
Protein kinase Ca and f regulate nitric oxide-induced NF-jB
activation that mediates cyclooxygenase-2 expression and apoptosis

but not dedifferentiation in articular chondrocytesq

Song-Ja Kim and Jang-Soo Chun*

Department of Life Science, Kwangju Institute of Science and Technology, Buk-Gu, Gwangju 500-712, South Korea

Received 15 February 2003

Abstract

Nitric oxide (NO) regulates differentiation, survival, and cyclooxygenase (COX)-2 expression in articular chondrocytes. NO-

induced apoptosis and dedifferentiation are mediated by p38 kinase activity and p38 kinase-independent and -dependent inhibition

of protein kinase C (PKC)a and f. Because p38 kinase also activates NF-jB, we investigated the functional relationship between

PKC and NF-jB signaling and the role of NF-jB in apoptosis, dedifferentiation, and COX-2 expression. We found that NO-

stimulated NF-jB activation was inhibited by ectopic PKCa and f expression, whereas NO-stimulated inhibition of PKCa and f
activity was not affected by NF-jB inhibition. Inhibition of NO-induced NF-jB activity did not affect inhibition of type II collagen

expression but did abrogate COX-2 expression and apoptosis. Taken together, our results indicate that NO-induced inhibition of

PKCa and f activity is required for the NF-jB activity that regulates apoptosis and COX-2 expression but not dedifferentiation in

articular chondrocytes.

� 2003 Elsevier Science (USA). All rights reserved.
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Nitric oxide (NO) produced via inducible NO syn-

thase in articular chondrocytes plays a central role in

cartilage diseases such as osteoarthritis and rheumatoid

arthritis. NO causes cartilage destruction by inducing
apoptosis, loss of differentiated phenotype (i.e., dedif-

ferentiation), and inflammatory responses such as cy-

clooxygenase (COX)-2 expression and prostaglandin

E2ðPGE2Þ production in articular chondrocytes [1–4].

Our previous studies in primary articular chondro-

cytes indicated that NO caused apoptosis and dediffer-

entiation, which are mediated by mitogen-activated

protein (MAP) kinase subtypes extracellular signal-reg-
ulated protein kinase (ERK) and p38 kinase [5]. These

MAP kinases play opposing roles, with activated ERK-

1/-2 inducing dedifferentiation and inhibiting NO-in-

duced apoptosis, while p38 kinase signaling maintains

the differentiated status and induces apoptosis. We also
demonstrated that p38 kinase activity induced apoptosis

via p53 accumulation through NF-jB-dependent tran-

scription and stabilization by serine-15 phosphorylation

[6]. In addition to MAP kinase signaling, NO also causes

inhibition of protein kinase C (PKC)a and f activity that

is required for NO-induced apoptosis and dedifferenti-

ation [7]. Inhibition of PKCa activity occurs through

inhibition of its expression independent of MAP kinase
signaling, while PKCf activity is inhibited by p38 kinase

activation that follows proteolytic cleavage by caspase-3

[7].

Although it is clear that p38 kinase activates NF-jB,

which is required for NO-induced apoptosis, it is not

known whether inhibition of PKCa and f activity is

linked to NF-jB activation, nor is it known whether

NF-jB regulates NO-induced dedifferentiation, COX-2
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expression, and subsequent PGE2 production. There-
fore, in the present study we investigated the functional

relationship between PKC and NF-jB signaling, and the

role of NF-jB in apoptosis, dedifferentiation, and COX-

2 expression. We report that inhibition of PKCa and f is

necessary for NF-jB activation that regulates NO-in-

duced apoptosis and COX-2 expression, but not dedif-

ferentiation, in articular chondrocytes.

Materials and methods

Culture of articular chondrocytes. Articular chondrocytes were

isolated from joint cartilage of 2-week-old New Zealand white rabbits,

as described previously [8]. Briefly, chondrocytes were dissociated from

cartilage slices using 0.2% collagenase type II and plated on culture

dishes at 5 � 104 cells=cm
2

in Dulbecco�s modified Eagle�s medium

supplemented with 10% fetal bovine serum. Medium was replaced

every two days after seeding and cells were confluent after approxi-

mately 5 days in culture. Day 3 or 4 cultures were treated with the

indicated pharmacological reagents, such as SN-50 peptide (Biomol,

Plymouth Meeting, PA), for 1 h prior to treatment with the NO donor

sodium nitroprusside (SNP). In some experiments, chondrocytes at

day 3 were transfected with dominant negative forms of IKKa or

IKKb or infected with either control adenovirus or adenovirus coding

for wild-type PKCa or f, as described previously [6,7]. Infected cells

were cultured for 24 h and then treated with 1mM SNP for an addi-

tional 24 h.

Assay of caspase-3 and apoptosis. We have previously shown that

NO-induced death of articular chondrocytes is due to apoptosis [5]. In

this study, apoptotic cellswere quantifiedbyanalyzing 1 � 104 to 2 � 104

cells on a FACSort flow cytometer using the Cellquest analysis program

(Becton) Dickinson, Mountain View, CA). Activation of caspase-3 was

determined by measuring absorbance of the cleaved caspase-3 synthetic

substrate Ac–Asp–Glu–Val–Asp–chromophore p-nitroaniline, using a

Clontech A ApoAlert CPP32 colorimetric assay kit [5].

NF-jB reporter gene assay. Activation of NF-jB was determined

indirectly by examining IjB degradation using Western blot analysis

or directly using a reporter gene assay. For the reporter gene assay,

chondrocytes were transfected with a plasmid containing the luciferase

coding region and three tandem repeats of the serum response element.

Following incubation in complete medium for 24 h, cells were left

untreated or treated with the indicated pharmacological reagents and

luciferase activity was determined using an assay kit (Promega, Mad-

ison, WI) [6].

Immunoprecipitation and kinase assays. Cell lysates were prepared

in lysis buffer containing 20mM Tris–HCl (pH 7.5), 1mM EDTA,

1 mM EGTA, 150mM NaCl, 1% Triton X-100, 2.5mM sodium py-

rophosphate, 1 mM b-glycerol phosphate, protease inhibitors [10 lg/ml

leupeptin, 10 lg/ml pepstatin A, 10lg/ml aprotinin, and 1mM of 4-(2-

aminoethyl) benzenesulfonyl fluoride], and phosphatase inhibitors

(1 mM NaF and 1mM Na3VO4). Cell lysates were precipitated with

antibodies against PKCa (BD Transduction Laboratories, Lexington,

KY) or PKCf (Santa Cruz Biotechnology, Santa Cruz, CA). Immune

complexes were collected using protein A–Sepharose beads and kinase

reactions were performed in 20 ll reaction buffer containing 25mM

Tris–HCl (pH 7.5), 5mM b-glycerolphosphate, 2mM dithiothreitol,

0.1 mM sodium orthovanadate, 10mM MgCl2, [c-32P]ATP, and 1lg

myelin basic protein (MBP). Phosphorylation of MBP was determined

using autoradiography [7].

PGE2 assay. PGE2 production in articular chondrocytes was de-

termined by using a PGE2 assay kit (Amersham Pharmacia Biotech,

Buckinghamshire, UK). Briefly, chondrocytes were seeded in standard

96-well microtiter plates at 2 � 104 cells/well. Following addition of the

indicated pharmacological reagents, total cell lysate was used to

quantify the amount of PGE2, according to the manufacturer�s pro-

tocol. PGE2 levels were calculated using a PGE2 standard curve.

Western blot analysis. Whole cell lysates were prepared by ex-

tracting proteins using a buffer containing 50mM Tris–HCl (pH 7.4),

150mM NaCl, 1% Nonidet P-40, 0.1% SDS, and protease and phos-

phatase inhibitors (see above). Proteins were size-fractionated by SDS–

polyacrylamide gel electrophoresis and transferred to a nitrocellulose

membrane. The following antibodies were used: anti-type II collagen

(Chemicon, Temecula, CA), anti-p53 (New England Biolabs, Beverly,

MA), anti-PKCa and -PKCf (BD Transduction Laboratories), anti-

COX-2 (Cayman Chemical, Ann Arbor, MI), and anti-IKKa and

-IKKb (Cell Signaling, Beverly, MA). Blots were developed using a

peroxidase-conjugated secondary antibody and a chemiluminescence

system.

Fig. 1. Inhibition of PKCa and f is required for NO-induced NF-jB activation. (A) Articular chondrocytes were left untreated (Control) or were

treated with 1 mM SNP alone (SNP) or SNP plus 50 lg/ml SN-50 peptide (SN/SNP) for 24 h. Expression and activity of PKCa and f were determined

by Western blotting and in vitro kinase assay, respectively. (B,C) Articular chondrocytes were untreated (Control) or treated with 1mM SNP alone

(SNP) or SNP plus 50 lg/ml SN-50 peptide (SN50/SNP) for 24 h. Alternatively, chondrocytes were infected with adenovirus coding for wild-type

PKCa (PKCa/SNP) or PKCf (PKCf/SNP), cultured in complete medium for 24 h, and treated with 1mM SNP for 24 h. NF-jB activity in (B) was

determined by reporter gene assay, while IjB, PKCa, and PKCf protein levels in (C) were determined by Western blot analysis. The data represent

either results of typical experiments (A,C) or mean and SD (B) (n ¼ 4).
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Results

NO-induced inhibition of PKCa and f is required for NF-

jB activation

The addition of the NO donor SNP to primary ar-

ticular chondrocyte cultures was shown to inhibit PKCa
and f activity (Fig. 1A) and activate NF-jB (Fig. 1B),

which is consistent with our previous reports [6,7]. We
further investigated the relationship between PKC and

NF-jB signaling. NO-induced inhibition of PKCa and f
activity was not affected by the addition of 50 lg/ml SN-

50 peptide (Fig. 1A), which inhibits NF-jB activation,

as determined by reporter gene assay (Fig. 1B). How-

ever, ectopic expression of PKCa or f by adenovirus

infection, a condition that prevents NO-induced inhi-

bition of PKCa and f activity [7], inhibited NO-induced
NF-jB activation, as determined by both reporter gene

(Fig. 1B) and IjB degradation (Fig. 1C) assays. These

data indicate that NO-induced inhibition of PKCa and f
activity is required for NF-jB activation in articular

chondrocytes.

NF-jB regulates NO-induced apoptosis and COX-2

expression but not dedifferentiation

Because both inhibition of PKCa and f and activa-

tion of NF-jB are necessary for NO-induced apoptosis

[6,7], we investigated whether inhibition of PKCa and f
regulates NO-induced apoptosis via NF-jB signaling.

Ectopic expression of PKCa or f, which inhibited NO-

induced NF-jB activation, blocked NO-induced apop-

tosis (Fig. 2A). NO-induced apoptosis was also blocked

by direct inhibition of NF-jB activation by SN-50
peptide (Fig. 2A). Inhibition of apoptosis was accom-

panied by inhibition of upstream apoptotic events, such

as accumulation of p53 (Fig. 3C) and activation of
caspase-3 (Fig. 3B). Similar to the effects on apoptosis,

NO-induced COX-2 expression (Fig. 3A) and sub-

sequent PGE2 production (Fig. 3B) were blocked by

direct inhibition of NF-jB with SN-50 peptide, or by

indirect inhibition using ectopic expression of PKCa or

f. These data indicate that NO inhibition of PKCa and f
regulates NO-induced apoptosis and inflammatory re-

sponses (i.e., COX-2 expression and PGE2 production)
through NF-jB activation.

Fig. 2. PKCa and f regulate NO-induced apoptosis via NF-jB signaling. Articular chondrocytes were left untreated (Control) or were treated with

1 mM SNP alone (SNP) or with SNP plus 50 lg/ml SN-50 peptide (SN50/SNP) for 24 h. Alternatively, chondrocytes were infected with adenovirus

coding for wild-type PKCa (PKCa/SNP) or PKCf (PKCf/SNP), cultured in complete medium for 24 h, and treated with 1mM SNP for 24 h.

Apoptotic cells (A), caspase-3 activity (B), and p53 protein levels (C) were determined as described in Materials and methods. The data represent

either means and SD (A,B) (n ¼ 4) or are results of typical experiments (C).

Fig. 3. PKCa and f regulate NO-induced COX-2 expression and PGE2

production via NF-jB signaling. Articular chondrocytes were infected

with control adenovirus or adenovirus coding for wild-type PKCa or f.
Cells were cultured in complete medium for 24 h and then left un-

treated or treated with 1 mM SNP for an additional 24 h. Alternatively,

chondrocytes were untreated (control) or treated with 1 mM SNP for

24 h with the indicated concentrations (lg/ml) (A) or 50 lg/ml (B) SN-

50 peptide. Expression of COX-2, PKCa, and PKCf (A), and PGE2

production (B) were determined as described in Materials and meth-

ods. The data represent either typical results (A) or means and SD (B)

(n ¼ 4).
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Type II collagen expression is a marker for dediffer-

entiation of articular chondrocytes [8]. In contrast to

apoptosis and COX-2 expression, NO inhibition of type

II collagen expression was not affected by inhibition of

NF-jB caused by transient expression of dominant

negative IjB kinases (IKKa and IKKb) (Fig. 4A) or by

SN-50 (Fig. 4B). However, ectopic expression of PKCa
and f prevented NO inhibiting type II collagen expres-
sion (Fig. 4B), indicating that chondrocyte dedifferenti-

ation caused by inhibition of PKCa and f is independent

of NF-jB signaling.

The above results indicating that NO inhibition of

PKCa and f is required for NF-jB activation, and that

NF-jB mediates apoptosis, COX-2 expression, and

PGE2 production, but not dedifferentiation, in articular

chondrocytes, are summarized schematically in Fig. 5.

Discussion

We characterized signaling pathways involved in NO-

induced dedifferentiation, apoptosis, and COX-2 ex-

pression in articular chondrocytes, focusing on the

functional relationship between PKC and NF-jB sig-

naling. Based on results obtained in this study and our

previous reports [5–7] we propose the following path-
way: NO activation of p38 kinase inhibits PKCf activity

and NO also inhibits PKCa activity independent of

MAP kinase signaling. This inhibition of PKCa and f is

necessary for NO-induced dedifferentiation and is also

required for NF-jB activation. Activated NF-jB has

dual functions, one being induction of COX-2 expres-

sion and subsequent PGE2 production, and the other

being induction of apoptosis by stimulating p53 tran-
scription (see diagram in Fig. 5).

Our previous study [6] indicated that NO activation

of p38 kinase activates NF-jB through IKK, based on

the observation that expression of dominant negative

IKKa or b inhibited p38 kinase-induced NF-jB acti-

vation. We demonstrate in this study that inhibition of

PKCf and a is required for NF-jB activation. While the

involvement of PKC isoforms in NF-jB activation is
well known, previous studies indicated that activation of

PKC isoforms is required [9–12]. For instance, PKCf is

known to stimulate IKKb to activate NF-jB [12].

Therefore, our observation that PKCa and f activity

prevents NO activation of NF-jB in articular chon-

drocytes is the first report indicating a negative role of

PKC in NF-jB activation. Although the mechanisms by

which PKCa and f inhibit NF-jB activation were not
investigated in this study, it may be that PKC isoforms

inhibit either IKK or its upstream signaling molecules to

block NO-induced NF-jB activation. Regarding NF-jB

activity, the results of the present study demonstrate

that activated NF-jB mediates NO-induced COX-2

Fig. 4. PKCa and f regulate NO-induced dedifferentiation independent of NF-jB signaling. (A) Articular chondrocytes were transfected with control

vector or vector coding for dominant negative IKKa or IKKb. Following incubation in complete medium for 24 h, cells were treated with 1mM SNP

for a further 24 h. (B) Chondrocytes were untreated as a control or treated with 1mM SNP for 24 h with the indicated concentrations (lg/ml) of SN-

50 peptide (upper panel). Alternatively, chondrocytes were infected with control adenovirus or adenovirus coding for wild-type PKCa or f. Fol-

lowing incubation in complete medium for 24 h, cells were treated with 1 mM SNP for an additional 24 h (lower panel). Expression of type II

collagen, IKKa and IKKb was determined by Western blot analysis. The data represent results of typical experiments.

Fig. 5. Schematic summary of a signaling pathway describing NO-in-

duced apoptosis, COX-2 expression, and dedifferentiation in articular

chondrocytes. See text in Discussion for details.
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expression, subsequent PGE2 production, and apopto-
sis, but not dedifferentiation, in chondrocytes.

Arthritic joints produce large amounts of prosta-

glandin via COX-2 [1–4]. Our data indicating that NF-

jB regulates COX-2 expression are consistent with the

structure of the COX-2 gene promoter, which contains

jB binding sites [13–15]. In addition to transcriptional

regulation, COX-2 expression also appears to be regu-

lated at post-transcriptional levels, since p38 kinase ac-
tivity stabilizes COX-2 mRNA [16–18]. Therefore, it

appears that NO-stimulated p38 kinase activity regu-

lates COX-2 expression at both transcriptional (via NF-

jB activation) and post-transcriptional (via stabilization

of mRNA) levels. In addition to induction of COX-2

expression, NO-stimulated NF-jB activity is also re-

quired for induction of apoptosis caused by inhibition of

PKCa and f. This is based on the observation that ec-
topic expression of PKCa and f blocked both NF-jB

activation and apoptosis. The requirement for NF-jB

activity in apoptosis is consistent with p53 transcription

and subsequent activation of caspase-3 [6].

Unlike regulation of COX-2 expression and apopto-

sis, our current results indicated that dedifferentiation of

chondrocytes caused by inhibition of PKCa and f is

independent of NF-jB activation. This was concluded
on the basis of the observation that inhibition of NF-jB

did not affect dedifferentiation, whereas ectopic expres-

sion of PKCa and f blocked NO-induced dedifferenti-

ation. We considered the possibility that NO-induced

COX-2 expression regulates apoptosis and dedifferenti-

ation, because COX-2-mediated PGE2 production is

known to regulate differentiation [19–21] and apoptosis

[22,23] in chondrocytes, depending on the experimental
system. However, we did not observe any modulation of

apoptosis or dedifferentiation by inhibiting COX-2 ac-

tivity (data not shown). Therefore, further study is

necessary to elucidate the mechanisms involved in the

NF-jB-independent regulation of NO-induced dedif-

ferentiation in articular chondrocytes.
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