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Abstract
Fibroblast growth factor – 2 (FGF2) and interleukin – 1β IL-1β) stimulate the expression of matrix
metalloproteinases (MMPs) in articular chondrocytes, which may contribute to cartilage
degradation and development of osteoarthritis. Histone deacetylases (HDACs) have recently been
implicated in the regulation of MMP gene expression. To investigate the functional involvement
of HDACs in the signaling pathway of FGF2 and IL-1β, we examined the effects of HDAC
inhibition on activities of FGF2 or IL-1β on gene expression of MMP-1, MMP-3, MMP-13, a
disintegrin and metalloproteinase with thrombospondin motifs – 5 (ADAMTS5), collagen type II,
and aggrecan. Human articular chondrocyte cultures were treated with FGF2 or IL-1β in the
presence or absence of HDAC inhibitor (trichostatin A, TSA). Gene expression levels after
treatments were assessed using quantitative real time PCR. Results showed that FGF2 and IL-1β
both increased MMP-1 and -13 expression, while IL-1βalso increased MMP-3 mRNA levels.
These effects were attenuated in the presence of TSA in a dose dependent manner. In contrast to
the effects on MMPs, FGF2 decreased mRNA levels of ADAMTS–5, which was not affected by
HDAC inhibition. FGF2, IL-1β, and TSA inhibited expression of aggrecan, while TSA also
decreased mRNA levels of collagen type II. These findings showed that HDAC inhibition
antagonized FGF2 and IL-1β induced MMP expression. Combination of FGF2 and the HDAC
inhibitor decreases both anabolic and catabolic genes, which may slow the cartilage turnover and
be beneficial for maintaining cartilage integrity.
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Introduction
Osteoarthritis (OA) is pathologically characterized by fibrillation and destruction of articular
cartilage. Two families of enzymes, MMPs (matrix metalloproteinases) and ADAMTS (“A
disintegrin and metalloproteinase with thrombospondin motifs”), act to degrade cartilage
matrix proteins, such as collagens and proteoglycans (Arner 2002; Bramono et al. 2004). In
vitro and in vivo studies have suggested that these enzymes contribute to the onset and

*Correspondence: Dr. Rocky S. Tuan, Cartilage Biology and Orthopaedics Branch, National Institute of Arthritis, and Musculoskeletal
and Skin Diseases, NIH. Building 50, Room 1523, Bethesda, MD 20892-8022, Phone: 301-451-6854, Fax: 301-435-8017,
tuanr@mail.nih.gov.

Declaration of interest: The authors report no conflicts of interest. The authors alone are responsible for the content and writing of the
paper.

NIH Public Access
Author Manuscript
Growth Factors. Author manuscript; available in PMC 2013 March 31.

Published in final edited form as:
Growth Factors. 2009 February ; 27(1): 40–49. doi:10.1080/08977190802625179.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



progression of OA. First, many enzymes of the MMP and ADAMTS families are present in
normal and OA cartilage, including MMP1 (collagenase 1), MMP3 (stromelysin 1), MMP13
(collagenase 3), and ADAMTS5 (aggrecanase 2) (Bau et al. 2002; Bramono et al. 2004).
Expression of MMP-13, which degrades collagen type II with high efficiency (Knauper et
al. 1996), is significantly increased in human chondrocytes of late stage OA(Aigner et al.
2001; Bau et al. 2002). Secondly, deletion of ADAMTS5 (aggrecanase 2) gene inhibits
cartilage degradation in mouse models of OA and inflammatory arthritis(Glasson et al.
2005; Stanton et al. 2005), while over-expression of MMP-13 in articular chondrocytes
results in joint degeneration in mice similar to human OA (Neuhold et al. 2001).
Furthermore, MMP inhibitors have been shown to reduce cartilage degradation in explant
cultures (Billinghurst et al. 1997) and in an animal OA model (Janusz et al. 2002).
Concomitantly, OA also appears to reduce the expression of cartilage anabolic genes,
including collagen type II A1 (COL2A1) and aggrecan. Therefore, inhibition of aggrecanase
and MMP activities is a promising approach for the treatment of OA.

In addition to direct inhibition of enzyme activities, modulation of MMP gene expression
has also been a strategy for the development of OA drugs (Vincenti and Brinckerhoff 2002).
A recent study showed that histone deacetylase (HDAC) inhibitors, trichostatin A (TSA) and
sodium butyrate, block MMP and aggrecanase expression, and inhibit cartilage resorption
induced by pro-inflammatory factors, interleukin-1α (IL-1α and oncostatin M (Young et al.
2005). Studies have also demonstrated that treatment with HDAC inhibitors reduces joint
swelling and inflammation, and inhibits cartilage and bone destruction in animal models of
rheumatoid arthritis (Chung et al. 2003; Nishida et al. 2004). HDAC inhibitors are thus
candidate agents for the treatment of arthritic diseases.

HDACs are a family of enzymes responsible for the deacetylation of histone and non-
histone proteins, while histone acetyltransferases (HATs) catalyze the reverse reaction –
acetylation (de Ruijter et al. 2003; Docmanovic and Marks 2005). In human, at least 18
HDACs have been identified and grouped into three classes. Class 1 HDACs (HDAC 1, 2, 3,
and 8) are related to yeast RPD3 deacetylase and are expressed in most cell types, whereas
class 2 HDACs (HDAC 4, 5, 7, 9, and 10) share homology with yeast HDA1 deacetylase,
and expression of these HDACs is more limited to certain cell types (de Ruijter et al. 2003).
A third class of HDACs, called Sir2 family of deacetylase, share low homology with class 1
and 2 HDACs. HDAC inhibitors, such as TSA, inhibit class 1 and 2 HDACs, but not class 3
HDACs (Docmanovic and Marks 2005).

Generally, acetylation of histones results in relaxed chromatin and transcriptional activation,
whereas deacetylation of histones is associated with compacted chromatin and
transcriptional repression (de Ruijter et al. 2003). However, hyperacetylation of proteins as a
result of HDAC inhibition, increases expression of some genes, and may also repress others
(Mitsiades et al. 2004; Peart et al. 2005). Up or down regulation of gene expression depends
on the acetylation status of both histones and non-histone proteins, such as transcriptional
factors and components of transcriptional machinery (Docmanovic and Marks 2005;
Drummond et al. 2005). In addition to modulating gene expression, HDAC inhibitors also
cause growth arrest, cell differentiation, or cell death (Docmanovic and Marks 2005;
Drummond et al. 2005).

In addition to pro-inflammatory factors, such as IL-1 and tumor necrosis factor-α (TNFα,
fibroblast growth factor –2 (FGF2) has also been demonstrated by us and other investigators
to increase MMP1 and MMP-13 expression in articular chondrocytes (Mitchell et al. 1996;
Shlopov et al. 1997; Tardif et al. 1999; Bau et al. 2002; Vincent et al. 2002; Wang et al.
2004; Young et al. 2005). Studies have shown that FGF2 is sequestered in cartilage matrix,
and tissue damage results in the release of FGF2, which in turn stimulates MMP expression
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(Vincent et al. 2002). Increased levels of FGF2 are detected in the synovial fluid of OA
joints (Orito et al. 2003; Im et al. 2007). Taken together, these studies suggest that FGF2
could initiate tissue remodeling upon cartilage damage in vivo, and may also contribute to
the progression of OA through up-regulation of MMPs.

Although HDAC inhibitors block MMP expression induced by pro-inflammatory
factors(Young et al. 2005), it is not clear whether HDAC inhibitors would also inhibit FGF2
effects on MMPs. In this study, we investigated the interaction of FGF2 and IL-1βwith the
HDAC inhibitor, trichostatin A (TSA), on the expression of MMPs, ADAMTS5, COL2A1,
and aggrecan. Here, we report for the first time that the HDAC inhibitor, TSA, blocked
MMP expression in chondrocytes induced by FGF2. We also showed that FGF2 inhibited
ADAMTS5 expression. In addition to antagonizing IL-1β and FGF2-induced MMP
expression, HDAC inhibition also reduced COL2A1 and aggrecan basal expression.
Therefore, HDAC activities not only mediate FGF2 and IL-1β induced catabolic gene
expression, but also are essential for maintaining anabolic gene expression in human
articular chondrocytes.

Materials and methods
Reagents

Recombinant human FGF2 and IL-1β were purchased from R&D systems (Minneapolis,
MN) and reconstituted as recommended by the manufacturer. TSA from Upstate USA, Inc.
(Lake Placid, NY) was dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich) as a 20 μM
stock solution, and then diluted with cell culture medium.

Chondrocyte isolation and culture
Human joint specimens were obtained with Institutional Review Board approval and
informed consent from patients undergoing knee or hip replacement (George Washington
University, Washington, DC). Patients had grade III or IV cartilage defects (Outerbridge
classification) with ages ranging from 42 to 70 years. Specimens were stored at 4° C and
cartilage tissue was dissected from the underlying bone within 24 hours. Chondrocytes were
isolated from the intact region of the condylar cartilage. The cartilage was first incubated in
0.1% trypsin in Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen, Carlsbad, CA)
with antibiotics and antimycotics (100 U/ml penicillin, 100 μg/ml streptomycin sulfate, 250
ng/ml amphotericin B) (Invitrogen) at 37°C for one hour. After three washes with DMEM,
the cartilage was minced in DMEM with 200 U/ml bacterial collagenase type 2
(Worthington, Lakewood, NJ) at a ratio of 10 ml of collagenase solution per gram wet
weight of cartilage, and incubated with shaking at 37°C for 18 hours. The suspension was
then filtered through 40 μm mesh filter and the cells were washed three times in DMEM
with 10% fetal bovine serum (FBS). Cells were plated in 10 cm tissue culture dishes at a
concentration of 3 × 106 cells/dish. Cells were passaged at approximately 90% confluence in
DMEM with 10% FBS, and used between passages one and four.

Cell number counting and cell death assay
Human articular chondrocytes were plated at a concentration of 4 ×104 cells/well in 12 well
plates in a medium of DMEM/F12 (a 1:1 mixture of DMEM and F12 Nutrients Mixture,
Invitrogen) containing 10% FBS. After cells reached approximately 50% confluency, the
medium was removed and replaced with DMEM/F12 supplemented with 1% FBS. After 24
hours, cells were treated in triplicates with FGF2 (25 ng/ml) or IL-1β (5 ng/ml) in the
absence or presence of HDAC inhibitor (TSA at 200 nM). After 1, 3, and 6 days of culture,
cells were harvested and cell numbers were counted with a Coulter Z-1 particle counter
(Beckman Coulter Corp. Miami, FL). For live and dead cell assay, a LIVE/DEAD Viability/
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Cytotoxicity Assay Kit (Molecular Probes, Eugene, OR) was used according to the
manufacturer’s instruction. Briefly, after removal of the medium, cells were gently washed
with Dulbecco’s phosphate-buffered saline (PBS) and incubated for 45 minutes at room
temperature in 2 μM calcein AM and 4μM ethidium homodimer, probes for live cells and
dead cell nuclei, respectively. Cells were counted by epifluorescence imaging using an
Axiovert 135 microscope (Carl Zeiss Microimaging, Inc. Thornwood, NY) equipped with
Open Lab software 3.1.4 (Improvision Inc. Lexington, MA).

RNA isolation and gene expression analysis
Cells in culture plates were washed in PBS and lysed in 350 μl RLT lysis buffer with 1% β-
mercaptoethanol (vol/vol) for RNA isolation using the RNeasy mini kit (Qiagen Inc.
Valencia, CA) according to the manufacturer’s instructions. RNA was quantified
spectrophotometrically based on A260 using ND-1000 spectrophotometer (NanoDrop
Technologies, Wilmington, DE).

First strand cDNA was synthesized from total RNA using a SuperScript First-Strand
Synthesis System kit (Invitrogen). Levels of mRNA were analyzed by real time PCR with
SYBR green detection using the iCycler (Bio-Rad, Hercules, CA) and values of each gene
were calculated using individual standard curves and normalized to that of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Gene specific primer sequences are
shown in Table 1, and include those for GAPDH, MMP-1, -3, and -13, ADAMTS5,
COL2A1, and aggrecan.

Statistical analysis
The interaction of HDAC inhibitors with FGF2 or IL-1β was investigated in factorial
experiments, in which the first factor was treatment with/without FGF2 or IL-1βand the
second factor was treatment with TSA. These effects were examined using chondrocytes
from different patients in a randomized complete block design. ANOVA was conducted
using a general linear model. When standard deviations among groups differ significantly,
data were analyzed after transformation into logarithmic values. When the main effect of
treatments was significant, Tukey’s test was used to separate treatment means. Differences
were considered to be significant at a level of p < 0.05.

Results
Cell growth and cell death

Since HDAC inhibitors are known to cause cell growth arrest and cell death (Docmanovic
and Marks 2005; Drummond et al. 2005), we first investigated the in vitro effects of TSA on
chondrocyte growth and survival. In addition, we also examined the interaction between the
effects of TSA and those of FGF2 and IL-1β. In chondrocytes receiving DMSO (control),
TSA, or IL1β with/without TSA, cell number remained constant or slightly decreased over
the 6-day course of treatments (Fig. 1). FGF2 treatment increased cell numbers after 6 days
(p<0.05). TSA blocked the increase in cell numbers induced by FGF2 (Fig. 1).

During the first 3 days of culture under the condition used in this study, cell death was
observed in less than 5% of the cell population with or without any of the treatments (Fig.
2). The number of dead cells was significantly increased after 6 days in the control cultures
and those receiving TSA, IL-1β, or TSA and IL-1β (p<0.05) (Fig. 2). FGF2, with or without
TSA, blocked the increase in the percentage of cell death. The number of dead cells in
groups receiving FGF2, with or without TSA, was significantly lower than the control after
6 days of treatment, while that in groups receiving TSA, IL-1β, or both did not differ from
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the control (Fig. 2). Examples of microscopy of live and dead cell assay were shown in
Figure 3.

HDAC inhibition attenuates induction of MMP expression by FGF2 AND IL-1β
Articular chondrocytes cultured in 1% FBS DMEM/F12 medium were treated with FGF2
and IL-1β in the presence or absence of TSA for 24 hours. Chondrocytes from three patients
were examined in separate experiments. FGF2 treatment increased MMP-13 mRNA levels
by an average of 6-fold (Fig. 4A) and MMP-1 by 7-fold (Fig. 4B), but did not change
MMP-3 mRNA levels significantly (Fig. 4C). In contrast to the effects on MMPs, FGF2
decreased ADMATS5 expression (Fig. 4D). Treatment with TSA totally blocked the
inductive effects of FGF2 on MMP-13 expression (Fig. 4A), and also reduced FGF2 effects
on MMP-1 expression by more than 50% (Fig. 4B).

IL-1β was substantially more potent in stimulating MMP expression than FGF2, and
drastically elevated mRNA levels of MMP-13, MMP-1, and MMP-3 hundred to thousand-
fold (Fig. 5A, B, C). TSA attenuated the stimulatory effects of IL-1β on MMP-13, MMP-1
and MMP-3 expression by an average of 90% or more (Fig. 5A, B, C). IL-1β did not
significantly affect ADAMTS5 expression (Fig. 5D).

We further investigated the dose dependence of TSA treatment on FGF2 and IL1β effects on
MMP expression. We observed that TSA at a concentration as low as 50 nM reduced FGF2
effects on MMP-13 (Fig. 6A) and MMP-1 expression (Fig. 6B), as well as IL-1β effects on
MMP-13, MMP-1 and MMP-3 expression (Fig. 7A, B, C). This antagonistic effect of TSA
increased in a dose dependent manner.

In contrast to the effects on MMPs, FGF2 and IL-1β decreased gene expression levels of
aggrecan expression (Fig. 8B). TSA treatment significantly inhibited the expression of both
COL2A1 (Fig. 8A) and aggrecan (Fig. 8B).

Discussion
This study examined the role of HDAC in the signaling pathways of FGF2 or IL-1β related
to the expression of cartilage degrading enzymes (MMP-1, -3, and -13, and ADAMTS5) in
human articular chondrocytes in vitro. The results showed for the first time that the HDAC
inhibitor, TSA, attenuated FGF2 induction of MMP-1 and MMP-13. TSA also reduced the
stimulatory effect of IL-1β on the expression of MMP-13, MMP-1 and MMP-3.

OA is characterized by the pathology of articular cartilage destruction, which results from
elevated activities of MMPs and aggrecanses (Arner 2002; Bramono et al. 2004). Traumatic
injury to the joint is considered a significant risk factor for OA. Interestingly, Vincent et al.
have demonstrated that cartilage damage releases matrix-bound FGF2 (Vincent et al. 2002),
resulting in stimulation of the production of MMP-1 and MMP-3 proteins. It is also
established that FGF2 increases MMP-13 expression in human chondrocytes (Tardif et al.
1999; Wang et al. 2004; Im et al. 2007). FGF2 levels are elevated in synovial fluids of OA
(Orito et al. 2003; Im et al. 2007) and rheumatoid arthritic joints and correlated with
MMP-13 levels (Im et al. 2007). Therefore, in addition to the pro-inflammatory cytokines
(such as IL-1 and TNFα, FGF2 could also contribute towards cartilage breakdown in OA.
The findings that HDAC inhibitors can block the MMP-inducing effects of pro-
inflammatory factors (Young et al. 2005) and of FGF2 suggest their potential
pharmacological use for treatment of OA.

It is not clear how HDAC inhibitors antagonize the effects of FGF2 and IL-1β on MMP
induction. Both FGF2 and IL-1β stimulate the activity of activating protein 1 (AP-1) to
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increase MMP-1 and MMP-13 expression (Varghese et al. 2000; Vincenti and Brinckerhoff
2002; Im et al. 2007). c-Jun is one of the major transcription factors in the AP-1 complexes,
which are composed of homodimer and heterodimer of proteins from Jun (e.g. c-Jun, JunB,
JunD) and Fos (e.g. c-Fos, FosB) families. It was reported that HDAC inhibitors suppress
the induction of c-Jun transcription, leading to reduced expression of AP-1-dependent genes
in cancer cells (Yamaguchi et al. 2005). We also investigated c-Jun expression in this study,
but the results failed to show any correlation between c-Jun mRNA levels and MMP
expression (data not shown). Furthermore, TSA did not changed c-Jun mRNA levels, which
is consistent with a recent report that HDAC inhibitors do not affect c-Jun expression in
chondrocytes (Huh et al. 2007).

HDACs have been shown to directly interact with intracellular signaling molecules, such as
NF-κB in fibroblasts (Ashburner et al. 2001) and RUNX2 in osteoblasts (Westendorf et al.
2002; Schroeder et al. 2004). Both FGF2 and IL-1β activate RUNX2, which leads to
transactivation of MMP-13 in chondrocytes (Mengshol et al. 2001; Wang et al. 2004).
Similarly, NFκB is one of the major signaling targets of IL-1, and mediates IL-1 induced
MMP-1 and MMP-13 expression (Vincenti and Brinckerhoff 2002). However, interaction of
HDACs with NF-κB (Ashburner et al. 2001) and RUNX2 (Westendorf et al. 2002;
Schroeder et al. 2004) by itself has been shown to be associated with gene repression.
Further studies are thus needed to clarify how HDACs play a role in MMP expression in a
stimulatory manner. Huh et al. have shown that HDAC inhibition increases histone
acetylation in Wnt-5a promoter region and induces Wnt-5a expression (Huh et al. 2007),
which in turn down-regulates type II collagen expression. Therefore, HDAC inhibition could
indirectly suppress MMP expression through upregulating an inhibitory regulator.

We observed that FGF2 increased chondrocyte growth; FGF2 stimulation of proliferation of
human articular chondrocytes has been previously reported (Guerne et al. 1994; Loeser et al.
2005). Our results also showed that HDAC inhibition with TSA blocked FGF2 stimulated
chondrocyte growth. HDAC inhibitors have been shown to cause G1/G2 growth arrest in a
number of normal and transformed cell lines originated from fibroblastic and epithelial cells
(Docmanovic and Marks 2005), and suppress proliferation of rheumatoid arthritic synovial
fibroblasts by inducing inhibitors of cyclin-dependent kinases (Nishida et al. 2004). Similar
mechanisms could be responsible for TSA blocking FGF2-induced chondrocyte
proliferation.

FGF2 blocked cell death of articular chondroytes in vitro, and HDAC inhibition did not
affect the pro-survival effect of FGF2. It is well documented that FGF2 improves the
viability of different cell types, including chondrocytes, osteoblasts, stem cells, and ganglion
cells, under a variety of conditions (Houchen et al. 1999; Debiais et al. 2004; Rios-Munoz et
al. 2005; Song et al. 2005; Schmal et al. 2007). Although HDAC inhibition causes apoptosis
of transformed cells, it appears that HDAC inhibitors do not induce cell death of normal
cells, a rationale for their use in treating cancers (Docmanovic and Marks 2005). That
HDAC inhibition in chondrocytes does not block the FGF2 pro-survival effect, but inhibits
MMP expression, suggests that HDAC inhibitors and FGF2 in combination may be
beneficial for maintaining cartilage integrity.

FGF2 treatment decreased ADAMTS5 expression levels in cultured articular chondrocytes.
ADAMTS5 has been identified to be the major aggrecan-degrading enzyme in mouse
models of OA and inflammatory arthritis (Glasson et al. 2005; Stanton et al. 2005). In
human cartilage, ADAMTS5 is more abundant than ADAMTS4 (aggrecanase 1) (Bau et al.
2002). We have also detected a very low level of ADAMTS4 in primary human
chondrocytes (data not shown). Although it still remains to be established whether
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ADAMTS-5 is the major aggrecanase in human cartilage, our data suggest that FGF2 could
protect proteoglycans from degradation by inhibiting ADAMTS5 expression.

In this study, we also investigated the effects of FGF2, IL-1β and HDAC inhibition on the
expression of chondrocyte anabolic genes. We observed a slight decrease in COL2A1
mRNA levels with FGF2 and IL-1β treatments, although the changes were not statistically
significant. Schmal et al. reported that FGF2 treatment decreased COL2A1 messages by
49% in human primary articular chondrocytes (Schmal et al. 2007), while Ellman et al.
showed that FGF2 up-regulated both collagen types I and II mRNA expression in
intervertebral disc (Ellman et al. 2008). The differences in experimental systems and culture
conditions may account for this discrepancy in findings. We also observed that TSA
decreased COL2A1 expression after 24 hrs of treatment, which is consistent with a previous
report by Huh (Huh et al. 2007). However, Furumatsu reported that TSA increased COL2A1
expression at 4 hrs and 8 hrs of treatment with effects decreasing from 4 hrs to 8 hrs
(Furumatsu et al. 2005). It is very likely that TSA affects COL2A1 expression via two
different mechanisms in a time dependent manner. At early stages, TSA increases
acetylation levels of histones in COL2A1 enhancer region and thus activates COL2A1
expression (Furumatsu et al. 2005). At later stages (after 12 hrs), activated Wnt-5a with TSA
treatment has a dominant effect and inhibits COL2A1 expression (Huh et al. 2007).
Treatment with FGF2, IL-1βor TSA for 24 hrs inhibited expression of aggrecan. Similar to
the effects on COL2A1, TSA was shown to increase aggrecan expression at early stages of
treatment (4 hrs), but this effect was largely diminished at 8 hrs of treatment (Furumatsu et
al. 2005). Therefore, TSA may affect both COL2A1 and aggrecan in a similar time-
dependent manner. Interestingly, Young et al. (Young et al. 2005) did not detect any
changes in the expression of COL2A1 and aggrecan in human primary chondrocytes after
TSA treatment for 6 hrs. This time point could be in the transition period from TSA
activation to inhibition of aggrecan expression. Alternatively, conventional RT-PCR was
used to obtain these results and could lack sufficient sensitivity to detect changes in gene
expression.

In Summary, our findings reported here on the effects of FGF2, IL-1β and HDAC inhibition
on cultured human articular chondrocytes provide interesting insights to possible therapeutic
intervention of OA. First, FGF2 and IL-1β increase MMP expression, which can be
antagonized by inhibiting HDACs. Secondly, FGF2 has pro-survival effects on
chondrocytes and inhibits ADAMTS5 expression, which may help to preserve cartilage
integrity, and HDAC inhibition did not interfere with these beneficial effects. One of the
drawbacks of HDAC inhibitors is that they may decrease expression of cartilage matrix
proteins such as COL2A1 (Huh et al. 2007) and aggrecan in long term (Fig. 8). However,
inhibition of both anabolic and catabolic processes may in fact slow down cartilage turnover
and, therefore, preserve existing cartilage. In vivo studies are clearly needed to further
evaluate whether the in vitro effects are potentially applicable to the rational design of
approaches to slow the progression of cartilage destruction in degenerative joint diseases
such as OA.
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Figure 1.
Time course of cell growth in human articular chondrocyte cultures. Cells were cultured in
12-well culture plates with 1% FBS DMEM/F12 medium. Triplicate wells received
treatment with FGF2 (25 ng/ml) and IL-1β (5 ng/ml) in the presence or absence of TSA
(200 nM) for 1, 3, or 6 days. Cells were harvested by trypsinization and cell numbers were
counted with a Coulter Z-1 particle counter. Data represent mean ± SEM from two separate
experiments. Control: DMSO vehicle. *, p<0.05, when compared to the group at day 1
receiving the same treatment.
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Figure 2.
Time course of cell death in human articular chondrocyte cultures treated with FGF2 or
IL-1β in the presence or absence of TSA. Cells were cultured and treated as described in
Figure 1. Live cells and dead cells were detected as described in Materials and Methods.
Cell death is determined as the percentage of dead cells in representative fields (also see Fig.
3). Data represent mean ± SEM from two separate experiments. Control: DMSO vehicle. *,
p<0.05, when compared to the group mean at day 1 receiving the same treatment. ✝, p<0.05,
when compared to the control group mean at the same time point.
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Figure 3.
Detection of live cells and dead cell nuclei in human articular chondrocyte cultures treated
with FGF2, IL-1β, and TSA. Cells were cultured and treated as described in Figure 1. Green
fluorescence indicates live cells and red fluorescence shows nuclei of dead cells.
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Figure 4.
Effects of FGF2 with or without TSA on gene expression of MMP-13, MMP-1, MMP-3,
and ADAMTS5 in human articular chondrocytes. Cells were cultured and treated with FGF2
and TSA for 24 hours as described in Figure 1. mRNA levels were quantified by real time
RT-PCR and normalized to GAPDH. Chondrocytes from three patients were examined in
separate experiments. Data were combined from these experiments after the group mean of
the control without TSA is adjusted to 1. Data are presented as mean ± SEM. + (p<0.05)
indicates significant FGF2 effects after comparison of the two group means with and
without FGF2 in the absence of TSA; * (p<0.05) indicates significant TSA effects by
comparing data with and without TSA at the same level of FGF2.
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Figure 5.
Effects of IL-1β with or without TSA on gene expression of MMP-13, MMP-1, MMP-3,
and ADAMTS5 in human articular chondrocytes. Cells were cultured and treated with IL-1β
and TSA for 24 hours as described in Figure 1. mRNA levels were quantified by real time
RT-PCR and normalized to GAPDH. Chondrocytes from three patients were examined in
separate experiments. Data were combined from these experiments after the group mean of
the control without TSA is adjusted to 1. Data are presented as mean ± SEM. + (p<0.05)
indicates significant IL-1β effects after comparison of the two group means with and
without IL-1β in the absence of TSA; * (p<0.05) indicates significant TSA effects by
comparing data with and without TSA at the same level of IL-1β.
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Figure 6.
Dose response of TSA effects on gene expression of MMP-13, MMP-1, MMP-3 in human
articular chondrocytes treated with FGF2. Cells from a single patient were cultured as
described in Figure 1 and treated with or without FGF2 (25 ng/ml) in the presence of TSA at
various concentrations (0, 50, 100, 200 and 500 nM) for 24 hours. mRNA levels were
quantified by real time RT-PCR and normalized to GAPDH. The mean of the group without
FGF2 and TSA is adjusted to 1. Data are presented as mean ± SEM. + (p<0.05) indicates
significant FGF2 effects after comparison of the two group means with and without FGF2 in
the absence of TSA; * (p<0.05) indicates that TSA significantly blocked FGF2 effects by
comparing data from FGF2-treated cultures with or without TSA.
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Figure 7.
Dose response of TSA effects on gene expression of MMP-13, MMP-1, MMP-3 in human
articular chondrocytes treated with IL-1β. Cells from a single patient were cultured as
described in Figure 1 and treated with/without FGF2 (25ng/ml) in the presence of TSA at
various concentrations (0, 50, 100, 200 and 500 nM) for 24 hours. mRNA levels were
quantified by real time RT-PCR and normalized to GAPDH. The mean of the group without
IL-1β and TSA is adjusted to 1. Data are presented as mean ± SEM. + (p<0.05) indicates
significant IL-1β effects after comparison of the two group means with and without IL-1β in
the absence of TSA; * (p<0.05) indicates that TSA significantly blocked IL-1β effects
comparing data from IL-1β-treated cultures with or without TSA.
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Figure 8.
Effects of FGF2 and IL-1β with or without TSA on gene expression of COL2A1 and
aggrecan in human articular chondrocytes. Cells were cultured and treated with IL-1β and
TSA for 24 hours as described in Figure 1. mRNA levels were quantified by real time RT-
PCR and normalized to GAPDH. Chondrocytes from three patients were examined in
separate experiments. Data were combined from these experiments after the group mean of
the control without TSA is adjusted to 100. Data are presented as mean ± SEM. + (p<0.05)
indicates significant effects of FGF2 or IL-1β after comparison of the two group means with
and without FGF2 or IL-1β in the absence of TSA; * (p<0.05) indicates significant TSA
effects by comparing data with and without TSA at the same level of FGF2 or IL-1β.
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Table 1

Primer sequences for RT-PCR analysis

Gene Primer Accession #

MMP1 Forward: 5′- GGGAGCAAACACATCTGACCTA-3′ NM_002421

Reverse: 5′- GCTGGACAGGATTTTGGGAACG-3′

MMP3 Forward: 5′- GTCTCTTTCACTCAGCCAACAC-3′ NM_002422

Reverse: 5′- CAGCTCGTACCTCATTTCCTCT-3′

MMP13 Forward: 5′- ACTTTATGCTTCCTGATGACGATG-3′ NM_002427

Reverse: 5′- TGCTGTATTCAAACTGTATGGGTC-3′

COL2A1 Forward: 5′- GAGCAGCAAGAGCAAGGAGAAGA-3′ NM_001844, NM_033150

Reverse: 5′- CAATGATGGGGAGGCGTGAGGTC-3′

Aggrecan Forward: 5′- TCGTGGTGAAAGGCATCGTGTT-3′ NM_001135, NM_013227

Reverse: 5′- TCATAGGTCTCGTTGGTGTCTC-3′

ADAMTS5 Forward: 5′- GATGTCTGTGCTCGCCTGTGGT-3′ NM_007038

Reverse: 5′- CTGTGCAGTAGCGTCCGTTGTT-3′

GAPDH Forward: 5′- ACCACAGTCCATGCCATCAC-3′ NM_002046

Reverse: 5′- TCCACCACCCTGTTGCTGTA-3′
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