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S u m m a r y  

technique, differential display reverse transcription polymerase chain (DDRT-PCR), was 
the overall pattern of gene expression in human articular knee chondrocytes induced by 
prototypical inducer of catabolic responses in degenerate joint diseases. One hundred 

ons generated approximately 10 000 different PCR fragments for IL-I~ treated, as well as 
drocytes, cultivated in alginate beads. This represented 53% of all expressed chondrocyte 
~1 considerations. Side by side comparisons of differential display patterns originating from 

yielded 44 reproducibly, differentially-displayed cDNA fragments, which were subcloned 
omology searches revealed sequence identities to the human necrosis factor ~ (TNF-u) and 
, fibronectin, osteopontin, calnexin, and the DNA repair enzyme ERCC5. The differential 
vith Northern and quantitative PCR analyses. The known function of these genes and their 
indicate that the employed model system reflects the pleiotropic effects of IL-1 on the overall 
~rticular chondrocytes and identifies genes involved in very different biochemical pathways. 
ed sequence homologies to known genes and may represent novel genes. 

~play, Chondrocytes, IL-1, Osteoarthritis. 

In troduct ion  

~ e  ~xpression of specific genes is changed during 
~ u r s e  of degenerative joint  diseases like osteo- 
~!d~ii~heumatoid arthri t is  [1]. Those genes include 
~!! :matr ix-degrading matrix metalloproteinases 

Ps), which are upregulated during degrada- 
~i-~ ' processes [2] and the s t ructural  matrix 
~ p o n e n t s  like the aggreean core protein, which 

dow regulated r3]. 
The differential expression of various early and 

responsive genes including c-fos, c-jun, junB 
metal lothionin [4] suggests tha t  changes in 

~ e  expression affect a mult i tude of disease 
~e~g~latory and metabolic pathways 

.~n our study, we wanted to test  the usefulness 
~ t h e  mRNA fingerprinting technique of differ- 
~ t i a l  displa reverse transcript ion polymerase Y 
Chain reaction (DDRT-PCR) to detect changes not 
~ l y  in the expression of specific, single genes 
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but changes in the overall gene expression, 
reflecting the pleiotropic action of the cytokine 
interleukin-1 (IL-1) on various metabolic processes. 
DDRT-PCR was originally described by Liang  
and Pardee [5] and further  refined by Liang et al. 
[6] and Bauer et al. [7]. This new tool promises 
access to low abundant  transcripts,  which are 
difficult to detect with conventional  subtract ive 
hybridization studies, and it permits the simul- 
taneous identification of both up- and down- 
regulated genes. 

In order to gain an unders tanding of ethiopatho- 
logical processes leading to carti lage degradat ion,  

~ the  most direct approach would be a comparison 
between the gene expression pat tern  in macro- 
scopically intact  versus osteoarthri t ic  cartilage. 
But such studies would also resolve pa t ient  
specific differences in the expression of genes, 
which could potent ial ly conceal disease re levant  
changes in gene expression. This lead us to s tar t  
differential gene expression studies with a practi- 
cable model system comparing the gene expression 
in IL-I~ st imulated and unst imulated,  cul tured 
human art icular  knee chondrocytes obtained from 
joint  replacement surgery. 
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The most important  reasons for choosing IL-I~ 
as the  mediator were tha t  it acts on many 
connective tissue cell types, and that  IL-1 is the 
prototypical  inducer of catabolic responses in 
chondrocytes  [8]. It s t imulates expression of 
proteases, including MMPs  [9], leading to degra- 
dat ion and release of proteoglycans (PGs) 
[3, 10, 11], induces an increase of the const i tut ive 
hsp70 [12], of IL-8 [13], COX-2 and PLA2 [14] mRNA. 
In addition, IL-1 suppresses c~1 type II procollagen 
expression [15] and it inhibits synthesis in 
chondrocytes  [3, 10, 16-19]. The net  resul t  of IL-1 
t rea tment  of cartilage t issue in vitro [12, 20], or the 
injection of IL-1 into the synovial  cavity [21, 22], is 
loss of carti lage matrix by a .~combination of 
excessive catabolism and inadequate  anabolism of 
matrix macromolecules for tissue repair. These 
results  and the presence of IL-1, PG fragments and 
proteolyt ic  enzymes in inflamed joints [23-25], 
point  to an important  role for IL-1 in carti lage 
degradat ion in rheumatoid arthri t is  and during 
inflammatory episodes in osteoarthri t is .  

Quant i ta t ive  PCR served to val idate our model 
system by detecting an IL-I~ mediated upregula- 
tion of MMP-3 message. To optimize reproducibil- 
ity and sensitivity of our chondrocyte  gene 
expression analysis, we employed in parallel  the 
large number of 100 different primer combinations 
for DDRT-PCR on chondrocytes  originating from 
two different tissue donors. Thus, we were able to 
detect  44 reproducibly, differentially-expressed 
cDNA fragments. Subsequent  cloning and se- 
quence analysis revealed the identi ty of some 
cDNAs to known genes, including fibronectin and 
TSG-6, already known to be upregulated by IL-1. 

The identification of these genes allows interest- 
ing speculat ions on the specific role of these genes 
in the IL-I~ mediated chondrocyte  metabolism. In 
addition, this approach may eventual ly  enable the 
identification of new target  molecules for drug 
intervent ion and candidate genes to monitor  
chondrocyte  metabolism during clinical studies of 
degenerat ive joint  diseases. 

M a t e r i a l s  a n d  M e t h o d s  

E X P E R I M E N T A L  P R O C E D U R E S  

Cell culture 

u Art icular  knee cart i lage specimens were ob- 
ta ined from four different tissue donors (donor A: 
male 65-years old, donor B: female 73-years old, 
donor C: female 6O-years old, and donor D: female 
63-years old) undergoing total  joint  replacement  
surgery for osteoarthrit is .  None of these individ- 

uals had received t reatment  by radia t ion o r  
chemotherapy.  After surgery, ar t icular  carti. :~ 
lage slices were aseptically dissected from both 
femoral condyles, t ibia plateaus and patellae and 
subjected to sequential  enzymatic digestion with 
pronase (Boehringer Mannheim) and collagenase 
(Worthington) according to H~uselmann et al. [26]. 
Released chondrocytes  were suspended in sterile 
0.15M NaC1 containing 1.25% low viscosit~ 
alginate (FMC BioProducts)  at a concentra t ion o9 
4×108 cells/ml, and squeezed through a 22 gauge 
needle into 102 mM CaCI2 solution to form cel~ 
entrapping spherical  beads containing an average 
number of 44 ± 2x103 chondrocytes.  A totaI 
number of 2×.i07. cells were mainta ined in 50/54 
HAMS' F12/DMEM (Life Technologies), sup! 
plemented with 10% heat  inact ivated fetal calf 
serum (Sigma), 25 ~tg/ml ascorbic acid (Sigma) andi 
50~g/ml gefftamycin (Life Technologies) in 
humidified atmpsphere of 5% CO2 at 37°C. Cultures 
were allowed ~o recover for 3 days with daily 

[ 

medium changes?:Then, the beads were subdivide~ 
into two populati(~ns for further 3 days of culture 
in the presence or absence of 50 pg/ml recombinant  
human IL-I~ (Genzyme). To release chondrocytes 
from alginate, beads were  dissolved in dissolution 
buffer containing 55ram sodium citrate,  3OmM 
EDTA and 0.15M NaC1 and placed at room 
temperature  for 10min. Viability of cells was 
checked by eosin-red exclusion. 

Primer syntheses 

Arbi t rary  oligodecamer primers 1-10 and degen- 
erate anchored oligo-dT primers (T12MN) were 
synthesized using the 392 DNA synthesizer 
(Applied Biosystems) and purified by denaturing 
polyacrylamide gel electrophoresis.  Some oligode- 
camer primers, 11-25, were purchased from 
Biometra. All employed primers are shown in 
Table I. 

R N A  isolation and first strand cDNA synthesis 

Total RNA from cultured human articular 
chondrocytes  was prepared according to the acid 
guanidinium-isothiocyanate  phenol-chloroform 
method [27] and incubated with 10 U RNase  free 
DNase I (Life Technologies) in 20 mM Tris-HCl~ 
(pH 8.3), 50 mM KC1 and 2.5 mm MgC12 for 30 rain at: 
37°C to remove any residual chromosomal DNA! 
contamination.  After extract ion with phenol-chlo 
roform (3:1), the supernatant  was ethanol  precipi -~ 
ta ted in the presence of 0.3 M NaOAc (pH 5.2): 
and the RNA was finally redissolved in diethyi 
pyrocarbonate  t reated water. Integri ty of the RN~ 
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,~arose gels. Total 
ribed using 200 U 
;e (Life Technol- 
containing 50 mM 
nM dithiothreitol ,  
P, dTTP, dCTP, 
RNase Inhibi tor  
.5 ~AM degenerate 
• Reactions were 

for 5min.  For 
NA synthesis was 
~ue donor D using 
er Mannheim). 

~[ff~.e:~ial display 

~pIi~e:d in a DNA thermal  cycler 
~ e l  480) in 20 pl reactions 

~ i :~ i~ '  of the original T~2MN-primer 
~:nthesis in combination with 0.5 pM 

~ : i i ~ r ~ a m  primer, dNTP mix (dGTP, 
each, 10pCi u-[3~S]dATP 

U4 
u 5  

~U8 

~o  

U~2 
LT13 
U14 
U15 
U16 
U17 
U18 
U19 
U20 
U21 
U22 
U23 
U24 
U25 

Table I 
go dT-primers 

oligodecamer- 
I'-PCR 

[T~2MN] 
] ~ T T T M A  
] ? T T T M T  
] ~ T T T M G  
] ~ T T T M C  

~rs 
A C  

5 ' - G A A A C G G G T G  
5 ' - G T G A C G G G T G  
5 ' - G C G T A A C G C C  
5 ' - G T G A T C G C A G  
5 ' - A G C C A G C G A A  
5 ' - G A C C G C T T G T  
5 ' - A G G T G A C C G T  
5 ' - C A A A C G T C G G  
5 ' - G T T G C G A T C C  
5 ' - T A C A A C G A G G  
5 ' - T G G A T T G G T C  
5 ' - C T T T C T A C C C  
5 ' - T T T T G G C T C C  
5 ' - G G A A C C A A T C  
5 ' - A A A C T C C G T C  
5 ' - T C G A T A C A G G  
5 ' - T G G T A A A G G G  
5 ' - T C G G T C A T A G  
5 ' - G G T A C T A A G G  
5 ' - T A C C T A A G C G  
5 ' - C T G C T T G A T G  
5 ' - G T T T T C G C A G  
5 ' - G A T C A A G T C C  
5 ' - G A T C C A G T A C  

(1000 Ci/mmol, 10 mCi/ml; Amersham), 10 mM Tris- 
HC1 (pH 8.3), 50raM KC1, 1.5m~ MgC12, 0.001% 
gelatin and 2.5U AmpliTaq DNA polymerase 
(Perkin Elmer). Light  mineral  oil was overlaid and 
thermal  cycling was performed as follows: 30 s of 
denatura t ion  at 94°C, 2 min of anneal ing at 40°C, 
30 s of extension at  72°C for 40 cycles followed by 
5 rain postextension at 72°C. For gel electrophor- 
esis, each PCR product was mixed with  5 pl dye 
solution (95% formamide, 20mM EDTA, 0.05% 
bromphenolblue and 0.05% xylenecyanol FF), 
denatured at 95°C for 2 min and quenched on ice. 
Each sample (6 pl) was loaded on a 6% acrylamide/  
7M urea gel (35x43×0.4 cm). For detect ion of 
radiolabeled PCR fragments, gels were t ransferred 
to blott ing paper wi thout  acetic ac id-methanol  
fixation; dried gels were exposed to X-ray film 
(Kodak X-OMAT) for 48 h. 

Elution and reamplification of cDNAs 

Careful side by side comparisons of band 
patterns identified those PCR fragments tha t  
appeared differentially expressed. Those were cut 
from acrylamide gels, transferred into eppendorf  
tubes and rehydrated for 10 min with 100 pl 10 mM 
Tris-HC1 (pH 7.5), I mM EDTA at room tempera- 
ture. After boiling the gel slices for 15 min, PCR 
fragments were recovered by ethanol precipi ta t ion 
in the presence of 0.3 M NaOAc and 20 pg glycogen 
(Boehringer Mannheim) as a carrier and redis- 
solved in 10 pt sterile water. Five microliters of this 
volume was used for reamplification by PCR using 
appropriate primers and conditions as described 
above except for dNTP concentrat ion at  20 ~tM and 
omission of radioisotopes. Reamplified cDNAs 
were visualized by electrophoresis on a 2% agarose 
gel, cut out and eluted from the gel matr ix by 
ul traf i l t rat ion using spin columns (Millipore). 
Purified cDNAs were then either used for cloning 
or as probes for Northern-blot analysis. 

Cloning and sequencing of cDNAs 

Reamplified cDNA probes were cloned into the 
pCRII-vector using the TA cloning system (Invitro- 
gen). Plasmid DNA sequencing of subcloned 
cDNAs with either Sp6 or T7 primer was carried 
out on both strands using sequenase 2.0 sequenc- 
ing kit  (USB). 

DNA sequence analysis 

Searching for homology between subcloned 
cDNAs and sequences already listed in one of the 
DNA databases (GenBank release 91, DDBJ and 
EMBL database) was performed using the FASTA 
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program developed by Pearson and Lipman [28] 
included in the GCG software package (Genetics 
Computer  Group, Madison, U.S.A.). Alternatively,  
a newer program for rapid similarity searches was 
applied [29] using the Basic Local Alignment 
Search Tool (BLAST) at NCBI (National Center 
for Biotechnology Information). 

Quant i ta t ive  P C R  

For quanti tat ive PCR, a 598 bp internal s tandard 
containing gene specific primer sites for MMP-3 
(5'-CACTTCAGAACCTTTCCTGGCATC-3' and 5'- 
GCTTCAGTGTTGGCTGAGTG-3', corresponding 
to nts 338-361 and 725-744) and a 596 bp internal  
s tandard containing gene specific primer sites for 
TSG-6 (5'-GGTGTGTACCACAGAGAAGCA-3' and 
5'-GGGTTGTAGCAATAGGCATCC-3', correspond- 
ing to nts 174-194 and 437-457) was const ructed 
using the PCR-MIMIC kit  (Clontech). Then, serial 
dilutions of the internal MMP-3 s tandard (fivefold 
dilutions from 1000-1.6 attomol) respectively of the 
internal  TSG-6 standard (twofold dilutions from 
0.5-0.016 attomol) were added to the PCR reactions 
containing constant  amounts  of cDNA reverse 
t ranscr ibed from 20 ng of total  RNA from either 
st imulated or not  s t imulated cells as described 
above. PCR was performed in 50 ~l react ions in lx 
PCR-buffer (10 mM Tris-HC1 at pH 8.3, 50 mM KC1, 
1.5mM MgC12 and 0.001% gelatin) with 200 ~tM 
dNTP mix, 0.4 ~tM primer and 2.5 U AmpliTaq DNA 
polymerase (Perkin Elmer). Thermal cycling was 
performed as follows: 30 s of denaturat ion at 94°C, 
30 s of annealing at 60°C and 45 s of extension at 
72°C for 25 cycles. Ten microliters of each PCR 
tube was separated on a 2% agarose/ethidium 
bromide gel and fluorescence was quantified by com- 
puter  imaging using BioImage software (Millipore) 
to calculate the relat ive amounts of target  and 
standard-DNA. The logari thm of the rat ios of the 
two products  were then plotted after correcting for 
the difference in size between them as a func- 
tion of the log of the initial  amount  of standard- 
DNA added to each react ion to calculate the point  
of equimolari ty of s tandard and target  DNA. 

Northern-blo t  analys is  

Isolation of RNA from cul tured chondrocytes  
used for Northern-blot  analysis was performed 
exactly as described above. For gel separation, 
10 ~tg of total  RNA were denatured by heat ing at 
65°C for 10 min in a solut ion of 50% formamide, 
20 mM MOPS and 2.2 M formaldehyde, separated 
through 1% agarose containing 2.2M formal- 
dehyde and transfered t o  a positively charged 

nylon membrane (Amersham) by s tandard capil- 
lary blot t ing procedures [30]. After U.V. cross. 
linking, the blots were prehybridized for 1 h in 
rapid-hyb-buffer (Amersham) at 65°C. The follow- 
ing probes, obtained by reverse t ranscr ip t ion 
(RT)-PCR from human art icular  chondrocytes ,  
were radiolabeled for hybridization with ~- 
p2P]dCTP (3000 Ci/mmol, 10 mCi/ml; Amersham) 
using random nonamer primers (Amersham): A 
330bp cDNA corresponding to nts 61-390 from 
human  osteopontin cDNA (GenBank J04765), 
340 bp cDNA corresponding to nts 881-1220 from 
human calnexin (GenBank M94859), a 289bp~ 
cDNA corresponding to nts 4292-4580 from human: 
fibronectin. (GenBank X02761), a 226bp cDNA i 
corresponding to ,~ nts 597-822 from human TSG-6 
(GenBank M31165) and a 263 bp cDNA correspond-' 
ing to nts 3097-3359 from human ERCC5 (GenBanki 
Dt6305). After h~bridization for 2 h at 65°C the b]o~ 
was subsequently~' washed in 2xSSC,  0.1% SDS at 
37°C for 15min "0xSSC: 0.15M NaCI, 0.015~ 
sodium citrate, pH 7~0), followed by two sucessive 
washes with 1 x SSC,~ . I% SDS at 65°C for 10 min- 
respectively. If necessary, a final high stringency 
wash was performed with 0.1xSSC, 0.1% SDS at 
65°C for 15 min. The b l ~ s  were then analyzed by 
autoradiography using Kodak  X-Omat films a~ 
-80°C with intensifying s~reens for 2-7 days and 
intensity of bands was quantified with a phospho- 
rimager (Biorad). All blots were stripped with 
boiling 0.5% SDS solution and reprobed with 
labeled murine [~-actin cDNA (Clontech) to 
demonstrate  equal loading of RNA in each l a n e .  

R e s u l t s  a n d  D i s c u s s i o n  

T H E  U S E D  M O D E L  S Y S T E M  A N D  I T S  V A L I D A T I O N  

To detect  IL-I~ mediated changes in the overall 
gene expression potential ly reflecting processes 
connected with carti lage degradation, we com- 
pared the mRNA profile • of human art icular  knee 
chondrocytes  t reated with and without  IL-I~. For 
this, human knee carti lage from joint  replacemen~ 
surgery was enzymatically digested to yield 
approximately 3-5 x 106 chondrocytes/g of cartilage 
tissue. Embedded in alginate, human a r t i cu l~  
chondrocytes maintain their differentiated pheno~ 
type [26] and show almost  identical behavior  to 
carti lage slice cultures when treated with IL-I~I:: 
We, therefore, chose the alginate embedding andl 
cul ture condit ions as given by H~iuselmann et al( ~: 
[31]. For the choice of the employed IL-I~ 
concentra t ion of 50 pg/ml we were guided by the 
finding tha t  this concentrat ion leads to a 85°~ 
inhibition of 3SS-sulfate incorporat ion into PG 
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16g [ s tandard]  m at tomol  

~ o f  ~he results of quantitative PCR 
~er~ine MMP-3 (a) and TSG-6 (b) 
lev~!s from chondrocytes of donor D. 
o~o~ amplified target to standard 

~ ~ diiSufiction of the log of the known 
~.~iiia~d~d to the PCR reaction. 

ared with unt rea ted  
~y the in vivo concen- 
~vial fluids of pat ients  
ranges from 20-128 pg/ 

to 2 × 107 chondrocytes,  
[vided into two popu- 
with 50 pg/ml recombi- 
L, while the other  was 
edium without  IL-I~, 
mderwent  DDRT-PCR 

3onsiveness of alginate 
our model system, we 

the relative amount  of MMP-3 tran- 
~oth cell populations.  Because IL-1 is 
~timulate the expression of MMP-3 in 
ective tissue cells, including synovio- 
chondrocytes [22, 33], this cri terium 
~ce to provide the basis for our 
display analysis. To quantify MMP-3 

Ldy-state level, quantitative,  competi- 
~PCR) using an internal s tandard was 

¢~ployed [34]. Fig. l(a) shows the log of the ratios 
of the PCR products specific for MMP-3 and the 
standard-DNA graphed as a function of the initial 
amount  of standard-DNA added to the PCR 

react ions  for the  determinat ion of the  point  of 
equimolarity. Using this approach, we determined 
in three  independent  experiments 4827 ± 792 
(N= 3) MMP-3 mRNA molecules/pg of to ta l  RNA 
for unst imulated chondrocytes,  and 17,188 ± 2066 
(N= 3) mRNA molecules per pg of total  RNA for 
IL-I~ s t imulated chondrocytes,  an upregula t ion  by 
a factor  of 3.6. Thus, chondrocytes  cul t iva ted  in 
alginate from pat ients  with osteoar thr i t is  undergo- 
ing joint  replacement  surgery, do indeed respond 
to IL-I~ with an upregulat ion of MMP-3 message. 

DIFFERENTIAL DISPLAY ANALYSIS 

A total  of 2 x 107 chondrocytes  re leased from the 
alginate beads yielded 40 ~g total  RNA, which  was 
subsequent ly  subjected to DDRT-PCR analysis. 
Because our goal was to detect  changes  in the 
overall  gene expression, we wanted to resolve as 
many differentially expressed genes as possible 
and thus employed the large number  of 100 
different primer combinat ions in order to increase 
our chances to detect  weaker  expressed genes. The 
used primer combinat ions comprised four  different 
degenerate  3'oligo tiT-primers and 25 different 
5'oligodecamer primers, as given in Table  1. They 
resolved a total  of approximately 10 000 cDNAs on 
high resolut ion acrylamide gels for each cell popu- 
lat ion analyzed. According to theoret ical  calcu- 
lations [35] this amount  and length of primers 
should represent  53% of all expressed cellular 
genes. Fig. 2 shows some examples of  differential  
displays resolving approximately 80-120 cDNA 
fragments per single lane. The visual side by side 
comparison between lanes resolving cDNA frag- 
ments generated from IL-I~ s t imulated versus 
unst imulated chondrocytes  identified a total  of 
123 recognizable differentially displayed cDNA 
fragments. 

To address the reproducibi l i ty and the major  
drawback of DDRT-PCR, its 'noise level '  of  false 
positives [6], five primer pairs were used repeatedly  
in initial  experiments on the same cDNA prep- 
aration. Although some minor var iances  were 
seen, probably due to the noise level of DDRT-PCR, 
most bands were reproducibly displayed. Primer 
combinations differed to some extent  in their  
ability to yield similar overall band pa t te rns  (see 
Fig. 3 and note differences in reproducibi l i ty  
between primer pairs I and II). Because  we 
expected that  pat ient  specific differences and 
polymorphisms in gene products  would influence 
DDRT-PCR results  more than PCR reproducibil i ty,  
we validated our differentially displayed fragments 
str ingently by applying the same 100 primer 
combinations to RNA originating from a second 
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tissue donor. Fig. 3 compares the DDRT-PCR 
analysis with two different primer pairs on the 
RNA from two different tissue donors. All possible 
combinations of bands can be seen: bands occuring 
in all lanes, irrespective of both IL-I~ s t imulat ion 

Primer pair 

A B C D E F G 

IL-I~ stimulation 

- - +  - - 4 .  - - +  - - +  - - +  - - +  - - 4 -  

and tissue donor; bands appearing irrespective of 
st imulation,  but specific for one of the two donors; 
IL-I[~ dependent  differentially displayed ~ bands 
specific for one donor, but not for the other donor; 
and finally bands, which were differentially and 
reproducibly displayed by using RNA from the two 
different donors. Of the latter, we identified a total  
of 52 bands eliminating 71 bands from our init ial  
screen. Of the 52 bands, 68% arose from IL-I~ 
st imulated chondrocytes. As seen in Fig. 3 (arrows), 
candidate bands differ in .their signal intensities. 
The differentially displayed band in Fig. 3(a) and 
(b) is much stronger upregulated by IL-I~, than  the 
differential band in Fig. 3(c) and (d). This may 
reflect cellular mRNA :levels or it is based on the 
nonquant i ta t ive  nature  of the PCR amplification 
process itself. The size of the 52 differentially 
displayed cDNA fragments varied from 175-600 bp, 
with an average size of approximately 300 bp. 
Forty-four of the initial 52 fragments were 
subcloned into the TA cloning vector pCRII and 
sequenced. Fig. 4 depicts the differentially dis- 
played bands later identified to correspond to 
TSG-6, fibronectin, osteopontin and calnexin. 

G E N E S  I D E N T I f i E D  T H R O U G H  H O M O L O G Y  S E A R C H E S  

A N D  T H E I R  P O T E N T I A L  ROL~E I N  IL-lfl M E D I A T E D  

P R O C E S S E S  

Sequence homology searches revealed tha t  27 
sequences did not match with sequences in the 
data  bases and thus could represent new genes. 
Nine sequences matched expressed sequence tags 
(ESTs), gene fragments identified in human 
genome sequencing projects without  functional  
assignments. Five sequences showed identi ty with 
the following known human genes (GenBank 
accession number and our clone identifier given in 
brackets): fibronectin (X02761, TTO20/1); ). TSG-6: 
tumour  necrosis factor (TNF)-stimulated gene-6 
(M31t65, TAU7/2); osteopontin (J04765, TAU1/1); 
calnexin (M94859, TTU2/2) and ERCC5 (D16305, 
TTO16/2). 

The known functions of these genes and their 
known IL-1 responsivness, reproduced in our 

FIG. 2. Examples of differential displays for the detection 
of IL-I~ induced changes in overall gene expression 
patterns in human articular knee chondrocytes culti- 
vated in alginate beads. Total RNA derived from 
chondrocytes of donor B stimulated for 72 h with IL-I~ (+) 
and RNA from not stimulated cells (-) was subjected to 
DDRT-PCR using following primer combinations: 
A = T12MG and U22; B = T12MG and U23; C = T12MG and 
U24; D = T12MG and U25; E = T~2MC and U22; F = T~2MC 
and U24; G = T12MC and U25. Examples of differentially 
expressed cDNAs which could be reproduced using RNA 
from donor A are denoted with asterisks. 
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Primer pair I Primer pair II 

Donor Donor Donor Donor 
: A  B A B 
~LI~ IL-I~ IL-I~ IL-I~ 

~ifferential display analysis as in Fig. 2 using two 
nt primer ' combinations (I=T,2MC and U23; 

~ a n d  U24) to reveal individual differences 
~:: th~ ~ Ilt induced gene expression pattern between 
~ ; : ~ f f e r e n t  tissue donors (donor A and donor B). 

~eads denote reproducibly, d{fferentially dis- 
~{~ye~ cDNA fragments. See results for further details. 

~ d e l  system, argue tha t  our model system 
i i ~ t i - f i e d  a mult i tude of genes directly or 
~ndirectly involved in the context of cytokine 
:induced loss of carti lage matrix. 

Fibronectin, a glycoprotein involved in cell- 
matrix interactions, is present at  low levels in the 
extracellular matrix of normal cartilage [36], but 

gets accumulated in the sy~iovial fluid and the 
inflamed synovial and pannus  surfaces of the knee 
joints in rheumatoid arthrit is ,  and to a lesser 
degree in osteoarthri t is  patients [37, 38]. Intra- 
ar t icular  injection of fibronectin fragments causes 
a severe depletion of carti lage PGs in vivo [39], 
which is explained by the induced release of 
several proteinases, including MMP-3 [40]. There- 
fore, upregulat ion of fibronectin by IL-I~ in our 
model system can be seen as a positive feedback 
regulation, enhancing the self-destructive poten- 
tial of chondrocytes. 

TSG-6, a TNF and/or IL-1 induced, secretory 
39kDa glycoprotein with extensive sequence 
homology with a region implicated in hya lu rona te  
binding [41], was detected by Wisniewski et al. [42] 
in high levels in synovial fluids of pat ients  with 
various forms of arthrit is ,  while synovial fluid, 
obtained from persons without  known joint  
disease, did not contain any detectable TSG-6 
protein. The local source for TSG-6 in the joint  
cavity are synoviocytes [42] and ar t icular  chondro- 
cytes [43]. 

Using quant i ta t ive  PCR, as described above, on 
chondrocytes from tissue donor D [Fig. l(b)], we 
were able to determine 1.56 + 0.26 (N=2)  TSG-6 
mRNA molecules/pg of total  RNA for uns t imula ted  

- -  + 

IL-I[~ stimulation 
- + - + - + 

TSG-6 Fibronectin Osteopontin Calnexin 

FIG. 4. Parts of differential displays containing bands 
identified as: cDNA fragments coding for TSG-6, 
fibronectin, osteopontin and calnexin. Arrowheads 
denote fragments originating from IL-I~ treated (+) or 
untreated (-) human articular knee chondrocytes. 
Primer pairs used: H =T12MA and U17; I= T12MT and 
U10; J=TI2MA and Ull; K=T12MT and U12. 
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human ar t icular  chondrocytes cul tured in alginate 
beads, and 9.29 ± 1.94 (N= 2) molecules/pg of total  
RNA in IL-I~ st imulated cells. Thus IL-I~ 
upregulated TSG-6 mRNA steady state level by a 
factor of 5.9. 

TSG-6 forms complexes with the serine protease 
inhibitor inter-u-inhibitor [44]. This complex 
inhibits plasmin and could interfere with the acti- 
vat ion cascade of proMMPs. This may correspond 
with the exper imenta l  finding, that  recombinant  
human TSG-6 exerts potent  anti-inflammatory 
activity in the murine air pouch model of inflam- 
mation elicited by carrageenan or IL-1 [45]. 

ERCC5, the human homolog to yeast  RAD2 [46], 
is a component  of the excision nuclease complex 
involved in mammalian DNA excision repair  [47]. 
Although we do not  yet unders tand the direct link 
between the upregulat ion of ERCC5 and matrix 
degradation, the finding of this gene may indicate 
the wide scope of cytokine influenced cellular 
processes. 

For osteopontin,  a s ialophosphoprotein mediat- 
ing cel l-matrix and cell-cell interactions [48], 
several reports  document a IL-1, TNF and 
l ipopolysaccharide (LPS) inducible expression of 
osteopontin in epidermal cells, bone cells and 
osteoblasts  [49], whereas const i tut ive expression 
was observed in kidney and placenta  [50]. Hwang 
et al. [51] reported, tha t  osteopontin suppresses the 
induct ion of inducible nitric oxide synthase (iNOS) 
activity by LPS, probably at the level of induct ion 
of iNOS gene expression. This indicates a role for 
osteopontin as a general modulator  of nitric oxide 
synthesis. Large amounts  of NO are produced in 
human ar t icular  chondrocytes  in alginate cul ture 
in response to IL-1 [31]. NO also plays a regula tory  
role in the act ivat ion of MMPs [52]. Our finding 
that  IL-I~ mediates downregulat ion of osteopontin 
may thus point  to a compensatory mechanism, 
which would allow upregulat ion of iNOS, in- 
creased production of NO and thus PG degra- 
dation. 

Calnexin is an endoplasmic ret iculum (ER) 
resident  chaperone, which binds to incorrect ly or 
incompletely folded glycoproteins [53] and thus 
retains them in the ER [54]. IL-1 downregulates  the 
expression of PGs in chondrocytes  [3, 17, 18], 
probably by inhibiting the protein core sythesis 
[16]. Therefore, we speculate, that  the IL-I~ 
induced downregulat ion of calnexin mRNA steady 
state level reflects a downregulat ion of the total  
chondrocytic  PG biosynthesis pathway,  including 
the quality control  system of the ER. 

The upregulat ion of TSG-6 and fibronectin and 
the downregulat ion of osteopontin and calnexin 
mRNA steady state level was verified by Nor thern  

1.4 kb 
TNF-s t imula ted  gene 6 
0% 100% 

7.7 kb 
Fibronect in  
6 3 %  100% 

5 . 3 k b  
Fibronect in  
56% 100% 

1.8 kb 
Osteopontin 
100% 21% 

~,8 kb 
~hlnexin  
100% 60% 

2.0 kb 
Actin 
100% 99% 

- -  + 

IL-I[3 

FIG. 5. Northern blot hybridization analysis of total RNA 
of human articular knee chondrocytes from donor C 
cultivated in alginate beads with (+) and without IL-I~ 
(-) stimulation, probed with TSG-6, fibronectin, osteo- 
pontin, calnexin, and ~-actin cDNA. The expected sizes 
of mRNAs are given. A phosphorimager quantification 
determined the relative amounts of messages (given 
in %). 

analyses using total  RNA from IL-I~ st imulated 
and unst imulated chondrocytes originating from 
tissue donor C. As seen in Fig. 5, all messages were 
found differentially expressed. TSG-6 expression 
was detected only in IL-I~ st imulated chondro- 
cytes. A phosphorimager quantification revealed 
an IL-I~ induced upregulat ion of fibronectin full 



Osteoarthritis and Cartilage Vol. 5, No. 2 137 

.tion 
'/o, a 
td a 
[vity 
.,tect 
and  

a lso  
~ank 
rank 
)NA 

e x -  

tIPs, 
st i l l  
ions 
'e of  
,*ene 
ls as 
n in 

first  
;S Of 

man  
in- 

The  
lays  
t ion  
l 27 
o w n  

to 
l ism 

~ c k n o w l e d g m e n t s  

Eidenmaller for synthesis of 
~de0~i~eS; R e g i n a  Emel t  for  he lp  wi th  

:: ~ a n d  I r m g a r d  A b t  fbr  he lp  w i th  cu l t u r e  
' i :~ ~ y t e s  and  H i l d e g a r d  K a u l e n  for  c r i t i ca l  

i ~  i the  m a n u s c r i p t .  

R e f e r e n c e s  

ii ~este~n GS, Paine MM, Lit tmann BH. Gene 
~Xpression (Collagenase, Tissue inhibitor of metal- 
:toproteinases, complement, and HLA-DR) in rheu- 
matoid  arthritis and osteoarthitis synovium. 
:Arthritis Rheum 1991;34:1094-105. 

2:i!~ii~an DD, Martel-Pelletier J, Pelletier JP, Howell 
DS, Woessner JF  Jr.  Evidence for metallo- 
Droteinase and metalloproteinase inhibitor imbal- 
:ance in human osteoarthrit ic cartilage. J Clin 

~: : Invest 1989;84:678-85. 
~ ! T y l e r  JA. Articular cartilage cultured with 

catabolin (pig interleukin 1) synthesizes a de- 
: creased number of normal proteoglycan molecules. 

Biochem J 1985a;227:869-78. 

4. Zafarullah M, Martel-Pelletier J, Cloutier JM, 
Gedamu L, Pelletier JP. Expression of c-fos, c-jun, 
jun-B, metallothionein and metal loproteinase 
genes in human chondrocyte. FEBS Lett 
1992;306:169-72. 

5. Liang P, Pardee AB. Differential display of 
eukaryotic messenger RNA by means of the 
polymerase chain reaction. Science 1992;257:967- 
71. 

6. Liang P, Averboukh L, Pardee AB. Distr ibution and 
cloning of eukaryotic mRNAs by means of 
differential display: refinements and optimization. 
Nucl Acids Res 1993;21:3269-75. 

7. Bauer D, Mfiller H, Reich J. et al.  Identification of 
differentially expressed mRNA species by an 
improved display technique (DDRT-PCR). Nucl 
Acids Res 1993;21:4272-80. 

8. Martel-Pelletier J, McCollum R, DiBattista J. et al.  
The interleukin-1 receptor in normal and osteo- 
arthri t ic human art icular  chondrocytes. Identifi- 
cation as the type I receptor and analysis of 
binding kinetics and biologic function. Arthrit is  
Rheum 1992;35:530-40. 

9. Schnyder J, Payne T, Dinarelto CA. Human 
monocyte or recombinant  interteukin l ' s  are 
specific for the secretion of a metalloproteinase 
from chondrocytes. J Immunol 1987;138:496-503. 

10. Tyler JA. Chondrocyte-mediated depletion of articu- 
• lar cartilage proteoglycans in vitro. Biochem J 

1985b;225:493-507. 
11. Ratcliffe A, Tyler JA. Hardingham TE. Art icular  

cartilage cultured with interleukin 1. Increased 
release of link protein, hyaluronate-binding region 
and other proteogtycan fragments. Biochem J 
1986;238:571-80. 

12. Cruz TF, Kandel RA, Brown IR. Interleukin-1 
induces the expression of a heat-shock gene  in 
chondrocytes. Biochem J 1991;277:327-30. 

13. Lotz M, Terkeltaub R, Villiger PM. Carti lage and 
joint inflammation. Regulation of IL-8 expression 
by human art icular chondrocytes. J Immunol 
1992;148:466-73. 

14. Lyons-Giordana B, Prat ta  MA, Galbraith W, Davis 
GL, Arner EC. Interleukin-1 differentially modu- 
lates chondrocyte expression of cyclooxygenase-2 
and phospholipase. Exp Cell Res 1993;206:58-62. 

15. Goldring MB, Fukuo K, Birkhead JR, Dudek E, 
Sandell LJ. Transcriptional suppression by inter- 
leukin-1 and interferon-gamma of type II  collagen 
gene expression in human chondrocytes. J Cell 
Biochem 1994;54:85-99. 

16. Benton HP, Tyler JA. Inhibition of carti lage 
proteoglycan synthesis by interleukin I. Biochem 
Biophys Res Comm 1988;154:421-8. 

t7. ~o ra l e s  TI, Hascall  VC. Effects of interleukin-1 and 
lipopolysaccharides on protein and carbohydrate  
metabolism in bovine art icular carti lage organ 
cultures. Conn Tissue Res 1989;19:255-75. 

18. Aydelotte MB, Raiss RX, Caterson B, Kuet tner  KE. 
Influence of interleukin-1 on the morphology and 
proteoglycan metabolism of cultured bovine arti- 
cular chondrocytes. Conn Tissue Res 1992;28: 
143-59. 

19. Taskiran D,  Stefanovic-Racic M, Georgescu H, 
Evans C. Nitric oxide mediates suppression of 
cartilage proteoglycan synthesis by interleukin-1. 
Biochem Biophys Res Commun 1994;200:142-8. 



138 Margerie e t  a l , :  IL-1I} induced gene expression in articular chondrocytes 

20. A r n e r  EC, Pra t ta  MA. Independent effects of 
interleukin-1 on proteoglycan breakdown, proteo- 
glycan synthesis, and prostaglandin E2 release 
from cartilage in organ culture. Arthritis Rheum 
1989;32:288-97. 

21. van Beuningen HM, Arntz OJ, van den Berg WB. In 
vivo effects of interleukin-1 on art icular cartilage. 
Prolongation of proteoglycan metabolic disturb- 
ances in old mice. Arthritis Rheum 1991;34:606-15. 

22. Hutchinson NI, Lark MW, McNaul KL, et al.  In vivo 
expression of stromelysin in synovium and carti- 
lage of rabbits injected intraart icularly with 
interleukin-l[k Arthritis Rheum 1992;35:1227-33. 

23. Wood DD, Ihrie EJ, Dinarello CA, Cohen PL. Iso- 
lation of an interleukin-l-like factor from human 
joint effusions. Arthritis Rheum 1983;26:975-83. 

24. Walakovits LA, Moore VL, Bhardwaj N, Gallick GS, 
Lark MW. Detection of stromelysin and collagen- 
ase in synovial fluid from patients with rheumatoid 
arthrit is and posttraumatic knee injury. Arthritis 
Rheum 1992;35:35-42. 

25. Lohmander LS, Lark MW, Dahlberg L, Walakovits 
LA, Roos H. Cartilage matrix metabolism in 
osteoarthritis: markers in synovial fluid, serum, 
and urine. Clin Biochem 1992;25:167-74. 

26. H~use lmann HJ, Aydelotte MB, Schumacher BL, 
Kuet tner  KE, Gitelis SH, Thonar  EJ-MA. Syn- 
thesis and turnover of proteoglycans by human 
and bovine adult art icular chondrocytes cultured 
in alginate beads. Matrix 1992;12:116-29. 

27. Chomczynski P, Sacchi N. Single-step method of 
RNA isolation by acid guanidinium thiocyanate- 
phenol-chloroform extraction. Anal Biochem 1987; 
162:156-9. 

28. Pearson WR, Lipman DJ. Improved tools for 
biological sequence comparison. Proc Natl  Acad 
Sci U.S.A. 1988;85:2444-8. 

29. Altschul SF, Gish W, Miller W, Myers EW, Lipman 
DL. Basic local alignment search tool. J Mol Biol 
1990;215:403-10. 

30. Sambrook J, Fritsch EF, Maniatis T. Molecular 
cloning: a laboratory manual, 2ndedn., Cold 
Spring Harbor  Laboratory, Cold Spring Harbor,  
NY 1989. 

31. H~uselmann HJ, Oppliger L, Michel BA, Stefanovic- 
Racic M, Evans CH. Nitric oxide and proteoglycan 
biosynthesis by human articular chondrocytes in 
alginate culture. FEBS Lett 1994;352:361-4. 

32. Westacott  CI, Whicher JT. Synovial fluid concen- 
t rat ion of five different cytokines in rheumatic 
diseases. Ann Rheum Dis 1990;49:676-81. 

33. Okada Y, Shinmei M, Tanuka O, Naka K, Kimura A, 
Nakanishi  I, Bayliss M, Iwata K, Nagase H. 
Localization of matrix metalloproteinase-3 (stro- 
melysin) in osteoarthrit ic cartilage and synovium. 
Lab Invest  1992;66:680-90. 

34. Siebert PD, Larrick JW. PCR-MIMICs competitive 
DNA fragments for use as internal standards in 
quanti tat ive PCR. BioTechniques 1993;14:244-9. 

35. Liang P, Averboukh L, Pardee AB. Method of 
differential display. Meth Mole Gene 1994;5:3-16. 

36. Chevalier X. Fibronectin, Cartilage, and Osteo- 
arthritis. Semin Arthritis Rheum 1993;22:307 18. 

37. Dutu A. Vlaicu-Rus V. Bolosiu H.D. Parasca I .  
Cristea A. Fibronectin in plasma and synovial fluid 
of patients with rheumatic diseases. Med Interne 
1986;24:61-8. 

38. Xie DL, Meyers R, Homandberg GA. Fibro- 
nectin fragments in osteoarthrit ic synovial fluid. 
Rheumatol 1992;19:1448-52. 

39. Homandberg GA, Meyers R, Williams JM. Intra- 
ar t icular  injection of fibronectin fragments causes 
severe depletion of cartilage proteoglycans in vivo. 
J Rheumatol 1993;20:1378-82. 

40. Xie DL, Hui F, Meyers R, Homandberg GA. 
Cartilage chondrolysis by fibronectin fragments is 
associated with release of several proteinases: 
stromelysin plays a major role in chondrolysis. 
Arch Biochem Biophys 1994;311:205-12. 

41., Lee TH, Lee GW, Ziff EB. Vilcek J. Isolation and 
characterization of eight tumor necrosis factor- 
induced gene sequences from human fibroblasts. 
Mol Cell Biol 1990;10:1982-8. 

42. Wisniewski H-G, Maier R, Lotz M, Lee S, Klampfer 
L, Lee TH, Vilcek. J. TSG-6: a TNF-, IL-I-, and 
LPS-inducible secreted glycoprotein associated 
with arthritis. J Immunol 1993;151:6593-601. 

43. Maier R, Wisniewski HG, Vilcek J, Lotz M. TSG-6 
expression in human articular chondrocytes. 
Arthritis Rheum 1996;39:552-9. 

44. Wisniewski HG, ~ Burgess WH, Oppenheim JD, 
Vilcek J. TSG-6, an  arthritis-associated hyaluro- 
nan binding protein, forms a stable complex with 
the serum protein inter-a-inhibitor. Biochemistry 
1994;33:7432-9. 

45. Wisniewski HG, Hua JC, Poppers DM, Naime D, 
Vilcek J, Cronstein BN. TNF/IL-l-inducible pro- 
tein TSG-6 potentiates ~lasmin inhibition by inter- 
c¢-inhibitor and exerts a.,strong anti-inflammatory 
effect in vivo. J Immunol 1996;156:1609-17. 

46. Bardwell AJ, Bardwell L, Iyer N. et al .  Yeast 
nucleotide excision repair  proteins Rad2 and Rad4 
interact  with RNA polymerase II basal transcrip- 
tion factor b (TFIIH). Mol Cell Biol 1994;14: 
3569-76. 

47. Sancar A. Excision repair  in mammalian cells. J Biol 
Chem 1995;270:15915-8. 

48. Denhardt DT, Guo X. Osteopontin: a protein with 
diverse functions. FASEB J 1993;7:1475-82. 

49. Chen J, Singh K, Mukherjee BB, Sodek J. Develop- 
mental expression of osteopontin (OPN) mRNA in 
ra t  tissues: evidence for a role for OPN in bone 
formation and resorption. Matrix 1993; 13:113-23. 

50. Jin HC, Miyaura C, Ishimi Y, Hong MH, Sato T, Abe 
E, Suda T. Interleukin i regulates the expression 
of osteopontin mRNA by osteoblasts. J Cell 
Endocrinol 1990;74:221=8. 

51. Hwang SM, Lopez CA, Heck DE, et al.  Osteopontin 
inhibits induction of nitric oxide synthase gene 
expression by inflammatory mediators in mouse 
kidney epithelial cells. J Biol Chem 1994;269: 
711-5. 

52. Murrell  GAC, Jang D, Williams RJ. Ni t r ic  oxide 
activates metalloprotease enzymes in art icular 
cartilage. Biochem Biophys Res Com 1995;206: 
15-21. 

53. Hammond C, Braakman I, Helenius A. Role of 
N-linked oligosaccharide recognition, glucose 
trimming, and calnexin in glycoprotein folding 
and quality control. Proc Natl  Acad Sci U.S.A. 
1994;91:913-7. 

54. Bergeron J, Brenner MB, Thomas DY, Williams 
DB. Calnexin: a membrane-bound chaperone of the 
endoplasmic reticulum. TIBS 1994;19:124-8. 


