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Expression Profiling of Metalloproteinases and
Tissue Inhibitors of Metalloproteinases in Normal and
Degenerate Human Achilles Tendon

Gavin C. Jones," Anthony N. Corps,' Caroline J. Pennington,” Ian M. Clark,*
Dylan R. Edwards,” Michelle M. Bradley,” Brian L. Hazleman,' and Graham P. Riley"

Objective. To profile the messenger RNA (mRNA)
expression for the 23 known genes of matrix metallo-
proteinases (MMPs), 19 genes of ADAMTS, 4 genes of
tissue inhibitors of metalloproteinases (TIMPs), and
ADAM genes 8, 10, 12, and 17 in normal, painful, and
ruptured Achilles tendons.

Methods. Tendon samples were obtained from
cadavers or from patients undergoing surgical proce-
dures to treat chronic painful tendinopathy or ruptured
tendon. Total RNA was extracted and mRNA expression
was analyzed by quantitative real-time reverse
transcription—polymerase chain reaction, normalized to
18S ribosomal RNA.

Results. In comparing expression of all genes, the
normal, painful, and ruptured Achilles tendon groups
each had a distinct mRNA expression signature. Three
mRNA were not detected and 14 showed no significant
difference in expression levels between the groups.
Statistically significant (P < 0.05) differences in mRNA
expression, when adjusted for age, included lower levels
of MMPs 3 and 10 and TIMP-3 and higher levels of
ADAM-12 and MMP-23 in painful compared with nor-
mal tendons, and lower levels of MMPs 3 and 7 and
TIMPs 2, 3, and 4 and higher levels of ADAMs 8 and 12,
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MMPs 1, 9, 19, and 25, and TIMP-1 in ruptured
compared with normal tendons.

Conclusion. The distinct mRNA profile of each
tendon group suggests differences in extracellular pro-
teolytic activity, which would affect the production and
remodeling of the tendon extracellular matrix. Some
proteolytic activities are implicated in the maintenance
of normal tendon, while chronically painful tendons and
ruptured tendons are shown to be distinct groups. These
data will provide a foundation for further study of the
role and activity of many of these enzymes that underlie
the pathologic processes in the tendon.

Pathologic conditions in the tendon are common,
representing a significant proportion of referrals for
soft-tissue symptoms among patients in rheumatology
clinics. The most common finding during surgery for
chronic pain of the Achilles tendon is intratendinous
degeneration or tendinosis (1). Histopathologic exami-
nation of normal Achilles tendon tissue identified dense,
straight or slightly wavy, parallel-packed collagen fibers
with rows of cells, vessels, and nerves located between
the fiber bundles, whereas degenerate, painful tendon
samples contained increased amounts of noncollagenous
matrix, alterations in the structure and arrangement of
collagen fibers, and focal variations in cellularity and
vascularization (2). Many patients with ruptured Achil-
les tendons have no symptoms prior to rupture; never-
theless, degeneration is thought to precede the tendon
rupture (1). A study of spontaneously ruptured tendons
identified hypoxia and loss of fibrillar collagen structure
as characteristic pathologic features of the tissue (3).

The biomechanical properties of the tendon
are primarily a feature of the extracellular matrix
(ECM), which is in a state of dynamic equilibrium
between synthesis and degradation (4). Degradation of
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the ECM is principally mediated by proteinases, whose
activities may be regulated at the transcriptional or the
translational levels, or posttranslationally by processing
or interaction with inhibitors. The metalloproteinase
clan of enzymes has been implicated in a wide range of
extracellular proteolytic events, and its members include
the matrix metalloproteinase (MMP), ADAM, and
ADAMTS groups.

Members of the MMP family can degrade the
majority of ECM components (5) and have been impli-
cated in ECM remodeling of the tendon (6,7). The
family consists of 23 human gene products, including 5
with activity against fibrillar collagen (MMPs 1, 2, 8, 13,
and 14). The ADAM family consists of more than 30
members, with both proteolytic and signaling activities
(8,9). ADAM family members may participate in inflam-
matory processes through the proteolytic release of
inflammatory mediators from the cell membrane, such
as the cleavage by ADAM-17 of membrane-bound tu-
mor necrosis factor « (TNF«) to the more proinflam-
matory soluble form (10). The ADAMTS family consists
of 19 human gene products, which include N-terminal
procollagen propeptidases (ADAMTS-2, -3, and -14)
and aggrecanases (ADAMTS-1, -4, -5, -8, -9, and -15)
that appear to participate in early degradative events of
arthritic cartilage, and are implicated in tendon-matrix
turnover (11-13). Aggrecanases cleave aggrecan at char-
acteristic sites located C-terminal to a glutamate residue
(14), but some members also cleave related proteogly-
cans such as versican and brevican at equivalent sites
(15-17). ADAMTS-4 has also been shown to cleave
other, nonproteoglycan ECM components such as car-
tilage oligomeric matrix protein (18), fibromodulin, and
decorin (19).

The tissue inhibitors of metalloproteinases
(TIMPs) family contains 4 human gene products that are
physiologic inhibitors of metalloproteinases. Generally,
all TIMP members inhibit MMP members to varying
degrees, although functional differences have been iden-
tified (20). In comparison, TIMP inhibition of ADAM
and ADAMTS members appears to be more restricted,
with TIMP-3 typically the most potent inhibitor of
members of these families (21-23).

The local balance of metalloproteinases and
TIMP proteins is likely to be of importance in the
correct maintenance of tendon ECM, and alterations to
the synthetic—degradative equilibrium may underlie the
degenerative changes observed during pathologic devel-
opment in the tendon. We have previously identified a
down-regulation of MMP-3 messenger RNA (mRNA)
expression in the pathologic process (24), but a system-

atic analysis of MMP, ADAMTS, and TIMP members
has not been undertaken. Such an approach is necessary
to identify those genes expressed in the tendon and
those that are altered in pathologic processes.

The aim of this study was to assess the mRNA
expression levels for the 23 known MMP genes, 19
known ADAMTS genes, 4 known TIMP genes, and
ADAM genes 8, 10, 12, and 17 in normal healthy
samples, chronically painful samples, and ruptured sam-
ples of human Achilles tendon tissue, in order to com-
pare the groups and identify gene targets for further
investigation.

PATIENTS AND METHODS

Tendon specimens. The tendon specimens analyzed
were as follows: 1) macroscopically normal specimens from
cadaver material, obtained within 48 hours of death; 2) tissue
from individuals with painful tendinopathy for more than 6
months, obtained from the site of the lesion (in the tendon
midsubstance) during surgery and having an abnormal histo-
logic appearance; 3) tissue from individuals undergoing repair
of ruptured tendon mostly within 48 hours of occurrence of the
rupture, trimmed from the site of the rupture. All procedures
had appropriate local ethics committee approval, and in-
formed consent was obtained from all patients. Samples from
a total of 32 individuals, all of whom were men, were included
in the study, and comprised 11 normal, 9 painful, and 12
ruptured Achilles tendons. The age distribution of individuals
within each tendon classification at the time of tissue collection
was as follows: normal tendon group mean age 49 years, range
20-76 years, painful tendinopathy group mean age 45 years,
range 33-59 years, ruptured tendon group mean age 42 years,
range 25-53 years. Specimens were transported to the labora-
tory in ice-cold balanced salt solution, and dissected pieces of
midtendon (between 10 mg and 70 mg wet weight) were frozen
at —70°C.

Histochemical analysis. Tissue samples were frozen
and sectioned for histochemical analysis. Sections were pro-
cessed using standard procedures, including hematoxylin and
eosin, toluidine blue, and Alcian blue staining.

RNA isolation from tendon tissue samples. Total RNA
was isolated from frozen tissue samples by a modified Tri-Spin
protocol as described previously (24) and resuspended in 100
wul water. The concentration of RNA was estimated using a
NanoDrop spectrophotometer (courtesy of Prof. D. E. Neal’s
group at the Hutchison/MRC Research Centre, Cambridge,
UK). The majority of samples yielded between 20 ng and 70 ng
RNA/mg wet weight, consistent with the low cellularity of
tendon, and the ratio of absorbance at 260 nm to 280 nm was
1.68 = 0.04 (mean = SEM). The RNA was diluted to 1 ng/ul
and stored at —70°C as aliquots, which were thawed once only.

Quantitative real-time polymerase chain reaction
(PCR). Complementary DNA (cDNA) was prepared using
SuperScript II (Invitrogen, Paisley, UK) and primed using
random hexamers (Amersham Biosciences, Chalfont St.Giles,
UK) according to the manufacturer’s instructions. Two hun-
dred fifty ng RNA was used for cDNA preparation, with the
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exception of 3 samples for which lesser amounts of RNA were
available and therefore only 125 ng RNA was used. The cDNA
was stored at —20°C until required for quantitative real-time
PCR.

For PCRs, specific primers and fluorogenic probes for
all 23 human MMP genes, all 4 human TIMP genes, all 19
human ADAMTS genes, and human ADAM genes 8§, 10, 12,
and 17 were designed using Primer Express 1.0 software (PE
Applied Biosystems, Warrington, UK). The primer and probe
sequences for the MMP and TIMP genes have been described
previously by Nuttall et al (25), and for the ADAMTS genes by
Porter et al (26). The primer and probe sequences for ADAMSs
8, 10, 12, and 17 were as follows: ADAM-8, forward primer
AAGCAGCCGTGCGTCATC, reverse primer AACCTGTC-
CTGACTATTCCAAATCTC, probe AATCACGTGGA-
CAAGCTATATCAGAAACTCAACTTCC; ADAM-10, for-
ward primer AGCGGCCCCGAGAGAGT, reverse primer
AGGAAGAACCAAGGCAAAAGC, probe ATCAAATGG-
GACACATGAGACGCTAACTGC; ADAM-12, forward
primer AGCTATGTCTTAGAACCAATGAAAAGTG, re-
verse primer CCCCGGACGCTTTTCAG, probe ACCAACA-
GATACAAACTCTTCCCAGCGAAGA; ADAM-17, for-
ward primer GAAGTGCCAGGAGGCGATTA, reverse
primer CGGGCACTCACTGCTATTACC, probe TGCTA-
CTTGCAAAGGCGTGTCCTACTGC.

To control against amplification of genomic DNA,
primers were designed, where possible, so that amplicons
crossed intron-exon boundaries. The 18S ribosomal RNA
(rRNA) gene was used as an endogenous control to normalize
for differences in the amount of total RNA in each sample, and
18S rRNA primers and probe were purchased from PE
Applied Biosystems. PCRs were performed using the ABI
Prism 7700 Sequence Detection System (PE Applied Biosys-
tems), according to the manufacturer’s protocol. Each reaction
was performed in 25 pl and contained the equivalent of either
1 ng of reverse-transcribed RNA for 18S analysis or 4 or 5 ng
for analysis of other genes (half of these amounts were used for
the 3 samples containing low RNA levels), 50% TagMan 2X
PCR Master Mix (PE Applied Biosystems), 100 nM each of the
forward and reverse primer, and 200 nM of probe. Conditions
for the PCR were 2 minutes at 50°C, 10 minutes at 95°C, and
then 40 cycles, each consisting of 15 seconds at 95°C and 1
minute at 60°C.

The ABI Prism 7700 measured the cycle—cycle changes
in fluorescence in each sample and generated a kinetic profile
of DNA amplification over the 40-cycle PCR. The cycle
number (termed the cycle threshold [Ct]) at which amplifica-
tion entered the exponential phase was determined and this
number was used as an indicator of the amount of target RNA
in each tissue; that is, a lower Ct indicated a higher quantity of
starting RNA. Gene expression levels relative to that of 18S
rRNA were calculated from the ACt values (calculated as 18S
rRNA Ct — gene Ct), using an assumption of maximal
amplification efficiency in each reaction with the formula 24",
This assumption may overestimate the magnitude of change of
a single target mRNA between clinical groups, but will not
affect the significance of such comparisons. In contrast, the
magnitude of expression of distinct target mRNA may be
overestimated to differing degrees, so that comparison of
mRNA levels of different genes should only be regarded as
approximate.
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Statistical analysis. SPSS statistical software was used
for all statistical analyses (SPSS, Chicago, IL). All analyses
were performed on the relative gene expression levels, which
were simple transformations of the ACt value. Samples with an
undetectable gene expression level (i.e., a gene Ct value of
=40) were given an arbitrary expression level of zero. Analyses
of the effect of age and tendon group on the observed relative
gene expression levels were performed by analysis of covari-
ance (ANCOVA) where appropriate, or by a nonparametric
equivalent (27) when the data did not fit the assumptions of
this test. Three linear contrasts were included in the ANCOVA
model, painful versus normal tendon, ruptured versus normal
tendon, and ruptured versus painful tendon, the results of
which were adjusted for multiple testing using a Bonferroni
correction. A P value of less than 0.05 was regarded as
statistically significant.

RESULTS

Characterization of tendon tissue samples. A
histologic analysis was conducted to characterize the 3
groups of tendon samples. Eight of the 11 cadaver
tendons showed a mostly normal histologic appearance,
although there were some variations in cell shape and
density. The sections consisted of mostly longitudinally
oriented fibrous matrix, and the majority of cells were
long, thin, and aligned with the collagen fibers, essen-
tially as described elsewhere (1-3,28). Some cell and
matrix abnormalities were observed in 3 cadaver tendon
specimens (27%), such as an increased proportion of
rounded cells, some loss of matrix organization, loss of
crimp, increased amounts of interfascicular loose con-
nective tissue, and increased staining for matrix glycos-
aminoglycans. These observations are consistent with
those of a previous study, which described at least some
features of degenerative change in 34% of cadaver
tendons (3).

Seven of the 9 painful tendons showed histologic
features characteristic of painful tendinopathy, with loss
of the normal fibrillar structure, loss of cell orientation,
an increase in the number of fibroblasts, an increased
proportion of ovoid or rounded cells (sometimes clus-
tered or in small rows), and increased matrix glycosami-
noglycan staining. Similar changes were reported in a
large study of painful Achilles tendinopathy (1). Most
specimens showed some blood vessel infiltration into the
fibrillar matrix, a feature that has been associated with
the onset of clinical symptoms in the tendon (29). Two
specimens of tendon with painful tendinopathy did not
show increased cellularity but did exhibit other abnor-
malities, as evidenced by hypocellular regions (com-
pared with normal tendon), rounded cells, increased
matrix glycosaminoglycan, and a few scattered blood
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vessels penetrating the fibrils. Only 1 specimen showed
small clusters of infiltrating lymphocytes and plasma
cells.

Nine of the 12 ruptured tendons showed a loss of
the organized fibrillar structure and were generally less
cellular compared with normal tendon (most specimens
contained acellular regions). The cells and nuclei were
frequently rounded and shrunken, and there was no
evidence of blood vessel infiltration. These changes were
similar to those reported in a large study of spontane-
ously ruptured tendons (3). Three specimens showed at
least some regions of increased cellularity and some
blood vessel infiltration between the fibers, similar to
that described in painful tendinopathy specimens. Four
specimens showed small clusters of infiltrating inflam-
matory cells.

The quality of the RNA in normal and pathologic
samples was investigated by electrophoresis, using 100-
200 ng each of 3 RNA samples from each tendon group.
Samples chosen for this analysis were those from which
the highest amounts of total RNA were extracted. In all
cases, clear sharp bands of 28S and 18S rRNA were
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Figure 1. Expression of mRNA, relative to 18S ribosomal RNA, for
matrix metalloproteinase (MMP), ADAMTS, ADAM, and tissue
inhibitor of metalloproteinases (TIMP) genes isolated from samples of
normal (open bars), painful (shaded bars), and ruptured (diagonally
hatched bars) human tendon. Lines within the boxes represent the
median, the boxes represent the 25th and 75th percentiles, and the
lines outside the boxes correspond to the minimum and maximum
values. ND = not detectable.
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Figure 2. Correlation between age and the relative expression level of
mRNA (in arbitrary units) encoded by ADAMTS-1, ADAMTS-10,
MMP-15, MMP-25, and TIMP-3 genes in normal, painful, and rup-
tured Achilles tendon samples. See Figure 1 for definitions.

observed, with the 28S band brighter than the 18S band.
No diffuse staining was observed at lower molecular
mass, suggesting that there was relatively little degener-
ation of this RNA.

Analysis of gene expression. The mRNA expres-
sion levels for all of the known human MMP, ADAMTS,
and TIMP genes and ADAM genes 8, 10, 12, and 17 in
normal, chronically painful, and ruptured Achilles ten-
dons were determined by quantitative real-time PCR. Of
the 50 genes investigated, only mRNA for MMPs 20 and
26 and ADAM-10 were not detected in any of the
specimens, although the expression of mRNA for
ADAMTS-20 was also below the level of detection in
over half of the samples in all 3 groups. The relative
mRNA levels for each gene in the normal, painful, and
ruptured tendon groups are illustrated in Figure 1.
Overall, the most highly expressed mRNA were MMPs 2
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and 3 and TIMPs 1, 2, and 3, and those with the lowest
detectable expression (up to 10°fold lower) were
MMP-8 and ADAMTS-7, -8, -18, and -20.

The mRNA expression levels for all genes were
tested for an association with age and tendon group,
using ANCOVA. This analysis effectively fits parallel
regression lines of expression level against age for each
tendon group. Differences between the lines are then
attributable to tendon group (in effect, each group is
compared at a single age value) and these differences
are tested for significance. The ANCOVA method also
tests the significance of any effect of age, which is
adjusted for tendon group.

The mRNA expression levels for 5 of the 47
detected genes (ADAMTS-1 and -10, MMPs 15 and 25,
and TIMP-3) had a significant association with age (P <
0.05 by ANCOVA). In all cases, the mRNA expression
levels tended to decrease with increasing age (Figure 2).
Among these 5 genes, significant differences in the
mRNA levels between the tendon groups were also
detectable for ADAMTS-10, MMP-25, and TIMP-3.

With the use of ANCOVA, 33 genes were iden-
tified whose mRNA expression levels differed signifi-
cantly between tendon groups. These genes were then
further analyzed using pairwise comparisons of the 3
tendon groups. The results of these analyses are sum-
marized in Table 1. Fourteen genes (ADAM-17,
ADAMTS-1, -6, -8, -9, -12, -15, -16, -18, -19, and -20 and
MMPs 2, 13, and 15) showed no significant difference in
mRNA expression between the 3 groups. The mRNA
expression levels for 12 genes were significantly different
in chronically painful tendons as compared with normal
samples (6 with lower levels and 6 with higher levels),
while the levels of mRNA for 20 genes were different in
ruptured tendons as compared with normal samples (9
with lower levels and 11 with higher levels). In compar-
ing ruptured tendons with chronically painful tendons,
the expression levels of mRNA for 23 genes were
different (13 with lower levels and 10 with higher levels).

The principal differences in mRNA expression
were a lower level of MMP-3 and TIMP-3 and higher
level of ADAM-12 and MMP-11 mRNA in both the
painful and ruptured tendon groups compared with the
normal samples; a lower level of ADAMTS-5 and MMPs
10, 12, and 27 and higher level of ADAMTS-2 and -3
and MMPs 16 and 23 mRNA in the painful tendon
group compared with the normal tendon group; a lower
level of ADAMTS-7, MMPs 7, 24, and 28, and TIMPs 2
and 4 and a higher level of ADAM-8, ADAMTS-4,
MMPs 1, 9, 14, 19, and 25, and TIMP-1 mRNA in the
ruptured tendon group compared with the normal ten-
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don group; and a lower level of ADAMTS-2, -3, and -17,
MMPs 7, 16, 23, 24, and 28, and TIMPs 2, 3, and 4 and
a higher level of ADAMs 8 and 12, ADAMTS-4, MMPs
1, 8 10, 12, 19, and 25, and TIMP-1 mRNA in the
ruptured tendon group compared with the painful ten-
don group (Table 1).

DISCUSSION

This study is the first to investigate the mRNA
expression levels for genes from the MMP, ADAMTS,
and TIMP families (and selected ADAM family mem-
bers) in Achilles tendon tissue from patients with chron-
ically painful tendinopathy or tendon rupture, as com-
pared with normal Achilles tendon. The pattern of
mRNA expression across the complete gene set was
distinct for each tendon group, suggesting that each
group represented a distinct tissue state. The present
study was limited to the investigation of mRNA, and it is
therefore unknown whether any corresponding variation
occurred in absolute protein levels or de novo synthesis.
However, it is reasonable to speculate that the differ-
ences in the mRNA levels of metalloproteinases and
their inhibitors in tendon disease states would result in
distinct extracellular proteolytic activities, potentially
affecting the structure and function of the tendon ECM.

Tendon “overuse” has been proposed as a de-
structive mechanism that precedes overt pathologic de-
velopment, implying that repeated strains below the
injury threshold induce changes in the tendon-matrix
composition and organization (28,30). Since metallopro-
teinase expression in tendon cells is known to be mod-
ulated by mechanical loading (31-34), it is possible,
given the absence of inflammation in most specimens,
that at least some of the changes in gene expression
described herein are induced by an altered mechanical
environment. Remodeling of the tendon matrix may be
induced by increased levels of strain and shear or
compressive forces acting on the tissue. Alternatively,
there may be a catabolic response to the local loss of
strain as a result of microscopic fiber damage. In support
of this, it has been demonstrated that stress-shielded and
immobilized ligaments and tendons rapidly lose their
mechanical properties (35,36), an effect requiring viable
cells and mediated via the activity of metalloproteinases
such as collagenase (37,38). Although there was no
known bias in the physical activity level of the popula-
tions from which samples of each type of tendon were
obtained, it is possible that differences in loading be-
tween (and within) the sample groups might account for
some of the observed variation. The analysis of such
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Table 1. Differences in gene expression levels, corrected to 18S ribosomal RNA, between normal and pathologic Achilles tendon groups*

o Fold difference in gene expression (P)
Association of tendon

group with gene Painful compared

Ruptured compared Ruptured compared

Gene expression level, P with normal tendon with normal tendon with painful tendon
MMP-1 <0.0001 1,021 (<0.0001) 734 (0.0004)
MMP-2 0.07
MMP-3 0.0001 —41 (0.0002) —18 (0.002)

MMP-7 <0.0001 —32(<0.0001) —27 (<0.0001)
MMP-8 0.006 36 (0.005)
MMP-9 0.003 40 (0.003)

MMP-10 <0.0001 —88 (<0.0001) 35 (0.0004)
MMP-11 0.0003 5(0.003) 6 (0.0004)

MMP-12 0.0005 —19(0.001) 23 (0.002)
MMP-13 0.23

MMP-14 0.008 3(0.007)

MMP-15 0.06

MMP-16 0.0006 3(0.002) —3(0.002)
MMP-17 0.04 2(0.05)

MMP-19 <0.0001 27 (<0.0001) 35 (<0.0001)
MMP-21 0.01 ~3(0.02)
MMP-23 0.0005 6 (0.001) —5(0.002)
MMP-24 0.0004 —6(0.001) —5(0.003)
MMP-25 <0.0001 21 (<0.0001) 27 (<0.0001)
MMP-27 0.008 —10 (0.007)

MMP-28 <0.0001 —7(<0.0001) —10 (<0.0001)
ADAMTS-1 0.60

ADAMTS-2 0.01 3(0.03) —3(0.03)
ADAMTS-3 0.009 4 (0.02) —4(0.02)
ADAMTS-4 0.0009 8(0.001) 5(0.01)
ADAMTS-5 0.003 —4(0.002)

ADAMTS-6 0.07

ADAMTS-7 0.004 —7(0.002)

ADAMTS-8 0.54

ADAMTS-9 0.62

ADAMTS-10 0.04 —2(0.04)
ADAMTS-12 0.12

ADAMTS-13 0.02 —2(0.02)

ADAMTS-14 0.04

ADAMTS-15 0.58

ADAMTS-16 0.48

ADAMTS-17 0.0005 —3(0.0004)
ADAMTS-18 0.59

ADAMTS-19 0.68

ADAMTS-20 0.09

TIMP-1 <0.0001 8(<0.0001) 5 (<0.0001)
TIMP-2 <0.0001 ~16 (<0.0001) —11 (<0.0001)
TIMP-3 <0.0001 —2(0.007) —7(<0.0001) —4(<0.0001)
TIMP-4 <0.0001 —9 (<0.0001) —10 (<0.0001)
ADAM-8 <0.0001 19 (0.002) 20 (<0.0001)
ADAM-12 <0.0001 13 (<0.0001) 107 (<0.0001) 8(0.0001)
ADAM-17 0.82

* The probabilities of expression levels being independent of group were calculated using analysis of covariance (ANCOVA) where appropriate, or
a nonparametric equivalent (for matrix metalloproteinases [MMPs] 7, 8, 9, 10, 12, 13, 17, 21, 23, and 25, ADAMTS-12, ADAMTS-14, ADAMTS-16,
ADAMTS-19, and ADAMTS-20, and ADAM-8), including age as a covariate. Where a significant association between tendon group and mRNA
expression level was identified by ANCOVA, pairwise group comparisons were performed post hoc and adjusted for multiple comparisons using a
Bonferroni correction. Only significantly different pairwise comparisons are given. Fold differences were derived from the age-corrected mean
expression level in each group, as estimated from the ANCOVA model. TIMP-1 = tissue inhibitor of metalloproteinases 1.

variables was beyond the scope of the present study but TIMP mRNA, which suggests that regulated metallo-
should be considered when interpreting these results. proteinase activities are important in the homeostasis of

It is evident from this study that normal tendon this tissue. The musculoskeletal syndrome observed fol-
tissue expresses a spectrum of metalloproteinases and lowing administration of broad-spectrum metallopro-
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Table 2. Summary of genes possessing an altered expression level in tendon samples from individuals
with chronically painful tendinopathy or in individuals with ruptured tendon, as compared with normal

Achilles tendon samples*

Painful tendinopathy

Ruptured tendon

Higher gene expression under
pathologic conditions

MMP -11, -16, -23 -1, -9, -11, -14, -17, -19, -25
ADAMTS -2,-3 -4
ADAM -12 -8, -12
TIMP - -1
Lower gene expression under
pathologic conditions
MMP -3, -10, -12, -27 -3, -7, 24, -28
ADAMTS -5 -7, -13
ADAM - -
TIMP -3 2,-3,-4

* See Table 1 for definitions.

teinase inhibitors (39) might therefore be the result of
the disruption of homeostatic turnover. The most highly
expressed mRNA were MMPs 2 and 3, which were
present at levels more than 10-fold higher than any other
metalloproteinase, and TIMP-3, which was present at a
similar level. Other highly expressed mRNA included
the TNFa-cleaving enzyme, ADAM-17, the aggrecanase
proteinases ADAMTS-1, -5, and -9, the procollagen
N-propeptidase ADAMTS-2, the membrane-type met-
alloproteinases MMPs 14 and 15, and the metallopro-
teinase inhibitors TIMPs 1, 2, and 4.

Analysis of the data identified 5 genes whose
mRNA levels correlated with age. In all cases, the
mRNA levels tended to decrease with increasing age,
the largest decreases being observed with the
membrane-type metalloproteinases MMP-15 and MMP-
25. The cause of this age-associated change in mRNA
expression is unknown. Levels of mRNA may alter as a
direct consequence of aging, but changes could also be
due to other age-associated effects, such as reduced
loading as a result of changes in physical activity.

Genes with a different mRNA level in chronically
painful tendon compared with normal tissue are sum-
marized in Table 2. Differences between the painful and
normal tendon samples included a lower level of the
aggrecanase ADAMTS-5, MMPs 3, 10, 12, and 27, and
TIMP-3 mRNA and a higher mRNA level of ADAM-12,
the procollagen N-propeptidases ADAMTS-2 and -3,
and MMPs 11, 16, and 23.

The levels of MMP-3 mRNA in the painful
tendon group were 1-2 orders of magnitude lower than
those in the normal tendon group, an observation that is
consistent with a previous analysis by us and which has
also been observed at the protein level (24). MMP-3 has

been proposed as a central regulator of MMP activation
(40,41) and its down-regulation may serve to limit MMP
activation within the tissue. The level of MMP-10
mRNA, which is phylogenetically similar to MMP-3
(42), was also lower in the painful tendon samples, by a
similar magnitude.

The levels of ADAM-12 mRNA were an order of
magnitude higher in painful tendon samples than in the
normal tendons. ADAM-12 has been demonstrated to
cleave insulin-like growth factor binding proteins 3 and
5, pro-heparin-binding epidermal growth factor, and the
ECM components gelatin, type IV collagen, and fi-
bronectin (43-46), and may therefore be significant in
painful tendinopathy, both as a regulator of cytokine
activity and as a mediator of ECM degradation.
ADAM-12 is also reported to support cell attachment
and influence cell spreading and migration (47-49).
Rounded cells are observed more frequently in patho-
logic tendons (50) and it is possible that ADAM-12 may
influence this morphologic feature of the cells.

The MMP-23 mRNA expression level in the
painful tendon samples was ~5-fold higher compared
with that in both the normal and ruptured tendon
groups, and we have therefore identified this proteinase
as an interesting target for further study with regard to
understanding painful tendinopathy. The physiologic
substrates and functions of MMP-23 are unknown, but
gelatinolytic activity has been demonstrated, an activity
that could be inhibited by both synthetic inhibitors and
TIMPs 1 and 2 (51,52). The level of MMP-23 mRNA
was observed to peak during an experimentally induced
endochondral bone formation, with both osteoblasts and
chondrocytes expressing the gene (53). Since fibrocarti-
lagenous transformation and endochondral ossification



GENE EXPRESSION PROFILING IN HUMAN ACHILLES TENDON 839

are frequently associated with tendinopathies (54),
MMP-23 may have a role in the altered phenotype of the
tendon cells.

Compared with the normal tendon group, the
levels of TIMP-3 mRNA were lower in the painful
tendon group. TIMP-3 is believed to be the primary
endogenous inhibitor of the aggrecanase ADAMTS
proteinases (23,55) and the ADAM-12 and -17 protein-
ases (21,22,43), and a decrease in TIMP-3 might there-
fore be predicted to influence the activity of these
proteinases. TIMP-3 has also been demonstrated to
possess an antiangiogenic activity (56,57), and a lower
TIMP-3 expression in pathologic tissue may correlate
with the increased incidence of vascular invasion that
has been reported in chronic pathologic conditions in
the tendon (1,58).

Although not addressed directly in this study, an
altered proteolytic profile may contribute to the chronic
pain phenotype. Enzyme activity and proteolytic remod-
eling of the highly ordered matrix would compromise the
mechanical properties of the tissue, potentially increas-
ing the stretch activation of mechanoreceptors, as well as
affecting various cell activities. In conjunction with re-
ductions in antiangiogenic factors (such as TIMP-3),
proteolytic activities are also likely to play an important
role in the infiltration of vessels and nerves commonly
seen in painful Achilles tendinopathy (1,2,29). A mech-
anism such as this is consistent with the hypothesis that
increased innervation and the local release of neuro-
transmitters, such as glutamate, substance P, and calci-
tonin gene-related peptide, are implicated in the percep-
tion of pain and the chronicity of the disease process
(29,59,60).

The significant changes in ruptured tendons,
compared with normal tissue, are summarized in Table
2. Four of these changes, increased levels of ADAM-12
and MMP-11 and lower levels of TIMP-3 and MMP-3,
were also identified in comparisons of the painful and
normal samples. Other differences compared with nor-
mal tendon included an increased expression of
ADAM-8, ADAMTS-4 (aggrecanase 1), MMP-1 (colla-
genase 1), several membrane-type metalloproteinases
(MMPs 14, 17, and 25), MMP-9 (gelatinase B), MMP-
19, and TIMP-1. There were also lower mRNA levels of
ADAMTS-7, ADAMTS-13 (von Willebrand factor
cleaving proteinase), MMPs 7, 24, and 28, and TIMPs 2
and 4. The pathologic significance of these findings
needs to be addressed in followup studies, since some or
all of these changes might have occurred following
rupture in the period prior to surgery. However, all
samples were obtained as soon as possible after rupture,

several within 24 hours, and there was no apparent effect
of the time period preceding surgery.

The greatest of the observed differences was the
1,000-fold higher level of MMP-1 mRNA in the rup-
tured tendons, which suggests that there is a high level of
collagen degradation occurring in tendons that have
ruptured. This would substantially reduce the material
properties of the tendon, supporting the case for early
repair, if the surgical option is to be considered. These
data are consistent with previous observations made by
us, demonstrating an increase in MMP-1 activity and
decrease in MMP-3 activity in torn rotator cuffs (7).
Taken together, these data suggest that MMP-1 is the
predominant collagenase associated with Achilles ten-
don rupture. As observed with the painful samples,
ruptured tendon samples possessed lower levels of
MMP-3 mRNA compared with the normal tendon sam-
ples, which is consistent with previous results (7). How-
ever, unlike the painful tendons, in which the level of
MMP-10 mRNA was also lower, the MMP-10 mRNA
levels in the ruptured samples did not differ from those
in the normal tendons, an observation consistent with
recent findings in the torn rotator cuff (61).

We also have shown that ruptured tendons have
lower levels of TIMPs 2, 3, and 4 mRNA compared with
normal tendons, and similar data were reported in the
rotator cuff (61). Unlike the results in the rotator cuff
study, however, an increase in the level of TIMP-1
mRNA was observed in the ruptured Achilles tendon
samples. Although an overall reduction in TIMP protein
levels would provide an environment more permissible
to metalloproteinase activity, a shift in TIMP balance
toward TIMP-1 may also be of significance, since
TIMP-1 differs in its activity compared with that of the
other TIMP members (62). Unlike other TIMP mem-
bers, TIMP-1 shows little inhibitory activity toward
MMP-19 or the membrane-type MMPs, MMPs 14, 15,
16, and 24 (20).

The level of MMP-19 mRNA was greater in
ruptured samples compared with normal samples. This,
together with the observed shift in balance of TIMP
mRNA levels toward TIMP-1 in ruptured samples,
might therefore result in a greater activity of this met-
alloproteinase in these samples. MMP-19, originally
isolated as an autoantigen from the synovium of a
rheumatoid arthritis patient (63), is widely expressed in
human tissues under quiescent conditions and is proteo-
lytically active against many components of basement
membranes, but is unable to cleave triple helix collagen
(64,65). Its substrates include nidogen 1, and this cleav-
age is thought to be inhibitory to angiogenesis (66).
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Expression of MMP-19 is up-regulated following dermal
wounding (66), and its higher expression in ruptured
tendon samples may therefore be indicative of a wound
repair response.

As many differences were observed between the
chronically painful and ruptured tendons as were ob-
served between either of the pathologic tendon groups
and the normal tissue group. These differences include a
higher level of mRNA for ADAMs 8 and 12,
ADAMTS-4, MMPs 1, 8, 10, 12, 19, and 25, and TIMP-1
and lower level of mRNA for ADAMTS-2, -3, -10, and
-17, MMPs 7, 16, 21, 23, 24, and 28, and TIMPs 2, 3, and
4 in ruptured tendons compared with painful tendons.
The mRNA expression data therefore suggest that these
2 sample groups represent distinct tissue states. This
viewpoint was supported by the histologic examination
of the samples, which identified a number of differences
between these groups, particularly a greater cellularity,
vascularization, and glycosaminoglycan content in the
painful tendon group.

The apparent differences between these groups
may reflect the initial criteria for inclusion of samples
into each group, which define distinct clinical pathologic
characteristics; that is, painful tendon samples were
from patients who had experienced more than 6 months
of pain in the tendon prior to surgery, whereas ruptured
tendon samples were from patients who had experienced
a tendon rupture without a known clinical history of pain
in the tendon. The chronic nature of the condition in the
painful tendon group suggests that differences in the
histologic features and mRNA expression levels com-
pared with those in normal tendon represent the patho-
logic state. In contrast, differences in histologic features
and mRNA expression in the ruptured tendon group
may have occurred pre- or postrupture and are likely to
represent early reparative responses in addition to pos-
sible underlying pathologic changes. Although the de-
sign of the present study did not allow us to address the
pathologic progression in the tendon, it may be specu-
lated that tendon pain and rupture are distinct pheno-
types and that pain is not necessarily part of a progres-
sion to rupture.

In summary, this study is the first comprehensive
screen of metalloproteinase and TIMP mRNA expres-
sion in Achilles tendon, and provides a comparison
between normal tendon, tendon following rupture, and
tendon in patients experiencing chronic pain. This study
has revealed characteristic mRNA profiles of these 3
tendon states and was able to identify a number of genes
worthy of further study. It is hoped that these data will
form a basis from which the roles of metalloproteinases

JONES ET AL

and their inhibitors in pathologic conditions of the
tendon can be understood.

ACKNOWLEDGMENTS

The authors wish to thank Dr. Tomas Movin (Karolin-
ska University Hospital, Huddinge, Sweden), Mr. Andrew
Robinson and Mr. Matthew Costa (Addenbrooke’s Hospital,
Cambridge, UK), Mr. Graham Holloway (Ridgeway Hospital,
Swindon, UK), Mr. Roger Hackney (Leeds General Infirmary,
Leeds, UK), and Mr. Michael Allen (Leicester General Hos-
pital, Leicester, UK) for provision of clinical samples, and
Dr. Janet Patterson-Kane (Royal Veterinary College, UK) for
her assistance with the histologic analysis of samples.

REFERENCES

1. Astrom M, Rausing A. Chronic achilles tendinopathy: a survey of
surgical and histopathologic findings. Clin Orthop 1995;316:
151-64.

2. Movin T, Gad A, Reinholt FP, Rolf C. Tendon pathology in
long-standing achillodynia: biopsy findings in 40 patients. Acta
Orthop Scand 1997;68:170-5.

3. Kannus P, Jozsa L. Histopathological changes preceding sponta-
neous rupture of a tendon: a controlled study of 891 patients.
J Bone Joint Surg Am 1991;73:1507-25.

4. Riley G. The pathogenesis of tendinopathy: a molecular perspec-
tive. Rheumatology (Oxford) 2004;43:131-42.

5. Sternlicht MD, Werb Z. How matrix metalloproteinases regulate
cell behavior. Annu Rev Cell Dev Biol 2001;17:463-516.

6. Cawston T. Matrix metalloproteinases and TIMPs: properties and
implications for the rheumatic diseases. Mol Med Today 1998;4:
130-7.

7. Riley GP, Curry V, DeGroot J, van El B, Verzijl N, Hazleman BL,
et al. Matrix metalloproteinase activities and their relationship
with collagen remodelling in tendon pathology. Matrix Biol 2002;
21:185-95.

8. Killar L, White J, Black R, Peschon J. Adamalysins: a family of
metzincins including TNFa converting enzyme. Ann N'Y Acad Sci
1999;878:442-52.

9. Primakoff P, Myles DG. The ADAM gene family: surface proteins
with adhesion and protease activity. Trends Genet 2000;16:83-7.

10. Black RA, Rauch CT, Kozlosky CJ, Peschon JJ, Slack JL, Wolfson
MF, et al. A metalloproteinase disintegrin that releases tumour-
necrosis factor-a from cells. Nature 1997;385:729-33.

11. Malfait AM, Liu RQ, Ijiri K, Komiya S, Tortorella MD. Inhibition
of ADAM-TS4 and ADAM-TSS prevents aggrecan degradation in
osteoarthritic cartilage. J Biol Chem 2002;277:22201-8.

12. Rees SG, Flannery CR, Little CB, Hughes CE, Caterson B, Dent
CM. Catabolism of aggrecan, decorin and biglycan in tendon.
Biochem J 2000;350:181-8.

13. Jones GC, Riley GP. ADAMTS proteinases: a multi-domain,
multi-functional family with roles in extracellular matrix turnover
and arthritis. Arthritis Res Ther 2005;7:160-9.

14. Sandy JD, Neame PJ, Boynton RE, Flannery CR. Catabolism of
aggrecan in cartilage explants: identification of a major cleavage
site within the interglobular domain. J Biol Chem 1991;266:
8683-5.

15. Nakamura H, Fujii Y, Inoki I, Sugimoto K, Tanzawa K, Matsuki
H, et al. Brevican is degraded by matrix metalloproteinases and
aggrecanase-1 (ADAMTS4) at different sites. J Biol Chem 2000;
275:38885-90.

16. Sandy JD, Westling J, Kenagy RD, Iruela-Arispe ML, Verscharen
C, Rodriguez-Mazaneque JC, et al. Versican V1 proteolysis in



GENE EXPRESSION PROFILING IN HUMAN ACHILLES TENDON

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

human aorta in vivo occurs at the Glu441-Ala442 bond, a site that
is cleaved by recombinant ADAMTS-1 and ADAMTS-4. J Biol
Chem 2001;276:13372-8.

Somerville RP, Longpre JM, Jungers KA, Engle JM, Ross M,
Evanko S, et al. Characterization of ADAMTS-9 and ADAMTS-20
as a distinct ADAMTS subfamily related to Caenorhabditis el-
egans GON-1. J Biol Chem 2003;278:9503-13.

Dickinson SC, Vankemmelbeke MN, Buttle DJ, Rosenberg K,
Heinegard D, Hollander AP. Cleavage of cartilage oligomeric
matrix protein (thrombospondin-5) by matrix metalloproteinases
and a disintegrin and metalloproteinase with thrombospondin
motifs. Matrix Biol 2003;22:267-78.

Kashiwagi M, Enghild JJ, Gendron C, Hughes C, Caterson B, Itoh
Y, et al. Altered proteolytic activities of ADAMTS-4 expressed by
C-terminal processing. J Biol Chem 2004;279:10109-19.

Baker AH, Edwards DR, Murphy G. Metalloproteinase inhibitors:
biological actions and therapeutic opportunities. J Cell Sci 2002;
115:3719-27.

Amour A, Slocombe PM, Webster A, Butler M, Knight CG, Smith
BJ, et al. TNFa converting enzyme is inhibited by TIMP-3. FEBS
Lett 1998;435:39—-44.

Amour A, Knight CG, Webster A, Slocombe PM, Stephens PE,
Knauper V, et al. The in vitro activity of ADAM-10 is inhibited by
TIMP-1 and TIMP-3. FEBS Lett 2000;473:275-9.

Kashiwagi M, Tortorella M, Nagase H, Brew K. TIMP-3 is a
potent inhibitor of aggrecanase 1 (ADAM-TS4) and aggrecanase
2 (ADAM-TSS). J Biol Chem 2001;276:12501-4.

Ireland D, Harrall R, Curry V, Holloway G, Hackney R, Hazle-
man B, et al. Multiple changes in gene expression in chronic
human Achilles tendinopathy. Matrix Biol 2001;20:159-69.
Nuttall RK, Pennington CJ, Taplin J, Wheal A, Yong VW, Forsyth
PA, et al. Elevated membrane-type matrix metalloproteinases in
gliomas revealed by profiling proteases and inhibitors in human
cancer cells. Mol Cancer Res 2003;1:333-45.

Porter S, Scott SD, Sassoon EM, Williams MR, Jones JL, Girling
AC, et al. Dysregulated expression of adamalysin-thrombospondin
genes in human breast carcinoma. Clin Cancer Res 2004;10:
2429-40.

Conover WJ, Iman RL. Analysis of covariance using the rank
transformation. Biometrics 1982;38:715-24.

Jarvinen M, Jozsa L, Kannus P, Jarvinen TL, Kvist M, Leadbetter
W. Histopathological findings in chronic tendon disorders. Scand
J Med Sci Sports 1997;7:86-95.

Alfredson H, Ohberg L, Forsgren S. Is vasculo-neural ingrowth the
cause of pain in chronic Achilles tendinosis? An investigation
using ultrasonography and colour Doppler, immunohistochemis-
try, and diagnostic injections. Knee Surg Sports Traumatol Ar-
throsc 2003;11:334-8.

Jozsa L, Kannus P. Overuse injuries in tendons. In: Jozsa L,
Kannus P, editors. Human tendons: anatomy, physiology and
pathology. Champaign (IL): Human Kinetics; 1997. p. 164-253.
Archambault J, Tsuzaki M, Herzog W, Banes AJ. Stretch and
interleukin-18 induce matrix metalloproteinases in rabbit tendon
cells in vitro. J Orthop Res 2002;20:36-9.

Tsuzaki M, Bynum D, Almekinders L, Yang X, Faber J, Banes AJ.
ATP modulates load-inducible IL-1B, COX 2, and MMP-3 gene
expression in human tendon cells. J Cell Biochem 2003;89:556—-62.
Lavagnino M, Arnoczky SP, Tian T, Vaupel Z. Effect of amplitude
and frequency of cyclic tensile strain on the inhibition of MMP-1
mRNA expression in tendon cells: an in vitro study. Connect
Tissue Res 2003;44:181-7.

Arnoczky SP, Tian T, Lavagnino M, Gardner K. Ex vivo static
tensile loading inhibits MMP-1 expression in rat tail tendon cells
through a cytoskeletally based mechanotransduction mechanism.
J Orthop Res 2004;22:328-33.

Tipton CM, Vailas AC, Matthes RD. Experimental studies on the

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

841

influences of physical activity on ligaments, tendons and joints: a
brief review. Acta Med Scand Suppl 1986;711:157-68.

Yasuda K, Hayashi K. Changes in biomechanical properties of
tendons and ligaments from joint disuse. Osteoarthritis Cartilage
1999;7:122-9.

Hannafin JA, Arnoczky SP, Hoonjan A, Torzilli PA. Effect of
stress deprivation and cyclic tensile loading on the material and
morphologic properties of canine flexor digitorum profundus
tendon: an in vitro study. J Orthop Res 1995;13:907-14.

Majima T, Marchuk LL, Shrive NG, Frank CB, Hart DA. In-vitro
cyclic tensile loading of an immobilized and mobilized ligament
autograft selectively inhibits mRNA levels for collagenase
(MMP-1). J Orthop Sci 2000;5:503-10.

Drummond AH, Beckett P, Brown PD, Bone EA, Davidson AH,
Galloway WA, et al. Preclinical and clinical studies of MMP
inhibitors in cancer. Ann N Y Acad Sci 1999;878:228-35.

Van Meurs J, van Lent P, Stoop R, Holthuysen A, Singer I, Bayne
E, et al. Cleavage of aggrecan at the Asn**'-Phe3*? site coincides
with the initiation of collagen damage in murine antigen-induced
arthritis: a pivotal role for stromelysin 1 in matrix metalloprotein-
ase activity. Arthritis Rheum 1999;42:2074-84.

Van Meurs J, van Lent P, Holthuysen A, Lambrou D, Bayne E,
Singer I, et al. Active matrix metalloproteinases are present in
cartilage during immune complex-mediated arthritis: a pivotal role
for stromelysin-1 in cartilage destruction. J Immunol 1999;163:
5633-9.

Muller D, Quantin B, Gesnel MC, Millon-Collard R, Abecassis J,
Breathnach R. The collagenase gene family in humans consists of
at least four members. Biochem J 1988;253:187-92.

Loechel F, Fox JW, Murphy G, Albrechtsen R, Wewer UM.
ADAM 12-S cleaves IGFBP-3 and IGFBP-5 and is inhibited by
TIMP-3. Biochem Biophys Res Commun 2000;278:511-5.
Asakura M, Kitakaze M, Takashima S, Liao Y, Ishikura F,
Yoshinaka T, et al. Cardiac hypertrophy is inhibited by antagonism
of ADAM12 processing of HB-EGF: metalloproteinase inhibitors
as a new therapy. Nat Med 2002;8:35-40.

Kurisaki T, Masuda A, Sudo K, Sakagami J, Higashiyama S,
Matsuda Y, et al. Phenotypic analysis of meltrin o (ADAM12)-
deficient mice: involvement of meltrin « in adipogenesis and
myogenesis. Mol Cell Biol 2003;23:55-61.

Roy R, Wewer UM, Zurakowski D, Pories SE, Moses MA.
ADAM 12 cleaves extracellular matrix proteins and correlates with
cancer status and stage. J Biol Chem 2004;279:51323-30.

Iba K, Albrechtsen R, Gilpin BJ, Loechel F, Wewer UM. Cysteine-
rich domain of human ADAM 12 (meltrin «) supports tumor cell
adhesion. Am J Pathol 1999;154:1489-501.

Iba K, Albrechtsen R, Gilpin B, Frohlich C, Loechel F, Zolkiewska
A, et al. The cysteine-rich domain of human ADAM 12 supports
cell adhesion through syndecans and triggers signaling events that
lead to B1 integrin-dependent cell spreading. J Cell Biol 2000;149:
1143-56.

Thodeti CK, Albrechtsen R, Grauslund M, Asmar M, Larsson C,
Takada Y, et al. ADAMI12/syndecan-4 signaling promotes f1
integrin-dependent cell spreading through protein kinase Co and
RhoA. J Biol Chem 2003;278:9576-84.

Riley GP, Harrall RL, Cawston TE, Hazleman BL, Mackie EJ.
Tenascin-C and human tendon degeneration. Am J Pathol 1996;
149:933-43.

Pei D. CA-MMP: a matrix metalloproteinase with a novel cysteine
array, but without the classic cysteine switch. FEBS Lett 1999;457:
262-70.

Velasco G, Pendas AM, Fueyo A, Knauper V, Murphy G,
Lopez-Otin C. Cloning and characterization of human MMP-23, a
new matrix metalloproteinase predominantly expressed in repro-
ductive tissues and lacking conserved domains in other family
members. J Biol Chem 1999;274:4570-6.

Clancy BM, Johnson JD, Lambert AJ, Rezvankhah S, Wong A,



842

54.

55.

56.

57.

58.

59.

60.

Resmini C, et al. A gene expression profile for endochondral bone
formation: oligonucleotide microarrays establish novel connec-
tions between known genes and BMP-2-induced bone formation in
mouse quadriceps. Bone 2003;33:46-63.

Fenwick S, Harrall R, Hackney R, Bord S, Horner A, Hazleman B,
et al. Endochondral ossification in Achilles and patella tendinopa-
thy. Rheumatology (Oxford) 2002;41:474—6.

Hashimoto G, Aoki T, Nakamura H, Tanzawa K, Okada Y.
Inhibition of ADAMTS4 (aggrecanase-1) by tissue inhibitors of
metalloproteinases (TIMP-1, 2, 3 and 4). FEBS Lett 2001;494:
192-5.

BenEzra D. Inhibition of angiogenesis by tissue inhibitor of
metalloproteinase-3. Invest Ophthalmol Vis Sci 1997;38:2433-4.
Ma DH, Chen JI, Zhang F, Hwang DG, Chen JK. Inhibition of
fibroblast-induced angiogenic phenotype of cultured endothelial
cells by the overexpression of tissue inhibitor of metalloproteinase
(TIMP)-3. J Biomed Sci 2003;10:526-34.

YuJS, Popp JE, Kaeding CC, Lucas J. Correlation of MR imaging
and pathologic findings in athletes undergoing surgery for chronic
patellar tendinitis. AJR Am J Roentgenol 1995;165:115-8.

Bjur D, Alfredson H, Forsgren S. The innervation pattern of the
human Achilles tendon: studies of the normal and tendinosis
tendon with markers for general and sensory innervation. Cell
Tissue Res 2005;320:201-6.

Alfredson H. The chronic painful Achilles and patellar tendon:

61.

62.

63.

64.

65.

66.

JONES ET AL

research on basic biology and treatment. Scand J Med Sci Sports
2005;15:252-9.

Lo IK, Marchuk LL, Hollinshead R, Hart DA, Frank CB. Matrix
metalloproteinase and tissue inhibitor of matrix metalloproteinase
mRNA levels are specifically altered in torn rotator cuff tendons.
Am J Sports Med 2004;32:1223-9.

Brew K, Dinakarpandian D, Nagase H. Tissue inhibitors of
metalloproteinases: evolution, structure and function. Biochim
Biophys Acta 2000;1477:267-83.

Sedlacek R, Mauch S, Kolb B, Schatzlein C, Eibel H, Peter HH, et
al. Matrix metalloproteinase MMP-19 (RASI-1) is expressed on
the surface of activated peripheral blood mononuclear cells and is
detected as an autoantigen in rheumatoid arthritis. Immunobiol-
ogy 1998;198:408-23.

Pendas AM, Knauper V, Puente XS, Llano E, Mattei MG, Apte S,
et al. Identification and characterization of a novel human matrix
metalloproteinase with unique structural characteristics, chromo-
somal location, and tissue distribution. J Biol Chem 1997;272:
4281-6.

Mueller MS, Mauch S, Sedlacek R. Structure of the human
MMP-19 gene. Gene 2000;252:27-37.

Hieta N, Impola U, Lopez-Otin C, Saarialho-Kere U, Kahari
VM. Matrix metalloproteinase-19 expression in dermal wounds
and by fibroblasts in culture. J Invest Dermatol 2003;121:
997-1004.



