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Abstract
Collagens are abundant proteins in higher organisms, and are formed by a complex biosynthetic
pathway involving intracellular and extracellular post-translational modifications. Starting from
simple soluble precursors, this interesting pathway produces insoluble functional fibrillar and non-
fibrillar elements of the extracellular matrix. The present review highlights recent progress and new
insights into biological regulation of extracellular procollagen processing, and some novel functions
of byproducts of these extracellular enzymatic transformations. These findings underscore the notion
that released pro-peptides and other proteolytic products of extracellular matrix proteins have
important biological functions, and that structural proteins are multifunctional. An emerging concept
is that a dynamic interplay exists between extracellular products and byproducts with cells that helps
to maintain normal cellular phenotypes and tissue integrity.

The biosynthesis of collagen proteins includes the formation of mRNA/ribosome complexes
bound to the endoplasmic reticulum, fully consistent with the normal secretory pathway. Once
in the lumen of the endoplasmic reticulum, procollagen chains undergo proline and lysine
hydroxylation of some residues by prolyl-3-hydroxylase, prolyl-4-hydroxylase; and by lysyl
hydroxylases encoded by three related genes producing four proteins due to alternative splicing
[Walker et al., 2005]. The intracellular modifications of proline and lysine hydroxylation are
unique to collagens and require ascorbate, iron, and 2-oxo-glutarate. Hydroxylation of proline
and lysine residues occurs before triple helix formation and hydroxyproline is critical for
ultimate stabilization of the helical structure of triple helical procollagens. Prolyl 4-hydroxlase
is a multifunctional enzyme, and has protein disulfide isomerase (PDI) activity [Pihlajaniemi
et al., 1987]. PDI activity may aid in collagen triple helix formation in the endoplasmic
reticulum, as initial chain association depends upon correct disulfide formation in the C-
propeptide region of procollagens I – III [Noiva and Lennarz, 1992]. Lysyl hydroxylase family
members, respectively, favor either helical or non-helical regions of procollagen polypeptide
chains as substrates [Mercer et al., 2003; Pornprasertsuk et al., 2004; van der Slot et al.,
2003]. Hydroxylysine residues, in addition, undergo glycosylation of some of the
hydroxylysine residues by galactosyl transferase and galactosylhydroxylysysl glucosyl
transferase. This glycosylation is distinct from O- and N-glycosylation that occurs on most
other proteins, and is another unique posttranslational modification of collagen precursors.
Recent findings show that the lysyl hydroxylase 3 isoform has hydroxylysyl
galacosylytransferase and hydroxylysylglycosyl transferase activity, indicating that this
enzyme, like prolyl-4-hydroxylase, is multifunctional [Heikkinen et al., 2000; Wang et al.,
2002a; Wang et al., 2002b].

Triple helical procollagen containing the proline and lysine modifications described above is
next secreted into the extracellular environment, possibly as small aggregates of procollagen
triple helical units [Fleischmajer et al., 1987; Fleischmajer et al., 1988]. There are now
indications that the intracellular trafficking from the endoplasmic reticulum to ultimate
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secretion may have some unique features, as recently reviewed [Canty and Kadler, 2005]. Once
in the extracellular environment, further modifications occur that ultimately lead to deposition
and cross-linking required for normal extracellular matrix formation. It is these extracellular
modifications that are the primary focus of the present review.

Extracellular events and biological control of collagen deposition
The notion that extracellular steps in the collagen biosynthetic pathway could be regulated in
biologically significant ways is supported by observations of osteoblasts that differentiate in
vitro. These cultures undergo a well characterized differentiation program in vitro in which the
highest amount of collagen synthesis occurs early, whereas insoluble collagen deposition
occurs primarily at a later stage [Franceschi and Iyer, 1992; Franceschi et al., 1994; Gerstenfeld
et al., 1988; Quarles et al., 1992; Stein et al., 1996]. An example of this phenomenon is shown
in Figure 1, where collagen mRNA levels are very high early in the life of these cultures and
then diminishes, while collagen deposition is initially low and increases with time. Similarly,
TGF-β1 increases collagen deposition in osteoblasts to a greater degree than collagen synthesis
without significantly affecting proteolytic activity [Centrella et al., 1992]. This suggests that
extracellular biosynthetic enzymes could be up-regulated by this growth factor. TNF-α
decreases collagen deposition without significantly diminishing collagen synthesis [Panagakos
et al., 1994; Pischon et al., 2004], and could down-regulate collagen processing activities. In
addition, connective tissue growth factor (CCN2/CTGF) stimulates collagen deposition
without effect on collagen mRNA levels in gingival fibroblasts [Hong et al., 1999]. These
observations suggest that certain differentiating cell types and certain cytokines could regulate
collagen deposition by a mechanism that includes control of extracellular biosynthetic
activities.

Procollagen pro-peptide processing
Secreted procollagens have C-terminal and N-terminal non-helical pro-peptides that are
removed in the extracellular environment by specific enzymes [Prockop et al., 1998]. A major
consequence of pro-peptide removal is diminished solubility of the resulting tropocollagen
[Prockop and Kivirikko, 1995], thus facilitating higher order fibril assembly made up of triple
helical tropocollagen units organized in the characteristic quarter stagger array that has been
visualized by electron microscopy [Mould et al., 1990].

Removal of the C-terminal pro-peptides of fibrillar pro-collagens including types I, II, and III
is accomplished by procollagen C-proteinases (PCP’s) [Kessler and Goldberg, 1978]. Removal
of C-terminal pro-peptides is more efficient than removal of N-terminal propeptides, and is
critical for the assembly of collagen fibrils [Kadler et al., 1987]. PCP’s are zinc
metalloproteinases and are members of the astacin family of enzymes. They are products of
the Bmp1 gene and the structurally related genes mTll1 and mTll2 [Kessler et al., 1996; Li et
al., 1996; Scott et al., 1999]. It is of considerable interest that procollagen C-proteinases process
several other extracellular matrix pro-proteins [Amano et al., 2000; Colombo et al., 2003;
Imamura et al., 1998; Kessler et al., 2001; Scott et al., 2000; Steiglitz et al., 2004; Wolfman et
al., 2003], including the secreted proenzyme form of lysyl oxidase [Cronshaw et al., 1995;
Panchenko et al., 1996; Uzel et al., 2001], the final extracellular enzyme that contributes to the
biosynthesis of mature collagens [Kagan, 1986; Kagan and Trackman, 1991]. The processing
of fibrillar procollagens by procollagen C-proteinases is highly stimulated by another
extracellular protein family, the procollagen C-proteinase enhancers (PCPE’s) [Adar et al.,
1986; Steiglitz et al., 2002; Takahara et al., 1994]. PCPE’s bind to procollagens and induce a
conformational change, and thereby facilitate proteolytic processing by PCP’s [Adar et al.,
1986; Ricard-Blum et al., 2002; Steiglitz et al., 2002]. PCPE may be specific for fibrillar
collagens, and CUB domains in PCPE bind triple helical regions of procollagens [Ricard-Blum
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et al., 2002]; [Steiglitz et al., 2002]. PCPE’s are encoded by two genes, Pcolce1 and 2 that have
structural similarity and activity, though Pcolce2 is less widely expressed. It can be appreciated
from this information that removal of C-terminal pro-peptides from secreted procollagens
requires the collaboration of at least three extracellular proteins, procollagen polypeptides,
PCPE, and procollagen C-proteinases. Given that procollagen C-proteinases themselves are
produced as pro-enzymes activated by proteolytic processing [Leighton and Kadler, 2003], it
is clear that still additional enzymatic processes contribute to this process. As indicated below,
it is likely that cell surface proteins including integrins are required to help orchestrate and
coordinate extracellular collagen processing and deposition.

Removal of N-terminal pro-peptides from secreted fibrillar procollagens is accomplished by
members of the ADAMTS family of proteases (a disintegrin and metalloproteinase with
thrombospondin type I repeats) [Colige et al., 2002]. There is tissue specificity of expression
of these enzymes. ADAMTS-3 is the principal cartilage and type II procollagen N-proteinase
[Fernandes et al., 2001]; whereas ADAMTS-2 and -14 are more important in skin and other
tissues [Colige et al., 2002]. All three enzymes process procollagen types I, II and III in vitro
[Colige et al., 2002; Fernandes et al., 2001; Wang et al., 2003]. Genetic deficiency of
ADAMTS-2 leads to Ehlers-Danlos Syndrome Type VII C in humans, and was first seen in
animals as dermatosparaxis [Colige et al., 1999]. Collagen fibril formation is abnormal and is
known as hieroglyphic in appearance in transmission electron micrographs. Affected
individuals have weak skin, joints, blood vessels, and ligaments [Malfait et al., 2004] but
generally normal cartilage [Fernandes et al., 2001]. A certain degree of normal retention of
procollagen N-pro-peptides occurs in a tissue specific manner, and reports indicate that retained
procollagen N-propeptide inhibits lateral fibril growth [Fleischmajer et al., 1987; Fleischmajer
et al., 1988; Silver et al., 2003].

Collagen cross-linking; last but not least
Collagens must be cross-linked to exhibit the normal physical properties of tensile strength.
This understanding stems from observations made in early recorded history including those by
Hippocrates himself as previously reviewed [Siegel, 1979]. Sheep that grazed on a certain type
of sweet pea exhibited abnormalities including aortic aneurism, skin abnormalities, bone and
joint weakness. These findings were reproduced in laboratory animals fed a diet rich in
Lathyrus oderatus peas [Geiger et al., 1933], and the condition became known as
osteolathyrism. The active agent in Lathyrus oderatus peas that causes osteolathyrism was
identified as β-aminopropionitrile (BAPN) [McKay et al., 1954]. In 1961 it was understood
that BAPN inhibited collagen and elastin cross-linking in some way [Martin et al., 1961]; and
Pinnell and Martin later reported that BAPN inhibited an enzyme that catalyzed oxidative
deamination of lysine residues in elastin, and named it lysyl oxidase [Pinnell and Martin,
1968]. This enzyme activity was shown to oxidize collagen substrates as well [Siegel and
Martin, 1970]. As reviewed previously [Kagan, 1986; Kagan and Trackman, 1991], lysyl
oxidase catalyzes the final enzymatic step required for collagen cross-linking, generating
peptidyl-δ -hydroxy-α -aminoadipic-δ -semialdehyde and peptidyl-α -aminoadipic-δ -
semialdehyde from hydroxylysine and lysine residues, respectively. These aldehydes then
spontaneously react with other aldehydes or unmodified lysine and hydroxylysine residues to
form a variety of intra- and intermolecular cross-links found in collagens and elastin. Lysyl
oxidase is a copper-dependent amine oxidase [Kagan, 1986]. It is secreted from fibrogenic
cells as a pro-enzyme that appears to have little or no enzyme activity, and is processed in the
extracellular environment to produce the active 32 kDa enzyme and an 18 kDa propeptide
[Trackman et al., 1992].

Four additional lysyl oxidase genes have since been identified [Ito et al., 2001; Jourdan-Le
Saux et al., 1999; Kenyon et al., 1993; Kim et al., 1995; Maki and Kivirikko, 2001; Maki et
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al., 2001], and are now known as lysyl oxidase like 1 – 4 (LOXL1 – 4). These proteins have
significant sequence identity with mature lysyl oxidase, but have no similarity to the pro-
peptide region of lysyl oxidase [Csiszar, 2001]. Relatively little is known regarding the
substrate specificity of LOXL-1 – 4, except that LOXL-1 oxidizes an elastin rich substrate
[Borel et al., 2001], and LOXL-1 null animals survive and have abnormalities principally in
elastin rich tissues [Liu et al., 2004]. By contrast, lysyl oxidase null animals die late in gestation
or soon after birth and exhibit a wide range of connective tissue abnormalities [Hornstra et al.,
2003; Maki et al., 2002]. LOXL-4 oxidizes a collagen-rich substrate and does not require
proteolytic processing [Ito et al., 2001]. Like lysyl oxidase, LOXL-1 and LOXL-4 are inhibited
by BAPN [Borel et al., 2001; Ito et al., 2001]. As noted, relatively little is known regarding
the substrate specificity of LOXL1-4. This is due in part to the fact that reported recombinant
bacterial expression systems for all lysyl oxidases have generally failed to reproducibly yield
active enzymes [Di Donato et al., 1997; Jung et al., 2003; Kim et al., 2003; Ouzzine et al.,
1996].

A remarkable finding is that secreted pro-lysyl oxidase is processed by procollagen C-
proteinases [Panchenko et al., 1996; Uzel et al., 2001], the same enzymes that remove the C-
terminal pro-peptides from procollagens I, II, and III [Kessler et al., 1996; Prockop et al.,
1998]. This finding raised the interesting possibility that procollagen C-proteinases could serve
as a regulatory switch to either promote or inhibit collagen processing and deposition.
Procollagen C-proteinases are considered as therapeutic targets in the development of anti-
fibrosis drugs as they potentially could interfere both with procollagen processing, and collagen
cross-linking and interfere with extracellular matrix formation and development of fibrosis
[Pischon et al., 2005; Prockop and Kivirikko, 1995].

Cellular control of collagen deposition
Control of expression and activation of extracellular collagen processing activities alone cannot
fully explain fine tuning of the extracellular matrix deposition in different tissues, although
removal of the C-propeptides of fibrillar procollagens is absolutely required for normal
collagen deposition and fibril growth [Silver et al., 2003]. It is now appreciated that cells and
cell surface proteins and a variety of extracellular proteins, glycosaminoglycans, and
proteoglycans contribute in significant ways to the control of extracellular matrix deposition
and organization, and to the control of collagen deposition in particular [Canty and Kadler,
2005]. For example, a pre-existing fibronectin network in the extracellular matrix has been
shown to collaborate with α 11β1 and α 2β1 integrins to promote the efficient deposition of
type III and type I collagens by mouse fibroblasts [Velling et al., 2002]. It is interesting that
type V collagen is required for normal type I collagen fibril formation [Wenstrup et al.,
2004], and that type V collagen itself is processed by BMP-1, a procollagen C-proteinase
[Imamura et al., 1998; Kessler et al., 2001]. Additional extracellular matrix elements bind to
collagens and contribute to regulation of fibril formation, diameter and uniformity. For example
thrombospondins bind to collagens and affect organization and turnover of collagen fibers
[Narouz-Ott et al., 2000]. Small leucine rich proteoglycans (SLRP’s) bind to collagens and
control fibril diameter and length, and disruption of these interactions results in dramatic
connective tissue abnormalities in vivo [Corsi et al., 2002]. Additional non-collagenous
proteins influence collagen fibril assembly, and regulation of expression or turnover of these
proteins potentially could have important effects on collagen deposition [Cronshaw et al.,
1993].

Procollagen C-proteinase and lysyl oxidase as biological control points
As noted, cultured differentiating osteoblasts, and osteoblasts treated with TNF-α , or TGF-
β1, deposit insoluble collagen in amounts that diverge from direct regulation of pro-collagen
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gene expression and procollagen protein synthesis. Recent studies have investigated the
mechanism of some of these findings. First, five osteosarcoma cell lines that differed in their
ability to deposit a mineralized collagenous bone-like extracellular matrix were studied in order
to gain information related to the regulation of collagen deposition by osteoblastic cells [Uzel
et al., 2000]. Two clones that produced collagen and BMP-1 and lysyl oxidase activity were
the best producers of insoluble collagen, as expected. One of these clones (K14) appears to
have produced lysyl oxidase activity principally from one of the relatives of lysyl oxidase, as
lower levels of lysyl oxidase mRNA expression and protein and relatively high lysyl oxidase
activity were found. Remaining clones produced little type I collagen and did not deposit
collagen to any significant degree. The most important finding of this study is that one or more
lysyl oxidase like genes could potentially contribute to collagen deposition by osteoblastic cells
[Uzel et al., 2000]. A complication of this study is that cells used were osteosarcoma-derived
cell lines, and lysyl oxidase itself is known to be down-regulated in many tumor cells and cell
lines [Contente et al., 1990; Kenyon et al., 1991; Kuivaniemi et al., 1986]. Thus, low lysyl
oxidase expression in some of these cell lines may well have been due to the transformed cell
phenotype, rather than being reflective of gene expression patterns in normal osteoblasts.

Phenotypically normal differentiating osteoblasts were, therefore, then studied to assess the
regulation of BMP-1 mRNA levels, lysyl oxidase activity and mRNA levels, and collagen
protein deposition and mRNA levels [Hong et al., 2004]. The objective of this study was to
investigate regulation of these genes and proteins as a function of time in culture as cells
progressed through the well known developmental pattern of normal osteoblast development
in vitro. Data showed that BMP-1 mRNA levels were constant throughout the entire
experimental period of 18 days, whereas lysyl oxidase mRNA levels increased as cells
differentiated. Collagen mRNA levels were high early, and then dramatically decreased, while
collagen protein deposition increased with time. Most important, the greatest increase in lysyl
oxidase enzyme activity immediately preceded the increased collagen deposition, suggesting
that lysyl oxidase regulation contributes to collagen deposition. Inhibition of lysyl oxidase
enzyme activity with BAPN resulted in accumulation of abnormal collagen fibrils with
increased and less uniform diameter. Thus, lysyl oxidase regulation is important for normal
collagen deposition by osteoblast cultures, and BMP-1 was found to be constitutively expressed
and not regulated as these osteoblasts progressed through their well known differentiation
program [Hong et al., 2004].

As noted, TNF-α decreases collagen deposition by osteoblasts by a mechanism that does not
include inhibition of collagen synthesis. A role for lysyl oxidase as a target of this inflammatory
cytokine was recently investigated. TNF-α treatment of phenotypically normal osteoblast
cultures resulted in no change in collagen mRNA levels or collagen synthesis, but collagen
cross-linking and lysyl oxidase mRNA, protein, and enzyme activity were all decreased
[Pischon et al., 2004]. BMP-1 and PCPE were not regulated by TNF-α.

Taken together, these data summarized above support the idea that lysyl oxidase is regulated
as osteoblasts differentiate, and that this regulation contributes to normal collagen deposition
[Hong et al., 2004]. In addition, inhibition of lysyl oxidase production by the pro-inflammatory
cytokine TNF-α inhibits normal collagen deposition and cross-linking without inhibiting
collagen synthesis [Pischon et al., 2004]. It is interesting that BMP-1 was not regulated in
untreated differentiating osteoblasts or by TNF-α treated cultures. TNF-α is elevated in
osteoporosis and in diabetes, and both pathologies result in osteopenic bone [Pischon et al.,
2004]. Thus, down-regulation of lysyl oxidase by TNF-α in osteoblasts, if verified in vivo,
could be physiologically significant and related to these pathologies.

Procollagen C-proteinase acts to process both lysyl oxidase and pro-collagens. In order to
determine whether inhibition of procollagen C-proteinases with a small molecule inhibitor
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could result in diminished lysyl oxidase activation, and collagen processing and deposition,
we treated differentiating osteoblast cultures with a small molecule BMP-1 inhibitor [Pischon
et al., 2005]. This inhibitor was effective in reducing lysyl oxidase processing and activation
by about 50%. pC-α 1 collagen was detected by Western blots in media samples from inhibitor
treated cultures, indicating that pro-collagen processing was inhibited. Accumulation of mature
collagen cross-links was not affected, however, but a small increase and non-uniformity of
collagen fibril diameter was observed in inhibitor treated cultures [Pischon et al., 2005]. Thus,
BMP-1 inhibitor was partially effective in perturbing lysyl oxidase activation and collagen
deposition, but effects were surprisingly modest. We speculate that inhibitors may not have
full access to procollagen C-proteinases because these enzymes may be sequestered and
inaccessible. These observations may be consistent with the finding of partially processed
collagens in vesicles near the cell surface, suggesting that some proteolytic propeptide
processing could occur in a protected environment before full extracellular release of
procollagens [Canty and Kadler, 2005]. This possibility raises interesting questions regarding
whether procollagen and its processing enzymes share the same secretory pathways and
vesicles, and where initial processing events occur and how they are controlled. Recent EM
studies of tendon cells that deposit collagen fibrils have shown some fibrils sequestered in
membranes near the cell surface. A cell surface “fibropositor” structure has been proposed that
may coordinate fibril formation in a partially protected environment allowing for cellular
control of collagen deposition that may sometimes also include procollagen C-proteinase
processing of procollagens [Canty and Kadler, 2005].

The apparent constitutive expression of BMP-1 in developing osteoblast cultures is interesting
and was initially somewhat surprising. Because procollagen C-proteinases process both
procollagens and lysyl oxidase, it seemed to be ideally suited as a biological control point for
the regulation of extracellular collagen deposition and the presence of a generally fibrogenic
or generally resorptive phenotype [Prockop and Kivirikko, 1995]. However, and as noted
above, it has become clear that that in addition to collagen types I, II, and III, BMP-1 processes
a wide variety of extracellular matrix pro-proteins, most notably lysyl oxidase [Panchenko et
al., 1996; Uzel et al., 2001], type V collagen [Imamura et al., 1998; Kessler et al., 2001], laminin
5 [Amano et al., 2000], probiglycan [Scott et al., 2000], type VII collagen [Colombo et al.,
2003], and dentin matrix protein [Steiglitz et al., 2004]. We speculate that because BMP-1 has
such a wide portfolio if important substrates, that control of processing and maturation of
extracellular matrix elements is better controlled by regulating each component individually.
This permits context-specific regulation of a wide variety of extracellular matrix elements that
would not be possible if BMP-1 were a primary control point [Hong et al., 2004].

Biological Functions of Released Pro-peptides
It has been appreciated for some time that released collagen pro-peptides have biological
functions. As proteins, these “peptides” are significant in size and have interesting structural
properties; and therefore it should be not be a surprise that they have functions. For example,
the carboxy-propeptides of type I collagen are cross-linked via disulfide bonds, and once
released by procollagen C-proteinase activity the released entity is a non-helical 120 kDa
protein made up of three polypeptide chains. This product is a prominent protein in osteoblastic
culture media, and has shown to be chemotactic for endothelial cells [Palmieri et al., 2000].
This is likely to be a biologically significant activity, as endochondral bone formation requires
vascularization of cartilage to initiate bone formation. Similarly, this released pro-peptide
promotes osteoblast cell attachment [Mizuno et al., 1996], inhibits pro-collagen synthesis
[Mizuno et al., 2000b], but stimulates the effect of TGF-β on MC3T3-E1 osteoblasts [Mizuno
et al., 2000a]. The C-propeptide of type II collagen was found to be the same protein as
chodrocalcin [Van der Rest et al., 1986], a basic calcium binding cartilage protein that
stimulates mineralization of calcifying cartilage [Poole et al., 1984]. Chondrocalcin binds to
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other extracellular matrix proteins, suggesting that it may have additional functions in the
extracellular matrix [Kirsch and Pfaffle, 1992]. Another well known collagen-derived fragment
is endostatin released by elastase or cathepsin L from the C-terminal non-collagenous domain
(NC1 domain) of type VXIII collagen [O’Reilly et al., 1997; Zatterstrom et al., 2000]. This
and other collagen fragments are angiogenesis inhibitors [Marneros and Olsen, 2001] including
the C-terminal non-collagenous region of type XV collagen [Sasaki et al., 2000]. Both products
are downstream of a non-collagenous trimerization domain, followed by a non-helical protease
sensitive domain, and are released following proteolysis that occurs in the sensitive domain
[Kuo et al., 2001; Sasaki et al., 2000; Zatterstrom et al., 2000]. Similarly, the released NC1
domain of α 3 type IV collagen inhibits angiogenesis and is known as tumistatin [Sudhakar et
al., 2003].

Recently our laboratory has reported that the N-terminal pro-peptide of lysyl oxidase, released
from pro-lysyl oxidase by procollagen C-proteinase, promotes the normal phenotype of cells
[Palamakumbura et al., 2004], and may be largely responsible for the tumor suppressor activity
of lysyl oxidase [Contente et al., 1990; Kenyon et al., 1991]. This peptide is an arginine-rich
but lysine-free 18 kDa protein and is unusually basic with an isoelectric point of 12. The tumor
suppressor activity of lysyl oxidase originally identified by Friedman and co-workers [Contente
et al., 1990] appears to be largely explained by the ability of the pro-peptide region to inhibit
NF-κ B activation that is elevated in tumor cells in which Ras is elevated [Jeay et al., 2003;
Palamakumbura et al., 2004]. The mechanisms by which the lysyl oxidase pro-peptide inhibits
the ras-dependent activation of NF- κB are actively under investigation. Additional ongoing
studies in our laboratory indicate that the lysyl oxidase propeptide helps to control the
phenotype of normal osteoblasts as well. The propeptide appears to inhibit osteoblast
proliferation and delays differentiation.

PCPE has been found to have tumor suppressor activity. Disruption of the PCPE gene in Rat2
cells resulted in transformation, whereas reconstitution of the functional PCPE gene restored
a normal phenotype [Matsuda et al., 1992]. The mechanism by which PCPE inhibits cell
proliferation and promotes a normal phenotype is not known, though it is has been suggested
that PCPE may be an RNA binding protein that stabilizes collagen and non-collagen mRNA’s
[Matsui et al., 2002]. This idea predicts that PCPE can be an intracellular RNA binding protein.

PCPE undergoes proteolytic processing to release the C-terminal domain known as the netrin
(NTR) like fragment fragment [Mott et al., 2000]. The NTR peptide was thought to inhibit
MMP’s due to its similarity in structure to TIMP’s, but based on more detailed structural studies
it now seems more likely that the NTR fragment could be a serine protease inhibitor, or have
still to be discovered functions [Liepinsh et al., 2003].

Progress has been made in developing an integrated understanding of extracellular matrix
biosynthesis and deposition that includes analyses of extracellular enzymatic and non-
enzymatically driven processes. In the context of understanding the regulation of collagen
deposition, additional information is still needed regarding the role of varying efficiencies of
C- and N-terminal propeptide removal and the regulation of pro-collagen C- and N-proteinases
in different tissues and biological contexts. In addition, further studies are needed regarding
cellular control of collagen deposition, and the identity and roles of non-collagenous proteins
that control collagen fibril formation and maintenance in different tissues, and perturbations
of these interactions in diseases. Further insights into the fate and functions of pro-peptides
and other released proteolytic fragments derived from extracellular matrix proteins formed in
the course of extracellular matrix biosynthesis promise to further enlighten our understanding
of the intimate interactions that occur between cells, and the dynamic processes of extracellular
matrix biosynthesis.
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Figure 1.
Relationship between collagen mRNA levels and cell layer collagen protein accumulation in
differentiating osteoblasts. MC3T3-E1 pre-osteoblasts were cultured in differentiation medium
[Hong et al., 2004], and RNA isolated at intervals. Cell layer collagen based on cell layer
hydroxyproline measurements were determined from separate cultures grown at the same time.
▪, α 1-type I collagen mRNA levels determined by Northern blotting and densitometry
normalized to 18S rRNA, ▴, cell layer collagen based on hydroxyproline measurements as
described [Hong et al., 2004].
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