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Abstract: Inflammatory bowel diseases increase the risk of colorectal cancer and colitis-associated
colorectal cancer (CAC). Tenascin-C, a matricellular protein, is highly expressed in inflammatory
bowel diseases, especially colorectal cancer. However, the role of tenascin-C in the development of
CAC is not yet fully understood. We previously showed that a peptide derived from tenascin-C,
peptide TNIIIA2, induces potent and sustained activation of β1-integrin. Moreover, we recently
reported that peptide TNIIIA2 promotes invasion and metastasis in colon cancer cells. Here, we
show the pathological relevance of TNIIIA2-related functional site for the development of CAC. First,
expression of the TNIIIA2-containing TNC peptides/fragments was detected in dysplastic lesions of an
azoxymethane/dextran sodium sulfate (AOM/DSS) mouse model. In vitro experiments demonstrated
that conditioned medium from peptide TNIIIA2-stimulated human WI-38 fibroblasts induced
malignant transformation in preneoplastic epithelial HaCaT cells. Indeed, these pro-proliferative
effects stimulated by peptide TNIIIA2 were abrogated by peptide FNIII14, which has the ability to
inactivate β1-integrin. Importantly, peptide FNIII14 was capable of suppressing polyp formation in
the AOM/DSS model. Therefore, tenascin-C-derived peptide TNIIIA2 may contribute to the formation
of CAC via activation of stromal fibroblasts based on β1-integrin activation. Peptide FNIII14 could
represent a potential prophylactic treatment for CAC.

Keywords: tenascin-C; colitis-associated colorectal cancer; β1-integrin; cancer-associated fibroblast;
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1. Introduction

The association of chronic inflammation with the pathogenesis of numerous malignancies has
been well documented. In particular, it has been established that patients with inflammatory bowel
diseases (IBDs), including ulcerative colitis and Crohn’s disease, have an increased risk of developing
colorectal cancer, or colitis-associated colorectal cancer (CAC) [1–3]. Unlike sporadic colorectal
cancer, the development of CAC does not display an adenoma-carcinoma sequence, but rather an
inflammation-dysplasia-carcinoma sequence [4,5]. However, the molecular basis for the development
of CAC remains unclear.

Tenascin-C (TNC), one of the typical matricellular proteins, is highly expressed in inflammatory
lesions and tumor tissues [6,7]. A number of studies have also reported that upregulated expression
of TNC occurs in ulcerative colitis, Crohn’s disease, and colon cancer [8–11]; however, the extent of
the role of TNC in the pathogenesis of these diseases is not fully understood. We previously found
that TNC harbors a cryptic functional site composed of the amino acid sequence YTITIRGV, which
becomes active following proteolytic cleavage [12]. A 22-mer TNC peptide containing this functional
sequence, termed peptide TNIIIA2, has a potent and sustained ability to activate β1-integrins [13].
Since this active sequence resides within the cancer-associated alternative splicing domain—fibronectin
type III repeat A2 (FNIII-A2)–of the TNC molecule [14], it is presumed that the β1-integrin activation
induced by TNIIIA2-containing TNC peptides/fragments may contribute to the pathogenesis of cancer.
Recently, peptide TNIIIA2 was shown to act directly on colon cancer cells to promote their in vitro
ability to invade through enhanced secretion of matrix metalloproteinase [15]. Furthermore, an in vivo
experiment using a spontaneous metastasis model showed that peptide TNIIIA2 is also involved in
the metastasis of colon cancer cells to the lung. On the other hand, we also found previously that a
peptide derived from fibronectin, termed peptide FNIII14, induces inactivation of β1-integrins [16].
Interestingly, peptide FNIII14 has the ability to abrogate cell regulation by peptide TNIIIA2 [17].

In the present study, immunohistochemical analysis first showed high expression of
TNIIIA2-containing TNC peptides/fragments in the stromal area of dysplastic lesions in AOM/DSS
mice. Based on this observation, in vitro experiments focused on the effects of β1-integrin activation
on both preneoplastic epithelial cells and stromal fibroblasts. Interestingly, the results suggested
that the activation of β1-integrins by peptide TNIIIA2 does not have a significant direct effect on
preneoplastic epithelial cells. However, stromal fibroblasts stimulated by peptide TNIIIA2 secreted
a humoral factor(s) that induced malignant transformation in premalignant cells. Peptide FNIII14
suppressed both the in vitro effects of peptide TNIIIA2 and polyp formation in the AOM/DSS model,
suggesting that the activation of β1-integrins is an important target for the prevention of IBDs including
CAC. Peptide FNIII14, a unique factor that inactivates β1-integrins, may be a promising agent for the
chemotherapeutic treatment of CAC.

2. Results

2.1. TNC/TNIIIA2 Expression in a Murine AOM/DSS Model

A well-characterized CAC model in ICR mice was generated by the administration of AOM
and DSS, according to conventional methods [18] (Figure 1A). This model displayed dysplasia
and adenomatous polyps 10 weeks after the first AOM injection (Figure 1B,C). We analyzed the
expression levels of TNC and TNC fragments in the colon tissues of both untreated control mice and
AOM/DSS-treated mice. In this immunohistochemical analysis, we used two kinds of antibodies:
anti-TNC mAb recognizing the epidermal growth factor-like repeats present in all variants of TNC and
anti-TNIIIA2 polyclonal Ab raised against the proadhesive amino acid sequence (YTITIRGV), which
can detect TNIIIA2-containing TNC peptides/fragments. As expected, a high expression of TNC was
detected in colonic tissues of AOM/DSS mice, using anti-TNC mAb (Figure 1D) [19]. TNIIIA2-containing
TNC peptides/fragments recognized by anti-TNIIIA2 Ab were also detected in dysplastic lesions in the
mucosa of AOM/DSS-treated mice (Figure 1E). It appeared that immunostaining for both TNIIIA2
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and TNC show prominent localization around colon stromal cells. Thus, TNIIIA2-containing TNC
peptides/fragments were shown to be expressed in dysplastic lesions of AOM/DSS mice. It is possible
that β1-integrin activation induced by TNIIIA2-containing TNC peptides/fragments influences the
development and progression of CAC.
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eosin (H&E), TNC, and TNIIIA2 (original magnification 200× and 400×). 
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Figure 1. TNC/TNIIIA2 expressed in murine AOM/DSS colitis-associated carcinoma model. (A) Schematic
of AOM and DSS administration to mice. (B) Macroscopic view of the resected colon in control and
AOM/DSS-treated mice. (C) Tumor incidence in the AOM/DSS model. Dot plots show the number
of colon polyps of individual mice in each group with bars representing means ± standard deviation.
(D,E) Paraffin-embedded colon sections were stained with hematoxylin and eosin (H&E), TNC, and
TNIIIA2 (original magnification 200× and 400×).

2.2. Paracrine Factor(s) Released from Fibroblasts in Response to Stimulation of Peptide TNIIIA2 Induces
Dysregulated Proliferation in Premalignant and Malignant Cells

Based on the immunohistochemistry results showing that TNIIIA2-containing TNC peptides/
fragments were localized within dysplastic lesions of AOM/DSS-treated mice, the effects of β1-integrin
activation on human preneoplastic epithelial cell line HaCaT was investigated using peptide TNIIIA2
as a representative of TNIIIA2-containing TNC peptides/fragments. However, peptide TNIIIA2
showed no remarkable effects on the proliferation of HaCaT cells (Figure 2A), although adhesion
to the fibronectin substrate was significantly promoted (Figure 2B). Considering the involvement of
stromal fibroblasts in cancer pathology [20,21], we next investigated whether fibroblastic cells treated
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with TNIIIA2 can affect the malignant transformation of preneoplastic HaCaT cells. Human normal
fibroblasts, WI-38 cells, were used in the following experiments. First, it was verified that peptide
TNIIIA2 promoted the adhesion of WI-38 cells to a fibronectin substrate (Figure 2C), in response to
activation of β1-integrins by TNIIIA2 (Figure 2D), as determined by flow cytometry using a monoclonal
antibody recognizing an active conformation-specific epitope of the β1-integrins. Therefore, HaCaT
cells were then co-cultured with WI-38 cells in the presence or absence of peptide TNIIIA2, and the
proliferation of HaCaT cells was evaluated by selective staining of epithelial cells with Rhodanile blue.
As shown in Figure 2E, co-culture with WI-38 fibroblasts markedly increased the area occupied by
HaCaT cells in the presence of peptide TNIIIA2 (represented as “TNIIIA2” in Figure 2E), compared
to when it was absent (represented as “Cont”). To clarify the involvement of β1-integrin activation
in the promotion of cell growth by peptide TNIIIA2 in this co-culture system, the effect of peptide
FNIII14, which induces inactivation in β1-integrins (Figure 2D), was examined. As expected, the
promotion of HaCaT cell proliferation by peptide TNIIIA2 in the co-culture system was prevented
by the addition of FNIII14 (represented as “TNIIIA2/FNIII14” in Figure 2E). Peptide FNIII14 alone
showed no noticeable effect on HaCaT cell proliferation in the co-culture system (represented as
“FNIII14” in Figure 2E). To investigate the role of WI-38 cells in promoting HaCaT cell proliferation
in the co-culture system, the effects of WI-38 fibroblasts in conditioned medium (CM) on HaCaT cell
proliferation were analyzed. WI-38 fibroblasts were cultured with or without peptide TNIIIA2. After 48
h, HaCaT cells were cultured in CM (Figure 2F). CM from WI-38 cells stimulated with peptide TNIIIA2
(represented as “TNIIIA2 CM”) remarkably enhanced the proliferation of HaCaT cells, compared
to CM from WI-38 cells cultured without peptide TNIIIA2 (represented as “CM”) (Figure 2F). This
peptide TNIIIA2-mediated cell proliferation via WI-38 fibroblasts was also partially suppressed by
peptide FNIII14 (Figure 2F).

Noticeably, CM from peptide TNIIIA2-stimulated WI-38 cells induced the formation of cell foci
consisting of multilayered HaCaT cells (Figure 3A). Furthermore, CM from peptide TNIIIA2-stimulated
WI-38 cells also promoted anchorage-independent proliferation in HaCaT cells, as shown by a
soft agarose colony formation assay (Figure 3B). This phenotypic change in HaCaT cells was also
suppressed by peptide FNIII14 (Figure 3A,B). These results indicated that peptide TNIIIA2 acts on
WI-38 to stimulate the release of a paracrine factor(s), which induces malignant transformation of
preneoplastic epithelial HaCaT cells. Since the effect of peptide TNIIIA2 was reversed by peptide
FNIII14 with an opposing effect on integrin activation, the enhanced proliferation of HaCaT cells in
both anchorage-dependent and -independent manners by peptide TNIIIA2 seems to be due to the
activation of β1-integrin.

We next examined the effects of peptide TNIIIA2 on the neoplastic cell lines Caco-2 and
colon26-M3.1. Similar to the effects on preneoplastic epithelial HaCaT cells, peptide TNIIIA2 promoted
cell adhesion to the fibronectin substrate (Figure 4A) but did not directly affect the proliferation of
human colorectal adenocarcinoma cell line Caco-2 (Figure 4B). CM from peptide TNIIIA2-stimulated
WI-38 fibroblasts increased the proliferation of Caco-2 cells on the fibronectin substrate (represented by
“TNIIIA2 CM” in Figure 4C). Furthermore, CM from peptide TNIIIA2-stimulated WI-38 fibroblasts
strongly stimulated Caco-2 cell proliferation, also in an anchorage-independent manner (Figure 4D, left
panel). Similar phenomena were observed for another colon cancer cell line, colon26-M3.1 (Figure 4D,
right panel). Importantly, peptide FNIII14 suppressed the effects of peptide TNIIIA2-stimulated WI-38
fibroblasts (Figure 4E). These results suggest that a paracrine factor(s) from peptide TNIIIA2-stimulated
WI-38 fibroblasts induces malignant progression in premalignant epithelial HaCaT cells as well as in
overtly malignant cells.
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Figure 2. Peptide TNIIIA2 indirectly accelerated the proliferation of preneoplastic epithelial HaCaT
cells via stimulation of WI-38 fibroblasts. (A) Effect of peptide TNIIIA2 (25 µg/mL) on the proliferation
of HaCaT cells. Cells were treated with peptide TNIIIA2 (25 µg/mL) at the indicated concentrations.
After 2 days, the number of cells was evaluated by WST-8 assay. (B) HaCaT cells were seeded with or
without peptide TNIIIA2 (25 µg/mL) into 96-well plates coated with fibronectin (1.0 µg/mL). Adhered
cells were measured by crystal violet staining and counted under a microscope. (C) WI-38 cells
were seeded with or without peptide TNIIIA2 (25 µg/mL) into 96-well plates coated with fibronectin
(1.0 µg/mL). Adhered cells were measured by crystal violet staining and counted under a microscope.
(D) WI-38 cells were incubated with or without peptide TNIIIA2 (25 µg/mL) in the presence or absence
of peptide FNIII14 (50 µg/mL) for 30 min. Activation status of β1-integrin was evaluated by flow
cytometry using antibody AG89 recognizing the active β1-integrin conformation-specific epitope.
(E) HaCaT cells were co-cultured with WI-38 in the presence or absence of peptide TNIIIA2 (25 µg/mL),
peptide FNIII14 (50 µg/mL) or their combination for 2 days as described in Materials and Methods.
Cells were stained with 1% Rhodanile blue for epithelial cells staining. Proliferation of HaCaT cells
were evaluated as described in Materials and Methods. (F) WI-38 cells were treated in the absence or
presence of peptide TNIIIA2 (25 µg/mL) and peptide FNIII14 (50 µg/mL) for two days, and the culture
supernatants were collected as conditioned medium (“CM”: control, “TNIIIA2 CM”: cultured with
TNIIIA2, “TNIIIA2/FNIII14 CM”: cultured with TNIIIA2 in the presence of FNIII14). Preneoplastic
HaCaT cells were then cultured with each of these conditioned media. Two days later, the number
of viable cells was evaluated by WST-8 assays, as described in the ‘Materials and Methods’. Data
represent the means ± standard deviation of triplicate determinations, * p < 0.05, ** p < 0.01.
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Figure 3. Peptide TNIIIA2-induced malignant progression in preneoplastic epithelial HaCaT cells.
Conditioned medium from peptide TNIIIA2-stimulated WI-38 fibroblasts enhanced the proliferation/

survival in preneoplastic epithelial HaCaT cells. In panels (A) and (B), WI-38 cells were treated for 2 days
in the absence or presence of peptide TNIIIA2 (25 µg/mL) and peptide FNIII14 (50 µg/mL), respectively,
and the culture supernatants were collected as conditioned medium, as described in the legend of Figure 2F.
Preneoplastic HaCaT cells were subjected to the focus formation assay (A) or colony formation assay (B)
using these conditioned media, as described in the “Materials and Methods”. Data represent the means ±
standard deviation of triplicate determinations, * p < 0.05, ** p < 0.01.

2.3. Peptide FNIII14 Suppresses Polyp Formation in the AOM/DSS Model

Using the AOM/DSS model, we investigated whether peptide FNIII14 exhibits a prophylactic or
therapeutic effect on CAC (Figure 5A). The administration of peptide FNIII14 in mice significantly
reduced the total number of polyps formed in the inner epithelial walls of the large intestinal tracts
of the AOM/DSS mouse model (Figure 5B). There were no significant changes in body weight
between the groups (Figure 5C). Taken together, β1-integrin activation by TNIIIA2-containing TNC
peptides/fragments generated in inflammatory dysplasia lesions may be involved in the malignant
transformation of preneoplastic cells and the malignant progression of colon cancer cells via activation
of fibroblasts in the tumor microenvironment, and peptide FNIII14, which has the ability to neutralize
TNIIIA2 activity, might lead to the suppression of CAC development and progression.
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Figure 4. Conditioned medium from peptide TNIIIA2-stimulated WI-38 fibroblasts enhanced
proliferation/survival in intestinal epithelial carcinoma cells. (A) Caco-2 cells were seeded with
or without peptide TNIIIA2 (25 µg/mL) into 96-well plates coated with fibronectin (1.0 µg/mL). Adhered
cells were measured by crystal violet staining and counted under a microscope. (B) The effect of peptide
TNIIIA2 (25 µg/mL) on the proliferation of Caco-2 cells. Caco-2 cells were treated with peptide TNIIIA2
(25 µg/mL) for two days, and the number of cells was evaluated by WST-8 assay. In panels (C), (D),
and (E), WI-38 cells were cultured for 2 days in the absence or presence of peptide TNIIIA2 (25 µg/mL)
and peptide FNIII14 (50 µg/mL), and the culture supernatants (conditioned medium) were collected as
described in the legend of Figure 2F. (C) Caco-2 cells were cultured for 2 days with “CM” or “TNIIIA2
CM”, and the number of viable cells was evaluated by WST-8 assay. (D) Caco-2 cells or colon26-M3.1
cells were subjected to the colony formation assay using “CM” or “TNIIIA2 CM”, as described in the
‘Materials and Methods’. (E) The effect of peptide FNIII14 on enhanced ability of colony formation by
“TNIIIA2 CM”. Caco-2 cells were subjected to the colony formation assay using “CM”, “TNIIIA2 CM”
or “TNIIIA2/FNIII14 CM). Data represent the means ± standard deviation of triplicate determinations,
* p < 0.05, ** p < 0.01, NS not significant.
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AOM/DSS colitis-associated carcinoma model. (A) Schematic of the administration of AOM, DSS,
control peptide, and peptide FNIII14 to the mice. (B) The effect of peptide FNIII14 on the development
of colitis-associated colorectal cancer in the AOM/DSS mouse model. Dot plots show the numbers of
colon polyps of individual mice in each group with bars representing the means ± standard deviation,
** p < 0.01. (C) Body weight profile of the animals. Data represent the means ± standard deviation.

3. Discussion

TNC is highly expressed during inflammation and several malignant cancers and its expression
levels are associated with a poor prognosis in cancer patients [6]. Furthermore, a high expression of
TNC is considered to be a poor prognostic factor in colorectal cancer tissues [22]. Elevated expression
of TNC has been reported in areas of ulceration in ulcerative colitis as well as in areas of stricture in
Crohn’s disease [23]. Thus, it seems that TNC contributes to the development and/or progression of
CAC. Identification of the role and the functional sites of TNC molecule responsible for CAC would
enable the design of inhibitors with therapeutic potential for these diseases. More recently, TNC
derived from intestinal myofibroblasts was shown to promote the onset of CAC in an AOM/DSS
model [19]. In addition, extracellular matrix (ECM) remodeling is often enhanced in these pathological
regions and proteolytic cleavage of ECM proteins including TNC is carried out by several inflammatory
proteinases [24–26]. Indeed, elevated levels of several matrix metalloproteinases (MMPs) have been
observed in IBD and are associated with IBD disease activity [27], indicating that the degradation and
remodeling of the ECM, including TNC, may occur at a high level in IBD and during the development
of CAC. This study supports earlier findings by demonstrating that high expression levels of TNC and
the TNIIIA2-containing TNC peptides/fragments are present in dysplastic lesions in the AOM/DSS
mouse model. Furthermore, our results suggest that TNIIIA2-containing TNC peptides/fragments
are involved in the pathogenesis of CAC via potentiated and sustained activation of β1-integrin.
Thus, β1-integrin activation by TNIIIA2-containing TNC peptides/fragments is an important target
process for the prevention of CAC development at the cellular level. Furthermore, peptide FNIII14
suppressed not only dysregulated survival/proliferation of preneoplastic epithelial HaCaT cells but
also the incidence of polyps in an AOM/DSS mouse model. Peptide FNIII14, which has the ability
to neutralize the detrimental effects of TNIIIA2-containing TNC peptides/fragments by β1-integrin
activation, would be a promising agent for the prevention of CAC development and progression.
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A number of studies have indicated that cells in the tumor microenvironment, such as tumor
stroma fibroblasts, and senescent and immune cells, are able to influence tumor progression. Among
them, fibroblasts, specifically cancer-associated fibroblasts, are key determinants of carcinogenesis
and cancer progression [20,21]. Sasaki and colleagues reported that the incidence of colon tumors
is suppressed in CCL3- or CCR5-deficient mice treated with AOM/DSS and coincides with lower
accumulation of fibroblasts in dysplastic lesions compared with wild-type mice [28]. They also showed
that fibroblasts express HB-EGF to promote the proliferation of tumor cells in colitis-associated colorectal
carcinogenesis in mice [28]. Moreover, fibroblast-derived epiregulin increases the proliferation of
intestinal epithelial cells via the activation of ERK signaling pathway, which enhances the growth
of CAC [29]. Thus, cancer-associated fibroblasts might be responsible for the development and
progression of CAC. In addition, there is increasing evidence that a high expression of TNC along
with other CAF markers in tumor stroma correlates with poor prognosis in several malignancies,
such as esophageal squamous cell carcinoma [30], breast ductal carcinoma [31], prostate cancer [32],
and colorectal cancer [33], indicating that TNC activates CAF to promote tumor progression. Here,
we have shown that conditioned medium from peptide TNIIIA2-activated fibroblasts enhanced the
survival/proliferation of both preneoplastic cells and colon cancer cells. Further investigations are
required to identify the paracrine factor(s) that induces focus formation and anchorage-independent
proliferation in preneoplastic epithelial HaCaT cells. In addition, an understanding of the signaling
pathway by which β1-integrin activation triggers the secretion of this paracrine factor would contribute
to the development of prophylactic agents for CAC. Further studies are also required to determine
whether peptide FNIII14 actually attenuates the activation of fibroblasts in tumor microenvironment
via inactivation of β1-integrins.

Accumulating evidence indicates that increased ECM stiffness is associated with the malignancy
of tumors. A recent study demonstrated that glioblastoma aggression correlates with the stiffness of a
TNC-enriched ECM [34]. More recently, Barnes et al. reported that glioblastoma cells expressing an
auto-clustering V737N mutated β1-integrin exhibit potentiated mechanosignaling, increased ECM
stiffness, while promoting tumor malignancy [35]. Increased ECM stiffness has also been observed
in the stricture area of Crohn’s disease [36]. Increased ECM stiffness augments adhesive properties,
such as the formation of focal adhesion and actin stress fibers of colonic fibroblasts [36]. We previously
reported that peptide TNIIIA2 has the ability to induce potent and sustained activation as well as
clustering of β1-integrin [12,13]. Thus, the potent activation of β1-integrin by the TNIIIA2-containing
TNC peptides/fragments may contribute to CAC development by increasing the stiffness of the ECM.
Further investigations are needed to verify whether β1-integrin activation by peptide TNIIIA2 actually
increases ECM stiffness.

4. Materials and Methods

4.1. Reagents

Human plasma fibronectin was purified as described previously [37]. Peptide TNIIIA2 and
FNIII14 has been described previously [12,38]. Dextran sodium sulfate (DSS) and Rhodanile blue were
purchased from Sigma-Aldrich (Tokyo, Japan). Azoxymethane (AOM) was purchased from Wako Pure
Chemicals (Tokyo, Japan).

4.2. Murine AOM/DSS Colitis-Associated Carcinoma Model

All the animal procedures were approved by the Institutional Animal Care and Use Committee of
Tokyo University of Science. To develop colitis-associated carcinoma, we challenged 6–8-week-old male
ICR mice (Sankyo Laboratory Service, Tokyo, Japan) with the organotropic carcinogen AOM (10 mg/kg
body weight, intraperitoneally). Following AOM, mice were treated with 7 days of 2% DSS in drinking
water, followed by recovery for 7 days with regular drinking water. The seven days of 2% DSS followed
by seven days of normal drinking water was repeated three times. Mice were then analyzed 71 days after
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the AOM injection, and colons were removed and flushed with PBS and cut longitudinally. The number of
colon polyps was counted using a dissecting microscope. For administration of peptide FNIII14, mice were
then intravenously injected with FNIII14 (250 µg/mouse) on days 22, 36, 43, and 49, and intraperitoneally
injected with FNIII14 (500 µg/mouse) on days 24, 38, 45, and 51.

4.3. Cell Culture

Human diploid lung embryonic fibroblast cell line WI-38, which was obtained from RIKEN Bio
Resource Center (Ibaraki, Japan), was maintained in EMEM medium (Nissui Pharmaceutical, Tokyo,
Japan) supplemented with 10% FBS (SAFC Biosciences, MO, USA). Human preneoplastic epidermal
keratinocytes HaCaT, which was kindly provided by Dr. Masuho Yasuhiko (Tokyo University of
Science), was maintained in DMEM medium (Nissui Pharmaceutical) supplemented with 10% FBS.
Human colorectal adenocarcinoma cell line Caco-2, which was kindly provided by Dr. Michihiro
Mutoh (National Cancer Center Research Institute), was maintained in DMEM medium supplemented
with 10% FBS. Mouse colon cancer cell line colon26-M3.1, which was kindly provided by Dr. Ikuo Saiki
(University of Toyama), was maintained in RPMI1640 medium supplemented with 10% FBS. Cells
were incubated in a 5% CO2 incubator at 37 ◦C.

4.4. Immunohistochemistry

The resected specimens were fixed in 10% formalin and embedded in paraffin. For antigen
retrieval, the slides were incubated at 37 ◦C for 30 min in 0.2% trypsin. The paraffin-embedded
tissue samples were cut to a 4 µm thickness and stained with hematoxylin and eosin. The following
immunohistochemical reagents were performed with anti-TNC 4F10TT Antibody (IBL, Gunma, Japan)
and anti-TNIIIA2 polyclonal antibody (IBL) and Histofine Sab-Po (Multi) kit (Nichirei Biosciences,
Inc, Tokyo, Japan) according to the manufacturer’s instructions. Images were captured using a light
microscope Olympus BX-53 (Olympus, Tokyo, Japan).

4.5. Cell Adhesion Assay

Adhesion to fibronectin was performed as described previously [13].

4.6. Flow Cytometry

The activation status of β1-integrins on the cells was evaluated by flow cytometric analysis using
a monoclonal antibody that recognize the active conformation of β1-integrin (clone AG89; MBL, Aichi,
Japan), as described previously [12].

4.7. 2D Co-Culture Experiments

WI-38 cells (2.5 × 104 cells/well) were seeded on 24-well culture plates. After 24 h, HaCaT cells
(4.0 × 104 cells/well) suspended in a 1:1 mixture of DMEM-EMEM medium in the presence or absence of
TNIIIA2 and/or peptide FNIII14 were overlaid. After 48 h, cells were fixed with 4% paraformaldehyde
and stained with 1% Rhodanile blue for epithelial cells staining [39]. Images were captured and area of
epithelial cells was measured by Motic Image Plus 2.2S (Shimadzu Rika, Kyoto, Japan).

4.8. Preparation of Conditioned Medium from WI-38 Cells

WI-38 cells (2.0 × 105 cells/well) were seeded on 12-well culture plates coated with fibronectin
(1.0 µg/mL) and then cultured with the EMEM medium without FBS in the presence or absence of
peptide TNIIIA2 and/or peptide FNIII14. Two days later, culture supernatants were collected as
conditioned media (CM) and stored at −80 ◦C until use.
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4.9. Cell Proliferation Assay

Cells (8.0× 103 cells/well) were seeded on 96-well culture plates coated with fibronectin (1.0 µg/mL)
and then cultured with medium in the presence or absence of peptide TNIIIA2, or CM prepared under
various conditions. The number of viable cells was evaluated based on the WST-8 assay, as described
previously [13].

4.10. Colony Formation Assay

Solution of a 1:1 mixture of 1.4% agar (BD Bioscience, NJ, USA) and 2× DMEM or RPMI 1640
growth medium was poured into 12-well plates. After solidification, HaCaT (1.0 × 104 cells/well),
Caco-2 (7.0 × 103 cells/well), or colon26-M3.1 (4.0 × 103 cells/well) suspended in CM prepared under
various conditions containing 0.7% agar were overlaid on top of a base layer. After solidification of the
top agar layer, CM prepared under the corresponding conditions was added. Media were changed
every 4–5 days. After 10-14 days, colonies were stained with crystal violet and the number of them
was counted for five randomly selected fields under the microscope at 20×magnification.

4.11. Focus Formation Assay

Cells (2.0× 105 cells/well) were seeded on 24-well culture plates coated with fibronectin (1.0 µg/mL)
and cultured with CM prepared under various conditions. After 8-10 days, cells were fixed with 4%
paraformaldehyde and stained with crystal violet. Images were captured and analyzed by Motic Image
Plus 2.2S.

4.12. Statistical Analysis

Data are expressed as the mean± standard deviation. Two-tailed Student t test or one-way ANOVA
analysis was used to determine statistical differences. Values of p < 0.05 were considered significant.
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ABS absorbance
Sup. supernatant



Int. J. Mol. Sci. 2019, 20, 2752 12 of 14

References

1. Ekbom, A.; Helmick, C.; Zack, M.; Adami, H.O. Ulcerative colitis and colorectal cancer. A population-based
study. N. Engl. J. Med. 1990, 323, 1228–1233. [CrossRef] [PubMed]

2. Eaden, J.A.; Abrams, K.R.; Mayberry, J.F. The risk of colorectal cancer in ulcerative colitis: a meta-analysis.
Gut 2001, 48, 526–535. [CrossRef] [PubMed]

3. Jess, T.; Loftus, E.V.; Velayos, F.S.; Harmsen, W.S.; Zinsmeister, A.R.; Smyrk, T.C.; Schleck, C.D.; Tremaine, W.J.;
Melton, L.J.; Munkholm, P.; et al. Risk of intestinal cancer in inflammatory bowel disease: a population-based
study from olmsted county, Minnesota. Gastroenterology 2006, 130, 1039–1046. [CrossRef] [PubMed]

4. Ullman, T.A.; Itzkowitz, S.H. Intestinal inflammation and cancer. Gastroenterology 2011, 140, 1807–1816.
[CrossRef] [PubMed]

5. Zisman, T.L.; Rubin, D.T. Colorectal cancer and dysplasia in inflammatory bowel disease. World J. Gastroenterol.
2008, 14, 2662–2669. [CrossRef] [PubMed]

6. Midwood, K.S.; Hussenet, T.; Langlois, B.; Orend, G. Advances in tenascin-C biology. Cell. Mol. Life Sci.
CMLS 2011, 68, 3175–3199. [CrossRef] [PubMed]

7. Giblin, S.P.; Midwood, K.S. Tenascin-C: Form versus function. Cell Adhes. Migr. 2015, 9, 48–82. [CrossRef]
[PubMed]

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

9. Spenlé, C.; Lefebvre, O.; Lacroute, J.; Méchine-Neuville, A.; Barreau, F.; Blottière, H.M.; Duclos, B.; Arnold, C.;
Hussenet, T.; Hemmerlé, J.; et al. The Laminin Response in Inflammatory Bowel Disease: Protection or
Malignancy? PLOS ONE 2014, 9, e111336. [CrossRef]

10. 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]

11. Takeda, A.; Otani, Y.; Iseki, H.; Takeuchi, H.; Aikawa, K.; Tabuchi, S.; Shinozuka, N.; Saeki, T.; Okazaki, Y.;
Koyama, I. Clinical significance of large tenascin-C spliced variant as a potential biomarker for colorectal
cancer. World J. Surg. 2007, 31, 388–394. [CrossRef] [PubMed]

12. 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 beta1 integrin activation through syndecan-4.
J. Biol. Chem. 2007, 282, 34929–34937. [CrossRef] [PubMed]

13. 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 α5β1. J. Biol.
Chem. 2014, 289, 17699–17708. [CrossRef] [PubMed]

14. Dueck, M.; Riedl, S.; Hinz, U.; Tandara, A.; Möller, P.; Herfarth, C.; Faissner, A. Detection of tenascin-C
isoforms in colorectal mucosa, ulcerative colitis, carcinomas and liver metastases. Int. J. Cancer 1999, 82,
477–483. [CrossRef]

15. Suzuki, H.; Sasada, M.; Kamiya, S.; Ito, Y.; Watanabe, H.; Okada, Y.; Ishibashi, K.; Iyoda, T.; Yanaka, A.;
Fukai, F. The Promoting Effect of the Extracellular Matrix Peptide TNIIIA2 Derived from Tenascin-C in Colon
Cancer Cell Infiltration. Int. J. Mol. Sci. 2017, 18, 181. [CrossRef]

16. Kato, R.; Ishikawa, T.; Kamiya, S.; Oguma, F.; Ueki, M.; Goto, S.; Nakamura, H.; Katayama, T.; Fukai, F. A
new type of antimetastatic peptide derived from fibronectin. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res.
2002, 8, 2455–2462.

17. Tanaka, R.; Owaki, T.; Kamiya, S.; Matsunaga, T.; Shimoda, K.; Kodama, H.; Hayashi, R.; Abe, T.; Harada, Y.P.;
Shimonaka, M.; et al. VLA-5-mediated adhesion to fibronectin accelerates hemin-stimulated erythroid
differentiation of K562 cells through induction of VLA-4 expression. J. Biol. Chem. 2009, 284, 19817–19825.
[CrossRef]

18. Tanaka, T.; Kohno, H.; Suzuki, R.; Yamada, Y.; Sugie, S.; Mori, H. A novel inflammation-related mouse colon
carcinogenesis model induced by azoxymethane and dextran sodium sulfate. Cancer Sci. 2003, 94, 965–973.
[CrossRef]

http://dx.doi.org/10.1056/NEJM199011013231802
http://www.ncbi.nlm.nih.gov/pubmed/2215606
http://dx.doi.org/10.1136/gut.48.4.526
http://www.ncbi.nlm.nih.gov/pubmed/11247898
http://dx.doi.org/10.1053/j.gastro.2005.12.037
http://www.ncbi.nlm.nih.gov/pubmed/16618397
http://dx.doi.org/10.1053/j.gastro.2011.01.057
http://www.ncbi.nlm.nih.gov/pubmed/21530747
http://dx.doi.org/10.3748/wjg.14.2662
http://www.ncbi.nlm.nih.gov/pubmed/18461651
http://dx.doi.org/10.1007/s00018-011-0783-6
http://www.ncbi.nlm.nih.gov/pubmed/21818551
http://dx.doi.org/10.4161/19336918.2014.987587
http://www.ncbi.nlm.nih.gov/pubmed/25482829
http://dx.doi.org/10.1007/s003840100312
http://www.ncbi.nlm.nih.gov/pubmed/11686525
http://dx.doi.org/10.1371/journal.pone.0111336
http://dx.doi.org/10.18632/oncotarget.9362
http://dx.doi.org/10.1007/s00268-006-0328-6
http://www.ncbi.nlm.nih.gov/pubmed/17219282
http://dx.doi.org/10.1074/jbc.M705608200
http://www.ncbi.nlm.nih.gov/pubmed/17901052
http://dx.doi.org/10.1074/jbc.M113.546622
http://www.ncbi.nlm.nih.gov/pubmed/24808173
http://dx.doi.org/10.1002/(SICI)1097-0215(19990812)82:4&lt;477::AID-IJC2&gt;3.0.CO;2-5
http://dx.doi.org/10.3390/ijms18010181
http://dx.doi.org/10.1074/jbc.M109.009860
http://dx.doi.org/10.1111/j.1349-7006.2003.tb01386.x


Int. J. Mol. Sci. 2019, 20, 2752 13 of 14

19. Kawamura, T.; Yamamoto, M.; Suzuki, K.; Suzuki, Y.; Kamishima, M.; Sakata, M.; Kurachi, K.; Setoh, M.;
Konno, H.; Takeuchi, H. Tenascin-C Produced by Intestinal Myofibroblasts Promotes Colitis-associated
Cancer Development Through Angiogenesis. Inflamm. Bowel Dis. 2018, 25, 732–741. [CrossRef]

20. Erez, N.; Truitt, M.; Olson, P.; Arron, S.T.; Hanahan, D. Cancer-Associated Fibroblasts Are Activated in
Incipient Neoplasia to Orchestrate Tumor-Promoting Inflammation in an NF-kappaB-Dependent Manner.
Cancer Cell 2010, 17, 135–147. [CrossRef]

21. Mukaida, N.; Sasaki, S. Fibroblasts, an inconspicuous but essential player in colon cancer development and
progression. World J. Gastroenterol. 2016, 22, 5301–5316. [CrossRef] [PubMed]

22. Murakami, T.; Kikuchi, H.; Ishimatsu, H.; Iino, I.; Hirotsu, A.; Matsumoto, T.; Ozaki, Y.; Kawabata, T.;
Hiramatsu, Y.; Ohta, M.; et al. Tenascin C in colorectal cancer stroma is a predictive marker for liver metastasis
and is a potent target of miR-198 as identified by microRNA analysis. Br. J. Cancer 2017, 117, 1360–1370.
[CrossRef] [PubMed]

23. Geboes, K.; El-Zine, M.Y.; Dalle, I.; El-Haddad, S.; Rutgeerts, P.; Van Eyken, P. Tenascin and strictures in
inflammatory bowel disease: an immunohistochemical study. Int. J. Surg. Pathol. 2001, 9, 281–286. [CrossRef]
[PubMed]

24. Stamenkovic, I. Extracellular matrix remodelling: the role of matrix metalloproteinases. J. Pathol. 2003, 200,
448–464. [CrossRef] [PubMed]

25. Davis, G.E.; Bayless, K.J.; Davis, M.J.; Meininger, G.A. Regulation of tissue injury responses by the exposure
of matricryptic sites within extracellular matrix molecules. Am. J. Pathol. 2000, 156, 1489–1498. [CrossRef]

26. Shimshoni, E.; Yablecovitch, D.; Baram, L.; Dotan, I.; Sagi, I. ECM remodelling in IBD: innocent bystander or
partner in crime? The emerging role of extracellular molecular events in sustaining intestinal inflammation.
Gut 2015, 64, 367–372. [CrossRef] [PubMed]

27. Kofla-Dlubacz, A.; Matusiewicz, M.; Krzystek-Korpacka, M.; Iwanczak, B. Correlation of MMP-3 and MMP-9
with Crohn’s disease activity in children. Dig. Dis. Sci. 2012, 57, 706–712. [CrossRef] [PubMed]

28. Sasaki, S.; Baba, T.; Shinagawa, K.; Matsushima, K.; Mukaida, N. Crucial involvement of the CCL3-CCR5
axis-mediated fibroblast accumulation in colitis-associated carcinogenesis in mice. Int. J. Cancer 2014, 135,
1297–1306. [CrossRef] [PubMed]

29. Neufert, C.; Becker, C.; Türeci, Ö.; Waldner, M.J.; Backert, I.; Floh, K.; Atreya, I.; Leppkes, M.; Jefremow, A.;
Vieth, M.; et al. Tumor fibroblast-derived epiregulin promotes growth of colitis-associated neoplasms
through ERK. J. Clin. Invest. 2013, 123, 1428–1443. [CrossRef]

30. Yang, Z.-T.; Yeo, S.-Y.; Yin, Y.-X.; Lin, Z.-H.; Lee, H.-M.; Xuan, Y.-H.; Cui, Y.; Kim, S.-H. Tenascin-C, a
Prognostic Determinant of Esophageal Squamous Cell Carcinoma. PLoS ONE 2016, 11, e0145807. [CrossRef]

31. Yang, Z.; Ni, W.; Cui, C.; Fang, L.; Xuan, Y. Tenascin C is a prognostic determinant and potential
cancer-associated fibroblasts marker for breast ductal carcinoma. Exp. Mol. Pathol. 2017, 102, 262–267.
[CrossRef] [PubMed]

32. Ni, W.-D.; Yang, Z.-T.; Cui, C.-A.; Cui, Y.; Fang, L.-Y.; Xuan, Y.-H. Tenascin-C is a potential cancer-associated
fibroblasts marker and predicts poor prognosis in prostate cancer. Biochem. Biophys. Res. Commun. 2017, 486,
607–612. [CrossRef] [PubMed]

33. Yang, Z.; Zhang, C.; Qi, W.; Cui, C.; Cui, Y.; Xuan, Y. Tenascin-C as a prognostic determinant of colorectal
cancer through induction of epithelial-to-mesenchymal transition and proliferation. Exp. Mol. Pathol. 2018,
105, 216–222. [CrossRef] [PubMed]

34. Miroshnikova, Y.A.; Mouw, J.K.; Barnes, J.M.; Pickup, M.W.; Lakins, J.N.; Kim, Y.; Lobo, K.; Persson, A.I.;
Reis, G.F.; McKnight, T.R.; et al. Tissue mechanics promote IDH1-dependent HIF1α-tenascin C feedback to
regulate glioblastoma aggression. Nat. Cell Biol. 2016, 18, 1336–1345. [CrossRef] [PubMed]

35. Barnes, J.M.; Kaushik, S.; Bainer, R.O.; Sa, J.K.; Woods, E.C.; Kai, F.; Przybyla, L.; Lee, M.; Lee, H.W.; Tung, J.C.;
et al. A tension-mediated glycocalyx-integrin feedback loop promotes mesenchymal-like glioblastoma.
Nat. Cell Biol. 2018, 20, 1203–1214. [CrossRef] [PubMed]

36. Johnson, L.A.; Rodansky, E.S.; Sauder, K.L.; Horowitz, J.C.; Mih, J.D.; Tschumperlin, D.J.; Higgins, P.D.
Matrix stiffness corresponding to strictured bowel induces a fibrogenic response in human colonic fibroblasts.
Inflamm. Bowel Dis. 2013, 19, 891–903. [CrossRef]

37. Miekka, S.I.; Ingham, K.C.; Menache, D. Rapid methods for isolation of human plasma fibronectin. Thromb. Res.
1982, 27, 1–14. [CrossRef]

http://dx.doi.org/10.1093/ibd/izy368
http://dx.doi.org/10.1016/j.ccr.2009.12.041
http://dx.doi.org/10.3748/wjg.v22.i23.5301
http://www.ncbi.nlm.nih.gov/pubmed/27340347
http://dx.doi.org/10.1038/bjc.2017.291
http://www.ncbi.nlm.nih.gov/pubmed/29065427
http://dx.doi.org/10.1177/106689690100900404
http://www.ncbi.nlm.nih.gov/pubmed/12574843
http://dx.doi.org/10.1002/path.1400
http://www.ncbi.nlm.nih.gov/pubmed/12845612
http://dx.doi.org/10.1016/S0002-9440(10)65020-1
http://dx.doi.org/10.1136/gutjnl-2014-308048
http://www.ncbi.nlm.nih.gov/pubmed/25416065
http://dx.doi.org/10.1007/s10620-011-1936-z
http://www.ncbi.nlm.nih.gov/pubmed/21997756
http://dx.doi.org/10.1002/ijc.28779
http://www.ncbi.nlm.nih.gov/pubmed/24510316
http://dx.doi.org/10.1172/JCI63748
http://dx.doi.org/10.1371/journal.pone.0145807
http://dx.doi.org/10.1016/j.yexmp.2017.02.012
http://www.ncbi.nlm.nih.gov/pubmed/28223108
http://dx.doi.org/10.1016/j.bbrc.2017.03.021
http://www.ncbi.nlm.nih.gov/pubmed/28341124
http://dx.doi.org/10.1016/j.yexmp.2018.08.009
http://www.ncbi.nlm.nih.gov/pubmed/30170017
http://dx.doi.org/10.1038/ncb3429
http://www.ncbi.nlm.nih.gov/pubmed/27820599
http://dx.doi.org/10.1038/s41556-018-0183-3
http://www.ncbi.nlm.nih.gov/pubmed/30202050
http://dx.doi.org/10.1097/MIB.0b013e3182813297
http://dx.doi.org/10.1016/0049-3848(82)90272-9


Int. J. Mol. Sci. 2019, 20, 2752 14 of 14

38. Fukai, F.; Hasebe, S.; Ueki, M.; Mutoh, M.; Ohgi, C.; Takahashi, H.; Takeda, K.; Katayama, T. Identification
of the anti-adhesive site buried within the heparin-binding domain of fibronectin. J. Biochem. 1997, 121,
189–192.

39. Krtolica, A.; Parrinello, S.; Lockett, S.; Desprez, P.Y.; Campisi, J. Senescent fibroblasts promote epithelial
cell growth and tumorigenesis: a link between cancer and aging. Proc. Natl. Acad. Sci. USA. 2001, 98,
12072–12077. [CrossRef]

© 2019 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/10.1073/pnas.211053698
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	TNC/TNIIIA2 Expression in a Murine AOM/DSS Model 
	Paracrine Factor(s) Released from Fibroblasts in Response to Stimulation of Peptide TNIIIA2 Induces Dysregulated Proliferation in Premalignant and Malignant Cells 
	Peptide FNIII14 Suppresses Polyp Formation in the AOM/DSS Model 

	Discussion 
	Materials and Methods 
	Reagents 
	Murine AOM/DSS Colitis-Associated Carcinoma Model 
	Cell Culture 
	Immunohistochemistry 
	Cell Adhesion Assay 
	Flow Cytometry 
	2D Co-Culture Experiments 
	Preparation of Conditioned Medium from WI-38 Cells 
	Cell Proliferation Assay 
	Colony Formation Assay 
	Focus Formation Assay 
	Statistical Analysis 

	References

