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Background: Tumor microenvironment is a complex system composed of a largely altered extracellular matrix
with different cell types that determine angiogenic responses and tumor progression. Upon the influence of
hypoxia, tumor cells secrete cytokines that activate stromal cells to produce proteases and angiogenic factors.
In addition to stromal ECM breakdown, proteases exert various pro- or anti-tumorigenic functions and partici-
pate in the release of various ECM fragments, named matrikines or matricryptins, capable to act as endogenous
angiogenesis inhibitors and to limit tumor progression.
Scope of review: We will focus on the matrikines derived from the NC1 domains of the different constitutive
chains of basement membrane-associated collagens and mainly collagen IV.
Major conclusions: The putative targets of the matrikine control are the proliferation and invasive properties of
tumor or inflammatory cells, and the angiogenic and lymphangiogenic responses. Collagen-derived matrikines
such as canstatin, tumstatin or tetrastatin for example, decrease tumor growth in various cancer models. Their

anti-cancer activities comprise anti-proliferative effects on tumor or endothelial cells by induction of apoptosis
or cell cycle blockade and the induction of a loss of theirmigratory phenotype. Theywere used in various preclin-
ical therapeutic strategies: i) induction of their overexpression by cancer cells or by the host cells, ii) use of re-
combinant proteins or synthetic peptides or structural analogues designed from the structure of the active
sequences, iii) used in combined therapies with conventional chemotherapy or radiotherapy.
General significance: Collagen-derived matrikines strongly inhibited tumor growth in many preclinical cancer
models inmouse. They constitute a new family of anti-cancer agents able to limit cancer progression. This article
is part of a Special Issue entitled Matrix-mediated cell behaviour and properties.
© 2014 Elsevier B.V. All rights reserved.
1 . Introduction

Tumor microenvironment is a complex structure composed of a
largely modified extracellular matrix (ECM) which closely interacts
with various cell types to determine tumor angiogenesis and tumor
progression. Cell–matrix interactions occurring in tumor progression
and angiogenesis can be controlled by bioactive fragments revealed
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from ECMmolecules by limited proteolysis or by cryptic site exposure.
These fragments, named matrikines, are protein domains exerting a
biological activity [1]. The term of matricryptin also defines a protein
domain which exhibits a biological activity not carried by the native
protein and unmasked by proteolysis [2]. Various matrikines have been
described in the literature as endogenous inhibitors of angiogenesis [3].
In the present review, we will describe the anti-tumorigenic or anti-
angiogenic matrikines derived from basement membrane-associated
collagens, with a particular focus on matrikines derived from type IV
and type XIX collagens.

2 . Tumor microenvironment

During tumor progression, cancer cells create a local microenviron-
ment characterized by a deregulated and disorganized ECM. Abnormal
ECMaffects cancer progressionbydirectly promoting cell transformation
andmetastasis. ECM anomalies also deregulate behavior of stromal cells,
facilitate tumor-associated angiogenesis and inflammation and thus lead
to the generation of a tumorigenic microenvironment [4,5]. In tumor
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areas, ECM consists in a surrounding basement membrane, produced by
epithelial, endothelial and stromal cells, and an interstitial matrix
primarily made by stromal cells. Basement membrane is composed of
type IV collagen, laminins, fibronectin, proteoglycans and some linker
glycoproteins. In contrast, interstitial ECM is rich in fibrillar collagens,
proteoglycans and glycoproteins such as fibronectin and tenascin C [5].
The stroma consists of a highly modified ECM embedding a variety of
cell types (fibroblasts, endothelial cells, pericytes, inflammatory cells,
etc. …) [6]. Tumor cells and stromal cells exert cross-talks that trigger
cell activation, alterations in ECM biological properties and influence
the proliferation of tumor cells, their invasive properties and their
metastatic potential [7]. Inflammatory cells (macrophages, neutrophils,
mast cells,…) secrete reactive oxygen species (ROS) and growth factors
and cytokines that exert tumor-promoting actions [8]. Among them,
various growth factors such as EGF, angiogenic factors such as VEGF or
FGF2, chemokines and cytokines amplify the inflammatory state. ROS af-
fect several cancer hallmarks. They are involved in the development of a
more aggressive phenotype by triggeringMMP secretion and epithelial–
mesenchymal transition (EMT) program activation. ROS also sustain
tumor angiogenesis by their implication in pericyte recruitment and
activation of endothelial progenitors through VEGF and angiopoietin
release [8]. ROS are also able to participate in the ECM breakdown by
collagen degradation and by inducing an increase of its susceptibility to
proteases [9,10].

In cancer microenvironment, fibroblasts usually constitute the
preponderant cell population. When activated by TGFβ, Stroma-Derived
Factor 1 (SDF1) or several MMPs, cancer-associated fibroblasts (CAFs)
share phenotypic morphology with myofibroblasts, mainly the expres-
sion of α smooth muscle actin, [11,12]. They support tumor growth and
promote ECM alterations by secreting ECM-modifying enzymes and
ECMmacromolecules, such as type I collagen, tenascin C, or fibronectin.

Tumor and stromal cells also produce extracellular proteases such as
MMPs, the plasminogen activation cascade, cathepsins, which mediate
many of the changes in the tumor microenvironment. The in vivo
functions of proteases depend on the local balance between them and
their physiological inhibitors (e.g. TIMPs or PAIs) [13–15]. MMPs have
long been associated with the different stages of cancer progression
for their ability to degrade ECM and thus seemed to be attractive cancer
targets. Many drug development programs were initiated to block their
ECM-degrading properties but the trials failed to reach their end points
of increased survival [16]. In addition to their ECM-degrading activity,
these proteases regulate a wide variety of physiological processes and
signaling events and play a key role in themolecular cross-talk between
tumor and stroma [17]. For instance, MMP proteolysis regulates cell
signaling and functions by a highly specific and efficient proteolytic
processing of substrates. They mediate receptor, chemokine and ligand
shedding as well as activation or inactivation of growth factors and
chemokines to precisely regulate cellular activities [16,18–21]. The
knowledge of the diverse MMP activities are largely increased in an
interconnected protease web, demonstrating new anti-tumorigenic
and anti-inflammatory beneficial roles, that should not be inhibited,
making them drug antitargets [20,22].

In addition to its mechanical properties, ECM can directly initiate sig-
naling events, particularly by functioning as a precursor of biologically
active fragments that are capable to regulate tumor cell invasive proper-
ties [4]. Proteolytic processing of some ECM substrates byMMPs or other
proteases produces biologically active fragments, the matrikines. In turn,
ECMcomponents secreted by stromal cells also change in response to the
invasive andmetastatic potential of the tumor cells, indicating significant
cross-talk between tumor and stromal cells [7]. In highly and poorly
metastatic melanoma xenograft models, mass spectrometric analyses of
the stromal ECM demonstrated that both tumor cells and stromal cells
contribute to the secretion of proteins to form the tumor ECM. [7].

When the tumor increases in size, tumor cells face an increasing
demand for nutrient and oxygen. Proliferating tumor cells distance
themselves from the vasculature and colonize a microenvironment
deficient in oxygen and nutrients. They need to reprogram their metab-
olism, a shift mediated by an increase in reactive oxygen species (ROS)
levels generated by the mitochondria. ROS contribute to Hypoxia-
Inducible-Factor (HIF) stabilization [8]. HIF can regulate cell migration
by increasing lysyl oxydase (LOX) expression that leads to an increase
in tissue stiffness by collagen fiber cross-linking.

Moreover, hypoxia, acidosis and nutrient deprivation lead to an “an-
giogenic switch” characterized by alterations in gene, microRNA, and
growth factor expression and secretion [8,23]. Hypoxia is the main
endogenous stimulus of tumor angiogenesis and lymphangiogenesis
by stimulating VEGF secretion. Activated endothelial cells acquire a
proliferative capacity and synthesize proteases that degrade the pre-
existing basement membrane and allow them to migrate within the
tumor. Furthermore, tumor vasculature, together with the lymphatic
system, is the main route through which cancer cells metastasize and
immune cells infiltrate [4].

3 . Basement membrane collagens

Basement membranes are highly specialized ECM that represent a
barrier between the epithelium and the underlying ECM. They consist
of type IV collagen and associated collagens (collagens XV, XVIII and
XIX), structural glycoproteins (laminin, entactin, …) and proteoglycans,
as perlecan [24]. They providemechanical support for the cell. Glomerular
basement membrane has a more specific role of filtration. Basement
membranes also serve as a reservoir of growth factors and cytokines,
which, after release by proteases such as MMPs, control various cellular
functions. The interactions of the various components with the cells,
via surface receptors as integrins, regulate biological activities such as
migration, proliferation or cell differentiation [25].

3.1 . Collagen IV

Collagen IV is the major component of basement membranes. It is
formed by the combination of three α(IV) chains among six possible,
α1(IV) to α6(IV), each encoded by a different gene [26].

The tissue distribution of the α(IV) chains is variable. While α1(IV)
and α2(IV) chains are ubiquitous, other chains in minor proportion are
expressed in specialized basement membranes. The α3(IV) and α4(IV)
chains occur only in α3α4α5 trimers in the aorta, the pulmonary
alveoli, the cochlea, the glomerulus or the lens capsule. The α5(IV)
chain is found in association with α3(IV) and α4(IV) chains in the
same locations, but also in association with the α6(IV) chain in kidney
basement membranes, lung, esophagus and skin [27].

From the N-terminus to the C-terminus, each α(IV) chain comprises:

- an N-terminal domain comprising the 7S domain,
- a long central triple-helical domain with several interruptions, and
- a C-terminal NC1 domain of approximately 230 residues [24].

3.2 . Collagen XV

Collagen XV belongs to the family of multiplexins. From the
N-terminus to the C-terminus, it consists of a non-collagenous domain
(NC) of 529 amino acid residues, a collagen sequence comprising 579
residues and 8 interruptions of 7–45 residues and a C-terminal NC1
domain of 255 residues. It is mainly located in the basal neuronal
membranes, mesenchymal, vascular, and some epithelial basement
membranes [28]. Recombinant collagen XV inhibited fibrosarcoma cell
adhesion and migration [29]. Proteolysis of the C-terminal NC1 domain
gives rise to amatrikine, restin, which exerts an anti-tumor effect based
on its anti-angiogenic properties [30]. Restin overexpression in human
hepatoma cells strongly decreased tumor growth in mice [31]. Full
length collagen XV was shown as a dose-dependent suppressor of
tumorigenicity in cervical carcinoma cells independently of the pres-
ence of restin, whereas restin alone did not [32].



Table 1
Matrikines derived from NC1 domains of basement membrane-associated collagens and
their main targets in anti-cancer strategy. The two first columns of the table show the
NC1domains of thedifferent basementmembrane-associated collagen chains and the cor-
responding matrikines. The other columns indicate the anti-angiogenic and/or anti-
tumoral activities of matrikines.

NC1 domain Matrikine Anti-angiogenic Anti-tumor

NC1 α1(IV) Arresten + +
NC1 α2(IV) Canstatin + +
NC1 α3(IV) Tumstatin + +
NC1 α4(IV) Tetrastatin − +
NC1 α5(IV) Pentastatin + −
NC1 α6(IV) Hexastatin + −
NC1 α1(XV) Restin + +
NC1 α1(XVIII) Endostatin + +
NC1α1(XIX) NC1 α1(XIX) + +
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3.3 . Collagen XVIII

Collagen XVIII also belongs to the multiplexin family and shows a
high structural homology with collagen XV. It was initially described
as a heparan sulfate proteoglycan [33]. By cleavage with different
MMPs (MMP-2, -7, -9, and -14) or other proteases, the C-terminal
NC1 domain gave rise to a 20 kDa matrikine, endostatin [34]. Anti-
tumor and anti-angiogenic activities of endostatin have been widely
described in numerous reviews and will not be described here [35,36].
Collagen XVIII also contains cryptic polypeptide modules, such as an
N-terminal variant containing a frizzled module (FCZ 18), sharing a
structural identity with the extracellular cysteine-rich domain of the
frizzled receptors. This domain inhibited in vivo cell proliferation and
tumor growth in mouse through the Wnt/β-catenin signaling pathway
[37,38].

3.4 . Collagen XIX

Collagen XIX is a minor FACIT collagen associated with basement
membranes. It is formed by the combination of three chains α1(XIX).
From the N-terminus to the C-terminus, it comprises:

- an N-terminal NC6 domain of 268 residues,
- a discontinuous collagenous domain of 832 residues, comprising 5
collagenous domains interrupted by 4 non-collagenous domains of
20 to 40 residues, and

- a C-terminal non-collagenous NC1 domain of 19 residues [39].

It is present in the vascular, neural and epithelial membranes and
seems to play an important role inmuscle differentiation and angiogen-
esis [40]. The cleavage of the NC1 domain gives rise to a matrikine
whose anti-tumor effects have been described in a murine melanoma
model [41,42].

4 . Matrikines derived from basement membrane collagens

These matrikines inhibit in vivo tumor growth through anti-
angiogenic and/or anti-tumor activities at different levels. The first
putative target is directly the cancer cells, with inhibition of their prolif-
eration by induction of cell cycle blockade [43–45]. The inhibition can
also be exerted on themigratory properties of cancer cells by inhibiting
proteolytic cascades (MMPs, plasminogen activation system). The
inhibition may occur through an alteration of protease location at the
cell migration front by induction of their endocytosis and a reduction
of their expression at the cell surface [45–47]. A second putative target
of the matrikines is tumor angiogenesis, with action on endothelial
cells. The inhibitory activity can be exerted on proliferation and apopto-
sis of endothelial cells or their migratory properties [43,47]. A third tar-
get consists in ROS production and cytokine secretion by inflammatory
and immune cells, although few studies have described the action of
matrikines on these cells [48]. Finally, the secretion of pro-angiogenic
growth factors or cytokines by stromal fibroblasts can also be controlled
by matrikines [49].

Many matrikines derive either from the triple helix domain or from
NC1 domains of collagen IV. Various sequences of the collagen α1(IV)
chain promote adhesion and migration of melanoma cells by binding
to integrin α3β1 [50,51].

Table 1 shows themain matrikines derived from the NC1 domain of
the different chains of basement membrane-associated collagens and
their main biological targets.

4.1 . Arresten

Arresten, the NC1 domain of the α1(IV) collagen chain, inhibited
FGF-2 or VEGF-induced proliferation of endothelial cells and increased
apoptosis by down-regulating anti-apoptotic Bcl family members, as
Bcl-2 and Bcl-xL. It also inhibited migration and tube formation, as
well as matrigel neovascularization. The active site of arresten was
localized within the C-terminal half of thematrikine [52]. In endothelial
cells, FGF-2-stimulatedMMP-2mRNA expression andMMP-2 secretion
were not affected by arresten but MMP-2 activation was suppressed
[53]. Its anti-angiogenic activity occurred via binding to α1β1 integrin
and an intracellular signal transduction leading to the inhibition of
HIF-1α factor [54,55]. Migration and invasion of human squamous
carcinoma cells overexpressing arresten were inhibited and a marked
increase in the expression and the localization of E-cadherin in cell–cell
contact was observed [56]. Arresten caused a decrease in tumor growth
with a strong decrease in tumor vasculature in various cancer models
and liver metastases [57,58].
4.2 . Canstatin

Canstatin, the NC1 domain of the α2(IV) collagen chain, is an
endogenous inhibitor of angiogenesis. In vitro, it inhibited the prolifera-
tion and migration of endothelial cells and pseudotube formation on
matrigel [59,60]. The N-terminal domain (residues 1–89) of canstatin
contained the sequence responsible for the induction of apoptosis,
while the C-terminal sequence (residues 157–227) specifically inhibited
the proliferation of endothelial cells [61,62]. The induction of apoptosis
involved two signaling pathways, a first one depending on a Fas/Fas
ligand pathway with activation of caspases 8 and 9, and a second
depending on the binding of canstatin to αVβ5 integrin which triggered
the FAK/PI3K/Akt cascade [63,64]. Canstatin inhibited angiopoietin-1-
induced angiogenesis and lymphangiogenesis by inducing a decrease
in the expression of angiopoietin-1 in endothelial cells and lymphatic
endothelial cells under hypoxia and by decreasing their proliferative
and migratory properties. It also inhibited the expression of Tie-2 and
VEGFR3 [64]. When overexpressed by tumor cells, it inhibited their
proliferation via amitochondrial apoptoticmechanism [63,66]. Canstatin
inhibited in vivo tumor growth in various cancer models by inducing
senescence of tumor cells [59,63,64,66].
4.3 . Tumstatin

Tumstatin, the NC1 domain of theα3(IV) collagen chain, was shown
to exert both anti-angiogenic and anti-tumor activities through two
distinct sequences [67]. The sequence 54–132, called Tum-5, was
responsible for the anti-angiogenic activity which resulted in induction
of endothelial cell apoptosis. Its binding to the αvβ3 integrin, indepen-
dently of the RGD sequence, induced a transduction pathway similar to
that induced by canstatin. Tumstatin, through its 69–98 sequence,
inhibited CAP-dependent protein translation via down-regulation of
the mTOR pathway in proliferating endothelial cells [68]. The efficiency
of tumstatin treatment appeared to depend on the PTEN/Akt pathway



Table 2
Receptors of matrikines derived from NC1 domains of basement membrane-associated
collagens. The two first columns of the table summarize the integrins implicated in the
anti-angiogenic or anti-tumoral activities of the different matrikines derived from the
α(IV) collagen chains. The third column indicates the bibliographic references used.
Nd: matrikine receptor not described up to now.

Matrikines Receptor References

Arresten α1β1 integrin [55]
Canstatin αVβ3 and αVβ5 integrins [63,135]
Tumstatin αVβ3 integrin

α3β1 integrin
[73]
[83]

Tetrastatin αVβ3 integrin [45]
Pentastatin nd
Hexastatin nd
Restin nd
Endostatin α3β1 and αVβ3 integrins [35]
NC1α1(XIX) nd
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[69]. Injection inmice of different tumstatin-overexpressing tumor cells
induced a strong decrease in tumor growth [70,71].

In the C-terminal portion of tumstatin, a second sequence corre-
sponding to residues 185–203, had a strong anti-tumor activity,
demonstrated in murine and human melanoma models, with its over-
expression in cancer cells or with synthetic peptides reproducing the
sequence [44,46,72]. The sequence also bound to the αvβ3 integrin,
independently of the RGD sequence, and induced an intracellular trans-
duction pathway involving the phosphorylation of the early activation of
FAK and PI3 kinase [73]. It reduced tumor progression by inhibiting pro-
teolytic cascades, mainly the activation of pro-MMP-2 and the plasmin-
ogen activation system by down-regulating the secretion of tissue
plasminogen activator (tPA) [46,72]. Two other recombinant peptides
derived from this tumstatin sequence (peptide 19 and peptide 21) also
induced apoptosis in human gastric carcinoma or in human hepatoma
cells both in vitro and in vivo, as well as in endothelial cells [74,75].

4.4 . Tetrastatin

No anti-angiogenic activity has been demonstrated for the
NC1domain of theα4 (IV) chain in themodel of the chick chorioallantoic
membrane [76]. However, its overexpression in human melanoma cells
induced an anti-proliferative effect on these cells and a significant inhibi-
tion of their invasive properties. The decrease of invasive properties was
due, at least in part, to a reduction in the amount of active MMP-14 and
the loss of its location at the migration front, inducing a non-migratory
cell phenotype. In a xenograft model of human melanoma in mouse,
the NC1α4 (IV) domain, now called tetrastatin, induced a decrease in
tumor growth of more than 80% [45]. Peptides reproducing several
tetrastatin sequences and named tetrastatin-1, -2 and -3 respectively,
strongly inhibited endothelial cell migration without any significant
effect on their proliferation [77,78].

4.5 . Pentastatin

Few studies have been devoted to the NC1 domain of the α5(IV)
collagen chain, although its strong anti-angiogenic activity was demon-
strated in themodel of the chick chorioallantoicmembrane [76]. Several
peptide sequences in this domain, named pentastatins 1, 2 and 3 respec-
tively, inhibited endothelial cell in vitro proliferation andmigration [77].
Among these peptides, pentastatin 1, corresponding to residues 1516–
1535 of the α5(IV) chain had a strong anti-angiogenic activity in an
in vivo angiogenesis model in mouse and greatly reduced tumor growth
in xenograft models of breast and non-small cell lung cancers [79,80].

The recombinant NC1α5(IV) domain, named Lamstatin, and a
17-amino acid peptide derived from its sequence, decreased the
tumor-associated lymphatic network in a lung adenocarcinoma
xenograft mouse model [81].

4.6 . Hexastatin

Hexastatin, the NC1 domain of theα6(IV) chain, inhibited endothelial
cell proliferation and neovascularization in an in vivo angiogenesis model
in mouse. Similarly, it reduced tumor growth in different murine cancer
models, Lewis lung carcinoma and pancreatic insulinoma [82]. Two pep-
tides reproducing hexastatin sequences and named hexastatin-1 and -2,
strongly inhibited endothelial cellmigrationwithout any significant effect
on their proliferation [77].

4.7 . NC1(XIX) domain

The short NC1 (XIX) C-terminal domain is composed of 19 amino
acid residues. It inhibited the migration and invasion capacities of
melanoma cells in vitro without affecting their proliferation [41]. It
also exerted a strong inhibition of in vivo tumor growth in a murine
melanoma model with a decrease in tumor vascularization. NC1(XIX)
inhibited in vitropseudotube formation inmatrigel by humanmicrovas-
cular endothelial cells. This effect was accompanied by an intense inhi-
bition of MMP-14 and VEGF expression [42].

5 . Matrikine receptors and intracellular transduction

Matrikines derived from basement membrane collagens exert their
anti-angiogenic or anti-tumor activities by binding to cell surface recep-
tors, belonging to the integrin family, on tumor or endothelial cells
(Table 2):

- arresten exerted its effects through α1β1 integrin liganding [55].
- canstatin bound to αVβ3 and αVβ5 integrins on endothelial or
tumor cells [63,66].

- tumstatin bound toα3β1 andαvβ3 integrins on a site distinct of the
RGD binding site and induced a conformational change of the αvβ3
integrin [73,83].

- tetrastatin bound to αVβ3 integrin with a moderate affinity as
demonstrated in our laboratory by SPR assays [45].

Different proteins such as tropomyosin, glypicans, laminin orMMP-2
were described as putative endostatin receptors to mediate its
anti-angiogenic activities [84]. As well, cell surface nucleolin was also
demonstrated to serve as an endostatin receptor which mediates
anti-angiogenic and anti-tumor activities of endostatin [85]. Up to
now, no such interactions have been described for the other collagen-
derived matrikines.

Arresten binding to α1β1 integrin inhibited phosphorylation of
Focal Adhesion Kinase (FAK), c-Raf, MEK, ERK1/2 and p38 MAPK, but
had no effect on the PI3K/Akt pathway. Arresten also strongly inhibited
the expression of HIF-1α and VEGF in endothelial cells cultured under
hypoxic conditions [43,55].

Canstatin triggered intracellular transduction pathways through
integrin binding, which resulted in inhibition of the FAK/PI3K/Akt
pathway. Canstatin increased the amount of Fas ligand and decreased
that of FLIP protein, suggesting that canstatin-induced apoptosis is
mediated through a death receptor-dependent pathway [59,60]. This
pathway was amplified in the mitochondria with a reduction of the
membrane potential and increased caspase 3, 8 and 9 activities [63].
Canstatin also inhibited the phosphorylation of FAK, Akt and down-
stream targets as the mTOR pathway [43].

Tumstatin also induced endothelial cell apoptosis [43]. In tumstatin-
treated endothelial cells, cap-dependent protein synthesis was strongly
inhibited through a decreased activation of downstream regulators of
αVβ3, such as FAK, PI3K and Akt [68]. Tumstatin also triggered an
inhibition of the NF-κB pathway by down-regulation of the hypoxia-
induced expression of the transcription factor COX-2 [86]. Inmelanoma
cells, we showed that the tumstatin 185–203 peptide induced the early
phosphorylation of FAK and PI3K. A pretreatment of melanoma cells
with wortmannin, a PI3-kinase inhibitor, reverted the effect of the
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tumstatin-derived peptide on cell proliferation as well as MMP-14 gene
expression [73].

Pentastatin-1 or modified-related peptides blocked the VEGF path-
way and FAK activation and stimulated Akt phosphorylation [87].

6 . Matrikine generation

Tumstatinwas produced in vivoby cleavage of collagen IVbyMMP-2
and MMP-9, as demonstrated by using MMP-2 and MMP-9-null mice
[88]. The serum concentration of circulating tumstatin in mice was
determined by ELISA and found to be between 300 and 360 ng/mL
[88]. In addition, COL4A3 null mice, deficient in tumstatin, showed an
increased pathological angiogenesis and accelerated tumor growth
which could be reversed by exogenous tumstatin administration at
physiological concentrations [88]. In our laboratory, we found tumstatin
concentrations in mouse serum of approximately 600 ng/mL [89]. The
concentration of circulating tumstatin was determined in human
serum as 10 to 150 ng/mL [90]. In addition, in patients with lung carci-
noma, tumstatin levels in poorly differentiated tumor tissues were
significantly lower than in non-tumor tissues and well-differentiated
tumor tissues. As well, patients with metastases had serum tumstatin
levels 50% lower thanpatientswithoutmetastases [90]. In renal carcino-
ma tissues, tumstatin levelswere also significantly lower than in normal
tissues [91]. These data confirm the in vivo production of tumstatin and
its potential interest in the control of tumor growth.

A competitive ELISA assay was developed in our laboratory to deter-
mine the NC1 (XIX) concentration in patient sera. We showed that
NC1(XIX) was also detectable in human serum at very variable concen-
trations (0 to 800 ng/mL) [92].

The tumor suppressor functions of p53 derive from its ability to act as
a specific transcription factor which negatively regulates angiogenesis
and tumor growth by both inhibiting the production of proangiogenic
factors such as VEGF and by increasing production of anti-angiogenic
factors such as thrombospondin-1 or basement membrane collagen-
derived matrikines such as endostatin, arresten and tumstatin. It was
demonstrated that p53 activated collagen XVIII and IV synthesis via
up-regulation of α(II) collagen prolyl-4 hydroxylase and led to an
increased release of anti-angiogenic matrikines [93–95].

7 . Basement membrane-associated collagen chains as biomarkers

The expression of various basementmembrane-associated collagens
is modulated during tumor invasion. The destruction of the basement
membrane is the first step in epithelial cancer invasion and metastasis.
The alteration of α1(IV) and α2(IV) chain expression was correlated
with tumor differentiation degree and preceded the loss of the other
α(IV) chains in various cancer types [96,97].

Tumor sections frompatientswith lung carcinoma showed tumstatin
expression around some cancer clusters [98]. In 34 patients with lung
carcinoma, a strong expression of tumstatin was associated with a lesser
degree of tumor vascularization [99]. The expression of tumstatin was**
down-regulated in renal carcinoma tissues, as demonstrated by RT-PCR
and western blot analyses [91]. In patients with non-small lung cancer,
tumor tumstatin-mRNA expression was significantly correlated with
tumor pathologic stage and patients with low tumstatin-mRNA expres-
sion had poorer overall survival and disease-free survival than those
with high expression [100].

Nevertheless, in gastric carcinomas, an overexpression of COL4A3
appeared associated with a poor prognosis and an increased COL4A3
expressionmight play an important role in the pathogenesis and subse-
quent progression of gastric carcinoma [101]. As well, after treatment of
patients with advanced non-small cell lung cancer with a combination
of gemcitabine and cisplatin, median overall survival was significantly
longer in patients with low COL4A3 expression compared to patients
with high expression. Accordingly, a high COL4A3 expression appeared
to be a negative predictive factor for survival [102].
As well, the loss of α5(IV) and α6(IV) chains from the epithelial
basement membrane at the early stage of cancer invasion was reported
in several types of cancer. In colorectal cancer, it was associatedwith an
hypermethylation of their promoter [103–106]. The down-regulation of
α6(IV) chain expression by siRNA induced a slight increase in cancer
cell invasiveness [106]. In hepatic bile duct carcinoma, the absence of
α2(IV) and α6(IV) chains corresponded to a significantly poorer prog-
nosis [107].

Collagen XIX also disappeared from the basementmembrane during
breast cancer progression at invasive stages [108].

8 . Preclinical therapeutic strategies

Matrikines have been tested in animal cancermodels under different
experimental protocols:

- matrikine in vivo overexpression, using constructions with viral
vectors or plasmid DNA electrotransfer

- use of recombinant proteins
- use of synthetic peptides reproducing the active sequences or struc-
tural analogues.

8.1 . In vivo overexpression of matrikines

In vivo overexpression of canstatin in mouse was obtained by DNA
transfer after construction of an adenovirus encoding a fusion protein
canstatin-human albumin. This construction reduced the clearance of
canstatin by increasing the molecular mass. The intratumoral injection
of this adenovirus caused a decrease in tumor growth in a model of
mammary carcinoma by inducing apoptosis of tumor and endothelial
cells [63]. The intratumoral injection of an adenovirus combining
canstatin with a fluorescent protein (GFP-canstatin) led to similar
results in a model of esophagus carcinoma [109]. Another strategy was
developed from the overexpression of tumstatin induced by lentivirus
in mesenchymal stem cells. In a model of prostate, these stem cells also
led to a strong decrease in tumor growth [110]. In a hepatocarcinoma
model, the injection at regular intervals of a plasmid containing the
cDNA encoding the Tum-1 fragment of tumstatin induced a significant
decrease in tumor growth [111].

However, therapeutic strategies using viral vectors can cause side
effects. To avoid these side effects or the need for repeated injections,
DNA electrotransfer technique in the muscle cells can be used: it is
simple to develop and does not induce inappropriate immune response.
A plasmid containing the cDNA encoding the matrikine is injected into
themousemuscle and induces high production rate for severalmonths.
Such a strategy demonstrated anti-angiogenic and anti-tumor effects of
canstatin in models of breast carcinoma or prostate cancer in nude mice
and in a syngeneic melanoma model [112]. Similarly, we showed in our
laboratory that the in vivo overexpression of tumstatin induced after
DNA electrotransfer led to a strong decrease in tumor growth and
increased survival in a mouse syngeneic melanoma model. Endostatin
overexpression in mouse led to side effects such as cataract and induced
structural alterations in basementmembrane [113,114]while tumstatin-
overexpressing mice were kept alive for 10 months without detectable
side effects [89].

8.2 . Recombinant matrikines

Matrikines derived fromNC1 domains ofα(IV) collagen chainswere
produced in different cell systems. Their peri- or intratumoral injections
induced a decrease in tumor growth in mouse experimental cancer
models [58,115,116]. However, these strategies required large amounts
of the recombinant matrikine in a soluble form. The prokaryotic system
in E. coli, for example, produced notable amounts of recombinant
matrikine, but for the most part in an insoluble form. In addition, the
presence of enterotoxin in the soluble fraction limited their use in vivo.
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A eukaryotic system, in particular HEK cells, provided solublematrikines,
but in too small amount, requiring excessively long production process.
The baculovirus system seems to offer the best compromise for the
production of soluble recombinant matrikines in sufficient quantities
[116].

8.3 . Synthetic peptides and structural analogues

Different sequences are responsible for the anti-angiogenic and anti-
tumor activity of NC1 domains of collagen IV chains. For example,
tumstatin contains two distinct sequences:

- the 74–90 sequence, called T7 peptide, responsible for the anti-
angiogenic activity [117]

- the 185–203 sequence, responsible for anti-tumor activity [44].

In the T7 peptide, mutagenesis experiments showed that the amino
acids Leu (L78), Val (V82) and Asp (D84) were essential for biological
activity and were directly involved in the binding of tumstatin on
αvβ3 integrin [117]. A synthetic peptide, the peptide 21, reproducing
a portion of the T7 peptide, induced apoptosis in endothelial cells and
inhibited tumor growth of gastric carcinoma in mice [74,118].

The 185–203 peptide inhibited in vivo tumor growth in a murine
melanoma by intratumoral or intra-peritoneal injections [72,119]. By
intravenous injection, tumor growth of gastric carcinomawas decreased
inmice; tumor section showed an increased apoptosiswith high levels of
Bad and caspase 3 and PTEN and a decrease in MMP-2 level [74,120].
Within the 185–203 sequence, biological activity was contained in the
7 N-terminal amino acids of the sequence (CNYYSNS) [119,121].
Amino acids Tyr (Y188) Ser (S189) and Ser (S191) were essential, their
replacement by Ala or Phe for Y188 to S189 and S191 abolished the
biological activity [44]. By molecular dynamics simulation, we showed
that these residues form a β turn [119]. Based on these results, the
cyclopeptide YSNSG, forming a constrained β turn, was designed. In a
melanoma model, it had higher in vitro and in vivo anti-tumor and
anti-angiogenic activities than those of the native linear peptide and
showed increased stability [47,122].

Pentastatins, reproducing sequences of the NC1 α5(IV) domain,
showed anti-angiogenic activity in vitro [77]. Pentastatin-1, a 20
amino acid peptide, significantly reduced tumor growth of breast
carcinoma and small cell lung cancer in mice when intraperitoneally
injected [79,80]. From these peptides, an analysis of the structure–
activity relationship was determined in an attempt to optimize the
performance of collagen IV peptides capable of exerting anti-angiogenic
activities [123]. In a mouse pancreatic cancer model, the prevention or
intervention treatment with trombospondin-1, endostatin or tumstatin
peptides, as well as suppression of their endogenous production by
gene deletion, showed a stage-specific effect of these matrikines on
tumor progression. For example, tumstatin showed an effect in a
prevention treatment but effectively blocked tumor growth in an inter-
vention treatment. These data demonstrated that matrikines could
exert differential inhibitory effects in the initial phase of angiogenesis
induction or its maintenance or amplification [124].

8.4 . Combined therapies

Xenograft tumors obtained inmousewith colorectal and renal carci-
noma cells overexpressing thrombospondin 1, endostatin or tumstatin,
showed a delayed tumor growth. Nevertheless, after three weeks,
tumors escape growth suppression and undergo logarithmic growth.
In response to matrikine overexpression, tumor cells up regulate
proangiogenic factor secretion such as VEGF, PDGF-A or FGF-2. The
combination of matrikine treatment with a VEGF-2 signaling blockade
resulted in a synergistic effect and strongly delayed tumor growth
escape [125].

Tables 3 and 4 present the main preclinical trials in mice of treat-
ments with a matrikine in combination with chemotherapy or
radiotherapy. Therapeutic transgenes constructed with a conditionally
replicating adenoviral vector (CRAd vector) and an arresten cassette de-
creased tumor growth in a melanoma model [126]. In vivo overexpres-
sion of canstatin, combined with that of apoptosis-inducing ligand
under the control of hTERT promoter (TRAIL) to target proliferating
cells, potentiated the inhibitory effects of each treatment used alone
[127]. Overexpression of canstatin induced by adenovirus or after re-
combinant DNA electrotransfer also enhanced the effects of radiation
by increasing apoptosis of endothelial cells in breast cancer models
[63,112].

Similarly, overexpression of tumstatin induced by intramuscular
injection of a recombinant DNA significantly increased anti-tumor
effects of gemcitabine, an inhibitor of DNA synthesis in two cancer
models [128]. In vitro and in vivo, the peptides 185–191 of tumstatin
potentiated the effects of cisplatin [121]. The use of another fragment
of tumstatin, the T7 peptide, also increased the effects of treatment
with bevacizumab, an anti-VEGF monoclonal antibody [117]. A recom-
binant protein combining tumstatin 45–132 and TNF-α, obtained in a
baculovirus expression system, inhibited xenograft tumor inmice [129].

9 . Clinical trials

To increase survival in cancer, many clinical trials with MMP inhibi-
tors have been developed, but unsuccessfully because of the complexity
of the multiple roles of these proteases [22]. Anti-cancer therapeutic
strategies using matrikines gave efficient results in preclinical cancer
models inmouse, even though, in some cases, matrikine-treated tumors
might escape to growth suppression [125]. Nevertheless, their applica-
tion to human appearsmore difficult and only a few examples of clinical
trials with matrikines have been reported. Several phase I and II clinical
trials were completed in the U.S.A. with human recombinant endostatin
(rhendostatin). They showed a safe and good tolerance following
various administration protocols but they generally proved ineffective
[35,84]. This might be due to a rapid degradation of the matrikine
used in the trials by circulating proteases, or to a misrefolding of the
recombinant endostatin. The poor clinical responses and the cost for
the production of high amounts of recombinant protein led to the stop
of phase II trials. The use of shorter peptides and/or cyclic derivatives
could provide a better stability in vivo. In 2005, ZBP-endostatin,
corresponding to an N-terminal modified endostatin and known as its
trade name Endostar, was approved by the Chinese State Food and
Drug Administration as a cancer drug. Both phase I and IIa studies
showed that Endostar had a good tolerance in clinical use. The various
phase IIb clinical trials also showed an increased response rate [84].
Currently, phase III and IV clinical trials demonstrated the efficiency of
Endostar in combination with chemotherapy in advanced non-small
cell lung cancer, and in other advanced stage cancers, with no specific
side effects [130–133]. A phase II multicenter trial with Endostar and
dacarbazine is also in progress in patients with metastatic melanoma
[134].

In contrast, little or no clinical trials have so far been successfully
conducted with collagen IV-derived matrikines and have not yet been
subject to any publication.

10 . Conclusions

Experimental studies in vitro and in various preclinical cancer
models in mice highlight the strong potential of matrikines for
anti-cancer agents design and development. Their ability to inhibit the
proliferative and invasive properties of cancer cells and their anti-
angiogenic activities are opening new opportunities to limit tumor
progression. In addition, their endogenous origin contributes to a better
tolerance, limiting side effects. The characterization of active minimal
sequences will promote structural analogues design to improve their
bioavailability and pharmacokinetic properties. The binding of these
matrikines or their analogues on cell surface receptors such as αvβ3



Table 3
Main preclinical trials conducted with matrikines derived from NC1 domains of basement membrane-associated collagens. The columns of the table show different preclinical cancer
models with matrikines. The first column indicates the different collagen IV-derivedmatrikines and the second one the form of matrikine used. The third one indicates themouse cancer
model and the latter summarizes the corresponding bibliographic references.

Matrikine Used form Cancer model References

Arresten Overexpression: recombinant DNA
Overexpression: recombinant DNA
Recombinant domain
Recombinant domain

Colorectal cancer
Squamous cell carcinoma
Teratocarcinoma
Colon carcinoma

[58]
[56]
[55]
[136]

Canstatin Canstatin-GFP adenovirus
Canstatin-HSA adenovirus
Recombinant domain
Recombinant domain
Recombinant domain

Esophagus carcinoma
Breast cancer–melanoma
Prostate adenocarcinoma
Melanoma
Colon carcinoma

[109]
[63]
[58]
[61,62,66]
[64]

Tumstatin Overexpression: recombinant DNA
Overexpression: recombinant DNA
hTERT/RGD NC1α3(IV) adenovirus
Recombinant domain
Recombinant domain
Recombinant domain
Recombinant domain
Recombinant peptide P21
Synthetic peptide
Synthetic peptide
Structural analogues

Melanoma
Hepatocellular carcinoma
Prostate carcinoma
Renal–prostate carcinomas
Lewis lung carcinoma Squamous cell carcinoma
Sarcoma 180
Ovarian cancer
Melanoma
Gastric carcinoma
Melanoma

[72]
[111]
[137]
[67]
[116]
[115]
[138]
[118]
[119]
[74,120]
[47,122]

Tetrastatin Overexpression: recombinant DNA Melanoma [45]
Pentastatin Synthetic peptide

(Pentastatin-1)
Breast cancer
Non-small cell lung cancer

[79,80]

Hexastatin Recombinant domain Lewis lung Carcinoma [82]
NC1α1(XIX) Synthetic peptide Melanoma [41,42]
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integrin for example, will also permit the proposal of strategies to spe-
cifically target cancer cells or activated endothelial cells, to address che-
motherapeutic molecules and increase their efficiency and specificity.
Matrikines and derived analogues may constitute a new family of po-
tent anti-cancer agents to be used in combination with conventional
chemotherapy or radiation, which opens real prospects to effectively
limit tumor progression.
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Combined therapies with matrikines. The columns of the table show preclinical cancer
models treated with matrikines in combination with other cancer therapies. The first
column indicates the different collagen IV-derived matrikines or matrikine-derived pep-
tides and the second one describes the associated therapy. The third one indicates the
mouse cancermodel used and the latter summarizes the corresponding bibliographic ref-
erences.

Matrikine Associated therapy Cancer model References

Arresten IL-24 Melanoma [126]
Canstatin TRAIL Breast [127]
Canstatin Radiotherapy (I131) Breast [65]
Canstatin Ionizing radiation Breast

Prostate
Melanoma

[112]

Tumstatin Gemcitabine Lung
Kidney

[128]

Tumstatin 185–191 Cisplatin Lung [121]
Tumstatin T7 Bevacizumab Kidney [117]
Tumstatin 45–132 TNF α F6 tumor [129]
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