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Tenascin-C (TNC) is highly expressed in cancer tissues. Its
cellular sources are cancer and stromal cells, including
fibroblasts/myofibroblasts, and also vascular cells. TNC
expressed in cancer tissues dominantly contains large splice
variants. Deposition of the stroma promotes the epithelial-
mesenchymal transition, proliferation, and migration of
cancer cells. It also facilitates the formation of cancer stroma
including desmoplasia and angiogenesis. Integrin receptors
that mediate the signals of TNC have also been discussed.

Introduction

Tenascin-C (TNC) is an extracellular matrix (ECM) glyco-
protein that is highly expressed during organogenesis accompa-
nying cell proliferation and migration, epithelial-mesenchymal
transition (EMT), and interactions between the parenchyma and
mesenchyme. The distribution of TNC is typically limited in
adult tissues; however, the protein is re-expressed in pathological
lesions undergoing tissue remodeling, such as inflammation, tis-
sue repair, and cancers. The increased deposition of TNC has
been reported in the tumor stroma of most epithelial malignan-
cies arising, for example, in the breast, uterus (both the cervix
and body), ovary, prostate, pancreas, colon, stomach, mouth, lar-
ynx, lung, urinary tract, and skin.1,2 Interactions between epithe-
lial (cancer) and stroma cells induce the expression of TNC by
both cells, thereby facilitating the remodeling of cancer tissues.
Deposited TNC in the cancer stroma modulates the cell behav-
iors of both cell types by interactions between cells and ECM
that are mediated through integrins. Integrins are a family of cell
adhesion receptors binding to ECM proteins, plasma-derived
proteins and cell surface adhesion molecules. All integrins are
heterodimers containing an a and a b subunit. There are 18 a
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subunit and 8 b subunit genes in mammalian genomes, and 24
distinct a-b heterodimers have been found at the protein level.
Most heterodimers are capable to bind a wide variety of
ligands.3,4 Binding of integrins to extracellular ligands induces
intracellular signals providing information on its location, local
environment, adhesive state, and surrounding matrix. Integrins
also cooperate with other cell surface receptors including growth
factor- and G protein-coupled receptors, and their signals regu-
late biological processes such as cell proliferation and differentia-
tion, cell shape and migration, and apoptosis/survival.5-7

The interactions involved in cancer progression as well as for-
mation of cancer stroma mimic those in embryogenesis and
repair processes after tissue injuries. Hence, we herein discussed
the expression of TNC and integrins during embryonic develop-
ment or tissue repair in order to make interpreting the roles in
cancer tissues easier.

Integrins as TNC Receptors in Cancer

Domain structure of TNC and receptor-binding sites
Each TNC subunit (Fig. 1) is composed of a cysteine-rich

N-terminus tenascin assembly domain followed by 14.5 epider-
mal growth factor (EGF)-like repeats, a region of up to 17 fibro-
nectin type III-like (FNIII) repeats (9 of these, named A1/2/3/4,
B, AD2, AD1, C, and D, are susceptible to alternative splicing),
and a C-terminal fibrinogen-like globe (FBG). Various numbers
and combinations of the alternatively spliced repeats inserted
between the 5th and 6th constant repeats yield splice variants.
Large TNC variants including the spliced repeats are considered
to have the potential to modulate cell signaling by binding to dif-
ferent receptors and other ECM components.1,2 For example,
annexin II binds to alternatively spliced segments with high affin-
ity, causing the loss of focal adhesions and mitogenesis and
increasing the migration of arterial endothelial cells.8,9 The extra-
cellular domains of receptor protein-tyrosine phosphatase-z/b
(RPTP, phosphacan) expressed by neural cells is also a receptor
of these segments. The RPTP-b-dependent adhesion of glioma
cells was shown to be mediated by binding to the alternatively
spliced repeats of FNIII A1,2,4 of TNC,10 while an additional
binding site was detected in FBG.11 The EGF receptor is also
known to be a non-integrin receptor for the EGF-like repeats of
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TNC.12 Two heparin-binding sites and a cryptic sequence within
FNIIIA2 for the binding of syndecan-4 have been reported.13-15

The integrin heterodimers of a2/7/8/9b1 and avb1/3/6 are
known to mediate signals between cells and TNC. Of these
integrins, a2/9b1 and avb1/3/6 are expressed in epithelial cells.
Integrins a8b1 and avb1/3/6 are RGD-binding.4

avb6
Integrin avb6 is an epithelial-specific integrin that is a receptor

for fibronectin (FN), vitronectin (VN), TNC, and the latency-
associated peptide (LAP) of transforming growth factor (TGF)-
b.16 The adhesion of b6-transfected SW480 cells to TNC FNIII3
recombinant fragments has already been reported.17 The expres-
sion of avb6 has been established in different kinds of cancers
and is often associated with a poor prognosis.16,18 We recently
showed that the treatment of MCF-7 cells with TGF-b1
markedly upregulated the mRNA, but not protein level of b6,
whereas the protein level was markedly increased by an additional
exposure to TNC, possibly due to the stabilization of avb6 heter-
odimers by binding to TNC.19 Binding to TNC induced EMT-
like changes in MCF-7 cells. The upregulation of avb6 integrin
has also been shown to cause EMT changes in colon18 and oral20

cancers. Furthermore, the increased expression of avb6 in oral
cancer cells upregulated that of TNC and matrix metalloprotei-
nase (MMP)-3.20 An important function of avb6 is the activation
of TGF-b by its release from latent TGF-b complexes.16,21 Acti-
vated TGF-b may be involved in the upregulation of b6 and
TNC, forming a positive feedback loop, and has also been shown
to upregulate MMPs in collaboration with TNC.22

a9b1
Integrin a9b1 is a member of LDV-binding integrins.4 The

heterodimer is expressed on a wide variety of cell types and

interacts with many ligands, FNIII extra domain A (EDA) of
FN, TNC, osteopontin (OPN), thrombospondin-1, and disinte-
grin and metalloproteinase domain 12.23 An attachment assay of
a9-transfected SW480 cells previously revealed that the FNIII3
repeat of TNC contained the a9b1 integrin-binding sequence,
AEIDGIEL, not RGD.24 Immunohistochemical analyses
detected the co-localization of a9b1 and TNC at the invasive
fronts of primary colorectal and gastric cancers.25 Only the basal-
like subtypes of breast cancers have been reported to express
a9b1, and its expression has been correlated with poorer patient
outcomes.26 A recent study showed that the a9b1 integrin of the
human breast cancer cell line, MDA-MB231 contributed to tumor
growth, lymphatic metastasis, the recruitment of cancer-associated
fibroblasts (CAFs), and host-derived production of OPN in an
orthotopic xenotransplantation model.27 Endothelial cell-derived
FN with EDA was also found to promote colorectal cancer metas-
tasis by inducing EMT via an interaction with a9b1.28 TNC may
contribute to cancer progression because of its co-expression in
these tissues. During wound repair, the epithelial cells of oral
mucosa have been shown to temporarily express a9b1 and
avb6.29 The preferential upregulation of the a9 subunit in
migrating epithelial cells and of avb6 integrin in the epithelium
after wound closure was observed by immunohistochemistry, and
was accompanied by increased TNC immunostaining. The regen-
erative mucosal epithelia of the nasal cavity also exhibited
enhanced a9 immunolabeling and TNC mRNA expression.30

avb3
Integrin avb3 is known to be expressed in diverse cell types

including epithelial cells, fibroblasts, endothelial cells, and
inflammatory cells in cancer tissues, and binds highly divergent
ECM proteins such as VN, FN, fibrinogen, denatured or proteo-
lysed collagen, and TNC.31,32 Two binding sites of the integrin
in TNC have been identified at the RGD sequence within the
FNIII3 repeat 17,33 and in C-terminal FBG.34 However, behav-
ioral changes induced in avb3-expressing cells by the TNC treat-
ment have not yet been explored in detail. When plated on
FNIII3 fragments of TNC, the spreading and proliferation of
b3-trasnfected SW480 cells were enhanced and accompanied by
the phosphorylation of focal adhesion kinase (FAK) and paxil-
lin.17 We also demonstrated that TNC-coated substrates pro-
moted the platelet-derived growth factor (PDGF)-BB-induced
proliferation and migration of smooth muscle cells due to ampli-
fied crosstalk signaling between integrin avb3 and PDGF recep-
tor-b by SRC and FAK in focal adhesion complexes.35

Therefore, the proliferation and migration of various cells
expressing avb3 in cancer tissues are likely to be influenced by
TNC, possibly in conjunction with growth factor receptors.

avb1
Integrin avb1 is a receptor for FN, VN, and OPN. Human

melanoma, breast cancer, squamous cell carcinoma, and neuro-
blastoma as well as embryonic kidney cells have been shown to
express this integrin.36 We recently identified TNC as a ligand
for avb1 integrin by a binding assay of an MCF-7 lysate to
TNC-conjugated beads, and their binding was found to induce

Figure 1. Domain structure and receptor binding sites of human tenas-
cin-C. The N-terminal tenascin assembly (TA), epidermal growth factor
(EGF)-like, fibronectin type III (FNIII)-like, and fibrinogen (FBG)-like
domains are schematically depicted. The alternatively spliced FNIII
repeats A1–D are shown in black. Integrins a8b1 and avb1/b3/b6 bound
to the RGD sequence in FNIII3,95 while a9b1 did to AEIDGIEL in FNIII3.24

The binding site for a2b1 was not determined. The binding site of a7b1
was the sequence of VFDNFVLK in FNIIID.42 Integrin avb3 had an addi-
tional binding site in FBG.34 Receptor protein-tyrosine phosphatase-z/b
(RPTP-z/b; phosphacan) expressed by neural cells was also a receptor for
FNIIIA1–410 and FBG.11 The EGF receptor bound to EGF-like repeats.12

Two heparin-binding sites and a cryptic sequence within FNIIIA2 were
present for the binding of syndecan-4.13-15
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EMT-like changes in MCF-7 cells.19 However, information on
the functions of avb1 integrin in cancer tissues is currently
limited.

a2b1
Integrin a2b1 is expressed on epithelial cells, endothelial cells,

fibroblasts, and cells of haematopoietic origin, and functions as a
receptor for native collagens as well as other ECM and non-
ECM proteins, such as laminin, decorin, E-cadherin, MMP-1,
and endorepellin.37 TNC is also considered to be a ligand for
this integrin. Anti-a2 and -b1 neutralizing antibodies were
found to abolish the promoting effects of TNC on glioma cell
migration.38 Human endothelial cells can attach and spread on
TNC by a2b1 and avb3 integrins. The affinity purification of
an endothelial cell extract on a TNC column followed by immu-
noprecipitation with monoclonal antibodies identified both
a2b1 and avb3 integrins as TNC receptors.39 However, the
lack of binding by a2b1 and avb3 integrins on osteosarcoma
MG63 to TNC in an adhesion assay has also been reported. In
our analyses to identify the proteins binding to TNC-conjugated
beads, the subunits of av, b1, and b6, but not a2 could be
detected in the MCF-7 lysate.19 The binding of a2b1 to TNC
may be regulated in a cell type-specific manner. The immunoloc-
alization of a2 subunits in cultured cells and cancer tissues was
previously observed in intercellular contacts between epithelial
cells.19,40 We showed that a2b1 did not appear to be involved in
TNC-induced EMT-like changes in MCF-7 cells, whereas the
integrin a2b1 was responsible for collagen-I-mediated EMT in
pancreatic cancer cells.40 Integrin a2b1 may also be involved in
angiogenesis in cancer tissues.39

a7b1
Integrin a7b1 was originally identified as a laminin receptor.

Its expression is relatively restricted to striated and cardiac muscle
and certain endothelial and neural cell types including mela-
noma.41 This integrin is known to bind to the amino acid
sequence, VFDNFVLK, within the FNIIID of TNC, thereby
promoting the extension of neuronal processes.42 Mutations have
recently been detected in the integrin a7 gene in human cancer
samples, such as prostate cancers and gliomas typically expressing
TNC. These mutations have been associated with the shorter sur-
vival of patients with these cancers, suggesting suppressive effects
of a7b1 on tumor progression.43 The relationship between these
mutations and TNC has not yet been elucidated in cancer tissues.

a8b1
Integrin a8b1 is a receptor for FN, VN, the RGD site of

TNC fragments, and OPN, and is expressed in neuronal and
mesenchymal cells, including vascular and visceral smooth mus-
cle cells, alveolar myofibroblasts, and glomerular mesangial
cells.44 Using the recombinant fragments of TNC and a8-trans-
fected 293 cells in adhesion assays, the a8b1-binding domain
was determined to be an RGD-containing FNIII3 repeat.45

However, a subsequent study using a8-expressing K562 cells
found that full length TNC did not serve as a ligand, implying
that the RGD site in native TNC is a cryptic binding site.46 The

co-expression of the a8 subunit with tenascin-W has been
reported in murine mammary tumors.47 Mammary tumor cells
expressing a8 subunits show haptotactic migration to tenascin-
W, but not TNC. CAFs, a repertoire of myofibroblasts, may also
express a8 subunits.

a5b1 and syndecan-4
Although a5b1 integrin does not directly bind to TNC,

TNC modulates the co-receptor functions of syndecan-4 in FN-
induced a5b1 integrin signaling. The heparan sulfate (HS) side
chains of syndecans were found to bind to TNC.48 TNC blocked
tumor cell adhesion to FN by binding to FNIII13 of FN instead
of syndecan-4. This binding impaired the co-receptor function
of syndecan-4 in integrin signaling, followed by tumor cell prolif-
eration.49 When fibroblasts were plated on a mixed FN/TNC
substratum, cell spreading and adhesion signaling were less than
on FN alone, as determined by delayed FAK phosphorylation,
and cell proliferation was also arrested. The overexpression of
syndecan-4 and addition of a recombinant peptide of FNIII13
restored adhesion, FAK phosphorylation, and cell proliferation,
indicating the requirement of syndecan-4/integrin co-signaling.50

The binding of TNC to syndecan-4 has also been reported to
modulate the integrin-dependent contraction of fibrin-FN gels
by inhibiting the activation of RhoA and FAK.51 The synthetic
peptide TNIIIA2 or matricryptic site of the FNIIIA2 of TNC
exposed by MMP-2 processing was bound to syndecan-4 via its
HS chains, inducing conformational changes and functional acti-
vation in b1 integrin, and stimulated b1 integrin-mediated cell
adhesion.15 Furthermore, a TNIIIA2 treatment of fibroblasts
induced a lateral association between PDGF receptor b and the
molecular complex of activated b1 integrin and syndecan-4 in
the membrane microdomains enriched with cholesterol/caveolin-
1, resulting in the prolonged activation of PDGF receptor b fol-
lowed by cell proliferation. 52

Cellular Sources of TNC in Cancer Tissues

In situ hybridization studies using antisense TNC probes have
clearly demonstrated the expression of TNC mRNA in both can-
cer and stromal cells. In breast cancers, cancer cells in intraductal
components or large nests are frequently positive for TNC
mRNA, with strong immunolabeling being observed around
these ducts and nests.53,54 Scirrhus carcinoma is characterized by
invading small cancer nests and desmoplastic stroma with acti-
vated fibroblasts as well as larger amounts of collagen fibers. In
this histology, stromal cells have often been positive for TNC
mRNA, while the cancer cells rarely expressed TNC. However,
the relatively small number of cases of fully invasive cancer with
the strong cytoplasmic immunostaining of cancer cells has been
associated with poorer patient outcomes,55 indicating markedly
high TNC expression levels. The expression of TNC by epithelial
and stromal cells has also been reported in developing mammary
glands in the mouse.56 TNC mRNA was detected in the epithe-
lial cells of mammary buds sprouting from the epidermis on the
14th and 15th day of gestation, and in the mesenchymal cells at
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the epithelial-mesenchymal border of the growing bud from the
14th to the 17th day. Epithelial cells of the lactating mammary
gland were also found to produce TNC, which was secreted in
breast milk.56,57 In adenocarcinomas of the colon58 (Fig. 2) and
prostate,59 epithelial and stromal cells both expressed TNC
mRNA.

Positive TNC mRNA signals have been reported in squamous
cell carcinomas arising in the oral mucosa,60,61 pharynx,62 and
larynx.63 Positive cancer cells have frequently been detected in
the peripheral zone of large cancer nests and in invading nests
adjacent to the stroma. In the uterine cervix, the basal keratino-
cytes of intraepithelial neoplasms were shown to be positive for
TNC mRNA, even in pre-malignancy.64 In squamous cell carci-
nomas, TNC immunohistochemistry has often exhibited positive
cytoplasmic staining in cancer cells at the invasion fronts and in
the basal zone of non-invasive lesions.61 Previous studies showed
that TNC mRNA was also expressed by cells at the migrating
fronts of regenerative epithelia during skin wound healing65,66

and after nasal mucosa injury,30 emphasizing a close relationship
with cell migration. The epithelial expression of TNC is reacti-
vated in regenerating epithelia, which is not specific to malignant
transformation. This expression pattern may be related to the
intraductal and intraepithelial expansion of cancer cells migrating
along basement membranes.

Fibroblasts are also a major source of TNC deposited widely
in the stroma of various cancers. TNC mRNA-positive fibro-
blasts have been detected in close proximity to cancer nests and
displayed positive immunostaining for a-smooth muscle
actin,58,61 denoting myofibroblasts and/or CAFs. In addition to
the expression of TNC by mammary glands in the murine
embryo described above, mesenchymal cells surrounding termi-
nal end buds, which invade the mammary fat pad during
puberty, have been shown to synthesize TNC.56

This stromal expression of TNC appears to reflect epithelial-
mesenchymal interactions. In co-cultures of cancer cells and
fibroblasts, breast cancer MCF-7 cells upregulated the expression
of TNC in fibroblasts,67,68 whereas embryonic fibroblasts
induced the synthesis of TNC in cancer cells typically not pro-
ducing TNC.69 The expression of TNC by epithelial cells and
fibroblasts is likely to be controlled by their reciprocal interac-
tions in the microenvironment consisting of paracrine factors
such as ECM proteins and cytokines. Furthermore, inflammatory
cells that infiltrate the stroma may be responsible for upregulating
the expression of TNC in both cancer and stromal cells. Endo-
thelial cells and vascular pericytes as well as smooth muscle cells
of the vessel walls express TNC.58,70

Splice Variants of TNC Expressed in Cancer

Large splice variants of TNC are preferentially expressed in
cancer tissues. Immunohistochemistry and ISH analyses using
antibodies against the epitopes or probes of antisense sequences
of the spliced domains revealed the preferential expression of the
large TNC variants in cancer cells and stromal fibroblasts in can-
cer tissues.53,71-73 In breast cancers, immunostaining using the
antibody specific to domain B (aIIIB) showed periductal stromal
staining in the ductal components and intense staining in the
peritumoral stroma of invasive carcinomas. ISH demonstrated
that variants containing FNIIIB were expressed by stromal fibro-
blasts in invasive cancers and both periductal fibroblasts and
myoepithelial cells in intraductal carcinoma.53 We also reported
that FNIIIB-containing variants were preferentially expressed at
the microinvasion sites of intraductal components (Fig. 3) and in
stroma at the fronts of invasive ductal cancers using a monoclonal
antibody (4C8MS) against the FNIIIB domain.72 Immunostain-
ing of large variants containing the A1/4 repeats was previously
observed in basal epithelial cells and granulation tissue during
wound healing in the oral mucosa.74 Variants including the A1
and D domains were also found to be expressed in the diseased
cornea.75

We previously demonstrated that the recombinant protein
including alternatively spliced segments enhanced mitogenesis
and the migration of breast cancer cells72 and cardiac fibro-
blasts76 derived from TNC-null mice. Several cell surface recep-
tors, annexin II, and syndecan-4 are known to bind these
segments. In clinicopathological studies, the co-overexpression of
annexin II and stromal TNC was identified as an independent
factor of poor prognosis in patients with colorectal cancers, and
has been suggested to be related to progression and metastatic

Figure 2. Expression of TNC mRNA in colon cancer labeled by in situ
hybridization. (A) Spindle-shaped fibroblasts in the cancer stroma (S),
especially those adjacent to the tumor glands (T), were positive for TNC
mRNA (arrows). (B) Cancer cells were also positive (arrow heads) in some
cases. Nuclei were lightly counterstained with nuclear fast red. The
images were taken from a sample used in our previous study.58
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spread.77 In pancreatic cancer, the expression of annexin II and
stromal TNC increased in progression from low-grade intraepi-
thelial neoplasia to pancreatic cancer.78 However, their func-
tional implications in cancer progression are poorly defined. As
described above, syndecan-4 binding to a cryptic sequence of the
FNIIIA2 domain after MMP-2 processing, but not to intact
TNC, was reported to modulate cell adhesion, survival, and pro-
liferation in fibroblasts by activating a5b1 integrin.15,52 Another
important property of these segments is their susceptibility to
MMPs. Large variants were previously shown to be more easily
degraded by MMPs than the smallest variant without the spliced
repeats.79 Further studies are needed in order to explore the addi-
tional functions of large splice variants and find novel receptors
for the segments.

The large TNC variants produced in the cancer stroma may
enter the circulation, thereby elevating TNC levels in the sera of
patients. Several studies identified a positive correlation between
serum levels of TNC containing the FNIIIC domain and tumor
aggressiveness.80,81 Urinary levels of TNC with FNIIIB signifi-
cantly increased in parallel with tumor progression in urinary
bladder carcinoma, suggesting its potential as a urine surveillance
marker.82

Roles of TNC in Cancer

Epithelial-mesenchymal transition
EMT is the process by which polarized epithelial cells are con-

verted into mesenchymal cells during embryogenesis and in dis-
eased tissues.83 EMT events occur in cancer tissues at the
beginning of cancer cell invasion, during which carcinoma cells
lose their epithelial polarity and intercellular connections, allow-
ing them to escape the surrounding epithelium. In embryonic
development, EMT events, including gastrulation and formation
of the neural crest, endocardial cushion, and secondary palate,
have been closely associated with the expression of TNC.84 A
previous study described morphological changes in MCF-7
breast cancer cells, their partial detachment from the substratum
and loss of cell-cell contracts, following the addition of TNC to
the culture medium.67 Our immunohistochemical analysis of
invasive ductal breast cancers showed that the deposition of
TNC was more frequently observed in stroma with scattered can-
cer cells than with large cancer cell clusters. The addition of TNC
to the medium of MCF-7 cells caused EMT-like changes that are
the delocalization of E-cadherin and b-catenin from cell-cell con-
tacts, associated with the phosphorylation of focal adhesion
kinase (FAK) by SRC.84 These phenotypic changes were
enhanced by the combined treatment with TGF-b1; however,
this was not complete EMT. Tenascin-X, another member of the
tenascin family, was also found to induce EMT in normal
murine mammary gland (NMuMG) epithelial cells through the
FBG-mediated activation of latent TGF-b elicited by integrin
a11b1, a tenascin-X receptor.85

Cell proliferation
Cells that are positive for the proliferating cell marker, MIB-1,

are often co-localized with TNC staining in cancer tissues.1 The
ratio of the proliferating population was shown to be significantly
higher in large TNC variant-positive areas in breast cancer.72 Pre-
vious studies reported that the proliferation of cancer cell lines
was stimulated by the addition of TNC at a low serum concen-
tration.49,63,72,78 As a possible mechanism, the binding of TNC
to the syndecan-4-binding sites of FN were suggested to interfere
with the growth inhibitory signal of integrin a5b1.49 The altera-
tions induced in signals from integrin complexes triggered by
binding to TNC are also plausible. Recombinant fragments con-
taining alternatively spliced repeats have been shown to have pro-
liferative effects on cancer cells.72 The deposition of TNC has
been associated with epithelial proliferation in regenerating epi-
thelia.29,30 TNC is known to sustain or inhibit cell proliferation
in fibroblasts,50,76 but enhances that in smooth muscle cells,35

implicating its positive effects on the proliferation of cancer-asso-
ciated fibroblasts. TNC has also been shown to function as a
growth stimulant in endothelial cells.86

Cell migration
TNC was found to promote the migratory activities of various

cell types, including epithelial (cancer) cells, fibroblasts, smooth
muscle cells and endothelial cells, in the wound closure assay and
chemotactic transwell migration assay.1,35,63,72,76,84,86 TNC, as

Figure 3. Expression of large splice variants of TNC including FNIIIB in
breast cancer tissues. (A) Immunostaining of an antibody against all TNC
variants was localized around the intraductal components (D) and in a
site with cancer microinvasion (arrow), also showing the weak cyto-
plasmic staining of cancer cells. (B) Immunostaining of an antibody spe-
cific to FNIIIB showed almost exclusive staining at the site of
microinvasion (arrow). Nuclei were lightly counterstained with hematox-
ylin. The images were taken from a sample used in our previous study.72
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well as other matricellular proteins, is known to modulate cell
adhesion and shifts from stable focal adhesion with stress fibers
to intermediate adherence.87 The intermediate state of adhesion
is favorable for cell migration. Figure 4 shows the modulatory
effects of TNC on haptotaxis (Fig. 4A) and chemotaxis (Fig. 4B)
in the breast cancer cell line, MDA-MB-231. TNC accelerated
cell migration when coated on the upper surfaces, whereas migra-
tion across membranes was inhibited when the coating was
on the lower surfaces, resulting in no haptotactic activity. In
contrast, FN exhibits haptotactic activity. These findings indicate
that TNC yielded a dynamic adhesion state for cancer cell migra-
tion; however, this adhesion was not sufficiently stable or force-
generating for haptotactic migration. Interestingly, TNC was a
strong inducer of haptotaxis in human neural stem cells.88 The
neural cells may employ different receptors from the cancer cells
for migration.

Previous studies reported that a recom-
binant fragment containing alternatively
spliced repeats enhanced the migration of
cancer cells,72 while the constant FNIII
repeats and fibrinogen domain promoted
fibroblast migration,76 suggesting the
involvement of integrin avb3 in fibro-
blast migration. The migration of smooth
muscle cells and endothelial cells is also
known to be promoted by TNC.35,86

Other roles of TNC in cancer
In comparisons between wild type and

TNC-null mice, several studies demon-
strated that TNC enhanced inflammatory
responses.89,90 TNC has been shown to
activate toll-like receptor-4 signaling in
fibroblasts and macrophages in rheuma-
toid arthritis models,91 resulting in the
upregulated synthesis of pro-inflamma-
tory cytokines. Enhanced inflammation
in the cancer stroma may augment macro-
phage recruitment and the secretion of
tumor promoting- and inflammatory
cytokines by macrophages and fibroblasts.
A previous study also demonstrated that
TNC promoted the transdifferentiation
of fibroblasts to myofibroblasts.76 These
findings indicated that the upregulation
of TNC in the cancer microenvironment
facilitated the stromal formation charac-
teristic of cancer tissue, thereby contribut-
ing to tumor progression.92 Furthermore,
the secretion of TNC by stromal fibro-
blasts93 as well as breast cancer cells94

may support the metastatic colonization
of cancer cells in the lung.

Conclusion

The relationship between the expression of TNC in cancer tis-
sues and patient outcomes was controversial in earlier clinico-
pathological studies on TNC. However, the expression of TNC
in most tumors is now considered to be associated with the worse
prognoses of cancer patients, reflecting cancer aggressiveness and
the higher activities of tissue remodeling in the cancer stroma.
Many recent studies on the roles of TNC in tumor growth,
EMT, migration, metastasis, angiogenesis, and stromal inflam-
mation have consolidated the findings of clinicopathological
studies. We herein introduced the expression patterns of TNC in
developing tissues as well as those undergoing repair, and found
them to be similar to those of cancer tissues. The expression of
TNC in the latter tissues was high, but spatiotemporally regu-
lated, whereas its expression in cancer tissues was often markedly
high and continued for a long period of time. The aberrant

Figure 4. Transwell migration of the breast cancer cell line, MDA-MB-231 on various substrates
coated on the lower (A) or upper surfaces (B) of culture insert membranes. The lower or upper surfa-
ces of the membranes (8-mm pore size) of 12-well plates were coated with 50 ml of 10 mg/ml bovine
serum albumin (BSA), fibronectin (FN), and TNC overnight at 4�C, followed by blocking with medium
containing 0.2% BSA for 1 h at 37�C and rinsing 3 times with medium. The lower chambers were
filled with medium supplemented with 2% fetal bovine serum and 0.2% BSA, and the inserts were
placed into the wells. The cells (3£10 4 cells/well) suspended in serum-free medium with 0.2% BSA
were poured into the upper chambers, and allowed to migrate for 4 h. After being scraped from
the upper surfaces, the cells migrating to the lower surfaces were stained with 0.1% crystal violet
solution, and counted in 3 optical fields per one membrane under a microscope. Experiments were
performed in triplicate. The migration of cells to the lower surfaces was significantly enhanced on
FN-coated lower surfaces, but not on TNC-coated surfaces, indicating the haptotactic activity of FN.
When the upper surfaces were treated with TNC, the migration of cells was significantly faster to
the lower surfaces, possibly due to locomotive adhesion to TNC substrates in order to facilitate che-
motaxis.
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expression of TNC clearly promotes cancer progression and stro-
mal remodeling. In addition, studies that focus on the TNC
receptors expressed in cancer tissues are warranted in the future.
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