, 106, 389—-400. [PubMed]

9. Klein, G.; Beck, S.; Miiller, C.A. Tenascin is a cytoadhesive extracellular matrixcomponent of the human
hematopoietic microenvironment. J. Cell Biol. 1993, 123, 1027-1035. [CrossRef] [PubMed]

10. Hemesath, T.J.; Stefansson, K. Expression of tenascin in thymus and thymic nonlymphoid cells. |. Immunol.
1994, 152, 422-428. [PubMed]


http://dx.doi.org/10.1016/0092-8674(92)90115-S
http://dx.doi.org/10.1074/jbc.R900037199
http://www.ncbi.nlm.nih.gov/pubmed/10801899
http://dx.doi.org/10.1016/S0092-8674(02)00971-6
http://dx.doi.org/10.1016/S0959-437X(01)00260-X
http://www.ncbi.nlm.nih.gov/pubmed/1693347
http://dx.doi.org/10.1016/0092-8674(88)90158-4
http://dx.doi.org/10.1083/jcb.108.3.1149
http://www.ncbi.nlm.nih.gov/pubmed/2466038
http://www.ncbi.nlm.nih.gov/pubmed/7505785
http://dx.doi.org/10.1083/jcb.123.4.1027
http://www.ncbi.nlm.nih.gov/pubmed/7693718
http://www.ncbi.nlm.nih.gov/pubmed/7506721

Int. ]. Mol. Sci. 2017, 18, 181 10 of 11

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Hindermann, W.; Berndt, A.; Borsi, L.; Luo, X.; Hyckel, P.; Katenkamp, D.; Kosmehl, H. Synthesis and protein
distribution of the unspliced large tenascin-C isoform in oral squamous cell carcinoma. J. Pathol. 1999, 189,
475-480. [CrossRef]

Ghert, M.A,; Jung, S.T,; Qi, W.; Harrelson, J.M.; Erickson, H.P,; Block, J.A.; Scully, S.P. The clinical significance
of tenascin-C splice variant expression in chondrosarcoma. Oncology 2001, 61, 306-314. [CrossRef] [PubMed]
Tsunoda, T.; Inada, H.; Kalembeyi, I.; Imanaka-Yoshida, K.; Sakakibara, M.; Okada, R.; Katsuta, K;
Sakakura, T.; Majima, Y.; Yoshida, T. Involvement of large tenascin-C splice variants in breast cancer
progression. Am. J. Pathol. 2003, 162, 1857-1867. [CrossRef]

Hanamura, N.; Yoshida, T.; Matsumoto, E.; Kawarada, Y.; Sakakura, T. Expression of fibronectin and
tenascin-C mRNA by myofibroblasts, vascular cells and epithelial cells in human colon adenomas and
carcinomas. Int. |. Cancer 1997, 73, 10-15. [CrossRef]

Kamiya, S.; Kato, R.; Wakabayashi, M.; Tohyama, T.; Enami, I.; Ueki, M.; Yajima, H.; Ishii, T.; Nakamura, H.;
Katayama, T.; et al. Fibronectin peptides derived from two distinct regions stimulate adipocyte differentiation
by preventing fibronectin matrix assembly. Biochemistry 2002, 41, 3270-3277. [CrossRef] [PubMed]

Saito, Y.; Imazeki, H.; Miura, S.; Yoshimura, T.; Okutsu, H.; Harada, Y.; Ohwaki, T.; Nagao, O.; Kamiya, S.;
Hayashi, R; et al. A peptide derived from tenascin-C induces betal integrin activation thorough syndecan-4.
J. Biol. Chem. 2007, 282, 34929-34937. [CrossRef] [PubMed]

Frezza, E.E.; Wachtel, M.S.; Chiriva-Internati, M. Influence of obesity on the risk of developing colon cancer.
Gut 2006, 55, 285-291. [CrossRef] [PubMed]

Rhodes, M.; Bradburn, D.M. Overview of screening and management of familial adenomatous polyposis.
Gut 1992, 33, 125-131. [CrossRef] [PubMed]

Half, E.; Bercovich, D.; Rozen, P. Familial adenomatous polyposis. Orphanet ]. Rare Dis. 2009, 4, 22. [CrossRef]
[PubMed]

Ried], S.; Tandara, A.; Reinshagen, M.; Hinz, U.; Faissner, A.; Bodenmuller, H.; Buhr, H.J.; Herfarth, C.;
Moller, P. Serum tenascin-C is an indicator of inflammatory bowel disease activity. Int. ]. Colorectal Dis. 2001,
16, 285-291. [CrossRef] [PubMed]

Sakai, T.; Kawakatsu, H.; Hirota, N.; Yokoyama, T.; Sakakura, T.; Saito, M. Specific expression of tenascin in
human colonic neoplasms. Br. ]. Cancer 1993, 67, 1058-1064. [CrossRef] [PubMed]

Huang, W.; Chiquet-Ehrismann, R.; Moyano, ].V.; Garcia-Pardo, A.; Orend, G. Interference of tenascin-C with
syndecan-4 binding to fibronectin blocks cell adhesion and stimulates tumor cell proliferation. Cancer Res.
2001, 61, 8586-8594. [PubMed]

Liotta, L.A.; Rao, C.N.; Wewer, U.M. Biochemicalinteractions of tumor cells with the basement membrane.
Annu. Rev. Biochem. 1986, 55, 1037-1057. [CrossRef] [PubMed]

Ueda, Y.; Imai, K.; Tsuchiya, H.; Fujimoto, N.; Nakanishi, I.; Katsuda, S.; Seiki, M.; Okada, Y. Matrix
metalloproteinase 9 (gelatinase B) is expressed in multinucleated giant cells of human giant cell tumor of
bone and is associated with vascular invasion. Am. . Pathol. 1996, 148, 611-622. [PubMed ]

Tews, D.S.; Nissen, A. Expression of adhesion factors and degrading proteins in primary and secondary
glioblastomas and their precursor tumors. Invasion Metastasis 1998-1999, 18, 271-284. [CrossRef]
Kalembeyi, I.; Inada, H.; Nishiura, R.; Imanaka-Yoshida, K.; Sakakura, T.; Yoshida, T. Tenascin-C upregulates
matrix metalloproteinase-9 in breast cancer cells: Direct and synergistic effects with transforming growth
factor betal. Int. J. Cancer. 2003, 105, 53-60. [CrossRef] [PubMed]

Sarkar, S.; Nuttall, RK.; Liu, S.; Edwards, D.R.; Yong, V.W. Tenascin-C stimulates glioma cell invasion
through matrix metalloproteinase-12. Cancer Res. 2006, 66, 11771-11780. [CrossRef] [PubMed]

Miyamoto, S.; Rosenberg, D.W. The role of notch signaling in colon homeostasis and carcinogenesis.
Cancer Sci. 2011, 102, 1938-1942. [CrossRef] [PubMed]

Oskarsson, T.; Acharyya, S.; Zhang, X.H.; Vanharanta, S.; Tavazoie, S.F; Morris, P.G.; Downey, R.J.;
Manova-Todorova, K.; Brogi, E.; Massagué, J. Breast cancer cells produce tenascin C as a metastatic niche
component to colonize the lungs. Nat. Med. 2011, 17, 867-874. [CrossRef] [PubMed]

Peddareddigari, V.G.; Wang, D.; Dubois, R.N. The tumor microenvironment in colorectal carcinogenesis.
Cancer Microenviron. 2010, 3, 149-166. [CrossRef] [PubMed]

Hawinkels, L.J.; Paauwe, M.; Verspaget, HW.; Wiercinska, E.; van der Zon, J.M.; van der Ploeg, K,;
Koelink, PJ.; Lindeman, ]. H.; Mesker, W.; ten Dijke, P; et al. Interaction with colon cancer cells hyperactivates
TGF-b signaling in cancer-associated fibroblasts. Oncogene 2014, 33, 97-107. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/(SICI)1096-9896(199912)189:4&lt;475::AID-PATH462&gt;3.0.CO;2-V
http://dx.doi.org/10.1159/000055338
http://www.ncbi.nlm.nih.gov/pubmed/11721178
http://dx.doi.org/10.1016/S0002-9440(10)64320-9
http://dx.doi.org/10.1002/(SICI)1097-0215(19970926)73:1&lt;10::AID-IJC2&gt;3.0.CO;2-4
http://dx.doi.org/10.1021/bi015660a
http://www.ncbi.nlm.nih.gov/pubmed/11863466
http://dx.doi.org/10.1074/jbc.M705608200
http://www.ncbi.nlm.nih.gov/pubmed/17901052
http://dx.doi.org/10.1136/gut.2005.073163
http://www.ncbi.nlm.nih.gov/pubmed/16239255
http://dx.doi.org/10.1136/gut.33.1.125
http://www.ncbi.nlm.nih.gov/pubmed/1310949
http://dx.doi.org/10.1186/1750-1172-4-22
http://www.ncbi.nlm.nih.gov/pubmed/19822006
http://dx.doi.org/10.1007/s003840100312
http://www.ncbi.nlm.nih.gov/pubmed/11686525
http://dx.doi.org/10.1038/bjc.1993.194
http://www.ncbi.nlm.nih.gov/pubmed/7684238
http://www.ncbi.nlm.nih.gov/pubmed/11731446
http://dx.doi.org/10.1146/annurev.bi.55.070186.005133
http://www.ncbi.nlm.nih.gov/pubmed/3017189
http://www.ncbi.nlm.nih.gov/pubmed/8579123
http://dx.doi.org/10.1159/000024520
http://dx.doi.org/10.1002/ijc.11037
http://www.ncbi.nlm.nih.gov/pubmed/12672030
http://dx.doi.org/10.1158/0008-5472.CAN-05-0470
http://www.ncbi.nlm.nih.gov/pubmed/17178873
http://dx.doi.org/10.1111/j.1349-7006.2011.02049.x
http://www.ncbi.nlm.nih.gov/pubmed/21801279
http://dx.doi.org/10.1038/nm.2379
http://www.ncbi.nlm.nih.gov/pubmed/21706029
http://dx.doi.org/10.1007/s12307-010-0038-3
http://www.ncbi.nlm.nih.gov/pubmed/21209781
http://dx.doi.org/10.1038/onc.2012.536
http://www.ncbi.nlm.nih.gov/pubmed/23208491

Int. ]. Mol. Sci. 2017, 18, 181 11 0f 11

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

De Wever, O.; Nguyen, Q.D.; van Hoorde, L.; Bracke, M.; Bruyneel, E.; Gespach, C.; Mareel, M. Tenascin-C
and SF/HGF produced by myofibroblasts in vitro provide convergent proinvasive signals to human colon
cancer cells through RhoA and Rac. FASEB ]. 2004, 18, 1016-1018. [CrossRef] [PubMed]

De Santis, R.; Albertoni, C.; Petronzelli, F.,; Campo, S.; D’Alessio, V.; Rosi, A.; Anastasi, A.M.; Lindstedt, R.;
Caroni, N.; Arseni, B.; et al. Low and High Tenascin-Expressing Tumors Are Efficiently Targeted by
ST2146Monoclonal Antibody. Clin. Cancer Res. 2006, 12, 2191-2196. [CrossRef] [PubMed]

He, X.; Archer, G.E.; Wikstrand, C.J.; Morrison, S.L.; Zalutsky, M.R.; Bigner, D.D.; Batra, S.K. Generation and
characterization of amouse/human chimeric antibody directed against extracellular matrix protein tenascin.
J. Neuroimmunol. 1994, 52, 127-137. [CrossRef]

Akabani, G.; Reardon, D.A.; Coleman, R.E.; Wong, T.Z.; Metzler, S.D.; Bowsher, J.E.; Barboriak, D.P;
Provenzale, ].M.; Greer, K.L.; DeLong, D.; et al. Dosimetry and radiographic analysis of 131I-labeled
anti-tenascin 81C6 murine monoclonal antibody in newly diagnosed patients with malignant gliomas:
A phase II study. . Nucl. Med. 2005, 46, 1042-1051. [PubMed]

Gazzaniga, P.; Nofroni, I.; Gandini, O.; Silvestri, I.; Frati, L.; Agliano, A.M.; Gradilone, A. Tenascin C
and epidermal growth factor receptor as markers of circulating tumoral cells in bladder and colon cancer.
Oncol. Rep. 2005, 14, 1199-1202. [CrossRef] [PubMed]

Li, M.; Peng, F; Li, G.; Fu, Y.; Huang, Y.; Chen, Z.; Chen, Y. Proteomic analysis of stromal proteins in different
stages of colorectal cancer establishes Tenascin-C as a stromal biomarker for colorectal cancer metastasis.
Oncotarget 2016, 7, 37226-37237. [CrossRef] [PubMed]

Cataldn, V.; Gémez-Ambrosi, J.; Rodriguez, A.; Ramirez, B.; Izaguirre, M.; Herndndez-Lizoain, J.L.;
Baixauli, J.; Marti, P.; Valenti, V.; Moncada, R.; et al. Increased Obesity-Associated Circulating Levels
of the Extracellular Matrix Proteins Osteopontin, Chitinase-3 Like-1 and Tenascin C Are Associated with
Colon Cancer. PLoS ONE 2016, 11, e0162189. [CrossRef] [PubMed]

Saginati, M.; Siri, A.; Balza, E.; Ponassi, M.; Zardi, L. A simple procedure for tenascin purification.
Eur. J. Biochem. 1992, 205, 545-549. [CrossRef] [PubMed]

Tanaka, R.; Seki, Y.; Saito, Y.; Kamiya, S.; Fujita, M.; Okutsu, H.; Iyoda, T.; Takai, T.; Owaki, T.; Yajima, H.; et al.
Tenascin-C-derived peptide TNIIIA2 highly enhances cell survival and platelet-derived growth factor
(PDGF)-dependent cell proliferation through potentiated and sustained activation of integrin «5p1.
J. Biol. Chem. 2014, 289, 17699-17708. [CrossRef] [PubMed]

Welch, D.R. Technical considerations for studying cancer metastasis in vivo. Clin. Exp. Metastasis 1997, 15,
272-306. [CrossRef] [PubMed]

@ © 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1096/fj.03-1110fje
http://www.ncbi.nlm.nih.gov/pubmed/15059978
http://dx.doi.org/10.1158/1078-0432.CCR-05-2526
http://www.ncbi.nlm.nih.gov/pubmed/16609034
http://dx.doi.org/10.1016/0165-5728(94)90106-6
http://www.ncbi.nlm.nih.gov/pubmed/15937318
http://dx.doi.org/10.3892/or.14.5.1199
http://www.ncbi.nlm.nih.gov/pubmed/16211285
http://dx.doi.org/10.18632/oncotarget.9362
http://www.ncbi.nlm.nih.gov/pubmed/27191989
http://dx.doi.org/10.1371/journal.pone.0162189
http://www.ncbi.nlm.nih.gov/pubmed/27612200
http://dx.doi.org/10.1111/j.1432-1033.1992.tb16811.x
http://www.ncbi.nlm.nih.gov/pubmed/1374029
http://dx.doi.org/10.1074/jbc.M113.546622
http://www.ncbi.nlm.nih.gov/pubmed/24808173
http://dx.doi.org/10.1023/A:1018477516367
http://www.ncbi.nlm.nih.gov/pubmed/9174129
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Functional Analysis of Tenascin C (TNC)/TNIIIA2 in the Invasion of Colon Cancer Cells 
	The Effect of TNIIIA2 on a Mouse Model of Metastasis 

	Discussion 
	Materials and Methods 
	Cells and Animals 
	Reagents and Instruments 
	Invasion Assay 
	RT-PCR 
	Animal Model of Metastasis 
	Statistical Analysis 

	Conclusions 

