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Abstract

Collagen VI forms a filamentous network in connective tissue, linking matrix
macromolecules and cells. It is composed of three chains, a1(VI), a2(VI), and
a3(VI), with a globular domain at each end. Additionally, three novel chains
a4, a5, and a6 were identified. Intracellularly, collagen VI monomers dimerize
and form tetramers, which are secreted and associate into microfilaments
extracellularly. Collagen VI gene expression is regulated differently than | or
Ill. Collagen VI interacts with fibronectin, mediates cell adhesion and promotes
migration. Soluble collagen VI acts as a sensor for tissue damage, modulating
mesenchymal cell proliferation and survival, matrix homeostasis, and wound
healing. Three collagen VI-deficient mouse models have been generated,
which have been used to investigate collagen VI-related myopathies, mammary
carcinogenesis, and skeletal muscle satellite cell homeostasis. Collagen VI is up-
regulated in fibrosis of liver, skin, kidneys, lungs, heart, and adipose tissue. In the
liver, collagen VI normally accounts for 0.1% of total collagen, but is increased
10-fold in cirrhosis. Elevated soluble collagen VI in circulation is considered
an early biomarker of alcoholic liver fibrosis. Collagen VI immunostaining is
enhanced in fibrotic foci, co-distributing with collagens |, Ill and V. Hepatic
stellate cells (HSCs) are likely the source of perisinusoidal collagen VI. The
a2(VI) chain sequesters hepatic matrix metalloproteinase (MMP)-1, -3, and -8
and blocks the enzymes’ activation, preventing fibrolysis. CO6-MMP, a collagen
VI fragment generated by MMP-2 and -9, is a specific biomarker of collagen
VI degradation in experimental liver fibrogenesis. The collagen VI receptor on
HSCs offers selective targets for anti-fibrotic agents.

Keywords: Filamentous Type VI collagen; Soluble collagen VI; Collagen VI
assembly; Matrix metalloproeteinase; Biomarkers of liver fibrogenesis; Hepatic
stellate cells

adipose tissue, and specifically provides updated information on the
action of collagen VIin liver fibrogenesis and its value as a biomarker

ECM: Extracellular Matrix; HSA: Human Serum Albumin;
HSC: Hepatic Stellate Cell; MMP: Matrix Metalloproteinase; TGF-:
Transforming Growth Factor-p; BM: Bethlem Myopathy; MMTV-
PyMT: Mammary Tumor Virus-Polyoma Middle T antigen; ELISA:
Enzyme-Linked Immunosorbent Assay

Introduction

The microfilamentous type VI collagen is present in most
connective tissue matrices where it forms a flexible filamentous
network, linking matrix macromolecules and cells. This review
presents an overview of the molecular structure, biosynthesis,
assembly, degradation and biological functions of collagen VI, as
well as mouse models of collagen VI deficiency. In particular, we
review the role of soluble collagen VI as a stimulator of cell growth,
promoter of cell survival, sensor molecule for tissue damage and
modulator of connective tissue matrix homeostasis. The involvement
of adipose tissue-derived soluble collagen VI in mouse mammary
tumorigenesis is discussed. We summarize collagen VI’s regulation of
the self-renewal capacity of skeletal muscle satellite cells and muscle
regeneration. This review highlights the up-regulation of type VI
collagen in fibrotic disease of the liver, skin, lungs, kidneys, heart and

of liver fibrosis.

Structure

Type VI collagen, designated by Furthmayr et al. [1], is classified
as a non-fibrillar collagen, as opposed to the interstitial fibrillar
collagens I, II and III. Along with type IV collagen of the basement
membrane, collagen VI is grouped under the network-forming
collagens [2]. It is widely distributed in most connective tissue
matrices [3-6]. Chemically, collagen VI molecule is a heterotrimeric
collagenous glycoprotein made of three genetically distinct a-chains,
al(VI), a2(VI) and a3(VI). These chains differ in molecular mass:
140 kDa for the al and a2 chains and 250 kDa for the a3 chain [7].
The monomer consists of two globular domains at the N- and C-
terminals connected by a 105 nm long triple helix [2,4,8,9]. Uniquely,
the triple helical domains are extensively linked by interchange
disulfide bonds that most likely endow the collagen VI molecules with
a higher thermal stability as well as protease resistance. The cDNAs of
the three constituent chains of human collagen VI have been cloned
and a large portion of the amino acids has been sequenced [8]. Of
note, there are several Gly-Y-X triplet interruptions of the amino acid
sequence that are thought to provide some flexibility to the collagen
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Figure 1: Model for the assembly of type VI collagen. The assembly of
monomers into dimers and then into tetramers occurs intracellular. Following
secretion into the extracellular matrix, the tetramers associate end-to-end into
beaded-microfilaments. Note that the C-terminal globular domains contact
the adjacent helices in the inner regions of the dimers that are stabilized by
disulfide bonds. (Modified from [8-10]).

VI molecules. This is in contrasting to the non-interrupted Gly-Y-X
repeats for the fibrillar collagens (as in collagen I) that endow the
molecules with rigidity and the fibers with mechanical strength. The
flexibility of collagen VI, however, is lower than that of collagen IV,
which has similar short Gly-Y-X interruptions and contains larger
ones comprising up to 20 residues. Another unique structural feature
of collagen VT is that it contains the sequence Arg-Gly-Asp (RGD)-
dependent cell attachment sites that probably function to interact
with specific cell receptors belonging to the integrin family proteins.
The genes for al(VI) and a2(VI) chains are located on chromosomes
21, and the a3(VI) gene is located on chromosome 2 [7]. The major
mRNA species encoding the chains of collagen VI have sizes of 4.2 kb
(al), 3.5kb (a2), and 8.5 kb (a3).

More recently, three novel collagen VI genes (COL6A4, COL6AS5,
and COL6A6 located at a single locus on human chromosome
3q22.1) that encode the a4(VI), a5(VI), and a6(VI) chains have been
identified [10,11]. These chains may substitute for the a3 chains,
probably forming ala2a4, ala2a5, and ala2a6 heterotrimers.
Unlike the al(V), a2(V), and a3(V) subunits, these collagen VI
chains display a highly restricted tissue distribution pattern [12,13],
raising the possibility of tissue specific roles for the chains in collagen
VI assembly and function.

Synthesis, assembly and secretion

The biosynthesis of type VI collagen was studied in cultured
human fibroblasts [14] and chick embryo fibroblasts [15] using [**S]
methionine metabolic labeling of cells. Two labeled polypeptides of
140 and 260 kDa were identified in the cell layer lysates, matrices and
media of the human fibroblast culture, while three polypeptides of
150kDa, 140 kDa and 260 kDa were identified in the chick embryo
fibroblast culture media. These give rise, after pepsin digestion, to
al(VI), a2(VI) and a3(VI), respectively. Pulse-chase experiments in
the embryo chick cells indicated that more than 60% of the labeled
type VI collagen was present in the culture medium after a 4-hr chase
duration. In both cell systems, the amounts of polypeptides deposited
extracellularly were dependent on the presence of ascorbic acid and
hydroxylation of prolines and lysines in the collagenous domains, as

observed in fibrillar collagens [14,16]. But, unlike the fibrillar collagens,
no proteolytic processing of the N- and C-terminal domains of the
polypeptide chains occurred in collagen VI biosynthesis. Another
study has shown that recombinant chicken al(VI), a2(VI) and
a3(VI) collagen chains can form monomers, dimers and tetramers
in NIH/3T3 cell lines. These molecules were secreted into the culture
matrix, forming fibrillar meshwork [17]. This model may offer a tool
for analysis of type VI collagen assembly and deposition.

The collagen VI polypeptide structure from the human fibroblast
culture has been examined by electron microscopy after rotary
shadowing. The images revealed that the cell layer extracts contain
monomers, dimers and tetramers of collagen VI and the culture
matrices contain both tetramers and multimers, while only tetramers
are present in the culture media [14]. The distribution of these
molecules in various compartments of the culture likely reflects the
various stages of collagen VI assembly in vivo as described below.
Based on the data of rotary shadowed electron microscopy, physical
and biochemical analyses, the sequence of events of collagen VI's
intracellular assembly has been established [1,2,9,14,15,18]. In this
model, as illustrated in Figure 1, two triple helical monomers of
105 nm in length from a dimer in an anti-parallel manner with a 75
nm overlap. Two dimers associate into a tetramer, with the chains
stabilized by disulfide bonds [1,7,8]. Following secretion into the
ECM, the tetramers assemble into filaments by end-to-end accretion,
forming thin fibrils with prominent knobs at a periodicity of about 110
nm—so-called beaded-filaments [4,14,19]. The fibrils display a width
of 6-10 nm; hence, collagen VI is also described as microfilamentous
[20] or microfibrillar [9].

Gene expression

Collagen VI is abundantly expressed by cultured fibroblasts.
Expression of collagen VI mRNA and its protein production were
assessed in human skin fibroblast culture and the changes were
compared with those of collagens I and III and fibronectin, which
are known to be regulated in a coordinated fashion [21]. When the
fibroblasts were grown at high densities or in a contracting collagen gel
(conditions that reduce the proliferative capacity of the cells), a 2-3-
fold up-regulation of the mRNA of al(VI), a2(VI) and a3(VI) chains
was observed along with an increase in corresponding proteins. There
were only minimal changes for the mRNA levels of collagens I and I1I
and fibronectin. Transformation of mouse 3T3 fibroblasts with tumor
promoting phorbol esters did not change collagen VI mRNA but it
did cause a 3-5-fold reduction in the mRNA levels of other matrix
proteins. These data indicate that expression of al(VI), a2(VI) and
a3(VI) subunits is differently regulated in cultured fibroblasts than
interstitial fibrillar collagens I and III and fibronectin. Moreover, in
response to the pro-fibrotic mediator transforming growth factor-$
(TGF-B), human skin fibroblasts selectively expressed the a3(VI)
subunit mRNA (227% of control), while the levels of al(VI) and
a2(VI) chains were not changed [22]. Additionally, collagen VI
protein was increased in the culture medium and cell layer extracts
(170% of control). Therefore, the regulation of a3(VI) gene expression
by TGF-B is critical for the control of collagen VI synthesis and may
determine the deposition of the collagen VI molecule in the ECM.
These results are compatible with a study that used recombinant type
VI collagen [17].
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Degradation

Intact collagen VI filaments are susceptible to degradation by
serine proteinases, which are enzymes typically secreted by neutrophils
and mast cells, but are resistant to both degradation by matrix
metalloproteinase (MMP) -1, -2, -3 and -9 that commonly degrade
other collagens, and to bacterial collagenase [23]. These properties of
collagen VI suggest that it is a relatively stable molecule of the ECM,
consistent with its role in matrix organization. The susceptibility of
collagen VI to digestion by serine proteases suggests that collagen
VI may be targeted for degradation primarily during physiological
tissue turnover with inflammatory cells involvement and in early
inflammatory lesions. However, Myint et al. [24] demonstrated that
activated MMP-2 cleaves collagen VI extracts from normal human
cornea into lower molecular weight fragments. Additionally, recent
data indicate that type VI collagen can be cleared by MMP-2 and
-9 in vitro with the generation of a neoepitope fragment that can be
used as a marker for assessment of type VI turnover during hepatic
fibrogenesis [25]. Furthermore, degradation of collagen VI has been
reported for fibroblasts of periosteal explants via phagocytosis and
subsequent digestion by lysosomal enzymes [26].

Biological functions

In tissue sections, the filamentous structure of type VI collagen
is difficult to visualize and differentiate from other microfibrillar
structures, such as fibrillin. Therefore, morphological evaluation
of collagen VI organization in tissue sections or in culture samples
has been carried out primarily by immuno-labeling at the light and
electron microscopic levels, as well as by immunofluorescence.

In connective tissue matrices, collagen VI forms a flexible,
branching filamentous network that surrounds the fibers of the
major fibrillar collagens I, IT and III; hence, collagen VT is sometimes
called fibril-associated collagen. It anchors nerves, blood vessels,
and mesenchymal cells into place, partly through interconnections
with collagen IV in endothelial cell basement membranes [4,6,20].
It connects the fibrils of fibronectin in the ECM and interacts with
other matrix components, including hyaluronan, decorin, syndecan,
von Willebrand factor, MMPs and growth factors [27-33]. Hence,
collagen VI has been called a connecting protein, linking components
of the ECM [4,20].

Collagen VI and fibronectin interaction: In the ECM, the
filaments of collagen VI could be observed to interconnect, but not
to co-localize, at some discrete sites with fibronectin, as revealed by
electron microscopy of replicas of whole mounted cultured cells and
matrix [34]. Fibronectin is a multifunctional matrix glycoprotein
with multiple domains that plays an important role in the
interaction between cells and the surrounding ECM [35]. Collagen
VI microfilaments interact with fibronectin fibrils, giving them their
three-dimensional configuration. This effect was corroborated by a
study that used cultured fibroblasts obtained from Col6a null mutant
mice that lack the assembly of collagen VI and the capacity to secrete
collagen VI into the ECM [36]. Consequently, the absence of collagen
VIin the matrix of cultured fibroblasts resulted in a loss of the three-
dimensional organization of the fibronectin fibrils, which could affect
various cellular functions. Additionally, an abnormal organization
of fibronectin was observed in the matrix of fibroblast cultures from
a patient affected by Bethlem myopathy (BM), where secretion of

collagen VI was drastically reduced. In the clinic, immunofluorescent
labeling of collagen VI in skin fibroblast cultures derived from BM
patients has been considered a useful addition to current diagnostic
services for BM [37].

Stimulation of cell growth: Soluble collagen VI, which is the
pepsin-solubilized triple-helical core fragment of native collagen VI,
is released from the filamentous collagen VI in the events of tissue
damage and inflammation (38-42). In contrast to other collagens,
soluble collagen VI stimulates proliferation of normal 3T3 fibroblasts
and transformed fibrosarcoma cells in culture in the absence of
growth factors [38]. The cell growth effect of collagen VI is mediated
by signal transduction cascades that involve induction of tyrosine
phosphorylation of proteins, including paxillin, focal adhesion kinase,
and the mitogen-activated protein kinase erk2 [39]. Furthermore,
these signaling cascades appear to be independent of the integrin
receptor protein o2, which mediates cell adhesion. The signaling
transduction appears to require an aggregation of the collagen VI
receptors or occupancy of the receptors by the native helical structure
of collagen VI; interestingly, the effects can be inhibited by single
chains of collagen VI (prepared from the native collagen VI by
reduction and alkylation with methylene imine) [39,40].

Promotion of cell survival: Soluble collagen VI promotes survival
of fibroblasts cultured in a serum-free medium through an anti-
apoptotic mechanism involving down regulation of the proapoptotic
Bax and up regulation of cyclins A, B and D1 protein expression [41],
whereas collagen I tested under the same experimental conditions has
no anti-apoptotic action. The pro-survival action of collagen VI has
also been seen in hepatic stellate cells (HSCs), the principal fibrogenic
cells of the liver [42]. These events are mediated, in part, by the activity
of transmembrane receptor NG2/chondroitin sulfate proteoglycan
[40], which binds collagen VI [43]. This cellular interaction was
examined by electron microscopy after rotary shadowing of a mixture
of NG2 and collagen VI, which revealed an alignment of collagen VI
tetramers to the central region between the two N-and C-terminal
globular regions of NG2. Collagen VI also interacts with the integrin
receptors. Binding of collagen VI to the integrins alPfland a2f1
facilitates cell adhesion, spreading, and migration of smooth muscle
cells and corneal fibroblasts, as well as invasion of various tumor cell
lines in primary culture [44].

Sensor for tissue damage and modulator of matrix homeostasis:
While the filamentous collagen VI is important in maintaining the
integrity of ECM, the soluble form of collagen VT has been proposed
as a sensor molecule for tissue damage, stimulating surrounding
mesenchymal cell growth, promoting cell survival and wound
healing. Collagen VI, along with collagens I, III, IV, and V, serves as a
reservoir for cell receptors, platelet-derived growth factor, oncostatin
M, MMP -1, -3, -8, -2 and -9 [31-33], and therefore regulates their
availability and activity in normal tissue turnover, wound healing, and
in disease. In response to needs, growth factors are released and act on
nearby fibrogenic cells in the matrix, initiating cell proliferation and
mediating fibrogenic activity, while MMPs act on their collagen and
protein substrates, facilitating tissue turnover. For these reasons, type
VI collagen is regarded as a key modulator of matrix homeostasis.

Animal models of collagen VI deficiency

Murine models of collagen V deficiency have been described,
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namely Col6al [36], Col6a3 [45], and Col6a3"%® (heterozygous
exon 16 deletion) [46]. These animal models have been employed
to investigate the molecular pathogenesis of collagen VI-related
congenital Bethlem and Ullirich myopathies. Additionally, the
collagen VI-knockout (Col6al’") mice—in the background of the
mammary tumor virus-polyoma middle T antigen (MMTV-PyMT)
[47-49] —have been used as a mammary cancer model.

Specialized roles of type VI collagen in adipose tissue,
mammary glands, and skeletal muscle

Collagen VT is abundantly produced and secreted by adipocytes
[48,50-52]. In fact, adipose tissue is the single most abundant source
of collagen VI systemically [50]. In adipose tissue, collagen VI forms
an integral component of the extracellular scaffold of adipocytes and
has an essential fibrogenic role in the development of obesity. The
absence of collagen VI associated with collagen VI knockout mice
appears to cause an unlimited expansion of individual adipocytes, but
the effect is paradoxically associated with a substantial improvement
of whole body energy homeostasis [52]. Expression of collagen VI is
up-regulated during the progression of murine mammary tumors.
Studies using Col6al’ mice (MMTV-PyMT mice) [47,48] have
provided evidence indicating that adipocyte-derived soluble collagen
VI exerts a stimulatory effect on the hyperplasia of mammary ductal
epithelial cells, leading to primary tumor growth at the early stage of
mammary tumorigenesis [48]. Additionally, the lack of collagen VIin
knockout mice promotes apoptotic cell death of mammary epithelial
cells, thereby reducing the likelihood of tumor expansion [52].
Moreover, the carboxy-terminal fragment of collagen a3(VI) chain,
a proteolytic product of the full length molecule, was found to exert
pro-mitogenic and pro-survival actions in part by signaling through
the collagen VI binding proteoglycan NG2 receptor on the surface of
malignant ductal epithelial cells [48,52]. The action leads to activation
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Figure 2: Immunoperoxidase staining of human hepatic stellate cells (HSCs)
for collagen VI. Liver tissue was fixed in formalin and embedded in paraffin.
The immunohistochemitry was performed as previously described [75].
Briefly, deparaffinized liver sections were treated sequentially with a rabbit
polyclonal collagen VI antibody (Novus Biologicals, Littleton, CO), anti-rabbit
polymer-horse radish peroxidase (HRP) (Dako Carpinteria, CA), and the
chromogen diaminobenzidine tetrahydrochloride to yield a brown reaction
product, with buffer washes between steps. Nuclei were counterstained with
hematoxylin. The arrow points to a positively stained perisinusoidal HSC. The
immune deposits (brown) of collagen VI could be seen in the cell body and
its cell process along the sinusoidal border. The unstained clear space in the
cytoplasm represents lipid droplets, characteristic of HSCs.

of the Aktand B-catenin signaling pathways, resulting in the mitogenic
response. Therefore, collagen VI secreted by adipocytes, acting as a
paracrine factor, appears to mediate a critical interaction between
adipocytes and tumor cells in the tumor-stroma microenvironment.
In line with these data, Park et al. [49] more recently showed that
endotrophin, the C-terminal cleavage product of the a3(VI) chain
derived from adipose tissue, serves as a major mediator of collagen
VI-stimulated mammary tumorigenesis. Endotrophin augments
mammary tumor growth and metastasis in PyMT/endotrophin mice.
The effects of endotrophin on tumor growth are associated with
induction of adipose tissue fibrosis, angiogenesis, inflammation and
epithelial-mesenchymal transition of tumor cells. These pathologies
are mediated, in part, through the up-regulated signaling pathway of
TGE-p, a pro-fibrotic factor.

As an ECM protein of skeletal muscle, collagen VI is a critical
component of the satellite cell niche [53]. Deficiency of collagen
VI in skeletal muscle of mice is associated with muscular disorder
resembling BM [36]. Investigation in collagen VIal null mice
has shown that the lack of collagen VI causes impaired muscle
regeneration accompanied by reduced capability of satellite cell
to undergo self-renewal after injury to the skeletal muscle. When
collagen VI is reinstated in vivo by grafting wild-type fibroblasts, the
muscle stiffness associated with Col6al” mice is ameliorated and
the satellite cell defects in self-renewal are corrected. Thus, it was
proposed that collagen VI plays a regulatory role for satellite cell
homeostasis.

Type VI collagen in hepatic fibrosis

Immunohistochemistry: Immunohistological studies of the
human liver revealed that type VI collagen is present in the liver
lobules, stroma of portal tracts, wall of intralobular veins and Glisson’s
capsule [54,55]. Within the lobules, collagen VI immunostaning
was either uniformly distributed in the perisinusoidal space of
Disse [55] or the staining was stronger in the centrilobular and
mid-lobular areas and weaker in the periportal zone [54]. Collagen
VI immunoreactivity was detected in perisinusoidal HSCs by light
immunohistochemistry [54] and in the HSC endoplasmic reticulum
by immunoelectron microscopy [55], disclosing the cellular source
of collagen VI. Figure 2 illustrates positive collagen VI staining of
human HSCs (our unpublished observation). In the space of Disse,
amorphous or microfibrillar materials immuno-labeled for collagen
VI were observed around and between banded fibrils, suggesting that
this collagen interconnects collagens I and/or III fibers (54, 55). It
might be presumed that collagen VI determines the organization of
the fibrillar collagens in fibrogenesis of Disse’s space.

In alcoholic fibrosis and cirrhosis, intense collagen VI staining
was present in the developing fibrous septa and bridging septa
of cirrhotic nodules [55]. In biliary cirrhosis, strong staining for
collagen VI was noted around proliferating bile ductules within the
developing fibrous septa or the established septa of the cirrhotic liver
[54]. Little data, however, are available on the distribution of collagen
VI in progressive stages of liver fibrosis and its co-distribution with
fibrillar collagens I, IIT and V in the human liver. Fibrosis of the liver
is prevalent in elderly cadavers (mean age, 82.1+10.4 years), even
when liver disease is not indicated as the cause of death [56]. In our
on-going studies of the cadaveric livers with progressive stages of
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Figure 3

Figure 3: Co-distribution of collagens VI, I, and V in fibrotic lesion of elderly
cadaveric liver. Liver tissue was obtained from embalmed cadavers as
described in our previous studies [56,75,76]. Immunoperooxidae staining
was performed as described in Figure 2. Collagen | antibody was rabbit
polyclonal obtained from Rockland Immunochemicals (Gilbertsville, PA).
Rabbit polyclonal collagen V antibody was from Novus Biologicals (Littleton,
CO). (A), (B), and (C) are serial sections (five-um thick) stained for collagens
VI, I, and V, respectively. Image (A) illustrates a stronger immunostaining
(brown) for collagen VI in a fibrotic area in the pericentral-mid lobular
parenchyma compared to a weaker staining reaction surrounding the lesion.
The increased collagen VI staining is coincident with an enhanced staining
for collagen | (B) and collagen V (C) in the same fibrotic area, demonstrating
co-distribution of these collagens. Note that the rim of the central vein is also
stained for these collagens. Hematoxylin counterstained. CV, central vein.

fibrosis, we observed an enhanced immunostaining for collagen VI in
the parenchyma showing severe perisinusoidal/pericellular fibrosis,
which appears to co-distribute with the increased staining for fibrillar
collagens I, III or V in the fibrotic foci (Figures 3&4, unpublished
data). In the developing septa and bridging septa of septal fibrosis and
in the fibrotic bands of cirrhosis, the fibrous matrices show strong
immunostaining for collagen VI along with collagens I, III and V
(Figure 5, unpublished data). These immunohistological data point
to a role for collagen VI in the integration of the fibrillar collagens
in the histogenesis of fibrotic lesions, thereby contributing to the
progression of hepatic fibrosis.

In experimental fibrosis, gene expression of collagen VI
was examined by in situ hybridization in conjunction with
immunohistochemical detection of the protein in the liver of rats
after acute CCl, injury [57]. The a2(VI) collagen mRNA levels
were elevated three days after the CCl, treatment accompanied by
up-regulation of the mRNA for collagen I. The mRNA signals for
collagens VI and I were concentrated around the perivenous area
with a corresponding increased staining for the protein of collagen
VI. With longer duration of treatment of 14 weeks, collagen VI
mRNA levels did not change, while the collagen VI protein was
detected in the developing fibrous septa. It was concluded that the
collagen VI gene is activated early in the fibrotic process, resulting
in production of collagen VI protein. Along this line, others have
described increased deposition of collagen VI along with collagens I,
I and V in the matrix of developing fibrous septa and fibrotic bands
of cirrhotic livers in CCl,-induced cirrhosis [58].

Biomarker of liver fibrosis: In the normal human liver, the
interstitial fibrillar collagens I and IIT represent the most abundant
collagens in the ECM, while the amount of filamentous collagen VI is

Figure 4: Co-localization of collagen VI and collagen fibers in liver fibrosis.
(A) And (B) are serial sections (five-um thick) showing a perisinusoidal/
pericellular—chicken-wire—fibrosis in an elderly cadaveric liver. Section (A)
was immunostained for collagen VI (brown) using immunoperoxidase method
as described in Figure 2; and section (B) was immunostained for collagen VI,
followed by Sirius red staining for collagens (mainly fibrillar collagens | and
II) as previously described [56,76]. (C) Is a higher magnification view of the
boxed area in (B). It reveals localization of collagen VI immunoreactivity—
seen as darkly brown filamentous structure—to the collagen fiber bundles
stained red with Sirius red. CV, central vein.

low, accounting for less than 0.1% of total hepatic collagens [35,59].
In liver cirrhosis, the amount of collagen VI is increased 10-fold
and its release as soluble collagen into the circulation is significant,
measured by radioimmunoassay [59]. Elevated serum concentrations
of collagen VI occur in chronic liver fibrotic disease irrespective of
the underlying causes of liver damage, including viral hepatitis,
schistosomiasis infection, children with cystic fibrosis, and alcoholic
cirrhosis [60-62]. It was proposed that collagen VI serves as a predictor
of liver fibrosis. Strikingly, circulating levels of collagen VI are already
raised in the early stages of alcoholic liver injury [62]. Because serum
collagen VI levels may reflect the activity of fibrolysis, its increase
in the circulation likely represents an enhanced tissue turnover of
collagen VI in the early events of hepatic fibrotic transformation
and, therefore, seems to be a good indicator of early fibrogenesis.
In cirrhosis, tissue collagen VI levels rose 10-fold compared to the
control levels [59], while the serum concentrations of collagen VI
at most doubled that of the control [60-62]. It seems that during
the histogenesis of advanced fibrosis, degradation of collagen VI is
impaired [59], resulting in a higher tissue concentration of collagen
VI that could serve to sustain fibrogenesis by stimulation of activated
HSCs or myofibroblasts for ECM production. In a report in which
fibrosis markers were evaluated for predicting and diagnosing the
stages of fibrosis in patients with pre-cirrhotic alcoholic liver disease,
serum collagen VI levels were not correlated with the degrees of
fibrosis, assessed histologically in liver biopsies [63]; however, no
information was given for collagen VI assay methodology.

The value of collagen VI as a biomarker of liver fibrosis was
evaluated in two rat models of hepatic fibrosis: bile duct ligation
or CCl -treatment [25]. In this investigation, a specific monoclonal
antibody to CO6-MMP (a collagen type VI fragment generated by
the activity of MMP-2 and -9 in vitro) was used for enzyme-linked
immunosorbent assay (ELISA). It was demonstrated that CO6-MMP
serum concentrations were significantly elevated and were highly
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Figure 5: Immunoperoxidase staining of fibrous septumin an elderly cadaveric
liver with bridging fibrosis. (A), (B), (C), and (D) are serial sections (five-um
thick) of a septum stained for collagens VI, I, 1, and V, respectively. The
matrix of the septum is positively stained (brown) for collagens VI, I, Ill, and
V, suggesting co-distribution of these proteins. Hematoxylin counterstained.

associated with the histological severity of liver fibrosis in these
animals. Importantly, because the CO6-MMP antibody is capable
of quantifying collagen VI degradation by MMP-2 and -9, it can be
employed to assess collagen VI turnover in early stages of fibrogenesis,
serving as an early marker for fibrosis, which is consistent with the
conclusion of previous studies that collagen VI is a good indicator of
early fibrogenesis [62]. It remains to be determined whether or not
MMP-2 and -9 degraded collagen VI represents a useful biomarker
for the assessment of liver fibrogenesis in the clinical settings.

Type VI collagen and MMPs interaction: MMPs are critical
modulators of hepatic fibrogenesis [64,65]. These proteinases are
able to degrade interstitial fibrillar native collagens (MMP-1, -8 and
-13), basement membrane type IV collagen and denatured fibrillar
collagens (gelatinases MMP-2 and -9), non-collagenous matrix
proteins and proteoglycans (stromelysin-1/MMP-3) [66]. Apart from
being substrates of MMP’s, collagens also sequester and modulate the
availability of MMPs, particularly of the catalytic inactive proforms.
As shown by immunohistochemistry, the alcoholic cirrhotic liver
displays an enhanced immunostaining for filamentous collagen VI
in the matrix of the fibrous septa, which appears to co-distribute with
the immunoreactivity of MMP-1 and MMP-3, suggesting binding of
the MMPs to collagen VI [31]. Indeed, in vitro assays revealed that the
degrees of MMP binding to collagen VI correlate with the inhibition
of enzymatic activities of the MMPs. The binding of MMPs to collagen
VIinvolves specifically the a2(VI) chain. It was proposed that collagen
VI, which is up-regulated in liver fibrosis, serves as a reservoir for the
latent proMMPs, and that the a2(VI) chain, as a binding molecule
of proMMP-1, -3, and -8, modulates the availability and activities of
the MMPs by sequestering the proteinases in the ECM of the fibrotic
liver. Collagen VI binding of MMPs likely conserves the proform
configuration of MMPs and protects these enzymes from activation,
thereby preventing matrix turnover and fibrolysis. Consequently, this
biological action may perpetuate fibrous tissue deposition in the liver
matrix, resulting in the progression of fibrogenesis.

Type VI collagen receptor as target for anti-fibrotic drugs: The
perisinusoidal HSCs are the principal ECM producing cells of the

liver. HSCs become activated in response to fibrogenic stimuli and
produce increased amounts of ECM, particularly fibrillar collagens
and possibly the filamentous collagen VI. Therefore, collagen VI
cell surface receptors expressed on HSCs are attractive targets for
anti-fibrotic agents. Because the cyclic octapeptide C*GRGDSPC*,
containing the RGD sequence Arg-Gly-Asp, specifically binds to
mesenchymal cells via type VI collagen receptors [5], it was used to
design a specific carrier targeting HSCs in the liver. To that effect,
the cyclic peptide was covalently coupled to human serum albumin
(HSA), yielding pCVI-HSA [67]. The distribution of pCVI-HSA
in normal and in bile duct ligation-induced fibrotic rat livers was
evaluated. There was a preferential distribution of pCVI-HSA to the
control normal livers and the fibrotic livers (62-75 % of the total dose)
at 10 minutes after an intravenous injection. Immunohistochemical
analysis revealed that 73% of the injected dose of pCVI-HSA
predominantly localized to HSCs in the fibrotic liver. Importantly,
in vitro studies showed that pCVI-HSA specifically bound to culture-
activated HSCs and was internalized by these cells. Therefore, pCVI-
HSA targeting activation-induced cell receptors may be employed as a
carrier to deliver anti-fibrotic agents or drugs to HSCs to enhance the
effectiveness and tissue selectivity of these factors against fibrogenesis.
These findings highlight the involvement of HSC-associated collagen
VI receptors in the pathogenesis of liver fibrosis.

Type VI collagen in fibrotic disease

Collagen VI is up-regulated in other fibrotic disorders as well,
such as scleroderma, fibrosis of lungs, kidneys, heart and adipose
tissue:

In the skin of scleroderma patients, an increased expression
of a2(VI) collagen mRNA was detected by in situ hybridization,
along with an up-regulation of procollagens I and III mRNA [68].
The cellular source of collagen VI mRNA could be localized to a
subpopulation of fibroblasts in the dermis.

Collagen VI is present in the vascular and bronchial walls, and in
the interstitial space of normal human lung biopsies [69]. Collagen
VImRNA expression is higher in lung biopsies with fibrotic changes,
but the levels of expression appear not to be related to the etiologies
of fibrosis. Using in situ hybridization, mRNAs for al(VI) and a3(VI)
were detected in ECM-producing myofibroblasts. Furthermore,
collagen VT appears to co-distribute with collagen III in the early
stage of lung fibrosis, but with collagen I in the later fibrotic stages.

Enhanced immunostaining of the kidney glomeruli for collagen
VI was observed in renal fibrosis associated with the progression of
diabetic glomerulosclerosis toward nodular formation [70]. There
was an increased collagen VI staining in the renal fibrotic interstitium
concomitant with an increased appearance of myofibroblasts, the
likely cellular source of collagen V1.

Although collagen VI is a minor collagen type in the adult heart,
its levels are significantly elevated in both hypertension and diabetes,
conditions in which cardiac fibrosis is present and often progressive
[71]. Furthermore, cardiac interstitial fibrosis and dysfunction
related to hypertrophic cardiomyopathy are positively correlated
with increased levels of collagen VI [72]. In cardiac post-infarction
remodeling, collagen VI level increases in the infracted myocardium
concurrent with an enhanced differentiation of cardiac fibroblasts
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to myofibroblasts, linking myofibroblast differentiation to collagen
VI production [73]. Interestingly, culturing cardiac fibroblasts on
collagen VI substrates induces myofibroblast differentiation but not
culture on collagens I and III.

Clinically, obese human adipose tissue discloses large areas of
fibrosis containing increased deposition of collagen VI accompanied
by inflammatory infiltrate of activated macrophages [51].
Endotrophin, the C-terminal cleaved product of collagen a3(VI)
chain, has been identified as an adipokine with potent tumor-
promoting effects [49]. Recently, investigation using endotrophin-
over expressing transgenic mice consuming a high-fat diet, Sun et
al. [74] found that endotrophin exerts a local effect on histogenesis
of fibrosis in adipose tissue, leading to a systemic elevation of pro-
inflammatory cytokines and insulin resistance in many other
tissues. Blocking endotrophin with a neutralizing antibody reduces
these adverse effects, emphasizing that endotrophin is a potential
therapeutic target.

Conclusion and Future Direction

The structure of type VI collagen has largely been determined
since its discovery thirty-one years ago, and significant advances are
being made in the fields of collagen VI-related muscular disorders,
mammary carcinogenesis, and fibrotic disease (in particular adipose
tissue fibrosis and liver fibrosis). There are clinical data pointing to
collagen VI as a marker indicative of early hepatic fibrotic changes
in alcoholic patients. Experimental data demonstrate that the
collagen VT receptor expressed on HSCs offers a selective target for
anti-fibrotic agents, but this area has so far been under studied. The
CO6-MMP ELISA for quantifying collagen VI turnover in early
fibrotic stages appears to be promising, but its value as a biomarker in
patients remains to be determined. Study using collagen VI-knockout
mice in conjunction with induction of fibrosis—by CCI, treatment
or bile duct ligation—could help determine whether collagen VI
plays a role in liver fibrogenesis. Moreover, the knockout mice could
provide a source of collagen VI-deficient HSC isolates for cell culture
experiments to understand the mechanism of action of collagen
VI in fibrogenesis. Finally, immunohistochemistry in conjunction
with immunoelectron microscopy or in situ hybridization for gene
expression analysis are valuable tools for assessing collagen VI
expression in normal or diseased human liver biopsies.
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