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Abstract The cornea represents the external part of the
eye and consists of an epithelium, a stroma and an
endothelium. Due to its curvature and transparency this
structure makes up approximately 70 % of the total
refractive power of the eye. This function is partly
made possible by the particular organization of the col-
lagen extracellular matrix contained in the corneal stro-
ma that allows a constant refractive power. The mainte-
nance of such an organization involves other molecules
such as type V collagen, FACITs (fibril-associated
collagens with interrupted triple helices) and SLRPs
(small leucine-rich proteoglycans). These components
play crucial roles in the preservation of the correct or-
ganization and function of the cornea since their ab-
sence or modification leads to abnormalities such as
corneal opacities. Thus, the aim of this review is to
describe the different corneal collagens and proteogly-
cans by highlighting their importance in corneal trans-
parency as well as their implication in corneal visual
disorders.
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Introduction

Vision is important for environmental perception for most
animal species. This is made possible in part by the cornea
which is the most external part of the eye, defined by its
curved shape and transparency. The cornea consists of 3 struc-
tures: an epithelium, a stroma which represents approximately
90 % of the total corneal thickness, and an endothelium. The
stroma contains mesenchymal cells called keratocytes that se-
crete an extracellular matrix (ECM) composed mainly of col-
lagen fibrils consisting mostly of type I collagen. The uniform
narrow diameter (approximately 30 nm) and the regular orga-
nization of these fibrils are necessary for the conservation of
the corneal transparency. Such an organization is the result of
multiple interactions involving other ECM molecules such as
type V collagen, FACITs (fibril-associated collagens with
interrupted triple helices) and SLRPs (small leucine-rich pro-
teoglycans). Type V collagen is a quantitatively minor com-
ponent which is found in tissues where type I collagen is
expressed and is involved in the regulation of type I collagen
fibril assembly (Sun et al. 2011). FACITs are non-fibrillar
collagens that are localized to the surface of collagen fibrils
(Gordon and Hahn 2010). They are associated with striated
fibrils assembled from fibrillar collagens such as type I colla-
gen (Izu et al. 2011). The localization to the surface of the
fibrillar collagens gives FACITs the potential to influence
the stability of those collagen fibrils as well as their diameters
(Tzortzaki et al. 2003). SLRPs are a family of proteoglycans/
glycoproteins that are structurally related but genetically dis-
tinct (Zhang et al. 2006). Interactions between fibrillar colla-
gens and SLRPs have been implicated as important regulators
of collagen fibrillogenesis. SLRPs play regulatory roles in
collagen fibril growth, fibril organization and ECM assembly
(Chen and Birk 2013). Physical, chemical and inflammatory
corneal injuries or even genetic modifications can result in
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corneal scarring that is represented by an alteration in corneal
structure with loss of visual function. The scarring process
involves not only modifications in corneal molecular compo-
sition but also in their organization. The principal causes of
corneal scarring seem to lie largely in the loss of the perfect
organization of the type I collagen fibrils and the increase
in the expression of other molecules such as type III colla-
gen, a marker of fibrosis. In fact, type III collagen is highly
expressed in wounded cornea and seems to play an impor-
tant role in corneal scarring (Galiacy et al. 2011).

Thus, in this review, we aim to summarize the different
types of collagens and proteoglycans within the corneal struc-
ture by highlighting the importance of those molecules in the
maintenance of corneal transparency as well as their involve-
ment in corneal dysfunction.

The cornea

The cornea represents the outermost structure of the eye.
Although it is an avascular and transparent tissue, this struc-
ture is highly innervated and plays a major role in ocular
refraction, contributing to approximately 70 % of the eye’s
total refractive power (Hatami-Marbini and Etebu 2013).
The cornea is composed of 3 layers: an epithelium, separated
from a stroma by a basement membrane (BM). In some spe-
cies, there is also the presence of a Bowman’s layer between
the BM and the stroma. The stroma is separated from the third
layer, the endothelium, by the Descemet’s membrane (DM)

(Fig. 1).
Corneal epithelium

The epithelium constitutes the most external layer of the cor-
nea. It is immediately in contact with the tear film and the
external environment. It represents approximately 8 % of the
overall corneal thickness (Alberto and Garello 2013) and is a
stratified squamous epithelium. It is composed of three cell
layers: the basal (columnar) cell layer, the intermediate
(wing/polyhedral) cell layer, and the superficial (squamous)
cell layer. The columnar cell layer is a monostratified layer

Cornea

Fig. 1 The cornea and its different structures
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composed of large cells which undergo frequent mitosis.
These cells are supported by a thin basal lamina. The wing
cells consists of 23 layers of polyhedral cells, or 4-5 layers at
the corneal periphery, containing tight desmosome junctions
that connect them to the basal cells. The squamous cell layer
consists of 2 long and flattened cell layers. The more superfi-
cial these cells, the flatter they become. They are characterized
by the presence of microvilli on their surface, thereby increas-
ing the exchange surface with the tear film. These cells des-
quamate continuously and are replaced by new cells.

Corneal epithelial basement membrane (CEBM)

The corneal epithelial basal cells secrete CEBM components.
These components include type IV collagen, type VII colla-
gen, laminin 332, nidogens and heparan sulfate proteoglycans
(Ebihara et al. 2000). The type IV collagen is one of the major
components of BMs. Currently, six « (xl-x6) (IV) chains
have been identified. The trimer (x1) ,&2 is found in most
BMs including the developing CEBM. In adults however, the
CEBM expresses the o3, a4 and o5 chains of the type IV
collagen and the trimer (1) ,&2 is expressed only in the
presence of CEBM injury (Ljubimov et al. 1995; Maguen
et al. 1997; Ljubimov et al. 1998). The anchoring filaments
(laminin 332) and “anchoring fibrils” (containing collagen
VII) that are associated with this structure ensure the adhesion
of the epithelium to the underlying structures. Unlike the skin
epithelium, the corneal epithelium rests on a flat, non-
corrugated BM allowing constant refractive power.

Bowman’s layer

The Bowman’s layer is an acellular structure and corresponds
to a condensation of collagen fibrils (predominantly types I
and V; Linsenmayer et al. 1983) and keratan sulfate proteo-
glycans (Akhtar et al. 2008). It has a thickness of around
17 wm in human (Alberto and Garello 2013). This structure
does not regenerate after injury. Its precise role is still un-
known. It could play a barrier function to protect against
epithelio-stromal interactions and/or protect the stroma from
injury (Alberto and Garello 2013).
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Corneal stroma

The corneal stroma corresponds to the intermediate layer of
the corneal structure and represents about 86 % of the overall
corneal thickness (Alberto and Garello 2013). It is a connec-
tive tissue mainly composed of a collagen matrix in which
mesenchymal cells, the keratocytes, are embedded. The mo-
lecular composition of the corneal stroma, as well as the ar-
chitecture of certain elements contained therein, particularly
the type I collagen, plays an important role in the maintenance
of the corneal transparency. Indeed, corneal transparency
greatly depends on the organization of the type I collagen
fibrils, especially their diameter and regular lamellae organi-
zation. Such an arrangement is maintained by the association
of type I collagen with other ECM molecules such as type V
collagen, FACITs and SLRPs. Although, while this aspect of
the corneal transparency will not be discussed in this review, it
is also important to note that other cellular components such as
the crystallins are also indispensable to the corneal transpar-
ency since they confer transparency to the keratocytes.

Descemet’s membrane

The Descemet’s membrane (DM) is the BM of the endotheli-
um. This structure is composed of type IV collagen, type VIII
collagen, laminin 332, laminin 411, laminin 511 as well as
perlecan and nidogens (Kabosova et al. 2007). Its thickness
increases with age. For example, in human, the corneal DM
thickness goes from 3 um at birth to 810 pm in adulthood.
This increase of thickness is also accompanied by modifica-
tions in the composition and the distribution of the DM com-
ponents. For instance, the infant DM contains the o1—o6
chains of type IV collagen on the stromal and endothelial
sides, whereas the adult DM contains the &1 and «2 only on
the stromal side and a3—x6 exclusively on the endothelial
side (Ljubimov et al. 1995; Kabosova et al. 2007). The type
VIII collagen also undergoes modifications. Those changes
are characterized by a shift of its &1 chain from the endothelial
face of the infant DM to the stromal face of the adult’s
(Kabosova et al. 2007).

Corneal endothelium

The corneal endothelium consists of a thin cell monolayer that
ensures corneal hydric homeostasis. The term endothelium is
“consecrated” by usage. It is actually a single layer of flat-
tened epithelium that does not regenerate. The essential func-
tion of the endothelium is to regulate corneal hydration and
maintain the 78 % water content in the stroma. The endothe-
lium also ensures uptake of nutrients and waste release in the
cornea; exchanges that occur with the aqueous humor and that
are necessary for the corneal metabolism (Noske et al. 1994;
Bonanno 2003).

Corneal wound healing

Disruption of the BM following corneal injury leads to
epithelial-stromal interactions that trigger the corneal
wound healing process. Such injuries can be traumatic,
chemical, inflammatory or infectious, all of which induce
corneal matrix remodeling. This involves synthesis and
degradation mechanisms that are closely controlled to pre-
serve the transparency of the cornea and take place in nor-
mal circumstances without neovascularization. However,
this process can also be dysregulated leading to alterations
in corneal structure and associated loss of function by scar
formation. This involves modifications in corneal molecu-
lar composition and organization.

The corneal wound healing process involves modification
of the phenotype of keratocytes as well as their matrix envi-
ronment (Hassell and Birk 2010; Wilson and Kim 1998). The
corneal wound healing response starts when an injury affect-
ing the corneal epithelium and stroma occurs. The keratocytes
belonging to the wounded area die by apoptosis (Helena et al.
1998; Wilson et al. 1996). The epithelial cells around the
wound bed lose their hemidesmosomes and migrate through
the stromal injured area. Some of the stromal keratocytes that
are still alive become active and proliferate (Del Pero et al.
1990; Hanna et al. 1989; Zieske et al. 2001). This process
gives rise to a hypercellular area because of the poor ECM
production. However, the low amount of ECM produced by
these cells contains keratocan and lumican (Sundarraj et al.
1998). The cytoplasm of these cells contains &x-smooth muscle
actin («x-SMA) (Jester et al. 1995), a protein implicated in
wound contraction and considered as a myofibroblast marker.
According to these observations, it has been suggested that
these “hypercellular cells” observed earlier during wound
healing are in fact “hypercellular myofibroblasts” (Hassell
and Birk 2010), a kind of myofibroblasts that produce a low
amount of ECM. During the progression of the corneal wound
healing process, these “hypercellular myofibroblasts” can
then become myofibroblasts that still contain «-SMA but pro-
duce large amounts of collagens, hyaluronan and biglycan with
low amounts of keratan sulfate proteoglycans to form a disor-
ganized and opaque ECM. These “hypercellular
myofibroblasts” can also become “wound fibroblasts” which
produce large amounts of collagens as well as keratocan and
lumican with keratan sulfate chains to form the normal highly
organized ECM that restores transparency (Cintron and Kublin
1977; Cintron et al. 1978; Hassell et al. 1983; Maguen et al.
1997; Funderburgh et al. 1998; Ljubimov et al. 1998; Sundarraj
et al. 1998; Dawson et al. 2005). The corneal transparency can
also be reestablished in the disorganized and opaque ECM
produced by the myofibroblasts by turnover and by the produc-
tion of an organized ECM (Cintron et al. 1978; Hassell et al.
1983). In this case, the myofibroblasts would have to be
substituted or to become “wound fibroblasts”.
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Thus, according to the extent of cellular proliferation and
ECM production, corneal stromal wound healing can be sep-
arated into an initial hypercellulari stage mainly marked by
cellular proliferation, followed by a stratification stage which
consists mostly of collagen and proteoglycan synthesis
(Hassell and Birk 2010).

Crucial components of the cornea
and their implication in corneal dysfunction

Type I collagen

Type I collagen, the most abundant of the collagens, is asso-
ciated with other types of collagen in almost all body tissues.
In some tissues, such as bone and tendon, type I represents
more than 99 % of total collagen (Bateman et al. 1986). In
other tissues, such as blood vessels, skin and cornea, it re-
mains the major collagen where it represents 60, 85 and
75 % of the collagenous component, respectively (Borel and
Bellon 1985; Smith et al. 1986; Michelacci 2003). In general,
type I collagen is present in all interstitial connective tissues.
However, there are a few exceptions such as the brain and the
ocular vitreous body (Gelse et al. 2003).

Type I collagen exists as different isoforms. The most com-
mon isoform, which is found in cornea, has the chain compo-
sition «1 (I); o2 (I). Type I collagen can also exist as a
homotrimer &1 (I); which is resistant to collagenases.
Homotrimers occur in fetal tissues, fibrosis, and cancer, where
their collagenase resistance may play an important physiolog-
ical (and pathophysiological) role (Han et al. 2010).

In the corneal stroma, type I collagen, in the form of het-
erotypic fibrils with type V collagen, ensures the regular or-
ganisation lamellae as well as the thin diameter of each fibril
(due to type V collagen) that are crucial for corneal transpar-
ency (Fournié et al. 2008; Knupp et al. 2009). These fibrils are
arranged in 250-300 stacked lamellae each about 2 pum in
thickness. Each lamella crosses the entire width of cornea
lying parallel to the ocular surface. Disruption of this stromal
type I collagen organization can lead to corneal transparency
complications such as corneal scarring.

Type III collagen

Type III collagen is a homotrimer composed of three « chains
synthesized by the same gene. This collagen is less abundant
than type I collagen but is present at different levels of expres-
sion in tissues that contain type I collagen with the exception
of bone and tendon (Gelse et al. 2003). Type III collagen
forms heterotypic fibers by associating with the type I colla-
gen (Cameron et al. 2002). This molecule constitutes an im-
portant component of the interstitial tissue reticular fibers of
the lung, liver, dermis, spleen and blood vessels. Type III
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collagen can also be abundant in elastic tissues (Gelse et al.
2003). The molecule is found among the corneal stroma fibril-
lar collagens but is weakly expressed in the physiological
state. However, its expression greatly increases during various
corneal pathological processes including wound healing and
inflammation (Michelacci 2003). Type III collagen is consid-
ered as one of the principal markers of the stromal matrix
remodeling observed after corneal injury. Moreover, rabbit
corneal inflammation and neovascularisation studies have
shown an important increase in this collagen after wounding.
Interestingly, this augmentation was only localized in the
caustic burn area (Saika et al. 1996). This molecule could be
involved in the corneal scarring process observed after injury
since its expression is greatly enhanced in the corneal scar
(Galiacy et al. 2011). It is thus possible that the modification
of the amount of type III collagen and therefore the disruption
of'the type I/type I1I collagen ratio might be responsible for the
formation of a “haze” in the cornea (Chen et al. 2005).

Type IV collagen

Type IV collagen is the principal structural component of
basement membranes (BMs) including the CEBM and the
DM. This collagen is important in maintaining the structure
and the function of the BMs (Poschl et al. 2004). Currently, six
o (x1—a6) (IV) chains have been identified. The trimers (oc1)3
and (x1), &2 are ubiquitous and form the major components
of BMs whereas the &3 (IV), o4 (IV), &5 (IV) and a6 (IV)
chains are minor BM components and are tissue-specific
(Merjava et al. 2009). The CEBM expresses the trimer (1),
a2 of the type IV collagen during the corneal development.
However, the adult CEBM predominantly expresses the 3,
o4 and o5 chains of the type IV collagen in normal conditions
and abundantly expresses the trimer (1), &2 in the presence
of CEBM injury (Ljubimov et al. 1995; Maguen et al. 1997,
Ljubimov et al. 1998). The corneal DM expresses the six «
(x1-6) (IV) chains. Those six chains are present in the stro-
mal and the endothelial sides of the DM during childhood
(Kabosova et al. 2007). The adult DM, however, seems to
present in the endothelial side only the o3—x6 chains and
the 1 and «2 chains exclusively in the stromal side with a
shift of the expression of both the chains from the stromal side
to the endothelial side in pathological situations (Merjava
et al. 2009).

Disruption of type IV collagen has been shown to lead to
several physiological abnormalities including corneal visual
impairments in humans. Mutations in the «1 chain of type
IV collagen seem to induce severe ocular dysgenesis includ-
ing anterior segment dysgenesis (ASD), a set of disorders
characterized by several ocular clinical abnormalities involv-
ing corneal opacification (Van Agtmael et al. 2005; Rodahl
et al. 2013). The implication of the type IV collagen in ASD
including corneal opacities has also been confirmed by
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knocking out this gene in mouse (Gould et al. 2007). This
collagen also seems to play a role in the posterior polymor-
phous corneal dystrophy (PPCD), which is a bilateral, autoso-
mal dominant disease that affects, in the first place, the endo-
thelium and the DM. Type IV collagen shows changes in
terms of its level of expression but also in its localization in
the corneas affected by PPCD (Merjava et al. 2009).
Proteolysis of type IV collagen also leads to the release of
tumstatin, which is a potent endogenous anti-angiogenic frag-
ment (Esipov et al. 2012).

Type V collagen

Type V collagen is a quantitatively minor fibrillar collagen
which is found in tissues where type I collagen is expressed.
Several studies have shown that type I collagen may be asso-
ciated with type V collagen by forming fibrils with a very
small diameter. These interactions between type I collagen
and type V collagen seem to be different from one corneal
structure to another. In fact, this association in the corneal
Bowman’s layer appears to expose epitopes of the triple heli-
cal domain of the type V collagen while in the corneal stroma
those epitopes are not available for antibody detection without
disruption to the structure of the heterotypic fibrils (Gordon
etal. 1994). The best understood form of this collagen is found
in striated fibrils of the corneal stroma where at least a portion
of the N-terminal domain could be exposed on the fibril sur-
face, whereas the triple-helical epitopes are masked by the
fibril structure in which they are mostly buried
(Linsenmayer et al. 1993; Birk 2001). There are several type
V collagen isoforms which differ in their & chain composition
(Fichard et al. 1995). The most common isoform is x1 (V),
«2 (V) which is also found in the cornea (Birk et al. 1988;
Gordon et al. 1994). The corneal stroma contains only one
population of heterotypic collagen I/collagen V fibrils (Birk
et al. 1988; Birk 2001).

Compared to other tissues, the cornea is relatively rich in
type V collagen (15-20 % of total fibrillar collagens) where it
plays a central role in the initiation of fibril assembly (Hassell
and Birk 2010), more precisely in the regulation of collagen
fibril diameter. In vitro fibrillar interaction studies between
types I and V collagens that mimic in vivo interactions have
shown that these interactions are largely responsible for con-
trolling type I collagen fibril diameters (Adachi and Hayashi
1986; Birk et al. 1990) and that the type V collagen N-terminal
domain is responsible for the “regulator” effects of this colla-
gen on fibril diameter (Birk 2001). Reducing the amount of
type V collagen increases fibril diameter. Marchant et al.
(1996) have also demonstrated the involvement of type V
collagen in the regulation of type I collagen fibril diameter
using a dominant negative approach designed to reduce en-
dogenous levels of type V collagen. The crucial role of type V
collagen in regulating collagen fibril assembly was confirmed

by inactivation of this gene in a mouse model (col5al condi-
tional KO mice) where the corneal collagen diameter was
increased and the fibril lamellae structure was disorganized
which resulted in corneal opacification and therefore a loss
of'its function (Sun et al. 2011).

Type VII collagen

Type VII collagen, a homotrimer of «l chains (Canty and
Kadler 2005) is a major component of anchoring fibrils and
plays an indispensable role in the epithelial-stromal adhesion.
This molecule represents one of the most important BM com-
ponents, as anchoring fibrils insert into the BM and then splay
out laterally in the stroma (Gipson et al. 1987). Type VII
collagen is also important during corneal wound healing as
it is expressed in the adhesion structures alongside wound
closure (Gipson et al. 1989). It seems to be involved in corneal
diseases such as recurrent corneal erosion. This abnormality is
characterized by repeated periods of breakdown of corneal
epithelium caused by a dysfunction in adhesion to the BM
and could be secondary to a CEBM dystrophy (Chen et al.
2006). The type VII collagen could also be implicated in other
corneal abnormalities such as keratoconus (a corneal dystro-
phy characterized by a thinning and a curvature of the central
cornea) where a decrease of its expression has been observed
in the CEBM (Tuori et al. 1997).

Type VIII collagen

Type VIII is a non-fibrillar collagen which is considered to be
the major protein of the mammalian DM. It consists of o1
(VIII) and «2 (VIII) chains which form two distinct
homotrimeric or heterotrimeric proteins, although the forma-
tion of the «1 (2) &2 (VII) and ol 2 (2) (VIII) has been
shown based on in vitro translation system (Illidge et al.
2001). The Descemet’s membrane, similar to other tissues,
seems to contain the 1 (VIII) and &2 (VIII) chains that exist
under two distinct homotrimeric molecules (Greenhill et al.
2000). The gene encoding the o2 (VIII) collagen chain seems
to be implicated in various corneal endotheliopathies includ-
ing Fuchs’ endothelial corneal dystrophy (FECD), one of the
commonest indications for corneal transplantation where the
principal defect is a reduction in the number of corneal endo-
thelial cells (Igo et al. 2012). The implication of the x2 (VIII)
collagen chain in FECD has been demonstrated by the gener-
ation of a transgenic knock-in mouse model that carries a
genetic defect on the Col8a2. These mice show similar symp-
toms to human disease, including progressive alterations in
endothelial cell morphology, cell death and excrescences
(Jun et al. 2012). This gene seems also to be involved in
posterior polymorphous corneal dystrophy (PPCD) (Merjava
et al. 2009).
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Type XII collagen

Several types of non fibrillar collagen are often associated with
the surface of the collagen fibrils. Among them, the FACITs are
characterized by the alternation in their structure of typical col-
lagen triple-helical domains and non-collagen domains, the lat-
ter including known matrix protein motifs (Akimoto et al.
2002). These collagens are not able to form collagen fibrils by
themselves. However, they can interact and associate laterally
with collagen fibrils through their triple helical domains (van
der Rest et al. 1990; Shaw and Olsen 1991; Walchli et al. 1994;
Gerecke et al. 2003; Fig. 2a). FACITs are localized at the sur-
face of collagen fibrils and could therefore induce changes in
the interaction properties as well as the organization of fibrils
through the interactions between their collagenous domains and
fibrillar collagens (Nishiyama et al. 1994; Young et al. 2000,
2002; Tzortzaki et al. 2003).

There are several FACITs, collagens IX, XII, XIV and
FACIT-like molecules, collagens XVI, XIX, XX, XXI,
XXII, XXVI (Zwolanek et al. 2014). In this review, we focus
on the type XII collagen, the FACIT that seems to be involved
in corneal wound healing (Massoudi et al. 2012). Type XII
collagen is a homotrimer of «1 chains (Canty and Kadler
2005). It contains collagenous domains (COL1 and COL2)
and non-collagenous domains (NC1, NC2 and NC3;
Fig. 2a). The COLI and COL2 domains are localized at the
carboxy-terminal end and are able to form a collagen triple
helix as for the fibrillar collagens. The NC1 and NC2 domains
do not have a particular protein structure. However, the NC3
domain, localized to the N-terminal end of the molecule, con-
tains several peptide domains. These domains include von
Willebrand factor A (VWA), fibronectin type III (FN-III) and
thrombospondin (Tsp) repeats (Fig. 2a) (Yamagata, et al.
1991; Kania et al. 1999). This N-terminal end is relatively
large and reveals itself to be a complex modular structure with
a high potential for functional interactions (Yamagata et al.
1991; Walchli et al. 1994). Type XII collagen could help to
stabilize fibril organization by forming interfibrillar bridges
with other ECM components (Keene et al. 1991).

Currently, four isoforms of type XII collagen, generated by
alternative splicing, have been described (Kania et al. 1999;
Massoudi et al. 2012): two in the NC1 domain and two in the
NC3 domain (Fig. 2a). These isoforms have distinct histolog-
ical and developmental distributions: the isoforms that contain
the long form of the NC3 [(XII-NC3-L/NC1-L and XII-NC3-
L/NC1-S),] are mainly expressed during the early stages of the
embryonic development whereas those with the short form of
NC3 are predominant in adult tissues (Bohme et al. 1995). In
addition, these isoforms also have different biochemical prop-
erties because of their structural difference. For instance, the
long forms of the protein (XII-NC3-L/NC1-L and XIINC3-L/
NC1-S) contain a supplementary heparin binding site in the
7th type III fibronectin motif in addition to the GAG chains
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that are covalently linked (Koch et al. 1992, 1995).
Alternative splicing in the NC1 domain leads also to a sup-
plementary heparin binding site for the isoforms XII-NC3-L/
NCI1-L and XII-NC3-C/NCI1-L. Type XII collagen can also
interact with matrix components such as decorin (Font et al.
1998) or tenascin X (Veit et al. 2006).

In the cornea, type XII collagen is expressed in epithelial
BM, DM, and along stromal collagen fibrils (Anderson et al.
2000; Gordon et al. 1996; Kabosova et al. 2007; Oh et al.
1993; Wessel et al. 1997; Young et al. 2002). In human, the
NC3 long isoform is the most abundant (Kabosova et al. 2007;
Wessel et al. 1997), whereas in mouse both NC3 isoforms are
present (Oh et al. 1993; Izu et al. 2011).

In 2012, we showed that type XII collagen could be in-
volved in the formation and maintenance of the corneal scar
(Massoudi et al. 2012). During this study, we demonstrated
that the expression of type XII collagen increases after corneal
injury and is largely concentrated in the subepithelial region of
the cornea, especially in and near the wound bed. This high
expression is observed throughout the corneal wound healing
process. Most interestingly, the overexpression of type XII
collagen was found to be localized in scars established for
several months not only in human but also in mouse corneas,
right in the injured area which was also positive for a-SMA.
In the mouse cornea, the overexpression of type XII collagen
seems to involve the NC1L isoform (Massoudi et al. 2012).

Type XVIII collagen

Type XVIII collagen belongs to the subgroup of non-fibrillar
collagens and is a heparan sulfate proteoglycan (Ylikarppa
et al. 2003). This collagen has three variants. The longer var-
iants are found especially in the liver whereas the shortest one
is found in most epithelial and endothelial BMs including
corneal BMs (Maatta et al. 2006; Seppinen and Pihlajaniemi
2011). These variants are encoded by 2 different promoters.
The short variant is encoded by promoter 1 and has its own
signal sequence. The middle and long variants, however, are
both encoded by promoter 2 and therefore have the same
signal sequence (Fig. 2b; Seppinen and Pihlajaniemi 2011).
Type XVIII collagen variants differ in their N-terminal regions
but share several triple-helical regions separated by non-triple-
helical domains in their C-terminal region. A domain in the C-
terminal non-triple-helical region (NC1) of collagen XVIII,
common to all variants, represents the anti-angiogenic mole-
cule known as endostatin (Fig. 2b; Fukai et al. 2002). The anti-
angiogenic activity of this 20-kDa proteolytic fragment of
type XVIII collagen results in the inhibition of FGF-2- and
VEGF-induced vascular endothelial cell adhesion, migration
and proliferation as well as in the induction of apoptosis
(Chang et al. 2001; Lai et al. 2007).

Angiogenesis plays an important role in many physiologic
and pathologic processes. In the eye, it is implicated in several
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Fig. 2 Representation of type XII (a) and type XVIII (b) collagen structures with their different variants

diseases including corneal disorders. The neovascularization
of the cornea is often accompanied by inflammation or infec-
tions of the ocular surface which are usually associated with
stromal edema, lipid deposits, keratitis or scarring that results
in vision impairment and blindness. Consequently, corneal
neovascularization is one of the most common causes of vi-
sual impairment and is also a high-risk factor for rejection of

corneal allografts by facilitating the exposure of antigens in
the donor cornea to the immune system. This process involves
changes in vascular permeability, endothelial cell adhesion,
migration, proliferation and differentiation (Lai et al. 2007;
Ge, et al. 2013).

A variety of corneal injury models have implicated
endostatin as an anti-angiogenic factor. For example, Lai
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et al. showed that the injection of recombinant adeno-
associated viral vector carrying endostatin in mouse cornea
was able to inhibit neovascularization after silver nitrate cau-
terization (Lai et al. 2007). Chen et al. (2010) used a similar
approach to demonstrate the efficacy of endostatin in
inhibiting mouse corneal neovascularization after alkaline
burn injury (Chen et al. 2010). In addition, Murthy et al.
(2003) showed that lentivirus overexpression of endostatin
in rabbit allogenic corneal grafts not only inhibits corneal
neovascularization but also prevents graft rejection.

Type XVIII collagen is also involved in other corneal pa-
thologies. For example, in human, the rare autosomal reces-
sive disorder Knobloch syndrome, which causes several eye
abnormalities including high myopia, is induced by mutations
in the gene that encodes the o1 (XVII) chain. These muta-
tions affect either the short or all type XVIII collagen isoforms
(Ylikarppa et al. 2003; Maatta et al. 2006).

Proteoglycans in the correct functioning of the cornea

In addition to the FACITs, other molecules such as SLRPs
play an important role in the structural and functional modifi-
cations of collagen fibrils (Michelacci 2003). Currently, the
SLRP family includes 17 genes that encode proteoglycans
assembled into five distinct classes based on common struc-
ture and function. Class I SLRPs include decorin and
biglycan. These two proteoglycans share approximately
60 % homology (lozzo et al. 1999). Class I also includes
asporin and ECM protein 2. Class II contains five polyanionic
members: fibromodulin, lumican, proline/arginine-rich end
leucine-rich repeat protein or PRELP, keratocan and
osteoadherin. Class III consists of three members: epiphycan,
opticin and osteoglycan. Both Class IV and Class V are non-
canonical, the former consisting of three members
(chondroadherin, nyctalopin, and tsukushi) and the latter
consisting of two members (podocan and the highly homolo-
gous podocan-like protein 1) (Mohan et al. 2011).

All classes of the SLRP family share a common basic
structure composed of a protein core covalently bound to
one or more glycoaminoglycan (GAG) chain(s) (Iozzo
1998). Protein cores have molecular weights between 20 and
450 kDa. The GAG chains are made up of disaccharide re-
peats with sulfated esters and can reach molecular weights of
up to 70 kDa. There are three types of GAG chains:
chondroitin/dermatan sulfate (CS/DS), keratan sulfate (KS)
and heparan sulfate (HS) (Hassell and Birk 2010).
Consequently, SLRPs have also been classified according to
their GAG chain composition into chondroitin/dermatan sul-
fate, keratan sulfate and heparan sulfate macromolecules
(Tanihara et al. 2002).

SLRP protein cores are synthesized in the rough endoplas-
mic reticulum (RER) and the GAG chains are added to the
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protein core in the Golgi apparatus. These proteoglycans are
then secreted into the ECM (Hassell and Birk 2010).

SLRP studies carried out on bovine (Axelsson and
Heinegard 1978), rabbit (Gregory et al. 1982), chicken
(Funderburgh et al. 1986), monkey (Hassell et al. 1979) and
human (Soriano, et al. 2000) have shown that dermatan sulfate
and keratan sulfate constitute the predominant proteoglycans
in the corneal structure (Michelacci 2003). Among the wide
diversity of proteoglycans, the human adult corneal stroma
consists of four leucine-rich variants, including one dermatan
sulfate proteoglycan, decorin (Li et al. 1992) and three keratan
sulfate proteoglycans: lumican (Blochberger et al. 1992; Kao
et al. 2006), keratocan (Corpuz et al. 1996; Chakravarti 2006)
and mimecan (Funderburgh et al. 1997), a gene product that
was previously named proteoglycan-LB (Shinomura and
Kimata 1992) and osteoglycin (Madisen et al. 1990).
Heparan sulfate proteoglycans are also minor components of
the cornea and are mainly synthesized by the corneal epithelial
cells (Michelacci 2003).

Corneal proteoglycans appear to play important roles in
collagen fibrillogenesis and matrix assembly. Morphological
studies have shown the association of dermatan and keratan
sulfate proteoglycans with specific groups of corneal collagen
fibrils (Scott and Haigh 1985, 1988), suggesting that proteo-
glycan—collagen interactions may play a role in the assembly
of corneal collagen fibrils, in matrix organization, and there-
fore in corneal transparency.

Several studies have shown that the synthesis of defective
SLRPs causes blindness in humans by disruption of the orga-
nization of the collagen fibers. For example, in human, it has
been reported that mutations in the decorin gene are associated
with congenital stromal dystrophy, a disease that appears a
short time after birth and leads to corneal opacity and visual
abnormalities (Bredrup et al. 2005; Rodahl et al. 2006). These
mutations lead to a synthesis of a decorin protein core trun-
cated by 33 amino acids in the C-terminal region. This disease
is autosomal dominant and only patients heterozygous for
these mutations are alive and carry the mutations, suggesting
that the homozygous are not viable and therefore embryonic
lethal (Chen and Birk 2011).

Production of defective keratan sulfate proteoglycans in
human has been shown to be the cause of hereditary corneal
dystrophies. For example, it has been shown that mutations in
the human KERA, the gene that encodes the keratocan protein
core, are associated with cornea plana (CNA2), which is a
congenital, bilateral and asymmetrical defect, characterized
by a decrease in the curvature of the cornea that leads to a
decrease in the refractive index (Pellegata et al. 2000) that
goes along with a decrease in visual acuity (Liu et al. 2003).

In addition, human mutations in the carbohydrate
sulfotransferase 6 gene (CHST6), which encodes one of the
sulfotransferases responsible for the transfer of sulfate esters
onto the keratan sulfate, cause a macular corneal dystrophy
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which is an autosomal recessive disorder (Hassell et al. 1980;
Midura et al. 1990; Hayashida et al. 2006; Musselmann and
Hassell 2006; Di Iorio et al. 2010).

Several studies have also implicated SLRPs in collagen
fibril regulation. For example, the crucial role of decorin and
lumican in the regulation of the growth and assembly of col-
lagen fibrils was highlighted by inactivation of those genes in
mice (Hassell and Birk 2010). Mice deficient in decorin ex-
pression have fragile skin and dysregulated lateral growth of
fibrils (Chen and Birk 2011). Animals homozygous for a null
mutation in the lumican gene present a laxity accompanied by
skin fragility and bilaterally corneal opacity (Chakravarti et al.
1998; Michelacci 2003). Decorin and lumican protein cores,
but not their GAG chains, have been shown to inhibit the
formation of collagen fibrils and reduce their diameter during
an in vitro test of collagen fibril formation (Rada et al. 1993).
Decorin and lumican yield recombinant products that act at
different stages of fibrillar growth, interact with the different
regions of the collagen molecule and serve to stabilize the
collagen fibrils once formed (Neame et al. 2000).

Keratocan knockout mice also display alterations in corne-
al structure. In fact, the mice lacking keratocan show corneal
stromal thinning accompanied by large collagen fibril diame-
ters and a poor spacing of the collagen fibrils in the corneal
stroma (Liu et al. 2003; Meek et al. 2003). Also, mimecan
deficiency in mice induces a thickening of collagen fibrils in
tissues including cornea and skin (Tasheva et al. 2002).

The importance of the SLRP sulfation has also been dem-
onstrated in animal models. SLRPs with unsulfated keratan
sulfate chains were detected as early as 7 days of chicken
embryonic development, whereas sulfated GAG chains were
not detectable before the 15th day of embryonic development,
when the corneal transparency starts to appear (Dunlevy et al.
2000). Also in the mouse embryo, keratan sulfate

Fig. 3 Schematic organization of

a collagen fiber and cross-section

of collagen fibrils in the mouse

corneal stroma (transmission X

proteoglycans appear only after eye opening and therefore
may contribute to corneal transparency (Ying et al. 1997).
The presence of the sulfate group in the sulfate chains of the
SLRPs is essential for proteoglycan function. In fact, the sul-
fate groups of the proteoglycan GAG chains bind water. At the
normal hydration levels of the cornea, chondroitin/dermatan
sulfate chains are perfectly hydrated while the keratan sulfate
chains are not, suggesting that the keratan sulfate acts as a
reservoir for hydration (Bettelheim and Plessy 1975). The
sulfated esters in the keratan sulfate are also important for
maintaining the solubility of the proteoglycan in an aqueous
environment (Funderburgh 2000). These data suggest that the
structure of GAG chains in keratan sulfate proteoglycans may
be important for the development of corneal transparency,
possibly leading to an organization and an optimal hydration
of the corneal tissue (Michelacci 2003).

Concluding remarks

Different newly synthesized fibrillar collagen molecules can
be associated with each other and with other proteins, such as
proteoglycans and FACITs, to form a supramolecular entity
with the collagen fibril (Fig. 3). This shows how several types
of collagen can be present within the same fibril and how the
proportions of these different types of collagen in the fibril is
at the origin of its specific biomechanical properties (Kietly
and Grant 2002). This may explain why the disruption of these
proportions leads to a dysfunction or to a malformation of the
considered tissue/organ. However, the formation of the colla-
gen fibril is not just a simple “collagen molecule
condensation”; the process of fibril arrangement is relatively
complex. For example, the diameter of the fibril is accurately
controlled by proteoglycans such as decorin or by non-fibrillar
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collagens such as type XII collagen that surround the collagen
fibril (Fig. 3). These fibrils will interact with each other and
with other molecules to constitute the connective tissue net-
work which will be specific to the considered tissue/organ.
Nevertheless, these mechanisms are not fully clarified as some
aspects of fibrilogenesis still remain to be determined, as well
as the mechanism of fibril arrangement for the different types
of collagen molecules and the control of their respective
proportions.
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