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Summary
Objective—To provide a more complete picture of the effect of IL-1β on adult human articular
chondrocyte gene expression, in contrast to the candidate gene approach.

Design—Chondrocytes from human knee cartilage were cultured in medium containing IL-1β.
Changes in gene expression were analyzed by microarray and RT-PCR analysis. The ability of TGF-
β1, FGF-18, and BMP-2 to reverse the effects of IL-1β was analyzed. Computational analysis of the
promoter regions of differentially expressed genes for transcription factor binding motifs was
performed.

Results—IL-1β-treated human chondrocytes showed significant increases in the expression of
Granulocyte Stimulating Factor-3, Endothelial Leukocyte Adhesion Molecule 1 and Leukocyte
Inhibitor Factor as well as for a large group of chemokines that include CXCL1, CXCL2, CXCL3,
CXCL5, CXCL6, CXCL8, CCL2, CCL3, CCL4, CCL5, CCL8, CCL20, CCL3L1, CX3CL1 and the
cytokine IL-6. As expected, the mRNA for MMP-13 and BMP-2 also increased while mRNA for
the matrix genes COL2A1 and aggrecan was down regulated. A subset of chemokines increased
rapidly at very low levels of IL-1β. The phenotype induced by IL-1β was partially reversed by TGF-
β1, but not by BMP-2. In the presence of IL-1β, FGF-18 increased expression of ADAMTS-4,
aggrecan, BMP-2, COL2A1, CCL3, CCL4, CCL20, CXCL1, CXCL3, CXCL6, IL-1β, IL-6, and
IL-8 and decreased ADAMTS-5, MMP-13, CCL2, CCL8. Computational analysis revealed a high
likelihood that the most up-regulated chemokines are regulated by the transcription factors MEF-3,
C/EBP and NF-κB.

Conclusion—IL-1β has a diverse effect on gene expression profile in human chondrocytes
affecting matrix genes as well as chemokines and cytokines. TGF-β1 has the ability to antagonize
some of the phenotype induced by IL-1β.
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INTRODUCTION
IL-1β is an important cytokine in rheumatoid and osteoarthritic (OA) joint diseases. Generally,
IL-1β is viewed as a catabolic factor for cartilage, inducing enzymes that degrade the
extracellular matrix 1, 2 and reducing synthesis of the primary cartilage components type II
collagen (COL2A1) and aggrecan 3. On the other hand, it has recently been shown that
IL-1β can also induce the growth and morphogenetic factor BMP-2 4 potentially helping to
balance its catabolic effects. In joint diseases, IL-1β is synthesized by synovial cells 5 and
cartilage chondrocytes 6, therefore its effect on chondrocytes is highly relevant to the fate of
cartilage. In order to obtain a global picture of IL-1β effects on human adult articular
chondrocytes, we analyzed the changes in gene expression induced by IL-1β by gene array
analysis. A dramatic response was observed in a specific set of chemokine genes.

Chemokines are potent mediators of inflammation and are known to be important in
inflammatory diseases such as rheumatoid arthritis, inflammatory bowel disease, multiple
sclerosis and transplant rejection 7. Certain chemokines mediate infiltration of leukocytes in
synovial tissue and fluid 8. Initially discovered as co-receptors for HIV entry into lymphocytes,
they are now known to be involved in chemoattraction, cell adhesion and migration.
Extracellular gradients of chemokines are established by binding to glycosaminoglycan chains
in the ECM 9 and at the cell surface chemokines can modulate integrin integrity 10. The
chemokine CXCL12/SDF-1 increases MMP-3 activity 11.

There exist over 50 chemokine ligands and 18 chemokine receptors 12. The largest families
of chemokines have similar protein structure being 8–10 kDa with conserved cysteine residues
either adjacent (CC) or separated by 1 amino acid (CXC) 13. Very little is known about their
regulation at the gene transcription or protein levels, however specific chemokines have been
shown to be up-regulated by NF-κB and factors that enhance NF-κB 14. As IL-1β stimulates
anabolic as well as catabolic events, we determined whether treatment with anabolic agents
FGF-18, BMP-2 or TGF-β1 could reverse aspects of the IL-1β-induced chemokine phenotype.

METHODS
Materials

PRONASE, Streptomyces griseus Protease, was from CALBIOCHEM (La Jolla, CA).
Collagenase P was from Roche (Indianapolis, IN). Recombinant Human IL-1β, TGF-β1 and
BMP-2 were from R&D Systems (Minneapolis, MN). Recombinant Human Fibroblast Growth
Factor (FGF-18) was from Leinco Technologies (St. Louis, MO). TRIZOL reagent,
amplification grade DNase I, SuperScript II Reverse Transcriptase and Platinum Taq DNA
Polymerase were from Invitrogen (Carlsbad, CA). RNeasy Mini kit was from Qiagen
(Valencia, CA).

Cell and Tissue Culture
Cartilage was obtained with approval of the Washington University Human Studies Review
Board and permission of the patient. Normal chondrocytes were obtained from normal articular
knee cartilage from tissue donors (N = 4) with above the knee amputations due to
chondrosarcoma or traumatic injury or from autopsy. Chondrocytes were also obtained from
osteoarthritic (OA) cartilage from donors (N = 11) undergoing total joint replacement surgery.
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For the latter, chondrocytes from macroscopically normal looking cartilage were used; patients
were of both sexes and greater than 60 years of age. Chondrocytes were isolated following
previously published procedures 4 and plated at a density of 2.5 × 105 cells/cm2 in DMEM/
F12 media plus 10% FBS, 50 μg/ml ascorbate and antibiotics (50 U/ml penicillin and 50 μg/
ml streptomycin). Cells were allowed to recover for 24 h and cytokines or growth factors
(IL-1β/TGF- β1/FGF-18/BMP-2) were added at the concentrations and times indicated. To
study the response of cartilage explants to IL-1β, explants from a total joint replacement surgery
were used. Cartilage was cultured with and without IL-1β prior to isolation of RNA directly
from the tissue. IL-1β was reconstituted in sterile phosphate-buffered saline (PBS) containing
0.1% bovine serum albumin; FGF-18 was reconstituted in 5 mM Tris, pH 8.0; BMP-2 and
TGF-β1 were reconstituted in 4 mM HCl containing 0.1% bovine serum albumin. The time
course, concentration gradient and effects of TGF-β1, FGF-18 and BMP-2 were repeated on
a minimum of three biological replicates (one normal and two from joint replacement surgery).
All experiments were repeated three times with cells from the same patient. Each figure shows
data from a single donor. At no point were cells pooled from different donors. The experiments
shown in the figures are representative of all of the data.

Total RNA Isolation
Total RNA was isolated from primary chondrocytes or cartilage explants by homogenizing
these directly into TRIZOL reagent (Invitrogen) and following the protocol recommended by
the manufacturer. For microarray analysis, RNA was further purified by Qiagen RNeasy
Minikit. For RT-PCR analysis the isolated RNA was treated by DNase I to remove traces of
contaminating DNA.

Microarray Analysis
For microarray analysis, first strand cDNA was generated from RNA and labeled with the Cy3
and Cy5 fluorescent dyes using the 3DNA Array 900 kit (Genisphere), without any prior
amplification of the RNA. The hybridization was performed on the Human Operon V3.0 Oligo
Expression Array (Whitehead Institute, Cambridge) which consists of 34,580 human 70-mer
probes representing 24,650 genes and 37,123 gene transcripts. The analysis was repeated with
the Cy3 and Cy5 dyes exchanged between the control and experimental RNAs. The arrays
were scanned on a Perkin Elmer ScanArray ExpressHT scanner to detect Cy3/Cy5
fluorescence. Analysis of images was performed by ScanArray v.3.0 (Perkin Elmer). To
generate a stringent list of candidates demonstrating differential expression only those
candidates that scored a local signal-to-background differential intensity of ≥2 in two biological
and two technical replicates (due to reversal of dyes) and had a p value of less than 0.05 were
considered.

Semi-Quantitative RT-PCR Analysis
The RT-PCR reaction was performed using total RNA isolated from primary chondrocytes or
fresh cartilage tissue by SuperScript II Reverse Transcriptase as recommended by Invitrogen.
Primers used for PCR were optimized for each gene (Table 1). PCR was performed in a total
volume of 20 μl by Platinum Taq DNA Polymerase as recommended by Invitrogen.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a reference for gel loading.
cDNA samples from different time points and treatments for each gene were simultaneously
amplified in PCR and repeated at least thrice to avoid potential variation between experiments.
Results were analyzed using NIH IMAGE J software, tested using standards with known
concentrations, to determine the pixel intensity for each concentration. The amplification cycle
number used to yield product in the linear range was determined for each set of primers. A
standard curve was established for each set of PCR reactions.
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Computational Analysis
Potential regulatory DNA surrounding the chemokine genes was analyzed by the Promoter
Analysis Pipeline 15, 16. Briefly, the Promoter Analysis Pipeline has two components: a set
of algorithms to generate the results of a genome-wide promoter analysis and a user interface
to query and process the stored data according to specific parameters. Promoters (10 kb
upstream and 5 kb downstream of the transcription start site) were acquired from three species
human, mouse and rat, and repetitive elements in the promoters were masked. Promoters of
orthologous genes were aligned and transcription factor binding sites were identified using the
TRANSFAC 7.2 database, a curated database of transcription factor profiles 17. Probability
scores for each promoter and each transcription factor were calculated and a distribution of
probability scores was generated for each transcription factor. R-scores were then computed
using these distributions 15. This system was used to predict the transcription factors that are
most likely to bind to and regulate the set of genes. For each transcription factor binding site
motif (identified by the TRANSFAC accession number) and each promoter in the genome, the
probability score of the transcription factor binding to the promoter was computed by summing
the exponential of the score of each individual site predicted in the promoter on either strand
18. This score is set to a minimum value of 1 for a promoter with no sites exceeding the cutoff.
The rank of this score is converted to the R-score which is related to the fraction of promoters
with a higher rank, by R-score = lnN-ln(rank). Promoters ranked in the top half have R-score
> or equal to ln2, those in the top 10% have R-score > ln10, those in the top 1% have R-score
> ln100. The R-score for a set of n promoters, the average R-score, <R-score>, is calculated
by <R-score> = (1/n)Σ R-score.

RESULTS
Microarray Analysis

Changes in mRNA levels induced by IL-1β were assessed by microarray analysis (Table 2),
several of which were confirmed by PCR analysis of mRNA (Fig 1. and Table 2). Themost
highly regulated genes are listed in Table 2. Among the most increased were CSF-3
(Granulocyte colony stimulating factor-3), SELE (Endothelial leukocyte adhesion molecule 1/
E-selectin) and LIF (Leukocyte Inhibitor Factor), 76 fold, 65 fold and 49 fold, respectively.
As a group of related genes, the chemokines were the most highly up regulated: CXCL1,
CXCL2, CXCL3, CXCL6, CXCL8, CCL3, CCL3L1, CCL4 and CCL20. Genes that have been
previously reported to respond to IL-1β and thus can be considered as controls were regulated
as expected: MMP-13 was up-regulated 6 fold 19 and type II collagen (COL2A1) was down-
regulated by 60% 3. The nitric oxide synthases, NOS2B (nitric oxide synthase IIB), and
NOS2A (inducible NOS, type IIA) were increased 23 fold and 20 fold, respectively. NFKBIA
(NFκB inhibitor alpha) was increased 15 fold. The cytokines IL-8 (also known as the
chemokine CXCL8), IL-6 and IL-1β were also increased over 20 fold. Interestingly, the
enzyme, ADAMTS-5 (aggrecanase-2) was present in the cultured chondrocytes at high levels
and reproducibly down-regulated by exposure to IL-1β (Table 2 and Fig. 1, 2). In some cases
of verification of the gene array results by PCR, increases in mRNA level were difficult to
quantify as the normal chondrocyte control used for the gene array contains so little chemokine
mRNA. However, the increases are in the order of magnitude revealed by the gene array data.

Dose Response of IL-1β-Induced Changes in Phenotype
As the response to exposure to 10 ng/ml was reproducibly strong, we determined the effect of
physiological concentrations of IL-1β on the increase in chemokine mRNA by chondrocytes.
Normal chondrocytes (from individuals with no history of OA) were exposed to IL-1β at 0.01,
0.1 and 1 ng/ml. At even the lowest concentration of 0.01 ng/ml of IL-1β, many of the
chemokine mRNAs were dramatically increased (Fig. 2A). The down-regulation of COL2A1
gene showed a dose response beginning at 0.01ng/ml. MMP-13 was strongly induced by 0.01
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ng/ml while ADAMTS-4 was weakly induced at 0.01 ng/ml, but strongly induced by 0.1 ng/
ml IL-1β. In summary, the genes induced by 0.01 ng/ml of IL-1β were ADAMTS-4, MMP13,
NFKBIA, BMP-2, NOS2B, IL8, IL6, CCL2, CCL8, CCL20 and CX3CL1. The quantification
of these results is shown in Fig. 2B. The response of chondrocytes to IL-1β was found to be
very reproducible between donors and experiments. Note that some of the chemokine PCR
products seem to be at maximum levels with 0.1 ng/ml, however, these were tested at lower
rounds of amplification and found to be indeed at maximum levels as shown.

Time Course of IL-1β-Induced Changes in Phenotype
In order to begin to ascertain which genes are coordinately regulated by IL-1β, RNA was
isolated at 1, 4, 8, 12 and 24 h after treatment. Three patterns of regulation were observed (Fig.
3). The first pattern was molecules up regulated by 1 h: TNF-α, NFKBIA, CCL2, CCL3, CCL4,
CCL8, CX3CL1 and CXCL3. Of these genes up regulated at 1 h, TNF-α and NFKBIA
decreased throughout the remaining time period. CCL4, CCL3, CCL2 and CXCL3 remained
high throughout the time period. At 4 h, ADAMTS-4, MMP-13, BMP-2, NOS2B, IL-6,
CXCL8/IL-8, IL-1β, CCL3L1, CCL20, CCL5, CXCL5 and CXCL1 were up-regulated.
ADAMTS-4, BMP-2, IL-1β and NOS2B remained up-regulated at 8 and 12 h, but were reduced
by 24 h. At 8 h, CXCL6 and CXCL2 appeared and remained high even at 24 h. The down-
regulation of the matrix molecules, COL2A1 and aggrecan, occurred at 24 h. Thus, there appear
to be a number of signal transduction pathways leading to the phenotypic changes induced by
IL-1β. A consistent observation is that up-regulation of cytokines, chemokines and degradative
enzymes appear to be more rapid than the down regulation of matrix gene expression. In
addition to providing insight on the different pathways of regulation, these results indicate that
it is very important to consider the time point at which effects of IL-1β are analyzed.

Reversal of IL-1β-Induced Phenotype by BMP-2 and TGF-β1
We tested the potential for these growth and differentiation factors to reverse the IL-1β-induced
increase in chemokine expression (Fig. 4). In these set of experiments, chondrocytes were
cultured with IL-1β for 24 h, the medium changed and the growth factors TGF-β1 and BMP-2
were added to cell cultures for an additional 48 h. 0.1 ng/ml IL-1β was used as it is sufficient
to easily see the effects of the cytokine on gene expression. Chondrocytes from normal cartilage
and cartilage removed from patients undergoing total joint replacement for OA were used. In
cells from both normal cartilage and OA cartilage, all genes were regulated by IL-1β as
predicted from the gene array results. Interestingly, cells from OA cartilage without IL-1β
treatment demonstrated changes in gene expression very similar to normal chondrocytes
exposed to lower concentration (0.1 ng/ml) of IL-1β (Fig. 4, denoted by asterisk). Many of
these genes are also up-regulated at the lowest concentration (0.01 ng/ml) of IL-1β (Fig. 2A)
in normal chondrocytes. This suggests that our in vitro experiments are duplicating a potential
in vivo affect taking place during OA. Under the reversal conditions used in this set of
experiments, TGF-β1 was able to reduce the up-regulatory effects of IL-1β on CCL2, CCL4,
CCL8, CCL20, and MMP-13 and reversed the down regulation of COL2A1 (Fig. 5). In some
cases such as that seen with CXCL1, CXCL3, and CCL3L1 the reversal was more pronounced
with chondrocytes from normal patients and in case of CCL3, CXCL2, and IL-1β the reversal
was more pronounced with chondrocytes from OA patients. BMP-2 somewhat reversed the
down regulation of COL2A1, but had little effect on chemokine levels (data not shown).
Surprisingly, while TGF-β1 was able to reverse much of the IL-1β-induced phenotype, TGF-
β1 also induced a dramatic increase in ADAMTS-4 in both normal and OA cartilage.

FGF-18 Effect on IL-1β-Induced Phenotype
In an independent set of experiments, we asked whether there would be more effect of growth
factors when the lowest concentration of IL-1β was used (0.01 ng/ml). In these experiments,
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IL-1β remained in the culture and TGF-β1, BMP-2 and FGF-18 were added after 24 h. Under
these conditions, the BMP-2 and TGF-β1 demonstrated effects similar to the previous set of
experiments, where, in general, TGF-β1 was able to reverse much of the IL-1β-induced change
in phenotype, but BMP-2 did not (data not shown). However, FGF-18 (200 ng/ml) showed a
novel pattern. FGF-18 increased ADAMTS-4, COL2A1, aggrecan and BMP-2, but also
increased IL-8/CXCL8, IL-6, IL-1β, CCL3, CCL4, CCL20, CXCL3, CXCL6 and CXCL1
expression (Fig. 6). Increasing the concentration to 400 ng/ml of FGF-18 did not demonstrate
any additional affect (data not shown). ADAMTS-5 and MMP-13 expressions were reduced
slightly by FGF-18 as well as CCL2 and CCL8.

Effects of IL-1β on Cartilage
Although cell culture experiments can provide valuable information on the potential for cells
to respond in a particular manner, the isolation of chondrocytes from the matrix, as well as the
stimulation of cells by culture conditions may not reflect the response of cells when they are
resident in the extensive extracellular matrix of cartilage. In order to test whether these cell
culture experiments simulate in vivo effects, IL-1β was cultured with freshly isolated cartilage
explants (Fig. 7). RNA was isolated directly from the cartilage without prior isolation of cells.
Genes representing the different classes of changes in gene expression were tested and all
demonstrated the same results as the cell culture experiments. For example, ADAMTS-5,
COL2A1 and aggrecan were reduced; ADAMTS-4, MMP-13, BMP-2, TNF-α, NFKBIA, IL8,
IL6, IL-1β, CCL3L1, CCL2, CX3CL1 and CXCL1 were increased.

Computational Analysis to Predict Regulatory Domains
Genes that are transcriptionally co-expressed may contain common regulatory motifs in their
DNA flanking domains. To begin to analyze the regulatory mechanism of the chemokine genes,
the up-regulated chemokines (Table 2) were subdivided into two categories: Group 1 mRNAs
were increased 25–75 fold when exposed to 10 ng/ml IL-1β and consisted of CCL3, CCL4,
CCL20, CXCL1, CXCL2, CXCL3, CXCL6, CXCL8, CCL3L1, and the cytokine IL-6. Group
2 mRNAs were increased 3–12 fold and consisted of CCL2, CCL5, CCL8, CXCL5, and
CX3CL1. The promoters of all chemokine genes identified were either analyzed as a single
group (Table 3), or those belonging to Group 1 were analyzed separately (Table 4). We have
previously used this methodology to analyze transcription factor binding motifs in a group of
cartilage genes 16. The R-score indicates the probability that the transcription factor
corresponding to this motif will bind to the promoter of these genes; the higher the R-score,
the more likely it is to bind [> ln10 (ln10 = 2.3) is in the top 10%]. Although the binding must
be verified experimentally, R-scores over two have been demonstrated to have a high likelihood
of functional significance 15. Overall, many transcription factor binding motifs known to be
involved in expression of pro-inflammatory cytokine-induced genes were identified: NF-κB,
AML1, MEF-3, IRF-7, C/EBPβ, AP-1, ORF and TCF11 20–23. However, when only the
Group 1 genes were analyzed the overall R-scores of the transcription factor binding motifs
increased indicating more similarity in gene regulatory domains (Table 4). The predominant
transcription factor binding motifs identified in the Group 1 genes were MEF-3, C/EBPβ,
IRF-7, Pax-4, AML-1 and those related to NF-κB, c-Rel, and p65.

The final group of IL-1β-induced genes examined for common transcription factor binding
sites was a group that was highly responsive to IL-1β (increased with only 0.01 ng/ml) and
rapidly up regulated in 1–4 h. These genes include IL-6, CXCL8/IL-8, CX3CL1, CCL2, CCL8,
CCL20, NOS2B, NFKBIA, TNF-α, and BMP-2. Interestingly, the analysis suggests that in
these genes, the highly representated transcription factor binding sites are almost solely related
to NF-κB (Table 5).
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DISCUSSION
The large scale screening procedure where 34,580 probes representing 24,650 genes and
37,123 gene transcripts are analyzed at once provided an overall view of the primary response
of normal adult articular chondrocytes to IL-1β. We show that one of the predominant responses
of human adult articular chondrocytes to exposure to IL-1β is a dramatic increase in a large
set of chemokines and other genes related to the inflammatory cascade. Chemokines are
produced in inflamed synovial tissue by the synovium, macrophages and fibroblast-like
synoviocytes 24–26 and are thought to be key regulators of the inflammatory process 27 where
they function in the recruitment of neutrophils, monocytes, immature dendritic cells, B cells
and activated T cells 28. Therefore, the production of a large array of chemokines and other
pro-inflammatory molecules under the influence of IL-1β could significantly alter the
metabolism of chondrocytes in addition to the well-accepted increase in certain degradative
enzymes. Furthermore, specific chemokines, CXCL8/IL8 and CXCL1 have been shown to
alter the chondrocyte phenotype by inducing hypertrophic differentiation 29.

The most highly up regulated genes by IL-1β, E-selectin (Endothelial Leukocyte Adhesion
Molecule, SELE), Leukocyte Inhibitory Factor (LIF) and Colony Stimulating Factor (CSF-3)
have been shown to be regulated by IL-1β in other tissues. CSF has not been previously
demonstrated in chondrocytes induced by IL-1β, but has been identified in synovial cells in
rheumatoid arthritis 30, 31 and shown to exacerbate collagen-induced arthritis in mice 32. E-
selectin is an adhesion molecule that is thought to be responsible for the accumulation of blood
leukocytes at sites of inflammation by mediating the adhesion of cells to the vascular lining.
To our knowledge, E-selectin has not been identified in cartilage, but is known to be up
regulated by IL-1β in endothelial cells 33. The expression of SELE was not further analyzed
in these studies, but it could be an important player in the pathogenesis of OA due to the ability
to recruit and retain additional inflammatory players. LIF has been demonstrated in cartilage
from OA patients and up regulated by IL-1β 25, 34–36.

In this study, we further analyzed the increased production of the chemokines CCL2, CCL3,
CCL4, CCL5, CCL8, CCL20, CCL3L1, CX3CL1, CXCL1, CXCL2, CXCL3, CXCL5,
CXCL6, and CXCL8 (IL-8). Their expression at different concentrations of IL-1β and over a
24 h time course demonstrated that there are specific subsets of genes that are co-regulated.
The expression of these genes was compared with the expression of the proteases ADAMTS-4,
ADAMTS-5, MMP-13; the matrix genes COL2A1 and aggrecan; the growth and
differentiation factor BMP-2; the cytokines IL-1β, IL-6 and TNF-α; the nitric oxide producing
enzyme NOS2B; and the NFκB inhibitor NFKBIA. Interestingly, the chemokine SDF-1
(CXCL12), a chemokine associated with chemoattraction of stem cells, was not detected in
cartilage stimulated by IL-1β. This result is not unexpected as SDF-1 is considered a
homeostatic regulator of tissue remodeling rather than an inflammatory mediator. SDF-1 is
normally expressed by stromal cells of numerous tissues and actually down regulated by
IL-1β and TNF-α in dermal wound healing 37, thus providing additional support for the validity
of the chondrocyte response.

The production of a limited group of chemokines has been reported in cartilage 9, 20, 38. Loeser
and colleagues reported that NF-κB mediates the stimulation of cytokine and chemokine
expression in response to fibronectin fragments. In particular, they examined the expression
of chemokines GRO-α (CXCL1), GRO-β (CXCL2), GRO-γ (CXCL3), MCP-1 (CCL-2), IL-8
(CXCL8) and the cytokine IL-6 and showed that IL-1β could mimic the effect of the fibronectin
fragments 38. These authors reported low levels of chemokines in the cells from OA patients
and moderate increases with IL-1β (2–5 fold). This study differs from ours in that all of their
chondrocytes were isolated from cartilage from OA patients while a majority of our studies
were done on normal chondrocytes. This is an important difference because we find that normal
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chondrocytes have very low levels of chemokines and we observed a trend to an increase in
our compliment of chemokines when tissue from OA patients was used. In fact, in our
experiments, when tissues from patients with OA are probed for this set of chemokines, the
result resembles the chemokine pattern established here for IL-1β induction and may reflect
the exposure of the osteoarthritic cartilage to the cytokine.

We consistently observed an increase in the chemokine CCL5/RANTES with 0.1 ng/ml of
IL-1β beginning at 4 h and continuing through 24 h. It is present in chondrocytes from OA
tissue, but not in normal chondrocytes. CCL5/RANTES has been associated with rheumatoid
arthritis where it is synthesized by synovial fibroblasts, T cells and mononuclear cells in
synovial fluid, and is thought to serve as a chemoattractant for T cells and monocytes In fact,
inhibition of CCL5/RANTES by Met-RANTES, which blocks the receptors CCR1 and CCR5,
caused amelioration of adjuvant-induced arthritis in rats 39. CCL5 has previously been shown
to be made by chondrocytes 20.

ADAMTS-4 and ADAMTS-5 are the two enzymes that have been isolated from articular
cartilage and identified as aggrecanase-1 and -2, respectively. In our studies, ADAMTS-4 is
present at very low levels in cartilage from both normal and OA patients, however, it is induced
with IL-1β, consistent with published studies 40, 41. We investigated this induction in more
detail and found that ADAMTS-4 can be detected with exposure to as little as 0.01 ng/ml of
IL-1β. When compared to MMP-13 gene expression, the concentration dependent rate of
increase was greater, and the time course of increase was different: ADAMSTS-4 increased
by 4 h and decreased by 24 h, whereas MMP13 increased at 8 h and remained high at 24 h.
Clearly, these two enzymes are regulated through independent signal transduction pathways.

For ADAMTS-5, our studies clearly demonstrate high expression in both chondrocyte cell and
cartilage explant cultures of human cartilage, again consistent with previous findings 41, 42.
Whereas previous studies showed no effect of IL-1β on the expression of ADAMTS-5, we
showed that IL-1β consistently and significantly decreased the mRNA expression level of
ADAMTS-5 in cultured chondrocytes and in explant tissue. However, it is becoming apparent
that ADAMTS-5 is highly expressed in normal articular 43, 44 and growth plate cartilage
tissues 45 in which it is thought to participate in normal proteoglycan turnover. In the study
by Aigner and colleagues 41, ADAMTS-5 mRNA levels were higher when cells were cultured
with serum. In our studies, serum is used in cell cultures, and our time-course experiments
indicate that over 24 h, ADAMTS-5 mRNA increases; this increase is either susceptible to
down-regulation by IL-1β or IL-1β inhibits the serum-induced increase (see Fig. 3).

To explore potential transcriptional regulation of the chemokines, they were sub-classified into
two sets based on the extent of up-regulation and subjected to a computational analysis for
transcription factor binding sites that are highly represented in each set 15, 16. For each group,
a distinct set of transcription factor binding sites were found, many of which have previously
been experimentally verified. Actual binding probability would depend on a variety of other
factors, including the cooperative binding of transcription factors and the concentration of the
transcription factors within the nucleus. Chang and colleagues (2006) 15 have demonstrated
that the computed scores are highly correlated with binding probability, such that promoters
with higher combined scores were more likely to be bound by the transcription factor than
promoters with lower scores. In the genes most highly up regulated, binding sites to factors
related to NF-κB and IRF were highly represented. Both these transcription factor families
have been documented to up regulate RANTES transcription (12 fold increase) on their own,
38, 46, 47 and in a concerted manner 21. NF-κB has been shown to regulate a specific subset
of chemokines 38, however, Amos and colleagues recently demonstrated that inhibition of NF-
κB activity did not inhibit all inflammatory mediators 48, therefore there are likely other
transcriptional mechanisms involved. Here, we identified two additional potential transcription
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factors for this set of genes: MEF-3 and C/EBPβ; in fact, binding sites for these two
transcription factors were the most highly represented in this set of highly expressed chemokine
genes induced by IL-1β. C/EBPβ has been previously associated with IL-1β induced changes
in chondrocyte gene expression. C/EBPβ is increased in chondrocytes by IL-1β and down-
regulates the cartilage matrix genes COL2A1 and MIA/CD-RAP 23, 49; in addition, we have
shown that C/EBPβ plays an important role in repressing cartilage gene expression in non-
cartilaginous tissues 50. Neither MEF-3 nor C/EBPβ has been shown to regulate chemokine
genes, but future experiments will be designed to test their role.

This computational method was also applied to the group of co-expressed genes that are very
sensitive to low doses of IL-1β and are expressed at early time points. This group of genes was
predicted to be predominantly regulated by proteins that bind at NF-κB binding sites on the
gene. However, two other related factors, Olf-1 and EBF scored greater than 2.0. These two
proteins are closely related members of the helix-loop-helix transcription factor family and
have been shown to function in olfactory gene regulation, neuronal differentiation 51, B-cell
development 52, adipogenesis 53 and are expressed in the connective tissues surrounding
chondrogenic condensations and developing tendons54.

The chemokine receptors CCR-1, CCR-2, CCR-3, CCR-5, CXCR-1 and CXCR-2 are present
in cartilage and up-regulated by IL-1β 28, 29. The presence of receptors, as well as production
of chemokines, strongly suggests that chemokines may regulate cellular responses that are
indirectly or directly related to inflammation and immune responses. These studies also showed
that release of the collagenase, MMP-3, was markedly enhanced by stimulation with
chemokines, particularly MCP-1, RANTES and GROα, and that this response was receptor
mediated 28. In light of the previous finding of the presence of a full complement of receptors,
it is reasonable to predict that chondrocytes will be able to respond to the chemokines up
regulated by IL-1β.

Reversal of certain aspects of the IL-1β-induced phenotype has been evaluated for TGF-β1
55. We compared the potential to reverse this newly identified phenotype by TGF-β1, BMP-2
and FGF-18. TGF-β1 was best able to reverse the phenotype having effects on reversal of the
down-regulation of matrix molecules, and reversal of some of the up-regulation of chemokines.
TGF-β1, however, had opposite effects on two of the enzymes considered important for matrix
degradation: it lowered the IL-1β-induced increase in MMP-13, but increased the expression
of ADAMTS-4. These observations confirm data presented by Hasty and colleagues 56 who
demonstrated that TGF-β could decrease MMP-13 and Moulharat and colleagues 57 who have
shown that TGF-β1 increases both mRNA levels of ADAMTS-4 and cleavage products of
aggrecan. Potential reversal by BMP-2 proved to be disappointing as BMP-2 did not affect
matrix, enzyme or chemokine synthesis: higher concentration did not increase the effect (up
to 200 ng/ml). Without IL-1β, control experiments showed that BMP-2 could increase
COL2A1 gene expression (data not shown).

In summary, we have shown a large set of genes that are up regulated by the cytokine IL-1β
in adult normal cartilage and from patients with OA. Genes from both types of cartilage are
affected similarly by IL-1β. By computational analysis, two new transcription factors are now
associated with this set of up regulated genes, MEF-3 and C/EBP; however, the early response
of genes to IL-1β is most likely due to the NF-κB pathway. Reversal of the IL-1β induced
phenotype is not accomplished by BMP-2, although it is expressed in the tissue. TGF-β1 can
partially reverse the phenotype, while FGF-18 can reverse certain aspects and augments others.
Given the results from rheumatoid arthritis and other inflammatory diseases, it can be expected
that this exuberant increase in a wide range of chemokines will have a significant impact on
the cells of cartilage and should be considered in the pathophysiology of OA. The chemokine
profile from OA patient tissue may reflect the cytokine history of the tissue, therefore we are
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profiling a large sample of patient and normal tissue to determine whether there is a “IL-1β
footprint” for OA.
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Figure 1. RT-PCR validation of microarray
Chondrocytes from normal human knee cartilage were treated with 10 ng/ml of IL-1β for 24
h. RNA extracted from these cells was used for microarray analysis as well for RT-PCR
validation. Control cells (C) received vehicle only. Total RNA samples from treated and
untreated cells were analyzed by RT-PCR with the primers indicated in Table 1. GAPDH was
used as reference for gel loading. Quantification of individual bands was done by NIH IMAGE
J software analysis with PCR in the linear range of product (Table 2).

Sandell et al. Page 14

Osteoarthritis Cartilage. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Dose response of chemokines and matrix molecules to IL-1β
(A) Chondrocytes from normal human knee cartilage were treated with 0.01, 0.1 and 1 ng/ml
of IL-1β for 24 h. Control cells (C) received vehicle only. RT-PCR was done with indicated
primers and GAPDH was used as reference. (B) Quantitation of RT-PCR analysis with gene
expression normalized to GAPDH expression using NIH IMAGE J software. Pixel intensity
is given in arbitrary units (AU).
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Figure 3. Time course of response of chemokines and matrix molecules to IL-1β
Chondrocytes from preserved areas of cartilage from knees of OA patients were treated with
0.1 ng/ml of IL-1β for 0, 1, 4, 8, 12, and 24 h. Control cells (C) received vehicle only. RT-PCR
was done with indicated primers with GAPDH used as reference.
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Figure 4. Response of normal and OA chondrocytes to IL-1β
Chondrocytes from normal human knee cartilage and preserved areas of OA knee cartilage
were exposed to 0.1 ng/ml of IL-1β for 24 h. Control cells (C) received vehicle alone. Genes
which showed an increase in expression from OA chondrocytes without addition of IL-1β are
denoted by *.
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Figure 5. Reversal of IL-1β-induced phenotype by TGF-β1
Chondrocytes from normal knee cartilage and preserved areas of OA knee cartilage were
exposed to 0.1 ng/ml of IL-1β for 24 h. Control cells (C) received vehicle alone. After 24 h,
media containing IL-1β was removed and fresh media containing 10 ng/ml of TGF-β1 was
added for 48 h. RNA samples were analyzed by RT-PCR with indicated primers. GAPDH was
used as reference for gel loading. Lanes denoted as (IL-1β) indicate that cells were treated with
IL-1β for 24 h and were not treated with TGF-β1; lanes denoted as TGF-β1 (IL-1β) indicate
cells received TGF-β1 after removal of IL-1β; ^ indicates that the bands were too low to
quantify; ~ indicates no change.
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Figure 6. Effect of FGF-18 on IL-1β-induced phenotype
Normal and OA chondrocytes were treated with 0.01 ng/ml of IL-1β for 24 h. At 24 h, 200 ng/
ml of FGF-18 was added and cultured for another 24 h. Control cells (C) received vehicle
alone. RNA samples were analyzed by RT-PCR with indicated primers. GAPDH was used as
reference for gel loading.
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Figure 7. Effect of IL-1β on cartilage explants in culture
Cartilage explants from the preserved areas of knees of OA patients were treated with 10 ng/
ml of IL-1β for 24 h. Control tissue (C) received vehicle alone. RNA samples were analyzed
by RT-PCR with indicated primers. GAPDH was used as reference for gel loading.
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Table 1
Primers for PCR Analysis

IL-6: F (5′-GCCACTCACCTCTTCAGAA-3′), R (5′-GTACTCATCTGCACAGCTCT-3′);
CXCL8 (IL-8): F (5′-GACTTCCAAGCTGGCCGT-3′), R (5′-GAATTCTCAGCCCTCT TCA-3′);
Nitric Oxide Synthase IIB (NOS2B): F (5′-GAGTGCAGGGAGGCCGCAT-3′), R (5′-CTTGGGCTTGCCAGGCAG-3′);
NF kappa B inhibitor alpha (NFKBIA): F (5′-GCTGAAGAAGGAGCGGCTA-3′), R (5′-CTGGCTGGTTGGTGATCA-3′);
CCL2 (MCP-1): F (5′-GCATGAAAGTCTCTGCCG-3′), R (5′-GAGTGTTCAAGTCTTCGGA-3′);
CCL3 (MIP-1α): F (5′-GCTGCCCTTGCTGTCCTCCTC-3′), R (5′-GGTCAGCACAGACCTGCCGG-3′);
CCL4 (MIP-1β): F (5′-GCGCTCTCAGCACCAATGGGC-3′), R (5′-GCATCCGGGCT CAGGTGACC-3′);
CCL5 (RANTES): F (5′-GAAGGTCTCCGCGGCAGCC-3′), R (5′-CTGGGCCCTTCAAGGAGCGG-3′);
CCL8 (MCP-2): F (5′-GCCTGCTGCTCATGGCAGCC-3′), R (5′-GCACAGACCTCCTTGCCCCG-3′);
CCL20 (MIP-3α): F (5′-GCTGTACCAAGAGTTTGCT-3′), R (5′GGCTATGTCCAATTCCATT-3′);
CCL3L1 (LD78β): F (5′-GTCTCCACTGCTGCCCTTGCC-3′), R (5′-CTGAGGTCGCTGGGCCTCGA-3′);
CXCL1 (Gro-α): F (5′-GCTCCTGCGAGTGGCACTGC-3′), R (5′-GGGCCTCCTTCAGGAACAGCC-3′);
CXCL2 (Gro-β): F (5′-CACAGCCGCTCGAACCGCCT-3′), R (5′-GCGCAAGCCAGGTGGCCTCT-3′);
CXCL3 (Gro-γ): F (5′-GCAGGAGCGTCCGTGGTCAC-3′), R (5′-GCTCTGGTAAGG GCAGGGACC-3′);
CXCL5 (ENA-78): F (5′-GAGCCTCCTGTCCAGCCGC-3′), R (5′-CACCTTGGAGCACTGTGGGCC-3′);
CXCL6 (GCP-2): F (5′-GCGAACCCTCTCTTGACCA-3′), R (5′-CTTGTTTCCACTGTCCAA-3′);
CX3CL1 (Fractalkine): F (5′-GCTTGGCCACCTTCTGCCAT-3′), R (5′-GTCGGCTCCAGGCTACTGCT-3′);
BMP-2: F (5′-GGACACGCCAACCATGGATT-3′), R (5′-CAACCATGTCCTGATAGTTCT-3′);
ADAMTS-4: F (5′-CAGATGTGGTACTGCCTGGG-3′), R (5′-GCCGCCGAAGGATCTCCAGA-3′);
IL-1β; COL2A1; MMP-13; ADAMTS-5; Aggrecan and TNF-α 58 GAPDH 59
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Table 3
Transcription Factor Binding Motif Prevalence in Genes of Groups 1 and 2

TRANSFAC Motif Accession Number Transcription Factor R-score
M00774 NF-κB 2.1467
M00751 AML1 2.0688
M00271 AML-1a 2.0656
Generalized motif (Gary Stormo, personal communication) NF-κB 2.0468
M00319 MEF-3 1.906
M00453 IRF-7 1.8815
M00109 C/EBPβ 1.8484
M00517 AP-1 1.8354
M00772 ORF 1.7779
M0089 TCF11-Maf 1.7505
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Table 4
Transcription Factor Binding Motif Prevalence in Group 1 Chemokine Genes

TRANSFAC Motif Accession Number Transcription Factor R-score
M00319 MEF-3 3.59
M00109 C/EBPβ 3.1041
M0074 NF-κB 2.6676
Generalized motif (Gary Stormo, personal communication) NF-κB 2.6286
M00453 IRF-7 2.426
M0068 Pax-4 2.316
M0053 c-Rel 2.154
MA0107 P65 2.148
M00052 NF-κB 2.145
M00751 AML1 2.130
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Table 5
Transcription Factor Binding Motif Prevalence in Genes Induced by Low IL-1β/1–4 h

TRANSFAC Motif Accession Number Transcription Factor R-score
M00774 NF-κB 3.40
M00208 NF-κB 3.01
MA0061 NF-κB 2.88
M00054 NF-κB 2.82
Generalized motif (Gary Stormo, personal communication) NF-κB 2.60
M00052 NF-κB 2.57
MA0107 p65 2.54
M00261 Olf-1 2.43
M00053 c-REL 2.42
M00194 NF-κB 2.39
MA0101 c-REL 2.36
M00977 EBF 2.26
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