Postnatal expression in hyaline

See related Commentary on pages 31-32

cartilage of constitutively active
human collagenase-3 (MMP-13)
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It has been suggested that increased collagenase-3 (MMP-13) activity plays a pivotal role in the patho-
genesis of osteoarthritis (OA). We have used tetracycline-regulated transcription in conjunction with
a cartilage-specific promoter to target a constitutively active human MMP-13 to the hyaline cartilages
and joints of transgenic mice. Postnatal expression of this transgene resulted in pathological changes
in articular cartilage of the mouse joints similar to those observed in human OA. These included
characteristic erosion of the articular cartilage associated with loss of proteoglycan and excessive
cleavage of type II collagen by collagenase, as well as synovial hyperplasia. These results demonstrate
that excessive MMP-13 activity can result in articular cartilage degradation and joint pathology of
the kind observed in OA, suggesting that excessive activity of this proteinase can lead to this disease.

J. Clin. Invest. 107:35-44 (2001).

Introduction

Degenerative joint diseases including osteoarthritis
(OA) are common, particularly in the elderly. Early
signs of OA include progressive loss from articular
cartilage of the proteoglycan aggrecan, reflected by a
loss of safranin O staining, excessive damage to type
II collagen, and general degeneration and fibrillation
of the cartilage surface, resulting ultimately in a loss
of articular cartilage (1).

One of the primary targets of this disease is type II
collagen, the major structural collagen found in artic-
ular cartilage in healthy individuals. There is ordinari-
ly a strict balance between the production of type II col-
lagen and degradation of this protein by catabolic
enzymes during normal remodeling of cartilage (1).
Pathological conditions such as OA are characterized
by a loss of this balance with increased proteolysis (1-5)
and upregulation of the synthesis of type II procolla-
gen (5) and aggrecan (6).

Matrix metalloproteinases (MMPs) comprise a fami-
ly of zinc-dependent enzymes that degrade extracellu-

lar matrix components. MMPs are synthesized in artic-
ulating joints by synovial cells and chondrocytes. In
mature articular cartilage, chondrocytes maintain the
cartilage-specific matrix phenotype. Elevated expres-
sion of MMPs is associated with cartilage degradation
(1). MMP-13, also known as human collagenase-3, is
thought to play an important role in type II collagen
degradation in articular cartilage and especially in OA
(4, 7-9). Type II collagen is the preferred substrate for
MMP-13 (4,7, 10). Expression and contents of MMP-1
(collagenase-1) and MMP-13 (7, 11, 12), expression of
MMP-8 (collagenase-2), and collagenase activity (4, 8)
are upregulated in human OA cartilage.

Spontaneous development of focal sites degeneration
has been described in aging guinea pigs (13). Sublines of
the inbred STR/ORT strain of mice also develop spon-
taneous OA with aging (14). Mice exhibit upregulated
expression of MMP-13 and collagenase activity is upreg-
ulated in focal lesions (15). In guinea pigs, MMP-1 and
MMP-13 are also upregulated in OA lesions associated
with increased collagenase activity (16).
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Abnormalities in the structure of human type I (17),
type IX (18), or type XI (19) collagens (which together
constitute the collagen fibril) can each lead to the early
development of a familial osteoarthritis. Thus loss of
structural integrity of collagen fibrils due to a molecu-
lar abnormality can lead to the development of OA.

In this study, we have investigated the role of MMP-13
in the pathogenesis of OA by expressing postnatally a
constitutively active mutant of human MMP-13 in
transgenic mice, using tetracycline-regulable gene
expression targeted specifically to chondrocytes. We
used this regulable system because MMPs are known to
be required during embryogenesis (20) and because col-
lagenase-3 can play an essential role in matrix remodel-
ing and development of the growth plates as well as in
other skeletal tissues as indicated by deletion of Cbfal
(21, 22), a transcription factor for MMP-13 (23, 24).

We show that MMP-13 transgenic animals exhibit
joint pathology that strongly resembles OA. This pro-
vides direct evidence in support of a role for this pro-
teinase in the pathology of this disease.

Methods
Generation of transgene constructs. The CPE-tTA construct
was created by subcloning a 1,600-bp Hind III/Nde I,
collagen type II promoter, and an 1,800-bp Bam HI
enhancer fragment (25, 26) into BS(SK-) (Stratagene,
La Jolla, California, USA). The tTA gene, a 1,025-bp Eco
RI/Bam HI fragment, was excised from pUHG15-1 (27)
and cloned 3' of the collagen promoter. The tetO7-
MMP-13* construct was created by excising the tetO7
promoter region (Xho I-Eco RI) from pUHD10-3 (27)
and cloned 5' to an Sal I-Eco Rl MMP-13* cDNA frag-
ment. A mutation resulting in a proline — valine sub-
stitution at amino acid 99 was generated in the
MMP-13 cDNA (28; referred to as MMP-13*) by site-
directed mutagenesis using the pAlter vector (Promega
Corp., Madison, Wisconsin, USA). Both constructs
contain the SV40 splice and poly (A)n Xba I-Nco I
region (750 bp) pcDNATI (Invitrogen Corp., San Diego,
California, USA) 3' of the gene. The -galactosidase
reporter gene (CPE-lacZ construct) containing a
nuclear localization signal was constructed as follows:
an Xba I/Bgl II fragment, containing the nuclear
B-galactosidase structural gene, a 3-globin intron, and
a poly (A) signal, was excised from plasmid pNlacF (29)
and cloned 3' of the collagen II promoter/enhancer.
Generation of transgenic mice. A Kpn I/Not I 5,268-bp
CPE-tTA fragment and a Xho I/Not/ 12783 bp tetO7-
MMP-13* fragment were purified by CsCl centrifuga-
tion and comicroinjected into the FVB/N strain in
equal molar amounts. A Kpn I/Not I 7,000-bp CPE-
lacZ fragment was also purified and injected into fer-
tilized eggs as described elsewhere (30). Founder ani-
mals were first identified by PCR and then Southern
blot hybridization. The tTA-encoding transgene was
identified by using primers corresponding to the tTA
sequence (CGAGGGCCTGCTCGATCTCC) and sequences
encoding the 3" untranslated region (GGCATTCCAC-

CACTGCTCCC). The resulting PCR product was 584 bp
in size. The MMP-13* -encoding transgene was identi-
fied using primers corresponding to sequences encod-
ing MMP-13* (GAGCACCCTTCTCATGACCTC) and the
3" untranslated region (GGCATTCCACCACTGCTCCC).
The resulting PCR product was 731 bp in size. The
lacZ-encoding transgene was identified using primers
corresponding to the nuclear localization signal of the
[-galactosidase gene (GTTGGTGTAGATGGGCGCATCG)
and the collagen promoter (GCGGGGTCTCAGGT-
TACAGCC). The resulting PCR product was 673 bp in
size. Southern blot analysis of tail DNA digested with
Bam HI/Nco I or Pvu II/Nco I and hybridized to the 3’
untranslated region under high stringency conditions
was performed to confirm the PCR results. The num-
ber of copies of transgene DNA that integrated into the
genome was determined by Tagman quantitative PCR
according to manufacturer’s specifications (Perkin-
Elmer Applied Biosystems, Foster City, California,
USA). Transgenic lines were generated by mating
founder animals to FVB/N wild-type mice and the sub-
sequent generations were identified by PCR.

Doxycycline treatment. A stock solution of doxycycline
(Dox) (Sigma Chemical Co., St. Louis, Missouri, USA)
was prepared as 100 mg/ml in 50% ethanol, diluted to
its final concentration of 1.0 mg/ml in acidic drinking
water, and changed on a daily basis (31).

Whole embryo staining for B-galactosidase (lacZ) activity.
Wild-type females were plugged by transgenic males
harboring the CPE-lacZ construct. On embyronic day
16 (E16), the females were sacrificed, and the embryos
were stained for 3-galactosidase activity as described
elsewhere (30). Before fixation, tails from the E16
embryos were removed, digested, and analyzed for
transgene transmission by PCR.

Expression analysis via RT-PCR. Transgene expression
was assayed by RT-PCR. Total RNA was isolated from
tissues following homogenization in Trizol (Life Tech-
nologies Inc., Gaithersburg, Maryland, USA). First-
strand synthesis was generated using the Superscript
preamplification kit by Life Technologies Inc. Briefly,
5 Mg of total RNA was treated with DNase I for 15 min-
utes at RT, inactivated by the addition of 2 pl of 25
mM EDTA, and heated to 65°C for 15 minutes. Sub-
sequently, the RNA was annealed to 0.5 pg oligo dT
and reverse transcribed according to manufacturer’s
specifications. PCR analysis of the cDNA was done
using the following primers sets: tet activator: CGC
CCA GAA GCT AGG TGT AGA G and CGG CCA TAT CCA
GAG CGC CG; MMP-13*: GCC CTC TGG CCT GCT GGC
TCA TG and CAG GAG AGT CTT GCC TGT ATC CTC. The
resulting PCR products are 859 bp and 648 bp, respec-
tively. To test the integrity of the mRNA and the effi-
ciency of the RT, each PCR reaction also contained the
following c-fos primer set: 5'-AGG AGG GAG CTG ACA
GAT ACA CTC C-3' and 5'-AGG CCA CAG ACA TCT CCT
CTG G-3'. PCR analysis was performed on the cDNA
using Taq-gold (Perkin-Elmer Applied Biosystems) for
10 minutes at 95°C, followed by 35 cycles of 60 sec-
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onds at 96°C, 90 seconds at 67°C, and 60 seconds at
72°C. A final 12-minute extension was done at 72°C.
Reaction products were run on 2.0% agarose gels and
visualized by ethidium bromide staining.

Histology. After sacrifice by cervical dislocation or car-
bon dioxide asphyxiation, mouse hind knee joints were
fixed in 10% phosphate-buffered formalin for further
processing and analysis. After fixation, the joints were
decalcified in 14% EDTA for 7-10 days, dehydrated in
graded alcohol, and embedded longitudinally or coro-
nally in paraffin. Serial sections (5 pm thick) were cut
through the whole knee joint. For each animal, the left
knee was sectioned coronally and right knee was sec-
tioned in sagittally. Sections included adjacent bone
tissue, which was examined to ensure uniformity of sec-
tion thickness. Sections of some of the left knees were
used for immunohistochemistry (see Table 1) and
stained with hematoxylin and eosin (H&E), and adja-
cent sections stained with Fast Green and Safranin O
(32). The sections were stained either in-house or by
American Histo Labs (Gaithersburg, Maryland, USA).
Sections stained with Safranin 0 and Fast Green were
used to assess cartilage degeneration by using the
Mankin grading system (33).

Immunobistochemistry. The rabbit polyclonal antibod-
ies that we used recognized a human MMP-13 specific
peptide sequence (Pro-Asn-Pro-Lys-His-Pro-Lys-Thr-
Pro-Glu-Lys). A rabbit antiserum was prepared to this
peptide conjugated to a carrier protein as described (4).
An anti-neoepitope rabbit polyclonal antibody (COL2-
3/4C short peptide) (Gly-Pro-Hyp-Gly-Pro-Gln-Gly)
against type II collagen primary cleavage site (4) was
also used. A mouse mADb recognizing type X collagen
specific peptide sequence (Tyr-Asp-Pro-Arg-Thr-Gly-
Ile-Phe-Thr) (34) was employed. Selected sections from

the same knee joint used for staining (described earlier
here) were deparaffinized in xylene and rehydrated in
graded ethanol and PBS. Sections were treated with
0.3% H,0O,/methanol for 30 minutes at room tempera-
ture and then digested with chondroitin ABC lyase (0.2
U/ml) (ICN Biomedicals Inc., Aurora, Ohio, USA) for 1
hour at 37°C to remove chondroitin sulfate. After
blocking with normal horse serum for 30 minutes, pri-
mary antibody was incubated with the sections for 1.5
hours at room temperature. Sections were washed
three times, for 10 minutes each time, with PBS. The
binding of antibody to epitope was detected using a
biotinylated secondary antibody and an avidin-linked
peroxidase system (Vectastain Universal Elite ABC kit,
PK-6200; Vector Laboratories Inc., Burlingame, Cali-
fornia, USA). Controls comprised samples with the
antibody-peroxidase system but without primary anti-
body. Staining was graded as follows: 1 = limited stain
within chondrocyte lacunae; 2 = moderate stain in
lacunae and perilacuna sites; and 3 = intense stain in
lacunae, extracellular matrix, and at and close to sur-
face of articular cartilage.

Results

Generation of transgenic mice and tissue-specific expression
of the transgene. Two genes were introduced into mice
to yield tetracycline-regulated expression of MMP-13
in hyaline cartilages, such as in the articulating joints
of these transgenic animals. One transgene expressed
the tetracycline-regulated transcriptional transacti-
vator (tTA) specifically in chondrocytes under the
control of the type II collagen promoter (26, 27). Tis-
sue-specific expression of this promoter was investi-
gated by examining expression of a 3-galactosidase
reporter gene in a separate transgenic line. Figure 1a

Table 1
Summary of analyses of 5-month-old mice for knee articular cartilage degeneration, immunohistochemistry, and synovitis

Mankin grade

Histopathology Immunohistochemistry

Genotype Cartilage Synovial Collagen

and degeneration  proliferation Tibia Femur MMP-13 cleavage

treatment (of total) (of total)

Wild type

Off Dox 0/17 0/17 1.2£0.5(17) 0.8+0.4(17) 1.3£0.5(6) 1.2£0.4(6)
(1-2) (0-1) (1-2) (1-2)

Wild type

On Dox 0/4 0/17 0.8+ 0.5 (4) 0.5+0.6(4) 1.0 (2) 1.0(2)
(0-1) (0-1) (1.0) (1.0)

Line 6 -TG

Off Dox 11/17 517 4.2+2.2(17) 3.8+2.0(17) 23:08(12)  23:0.8(12)
(1-8) (1-7) (1-3) (1-3)

Line 6 -TG

On Dox 0/6 0/4 1.5+0.6 (4) 1.0+ 0.0 (4) 1.0£0.0 (3) 1.0£0.0 (3)
(1-2) M M (M

Line 99 -TG

Off Dox 5/6 3/6 5.7+1.9(6) 5.0+ 1.6(6) ND ND
(2-7) (2-6) ND ND

The gradings (means + SD) and number per group (n) are shown for all animals irrespective of whether pathology was observed. The number of animals exhibit-
ing pathology is also shown. The number of animals studied is shown in parentheses after the SD; the ranges are shown under each mean + SD.
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Figure 1

Transgenic mice expressing B-galactosidase under the control of the
rat type Il collagen promoter. (a) Whole-mount staining for 3-galac-
tosidase activity on E16 embryos. The embryos show staining of the
transgenic compared with a wild-type embryo. (b) Enlargement of
the elbow and front paw.

shows whole-mount staining for [-galactosidase
activity in E16 transgenic mouse embryos expressing
this transgene. Blue staining is evident in joints
throughout the body, including the ankles, knees,
hips, phalanges, wrists, elbows, shoulders, and verte-
brae. In addition, cartilage that has not ossified to
bone at this stage of development (e.g., some of the
facial and rib bones and jaw joint) also stained blue.
No staining was observed in nontransgenic litter-
mates. These data demonstrate the correct tissue-
specificity of the type II collagen promoter.

The second transgene encoded a mutant form of
MMP-13 (ref. 28; MMP-13*, see later here) driven by
the tet07 promoter (27, 35), which is transactivated by
the tTA. Normally, MMPs are synthesized as precursors
(i-e., procollagenases or zymogens) whose enzymatic
activity is triggered by proteolytic removal of the prore-
gion after secretion. The requirement for proteolytic
processing can be circumvented by the use of a variant
of the enzyme that is enzymatically active when
uncleaved. This constitutively active MMP-13 variant
(MMP-13*) contains a proline to valine substitution
(PRCGVPDV - PRCGVVDV) at amino acid 99 in a con-
served regulatory region that is important for control-
ling enzyme latency. The same substitution in the
proregion of human MMP-1 and MMP-3 has also been
shown to produce enzymes that are constitutively
active in vivo (36-38).

Figure 2

Expression profile of the tTA and MMP-13* RNA by RT-PCR. (a)
Amplification of MMP13* in each of the transgenic lines. Lane 1:
X174 Hae Il MW markers; lane 2: PCR amplification of transgenic
(line 6) genomic DNA; lane 3: PCR amplification of nontransgenic
genomic DNA,; lane 4: a wild-type mouse maintained on Dox; lane 5:
a wild-type mouse off Dox; lanes 6-7, 8-9, 10-11, and 12-13: het-
erozygous lines 6, 8, 42, and 99 (4 weeks) removed from Dox at
birth, respectively (duplicate). (b and c¢) Amplification of tTA (b) and
MMP-13* (c) cDNA from total RNA. Lanes 1-5: same as in a; lanes
6-7: transgenic mouse (4 weeks) maintained on Dox (duplicate);
lanes 8-9: transgenic mouse (4 weeks) removed from Dox at birth
(duplicate). The 859-bp fragment and the 648-bp fragment repre-
sent the tTA RNA and the MMP-13* RNA, respectively. Each reac-
tion was run using c-fos primers as an internal control, spliced mRNA
yielding 187 bp, and unspliced mRNA 303 bp. Note, no bands were
detected in corresponding lanes containing RNA for PCR that was
not treated with M-MLV RT (data not shown). Moreover, PCR frag-
ments were transferred to a nylon membrane and hybridized to a tTA
or MMP-13 transgene-specific probe to verify the identity of the PCR
product (data not shown).

The tTA and MMP-13* constructs were comicroin-

jected into fertilized mouse embryos, and four trans-
genic lines containing both transgenes were identified
by PCR and verified by Southern blot. Quantitative
Tagman PCR showed that line 6 contained approxi-
mately six to eight copies and three to four copies,
respectively, of the tTA transgene and the MMP-13*
transgene, whereas line 8 contained two copies and one
copy, respectively; line 42 contained 34-37 copies and
17-18 copies, respectively; and line 99 contained about
31-33 copies and 19-20 copies, respectively.
Expression of the tTA and MMP-13* transgenes was
initially evaluated in the hind knee joints of 4-week-old
mice. Amplification of c-fos mRNA was used as a posi-
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tive control for each reaction. In mice removed from
Dox, Figure 2a shows expression of the MMP13* trans-
gene (648 bp) in lines 6 (lanes 6-7) and 99 (lanes
12-13); however, no MMP13* expression was detected
in the nontransgenic controls (lanes 4-5) or in lines 8
(lanes 8-9) and 42 (lanes 10-11). Figure 2b shows an
890-bp fragment resulting from amplification of a tTA-
specific primer set. The tTA transgene was expressed in
transgenic mice with (lanes 6-7) or without Dox treat-
ment (lanes 8-9), but was not expressed in the non-
transgenic controls (lanes 4-5). This result is consistent
with the tetracycline-responsive system because the tTA
is constitutively expressed and not expected to fluctu-
ate in the presence of Dox or MMP13* expression.

Figure 2¢ shows a 648-bp fragment resulting from
amplification of an MMP-13-specific primer set thatis
specific for human MMP-13. The primer set does not
hybridize to the mRNA encoding the endogenous
mouse homologue, MMP-13, indicated by the absence
of any signal in the nontransgenic RNA. MMP-13*
encoding mRNA was not expressed in the nontrans-
genic controls (lanes 4-5). Lanes 6-7 show the unstim-
ulated level of MMP-13* mRNA expression in mice
maintained on Dox. By contrast, lanes 8 and 9 reveal
approximately fourfold stimulation of MMP-13*
mRNA expression in joints after removal of Dox from
the drinking water. Expression of the tTA and the
MMP-13* transgene was not observed by RT-PCR in
other tissues including brain, heart, liver, kidney,
spleen, and skeletal muscle (data not shown). Under
the appropriate experimental conditions, we show later
here that lines 6 and 99 develop severe articular lesions,
synovial hyperplasia, and other OA pathologies. Con-
sistent with the lack of transgene expression, lines 8
and 42 showed no obvious pathologies. Therefore, the
focus of this article is largely on line 6 but with sup-
portive data from line 99.

Phenotypic characterization of transgenics. Both wild-type
and transgenic mice were maintained on Dox through-
out pregnancy. Because we are looking at the effect of

MMP-13* expression on the articular cartilage in the
absence of Do, it is appropriate to compare both wild-
type mice to transgenic mice after removal of Dox. In
both immunohistochemical and histology studies,
there was no significant effect of Dox in wild-type mice
maintained on Dox compared with those not on Dox
(Table 1). Immunohistochemistry was performed on
sections taken from selected S-month-old mice
removed from Dox at weaning (21 days). In serial sec-
tions, antibodies to human MMP-13 (which cross-react
with mouse MMP-13) and to the collagenase-generat-
ed neoepitope in the primary cleavage site in type II col-
lagen clearly revealed the presence of increased
MMP-13 (Figure 3b) and excessive cleavage of type II
collagen (Figure 3d) in similar sites at or close to the
surface of articular cartilage of the transgenic mice
(Table 1). Staining for MMP-13 (Figure 3a) and colla-
genase activity (Figure 3c) were less detectable in the
wild-type controls (Table 1). In transgenics, MMP-13*
was detected mainly at and close to the articular sur-
faces (Figure 3b) of chondrocytes, including those close
to the articular surface (arrows). Moreover, upregulat-
ed expression of MMP-13 was found throughout the
articular cartilage; however, greater amounts of
MMP-13 expression was observed in sites where focal
lesions formed, e.g., not covered by meniscus. As we
have demonstrated here, our antibody does not distin-
guish between human and mouse MMP-13. However,
the close correspondence between MMP-13 staining
and expression of the human transgene suggests that
the antibody detects primarily human MMP-13.

The cleavage of type II collagen by MMP-13 in vivo
generates two fragments, referred to as 3/4 (TCA) and
1/4 (TCB). The polyclonal antibody, COL2-3/4Cs, rec-
ognizes a unique amino acid sequence neoepitope in
the COOH-terminal end of the large 3/4 fragment of
the a1(II) chain of type (II) collagen generated by cleav-
age by collagenase (4). Figure 3d shows knee joint sec-
tions stained for type II collagen cleavage by collage-
nase using this COL2-3/4Cs antibody. In comparison

Figure 3

Photomicrographs of immunohistochemical analy-
sis of knee joints from 5-month-old mice. The left
panels (a and c) represent sagittal sections of the
tibia from wild-type mice, and the right panels (b
and d) represent sagittal sections of the tibia from
heterozygous line 6 mice. Expression of MMP-13*
and its activity was confirmed by staining for
MMP-13 and its activity. Section from a wild-type
(a) and a transgenic (b) mouse stained with the
rabbit anti-human MMP-13 polyclonal antibody;
and adjacent sections from a wild-type (¢) and a
transgenic (d) mouse stained with the COL2-3/4Cs
antibody that detects the primary collagenase
cleavage site in type Il collagen. The arrows repre-

i ¥ sent staining in pericellular sites around chondro-
- : = — cytes. Scale bar = 30 pm.
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to wild-type animals, the joint sections taken from
transgenics showed a significant amount of pericellu-
lar and intracellular staining associated with the chon-
drocytes (Table 1) of the more superficial articular car-
tilage (Figure 3d, arrows). This result provides direct
evidence for the presence of a significant increase in
collagen II cleavage associated with increased presence
of MMP-13, reflecting increased proteolytic activity of
MMP-13* in the joints of transgenic animals. Such an
increase in staining of cleaved and denatured type II
collagen in more superficial sites around chondrocytes
is also seen in osteoarthritis in humans (ref. 3; A.R.
Poole et al., manuscript in preparation) and in natural-
ly developing osteoarthritis in mice (15).

The loss of safranin O staining, and development of
cartilage degeneration involving proteoglycan loss, was
also examined in the articular cartilage of transgenic
mice. Table 1 shows a summary of the data for the right
knees. In Figure 4a, the articular cartilage from a wild-
type animal shows strong safranin O staining, whereas

tissue from line 6 (Figure 4b) and line 99 (Figure 4c)
exhibit a significant depletion of safranin O staining in
the articular cartilage, including areas around a deep
focal lesion (Figure 4b, arrows). These data are sum-
marized in detail in Table 1. As an internal control, the
growth plate of both the control and the transgenic
animals showed intense safranin O staining through-
out the growth plate (data not shown). Serial sections
from line 6 (Figure 4e) and line 99 (Figure 4f) stained
with H&E revealed more clearly the deep focal articu-
lar lesion and articular degeneration, respectively,
which was not seen in the wild type (Figure 4d). Fur-
thermore, it is unlikely that expression of the tTA alone
in the articular cartilage is responsible for degenerative
changes, as no phenotype was observed in transgenic
animals from line 6 maintained on Dox.

Further assessment of articular cartilage degenera-
tion due to transgene expression revealed that, in con-
trast to joint tissue from the wild-type mouse (Figure
5a), which shows a relatively smooth articular surface,
transgenic animals exhibited a consid-
erable loss of cartilage with focal ero-
sions at the articulating surface (Fig-
ure 5b). The asterisk in Figure Sb
shows a fissure in the cartilage that
splits along the tidemark at the junc-
tion with the calcified cartilage. In
addition, the chondrocytes appear
smaller and less dense throughout the
articular cartilage, and empty lacunae
are indicative of cell death. Together,
these changes resulted in increased
Mankin grades reflected by the analy-
ses shown in Table 1.

The wild-type mouse shown in Figure
Sc has articular cartilages that are
intact, whereas in another transgenic
animal from line 6, a focal erosion has
developed and progressed into a lesion
extending to the tidemark (Figure 5d).
Analysis of these animals focused on
the hind knee joints. Other joints, how-
ever, including the spine and phalanges
from two transgenic animals, also
showed evidence of joint degeneration
(data not shown). Focal lesions were
observed in sites not covered by the
menisci, suggesting a mechanical com-
ponent is involved in the lesion forma-
tion. Furthermore, there is evidence of
more MMP-13 cleavage where the
lesions are present.

Type X collagen is not normally

Figure 4

Photomicrographs of the articular cartilage of the tibia (right) and femur (left), taken from
5-month-old mice removed from Dox at weaning (21 days). (a-c) Sagittal sections from
awild-type (a) and a heterozygous (b) line 6 and a coronal section from homozygous line
99 (c) stained with safranin O. (d-f) A serial section from each animal stained with H&E.
The arrows in a, b, and c represent areas of safranin O staining, whereas the arrows in e
and f point to focal lesions and degradation of the articular cartilage. Scale bar = 100 pum.

detected in healthy articular cartilage,
but it is expressed in OA lesions in
mice (33, 39) and human (40). There-
fore its expression was investigated in
the transgenic mice. In preliminary
studies of both the wild-type and
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Figure 5

Photomicrographs of sagittal sections of
the hind knee joint stained with H&E at
high magnification (a and b) and at low
magnification (¢ and d) from heterozy-
gous line 6. Sections of the tibia articular
cartilage from wild-type (a and ¢) and
transgenic (b and d) mice are shown. In ¢
and d, the tibia is on the left and the femur
is on the right. The arrows in a and ¢ point
to the smooth articular surface, whereas
the arrows in b and d point to the degrad-
ed articular surface. Analysis was per-
formed on 5-month-old mice removed
from Dox at 21 days. The white scale bar
in b represents 30 Um, and the black scale
barin d represents 100 pm.

transgenic animals, type X collagen was observed in
the hypertrophic zone but not in the resting zone of
the growth plate (Figure 6,a and b, open arrows). The
wild-type animals also stained for type X collagen in
the calcified articular cartilage adjacent to subchon-
dral bone and at the junction of the tidemark with the
uncalcified articular cartilage (Figure 6a). Of three
transgenic animals examined, all showed a marked
increase in expression of type X throughout the
matrix of the articular cartilage both below and above
the tidemark, including the upper and middle zones,
as well as the articular surface irrespective of joint
damage (Figure 6b). In the menisci, another region
containing type II collagen, an increase in type X col-
lagen was detected in the transgenic mice but not in
the wild-type animals (data not shown).

We also observed an effect of MMP-13 transgene
expression on the synovium. In Figure 7a, the synovial
lining layer from the wild-type animal appears healthy
and normal. However, marked synovial proliferation
and fibroblast hyperplasia, and some angiogenesis but
no inflammatory cell infiltration, were observed in the
synovia from some of the arthritic joints (Figure 7b;
Table 1). The arthritis varied from moderate hyperpla-
sia to severe as shown in Figure 7b and Table 1. In line
6, synovial proliferation was observed in three mice in
which cartilage damage was pronounced. Yet it was also

seen in two other mice in which no obvious cartilage
changes were detectable. In line 99, all three mice show-
ing proliferation exhibited cartilage pathology.

A summary of the number of transgenic animals
from line 6 showing the most prominent osteoarthrit-
ic articular cartilage pathology is shown in Table 1. A
total of 11 of 17 mice expressing the transgene showed
evidence of fibrillation and lesions in knee joints
(Mankin grade = 3.0) (Table 1). Six of these animals
also exhibited synovial hyperplasia. No such pathology
was observed in wild-type mice or in mice in which the
MMP-13 transgene expression was suppressed by Dox.

In both line 6 (» = 17) and line 99 (n = 6), the arthritis
when present in both knee joints (n = 3) was bilateral.
Similar types of changes were observed in both lines,
although there was a greater degree of penetrance in
line 99 (five of six). Moreover, in both lines, damage to
the articular cartilage was noted in all compartments;
however, there was a tendency toward increased dam-
age in the medial compartment of the tibia.

Discussion

This study reveals that postnatal expression of consti-
tutively active human MMP-13 in the articular carti-
lage of transgenic mice leads to the degeneration of
articular cartilage, in the manner observed in human
OA. In lines 6 and 99, the penetrance of this phenotype

Figure 6

Photomicrographs to show localization of type X
collagen in the tibia articular cartilage and growth
plate from sagittal sections of a wild-type (a) and
heterozygous (b) line 6 mouse. The bold arrows
represent the articular cartilage, whereas the open
arrows indicate the growth plate. Analysis was
performed on simultaneously stained sections
taken from 3-month-old mice removed from Dox
at 21 days. Scale bar = 100 pm.
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Figure 7

Photomicrographs to show synovial hyperplasia in 5-month-old
mice removed from Dox at weaning. Sagittal sections were cut to
show the synovium from a wild-type (a) and a heterozygous (b) line
6 mouse stained with H&E. The arrows point to the synovial mem-
brane. Scale bar = 30 um.
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was 60% and 83%, respectively. The variability could be
due to differences in the expression levels of MMP-13*
possibly resulting from (a) variable kinetics of activa-
tion of the type II collagen promoter; (b) differences in
copy number of each transgene; (c) differences in the
chromatin architecture of the transgene integration
site (41); (d) differences in the degree of physical activ-
ity among the mice; and/or (e) differences in the levels
of tissue inhibitor of metalloproteases (TIMP). In com-
parison to line 6, the enhanced incidence of patholo-
gy observed in line 99 maintained on Dox is consistent
with higher levels of baseline MMP13* expression,
which, in turn, is consistent with the higher copy num-
ber. However, in line 6, the pathology was only
observed in transgenic animals removed from Dox.
Although the induction of MMP-13* in line 6 repre-
sents only a modest fourfold increase in gene expres-
sion, it was sufficient to elicit OA symptoms over sev-
eral months. Increased expression in utero during
development would probably be lethal, as withdrawal
of females from Dox before mating resulted in a 50%
loss of transgenic embryos, presumably reflecting
embryonic lethality induced by excessive MMP-13*
expression. Interestingly, transgenic pups that sur-
vived such pregnancies were generally asymptomatic.

This may have been the result of partial silencing of
the transgene in these animals by some unknown
mechanism, allowing survival to term. Moreover,
excessive expression of the tTA is known to have lethal
side effects (42). Attempts to generate homozygous
line 6 mice, which would presumably express even
higher levels of tTA than would heterozygotes, were
unsuccessful. This lethality could be due to increased
MMP-13* expression, although it was possible to
derive homozygous line 99 animals, which, given that
this line has a higher penetrance, might be expected to
produce even higher MMP-13* levels.

One potential complication in using this approach
comes from the fact that tetracycline and its analogs can
act as inhibitors of MMPs and specifically of collage-
nases (43, 44). Dox has been shown to not only inhibit
collagenase and gelatinase activity in vivo (45) but also
to downregulate expression of MMP-1, MMP-8, and
MMP-13 (12). This raises the possibility that treatment
of transgenic mice with Dox might indirectly influence
endogenous MMP gene expression. To address this
question, we measured serum levels of Dox in animals
receiving a 1.0 mg/ml dose of this drug in their drink-
ing water, which is sufficient to repress the tetO7 pro-
moter. Serum levels did not exceed 2.6 UM under these
conditions, which is about five to tenfold lower than the
concentration at which inhibition of MMPs has been
observed. Treatment with Dox may, however, not only
suppress MMP-13 via the activation/repression of the
MMP-13* transgene but may also inhibit the activity of
MMP-13* directly, thus providing the possibility of a
second level of control. However, even if Dox does affect
the activity of the MMP-13* transgene protein in a sig-
nificant way, it does not alter the fact that we have a line
of mice that develop OA in the months after removal of
Dox from their drinking water.

Our immunohistochemical analysis provides evi-
dence to indicating that the degenerative changes
observed histologically are accompanied by molecular
changes seen in OA in humans and animals. The exces-
sive cleavage of type II collagen by collagenase seen in
human and mouse OA (4, 15) in association with
increased staining for MMP-13 seen in human disease
(W. Wu et al., manuscript in preparation) is clearly
observed in these mice containing the MMP-13* trans-
gene. This was accompanied by a loss of staining with
safranin O, reflecting loss of the proteoglycan aggre-
can, which is also observed in OA cartilage in associa-
tion with damage to type II collagen fibril about which
the proteoglycan aggregate is organized. Thus, dam-
age to collagen would be expected to lead to, and is
associated with the loss of, aggrecan (3). Another fea-
ture of human and mouse OA is enhanced expression
of type X collagen. In healthy tissue, during develop-
ment, growth, and aging, this protein is synthesized in
the growth plate during ossification, as well as in the
calcified articular cartilage, whereas in human and
mouse OA, it is strongly upregulated, in parallel with
MMP-13 (34, 39, 40, 46). Affected MMP-13* trans-
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genics exhibited increased staining for type X collagen
extending throughout the articular cartilage. Thus,
the degenerative changes we observed in articular car-
tilage are characteristic of these seen in OA in humans
and mice, and induction of type X expression is linked
to overexpression of MMP-13 and type II collagen
cleavage as observed in the growth plate where these
changes occur as part of development (47).

Synovial hyperplasia is also often associated with OA
(48). Of the MMP-13* transgenics that developed OA,
about half showed synovial proliferation and fibroblast
hyperplasia. Joint histopathology characteristic of
rheumatoid arthritis, including neutrophils, T-cells
and macrophages, infiltration, and pannus formation
(49) were not observed in the MMP-13* transgenic. The
cause of this hyperplasia is unclear. It may be a result of
aresponse to cartilage degradation, although there was
no recognizable relationship between the degree of
degeneration and synovial cell proliferation and syn-
ovial cell proliferation since, and it was observed in
some but not all animals expressing the transgene and
was seen in some animals in which cartilage damage
was not apparent.

There was no evidence for the development of immu-
nity to this transgene in that intra-articular expression
was not associated with the infiltration of neutrophils,
lymphocytes, and monocytes. The synovitis when
observed represented a nonimmune cellular prolifera-
tion (these immune cells were absent), although there
was evidence for angiogenesis. The reason for the lack
of immunity to a human MMP-13 may result from the
early postnatal expression of the transgene resulting in
the induction of immune tolerance. It is well known
that it is during this immediate postnatal period that
tolerance can be induced for the life of the animal (50).

Degenerative joint pathologies were observed only
when Dox was removed in the adolescent mouse (21
days); withdrawal of mice greater than 2 months of age
from Dox treatment did not result in any noticeable
phenotype during the period of observation (up to 5
months). This is probably due to the fact that the type
II collagen gene is more strongly expressed during early
growth, although it is upregulated in OA cartilage
when synthesis of this molecule is upregulated (5).
Therefore, given that damage is related to expression of
the collagenase transgene under the control of the type
II promoter, damage to articular cartilages is probably
self-driven in the adult transgenic mouse with OA as a
result of the induction of degeneration of articular car-
tilage that is ordinarily accompanied by upregulation
of type II procollagen synthesis in OA (3).

The observation that overt lesions were often local-
ized and in sites where meniscal coverage is absent also
suggests that other factors may determine lesion devel-
opment, such as compartmental differences in
mechanical loading. Such focal lesions are observed in
aging in human knees and exhibit features of early OA
lesions, such as increased collagenase cleavage of type
IT collagen (G. Webb and A.R. Poole, manuscript in

preparation). In aging wild-type mice, compartmental
differences in lesion development are also observed,
which are associated with increased cleavage of colla-
genase although they are more localized than we
observed in the transgenic mice (15).

These studies provide an in vivo demonstration of the
capacity of overexpression of active MMP-13 alone to
induce degenerative changes of the kind observed in
human OA. These human lesions are themselves close-
ly associated with excess activity of collagenases (4, 8).
This present study provides in vivo evidence in support
of an important role for MMP-13 in causing the pathol-
ogy of OA. However, whether the damage that is caused
is all directly induced by MMP-13 or may involve a stim-
ulation of the expression of endogenous MMP-13
and/or other MMPs remains to be established.

These MMP-13* transgenic mice should provide a
valuable model for the study of OA and its treatment.
Further studies are in progress with the model to inves-
tigate how rapidly OA develops and the degree of dam-
age that causes an irreversible pathology.
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