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Abstract Matrix metalloproteinases (MMPs) play a crucial role in tissue remodeling. In growth plate (GP)
cartilage, extensive remodeling occurs at the calcification front. To study the potential involvement of MMPs in retinoic
acid (RA) regulation of skeletal development, we studied the effect of all-trans-RA on MMPs levels in mineralizing
chicken epiphyseal chondrocyte primary cultures. When treated for 4 day periods on days 10 and 17, RA increased
levels of an ,70 kDa gelatinase activity. The N-terminal sequence of the first 20 amino acid residues of the purified
enzyme was identical to that deduced from chicken MMP-2 cDNA. Time-course studies indicated that RA elevated
MMP-2 activity levels in the cultures within 16 h. This increase was inhibited by cycloheximide and was enhanced by
forskolin. The increase in MMP-2 activity induced by RA was accompanied by an increase in MMP-2 mRNA levels and
was abolished by treatment with cycloheximide. This upregulation of MMP levels by RA in GP chondrocytes is
consistent with its effects on osteoblasts and osteosarcoma cells and opposite its inhibitory effects on fibroblasts and
endothelial cells. It may well be related to the breakdown of the extracellular matrix in the GP and would be governed by
the availability of RA at the calcification front where extensive vascularization also occurs. J. Cell. Biochem. 68:90–99,
1998. r 1998 Wiley-Liss, Inc.
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Matrix metalloproteinases (MMPs) are a fam-
ily of enzymes of great importance in tissue
remodeling during development, wound heal-
ing, involution of organs [Woessner, 1991], and
other pathological conditions such as tumor
invasion and metastasis [Liotta et al., 1991]
and arthritis. The MMP family includes but is

not limited to interstitial collagenase (MMP-1),
neutrophil collagenase (MMP-8), gelatinase A
(72 kDa type IV collagenase) (MMP-2), gelatin-
ase B (92 kDa type IV collagenase) (MMP-9),
stromelysin-1 (MMP-3), stromelysin-2 (MMP-
10), and matrilysin (PUMP) (MMP-7) [Matri-
sian, 1992]. Each is synthesized and secreted as
a latent proenzyme requiring the removal of an
80 amino acid N-terminal domain for activa-
tion. Regulation of the expression and activa-
tion of these zymogens, together with the ex-
pression of tissue inhibitors of MMPs (TIMP-1
and TIMP-2), are key steps in the remodeling of
the extracellular matrix that occurs in both
normal and pathological processes. Combina-
tions of the MMPs can degrade almost all ma-
trix proteins. Thus, their participation in and
contribution to joint destruction in rheumatoid
and osteoarthritis are thought to be linked
[Woolley et al., 1977; Okada et al., 1986; Mc-
Cachren, 1991; Wilhelm et al., 1993].

MMPs also contribute to cartilage matrix
breakdown in preparation for calcification of
the epiphyseal growth plate [Howell and Dean,

Abbreviations: GP, growth plate; GuSCN, guanidinium thio-
cyanate; G3PDH, glyceraldehyde 3-phosphate dehydroge-
nase; MMP, matrix metalloproteinase; PMA, phorbol my-
ristate acetate; RA, retionic acid; RT-PCR, reverse
transcriptase–polymerase chain reaction; TIMP, tissue in-
hibitor of metalloproteinase.
Contract grant sponsor: National Institute of Arthritis and
Musculoskeletal and Skin Diseases; Contract grant num-
ber: AR42359.
Daotai Nie’s current address is Department of Radiation
Oncology, Wayne State University, Detroit, Michigan 48202.
Takayuki Yoshinori’s current address is Chugai Pharmaceu-
tical Co. Ltd., Central Research Laboratories, 3-41-8,
Takada, Toshima-Ku, Tokyo, 171, Japan.
*Correspondence to: Licia N.Y. Wu, Department of Chemis-
try and Biochemistry, University of South Carolina, Colum-
bia, SC 29208. E-mail: lwu@psc.sc.edu
Received 18 June 1997; Accepted 27 August 1997

Journal of Cellular Biochemistry 68:90–99 (1998)

r 1998 Wiley-Liss, Inc.



1992]. During endochondral bone formation,
chondrocytes undergo a progression of matura-
tional changes in both the cells and the sur-
rounding matrix [Hunziker, 1994; Brighton,
1978; Poole, 1991; Buckwalter et al., 1986].
Resting chondrocytes begin to proliferate, ma-
ture in their expression of cartilage-specific pro-
teins, enlarge in size and become hypertrophic,
initiate mineral deposition in the extracellular
matrix, and finally are replaced by bone cells at
the chondroosseous junction. Alterations in ex-
tracellular matrix synthesis include 1) produc-
tion of type X collagen exclusively in the hyper-
trophic zone [Schmid and Linsenmayer, 1985],
2) the loss of synthetic capacity for type II and
IX collagens [Oshima et al., 1989; Linsenmayer
et al., 1991], and 3) a decrease in the amount of
proteoglycan/glycosaminoglycans [Reddi et al.,
1978]. Additionally, the presence of the pericel-
lular cleavage product of type II procollagen,
chondrocalcin, within the hypertrophic zone can
be detected [Poole, 1991; Alini et al., 1992]. The
degradation of type II collagen is associated
with a net increase in the synthesis of collage-
nase MMP-1, 72 kDa gelatinase, and stromely-
sin-1, above that of tissue inhibitor of metallo-
proteinase-1 [Brown et al., 1989; Dean et al.,
1985]. Abrupt reduction in type X collagen lev-
els, once mineral formation has commenced in
the lower hypertrophic zone [Alini et al., 1994],
can also be explained by the presence of intersti-
tial collagenases such as 72 kDa gelatinase
activity [Sires et al., 1995]. Still unresolved are
whether proteoglycans are lost from the matrix
before or after the onset of calcification and
whether the degree of sulfation of proteoglycan
changes within the area of cartilage calcifica-
tion [Reddi et al., 1978; Poole, 1991; Alini et al.,
1992; Farquharson et al., 1994; Shinomura and
Kimata, 1992]. It is generally agreed that a net
reduction in proteoglycan content per unit wet
weight of tissue takes place as cells enlarge in
size and matrix volume becomes considerably
reduced. The major proteoglycan in cartilage,
aggrecan, contains a cleavage site for MMPs-1,
-2, -3, -7, -8, and -9 as well as an uncharacter-
ized proteolytic activity termed ‘‘aggrecanase’’
[Flannery et al., 1992; Fosang et al., 1992;
Hughes et al., 1995]. Actions of these protein-
ases could cause increased degradation of pro-
teoglycans during cartilage resorption.

While many other MMPs are synthesized,
mainly upon stimulation, MMP-2 is constitu-
tively synthesized by many types of cells.

MMP-2 has been shown to degrade native colla-
gen type IV and V and also collagen type I
[Aimes and Quigley, 1995]. It has been impli-
cated in angiogenesis and in the invasion of
metastatic cells across basement membranes
[Stetler-Stevenson, 1990]. Indeed, in many
metastatic cancer cell lines [Brown et al., 1990;
Pyke et al., 1992] and Rous sarcoma virus–
transformed fibrobasts [Chen et al., 1991], there
are increased MMP-2 expression and activa-
tion. Transfection of nontumorigenic cells with
Ha-ras, which induces the metastatic pheno-
type, also increases the level of MMP-2 [Collier
et al., 1988]. However, due to the lack of a
proper model system, there is little information
available regarding the regulation of MMP-2
gene expression, except that it is a housekeep-
ing gene. In this paper, we report that the level
of MMP-2 expression in chicken growth plate
(GP) chondrocyte primary cultures is upregu-
lated by retinoic acid (RA) treatment. This cul-
ture system may serve as a good model to study
the regulation of MMP-2 gene expression.

MATERIALS AND METHODS
Materials

All-trans-retinoic acid, phorbol-12-myristate-
13-acetate, forskolin, dexamethasone, and cyclo-
heximide were purchased from Sigma Chemi-
cals (St. Louis, MO). Gelatin-Sepharose was
from Pharmacia Biotech (Piscataway, NJ).

Cell Culture

Chondrocytes were isolated from epiphyseal
growth plate cartilage of the tibiae of 6–8-week-
old hybrid broiler-strain chickens and plated in
35 mm dishes as previously described [Wu et
al., 1992]. On day 7 after plating, cells were
switched to a medium composed of a 1:1 mix-
ture of Dulbecco’s modified Eagle’s medium with
10% fetal bovine serum and serum-free HL-1
medium (Hycore Biomedical, Portland, ME),
and from day 10 onward the cells were cultured
only in HL-1. The culture medium was changed
every 3 or 4 days. Ascorbate was provided from
day 3 onward at a final concentration of 50
µg/ml. For treatment of cells, all reagents were
prepared in stock solutions with ethanol (RA)
or dimethylsulfoxide (phorbol myristate ac-
etate (PMA), forskolin, and cycloheximide) and
then diluted to the desired concentration. All
dishes, including the controls, received the same
volume of vehicle ethanol or dimethylsulfoxide
(1.0–2.0 µl per milliliter of medium).
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Protease Zymogram

Proteolytic activity in the culture medium
was assayed by a modification of the method of
Kleiner and Stetler-Stevenson [1994]. In brief,
8% acrylamide gels polymerized with 0.2% gela-
tin were used. After electrophoresis, gels were
washed twice with 2.5% Triton X-100 for 30 min
with gentle shaking and incubated in 1% Triton
X-100, 50 mM Tris, 5 mM CaCl2, 0.02% sodium
azide, pH 8.0, at 37°C for 18 h. Gels were
stained with Coomassie brilliant blue R-250.
The presence of protease activity was revealed
as a negative band against the blue back-
ground.

Protein Purification and Characterization

To purify the MMP present in the culture
medium, chondrocytes were cultured in 75 cm2

flasks with serum-free HL-1 medium contain-
ing 50 nM RA. Media harvested every 3 days
were pooled, concentrated severalfold by Centri-
con 30 (Amicon, Danvers, MA) ultrafiltration,
and applied onto a DEAE-Sephadex column to
remove proteoglycan. The protein present in
the flowthrough was then precipitated by over-
night treatment with 70% saturation of ammo-
nium sulfate. The precipitate was reconstituted
in a buffer containing 50 mM Tris, 0.5 M NaCl,
5 mM CaCl2, 0.02% NaN3, and 0.05% Brij 35,
pH 7.5, dialyzed against the same buffer, and
applied to a gelatin-sepharose column preequili-
brated with the same buffer. After being washed
with 5 bed volumes of this buffer, the gelatin-
bound fraction was eluted with 7.5% DMSO
eluting buffer (50 mM Tris, 1.0 M NaCl, 5 mM
CaCl2, 0.02% NaN3, 0.05% Brij 35, and 7.5%
dimethylsulfoxide, pH 7.5). The MMP activity
in each fraction was assayed using the zymo-
gram procedure described above. For N-termi-
nal sequencing of the protein, fractions with
MMP activity were pooled and dialyzed against
Tris buffer (50 mM Tris, 5 mM CaCl2, 0.02%
NaN3, 0.05% Brij 35, pH 7.5); the fractions were
then vacuum-dried and reconstituted in
Laemmli sample buffer. After electrophoresis
(SDS-PAGE), proteins were transferred to an
Immobilon P membrane using an LKB
(Bromma, Sweden) 2117 Multiphor II semidry
transfer apparatus. The membrane was then
stained with Coomassie blue, and the bands of
interest were excised for N-terminal sequenc-
ing using an Applied Biosystems (Foster City,
CA) 477A protein sequencer.

Total RNA Extraction

Total RNA was extracted from cultured GP
chondrocytes by a modification of the acid guan-
idinium thiocyanate (GuSCN)–phenol-chloro-
form method [Chomczynski and Sacchi, 1987]
with some modifications. Basically, cell monolay-
ers were washed twice with ice-cold TMS (50
mM Tris, pH 7.5, 1.5 mM MgCl2, and 10%
sucrose) buffer, and then 0.4 ml of 4 M GuSCN
solution was added to each 35 mm dish. After
gentle agitation, the GuSCN solution was trans-
ferred to a 2 ml Eppendorf tube, and one-third
volume of absolute ethanol was added to the
GuSCN solution to precipitate the RNA. After 5
min on ice, the RNA was precipitated from the
GuSCN-ethanol mixture by centrifugation for 5
min at 14,000 rpm (15,800g). The pellets were
resuspended in a small volume of fresh GuSCN
solution, and one-tenth volume of 2 M sodium
acetate (pH 4.0), one volume of phenol, and
one-fifth volume of chloroform/isoamyl alcohol
(49:1, v/v) were added sequentially to this sus-
pension. After vigorous agitation for 20 s, the
tubes were centrifuged at 11,000g for 20 min at
4°C. Then the aqueous phase was transferred
to a new tube, and 2.5 volumes of ethanol were
added to precipitate RNA overnight. After cen-
trifugation, the pellets were washed briefly
twice with 70% ethanol and then resuspended
in 2 M LiCl-5 mM EDTA solution. The suspen-
sion was kept on ice for 30 min and then centri-
fuged at 15,800g speed for 15 min to precipitate
the RNA. The RNA precipitates were washed
twice with 70% ethanol and then resuspended
in 100 µl of 1 mM EDTA solution prepared in
DEPC-treated water to quantitate the amount
of RNA isolated. The RNA was preserved as an
ethanol precipitate for later analysis.

Reverse Transcriptase and Polymerase Chain
Reaction (RT-PCR)

An RT-PCR procedure to quantitate MMP-2
mRNA was developed using a Perkin Elmer
(Foster City, CA) GeneAmpt EZ rTth RNA PCR
kit according to the manufacturer’s instruc-
tions, with some modifications. Basically, 5 µg
(or less) of total RNA from each sample was
reverse-transcribed using random hexamers
and MMLV reverse transcriptase supplied by
Epicentre Technologies (Madison, WI), accord-
ing to the manufacturer’s instructions. After 60
min at 37°C, one-tenth volume of 3 M sodium
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acetate (pH 5.2) and 2.5 volumes of ethanol
were added to the RT reaction tube. The precipi-
tate was washed twice with 70% ethanol and
suspended in deionized-distilled water. Ali-
quots (equivalent to 0.5 µg total RNA) of each
cDNA sample were used to set the PCR reac-
tion, according to the manufacturer’s instruc-
tions. The final concentration of Mn21 used was
2.5 mM. The primers used for the MMP-2 RT-
PCR procedure were 58AAA CCC CGC TGT
GGT AAC CCC GAT G-OH (207–231) for the
sense strand and 58AGG GCT GTC CAT CAC
CTA TGC CAC C-OH (784–760) for the anti-
sense strand. This procedure generates a prod-
uct of 578 base pairs [Aimes et al., 1994]. The
primers for glyceraldehyde 3-phosphate dehy-
drogenase (G3PDH) were 58GAC CAC TGT CCA
TGC CAT CAC AGC C-OH (575–599) for the
sense strand and 58TCC AAA CTC ATT GTC
ATA CCA GGA A-OH (1007–984) for the anti-
sense strand. This procedure generates a prod-
uct of 433 base pairs [Pnabrieres et al., 1983].
Following initial heating at 94°C for 5 min,
amplification was conducted at 94°C for 30 s,
57°C for 30 s, and 72°C for 45 s for 30 cycles,
followed by 10 min of extension at 72°C. A 10 µl
aliquot of each sample was analyzed using 2%
agarose TBE (50 mM Tris, 50 mM boric acid, 1
mM EDTA) gels. The presence of DNA in the gel
was revealed by ethidium bromide staining.

RESULTS
Elevation in the Level of 70 kDa MMP Activity

Upon RA Treatment

When avian GP chondrocyte cultures were
treated with graded levels of RA in HL-1 me-
dium for 4 days, beginning on day 10 or 17 of
culture, an increased level of a gelatinase with
a MW of ,70 kDa was observed using the
gelatin-substrate gel assay (Fig. 1A). As seen in

Fig. 1. Zymogram of RA-enhanced protease activities. A: On
day 10 or 17, the cultures were treated with either 0, 10, 50, or
250 nM RA. After 4 days of treatment, culture media were
harvested, and samples (25 µl) of the control or RA-treated (10,
50, and 250 nM) culture media were mixed with 25 µl of 23

nonreducing Laemmli buffer and then applied to the SDS-
gelatin substrate gel for proteolytic activity assay, as described
in Materials and Methods. Longer exposure to RA was also
tested in both preconfluent and postconfluent cells. B: Cultures
were treated from day 7–14 and the media collected on days
14 and 21. C: Cultures were treated from day 14–21 and the
media collected on days 21 and 28. Note the progressive
increase in protease activity after each treatment with the graded
levels of RA.
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the figure, RA caused a dose-dependent in-
crease in this protease, enhancing its activity at
levels as low as 10 nM. The protease was identi-
fied as a metallo proteinase since its activity
was susceptible to both EDTA and 1,10-phenan-
throline treatment but was resistant to PMSF
and benzamidine treatment (data not shown).
It also should be noted from Figure 1A that RA
treatment caused a small increase in the level
of an ,50 kDa proteinase activity. Other bio-
chemical parameters such as cellular protein,
alkaline phosphatase activity and proteoglycan
content were also analyzed (Table I). RA caused
an inhibition on protein and proteoglycan con-
tent while stimulating alkaline phosphatase
activity. Longer treatment with RA also in-
creased the levels of the ,70 kDa MMP in
preconfluent cultures treated from day 7 to day
14 as well as postconfluent cultures treated
from day 14 to day 21 (Fig. 1B,C).

Identification as Avian MMP-2 (Gelatinase A,
Type IV Collagenase)

To establish the identity of this metallopro-
teinase, we purified the enzyme (see Methods).
The proteolytic activity was found to have an
affinity for gelatin, being recovered mainly from
the gelatin-bound fraction (Fig. 2). Its size, sen-
sitivity, and specificity indicated that this metal-
loproteinase was probably avian MMP-2. This
was confirmed by N-terminal sequencing of the
purified metalloproteinase. The N-terminal 20
amino acid sequence of this protein (APSPI

TABLE I. Effect of Retinoic Acid on Cell
Protein, Alkaline Phosphatase Activity, and

Proteoglycan Content of Primary Cultures of
Growth Plate Chondrocytes†

Treated day 10–14 harvested day 14

Protein
(µg/dish)

AP
(nmol/min/dish)

PG
(µg/dish)

Control 449.2 6 19 42.4 6 5 8.1 6 0.3
10 nM 370.2 6 16* 53.5 6 2 2.8 6 0.3***
50 nM 373.2 6 6* 65.5 6 10 4.1 6 0.4***
100 nM 364.0 6 25* 116.4 6 14** 2.8 6 0.2***
250 nM 291.0 6 5*** 102.6 6 20* 3.4 6 0.4***

Treated day 17–21, harvested day 21

Protein
(µg/dish)

AP
(nmol/dish)

PG
(µg/dish)

Control 578.3 6 21 24.4 6 2.2 10.9 6 0.5
10 nM 468.7 6 19** 44.7 6 6.9* 6.6 6 0.6***
50 nM 460.1 6 34* 40.8 6 4.8* 5.2 6 0.5***
100 nM 420.1 6 14*** 45.4 6 6.0* 5.1 6 0.4***
250 nM 390.3 6 15*** 61.7 6 11* 5.7 6 0.3***

†Chondrocytes were treated with RAat the indicated concen-
trations and cells were harvested on day 14 or day 21 and
analyzed for protein, alkaline phosphatase activity, and
proteoglycan content as described by Wu et al. [1997].
Values are the mean 6 S.E.M. of four samples.
*Significance of differences between treated and control
cultures, P , 0.05.
**Significance of differences between treated and control
cultures, P , 0.01.
***Significance of differences between treated and control
cultures, P , 0.001.

Fig. 2. Purification of the RA-enhanced metalloproteinase.
Media (serum-free HL-1) from the chondrocyte cultures treated
with 50 nM RA were harvested, pooled, concentrated, and
subjected to the purification procedure described in Materials
Methods. Profiles of the proteins present in of each fraction were
analyzed by SDS-PAGE with Coomassie blue staining using 60
µl of each sample (upper panel) and by the gelatinase assay
using 10 µl of each sample (lower panel). Lane A: Fresh HL-1
medium. Lane B: Flowthrough from the DEAE column. Lane C:
Reconstitute of the precipitate from 70% saturation (NH4)2SO4

treatment of the flowthrough from the DEAE column. Lane D:
Flowthrough from the gelatin-Sepharose column. Lane E: Non-
eluting wash from the gelatin-Sepharose column. Lanes F1–F4:
Sequential fractions of the adsorbed protein eluted from the
gelatin-Sepharose column using the 7.5% DMSO buffer. Note
that fresh HL-1 medium did not have any gelatinase activity and
that the proteinase activity adsorbed with high affinity and
specificity to the gelatin-Sepharose column.
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IKFPG DSTPK TDKEL) was identical to that
deduced from chicken fibroblast MMP-2 cDNA
[Aimes et al., 1994]. As is the case for other
MMPs, the purified avian MMP-2 was found
complexed with an ,24 kDa protein (Fig. 2, top
panel, lane F1) presumed to be TIMP-2.

Time Course of RA Elevation of MMP-2 Levels

Timed studies indicated that 50 nM RA in-
creased the level of MMP-2 substantially within
16 h; it became clearly obvious after 24 h of
treatment (Fig. 3). The elevation of MMP-2 in
the RA-treated chondrocytes was dependent on
de novo protein synthesis; cycloheximide treat-
ment of the chondrocytes inhibited MMP-2 ex-
pression in both the control and RA-treated
cells (Fig. 4). The elevation in MMP-2 required
the consistent presence of RA; 12 h of RA pre-
treatment failed to increase the level of MMP-2
(data not shown).

Further Modulation of MMP-2 Levels in GP
Chondrocytes

It has been reported that the phorbol ester,
phorbol myristate acetate (PMA), decreases
MMP-2 and its mRNA levels in human fibro-
blasts and some tumorigenic cell lines [Brown
et al., 1990]. Accordingly, we examined the ef-

fect of PMA on MMP-2 levels in the chondro-
cytes (Fig. 4). PMA treatment had little effect
on MMP-2 levels in either the control or RA-
treated cells; however, it increased the levels of
both a higher and lower MW gelatinase. The
high MW MMP is probably MMP-9, based on its
92 kDa size.

In contrast, forskolin treatment alone or in
combination with PMA increased MMP-2 levels
in the absence of RA. In combination with RA,
forskolin or forskolin 1 PMA further increased
MMP-2 levels of the treated cells. The highest
level of MMP-2 was seen in cultures treated
with RAin combination with forskolin and PMA.
Notice that forskolin, in combination with RA,
also dramatically increased the levels of the
higher MW but had no effect on the lower MW
gelatinase. On the other hand, dexamethasone
neither increased nor inhibited RA enhance-
ment of MMP-2 levels.

Fig. 3. Time course in the elevation of MMP-2 levels by RA.
Culture media, harvested at 8, 16, 24, and 48 h after treatment
of the chondrocytes with RA, were analyzed for MMP-2 activity
using the SDS-gelatin substrate gel. At each time point, samples
of media (50 µl) from either the control (no RA) or the 50 nM
RA-treated cultures were assayed. RA stimulation of MMP-2
synthesis can be seen first at 16 h and increased progressively
out to 48 h after RA treatment. Low levels of MMP-2 activity can
be seen in the control media after 24 and 48 h of culture. A
weak, low MW RA-induced gelatinase activity is evident as
early as 8 h after treatment.

Fig. 4. Modulation of RA enhancement of MMP-2 levels by
cycloheximide, phorbol myristate acetate (PMA), forskolin, and
dexamethasone. Chondrocyte cultures in HL-1 media were
treated with RA (50 nM) on day 10, alone or in combination
with cycloheximide (2.5 µg/ml), PMA (100 ng/ml), forskolin (10
µM), PMA 1 forskolin (levels as above), or dexamethasone (1
µM). Media were harvested 48 h after treatment, and 50 µl
samples were analyzed for MMP-2 levels using the SDS-gelatin
substrate gels. Note that cycloheximide totally blocked MMP-2
formation in the presence or absence of RA, whereas dexametha-
sone had no effect. Note that forskolin alone increased MMP-2
levels and that PMA 1 forskolin potentiated the RA-dependent
enhancement of MMP-2. Note as well that forskolin, alone or in
combination with RA, also induced the expression of a high
MW gelatinase, whereas PMA in combination with RA in-
creased the levels of both the high and low MW gelatinases in
these cultures.
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Elevation of MMP-2 mRNA Levels by RA

To document that RA induction of MMP-2
affected mRNA as well, we used RT-PCR to
compare levels of MMP-2 transcripts before
and after RA treatment. We found that treat-
ment with RA at levels of 10, 50, 250, and 1000
nM caused dramatic increases in the levels of
MMP-2 mRNA, whereas mRNA levels of the
internal control, glyceraldehyde 3-phosphate de-
hydrogenase (G3PDH) remained nearly con-
stant (Fig. 5). RA treatment enhanced the ex-
pression of MMP-2 mRNA as early as 4–6 h
after the cultures received RA, and transcript
levels remained elevated at least 24 h (Fig. 6).
The increase in MMP-2 mRNA was dependent
on de novo protein synthesis, since cyclohexi-
mide treatment abolished the RA-induced in-
crease in MMP-2 mRNA expression (Fig. 7).

DISCUSSION

Despite the fact that there is an increase in
the expression and activation of MMP-2 in a
number of physiological and pathological condi-
tions (tissue remodeling, angiogenesis, tumor

invasion, and metastasis), the regulation of
MMP-2 gene expression remains to be eluci-
dated. In this study, we report for the first time
that the level of MMP-2 can be regulated by RA
treatment using our avian GP chondrocyte cul-
ture system. Few cytokines, hormones, or
growth factors have been shown to affect the
expression of the MMP-2 gene in cell culture.
Hence, this avian GP chondrocyte culture sys-
tem provided a good model to study the regula-
tion of the MMP-2 gene.

In fibroblasts, transforming growth factor b
(TGFb) has been shown to increase the levels of
MMP-2 and its mRNA [Overall et al., 1991].
Previous investigations have shown that RA
exerts some of its effects through stimulating
expression of various TGFb isoforms. For ex-
ample, when cultured mouse keratinocytes were

Fig. 5. RA enhances the expression of MMP-2 mRNA levels in
growth plate chondrocytes. Chondrocyte cultures were treated
with RA at 0, 10, 50, 250, and 1,000 nM for 24 h on day 10; then
total RNA was isolated from the cell layer using acidic guanidin-
ium thiocyanate followed by extraction with phenol:chloroform:
isoamyl alcohol (100:10:0.2). Total RNA was precipitated from
the aqueous phase by addition of 2.5 volumes of ethanol and
then reverse-transcribed using random hexamers as primers.
Aliquots of each cDNA sample containing an amount equiva-
lent to 0.5 µg of total RNA were amplified using the polymerase
chain reaction Perkin-Elmer EZ rTth PCR kit (for more details,
see Materials and Methods). Note that the internal standard,
glyceraldehyde 3-phosphate dehydrogenase (G3PDH) mRNA
(433 bp) remained at constant levels, whereas MMP-2 mRNA
(578 bp) levels increased dramatically after .50 nM RA treat-
ment.

Fig. 6. Effect of length of RA treatment on stimulation of
MMP-2 mRNA levels. Chondrocyte cultures were treated with
50 nM RA at various times (0, 1, 4, 6, 12, 18, and 24 h) and then
total RNA was isolated from the cell layer. RT-PCR analysis was
performed as described in Fig. 5. Note that as early as 4–6 h after
RA treatment MMP-2 mRNA expression was significantly en-
hanced by RA.

Fig. 7. Increase in MMP-2 mRNA levels after RA treatment was
dependent on de novo protein synthesis. Chondrocyte cultures
were treated with RA (50 nM) on day 10, alone or in combina-
tion with cycloheximide (2.5 µg/ml). Total RNA was isolated 24
h after treatment, and each sample was subjected to RT-PCR
analysis as described in the caption to Fig. 5. Note that cyclohexi-
mide treatment abolished the increase in MMP-2 mRNA levels
caused by RA treatment. This indicates that de novo protein
synthesis is required for the RA-dependent increase in MMP-2
mRNA levels.
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treated with RA, potent upregulation of TGF-b2
gene expression occurred [Glick et al., 1989].
However, in GP chondrocytes, it is unlikely that
RAincreased the level of MMP-2 through stimu-
lation of expression of TGFb. First, previous
study has shown that RA treatment does not
cause appreciable change in the expression of
several TGFb isoforms in cultured GP chondro-
cytes [Ballock et al., 1994]. Second, we did not
find appreciable increase of MMP-2 levels in
GP chondrocytes treated with TGFb using zy-
mography assays (data not shown).

The elevation of MMP-2 levels in cultured
chondrocytes by RA treatment did not result
from an overall increase in cellular protein.
When day 10 or day 17 growth plate chondro-
cytes were treated with RA, there was no in-
crease in cellular protein; in fact, it was some-
what inhibitory (Table I). Further, time-course
studies indicate that elevation of MMP-2 levels
in the culture medium is a relatively early
response to RA treatment. An increase in
MMP-2 activity could be detected within 16 h of
treatment.

Recombinant MMP-2 has been shown to
cleave the interglobular domain of the core
protein of cartilage aggrecan atAsn341–Phe342
[Flannery et al., 1992; Fosang et al., 1992].
Thus, the drastic reduction in proteoglycan lev-
els in growth plate cultures in the presence of
RA [Wu et al., 1997] may well be due to both
decreased synthesis of proteoglycan and an in-
crease in the breakdown of proteoglycan result-
ing from the increased production of MMP-2
induced by RA. In fact, the increase in MMP-2
levels upon RA treatment was accompanied by
an upregulation of MMP-2 mRNA levels. As
little as 10 nM RA significantly increased the
level of MMP-2 mRNA. Despite the semiquanti-
tative nature of RT-PCR, a major increase in
MMP-2 mRNA levels upon RA treatment was
clearly detected. The fact that G3PDH mRNA
levels were not significantly affected indicates
that the effects of RA on MMP-2 mRNA levels
are specific in these cells. Further, the finding
that the increase in MMP-2 mRNA induced by
RA was abolished by treatment with cyclohexi-
mide (which is known to inhibit protein synthe-
sis) indicates that de novo synthesis of some
proteinaceous mediator(s) is required for the
RA effect on MMP-2 levels.

The mechanism of RA regulation of MMP-2
levels in GP chondrocytes invites speculation.
Only one potential binding site has been identi-

fied in the gene structure of human MMP-2 for
a nuclear transcription factor [Huhtala et al.,
1990]. This is an AP-2 site. No RA-responsive
cis-element has been found in either human or
avian MMP-2 genomic DNA. Since AP-2 is a
RA-inducible transcription factor [Williams and
Tjian, 1991], it is possible that RA may stimu-
late MMP-2 expression through upregulation
of AP-2. Since the transcriptional activity of
AP-2 can be enhanced by the activities of both
protein kinases C and A [Imagawa et al., 1987],
it is not surprising that PMA treatment failed
to suppress the upregulation of MMP-2 levels
by RA and that forskolin treatment alone in-
creased the MMP-2 level in this culture system.
However, the possible involvement of AP-2 in
the RA-dependent upregulation of MMP-2 level
in GP chondrocytes obviously needs careful
study.

Upregulation of MMP-2 by RA in GP chondro-
cytes also has implications in the differentia-
tion and calcification of GP chondrocytes dur-
ing endochondral ossification. The level of RA
in serum is ,50 nM, the majority of which is
bound to serum album [Smith et al., 1978]. RA
has been identified as a key inducer that gov-
erns skeletal patterning and development [Ei-
chele, 1989; Tabin, 1991; Helms et al., 1996;
Thaller and Eichele, 1987]. A gradient of RA is
known to occur across the developing chick
limb bud and may be responsible for the normal
pattern of digit formation [Eichele, 1989]. Alter-
ation of this RA gradient at different time points
during limb bud maturation results in marked
perturbation in the development and organiza-
tion of the extremity [Bryant and Gardiner,
1992].

Another clue to the function of retinoids in
developing cartilage comes from clinical re-
ports of skeletal toxicity in hypervitaminosis A
(i.e., prolonged exposure to elevated levels of
vitamin A). Arrest of bone growth from prema-
ture closure of the growth plate is a recognized
manifestation of chronic vitamin A intoxication
[Peace, 1962]. This premature closure is due to
precocious matrix calcification and vascular in-
vasion without proper proliferation of growth
plate chondrocytes [Thomas et al., 1960]. In
contrast, in vitaminAdeficiency (hypovitamino-
sisA), the growth plate has an ill-defined, imma-
ture proliferative zone with few mitotic figures
[Wolbach and Hegsted, 1952; Howell and
Thompson, 1967] as well as a narrow, undercal-
cified maturation-hypertrophic zone. In addi-
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tion, there is an abundant proteoglycan-rich
extracellular matrix and reduced vascular inva-
sion of the hypertrophic zone [Howell and
Thompson, 1967; Havivi and Wolf, 1967].

In the noncalcifying zone of GP cartilage,
there is a minimal supply of blood due to the
relative avascularity of the tissue and the abun-
dance of high MW proteoglycans that provide a
strong diffusion barrier, especially to protein-
bound factors such as RA. However, in the
metaphyseal region of the GP where calcifica-
tion and substantial tissue remodeling occur,
the abundant supply of blood from the ingrow-
ing blood vessels would provide adequate levels
of RA to induce MMP-2 synthesis. Thus, the
increase in MMP-2 expression that we have
observed upon exposure of GP chondrocytes to
RA could readily explain the breakdown of the
cartilage matrix and the invasion of incoming
metaphyseal blood vessels during endochon-
dral ossification.

One final point concerns the effect of RA on
the expression of tissue inhibitors of MMPs. If
the effects of RA just described are of physiologi-
cal significance in the terminal GP, then it
should be expected that RA would reciprocally
regulate TIMP and MMP levels. This has in
fact been observed in rat bone cell populations
[Overall, 1995], where RA increases expression
of MMPs, as well as in noncalcifying tissues
such as skin and synovial fibroblasts where RA
inhibits expression of MMPs [Bigg and Caws-
ton, 1996]. The question of whether RA down-
regulates TIMP levels in the GP is currently
being explored.
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