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The processing of amino- and carboxyl-propeptides of
fibrillar collagens is required to generate collagen
monomers that correctly assemble into fibrils. Muta-
tions in the ADAMTS2 gene, the aminopropeptidase of
procollagen I and II, result in the accumulation of non-
fully processed type I procollagen, causing human
Ehlers-Danlos syndrome type VIIC and animal dermato-
sparaxis. In this study, we show that the aminopropep-
tide of type I procollagen can be cleaved in vivo in ab-
sence of ADAMTS-2 activity and that this processing is
performed at the cleavage site for ADAMTS-2. In an
attempt to identify the enzyme responsible for this al-
ternative aminoprocollagen peptidase activity, we have
cloned the cDNA and determined the primary structure
of human and mouse ADAMTS-14, a novel ADAMTS dis-
playing striking homologies with ADAMTS-2 and -3. The
structure of the human gene, which maps to 10q21.3, and
the mechanisms of generation of the various transcripts
are described. The existence of two sites of initiation of
transcription, in two different promoter contexts, sug-
gests that transcripts resulting from these two sites can
be differently regulated. The tissue distribution of AD-
AMTS-14, the regulation of the gene expression by var-
ious cytokines and the activity of the recombinant en-
zyme are evaluated. The potential function of
ADAMTS-14 as a physiological aminoprocollagen pepti-
dase in vivo is discussed.

ADAMTS! (A Disintegrin and metalloprotease with throm-
bospondin type I repeats) is a novel family of metalloproteases
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found in vertebrates and invertebrates. These enzymes are
related to ADAMs as judged from sequence homology and con-
served domains such as a characteristic metalloprotease do-
main and a disintegrin-like module. However, they differ from
ADAMs by their domain organization and the presence of dis-
tinct features. The most specific hallmark is the presence of a
central thrombospondin type I repeat (TSPI) between the dis-
integrin-like module and the Cys-rich domain. All ADAMTS,
except ADAMTS-4, contain also TSPI-like domains in varying
numbers at the COOH terminus (1, 2). Currently, 12 ADAMTS
from vertebrates and a few from invertebrates (Drosophila and
Caenorhabditis elegans) have been described (1, 2). AD-
AMTS-1, -4, and -5 are able to cleave proteoglycans and are
probably involved in cartilage degradation during arthritis (3—
5). ADAMTS-1 and -8 are potent anti-angiogenic molecules (6).
Adamts1 ™'~ mice display abnormal growth, defective fertility,
and altered organ morphology and function (7). A C. elegans
Adamts, gon-1, was found essential for gonadal morphogenesis
(8). Both the metalloprotease domain and some TSPI-like re-
peats are required for the control of this process.

The primarily described activity of ADAMTS-2 is to excise
the aminopropeptide of type I and type II procollagens, explain-
ing its former trivial name aminoprocollagen I/II peptidase (9,
10). Removal of the N- and C-propeptide of type I procollagen is
required to generate collagen monomers able to assemble into
elongated and cylindrical collagen fibers. Human Ehlers-Dan-
los type VIIC (dermatosparactic-type, OMIM 225410) and an-
imal dermatosparaxis are recessively inherited disorders that
are caused by mutations preventing the synthesis of active
ADAMTS-2 (11). As a consequence, pN-I collagen (type I colla-
gen that still contains the N- but not the C-propeptide) accu-
mulates (12), resulting in the polymerization of abnormal col-
lagen fibers that appear irregular, thin, branched and
“hieroglyphic” in cross-section (13). The main clinical feature of
human patients and affected animals is a severe cutaneous
fragility. A similar phenotype has been recently reported in
transgenic mice with inactive alleles for Adamts2 (14). Other
type I collagen-rich tissues, such as bone and tendon, do not
seem to be functionally affected. Furthermore, a significant
proportion of type I collagen extracted from skin biopsies of
Ehlers-Danlos type VIIC (EDSVIIC) patients or from dermato-
sparactic calves is NH,-terminal processed, at a site that re-
mained to be determined, although no active ADAMTS-2 is
synthesized (11). These observations and the fact that process-
ing of aminopropeptide is a complex event requiring a specific
three-dimensional native conformation (15) suggested that an
enzyme closely related to ADAMTS-2 would be responsible for
this alternative aminoprocollagen peptidase activity.
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In this study, the specificity of the processing of the amino-
propeptide of type I collagen in absence of ADAMTS-2 is dem-
onstrated for the first time. The cloning of the ¢cDNA and
characterization of human and mouse ADAMTS-14, a novel
ADAMTS with striking homologies with ADAMTS-2 and -3,
are also reported. Finally, the aminoprocollagen peptidase ac-
tivity of the recombinant enzyme, the structure of the gene, and
the regulation of its expression are described.

EXPERIMENTAL PROCEDURES

Analysis of Procollagen Processing in Vivo—For evaluating the level
of aminoprocollagen I (pNPI) processing in Adamts2~'~ mice (14), var-
ious organs and tissues were ground at liquid nitrogen temperature and
extracted with 0.1 M acetic acid for 18 h at 4 °C. After centrifugation, the
supernatants were neutralized and ammonium sulfate was added (40%
saturation). After centrifugation (8000 X g, 30 min), the pellets were
washed in an ammonium sulfate solution (20% saturation) and finally
dissolved in 0.1 M acetic acid. After precipitation at 33% ethanol (final
concentration) at neutral pH, the pellets containing collagen were de-
natured in Laemmli sample buffer. Similar amounts of protein were
separated by electrophoresis on a 7.5% SDS-PAGE and stained with
Coomassie Blue.

The cleavage site of aminoprocollagen I in the absence of Adamts-2
activity was determined on dermatosparactic calf tendon. Collagen was
purified from 1 m NaCl extracts by sequential steps of precipitation and
solubilization as described earlier (16). The collagen preparation was
then treated or not with pyroglutamate aminopeptidase before electro-
phoresis on a pre-run 7.5% acrylamide/piperazine diacrylamide gel in
50 mM Tris borate buffer (pH 8.3) containing 0.1% SDS and 0.1 mm
thioglycolic acid. After transfer on a polyvinylidene difluoride mem-
brane (in 200 mMm Tris borate, pH 9.5) and Coomassie Blue staining, a11
and o2l bands were collected and submitted to 6 cycles of Edman
degradation amino acid sequencing.

PCR Amplification and Sequencing of ADAMTS-14 ¢cDNA—Three
large overlapping ¢cDNA fragments covering the ADAMTS14 cDNA
sequence that corresponds to exons 2 to 22 of ADAMTS2 were PCR-
amplified from fibroblasts cDNA (37 cycles consisting of 94 °C for 30 s,
66 °C for 30 s, 72 °C for 90 s) using Taq DNA polymerase (Takara) and
three ADAMTS14 primer pairs (5'-CTATGGTGTGACAGTGCCCTGC-
A-3" and 5'-GACGCTGCCCAGGCTGGTCTCA-3'; 5'-GGCATGTGTCA-
CCCCCTGAGGA-3' and 5'-TCCTTGTCACAGCCGACAGGCACA-3’;
5'-GACGTGGTGTTCATGAACCAGGT-3' and 5'-GCCAGTGGGATGG-
CAGGGCACA-3'). PCR products were then gel purified and sequenced
using the manufacturers recommended protocols (Thermo-sequenase
radiolabeled terminator cycle sequencing kit, Amersham Biosciences
Inc.). To amplify mouse Adamits14 cDNA, various human primer pairs
were used. PCR conditions were: 2 cycles consisting of 94 °C for 20 s,
50 °C for 20 s, and 72 °C for 1 min, followed by 35 cycles consisting of
94 °C for 20 s, 66 °C for 20 s, and 72 °C for 1 min. PCR products
amplified by 5'-CTATGGTGTGACAGTGCCCTGCA-3' and 5'-GACGC-
TGCCCAGGCTGGTCTCA-3' or 5'-AGCCTGGCCTACAAGTACGTCA-
T-3" and 5'- CTCTTCTTGTGGTCACACAGGTGT-3' pairs were sequ-
enced. The determination of partial mouse sequences allowed the
design a mouse-specific primer pair that was used to amplify and sequ-
ence the central part of the murine cDNA.

For tissue distribution analysis, total RNA was purified from various
normal mouse tissues (17). Duplicate samples from 3 dilutions of RNA
from each tissue (10, 2, and 0.4 ng) were used for semi-quantitative
RT-PCR amplification.

Determination of the 5'-End of ADAMTS-14 ¢cDNA—The 5'-end of
ADAMTS14 mRNA was amplified using the FirstChoice™ RLM-RACE
Kit (Ambion) using the manufacturers recommended protocols. Briefly,
mRNA from cultured fibroblasts was dephosphorylated and then
treated with tobacco acid pyrophosphatase to remove the cap structure
from full-length mRNA, leaving a 5’-monophosphate. A RNA adapter
was then ligated to the decapped phosphorylated mRNA. After reverse
transcription (BcaBest™ RNA PCR kit, Takara), the 5’-end of the
ADAMTS14 cDNA was amplified using the sense “Outer Adapter
primer” from the kit and the ADAMTSI14 5'-CCAGACACCACGTGG-
GAGAGGAA-3' antisense primer (30 cycles; 94 °C for 30 s, 64 °C for
30 s, 72 °C for 1 min). One microliter of the outer amplification product
was then re-amplified using the nested sense “Inner Adapter primer”
and the 5'-CGTCCCCGAAAGTCTGTGCTGCA antisense primer (25
cycles; 94 °C for 30 s, 64 °C for 30 s, 72 °C for 1 min). Resulting PCR
products were then sequenced as described above.

Northern Analysis—PCR amplified products generated from the 5'-

or 3'-end of the ADAMTS 14 ¢cDNA (corresponding to amino acids 153—
471 and 824 -1078, respectively) were cloned using pCR4-TOPO cloning
kit (Invitrogen) according to the manufacturers protocols. Antisense
labeled riboprobes were synthesized from 500 ng of linearized plasmid
(Spel restriction site) using T7 RNA polymerase (Strip-EZ™ RNA Kkit,
Ambion) and [*?P]UTP (ICN).

Messenger RNA purified from human skin fibroblasts in culture
(PolyATtract™ mRNA Isolation System III, Promega) was separated
by electrophoresis on a 0.9% agarose/formaldehyde gel and transferred
and fixed to a nylon membrane (Hybond N, Amersham Biosciences,
Inc.) by UV irradiation. The filters were then sequentially prehybrid-
ized for 1 h (at 65 °C in 0.2 M NaH,PO, (pH 7.2), 1 mm EDTA, 1% bovine
serum albumin, 7% SDS, 20% formamide), hybridized with labeled
probes for 18 h (same conditions as for prehybridization) and washed 3
times (at 65 °C in 40 mm NaH,PO, (pH 7.2), 1 mm EDTA, 1% SDS)
before autoradiographic exposure.

Semi-quantitative RT-PCR Assay—The determination of mRNA
level by RT-PCR amplification requires the use of an internal standard
allowing to monitor the efficiency of each step of the procedure in each
sample. The construction of synthetic RNA standards that are used as
controls for RT-PCR quantification of various mRNAs is described else-
where (18). Briefly, we designed and generated synthetic RNAs that
have two main characteristics. First, they can be RT-PCR amplified by
using the same primer pairs used for RT-PCR amplification of the
cellular mRNAs. Second, their amplification products are larger or sma-
ller than those obtained from the cellular mRNAs, enabling their disc-
rimination by electrophoresis when co-amplified in the same tube.
Semi-quantification was obtained by calculating, for each sample, the
ratio between the level of the product generated from the endogenous
mRNA and from a defined copy number of the standard synthetic RNA.
RT-PCR reactions were performed, in a 25-ul reaction mixture, in an
automated thermal cycler (GeneAmp PCR System 2400 or 9600,
PerkinElmer Life Sciences, Norwalk, CT) using the GeneAmp
Thermostable rTth Reverse Transcriptase RNA PCR kit (PerkinElmer
Life Sciences), 10 ng of total RNA, a known copy number of internal
standard RNA, when available, and specific pairs of primers (5 pmol
each). The various primer pairs allowed the amplification of human
(5’-AGCCTGGCCTACAAGTACGTCAT-3'/5'-CTCTTCTTGTGGTCAC-
ACAGGTGT-3") or mouse (5'-AGCCTGGCCTACAAGTACGTCAT-
3'/5'-CTCCTCCACAGGCCTTGCTGCA-3") ADAMTS 14 mRNA, human
MMPI mRNA (5'-GAGCAAACACATCTGAGGTACAGGA-3'/5'- TTGT-
CCCGATGATCTCCCCTGACA-3') and human (5'-GAACCATGAGGA-
CGGCTTCTCCT-3'/5'-GGCTGCAGCGGGACCAGTGGAA-3’) or mouse
(5'-CAGGCGCACACATAGTACCATCCA-3'/5'-CAGCCGCTACCTGC-
ATTCCTATGA-3") ADAMTS2 mRNA. The RT step (70 °C for 15 s) was
followed by denaturation of RNA/DNA duplexes (95 °C for 2 min) and by
PCR amplification (adequate number of cycles consisting of 94 °C for
15 s, 66 °C for 20 s, and 72 °C for 10 s). RT-PCR products were resolved
on a 10% polyacrylamide gel and analyzed (Fluor-S-Multilmager, Bio-
Rad) after staining (Gelstar, FMC BioProducts).

Effects of Cytokines and Growth Factors—Human dermal fibroblasts,
at passages 4 to 12, were plated at a density of 8 X 10® cells/cm? and
cultured for 1 or 2 days in Dulbecco’s modified Eagle’s medium
(DMEM). The medium, supplemented with 10% dialyzed and decomple-
mented FCS, contained or not 12-O-tetradecanoylphorbol-13-acetate
(10 ng/ml), IL-1B (100 units/ml), tumor necrosis factor-a (5 ng/ml),
epidermal growth factor (20 ng/ml), or transforming growth factor-g (5
ng/ml). Total RNA was purified using the High Pure RNA Isolation kit
(Roche Molecular Biochemicals).

Electron Microscopy—Fragments of skin and tendon from wild type
and Adamts2 ™'~ mice were fixed for 60 min at room temperature in
2.5% glutaraldehyde in 0.1 Sorensen’s buffer (pH 7.4), postfixed for 30
min in 0.1% osmium tetroxide in Sérensen’s buffer, dehydrated in a
series of ethanol concentrations and embedded in epoxy resin (Epon
812, Fluka). Ultrathin sections were stained with uranyl acetate and
lead citrate before being examined using a Jeol electron microscope
CX100 IT at 60 kV.

Recombinant ADAMTS-14—An expression vector containing the
entire coding sequence of ADAMTS14 transcript A (see “Results” sec-
tion) and part of the 5'-untranslated region was constructed. Briefly, 3
PCR products were amplified (Pfu Turbo™ DNA polymerase, Strata-
gene) using ¢cDNA from human skin fibroblasts in culture and three
different pairs of primers (1, 5'-CACACACAGCGGCCGCTTGCCCAG-
CCCGCGTCCCA-3’ and 5'- TGAAGAATTCGGTGCTGTCTGTGCGGA-
TGA-3'; 2, 5'-CACAGAATTCTTCATTGAGCCTCTGGAGC-3' and 5'-C-
ACAAAGCTTGAGAGCTCCTGCCTGCTT-3'; 3, 5'-CACAAAGCTTGT-
GCAGATCCCAGCAGGTGCCA-3" and 5'- CTCTTCTAGATTAGCTAG-
CTGTCACCGGGGAGGCAGCAG-3'). By digestion with appropriate
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restriction enzymes (1, NotI/EcoRI; 2, EcoRl/HindlIll; 3, HindIII/Nhel)
and ligation of the PCR products, a cDNA fragment covering the entire
coding sequence was created in a pCDNA4 vector (Invitrogen). A se-
quence verified full-length insert was then cloned in the NotI/Nhel sites
of a pCEP4 expression vector (Invitrogen) containing a modified
multiple cloning site and an additional sequence coding for a “Flag”
(DYKDDDDK) at the COOH terminus of the expressed recombinant
protein. This ADAMTS-14 expression vector, a similarly constructed
ADAMTS-2 vector? and the modified empty pCEP4 vector were then
used for transfection of 293-EBNA cells (Invitrogen) by electroporation
(20 pg of plasmid; 220 V and 960 uF in 4-mm cuvettes). Stably trans-
fected cells were then selected in DMEM culture medium supplemented
with 10% FCS and 200 ug/ml hygromycin B.

For evaluating the production of recombinant ADAMTS-14, cells
were cultured at confluency, scraped, and rotated for 2 h at 4 °C in an
extraction buffer (50 mMm Tris, pH 7.5, 200 to 500 mM NaCl, 2 mMm CaCl,,
25 mM NEM, 1 mM phenylmethylsulfonyl fluoride). After centrifuga-
tion, the cell extracts were collected and the pellets were solubilized in
SDS-PAGE denaturation buffer containing 100 mm dithiothreitol. Con-
ditioned culture medium and the two cell layer-associated fractions
were then assayed by Western blotting by using the anti-FLAG™ M2
monoclonal antibody (Sigma) and ECL Western blotting detection re-
agents (Amersham Biosciences Inc.).

Aminoprocollagen Peptidase Activity of Recombinant ADAMTS-14—
The stably transfected 293 cells amplified from two separate transfec-
tions were grown to confluence in DMEM supplemented with 10% FCS
and hygromycin B (100 ug/ml). In some cultures, dextran sulfate (av-
erage M, 500,000; 0.01%) or concanavalin A (10 or 50 uMm) were added
for the last 48 h of culture. Cells were then scraped and extracted as
described above. Aliquots of cell extracts were then stored at 4 °C or
incubated in presence of p-aminophenylmercuric acetate (0.3 mM for 15
min at 25 °C) or trypsin (100 pg/ml for 15 or 30 min at 37 °C) followed
by an incubation with soybean trypsin inhibitor (500 ug/ml for 5 min at
37 °C). The various samples of cell extracts were then assayed for their
aminoprocollagen peptidase activity using **C-labeled pNI collagen as
described earlier (10). Values determined for the cell transfected with
the empty vector were considered as background and substracted from
values obtained for cells expressing recombinant ADAMTS-2 or -14.
Aminoprocollagen peptidase activity of ADAMTS-14 are reported in %
of the ADAMTS-2 activity.

Co-culture experiments were performed in DMEM supplemented
with 10% FCS and ascorbic acid (50 pg/ml) in the absence of hygromy-
cin B. Stably transfected 293 cells were plated with a similar number of
skin fibroblasts isolated from normal or dermatosparactic calf. After
24 h, the culture medium was changed and 1-[2,3-*H]proline (45 Ci/
mmol, 10 uCi/ml) was added. After 24 h, the culture mediums and the
cell layers were collected separately. The collagen polypeptides were
recovered from the cell layer by extraction at 4 °C with 0.1 M acetic acid
and from the culture medium by differential salt precipitation with
ammonium sulfate as described earlier (16). The pattern of labeled
collagen polypeptides was analyzed by 6.25% SDS-PAGE in nonreduc-
ing conditions and visualized after fluorography.

RESULTS

Procollagen Processing in Dermatosparaxis—The level of
type I aminoprocollagen (pNI) processing in the skin of wild
type (WT) or Adamts2 ~/~ mice was investigated by SDS-PAGE
(Fig. 1A). Only a1 and a2 chains were observed in tissues of WT
mice, illustrating the complete processing of the aminopropep-
tide of type I collagen. In Adamts2 '~ mice, pNa1l and pNa2I
chains were detected, as expected from an animal lacking Ad-
amts-2 activity. However, mature ol and a2 chains were pres-
ent, suggesting the existence of an alternative aminoprocolla-
gen peptidase activity. Similar observations were made in
bovine dermatosparaxis and human Ehlers-Danlos syndrome
type VIIC (12). The level of processing varied from tissue to
tissue (Fig. 1B) and was not related to the collagen content in
the various organs. Skin contains mostly unprocessed pNI-
collagen (60 to 70%) while, in tendon, it represents only 20 to
25%. When most of the pN-I collagen is not processed, such as
in the skin of Adamts2™'~ mice, collagen fibers are deeply

2 A. Colige, C. M. Lapiére, and B. V. Nusgens, manuscript in
preparation.

altered (Fig. 2, compare panels A and B). On the opposite, in
tendons, where a high proportion of collagen is correctly pro-
cessed, fibers look almost normal in terms of diameter, shape,
and supramolecular organization (Fig. 2, panels C and D).
Their mechanical resistance is also normal (not shown).

The specificity of the processing of pNI collagen in the ab-
sence of Adamts-2 activity was assessed by amino acid sequenc-
ing of the NH, terminus of processed a1 and o2 chains isolated
from dermatosparactic calf tendon. A first attempt failed to
provide sequence information, suggesting that their amino ter-
minus was blocked, possibly by modification of the glutamine
residue which is the first expected amino acid of ol and a2
when the processing occurs at the site normally cleaved by
Adamts-2. After digestion with pyroglutamate aminopeptidase,
a LSYGYD sequence was obtained for the al chain and a
FDAKGG sequence for the a2 chain. In bovine type I collagen,
these two sequences immediately follow the Gln residue in
position 1 of correctly processed al and «2. These features
demonstrate that, even in absence of Adamts-2 activity in vivo,
procollagen processing can occur at the cleavage site for
Adamts-2.

Identification of ADAMTS-14 ¢cDNA and Gene—Based
upon the hypothesis that the specific aminoprocollagen pep-
tidase activity observed in animals lacking Adamts-2 results
from the expression and the activity of a closely related
enzyme, we scanned nucleic acid data bases from GenBank™
using the human ADAMTS2 ¢cDNA sequence (accession num-
ber AJ003125). Besides homologies with ADAMTS2 and AD-
AMTS3 cDNA and genes (on chromosome 5 and 4, respective-
ly), homology was also found between portions of exons 6, 7,
8, and 10 of ADAMTSZ2 and sequences from chromosome 10
(accession numbers: AC069538, AC016043, AC007484,
AC018979, and AL358817). A second homology search using
less stringent parameters and the sequence of individual
ADAMTS?2 exons revealed that, with the exception of exons 1,
5, and 21, each ADAMTS?2 exon had partial sequence homol-
ogy with sequences in chromosome 10. This suggested the
existence of a gene coding for a new ADAMTS closely related
to ADAMTS2.

By RT-PCR, we found that this new ADAMTS gene was
actually expressed in human skin fibroblasts in culture and in
placenta, although at a lower level. Region of the mRNA cor-
responding to exons 2 to 22 of ADAMTS2 was then RT-PCR
amplified and sequenced. This allowed to determine that se-
quences corresponding to exons 5 and 21 of ADAMTS2 were
present in the new ADAMTS but displayed very low homology,
explaining why they were not detected by scanning of the data
bases. We also found an alternative splicing mechanism lead-
ing to the removal of the last 9 bases of exon 6 (Table I). The
ADAMTS14 name was assigned to this new ¢cDNA, in agree-
ment with the Human Gene Nomenclature Committee (Gen-
Bank™ accession number AF366351). Comparison of the AD-
AMTS 14 cDNA sequence with the draft sequence of the human
genome revealed that the gene is located on chromosome 10
(q21.3). The exon/intron structure has been determined (Table
I). A 5’-RACE method was used for the determination of se-
quences located upstream exon 2. Two different sequences were
identified. They represent 2 alternative exons 1 that were
named exon 1A and 1B (Fig. 3, Table I). Comparison with
genomic sequences showed that the beginning of exon 1B (5'-
TATTT) starts at a ¢tctgTATTT potential Cap signal located 17
base pairs (bp) downstream a potential TATA-box (tgtatat)
(19). This suggests that the TATTT sequence represents the
actual start of transcription of this transcript. For exon 1A, the
5'-end sequence that was determined (TTGC) does not start
after a typical Cap site, perhaps suggesting that the actual 5’
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Fic. 1. Accumulation of pNal and
pNa2 type I collagen in mouse tis-
sues. A, the pattern of type I collagen
polypeptide purified from skin and tendon
of “wild type” (WT) and Adamts2~/~
(TS27/7) mice was determined after SDS-
PAGE and Coomassie Blue staining. In
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v

< ) WT, only al and &2 mature chains are
) visible. In TS27/~, absence of Adamts-2
<<, activity results in the accumulation of
/ pNal and pNa2 chains. Higher propor- 100
tions of pNIa chains were observed in B
skin. B, type I collagen was extracted *
from various tissues of TS2 /" mice. After
electrophoresis on SDS-PAGE and stain-
ing, pNal, pNea2, a1, and a2 type I colla- 80|
g gen bands were quantified. For each tis- =
@ sue, the proportion of pNa chains is g\_,
- expressed as a percentage of total type I =
g collagen. Mu, muscle; K;: kidney; He, )
- heart; Lu, lung; St, stomach; Ey, eye; Bo, = 60
2 bone; Te, tendon; Sk, skin. 8
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Fic. 2. Structure of collagen fibrils.
Collagen fibrils from skin and tendons of
wild type (WT) and Adamts2 '~ (TS27/")
mice were observed by electron micros-
copy. In TS2/~, skin collagen fibrils are
strongly disorganized while they display
an almost normal shape in tendon. Bars
represent 0.3 um. Top panels, collagen
fibrils (longitudinal and cross-section) in
skin from a WT mouse (A) or a TS2™/~
mouse (B). Bottom panels, collagen fibrils,
in longitudinal (C) or cross (D) section, in
tendon from a TS2 ™/~ mouse.

end of the transcript had not been cloned. A tcage Cap signal 27 mation of the presence, at the 5 end of the mRNA, of the
bp upstream and adequately preceded (82 bp) by a typical alternative exons 1A and 1B, we performed a RT-PCR assay
GC-box could be the actual start of transcription. As a confir- using a common antisense primer specific of exon 2 and one
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TABLE I
ADAMTS 14 gene structure

Exon partial sequences are in capital letters. The nucleotide consensus sequences of the 5’ and 3’ splice junctions of the introns are shown in

The Journal of Biological Chemis

boldface letters.

Exons Introns
Splice sites
No. Size Position® No. Size
5’ Donor 3’ Acceptor
bp bp

1A 135 —53 to 82 1A 1668 CCCAG/gtgcgt tacctccaacag/AGCTG

1B® 156 — 1B 468 TCTAG/gtgtgt tacctccaacag/AGCTG

1Ct 1064 —° 2 >27000 GATTG/gtaagg teectggttcag/GCGGG

2 440 83 to 522 >27000 GATTG/gtaagg teectggttcag/GCGGG

3 157 523 to 679 3 6119 TGAAG/gtaggc tettggttcecag/CCTTT

191 680 to 870 4 20549 ATACT/gtgagt ttettettgeag/GTAGA

5 84 871 to 954 5 724 GACAG/gtaaac cggcecctgeag/TCCCT

64 157 955 to 1111 64 1995 GCAAG/gtactg tetetteggeag/GGTAT
m 7 106 1112 to 1217 7 1525 CACGT/gtaagt teeccattecag/GCTGC
E 8 144 1218 to 1361 8 1141 CTCCC/gtaggt ctetactggeag/CTCCT
m 9 133 1362 to 1494 9 1378 TGGCA/gtaagt cttgccatgeag/TTTAG

10 114 1495 to 1608 10 2046 GCAAG/gtacct getetgeeccag/TGGTG
o) 11 149 1609 to 1757 11 2146 CCCTC/gtgtet tgtetgteccag/CCCAG
< 12 176 1758 to 1933 12 2385 CGATG/gtgagt ctetecctacag/ACGCC

13 134 1934 to 2067 13 384 GTGTG/gtgggt ctetggecteag/CCTGT

14 124 2068 to 2191 14 1036 GGCAG/gtgagc tetgtetgocag/GAGCT

15 81 2192 to 2272 15 4515 CATTG/gtgagt cccaceggteag/TGGTG

16 164 2273 to 2436 16 1492 TCCTG/gtgagc atctceeccteag/GCTCT

17 169 2437 to 2605 17 448 TGGAG/gtaccg cccaccccatag/GGATC

18 133 2606 to 2738 18 1572 CCTGT/gtgagt cectgtttccag/GTGGG

19 208 2739 to 2946 19 3955 CCCAG/gtgact cacccacggeag/TGCTC

20 130 2947 to 3076 20 83 TGGAG/gtgage tectgetcacag/GAAAT

21 111 3077 to 3187 21 2075 ATCAA/gtaagt ctgtetgtecag/CGGAG

22 >519 3188 to

“ A of the ATG start codon in exon 1A is considered as +1.

® Alternative exons 1A and 1B are separated from exon 2 by introns 1A and 1B, respectively (see Fig. 3). Alternative exon 1C, made of exon 1B,

intron 1B, and exon 2, is separated from exon 3 by intron 2.

¢ This alternative exon does not contain the ATG start codon used for the numbering (see Footnote a).
< An alternative splicing mechanism using a CTCAG/gtatgcaag donor site causes a 9-bp deletion (see Fig. 4A).

sense primer specific of exon 1A or exon 1B. Products of the
expected size (204 and 241 bp, respectively) and sequence were
obtained. However, another product (=700 bp) was also RT-
PCR amplified using the exon 1B-specific primer. In absence of
the RT step, this product was not detected, demonstrating that
it did not result from the amplification of genomic DNA. Se-
quencing revealed that this product was generated from a large
exon, named 1C, consisting of exon 1B, intron 1B, and exon 2
fused together (Fig. 3, Table I). In the following, the mRNA
beginning with exon 1A, 1B, or 1C will be named transcript A,
B, or and C, respectively. RT-PCR evaluation of the relative
level of the three transcripts in cultured fibroblasts revealed
that transcript A is more abundant than transcript C that is
much more abundant than B. Moreover, while transcript A is
expressed in placenta, skin, and fibroblasts, transcripts B and
C are found at a significant level only in fibroblasts (not
shown).

Primary Structure of ADAMTS-14—For transcript A, the
most 5'in-frame ATG found in exon 1A (Fig. 3) is located in a
conserved Kozak consensus sequence (20). Its use as a Start
codon would lead to the presence of a moderately hydrophobic
NH,-terminal domain (amino acid 52 to 76) that could serve as
a signal peptide (Fig. 4A). Low homology was found between
part of this sequence and the NH, terminus of ADAMTS-2
(amino acids 42 to 59). For transcripts B and C, the first ATG
triplets that are found are not in a perfectly conserved Kozak
consensus sequence and are followed by Stop codons. The first
ATG in a suitable Kozak motif for translation (A at position —3
and G at position +4, with respect to the A (+1) of the ATG
Start codon) is found in exon 2 (Fig. 3). The predicted protein
from these transcripts starts at Met®® of the sequence reported
for transcript A (Fig. 4A) and does not contain an obvious signal
peptide. Besides this difference, the predicted proteins trans-

GC-box
A | F—e3k
TATA
o ATG et '
TATA

1135 1044 |156) 468 | 440 | Size (in bases)

Fic. 3. Mechanisms of generation of alternative exon 1A (A),
1B (B), and 1C (C). Open rectangles representing exons and lines
representing promoter or intronic sequences are not at scale. Dotted
lines illustrate splicing mechanisms. For transcript A, exon 1A is joined
to exon 2 by splicing of intron 1A. A potential regulatory GC-box is
located upstream the 5’-end of the transcript as determined by 5'-
RACE. The ATG triplet located in exon 1A in a suitable Kozak consen-
sus sequence is indicated. Transcripts B and C start 17 bp downstream
a potential TATA-box. Intron 1B is spliced during the maturation of
transcript B while it is conserved in transcript C. The first potential
ATG start codon for these two transcripts is located in the sequence
corresponding to exon 2 of transcript B. The size of E1A is a minimal
size evaluated from the presence in genomic DNA of a suitable CAP
signal situated 27 bp upstream the ¢cDNA sequence determined by
sequencing of 5'-RACE products. The use of a more upstream CAP
signal would lead to a larger E1A.
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1 Met 68
mrS14 [ o PN - --
hTS14 MAPL------—---= RALLSYLLP====LHCALCAAAGSRTPELHLS----GKLSDYGVTVPCSTDFRGRFLSHVVSGPAAASAGSMVVDTPPTLPRHSSH B2
hTS2 D PAGARRRLLCPAL LL FPPPL PPPPPP NARLAARADPPGGPL GRERILA VR AQ LV A- TSR GVRARRAA V------=
mTS14 SLERE PR GPRQ F L Q A Q -
hTS14 LRVARSPLH-PGGTLWPGRVGRHSLYFNVTVFGKELHLRLEPNRRLVVPGSSVEWQEDFRELFROPLROECVYTGGVTGMPGAM - VAISNCDGLAGLIRT 180
hTs2 -=== T SF- N--EEEP S - FY RD A A ATM GEKGTTRVE LGS L VD A LAE 55 L M
mTS514 NS ¥ G R K HG vD A R
hTS514 DSTDFFIEPLERGOQEKEA- MWWPM-DWWMDMLW ~-RRHAKPGSYSIEVLLVVDDSVVRFHGK 277
hTs2 EEEE K LARQE EQ V PPTSPPLGG QAL TGASLDSLDS SRA VLEEHANSSR RA ADDD N G Q
Furin cleavage site *
mTS14 T AV A T I N -
hTS14 EEW@\IYVLTWIWEIYICDESLGW'IINIALVRLIWGYRQSLSLIERCNPSRSLEQVCRWSQQRQDPSWWLTRQDFGPS%YM 377
hTS2 KL AW LLS GK M I N YL KPTGDY AL
E mTS514 v D ERT
hTS14 MCHPLRSCALNHEDGFSSAFVIAHETGHVLGMEHD GOGNGCADETSLGSVMAPLVOAAFHRFHWSRCSKLELSRYLPSYDCLLDDPFDPAWPQPPELPGI 477
m hTs2 v T v RG VR I o0 H RHD AL Q
) catalytic site and Met-turn Dis-like domain | »
< mTSl4 D T H N
hTS14 NYSMDEQCRFDFGSGYOTCLAFRTFEPCKQLWCSHPDNPYFCKTEKGPPLDGTECAPGKWCFEGHCIWKSPEQTYGODGGWSSWTKFGSCSRE0GGGVRS 577
hTs2 H N L MMT D M H LT D-ILKR GA SP T T KF
1* TSPI
mTS14 D P 55 I D P T D L s

hTS14 RSRSCHNNPSPAYGGRPCLGPMFEYQVCHNSEECPGTYEDFRAQOCAKRNS Y YVHONAKHSWVPYEPDDDAQKCELICQSADTGDVVFMNQVVHDGTRCSYR 677
hTs2 TQOQD M N TS LAYDF L SRQD DSLA EE RQWDLYFE GDAQ H L H HR AKER H Y ERE E S KRM K

| Cys-rich domain

mTS14 F T G A Q L A A F
hTS14 DPYSVCARGECVPVGCDKEVGSMKADDKCOGVCGGDNSHCRTVEGTLGKASKOAGALKLVQIPAGARHIQIEALEKSPHRIVVENQVTGSFILNPEGK-EA 776
hTs2 AF LV DEK GVI 5 QE Kv FTRSP KH YI MFE LL QEVDATS HLA LE K EENDVD

| #Spacer domain
mrsl4 S L HEA TEKD RN v A K G s
hTS14 TSRT?TAMGLmeKBSLKTSGPLPEAIAIL&LPmPRSSMmHEDMPLIGSWM&PCSMIQH’KYG 876
hTs2 8K I v YRED GRTOQOM HGT TVVI --VDTV T M SLN-VDD E DSVWY KE S5 P

2iia TSPI
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mTS14 ]
hTS14 CRRRRDHHMVQRHLCDHKKRPKPIRRRCNOHPCSQPVWVTEEWGACSRSCOKLGVQTRGIQCLLPLSNGTHKVMPAKACAGDRPEARRPCLRVPCPAQWR 976
hTS2 L K _HGF AALSK A A PQE G _EP QT GRT M V SVR HDN TRSVH H NDA S A S EL GR_.
3" TSPI
hTS14 LGAWSQCSATOGEGIQORQVVCRTNANSLGHCEGDREDTVOVCSLEACGGNHONSTVRADVWELGTPEGOWVPQSEPLHP INKISSTEPCTGDRSVFCQM 1076
hTS2 AP V _NTEBPP ADDFPTQEE EARTRGP PR ISDPSKKSY V------- SRPD DS R  KGH QG K I CR.
4" TSPI
hTS14 szm:s:[pewmmcvsc ———————— IKKASGPNPGP- DPGPTSLPPFSTPGSPL- - - PGPQDPADAAEPPGKPTGSEDHOHGRATOLPGALDTSSEG 1164
hTS2 MK S K__NLYNNLTNVEGRIE P KHNDIDVFM TLPV TVAMEVR S ST LEVPLNASSTNAT PETN VDE YKIHGLEDE
PLAC domain
hTS14 TOHP-FAPETPIPGASWSISPTTPGGLPWGWTQTPTPVPEDKGOPGEDLRHPGTSLPARSEVT 1227

hTs2 V P NLI RR S YEKTRNQRIQELIDEMRKKEMLGKF"
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First Thrombospondin type I repeat

ADAMTS-14 (1227, ) - 124 a.a. -
ADAMTS-2 (1211, 54%) - 123 a.a. -
ADAMTS-3 (1205, 58%) - 123 a.a. -
ADAMTS-1 ( 957, 30%) - 126 a.a. -
ADAMTS-4 ( 837, 31%) - 126 a.a. -
ADAMTS-5 ( 930, 30%) - 125 a.a. -
ADAMTS-6 ( 860, 31%) QQ - 82 a.a. -
ADAMTS-7 ( 997, 32%) - 120 a.a. -
ADAMTS-8 ( BB9, 31%) b - 131 a.a. -
ADAMTS-9 (1072, 32%) - 123 a.a. -
ADAMTS-12 (1543, 32%) - 120 a.a. -

Fic. 4. Human and mouse ADAMTS-14 amino acid sequence and structure. A, the human sequence (hTS14) is reported on the middle
lines. The beginning and end ([ ]) of the partial mouse sequence (mTS14) and human ADAMTS-2 (hTS2) are reported on the upper or lower lines,
respectively, but only at positions where their sequence differs from hTS14. The peptide sequence translated from transcript A only is in italics
(amino acids 1 to 67). The MQG-(369-371) sequence is alternatively present due to alternative splicing mechanism at the end of exon 6. In the
mouse these three amino acids are always absent. The furin cleavage site (RKRR), the catalytic site and Met turn, the PLAC domain and the 4
TSPI are underlined. The start of the disintegrin-like, the Cys-rich, and Spacer domains are indicated (—). B, the catalytic domain and the first
TSPI module of the ADAMTS family members were compared. Length of the different members and their degree of similarity with ADAMTS-14
are reported between parentheses. Amino acid residues identical to those in ADAMTS-14 are shaded. Residues that are hallmarks of ADAMTS-2,
-3, and -14 are indicated (*).
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FiG. 5. Northern analysis of ADAMTS14 transcripts. The size of
the RNA markers is shown on the left. mRNA from skin fibroblasts in
culture was separated on an agarose/formaldehyde gel and transferred
onto a nylon membrane. Blots were revealed using labeled cRNA probes
specific either for the 5'-end (lane I) or the 3'-end (lane 2) of the
ADAMTSI14 mRNA.

lated from the three transcripts are identical. They have a
higher homology with ADAMTS-2 and -3 than with the other
ADAMTS (Fig. 4B) and they display a similar domains organi-
zation consisting of a pro-domain separated from the metallo-
protease domain by a furin cleavage site, a disintegrin-like
domain, a central TSPI, a cystein-rich domain, a spacer do-
main, three additional TSPI, and a COOH-terminal tail with-
out significant homology for ADAMTS-2 or -3, except for a
highly conserved PLAC domain (Fig. 4A). Analysis of the se-
quence of the catalytic site and the first TSPI, two of the most
conserved domains in the ADAMTS family, confirmed that
ADAMTS-14 is closely related to ADAMTS-2 and -3. Specific
hallmarks of these three enzymes are a Thr and a Glu at
position 3 and 10 of the catalytic site and Phe (+9), Lys/Arg
(+21) and Arg (+23) of the first TSPI (Fig. 4B).

A partial mouse sequence was also determined. It showed a
high similarity with human ADAMTS-14, mainly in regions
supposed to be critical for enzyme function such as the furin
cleavage site, the metalloprotease domain and the beginning of
TSPI (Fig. 4A).

Northern Analysis—As seen for other ADAMTS genes, AD-
AMTS14 mRNA was expressed at low level. Therefore, North-
ern analysis was performed on mRNA from fibroblasts in cul-
ture, the richest source of ADAMTS14 mRNA, using antisense
riboprobe to increase the sensitivity of the assay. Two different
probes were used, specific of either the 5’ end or the 3’ end of
the mRNA. The 5’ end probe revealed two transcripts of about
4.5 and 5.7 kb (Fig. 5), which is similar to the size of other
ADAMTS transcripts. The 3’ specific probe recognized these
two products too but also smaller transcripts (about 2.8, 2.0,
and 1.1 kb).

Tissue Distribution and Regulation of Expression—Tissue-
specific expression was evaluated by RT-PCR. Adamisi4 is
expressed in all examined tissues, with highest levels in type I
collagen-rich tissues and in fibroblasts in culture (Fig. 6).
Lower levels were observed in liver, stomach, brain, and eye.
This tissue distribution and the relative amount of Adamis14
mRNA are quite similar to those determined for Adamits2 (21),
the only exception being the eye which has a low Adamtsi4
expression while it contains a high level of Adamts2. Scanning
EST data bases using human and mouse ¢cDNA sequences
revealed that ADAMTS 14 is also expressed in ovary (accession
numbers: BF906533, BF906528, and BF906335), kidney tumor
(accession number BF823025), and mammary tumor (accession
number BF123774) and that it is up-regulated in larynx carci-
noma (accession number AJ403134).

Regulation of expression of ADAMTS14 mRNA was investi-

gated in culture treated with factors known to be regulators of
the expression of various genes in fibroblast (Fig. 7). As a
control for the efficiency of cell treatment, MMPI1 expression
was also measured in the various conditions. Results are ex-
pressed as a ratio of the values determined for treated on
untreated cells. Modulation of MMP]I expression measured in
the different conditions was in good agreement with previous
reports (22, 23) confirming the efficiency of cell treatment. At
the opposite, none of the five treatments was able to signifi-
cantly modify the ADAMTS 14 overall expression (Fig. 7), nei-
ther that of individual transcripts A, B, and C (not shown).
Similar results were obtained for ADAMTS2 and -3 (not
shown).

Recombinant ADAMTS-14 Analysis—Recombinant AD-
AMTS-14 with a COOH-terminal FLAG epitope was produced
in 293-EBNA cells stably transfected with an eukaryotic ex-
pression vector containing the full-length ADAMTS14 ¢cDNA.
Cell populations were also created by transfection of, respec-
tively, the empty vector and an ADAMTS-2 expression vector.
As ADAMTS-2, ADAMTS-14 was not detected in the condi-
tioned culture medium (not shown) but could be efficiently
recovered from the cell layer, in the absence of detergent, using
mild conditions of extraction such as Tris buffer containing 0.2
M NaCl. This suggests that the recombinant ADAMTS-14 is
secreted but can be immobilized at the cell surface or in the
extracellular matrix. By Western blotting, the recombinant
ADAMTS-14 appears as a single band displaying a molecular
size slightly higher than expected from the deduced amino acid
sequence, suggesting that it is glycosylated (Fig. 8). The amino-
procollagen peptidase activity of recombinant ADAMTS-14 re-
covered from cell extracts was assayed and compared with the
activity of cells containing the empty vector (background val-
ues) or recombinant ADAMTS-2, as a positive control. In the
absence of any treatment, the activity of ADAMTS-14 was
barely detectable suggesting either that this enzyme is not an
aminoprocollagen peptidase or that it is secreted in an inactive
pro-form. Various treatments known to promote the activation
of pro-metalloproteases were performed. Limited trypsin diges-
tion of recombinant ADAMTS-14 increased its aminoprocolla-
gen peptidase activity with values ranging from 3 to 13% of the
activity determined in similar conditions for ADAMTS-2 (Fig.
9A). At the opposite, p-aminophenylmercuric acetate had no
significant effect. When cell cultures were treated for 2 days in
the presence of dextran sulfate or concanavalin A, the amino-
procollagen peptidase activity recovered from the extracts was
also significantly increased (Fig. 9B). The activity of AD-
AMTS-14 was also investigated, in the absence of exogenous
activation, in a co-culture model. For these experiments, con-
trol 293 cells or 293 cells expressing ADAMTS-2 or -14 were
plated with fibroblasts isolated from dermatosparactic calf
skin. In culture, 80% of the type I collagen polypeptides se-
creted by these fibroblasts still contain the amino-terminal
propeptide (pNa chains) due to the absence of ADAMTS-2
activity (Fig. 10, lane I). Co-culture of these deficient fibro-
blasts with 293 cells transfected with the empty vector did not
modify the level of processing. By contrast, the presence of 293
cells expressing ADAMTS-2 resulted in a complete cleavage of
the pNa chains similar to that observed with normal calf skin
fibroblasts (Fig. 10, lanes 3 and 6), validating this co-culture
model for the evaluation of aminoprocollagen peptidase activ-
ity. When 293 cells expressing ADAMTS-14 were used, a sig-
nificant conversion of both pNa chains into «a chains was ob-
served (Fig. 10, lanes 4 and 5). A quantification of the
polypeptides pattern indicated that the relative level of «
chains rose from 20 to 52% in the presence of ADAMTS-14,
evidencing its aminoprocollagen peptidase activity.
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Fic. 6. Distribution pattern of Ad-
amitsl4 in mouse tissues. Duplicate
samples containing 10, 2, or 0.4 ng of total
RNA purified from various tissues were
RT-PCR amplified using specific primers
for Adamtsi4 and 28 S RNA. After elec-
trophoresis on 10% polyacrylamide gel
and staining, the amplified cDNA prod-
ucts were quantified. Values obtained
with 28 S primers were equivalent in all
tissues (not shown). Values measured for
products amplified from Adamisi4
mRNA are reported as arbitrary units of
absorbance per ng of total RNA in the
samples. Br, brain; He, heart; St, stom-
ach; Li, liver; In, intestine; Mu, muscle;
Ey, eye; Bo, bone; Sk, skin; Lu, lung; Sp,
spleen; Ki, kidney; Te, tendon; Fb, fibro-
blasts in culture.

Adamts14 mRNA level (A. U.)

Br He

o

A

_

B

(treated / untreated)

MMP-1 mRNA

"mo

vs!

b

(treated / untreated)

ADAMTS14 mRNA

0!

TPA IL-1 TNF EGF TGF

Fic. 7. Regulation of ADAMTS14 expression. Fibroblasts in cul-
ture were left untreated or were treated for 1 day (black bar) or 2 days
(gray bar) with 12-O-tetradecanoylphorbol-13-acetate (5 ng/ml), IL-18
(IL-1, 100 units/ml), tumor necrosis factor-a (TNF, 10 ng/ml), epidermal
growth factor (20 ng/ml), or transforming growth factor g (TGF, 5
ng/ml). MMP1 (A) and ADAMTS14 (B) mRNA levels were assayed by
RT-PCR. Results are expressed as the ratio of mRNA levels in treated/
untreated control cultures.

DISCUSSION

An intriguing observation in Ehlers-Danlos type VIIC (EDS-
VIIC) patients and animal dermatosparaxis is the presence of
processed type I collagen in the absence of a functional AD-
AMTS-2 (12). This observation was confirmed in this study by
using Adamts2 ™'~ mice. The level of processed collagen varied
from tissue to tissue and could not be correlated to type I
collagen content. For example, 80% of type I collagen is pro-
cessed in tendon while only 30 to 40% is processed in the skin.
This difference is biologically significant since, in Adamts2~/~
mice, tendon has a normal mechanical resistance and contains
almost normal collagen fibers while the skin is highly fragile
and contains the abnormal hyeroglyphic collagen polymers
seen in dermatosparactic calf and EDSVIIC patients (12, 13).
Studies investigating the processing of pN-I collagen in AD-

St Li In Mu Ey Bo Sk Lu Sp Ki Te TIb

TS14 Cont.
MW
markers

211 kDa —»

128 kDa —»

84 kDa —»

Fic. 8. Western blotting analysis of the recombinant ADAMT'S-
14. 293 cells stably transfected with the empty vector (Cont.) or an
ADAMTS-14 expression vector (T'S14) were scraped and extracted for
2 h at 4 °C in a Tris buffer containing 0.5 M NaCl. An aliquot of the
extract was migrated on SDS-PAGE and analyzed by Western blotting
using an anti-FLAG antibody.

AMTS-2 deficient human and animal had been performed so
far by analysis of a SDS-PAGE pattern. Hence, it remained to
be determined that the observed processing occurred at the
cleavage site specific for ADAMTS-2 or at a close site. For
example, MMP13 can cleave the aminotelopeptide of type I
collagen (24), generating collagen fragments of about the same
size as the products released from ADAMTS-2 digestion. Se-
quencing of processed al and a2 chains extracted from der-
matosparactic calf tendon demonstrated that pN-I cleavage
occurred at the bonds that are cleaved by ADAMTS-2 (Prol4%-
Glu'*? for a1 and Ala”-Glu®® for «2). Processing of pN-I colla-
gen requires a complex three-dimensional structure of the sub-
strate in which the 3 propeptides (two a1l and one «2) are folded
back across the major triple helix of the molecule (15). This
specific requirement and the fact that the processing occurs at
the ADAMTS-2 cleavage site for both @l and a2 chains in
dermatosparactic animal strongly suggested that a closely re-
lated enzyme could display a true aminoprocollagen peptidase
activity. Because of its high homology with ADAMTS-2, AD-
AMTS-3 was first considered as the enzyme that could partially
compensate for the ADAMTS-2 deficiency. Preliminary inves-
tigations on tissue distribution and relative level of ADAMTSS3
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Fic. 9. Aminoprocollagen peptidase activity of recombinant ADAMTS-14 in vitro. A, cells stably transfected with the empty vector, with
an ADAMTS-2 expression vector or an ADAMTS-14 expression vector (two independent transfections) were grown to confluence in DMEM
supplemented with 10% FCS. Cell layers extracts (performed in a buffer containing 0.2 M NaCl) were left untreated (W), or were incubated with
trypsin for 15 (@) or 30 min (&) or with p-aminophenylmercuric acetate (APMA) for 15 min () before determination of the aminoprocollagen
peptidase activity. Values obtained with cells containing the empty vector were considered as background and substracted from the other
measurements. Activities of ADAMTS-14 are reported in % of activities determined for ADAMTS-2 under identical assay conditions. B, the same
cells as in A were grown in DMEM supplemented with 10% FCS. 48 h before confluency, culture medium was removed and replaced by fresh
medium containing 10% FCS only (W), 10% FCS and dextran sulfate at 0.01% (N), or 10% FCS and concanavalin A at 10 (&) or 50 (£3) um. Cell
extracts were not treated and immediately investigated for their aminoprocollagen peptidase activity as described in A.
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Fic. 10. Processing of aminoprocollagen type I in co-culture.
Skin fibroblasts from dermatosparactic (DF) or normal (NF) calf were
cultivated, in DMEM supplemented with 10% FCS and ascorbic acid (50
ug/ml), alone (lanes 1 and 6), or with a similar number of 293 cells
containing the empty vector (cont, lane 2), an ADAMTS-2 expression
vector (1'S-2, lane 3), or an ADAMTS-14 expression vector (cell popula-
tions resulting from two separate transfections, lanes 4 and 5). After a
24-h labeling with 1-[2,3-*Hlproline, the pattern of type I collagen
polypeptides secreted in the culture medium was visualized after SDS-
PAGE and autoradiography. pNal and pNa2, al and a2 collagen chains
that contain the amino-terminal propeptide; a1 and o2, fully matured
type I collagen polypeptides.

were performed to verify this hypothesis (not shown). AD-
AMTSS3 is expressed only at low levels in many organs. In
addition, no correlation was observed between the proportion of
processed type I collagen in the tissues of Adamts2 ™'~ mice and
the relative level of Adamits3. These data suggested that an
enzyme other than Adamts-2 or -3 could display aminoprocol-
lagen peptidase activity.

ADAMTS14 cDNA Cloning—By scanning data bases, homol-
ogy was found between ADAMTS2 cDNA and sequences lo-
cated on chromosome 10 (q21.3) that could represent exons of a
new ADAMTS gene. After confirmation, by RT-PCR, that this
potential novel gene can be expressed as mRNA, the complete
sequence of human ADAMTS14 cDNA (name assessed in
agreement with Human Gene Nomenclature Committee) and
also part of the Adamts14 mouse ortholog were determined by
sequencing overlapping RT-PCR fragments and 5’-RACE prod-
ucts. Different transcripts are expressed from the gene. An
alternative splicing mechanism occurring at the end of exon 6
leads to an in-frame deletion of 9 bases (Table I). Only the
9-base skipped form is found in mouse, while in ADAMTS?2 the

corresponding 9 bases are always present, suggesting that this
alternative splicing does not have a major biological signifi-
cance. The presence of three different exons 1, named 1A, 1B,
and 1C (Table I, Fig. 3), was also determined. Exon 1A on one
hand and exon 1B or 1C on the other hand resulted from the
alternative use of two different signals of initiation of tran-
scription (Fig. 3). The difference between transcripts B and C
(Fig. 3) is the presence in transcript C of a sequence that is
spliced (intron 1B) during the maturation of transcript B. As a
result, exon 1C is a large exon (1064 bp) consisting of sequences
that correspond on transcript B to exon 1B, intron 1B, and exon
2. Another example of such a large first exon is found in the
ADAMTS1 gene, where exon 1 is 1136 bp long (25). The exist-
ence of 2 sites of initiation of transcription, in two different
promoter contexts, suggests that transcripts resulting from
these two sites can be differently regulated. Preliminary data
support this hypothesis, indicating that transcript A is ex-
pressed at relatively high level in skin, placenta, and human
fibroblasts in culture while transcripts B and C are found at
significant levels in fibroblasts only. Northern analysis showed
a 4.5-kilobase pair major product. This size is similar to the size
of other ADAMTS mRNA and is consistent with the cDNA
sequence that was determined. The larger product of about 5.7
kilobase pairs probably results from the alternative use of a
more 3’ polyadenylation signal. The origin of the three smaller
transcripts, identified with the 3’-specific probe only, is still
unknown. Determination of their mechanism of generation will
require fine mapping of gene products with a set of smaller
probes. Existence of transcripts lacking either 5’ or 3’ se-
quences is not unique in the ADAMTS family and have been
determined for ADAMTS2? (11). The physiological significance
of these truncated transcripts remains to be elucidated. A puz-
zling observation is the presence, on Northern blot, of only one
band in the 4.5-kilobase pair region while, from RT-PCR data,
we would expect to see two bands: one from transcript C and a
smaller for transcript A (489 bases shorter), transcript B being
expressed at a too low level to be seen on Northern blot. Two
hypotheses could explain these apparently contradictory obser-

3 A. Colige, personal observation.
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vations. Since quantification of transcripts A and C does not
use the same primer pair, we cannot exclude that differences in
the efficiency of the two assays would have led to biased re-
sults, a transcript being actually relatively much more ex-
pressed, compared with the other, than expected from RT-PCR
quantification. According to this hypothesis, only this tran-
script would be visible by Northern analysis, the two others
being undistinguishable from the background. Another expla-
nation is that exon 1A is longer than the 135 bp reported on
Table 1. Evaluation of its size is based upon the presence in
genomic DNA of a suitable CAP signal situated 27 bp upstream
the ADAMTS14 cDNA sequence determined by 5'-RACE. If,
instead, exon 1A extends a few hundred bases upstream, the
size of transcripts A and C would be too close to be discrimi-
nated on Northern blot.

Adamts14 Regulation of Expression—The highest levels of
Adamts14 were found in collagen-rich tissue, supporting its
role as an aminoprocollagen peptidase. However, significant
levels were also detected in all tissues investigated, such as
brain, spleen, and liver, indicating that Adamts-14 may have
other functions. Similar findings have been reported for AD-
AMTS-2 (14). As ADAMTS?2 and -3,° ADAMTSI14 is not tran-
scriptionally regulated in fibroblasts by various soluble factors.
At the opposite, ADAMTS]1 is an inflammatory associated gene
(25) that can be induced by IL-1 (26). Up-regulation of the
expression of ADAMTS12 by transforming growth factor g (2)
and of aggrecanases (ADAMTS4 and -5) by IL-1, IL-6, and
tumor necrosis factor-a is also reported (27).

ADAMTS-14 Primary Structure—Determination of the AD-
AMTS-14 primary structure requires the determination of the
translation start site. For transcript A, the most 5’ in-frame
ATG in a suitable Kozak consensus sequence is found in exon
1A (Fig. 3). This ATG codon would result in the synthesis of a
polypeptide displaying a moderately hydrophobic sequence at
its NH,, terminus, which could serve as a signal peptide (Fig.
4A). Homology existing between this sequence (amino acids 42
to 61) and the sequence derived from exon 1 of ADAMTS2 or
from mouse Adamts14 suggests the actual use of this ATG as a
start of translation. For transcripts B and C, the first suitable
ATG corresponds to Met®® of the protein synthesized from
transcript A (Figs. 3 and 4A). As a result, ADAMTS-14 polypep-
tides from transcripts B and C do not contain an obvious signal
peptide. It remains to be determined whether these AD-
AMTS-14 variants are secreted, as all the ADAMTS described
so far, or sequestered in the cytoplasm.

Besides differences at the NH,, terminus, ADAMTS-14 vari-
ants are identical and display very high homology with AD-
AMTS-2 and -3, in terms of length of polypeptide chain, pri-
mary structure, and domains organization. The highest
similarity was observed around the catalytic site and the low-
est, as expected, in the pro-domain and the COOH-terminal tail
(Fig. 4). These results indicate that ADAMTS-2, -3, and -14 are
three members of a structurally and functionally distinct sub-
family of ADAMTS proteases. It has recently been demon-
strated that ADAMTS-3, as ADAMTS-2, can process pN-II
collagen (28). Because of the high homology between these
three enzymes, it was conceivable that ADAMTS-14 may also
display aminoprocollagen peptidase activity and may be the
enzyme responsible for pN-I collagen maturation in tissues of
dermatosparactic calves, Adamts2~’~ mice, and EDSVIIC pa-
tients. Preliminary data were in favor of this hypothesis. For
example, highest ADAMTS14 mRNA levels were detected in
collagen-rich tissues. In addition, the mRNA levels of AD-
AMTS14 and ADAMTS?2 were similar, suggesting that the
amount of ADAMTS-14 enzyme is high enough to allow matu-
ration of significant amounts of pN-I collagen. Finally, the eye

of Adamts2™'~ mice, where Adamts14 is barely expressed, con-
tained very low levels of processed type I collagen. The sus-
pected aminoprocollagen peptidase activity of ADAMTS-14 was
evaluated using recombinant enzyme. When produced by 293
cells grown in culture medium supplemented with fetal calf
serum alone, recombinant ADAMTS-14 did not display any
activity. However, upon limited digestion of the latent enzyme
with trypsin or when recombinant ADAMTS-14 was extracted
from cells cultivated in conditions known to promote metallo-
protease activation (29, 30), significant aminoprocollagen pep-
tidase activity was evidenced. These results were further con-
firmed in a co-culture model. In these experiments,
aminoprocollagen type I (pNal and pNa2 chains) synthesized
by dermatosparactic calf skin fibroblasts were significantly
processed into mature « chains in the presence of cells produc-
ing ADAMTS-14. Together, these results suggest that AD-
AMTS-14 could be the enzyme responsible for the aminopro-
collagen type I processing activity in the absence of
ADAMTS-2. They indicate also that ADAMTS-14 is synthe-
sized as a latent enzyme that requires activation to display
aminoprocollagen peptidase activity. Generation of active AD-
AMTS-14 in co-culture demonstrates that this activation can
occur extracellularly and probably results from enzymatic ac-
tivity associated with fibroblasts. This activation is not per-
formed in 293 cells cultivated in basal culture conditions sug-
gesting a specific, possibly cell type-regulated, mechanism.
Such a tissue-regulated mechanism of activation is also sus-
pected for ADAMTS-2 since this enzyme is expressed at high
levels in some tissues (heart, kidney, and muscle) that are poor
in type I collagen and from which no significant aminoprocol-
lagen peptidase activity can be extracted (21). The existence of
a cell type-regulated activation of ADAMTS-14 would also ex-
plain why dermatosparactic skin and tendon, which express
similar levels of ADAMTS-14, contain a different proportion of
fully processed type I collagen. According to this hypothesis,
ADAMTS-14 produced in fibroblasts would be only poorly pro-
cessed into an active aminoprocollagen peptidase while the
activation process would be much more efficient in tendon. This
will be evaluated, in further studies, by expressing recombi-
nant ADAMTS-14 in fibroblasts from dermatosparactic skin
and tendon using an adenoviral vector, the only one procedure
allowing significant synthesis of recombinant protein in almost
every primary fibroblasts.

In summary, the gene structure and the primary structure of
mouse and human ADAMTS-14 have been determined. The
tissue distribution of this novel ADAMTS, its homology with
ADAMTS-2 and -3, and its aminoprocollagen peptidase activ-
ity, which was demonstrated in vitro using fibroblasts lacking
ADAMTS-2 activity, suggest its participation in procollagen
processing in vivo. Various transcripts have been identified.
They result from the use of two different promoters and tran-
scription start sites and lead to the synthesis of ADAMTS-14
isoforms that differ by their amino terminus. These observa-
tions suggest complex mechanisms of regulation of gene ex-
pression and enzyme function. Creation of AdamtsI4~'~ mice,
and eventually their breeding with Adamts2™/~ mice, is
planned to unravel other functions of ADAMTS-14 and to eval-
uate potential overlaps in the role of these two closely related
enzymes.
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