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Type | fibrillar collagen is the most abundant protein in the human
body, crucial for the formation and strength of bones, skin, and
tendon. Proteolytic enzymes are essential for initiation of the
assembly of collagen fibrils by cleaving off the propeptides. We
report that Mep7a™~ and Mep1b~'~ mice revealed lower amounts
of mature collagen | compared with WT mice and exhibited signif-
icantly reduced collagen deposition in skin, along with markedly
decreased tissue tensile strength. While exploring the mechanism
of this phenotype, we found that cleavage of full-length human
procollagen | heterotrimers by either meprin o or meprin § led to
the generation of mature collagen molecules that spontaneously
assembled into collagen fibrils. Thus, meprin « and meprin § are
unique in their ability to process and release both C- and N-propep-
tides from type | procollagen in vitro and in vivo and contribute to
the integrity of connective tissue in skin, with consequent implica-
tions for inherited connective tissue disorders.

proteolysis | Ehlers-Danlos syndrome | proteomics | fibrosis |
connective tissue

ollagens are the major components of the extracellular ma-

trix (ECM) responsible for tensile strength and stability of
connective tissues. Fibril-forming collagens, such as types I, I,
and III, are secreted into the ECM as precursor molecules,
known as procollagens, that require enzymatic removal of the C-
and N-propeptides, an essential step in collagen fibril assembly
(1-6). The N-propeptides of procollagen I are cleaved by a dis-
integrin and metalloproteinase with thrombospondin motifs
(ADAMTYS)-2, -3, and -14, whereas excision of the C-propeptide
is performed by bone morphogenetic protein-1 (BMP-1) and
related tolloid-like proteinases (1, 7-11).

As deduced from its known substrates, BMP-1 prefers an
aspartic acid residue at the P1’ position (1, 8, 12). Notably, this
specificity for negatively charged amino acid residues in the P1’
site is also characteristic of two other members of the astacin
family, meprin o and meprin p (13). Meprin proteases are
expressed in a range of tissues, where they activate or release
growth factors and other biologically active peptides, and are
involved in immunological and neuropathological processes,
angiogenesis, and matrix remodeling (14-20).

Regulation of ECM remodeling relies on complex molecular
interactions and is a key event in many physiological conditions.
Defects in the processing of type I procollagen into its mature,
fibril-forming form result in such disorders as Ehlers-Danlos
syndrome type VII (21). This inherited connective tissue disorder
involves mutations that prevent removal of the N-propeptide of
type I procollagen. Retention of the amino-terminal propeptides
leads to incorporation into the fibril of the partially processed
form pN-collagen, resulting in abnormal connective tissue
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formation (22). A tight balance between synthesis and break-
down of ECM is required for the function of all tissues, and
dysregulation leads to pathophysiological events, such as arthri-
tis, cancer, atherosclerosis, aneurysms, and fibrosis (23-34).

We previously reported that both meprin « and meprin f§ are
expressed in human dermal fibroblasts and are overexpressed in
skin fibrosis, such as keloids (35). In addition, meprins are known
to release C- and N-propeptides from type III procollagen in vitro,
where the C-propeptide is cleaved at exactly the same site and even
more efficiently than the procollagen C-proteinase (PCP) BMP-1.
Here we report that meprin a and meprin p are both C- and N-
proteinases for type I procollagen in vitro and in vivo and are
important for the maintenance of connective tissue integrity in skin.

Results

Meprin « and Meprin p Release C- and N-Propeptides from
Heterotrimeric Human Procollagen | and Miniprocollagen a1(l)
Homotrimers in Vitro. We measured the procollagen proteinase
activity of meprin o and meprin f using human recombinant
procollagen I heterotrimer as the substrate (Fig. 14). Procollagen
was incubated with meprin o or meprin B, and time-dependent
processing was analyzed by Western blotting with specific
antibodies raised against procollagen al(I) C-propeptide,
N-propeptide, or C-telopeptide. As a control, procollagen I was
also processed with recombinant BMP-1 in the presence of pro-
collagen C-proteinase enhancer (PCPE)-1, which is known to
stimulate BMP-1 proteinase activity on fibrillar procollagen (9).
As expected, BMP-1 generated pN-collagen by removing the
C-propeptides but not the N-propeptides, corresponding to its
PCP activity (Fig. 1B). Interestingly, meprin a and meprin § were
able to remove both the C-propeptides and the N-propeptides,
thereby releasing mature collagen I (Fig. 1B). Clearly, the mat-
uration of procollagen I is more efficient by meprin p compared
with meprin a, resulting in full conversion of procollagen after 30
min. Incubation with meprin o not only resulted in release of the
full C-propeptides, but also indicated a second cleavage event
further C-terminal within the globular propetide. Similarly, this in
vitro procollagen C- and N-proteinase activity of meprin o and
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Fig. 1. Cleavage of type | procollagen by meprin o and meprin B. (A)
Schematic of the type | procollagen molecule consisting of an N-terminal
propeptide (NP I), the N-telopeptide (N-telo), the triple helical region, the C-
telopeptide (C-telo), and the C-terminal propeptide (CP I). (B) Cleavage of
recombinant procollagen heterotrimer by BMP-1, meprin «, and meprin .
Here, 40 nM procollagen | was incubated with each 0.3 nM BMP-1 and PCPE-
1 (40 nM), meprin «, or meprin p in a total volume of 50 pL for 1, 10, 30, and
90 min at 37 °Cin assay buffer. Subsequently, samples were analyzed by SDS/
PAGE (10% wt/vol polyacrylamide) under reducing conditions, followed by
Western blotting using anti-collagen «1(l) C-propeptide antibody (anti-
a1Cp), anti-collagen a1(l) N-propeptide antibody (anti-«1Np), and anti-col-
lagen a1(l) C-telopeptide antibody (anti-a1Ct). Magic Mark XP (Invitrogen)
was used for molecular weight markers. (C) Cleavage of procollagen | for
proteomics analysis. Here, 170 pg/mL of recombinant procollagen | hetero-
trimer was processed with 50 nM meprin « or meprin § in a total volume of
30 pL, then analyzed by SDS/PAGE (10% wt/vol polyacrylamide), followed by
staining with Coomassie blue. Arrows indicate cleavage sites analyzed by
proteomics for meprin « («) and meprin B (). Numbers display positions of
amino acids in the full-length protein. (D) C-terminal cleavage site in pro-
collagen «2(l) identified by TAILS. Probability values were calculated with
the iProphet algorithm, with high confidence in spectrum-to-peptide
assignments. Abundance ratios of meprin a- or meprin p-treated cells vs.
untreated control cells (ctrl) >15 identify meprin-generated neo-N-termini as
high-confidence cleavage products. Sequences are given in one-letter code;
detailed information is available elsewhere (36).

meprin  could be observed using a miniprocollagen al(I)
homotrimer (Fig. S1).

LC-MS-based identification of the cleavage sites in full-length
procollagen ol(I) revealed C-terminal cleavage by meprin o and
meprin B at position Alal218/Asp1219 (Fig. 1C). Proteomic
analyses of the released C-propeptides revealed cleavage at
positions Argl227/Asp1228 and Tyr1108/Asp1109 in the pro-
collagen al(I) and o2(I) chains, respectively (Fig. 1C and Fig.
S2). Interestingly, the cleavage site at Tyr1108/Asp1109 in pro-
collagen o2(I) was previously identified in cell culture using an
MS-based approach, terminal amine isotopic labeling of substrates
(TAILS) (Fig. 1D) (36). In addition, N-terminal sequencing of the
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C-propeptide from homotrimeric miniprocollagen al(I) released
after incubation with meprin p confirmed the cleavage site at po-
sition Argl227/Asp1228 (Fig. S14). We further identified the
meprin o and meprin p cleavage sites in the N-propeptides of the
procollagen a1(I) and a2(I) chains at positions Tyr166/Asp167 and
Tyr81/Asp82, respectively (Fig. 1C and Fig. S2).

Meprins Trigger Collagen Fibril Formation in Vitro. Removal of the
globular C- and N-propeptides is the key step in the formation of
collagen fibrils. Because meprin o and meprin p show both
procollagen C- and N-proteinase activity in vitro, we further
investigated whether they were able to trigger the self-assembly
of mature collagen into fibrils. By electron microscopy after
negative staining, de novo collagen fibril formation could be
observed when heterotrimeric full-length procollagen I was in-
cubated with meprin o or meprin p (Fig. 2). After 60 min, in-
cubation with either meprin a or meprin f led to the assembly of
fibrils, particularly with meprin B, where the characteristic D-
periodicity was apparent (Fig. 24), consistent with the faster
maturation observed by Western blot analysis (Fig. 1B). As
expected, BMP-1 was not able to trigger the self-assembly of
collagen fibrils; it removed the C-propeptides, but not the N-
propeptides, of procollagen I (Figs. 1 and 2 and Fig. S1).

Maturation of Type | Procollagen Is Reduced in Skin and Primary
Fibroblasts from Mep7a™~ and Mep1b~'~ Mice. To determine
whether meprins are procollagen proteinases in vivo, skin biopsy
specimens as, well as cultured primary fibroblasts isolated from
WT, Mepla~ =, and MepIb™~ mice were analyzed by Western
blotting using antibodies against the collagen al(I) C-propeptide
or C-telopeptide. Interestingly, procollagen I _processing was
decreased in the skin of Mepla™~ and Meplb mice (Fig. 3 4
and B), as well as in the corresponding primary fibroblasts (Fig.
S3A). The activity of both procollagen C— and N- protelnase was
affected. Extracts of skin from Mepla™~ and MepIb™~ mice
contained lower amounts of mature collagen I compared with
the WT skin (Fig. 34). In addition, significantly decreased
amounts of C-propeptides were detected in Mepla™~ and
Meplb™~ skin compared with WT, indicating diminished

control
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Fig. 2. De novo fibrillogenesis of type | collagen after cleavage by meprin a
or meprin B. (A) Transmission electron micrographs of negatively stained
collagen fibrils assembled after cleavage of recombinant procollagen type |
heterotrimer by meprin « and meprin f. Here, 100 pg/mL of recombinant
procollagen | was incubated in reaction buffer with either 15 nM BMP-1 (plus
PCPE-1 equimolar to the substrate), meprin «, or meprin f in a total volume of
10 pL at 37 °C for 60 min. Untreated recombinant procollagen | was visualized
as a control. (B) Cartoon summarizing procollagen processing by different
proteases and subsequent assembly of collagen fibrils.
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Fig. 3. In vivo analysis of collagen | maturation, deposition, and mechanical

strength in skin of WT, Mep7a™~, and Mep1b™~ mice. (A) Western blot
analyses of skin lysates from WT, Mep7a™, and Mep1b™~ mice using anti-
bodies against the collagen a1(l) C-propeptide (anti-a1Cp) or C-telopeptide
(anti-a1Ct) with actin as control (anti-actin), demonstrating the proteolytic
processing of procollagen | in vivo. The asterisk indicates cross-linked mature
collagen I. The control (ctrl) was 40 nM human procollagen | heterotrimer
incubated with 0.3 nM meprin o, in a total volume of 50 pL, for 10 min at 37 °
C. (B) Western blot analyses and quantification of cleaved C-propeptides in
skin lysates from WT, MepTa™~, and Mep1b™~ mice using antibodies against
the collagen a1(l) C-propeptide (anti-a1Cp) with actin as the control (anti-
actin). Western blots from skin lysates from each of five WT, Mep7a™~, and
Mep1b™~ mice were quantified using ImageJ 1.47. *P < 0.05; **P < 0.01. (C)
Azan-stained skin cross-sections showing collagen deposition (red arrow) in
the dermis of Mep7a™~ and Mep71b~~ mice compared with the skin of age-
matched WT mice. (Scale bar: 200 um.) (D) Dermal collagen fibrils examined
by transmission electron microscopy. Fibrils in Mep7a™~ and Mep1b™~ skin
cross-sections display a less tightly packed organization (red arrows), whereas
the WT collagen fibrils show the characteristic compact and uniform ar-
rangement. (Scale bar: 1 pm.) (E) Dermal collagen deposition quantified by
light microscopy. The mean thickness of the various biopsy specimens was
obtained by averaging five measurements per section. ***P < 0.001. (F)
Boxplot showing the average diameters (in nanometers) for dermal collagen
fibrils of WT, Mepla™", and Mep1b™~ mice, obtained by measuring 414
fibrils from three WT mice, 598 fibrils from three Mep1a"‘ mice, and 414
fibrils from three Mep1b™~ mice. The 25th percentile is at the bottom of the
box, and the 75th percentile is at the top. The median values are shown as
horizontal lines, indicating the 50th percentile. Whiskers indicate the lowest
datum still within 1.5 interquartile range (IQR) of the lower quartile and the
highest datum still within 1.5 IQR of the upper quartile. Outliers are shown
as open circles. ***P < 0.001. (G) Measurement of the maximum tensile
strength of the skin of Mep7a™~ and Mep1b~'~ mice, showing a significant
decrease compared with the skin of WT mice. ***P < 0.001.

procollagen C-proteinase activity in vivo (Fig. 3B). Increased
levels of full-length type I procollagen were detected in pri-
mary fibroblasts from meprin KO mice, particularly in meprin
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a-deficient cells, whereas it was almost completely processed
in WT cells (Fig. S34).

Lack of Meprin o and Meprin § Leads to Reduced Dermal Collagen
Deposition and Impaired Arrangement of Collagen Fibrils. Owing to
the ability of meprins a and f to generate mature type I collagen,
as well as the decreased procollagen processing seen in the skin of
meprin KO mice, we subsequently analyzed the morphology and
deposition of collagen fibrils in situ. Histological examination of
dorsal skin from mice lacking meprin a and meprin § exhibited
a significantly reduced thickness of the fibrous layer and de-
creased accumulation of dermal collagen compared with WT
mice (Fig. 3 C and E). The dermal collagen layer was ~170 pm
thick in age-matched Mepla™~ mice and 150 pm thick in Mep1b ™~
mice, compared with ~400 pm in WT mice (Fig. 3E). Re-
markably, tissues of Mepla™' mice often ruptured during section
preparation, providing further evidence of abnormalities in
connective tissue formation (Fig. S3B).

To visualize the organization of dermal collagen fibrils, we
analyzed skin sections of WT and KO mice by transmission
electron microscopy. Interestingly, the arrangement of dermal
collagen fibrils in Mepla™~ and Meplb™~ mice was impaired
compared with that in age-matched WT mice. Whereas collagen
fibrils in WT dermis showed a characteristically compact and
uniform arrangement, those in Mepla™~ and Meplb™~ dermis
were often irregularly organized and less tightly packed (Fig.
3D). The average diameter of dermal collagen fibrils was sig-
nificantly smaller in both Mepla™= and MepIb™~ mice com-
pared with WT mice (Fig. 3F and Fig. S4).

Mep1a~~ and Mep1b~'~ Mice Exhibit Reduced Skin Tensile Strength.
Because the deposition and organization of collagen are essential
for the integrity of connective tissue, we used a biomechanical
approach to quantify the maximum tensile strength of the skin
from WT and age-matched meprin KO mice. Remarkably, the
skin of mice lacking meprin a or meprin f exhibited significantly
reduced maximum tensile strength compared with the skin of WT
mice. The dorsal skin of control animals ruptured at ~8.5 N,
whereas the skin of Mepla™~ and Meplb™~ mice ripped apart at
4.5 N and 4.0 N, respectively (Fig. 3G). These data correlate with
the reduced dermal collagen deposition (Fig. 3E) and the disor-
dered organization of the collagen fibrils as a consequence of the
decreased procollagen maturation in the skin of Mepla™~ and
Meplb™' mice.

Altered Expression of Genes Associated with Fibrillar Collagen
Deposition in Skin of MepTa™~ and Mep1b~'~ Mice. To investigate
possible alterations in the expression of genes (84 in total) as-
sociated with connective tissue formation, we used a mouse fi-
brosis PCR array (Fig. 4). Interestingly, expression of Colla2
was ~2.5-fold increased in Mepla™~ mice, but not in Meplb™'~
mice, whereas Col3al was slightly decreased in the skin of both
Mepla™~ and MepIb™'~ animals (Fig. 4 A and B). Fibrillar col-
lagen-degrading enzymes, including the interstitial and neutrophil
collagenases Mmpla, 2, 3, 8, 9, 13, and 14, showed a general
tendency toward decreased gene expression (Fig. 4 4 and C).
This was also observed for Timp (tissue inhibitors of metal-
loproteases) 1 and 3, whereas Timp2 and 4 were significantly
increased in Mepla™" mice, but not in Meplb™'~ mice (Fig. 4 4
and D).

Givg,n that PCP activity is associated with the BMP-1/tolloid-
like proteinases [i.e., BMP-1 itself, its splice variant mammalian
tolloid (mTLD), and mammalian tolloid-like-1 and -2 (mTLL-1
and -2), which were not included in the fibrosis PCR array], we
analyzed the expression of these enzymes in the absence of
meprin o or meprin p by quantitative real-time PCR. In Mepla™~
and Meplb™~ skin, as well as in primary fibroblasts, the mRNA
expression of BMP-1/mTLD was significantly increased com-
pared with the WT control (Fig. 4 E and F). In the skin of KO
animals, we observed an approximately twofold increase of BMP-
1/mTLD expression, which was lower in the Mepla™'~ fibroblasts
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Fig. 4. Regulation of fibrosis-relevant genes in skin of Mepa™~ and Mep1b™~
mice. Relative expression of selected genes in the skin of KO and WT mice. (A-D)
A total of 84 genes were quantified in duplicate from two different animals of
each genotype using a mouse fibrosis PCR array. (A) Color code indicating the
extent of change in KO and WT mice (set as 1.0). (B-D) Details of expression of
genes relevant for collagen assembly. (E and F) Relative expression of BMP-1/
mTLD mRNA in the skin of Mep7a™ and Mep1b™~ mice (E) and in corre-
sponding primary fibroblasts (F) analyzed by quantitative real-time PCR. n = 3.
*P < 0.05; **P < 0.01; ***P < 0.001. Error bars show SD.

but still significant. Interestingly, in the skin of Mepla™~ and
MepIb™~ mice, the mRNA expression of mTLL-1 was down-
regulated to ~25% compared with WT, whereas it was un-
changed in Mepla™~ primary fibroblasts and down-regulated to
2% in Mep1b™'~ primary fibroblasts (Fig. S5 A4 and B). In contrast,
mTLL-2 expression was increased more than twofold in Mepla™~
and MepIb~'~ fibroblasts (Fig. 5C); however, mTLL-2 mRNA was
not detectable in samples of murine skin.

Meprins Cleave Matrix Metalloproteinase 1 and Reduce Its Collagenolytic
Activity in Vitro. Matrix metalloproteinases (MMPs) play a key role
in ECM remodeling and exhibit proteolytic activity against mature
type I collagens (37). In the MS-based approach TAILS, which
enables the identification of native protein substrates in cellulo,
MMP-1 was identified as a substrate for meprin o and meprin p
revealing a cleavage site within the catalytic domain (Fig. 5 4
and B). Because an intact active site is essential for the catalytic
activity of MMP-1, we analyzed whether cleavage by meprins di-
rectly affects MMP-1 collagenolytic activity. MMP-1 is secreted
as a zymogen and requires the removal of its propeptide (38). The
prodomain was displaced from the active site by treatment with
p-aminophenylmercuric acetate (APMA). We investigated differ-
ences in the collagenase activity of MMP-1 cleaved by meprin a

14222 | www.pnas.org/cgi/doi/10.1073/pnas.1305464110

and meprin § compared with the unprocessed enzyme by activity
assays (Fig. 5C). When proMMP-1 was first incubated with meprin
a or meprin B and subsequently activated with APMA, the col-
lagenase activity decreased to 27% and 43%, respectively, of that
of untreated active MMP-1. Even lower activity of approximately
13% was measured when active MMP-1 was processed by meprin
a or meprin p (Fig. 5C).

Discussion

The integrity and stability of connective tissue is regulated
mainly through a balance between collagen assembly and deg-
radation (3). The most abundant fibrillar collagens, types I, 1I,
and III, are synthesized as procollagens with globular C- and N-
terminal propeptides that impede the assembly of the collagen
fibril and must be removed by procollagen C- and N-proteinases

e = meprin o meprin g "
eptide identified cleavage site
pep vs. ctrl vs. ctrl
DAHFDEDER 35.00 17.91 GIGG(193).(194)DAHF

< [

= 100 -

=y

& 9

g :

= ‘g active MMP-1 proMMP-1

o

E

2 ]

= I

Ul e

0

pro active +meprin  +meprin  +meprin  +meprin
MMP-1 MMP-1 a B o B

Fig. 5. Influence of meprin a and meprin p on the collagenolytic activity of
MMP-1. (A) Meprin cleavage site in MMP-1 identified by TAILS. Probability
values were calculated using the iProphet algorithm, with high confidence in
spectrum to peptide assignments. Abundance ratios of meprin o- or meprin
p-treated cells vs. control cells (ctrl) >15 identify meprin-generated neo-N-
termini as high-confidence cleavage products. Sequences are given in one-
letter code; detailed information is available elsewhere (36). (B) Crystal
structure of MMP-1 (Protein Data Bank ID code 2CLT), with the meprin
cleavage site (Asp194 in P1’) identified by TAILS highlighted in red. The
catalytic domain of MMP-1 is in brown, and the hemopexin domain is in
gray. The catalytic zinc in the active site cleft is in orange, complexed by
three histidines (blue) and one aspartate residue (red). The image was pro-
duced using the UCSF Chimera package from the Resource for Biocomput-
ing, Visualization, and Informatics at the University of California San
Francisco (53). (C) Relative activity of MMP-1 with or without meprin o or
meprin f was determined using the fluorogenic peptide MOCAc-Pro-Leu-
Gly-Leu-A2(Dnp)-Ala-Arg-NH,. Proteolytic activity was calculated relative to
the emission at 405 nm with an excitation at 320 nm. When proMMP-1
was first processed with meprin « or meprin p and subsequently activated
with APMA, the collagenase activity decreased to 27% and 43%, re-
spectively, of that in controls. When MMP-1 was first activated with
APMA and further processed with meprin a or meprin B, remaining col-
lagenolytic activity was 13%.
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(PCP and PNP, respectively) (2). It has been demonstrated that
BMP-1/tolloid-like proteinases provide PCP activity in vitro and
in vivo (2). Recently it became clear that astacins, including
meprin o, meprin f, and BMP-1/tolloid-like proteinases, exhibit
a unique family-wide cleavage specificity with negatively charged
amino acid residues in P1’ (13). In this regard, it was demon-
strated that both meprins process the C-propeptide of type III
procollagen in vitro at exactly the same site but even more effi-
ciently than BMP-1 (35).

In the present study, we report on the physiological relevance
of the unique ability of meprin a and meprin f to remove the
both the C- and N-propeptides of type I procollagen, subse-
quently releasing fibril-forming mature collagen molecules. The
carboxyl-terminal cleavage sites in the proal(I) chain gener-
ated by both meprins were identified as Alal218/Asp1219,
identical to the BMP-1 cleavage site, and also Argl227/
Asp1228, nine residues C-terminal to the BMP-1 cleavage site
(Fig. S6) (39). In addition, we found that meprins cleave the
proa2(I) chain at Tyr1108/Asp1109, this time 11 residues N-
terminal to the known BMP-1 site. In this connection, we note
that evidence of two N-terminal sequences for the C-propep-
tides of procollagen II (chondrocalcin) was previously reported
by van der Rest et al. (40), one corresponding to the classical
BMP-1 site and the other being 10 residues toward the C-ter-
minus and corresponding to the meprin cleavage site seen here in
the proal(I) chain. In summary, these cleavages result in the
release of proal and proa2 C-propeptides, which is a crucial step
in collagen assembly, as demonstrated by our de novo fibril
formation experiments.

Pappano et al. (41) reported residual PCP activity using mouse
embryonic fibroblasts (MEFs) isolated from Bmpl~'~/Tl1™'~
mice. This indicates that other proteases contribute to the mat-
uration of procollagen. Whereas Pappano et al. (41) suggested
that mTLL-2 might fulfill this role, here we provide evidence that
meprins may be responsible as well. Interestingly, the collagen
fibrils in BMP-1-deficient embryos are relatively small in di-
ameter and have a less-organized arrangement compared with
WT controls (42), which is similar to the phenotype seen in
Mepla™~ and MepIb™~ mice. Along with the phenotype of
Mepla™= and MepIb™~ mice at the histological level, the ob-
served reduced levels of procollagen I conversion in skin and
primary fibroblasts isolated from meprin KO mice provide fur-
ther evidence that meprin « and meprin p exhibit PCP activity in
vivo. Interestingly, significantly fewer Meplb™~ mice (~50%) are
born compared with WT mice, indicating essential functions of
this protease already during early embryonic development (43).
Moreover, morpholino-induced meprin knockdown in zebrafish
embryos revealed severe defects in organogenesis and tail mor-
phology, which also might be linked to reduced collagen fibril
assembly in these animals (15).

Most interestingly, both meprins cleave off the N-propeptides
of type I procollagen in vitro, as demonstrated by immunoblot-
ting of recombinant procollagen I. Identification of meprin
cleavage sites by MS revealed positions Tyr166/Asp167 in the al
chain and Tyr81/Asp82 in the o2 chain within an amino acid
region known to cause Ehlers-Danlos syndrome VIIB when
deleted by impaired splicing (see below). Previous studies dem-
onstrated the requirement of ADAMTS-2 in the removal of the
N-propeptide of type I collagen. However, analogous to the PCP
activity of BMP-1/tolloid-like proteinases, residual PNP activity
was detected in ADAMTS-2 KO mice (7). It has been postulated
that ADAMTS-14 may perform this activity, but this has not yet
been demonstrated in vivo. Although N-terminal sequencing of
mature type I collagen from rat skin or tendon revealed the
ADAMTS-2 cleavage site (44), different truncated forms likely
are present in vivo. The dominant forms of cross-linked o1(I)
N-telopeptides identified by MS in bone and urine revealed
the sequences YGYDEKSTGGIS and DEKSTGG, respectively
(45). The latter peptide corresponds to the dominant meprin
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cleavage site in procollagen I, which occurs six residues C-ter-
minal to the ADAMTS-2 site (Fig. 1C and Figs. S2B and S6). We
also note that the meprin cleavage site in the proa2(I) chain is
immediately C-terminal to the ADAMTS-2 site (Fig. S6). Fur-
thermore, for fibrillar collagen V, the N terminus was shown to
be diversely processed in vivo (46). Taken together, these various
observations on the C- and N-terminal procollagen cleavage sites
suggest greater heterogeneity than was originally thought, which
now can be accounted for by the action of meprins.

Retention of the N-propeptide results in a distinctive pheno-
type in vivo, as described for the Ehlers—Danlos syndrome type
VII (EDS VII) (47, 48). EDS VII is an inherited autosomal
disorder characterized either by an impaired splicing of exon 6,
leading to the loss of the N-proteinase cleavage site and sur-
rounding residues in the CollAl or CollA2 genes (49), or by
deficient ADAMTS-2 activity (50, 51). These mutations result in
reduced N-terminal processing of procollagen I and subsequent
disordered collagen assembly. In skin biopsy specimens from
patients with EDS VII, collagen fibrils are more loosely and
randomly organized and have smaller diameters compared with
normal dermal collagen fibrils, similar to the phenotype observed
here in Mepla™~ and MepIb™~ mice (52). The reduced PNP
activity in skin and fibroblasts of meprin KO mice, as well as the
distinct phenotype, provide strong evidence that the enzymatic
activity of meprins is physiologically relevant for the removal of
the N-propeptide in vivo.

Although BMP-1 and mTIld are overexpressed in meprin
KO mice and may partially compensate for the loss of PCP
activity, whereas collagenases are decreased in meprin-de-
ficient animals, this is apparently insufficient to maintain the
full conversion of procollagen into the physiologically re-
quired amounts of fibril-forming molecules. The skin pheno-
type of Mepla™'~ and Meplb™~ mice is also consistent with
the ability of both meprins to process MMP-1 within the cata-
lytic domain, consequently disarming the collagenolytic activity of
MMP-1 in vitro. Thus, MMP-1 activity might be increased in the
absence of meprin o or meprin f, resulting in further decreased
collagen deposition.

Taken together, our data demonstrate that meprins are phys-
iologically relevant procollagen proteinases. They are required
for the assembly of collagen in skin and maintenance of the in-
tegrity of the connective tissue. The likely association of meprins
with inherited collagen disorders and keloids/hypertrophic scars
makes them promising candidates for targeted therapeutic appli-
cations to limit fibrosis or related diseases.

Materials and Methods

Recombinant proteins were expressed in insect cells (meprin « and meprin ),
HEK 293-EBNA cells (BMP-1 and PCPE-1), CHO cells (MMP-1), or yeast (pro-
collagen ). Cleavage sites for meprin a and meprin $ in human procollagen |
heterotrimers were identified by MS. A de novo fibril formation assay using
procollagen | heterotrimers was visualized by transmission electron micros-
copy. Skin of 12- to 16-wk-old WT, Mep7a™, and Mep1b~'~ mice was used
to analyze collagen processing, deposition, and fibril organization, as well as
the tensile strength in vivo.

Analysis of connective tissue-associated genes was done using a mouse
fibrosis PCR array (SA Biosciences). AACp values were used to calculate the
relative expression for each data point. The activity of MMP-1 in the pres-
ence and absence of meprin o« and meprin p was determined using the
quenched fluorogenic peptide MOCAc-Pro-Leu-Gly-Leu-A2(Dnp)-Ala-Arg-
NH2 (R&D Systems). Data are presented as mean + SD. Detailed information
on study methods is provided in S/ Materials and Methods.
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