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The extracellular matrix protein tenascin C (TNC) is a large
glycoprotein expressed in connective tissues and stem cell
niches. TNC over-expression is repeatedly observed in cancer,
often at the invasive tumor front, and is associated with poor
clinical outcome in several malignancies. The link between
TNC expression and poor survival in cancer patients suggests
a role for TNC in metastatic progression, which is responsible
for the majority of cancer related deaths. Indeed, functional
studies using mouse models are revealing new roles of TNC in
cancer progression and underscore its important contribution
to the development of metastasis. TNC has a pleiotropic role
in advancing metastasis by promoting migratory and invasive
cell behavior, angiogenesis and cancer cell viability under
stress. TNC is an essential component of the metastatic niche
and modulates stem cell signaling within the niche. This may
be crucial for the fitness of disseminated cancer cells
confronted with a foreign environment in secondary organs,
that can exert a strong selective pressure on invading cells.
TNC is a compelling example of how an extracellular matrix
protein can provide a molecular context that is imperative to
cancer cell fitness in metastasis.

Introduction

Metastasis is the malignant tumor growth in secondary organs,
that causes profound morbidity and mortality in cancer patients.
Development of overt metastasis results from a multi-step process
that requires diverse cancer cell functions and includes: increased
motility and invasiveness, entry and survival in blood circulation,
vascular exit, resistance to selective pressures in distant organs and
the growth of a secondary tumor under unfavorable conditions.1

These steps in metastatic progression are driven by genetic and
epigenetic alterations in cancer cells, but also require supportive
signals from the surrounding microenvironment.2,3 The tumor
microenvironment, comprised of cellular and non-cellular com-
ponents, provides regulatory cues that can significantly affect can-
cer cell behavior. Specialized microenvironment may restrict
cancer cell growth, but in response to reprogramming by tumor

cells, activated microenvironment can promote cancer progres-
sion.4 Indeed, metastatic cancer cells induce changes in both
molecular and cellular composition of the tumor microenviron-
ment.3 The ability of cancer cells to promote favorable changes in
the microenvironment of distant organs may determine their
potential to formmanifest metastasis.5

The extracellular matrix (ECM) is increasingly recognized as a
major player in cancer progression and metastasis, providing
important regulatory cues for cellular responses.6 Functional out-
come of signaling pathways is highly context dependent and can
be modulated by a particular ECM composition.7 Tenascin C
(TNC) is a glycoprotein of the ECM, whose intricate link to can-
cer has been recognized since its discovery in the mid-1980s.8,9

The TNC protein consists of several structural domains that play
distinct roles in TNC function (Fig. 1A).10,11 In healthy mam-
mals, TNC is highly expressed during embryonic development,
particularly in the developing central nervous system, in migrat-
ing neural crest cells and at epithelial – mesenchymal interaction
sites.10,12 In adult tissues, TNC expression is tightly regulated
and generally repressed, although certain connective tissues like
periosteum, ligaments, tendons and smooth muscles are positive
for TNC.10,13 Interestingly, significant TNC expression is
detected in stem cell niches of various tissues such as the brain,
hair follicle and bone marrow and this may suggest a role in stem
cell regulation.14

Although cells within epithelia are essentially negative for
TNC, a striking upregulation is observed under conditions of
tissue regeneration such as wound healing, inflammation or
mammary gland involution.13,15 Tissue remodeling during
involution of the post-lactating mammary gland is associated
with immense changes in the mammary gland microenviron-
ment, including the induction of various ECM proteins such as
TNC.16 Interestingly, the matrix from an involuting mammary
gland can promote tumor formation and metastasis when co-
implanted with cancer cells into mice.17 The pro-tumorigenic
properties of ECM components in the involuting mammary
gland may explain the increased risk of breast cancer following
pregnancy.18 Importantly, under tissue regeneration and repair
processes, TNC expression is transient and restricted to the
duration of the modeling process. TNC levels are for example
greatly reduced after wound healing is completed and TNC is
virtually absent in scar tissue.19 However in cancer, TNC may
not follow the same organized regulation leading to sustained
TNC activity. TNC has been shown to affect many aspects of
cancer cell biology and modulate several steps needed to reach
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distant organs and form overt metastasis. In this review, we aim
to discuss the current evidence on the role of TNC in cancer
progression and metastasis.

Clinical association with advanced cancer
TNC expression is frequently observed in human cancer and

accumulating evidence suggests that the presence of TNC in can-
cer tissue is not a mere passive event but has significant functional
consequences.15,20 Studies on diverse types of cancer show an
association between TNC and key clinical parameters, such as
relapse-free or overall survival. These cancers include a diverse
group of epithelial derived carcinomas, as well as melanoma and
brain malignancies. Tumors of the brain rarely metastasize and
will therefore not be discussed here. However, a strong associa-
tion between TNC and poor clinical outcome in patients with
brain tumors such as gliomas suggests that TNC may also play a
significant role in the progression of these diseases (for a review
see ref. 21). Several carcinomas and melanoma can carry a risk of
metastasis and the link between TNC expression in these cancers
and disease relapse indicates a functional TNC role in metastatic
progression.

Breast cancer
Cancer of the breast is the most frequent malignancy in

women with close to 1.4 million new cases diagnosed in 2008
worldwide.22 Around 10–15% of breast cancer patients develop
metastasis within 3 y from diagnosis.23 A strong association has
been observed between breast cancer and expression of TNC.
While TNC expression is under tight control in the normal
mammary gland, it is highly induced during breast cancer devel-
opment.10,12 Mammary tumors in mice and human breast malig-
nancies express TNC with a particularly strong expression in the
stroma.12,24 Continuously growing evidence suggests that high
TNC is associated with poor clinical outcome in breast cancer as
attested by the presence of TNC in gene expression signatures
that predict distant metastasis.25-27

An association has been observed between TNC expression
and estrogen receptor (ER) negative tumors of the breast, which
are known to be less differentiated and more aggressive than ER
positive tumors.28,29 However, while this link is significant it is
not exclusive or clear cut because significant heterogeneity with
regards to TNC expression has been observed within ER positive
tumors. Whereas no TNC is detected in well-differentiated
tumor areas, TNC can be detected in invasive marginal areas.24

Figure 1. TNC structure and cancer associated domains. TNC is a multifunctional glycoprotein composed of several distinct domains. (A) Domain struc-
ture of full length human TNC protein (based on ref. 11). At the N-terminus, the assembly domain (AD) mediates the oligomerization of the protein where
2 trimers form a hexameric structure. Between the EGF-like repeats and the carboxy terminal fibrinogen globe (FG) are Fibronectin type III repeats (FNIII).
In human TNC, 9 of the total 17 FNIII repeats are alternatively spliced providing the possibility of multiple different TNC isoforms. (B) Several alternatively
spliced FNIII repeats have been identified in cancer. FNIII domains A1 and C are expressed in lung cancer and A1 domain in renal cell carcinoma.39,40,52

Colorectal carcinoma (CRC) expresses domains A1, A2 and A4 which are specifically enriched in CRC when compared to total TNC expression.51 Head
and neck cancer exhibits A1 and AD2 domains while melanoma expresses A1 and AD1.53–56 In urothelial carcinoma, domains A1, B, C and D are present
and associate with invasive cancer.57,58 FNIII domain B is expressed in ovarian cancer and is enriched compared to the short TNC isoform (lacking all alter-
natively spliced FNIII domains).59 Breast cancer expresses B and D domains that are associated with invasive behavior and the AD1 domain.55,60 It is
important to note that these lists are not exhaustive and only include the domains that have been positively linked to a particular cancer. Information of
complete isoforms is generally lacking. However, while the knowledge of different TNC isoforms expressed in cancer is still rudimentary and incomplete,
the appearance of different domains in cancers may indicate a requirement for distinct aspects of TNC functions.
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Generally, the invasive cases of breast carcinomas exhibit strong
TNC expression.30,31 Interestingly, high TNC levels in early
breast cancer, ductal carcinoma in situ (DCIS), are suggested to
predict invasive behavior of cancer cells before any overt signs of
invasion are apparent.32,33 Moreover, after removal of the pri-
mary tumor, high TNC expression is linked to both local and
distant breast cancer recurrence, manifesting in poor overall sur-
vival.28,34,35 TNC expression is associated with poor metastasis
free and overall patient survival when detected in the primary
tumor or the metastatic lesions themselves.36,37

Lung cancer
Lung cancer is globally the most common cancer in men and

second most common in women and causes greater number of
deaths than any other malignancy.22 Less than 20% of lung can-
cer patients live longer than 5 years.38 High TNC expression has
been observed in all major types of lung cancer.39,40 In non-small
cell lung carcinoma (NSCLC), which makes up about 80–85%
of lung cancer, TNC expression is greatly upregulated compared
to adjacent normal lung tissue and the highest TNC expression
was observed in NSCLC patients with a recurrent disease.41

Head and neck cancer
Cancer of the head and neck is a collection of cancers originat-

ing in the oral cavity, the pharynx and larynx, salivary glands and
nasal cavity. Head and neck cancer arises most frequently from
squamous cells within these tissues.42 High TNC expression in
head and neck cancer predicts poor clinical outcome. In tumors
of the salivary glands, TNC expression showed significant hetero-
geneity with highest expression associated with poor differentia-
tion and high malignancy.43 In a study analyzing 158 patients
with oral tongue squamous cell carcinoma, TNC was an inde-
pendent prognostic factor of poor patient survival.44 In line with
this, expression of TNC in laryngeal and hypopharyngeal cancers
was linked to early metastatic recurrence and poor overall
survival.45

Melanoma
High TNC levels are observed in cutaneous melanoma, which

is the malignancy of melanocytes, a pigment producing cell type
in the skin. Invasive melanoma is linked to poor clinical outcome
and metastatic melanoma has a median survival of only 6–9
months.46 TNC expression has been shown to increase in and
around melanoma cells as the tumor increases in thickness47 and
in patient samples, TNC expression is greater in malignant mela-
nomas and metastatic lesions compared to benign tumors.48

Colorectal cancer
Colorectal carcinoma (CRC) is a common cancer in men and

women, causing worldwide over 600 thousand deaths annually.22

A link between high TNC expression and poor prognosis has
been established in CRC. Studies on CRC patient samples show
that stromal TNC staining is associated with advanced stage of
the disease, metastatic spread and shorter patient survival.49,50

Moreover, a correlation between TNC and Annexin II, a cal-
cium-dependent phospholipid-binding protein and a recognized

binding receptor of TNC, was observed in CRC tumors and
served as an independent predictor of poor prognosis.50

TNC isoforms
Numerous different isoforms expressed from the TNC gene

have been identified. The isoforms are generated through alterna-
tive splicing of exons within the fibronectin type III (FNIII)
repeats resulting in protein products of molecular weights
between 220–320kDa. The splicing of FNIII repeats may signifi-
cantly affect the function of the TNC protein and splicing speci-
ficity can be highly context dependent and may differ across
various tumor entities. In line with this notion, certain TNC
domains have been linked to particular cancer types (Fig. 1B),
although our understanding of this is far from being complete.
The isoforms containing FNIII A1, A2 and A4 domains are
prominent in colorectal cancer.51 Furthermore, the A1 domain is
expressed in renal cell carcinoma as well as lung cancer which in
addition expresses the FNIII C domain.39,40,52 In melanoma,
both A1 and the additional domain 1 (AD1) are detected while
in head and neck cancer A1 and AD2 are expressed.53-56 The
splicing forms containing FNIII domains A1, B, C and D are
expressed in urothelial carcinoma and are increased with tumor
progression.57,58 Large splice variants containing the B-domain
are highly expressed in ovarian cancer and associated with malig-
nancy.59 In breast cancer, FNIII B and D domains and AD1 are
expressed.55,60 Interestingly, TNC containing AD1 domain is
specifically produced by epithelial cells, primarily cancer cells,
but to a lesser extent by myoepithelial cells within the tumor.61

Although most cancers express the larger isoforms of TNC, the
full length may not be the most relevant to cancer progression.
For example, in breast cancer cells, TNC isoforms containing B
and D domains or only D domain, promote invasion more effec-
tively than does the full length TNC.11

Regulation of TNC splicing is generally poorly understood.
However, the molecular players are beginning to be identified. Cer-
tain splicing factors have been linked to generation of TNC iso-
forms. The RNA binding protein Sam68 and serine/arginine-rich
splicing factor 6 (SRSF6) have been associated with regulation of
alternative TNC splicing. Sam68 and SRSF6 promote generation of
larger TNC splicing forms in neuronal stem cells and keratinocytes
respectively.62,63 Interestingly, certain TNC splicing forms have
been shown to be selected by changes in cellular environment.While
low pH favors the short TNC splicing form, serum stimulation
enriches for larger splicing forms.64,65 Secreted cytokines like inter-
feron gamma (IFNg) modestly increase the large TNC isoform,
while tumor necrosis factor alpha (TNFa) and transforming growth
factor beta (TGFb) promote the small isoform.66,67 At the transcrip-
tional level, paired-box protein Pax6 was shown to induce genera-
tion of larger TNC isoforms in stem/progenitor cells.68 The
importance of different TNC splicing forms in metastasis, beyond a
role in invasion, is not well characterized.

In addition to different splicing forms, TNC is also frag-
mented and remodeled by proteases. TNC is susceptible to
cleavages by matrix metalloproteinases (MMPs) and serine
proteases.69,70 Interestingly, the different splicing forms have
distinct sensitivity to proteases. For example, the large splicing
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form containing alternatively spliced FNIII repeats is sensitive
to MMP2 and MMP3.70 Within the FNIII repeats, MMP2
and MMP3 exclusively cleave the FNIIIA3 domain71 and
therefore a splicing event that includes or excludes this
domain, controls the corresponding cleavage sensitivity.
MMP2 mediated cleavage leads to release of a 22-mer peptide
containing the pro-adhesive site FNIIIA2 that can enhance
resistance to anoikis and stimulate proliferation induced by
platelet derived growth factor (PDGF).72 In lung cancer, high
TNC expression is followed by significant TNC fragmentation
and this may have functional implications. While healthy lung
is negative for degraded TNC, squamous and adenocarcinoma
show substantial TNC degradation, which is even further
increased in tumors associated with lymph node metastasis.73

The link between degraded TNC and clinical prognosis is not
limited to the spread to lymph nodes but may also apply to
distant metastasis. A study analyzing stage 1 NSCLC patients
showed a significant association between degraded TNC and
poor recurrence-free and overall survival.74

TNC sources in tumors

Expression at the invasive front
In many cancers, tumor nodules exhibit heterogeneous TNC

expression, where the strongest expression often being associated
with the invasive front.20 Importantly, TNC heterogeneous dis-
tribution and expression at invasive fronts are also observed in
metastases.36 This phenomenon may be of functional impor-
tance, since TNC positivity at the invasive front is linked to poor
clinical outcome in breast cancer and predicts local and meta-
static recurrence.34,75 Similarly in melanoma, TNC expression at
the invasive front is associated with poor recurrence free sur-
vival.76 Mesothelioma of the lung and cholangiocarcinoma of the
liver also express TNC at the invasion front where it correlates
with poor overall survival.77,78

Reactive stroma
The cancer associated stroma is a prominent source of

TNC.12,24 Within the stroma, activated fibroblasts (myofibro-
blasts) and angiogenic blood vessels are major producers of
TNC. Interestingly, high levels of TNC expression can be
induced in resting fibroblasts when co-cultured with cancer
cells.79 TNC expression in blood vessels is low under homeosta-
sis, however, a significant TNC increase is observed upon initia-
tion of angiogenesis.80 The highest endothelial TNC is detected
in growing tumors where several cancer entities have been shown
to express substantial vascular TNC in active proliferating endo-
thelial cells in mouse models and human tumors.52,80 Interest-
ingly, in embryonic development the mesenchyme surrounding
budding epithelia, such as the mammary gland or the hair folli-
cle, expresses high levels of TNC.12 This may suggest a common
role for TNC in epithelial-mesenchymal interactions during the
formation of invading structures in normal development and
cancer. TNC regulation in stroma is not fully understood, but
can occur via mechanisms involving cytokines such as TGFb,

fibroblast growth factors (FGFs) and TNFa as well as mechanical
strain.13,81

Production by cancer cells
TNC production is not restricted to reactive cancer stroma. In

situ hybridization has revealed TNC positive cancer cells in cases
of breast cancer and colon cancer.82,83 Moreover, cancer cells
from oral squamous cell carcinoma have been shown to express
TNC84 and in certain tumor cases, cancer cells at the invasive
front have been demonstrated to be TNC positive.35,36,85 In
agreement with this, various cancer cell lines, from breast can-
cer,11,29,86 melanoma87 and colon cancer86 show high expression
of TNC. In the case of melanoma cells, TNC expression is
observed even in the absence of added growth factors.87 Interest-
ingly, stronger TNC expression was observed in melanoma cells
from advanced primary tumors and metastasis, while cell lines
from early melanoma tumors or normal melanocytes exhibited
either weak or no TNC expression.48,87 The association between
high TNC levels in cancer cells and their propensity to metasta-
size has also been shown in breast cancer cells, where the selection
for metastatic ability to colonize the lung, in a xenograft mouse
model, also selects for high TNC expression.25 How cancer cells
acquire TNC expression is generally not well understood, how-
ever it is intriguing that cancer cells which do not normally
express TNC can be induced to do so by co-culture with embry-
onic mesenchyme.88 In breast cancer, the metastasis suppressor
microRNA-335 has been shown to be an important TNC regula-
tor leading to its repression in cancer cells.26

TNC expression by cancer cells appears to correlate with poor
clinical outcome for cancer patients. In situ analyses of tissue sec-
tions from breast cancer patients suggest that certain portions of
primary tumors, often the tumor edge, may contain TNC posi-
tive cancer cells29,35 and this predicts exceedingly poor overall
survival.35 Similarly, autocrine TNC expression in cancer cells
predicts poor overall survival in colon cancer patients.89 The
expression of TNC by cancer cells may have particular implica-
tions for certain stages of metastatic progression. During meta-
static spread, disseminated cancer cells released by the primary
tumor face a non-permissive microenvironment at distant sites to
which they are poorly adapted and are therefore eliminated in
great numbers. Expressing TNC in an autocrine manner could
provide disseminated cancer cells with an advantage as they are
confronted by a foreign environment in distant secondary organs.
Indeed, high TNC expression is consistently detected in cancer
cells isolated from lung pleural fluids of breast cancer patients
with multiple metastases.36 Together this suggests that autocrine
TNC expression, especially at the invasive tumor front where
cancer cells face a high degree of selective pressure, may support
metastatic progression.

Functional evidence from mouse models
Different mouse models have been used to address the func-

tional role of TNC in metastasis. In a genetic mouse model for
neuroendocrine tumors, where expression of SV40 large T anti-
gen was targeted to the pancreas, ectopic TNC production signif-
icantly increased micrometastasis in lungs compared to controls,
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while TNC knockout reduced metastatic colonization.90 A sec-
ond genetic mouse model was used to address TNC role in mam-
mary tumor formation and metastasis. Development of
mammary tumors was induced by targeting expression of poly-
omavirus middle T (PyMT) antigen to the mammary gland. In
this model, TNC deficiency did not have significant effect on the
growth of primary tumors or lung metastases.91 The TNC
redundancy observed in this model is surprising but could be
explained by compensatory mechanisms or the nature of the
oncogene driving mammary tumor formation.

Recent evidence from xenograft and syngeneic mouse models
strongly support a functional role for TNC in metastatic progres-
sion. TNC deficiency in human breast cancer cells significantly
impairs metastasis to the lungs and to the bones in xenograft
models.36 Furthermore, a study addressing the stroma as a source
of TNC showed that 4T1 mammary tumor cells injected intrave-
nously into a TNC knockout mice were less efficient in lung col-
onization compared to cancer cells injected into control mice.92

This is in line with the notion that both cancer cell-derived and
stromal TNC play a functional role in the metastatic process.
However, experiments from xenograft mouse models for mela-
noma suggest that there might be a distinction between the roles
of autocrine and paracrine TNC production. TNC knockdown
in melanoma cells inhibited their ability to colonize the lungs
while it did not significantly affect the growth of subcutaneous
tumors.93 Interestingly, a second xeno-
graft study on melanoma where TNC
knockout mice were crossed onto an
immunocompromised background,
showed that melanoma cells grew con-
siderably slower in the TNC knockout
mice compared to controls.94 Metastasis
was not analyzed in this study leaving
the question of a functional role for stro-
mal derived TNC in melanoma metasta-
sis to be answered.

The requirement for stromal versus
cancer cell-derived TNC may occur at
different stages during metastatic pro-
gression. When TNC deficient cancer
cells are injected into TNC wild type
mice, the resting stroma is not able to
compensate for the TNC deficiency
leading to significant reduction in lung
metastatic outgrowth.36 Importantly,
cancer cell derived TNC remains essen-
tial even if autocrine TNC expression is
inhibited several days after metastatic
colonization has begun. However, if the
metastatic tumor grows to a significant
size and activates the stroma, as attested
by the presence of a smooth muscle
actin (a-SMA) expressing myofibro-
blasts, the autocrine TNC expressed by
cancer cells is no longer required.36

This indicates that autocrine TNC is

particularly important for the early steps of metastatic coloniza-
tion and suggests that cancer cells acquire an advantage by
expressing TNC themselves, during the initial colonization of
distant organs. These initial steps may be critical in deciding
the fate of a disseminated cancer cell and therefore a delay in
activation of stroma can select for autocrine TNC expression in
cancer cells.

Diverse cellular roles in metastatic progression
TNC is a pleiotropic molecule and has been implicated in var-

ious cellular functions that can promote metastasis (Fig. 2). The
diversity in TNC function is noteworthy and spans activities
such as regulation of adhesion and migratory mechanisms, pro-
motion of angiogenesis and cancer cell-fitness and modulation of
immune responses. These cellular functions may be required at
distinct stages in the life of metastatic cancer cells.

Modulating adhesion and motility
Regulation of cell adhesion and migration are among the best

studied and characterized TNC functions. TNC has been linked
to both adhesive and counter-adhesive activities.15 These functions
may be determined by the context of overall ECM composition as
well as the expression of particular TNC splicing forms. Anti-
adhesive properties of TNC have long been recognized, as TNC
inhibits the spreading on adhesive ECM substrates such as

Figure 2. TNC function in metastatic progression. At the primary tumor site, anti-adhesive TNC prop-
erties lead to alteration of intracellular pathways in cancer cells inducing the formation of actin-rich
filopodia, favoring cell motility and invasive behavior. TNC is also associated with increased cancer
cell proliferation and promotes angiogenesis within the tumor. At the secondary organ site, autocrine
TNC supports cancer cell viability in a microenvironment that can exert a strong selective pressure. In
breast cancer, TNC engages stem/progenitor signaling i.e. the Notch and Wnt pathways thereby pro-
moting growth of micrometastasis. The development of macrometastasis is associated with reactive
stroma which becomes a significant source of TNC protein.
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fibronectin through modulation of integrin function.95 Interest-
ingly, different TNC splicing forms have been shown to display
distinct ability to inhibit adhesion to fibronectin, with the shortest
TNC isoform, lacking all variable FNIII repeats, exhibiting the
most significant ability to inhibit fibronectin mediated adhesion.96

TNC binding inhibits the interaction between fibronectin and
syndecan-4 (SDC4), a transmembrane heparan sulfate proteogly-
can that is required for cell spreading on fibronectin in synergy
with integrin a5b1.97 As a result, intracellular signaling pathways
and activity of Rho family GTPases that normally are triggered by
cell contact with adhesive ECM substrates are altered. Formation
of actin stress fibers is inhibited via negative regulation of RhoA
GTPase while Rac GTPase activity is favored. This leads to induc-
tion of actin-rich filopodia and stimulates cell motility and inva-
sion.98 Studies have reported a functional role for TNC in
promoting invasion of several cancers.11,26,99

The actin-bundling protein fascin-1 (FSCN1) is another pro-
moter of cancer cell invasion.100 FSCN1 is an efficient inducer of
filopodia and invadopodia101,102 and is regulated by Rho family
GTPases such as Rac and Cdc42.100 FSCN1 is associated with
cancer cell dispersion to distant sites as well as migration of dis-
seminated cancer cells back to the primary tumor from circula-
tion.103,104 In this regard, TNC has been shown to promote
FSCN1 association with actin in membrane protrusions, suggest-
ing that FSCN1 may be an important mediator of TNC induced
invasion.105

Epithelial mesenchymal transition (EMT) is linked to major
changes in cellular migratory behavior and has been suggested to
be a mechanism enabling cancer-spread to distant organs.106 Epi-
thelial properties, such as polarization and cell-cell adhesion, are
lost in cells undergoing EMT while mesenchymal characteristics
and increased migration capacity are acquired.107 The role of
EMT is well characterized in embryonic development and in tis-
sues undergoing regeneration and TNC has been shown to be
strongly expressed during these processes.10,15 As mentioned
above, TNC is expressed at epithelial mesenchymal interaction
sites and this occurs particularly in budding tissue structures such
as hair follicles, teeth or mammary glands during embryonic
development and at the invasive front of healing wounds in adult
tissues.12,15 This may suggest a role for TNC in EMT. Indeed,
TNC deficiency has been shown to suppress EMT during regen-
eration of wounded lens of the eye.108 Moreover, evidence sug-
gests that TNC can also promote EMT in different
cancers.89,109,110 In human breast cancer samples, TNC is co-
expressed with the mesenchymal marker vimentin.29 The mecha-
nistic role of TNC in the process of EMT remains poorly
defined, however, studies suggest that TNC can induce an EMT
like phenotype in MCF7 breast cancer cells via the aVb6 and
aVb1 integrins.109,110

Promoting cellular fitness under stress
Disseminated cancer cells face a microenvironment in sec-

ondary organs that may not be well suited for their growth.
Indeed, studies suggest that colonization of distant sites is the
most rate limiting step in the metastatic process and of the
numerous cancer cells that are able to reach distant organs, only

a minute fraction will progress to form an overt metastasis.111

Evidence suggests that TNC plays a significant role in these
processes. TNC has been shown to promote metastatic fitness
of disseminated cancer cells and facilitate colonization of sec-
ondary organs in mouse models. TNC supports the viability of
breast cancer cells at the distant site by engaging the Notch and
Wnt signaling pathways. TNC was shown to modulate Notch
signaling by the means of the RNA binding protein musashi-1
(MSI1) promoting the expression of the Notch target genes
hairy and enhancer of split-related protein 2 (HEY2) and deltex
1 (DTX1) in cancer cells.36 Furthermore, TNC induces the
Wnt signaling target gene Leucine-rich repeat-containing G-
protein coupled receptor 5 (LGR5), and together induction of
MSI1 and LGR5 promote the initial step in metastatic coloni-
zation of the lung.36 Interestingly, in certain cancers, TNC can
be induced by Wnt and Notch signaling pathways.112,113 This
could suggest a positive feedback loop, but has not been
addressed in breast cancer.

The ability to proliferate under sub-optimal conditions can
contribute to increased cancer cell fitness in metastasis. In breast
cancer, analysis of tissue sections has shown a positive correlation
between high TNC expression and proliferation.114 Moreover,
functional analysis using laryngeal carcinoma cell cultures has
shown that ectopic TNC induces cancer cell proliferation.115

Interestingly, evidence from cell culture also suggests that TNC
modulates proliferation in a context dependent manner. In non-
transformed fibroblasts that rely on anchorage, TNC mediates
interference between fibronectin and SDC4, inhibiting prolifera-
tion.116 However, in transformed cells the same molecular inter-
ference leads to promotion of cell proliferation.97 In addition,
TNC can promote PDGF induced proliferation by directly bind-
ing to SDC4 via the alternatively spliced FNIIIA2 domain and
enforcing SDC4 physical association with PDGFR and a5b1
integrin.72 The epidermal growth factor-like (EGFL) repeats
within the TNC protein may also promote cell proliferation.
EGFL repeats have been shown to have low but significant affin-
ity to EGFR and are able to engage the receptor and induce
proliferation.117

Developing new blood vessels
Angiogenic processes in early development and during adult

tissue regeneration are strongly linked to TNC. High TNC
expression is observed in the vasculature of many developing
organs and studies using TNC knockout mice suggest that TNC
is required for neovascularization of the embryonic lung and
heart.118 In healthy adult vessels under homeostasis, TNC
expression is limited, but is greatly induced upon vessel damage
and is associated with vascular remodeling during dermal tissue
repair. In addition, TNC is expressed during pathological angio-
genesis in a wide range of diseases such as diabetes, atherosclero-
sis, crohn’s disease, inflammatory bowel disease or cancer.118

This suggests a proangiogenic role of TNC, which may be crucial
in the progression of cancer. Indeed, tumors that are formed by
melanoma cells injected into TNC knockout mice show a signifi-
cant decrease in vascularization suggesting that TNC is required
for the process.94
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TNC may impact angiogenesis via diverse mechanisms. Endo-
thelial cells adhere to TNC via a2b1 and aVb3 integrins119 and
TNC has been suggested to promote a sprouting phenotype in
cultured endothelial cells.120 TNC reduces focal adhesion and
promotes migration of endothelial cells.121 In the absence of stro-
mal derived TNC, melanoma cells secrete reduced levels of
proangiogenic factors, such as VEGF, compared to control,94

but how TNC triggers the expression of VEGF is unknown. A
role for Wnt signaling in the angiogenic process has also been
reported. In a transgenic mouse model for neuroendocrine carci-
nogenesis of the pancreas, TNC was shown to induce the angio-
genic switch via repression of the Wnt signaling antagonist
Dickkopf-related protein 1 (DKK1).90 Together, the evidence
suggests an important functional role for TNC in cancer angio-
genesis. However, the extent and importance of TNC induced
angiogenesis at the metastatic site remains to be experimentally
addressed.

At the intersection of fibrosis and metastasis
A significant functional and molecular overlap has been

observed between the processes of fibrosis and cancer. The col-
laboration between cancer cells undergoing EMT and fibrotic
stroma promotes cancer progression and metastasis.122 Fibrosis
is characterized by excess production of fibrillar collagen, hya-
luronan and other ECM molecules and can occur when
wound healing and tissue remodeling are deregulated. In nor-
mal wound healing, a provisional matrix is laid down that
consists of fibronectin, fibrin and fibrinogen. Polymerization
of fibronectin is required for the accumulation of other ECM
proteins, such as Collagen I.123 In melanoma, TNC is found
in fibrillar structures with pro-collagen-I during a switch to an
invasive phase of the cancer.124 The provisional matrix recruits
and retains fibroblasts that differentiate into myofibroblasts
induced by TGFb and mechanical tension. Eosinophils and
macrophages that are attracted and retained by hyaluronan
rich matrix are a major source of TGFb.125 Normally, myofi-
broblasts undergo apoptosis after healing has occurred. This is
dependent on induction of cytokines like interleukin 1b
(IL1b) and repression of TGFb and when this balance is
skewed, for example by persistent TGFb expression, myofibro-
blasts remain and continue excessive ECM production leading
to fibrosis.125

A close relationship has long been recognized between TNC
and myofibroblasts.82,83 Myofibroblasts are an important source
of TNC,126 however, these cells have also been shown to respond
to TNC under certain conditions. TNC expression precedes acti-
vation of fibroblasts during cardiac regeneration: a-SMA express-
ing myofibroblasts appear subsequently in TNC rich areas.127

TNC is increased in lung fibrosis induced by the chemotherapeu-
tic bleomycin or the cytokine TGFa.126,128 Moreover, TNC
expression coincides with a-SMA production when myofibro-
blast differentiation is induced in vitro.126 Evidence suggests that
TNC plays a functional role in this process. TNC knockout mice
treated with bleomycin show fewer myofibroblasts compared to
control mice and are protected from lung fibrosis.129 TGFb
induced myofibroblast differentiation in vitro is also inhibited by

TNC deficiency and in vivo TNC absence attenuates develop-
ment of fibrosis in the liver.130

Myofibroblasts are known to enhance migration of cancer
cells and an in vitro study on colon cancer cells showed that
myofibroblast-derived TNC is required for this pro-invasive
activity.131 Studies showed that TGFb and PDGFb trigger
the expression of TNC by fibroblasts.129,132 Considering that
metastatic cancer cells can express TNC by themselves, it can
be envisaged that disseminated cancer cells at the distant site,
recruit myofibroblasts which in turn facilitate the migration
of the cancer cells and support the colonization of distant
organs. TNC was shown to accelerate myofibroblast migra-
tion and a-SMA expression in vitro and to promote recruit-
ment of myofibroblasts upon cardiac injury in a genetic
mouse model.133

Fibrosis and cancer utilize in part the same molecular
components and pathways that can lead to promotion of
EMT. TGFb and TNFa cytokines and hypoxia, that collabo-
ratively induce an EMT phenotype, play a key role in fibrosis
and cancer by reactivating developmental programs. Indeed,
fibrosis has been shown to cause predisposition to cancer
growth in breast and lung.134,135 Progression of fibrosis and
cancer is associated with stiffer ECM caused by expression of
large quantities of fibrillar collagen and collagen crosslinking
enzymes of the lysyl oxidase (LOX) family.7 However, while
TNC expression can be regulated by mechanical forces in
fibroblasts,81 its putative contribution to tissue stiffness is
likely to be indirect if it occurs. Currently, there is little evi-
dence to suggest that TNC can form fibrils on its own.
Moreover, TNC protein has been shown to exhibit significant
elasticity.136 Considering this, TNC may still be involved in
maintaining the fibrotic process by playing a regulatory role.

Inflammation and immunosurveillance
TNC has been linked to regulation of both innate and

adaptive immunity. TNC modulates the production of several
inflammatory cytokines and affects the recruitment of immune
cells.15 The Toll-like receptor (TLR) family plays a fundamen-
tal role in activation of the innate immune system. TNC is an
activator of TLR4, which subsequently stimulates secretion of
pro-inflammatory cytokines such as IL6, IL8 or TNFa by
macrophages or fibroblasts.137 Particularly in the context of
chronic immune diseases, such as joint arthritis, TNC is essen-
tial for maintaining the inflammatory state.137,138 Whether
TLR4 activation by TNC promotes tumor progression
remains to be addressed.

In a mouse model for mammary cancer, TNC dependent
changes in macrophage recruitment have been observed. While
PyMT induced mammary tumors in TNC-null and control mice
exhibited no difference in tumor growth, significant differences
in the tumor structure and composition were identified.91 The
tumor cell nests in the TNC knockout mice were surrounded by
thickened ECM cords and were less infiltrated by monocytes and
macrophages compared to control tumor stroma.91 This may
indicate a role for TNC as a regulator of inflammatory cells in
tumors.
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Adaptive immunity may also be affected by TNC expression.
Evidence suggests that TNC can inhibit T-lymphocyte activation
in vitro.139 Moreover, in lung cancer TNC has been suggested to
inhibit proliferation and IFNg secretion of tumor-infiltrating lym-
phocytes.41 Within TNC FNIII repeats, 2 regions have been
shown to affect T-cell behavior. FNIII1–5 block T-cell adhesion
to fibronectin via a5b1 and a4b1 integrin inhibition, but are not
known to affect T-cell activation.140 However, FNIIIA-D domain,
particularly the A1 and A2 repeats, can inhibit T-cell activation.139

Essential component of the metastatic niche

TNC expression in normal stem cell niches
In adult tissues, stem cells are retained in specific anatomical

structures or niches that nurture their self-renewal and differenti-
ation potential. These niches maintain stem cell pools of animals
throughout their lifespan. TNC expression has been detected in
several adult stem cell niches.14 In the brain, expression of TNC
is detected in the subventricular zone neuronal niche.141 TNC
has diverse effects on neuronal stem and progenitor cell behavior
and modulates proliferation, migration, neurite outgrowth and
cell guidance.141,142 In addition, TNC promotes the response to
basic FGF while inhibiting bone morphogenetic protein 4
(BMP4) activity and effectively maintaining oligodendrocyte
progenitors.141 Together, in vitro and in vivo studies have shown
that oligodendrocyte differentiation is accelerated in TNC defi-
cient progenitors.141,142

In the bone microenvironment, TNC expression has been
observed in the periosteal region and around arterial blood ves-
sels.143 TNC is detected in the haematopoietic stem cell (HSC)
niche and promotes HSC adhesion and proliferation.143,144 Hae-
matopoietic stem progenitor cells (HSPC) adhere to TNC, possibly
via a9b1 integrins.145 While under homeostasis the haemato-
poietic system is not significantly affected by TNC deficiency,
HSC activation and stress response, as induced by the chemothera-
peutic drug 5-fluorouracil, is inhibited in TNC knockout mice.146

TNC is present in the hair follicle bulge region which
hosts epidermal stem cells of the skin.14 The role of TNC
within the epidermal niche is still being elucidated. However,
TNC has been shown to promote migration and proliferation
of CD34 expressing epidermal stem cells isolated from the
whisker follicle.147 Other niches, in which TNC expression
has been identified, are the lymphoid niche in the thymus,
the spermatogonial stem cell niche and the limbal niche in
the eye. TNC expression in the lymphoid niche plays an
important role for homing of lymphoid progenitors to the
thymus via a9b1 integrins.148 Within the spermatogonial
stem cell niche, TNC expression is observed in testicular peri-
tubular cells which play an important role in supporting sper-
matogonial stem cells.149 In the limbal niches of the cornea,
TNC is expressed and associates with signaling components
of the Wnt and TGFb pathways.150

Niches in cancer development and metastasis
In cancer, niches are thought to promote maintenance of

malignant properties. This may be particularly important during

metastatic progression due to the strong selective pressure that
disseminated cancer cells face. Cancer cells must resist the nega-
tive pressure and overcome the obstacle of growing under stress
inducing conditions. Cancer cells that successfully form metasta-
sis are able to induce changes in the microenvironment that lead
to generation of a metastatic niche.5,151 Here we use a broad defi-
nition of the term metastatic niche as any microenvironment that
can support outgrowth of metastasis. The metastatic niche is
therefore a more malleable concept compared to adult stem cell
niches that are highly regulated and constrained. Moreover, the
metastatic niche is not static and matures with the progression of
the disease, by the continuous cross-talk and reciprocal exchange
between cancer cells and the niche.151,152

Progression of the metastatic niche
The early life of disseminated cancer cells, prior to activation

of the microenvironment, may be critical to the prospect of meta-
static growth. Therefore, cancer cells that are self-sufficient in
bringing factors supporting viability under stress, gain significant
advantage on those relying on the activated stroma for equivalent
factors. Autocrine TNC expression TNC may be an excellent
example of this. Breast cancer cells that express their own TNC
gain important advantage resulting in increased survival at early
stages of colonization, before stromal fibroblasts are activated.36

Subsequently as the micrometastasis grows, reactive stroma takes
over as a source of TNC and thereby maintains the viability of
cancer cells.36,92 Importantly, the expression of TNC in breast
cancer cells is further induced under conditions that enrich for
stem cell properties, such as in spheroid cultures,36 a phenome-
non that is also observed in melanoma cells.93 The expression of
one’s own niche components is particularly interesting as normal
tissue stem cells have been shown to possess this ability. Mam-
mary epithelial stem cells and neuronal stem cells upregulate
autocrine TNC when grown in spheroid cultures.141,153

Within the metastatic niche, TNC engages and modulates
stem/progenitor signaling such as the Notch and Wnt path-
ways.154 In breast cancer, TNC induces the Notch pathway by
protecting the Notch inducer MSI1 from STAT5 mediated
repression.36 This may have direct relevance to mammary gland
development and maturation, since STAT5 is a prolactin respon-
sive gene and is an inducer of terminal differentiation of mam-
mary epithelial cells.155 The Wnt pathway is also of significant
importance in maintaining stem/progenitor properties and is
promoted by TNC in different cancers.36,90,156 The Wnt target
gene LGR5, which is induced by TNC, is a stem cell marker in
numerous tissues and promotes lung metastasis in breast
cancer.36

TNC is highly expressed during metastasis initiation and as
the metastatic foci develop, TNC heterogeneity is established
leading to prominent TNC expression at the invasive front. The
invasive front is a significant and intriguing location within
tumor nodules and has been suggested to contain putative cancer
stem cells associated with metastatic ability.157 Moreover, the
cancer cell transition to invasiveness at the front has been linked
to EMT, a process that can be associated with acquisition of stem
cell properties.158 A second ECM protein observed at the invasive
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tumor front is periostin (POSTN), a glycoprotein expressed
within the metastatic niche.159 POSTN in the niche binds Wnt
ligand and presents it to cancer cells, thereby promoting meta-
static colonization in a PyMT based mouse mammary tumor
model.159 Interestingly, evidence suggests that TNC can bind
POSTN protein directly.160 With this in mind, and the role that
TNC and POSTN play in modulating Wnt signaling, it can be
envisaged that these proteins play collaborative and interlinked
roles within the metastatic niche.154

Resistance to cancer therapy
Metastatic spread frequently culminates in broad resistance to

cancer therapy and the microenvironment is a significant contrib-
utor to reduced therapeutic efficacy.161 In addition to cellular
components of the microenvironment, the ECM has surfaced as
an important player in the promotion of therapy resistance. Cell
viability can be promoted by anchorage to the ECM, while lack
of adhesion can lead to an increase in reactive oxygen species
(ROS) and cell death.162 Moreover, specific ECM composition
may determine clinical outcome for cancer patients and promote
resistance to cancer treatment.163

TNC expression is linked to poor clinical outcome and has
been suggested to promote therapy resistance. In pancreatic cancer
cells in vitro, TNC interaction with receptor Annexin A2 induces
resistance to the drug gemcitabine.164 Moreover, in breast cancer
cultures, TNC can abrogate G1/S arrest in cancer cells treated
with the chemotherapeutic doxorubicin (Adriamycin) by downre-
gulating p21 via the adaptor protein 14–3–3 tau.165 The
14–3–3 tau and p21 axis has also been linked to resistance to
endocrine therapy such as tamoxifen treatment.165 Indeed, TNC
was identified as part of a gene signature that is linked to tamoxi-
fen resistance in patients with metastatic breast cancer.166 TNC
has pleiotropic qualities and the means of mediating resistance
may be distinct in different contexts. In melanoma cell cultures,
TNC promotes a stem cell phenotype associated with expression
of ATP-binding cassette (ABC) transporters that mediate resis-
tance to doxorubicin treatment.93 The diverse mechanisms
involved in TNC mediated resistance indicate that TNC may be
an attractive target for accompanying adjuvant treatment. Further
studies will be required to characterize the mechanistic details and
putative synergy between targeting TNC function and standard of
care cancer therapy.

Conclusions and perspectives
TNC is involved in a broad range of cellular processes includ-

ing migration, invasiveness, angiogenesis and immunomodulation.

In addition to its role in crucial steps along the way to secondary
organs, TNC is an essential component of metastatic microenvi-
ronment and represents a key factor in promoting survival of can-
cer cells lodged in distant organs. Disseminated cancer cells
expressing TNC by themselves are strongly favored under these
conditions. Through its multiple binding sites to cell surface recep-
tors, TNC is able to modulate cell signaling in the metastatic
niche in a way that we are only beginning to understand.

The complex and versatile molecular architecture of TNC
allows different context-dependent roles, some of which have
been suggested to be important for cancer progression and
metastasis. Due to the pleiotropic nature of TNC and context
dependency, the specific role in metastasis needs further charac-
terization. Many findings on TNC function have thus far exclu-
sively been demonstrated in tissue culture or in a growing
primary tumor and putative roles in metastasis have in many
cases only been inferred from these findings. Further studies are
needed in the context of metastatic disease to identify which of
the many functions of TNC are the key functions in TNC pro-
moted metastasis.

Characterization of specific TNC functions that are essential
for metastasis may reveal mechanisms that can be targeted to ren-
der cancer cells more vulnerable to current therapeutic options.
This includes identifying the specific TNC splicing forms, cellu-
lar receptors and activated signaling pathways, all of which could
be attractive targets to disrupt the pro-metastatic activities of
TNC. A comprehensive understanding of these mechanisms may
be essential to determine the right treatment composition and to
identify patients that could benefit from a therapy targeting
TNC or TNC regulated pathways.
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