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The protein kinase C (PKC) signaling pathway is a major reg-
ulator of cellular functions and is implicated in pathologies
involving extracellular matrix remodeling. Inflammatory joint
disease is characterized by excessive extracellular matrix catab-
olism, and here we assess the role of PKC in the induction of the
collagenases, matrix metalloproteinase (MMP)-1 andMMP-13,
in human chondrocytes by the potent cytokine stimulus inter-
leukin-1 (IL-1) in combinationwithoncostatinM(OSM). IL-1�

OSM-stimulated collagenolysis and gelatinase activity were
ameliorated by pharmacological PKC inhibition in bovine car-
tilage, as was collagenase gene induction in human chondro-
cytes. Small interfering RNA-mediated silencing of PKC gene
expression showed that both novel (nPKC�, nPKC�) and
atypical (aPKC�, aPKC�) isoforms were involved in collage-
nase induction by IL-1. However, MMP1 and MMP13 induc-
tion by IL-1 � OSM was inhibited only by aPKC silencing,
suggesting that only atypical isoforms play a significant role
in complex inflammatory milieus. Silencing of either aPKC
led to diminished IL-1 � OSM-dependent extracellular sig-
nal-regulated kinase (ERK) and signal transducer and activa-
tor of transcription (STAT) 3 phosphorylation, and c-fos
expression. STAT3 gene silencing or ERK pathway inhibition
also resulted in loss of IL-1 � OSM-stimulated c-fos and col-
lagenase expression. Silencing of c-fos and c-jun expression
was sufficient to abrogate IL-1 � OSM-stimulated collage-
nase gene induction, and overexpression of both c-fos and
c-jun was sufficient to drive transcription from the MMP1
promoter in the absence of a stimulus. Our data identify atyp-
ical PKC isozymes as STAT and ERK activators that mediate
c-fos and collagenase expression during IL-1 � OSM synergy
in human chondrocytes. aPKCs may constitute potential
therapeutic targets for inflammatory joint diseases involving
increased collagenase expression.

Inflammation is a major characteristic of joint diseases such
as rheumatoid arthritis and osteoarthritis (OA),3 during which
inflammatory mediators released by infiltrating immune cells
as well as resident joint cells induce alterations in gene expres-
sion that can lead to ECM degradation (1, 2). Cytokines such as
interleukin (IL-)1, IL-17, and tumor necrosis factor � (TNF�)
are key mediators thought to be involved in promoting inflam-
matory responses in such destructive joint diseases (3, 4). We
have shown that the IL-6 family cytokines oncostatinM (OSM)
and IL-6 markedly exacerbate the catabolic potential of these
mediators, synergistically promoting cartilage ECMcatabolism
both in vitro and in vivo (5–9).
Chondrocytes are the only resident cell type in normal artic-

ular cartilage and function to preserve homeostasis. This is
achieved by balancing the expression of ECMcomponents with
catabolic factors such as the matrix metalloproteinases
(MMPs), which collectively can degrade all the ECM macro-
molecules. During inflammatory joint diseases, chondrocytes
are stimulated to secrete elevated levels of MMPs that, once
activated,mediate the proteolysis of tendon, bone, and cartilage
(10, 11). MMP-1 and MMP-13 are collagenolytic MMPs that
have been most strongly associated with cartilage collagenoly-
sis, a key proteolytic event in inflammatory joint diseases
because it is essentially irreversible (12). A marked synergistic
induction of collagenase gene expression occurs in human
chondrocytes following IL-1 � OSM stimulation (8, 13, 14),
and we proposed this to be via interplay of signal transduction
pathways whereby signal transducers and activators of tran-
scription (STAT), c-fos, and alterations in activator protein-1
(AP-1) composition are important (15). MMP gene expression
is certainly reliant on transcription factors such as erythroblas-
tosis 26 and nuclear factor-�B (NF�B) as well as AP-1 (16), and
we have previously demonstrated the importance of the phos-
phatidylinositol 3�-kinase (PI3K) pathway in this process (17).
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However, relatively little is still known about the signaling
mechanisms upstream of transcriptional activation, and in par-
ticular about points of cross-talk that occur during cytokine
synergy.
Protein kinase C (PKC) comprises a family of serine/threo-

nine protein kinases with key roles in fundamental cellular pro-
cesses such as cell survival and apoptosis, proliferation and
migration, as well as malignant transformation (18). The PKC
family is divided into groups according to their domain struc-
ture, which determines their requirement for allosteric activa-
tors. Conventional PKC (cPKC) isoforms, designated �, �I, �II,
and �, require Ca2� for activation, as well as diacylglycerol
(DAG) and the lipid phosphatidylserine. Novel PKC (nPKC)
isoforms (�, �,�, �) lack aCa2� binding domain, but still require
DAG and phosphatidylserine. Finally, atypical PKC (aPKC) iso-
forms (	, 
) lack the ability to bind DAG but still require a lipid
cofactor. PKC isozymes are subject to “priming” phosphoryla-
tion by phosphoinositide-dependent kinase-1, stabilizing them
and facilitating subsequent allosteric activation (18), such that
PKC is influenced by the PI3K pathway.
The PKC pathway is a major drug target for cancer therapy

(19, 20) because some isoforms are important in survival/pro-
apoptotic pathways. Altered PKC expression is observed in
many tumors, and there is a large body of evidence linking PKC
to invasion involving MMPs including MMP-9 (21, 22). PKC
activity, in particular that of nPKC�, is of great interest with
regard to T cell activation and consequently inflammatory dis-
eases such as asthma, inflammatory bowel disease, andmultiple
sclerosis (23). PKC inhibitors are being trialled (24) as drugs for
psoriasis and lymphoma (25–28).
Some associations between PKC and arthritis have been

described. The �, �, �, and � isoforms of PKC are all activated in
Lyme disease (29). PKC activity is necessary for neutrophil acti-
vation in gouty arthritis (30), and linked toOA for over a decade
(31–33). However, only recently has isoform-specific informa-
tion, essential for informing future therapeutic design, begun to
emerge. aPKC	 appears to regulate bothNF�B and Janus kinase
(JAK)/STATpathways in inflammation (34). aPKC	 is reported
to be required for NF�B activation in chondrocytes, is up-reg-
ulated in OA (35), and its inhibition reduces aggrecanase-1
expression (36). nPKC� has been implicated in cross-talk with
mitogen-activated protein kinases (MAPKs) for MMP13
expression (37). In other systems, PKC enhances extracellular
signal-regulated kinase (ERK) signaling via phosphorylation of
the Raf kinase inhibitor protein (RKIP) (38, 39). nPKC� stimu-
lates transcriptional activity of STAT1, another target for can-
cer therapy (40) via Ser-727 phosphorylation (41). Therefore,
PKC can influence multiple signaling pathways that are impor-
tant in disease processes involving dysregulated MMP expres-
sion. However, little is still known regarding the role of specific
PKC isoforms in collagenase gene expression during cartilage
ECM destruction in rheumatoid arthritis or OA.
In this study we assess the role of PKC activity in cartilage

degradation stimulated by IL-1�OSM, and investigate the role
of individual PKC isoforms in collagenase expression in human
chondrocytes.We show that aPKC isoforms play amajor role in
this process, via STAT3 and ERK activation, and subsequent
expression of c-fos.

EXPERIMENTAL PROCEDURES

Materials—All chemicals were obtained from Sigma unless
otherwise stated and of the highest purity available. All cyto-
kines were recombinant human. IL-1�was a generous gift from
Dr. Keith Ray (GlaxoSmithKline, Stevenage, UK). OSM was
prepared in-house using expression vectors kindly provided by
Prof. J. Heath (University of Birmingham, UK) and methods
described in Ref. 42. Gö6976, Gö6983, and calphostin C were
from Merck Chemicals (Nottingham, UK). Kinase inhibitors
and small interfering RNA (siRNA) reagents were screened for
toxicity using the Toxilight assay of adenylate kinase release
(Lonza, Wokingham, UK), and always used at concentrations
that did not affect cell viability over the assay period. Expression
vectors for c-fos (43) and c-jun were derived from pCMV2 and
were generously provided by Dr. I. Verma (Salk Institute for
Biological Studies, San Diego, CA) and Prof. Paul Dobner (Uni-
versity of Massachusetts Medical School, Worcester, MA),
respectively.
Chondrocytes—Human chondrocytes were obtained by

enzymatic digestion of macroscopically normal articular carti-
lage fromOA patients undergoing joint replacement surgery as
described (44). All subjects gave informed consent and the
study was approved by theNewcastle andNorth Tyneside Joint
Ethics Committee. Bovine cartilage was dissected from nasal
septi obtained from a local abattoir as described (45). T/C28a4
immortalized human chondrocytes (46) were used in some
experiments as indicated. Chondrocytes were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum, 100 IU penicillin, 100 �g/ml of streptomy-
cin, 40 units/ml of nystatin.
Cartilage Degradation Assay—Bovine nasal septum cartilage

discs were incubated in serum-free medium for 14 days in the
presence of IL-1�OSM (� inhibitors), changingmedium after
7 days as previously described (45). The cartilage remaining at
day 14 was digested with papain (45). Lack of toxicity for treat-
ments including inhibitors was confirmed by the Toxilight
assay.
Collagen, Collagenase, and Gelatinase Assays—Hydroxypro-

line measurements (47) were used as an estimate of cartilage
collagen, and the cumulative release was calculated and
expressed as a percentage of the total for each well (48). Collag-
enolytic activity present in the culture medium from cartilage
explants was determined using a diffuse fibril assay with
3H-acetylated collagen (49). One unit of collagenase activity
degrades 1�g of collagen permin at 37 °C. Gelatin zymography
was performed as described previously (50).
Cell Fractionation and Immunoblotting—Chondrocyte

lysates were prepared as described previously (17). In some
experiments chondrocytes were subjected to subcellular frac-
tionation using the NE-PER Nuclear and Cytoplasmic Protein
Extraction Kit or Subcellular Protein Fractionation Kit (both
from ThermoFisher Scientific, Loughborough, UK). Lysates or
fractions were resolved by SDS-PAGE, transferred to polyvi-
nylidene difluoride membranes, and subsequently probed
using the following antibodies: PKC	, PKC
, PKC	/
*T410/403,
ERK1/2, ERK1/2*T202/Y204, phospho(Ser)-PKC substrate,
STAT1, STAT1*Y701, STAT3, STAT3*Y705, STAT3*S727,
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PKD*S916, lamin A/C, caveolin-1, and Histone H3 were from
Cell Signaling Technology (Danvers, MA); RKIP*S153, �-tubu-
lin, PKC�, and PKC�*T507 were from Epitomics (Insight Bio-
technology Ltd., Middlesex, UK); Fos and Jun were from Santa
Cruz Biotechnology (Santa Cruz, CA); MARCKS and
MARCKS*S158 were fromGenScript USA Inc. (Piscataway, NJ),
PKC�*T655 was fromMillipore (Watford, UK).
Immunoassays—Primary human articular chondrocytes

were stimulated with IL-1 � OSM (� inhibitors preincubated
with the cells for 1 h) for 24 h in serum-free conditions (9). The
mediumwas removed and assayed by specific immunoassay for
MMP-1 (51) andMMP-13 (52). TheMMPassays detected both
the pro- and active forms.
siRNA-mediated Gene Silencing—Primary human chondro-

cytes were prepared and cultured as above, and transfected as
described previously (17). As an initial screen formodulation of
MMPexpression, siRNA reagents (3 duplexes per gene, pooled)
from the MISSIONTM siRNA Human Kinase Panel (Sigma)
were used. Dharmacon ON-TARGET plusTM SMARTpools�
(ThermoFisher Scientific) of 4 specific siRNAduplexes (total of
100 nM siRNA) were used for follow-up studies where appro-
priate. Supplemental Table S1 details the target or siRNA
sequences used. After transfection, cells were serum-starved
for 24 h then stimulated for 45 min to measure c-fos and c-jun,
or 24 h for MMP mRNAs. Depletion of gene-specific mRNA
levels was calculated by comparison of expression levels with
cells transfected with 100 nM siCONTROL (non-targeting
siRNA 2, catalog number 001210-02; Dharmacon).
Real Time PCR of Relative mRNA Levels—RNA was stabi-

lized in cell lysates in a 96-well format, cDNA synthesized and
real time PCR assays were conducted using conditions
described previously (17). Primer and probe sequences used are
detailed in supplemental Table S2.
Transient Transfection and Reporter Gene Assay—The

methods for transient transfection of T/C28a4 chondrocytes
were modified from those described previously (53, 54) as
detailed in Ref. 15. Transfected cells were stimulated overnight
prior to determination of luciferase activity (Promega) using a
1450 Microbeta TriLux counter (Wallac, PerkinElmer, Milan,
Italy). Luminescence values were normalized to the amount of
plasmid per well, as determined by the Hirt assay (55). In co-
transfection experiments, equal amounts of plasmid were used
with the appropriate control vector.
Statistical Analyses—Statistical differences between sample

groups were assessed using one-way analysis of variance with a
post hoc Bonferroni’s multiple comparison test or Student’s
two-tailed unpaired t test (1 sample t test for immunoblot quan-
tification), where ***, p � 0.001; **, p � 0.01; *, p � 0.05. For
clarity, only selected comparisons are presented in some
figures.

RESULTS

Inhibition of PKC Activity Ameliorates IL-1 � OSM-stimu-
lated Cartilage Degradation, Collagenase Activity, andGelatin-
aseActivity—Because PKChas previously been reported to play
a role in MMP expression in chondrocytes, we sought to assess
whether this was the case for bovine cartilage stimulated using
the potent synergistic cytokine combination, IL-1 � OSM.

Many kinase inhibitors, including PKC inhibitors, have been
shown to lack specificity (56). For this reason, we used inhibi-
tors with relatively few reported selectivity issues, and with dis-
tinct mechanisms. Gö6976 and Gö6983 are related ATP-com-
petitive indolylmaleimides. Calphostin C (Cal C) was also used,
which acts via aDAG-competitivemechanism (57).However, it
cannot be excluded that Cal Cmay act to inhibit DAG effectors
other than PKC.
Fig. 1A shows that Gö6976 (10�M), Gö6983 (20�M), and Cal

C (2�M) all significantly inhibited IL-1�OSM-stimulated col-
lagen release from bovine cartilage. Furthermore, the levels of
collagenase activity assayed in medium from these cultures
were markedly inhibited (Fig. 1A). The much greater effect of
PKC inhibition against collagenase activity compared with col-
lagen release reflects our previous findings that residual colla-
genase activity exceeding 1 unit/ml is sufficient to catalyze effi-
cient cartilage collagenolysis (58).
We next used gelatin zymography to examine the effect of

PKC inhibition on gelatinase activity, which may be viewed as
the subsequent step to collagenase activity in the breakdown of
cartilage collagen. Fig. 1B shows that PKC inhibition results in
marked reduction of IL-1 � OSM-stimulated gelatinase activ-
ity in cartilage-conditioned medium, particularly that of the
inducible gelatinase, MMP-9.

FIGURE 1. PKC inhibition ameliorates IL-1 � OSM-stimulated cartilage
degradation. Bovine nasal cartilage explant cultures were stimulated with
IL-1 (1 ng/ml) and OSM (10 ng/ml) for 14 days, with fresh medium and cyto-
kines at day 7, in the presence of dimethyl sulfoxide (DMSO) vehicle control or
PKC inhibitors Gö6976 (10 �M), Gö6983 (20 �M), or calphostin C (2 �M).
Medium was assayed for (A) collagen release and collagenase activity, or
(B) gelatinase activity. Cumulative collagen released by day 14 was expressed
as a percentage of the total for each treatment, and active collagenolytic
activity in the day 14 culture supernatants was determined by bioassay
(mean � S.E.; ***, p � 0.001; **, p � 0.01; *, p � 0.05 compared with IL-1�OSM
control). Data were pooled from 3 chondrocyte populations, each conducted
in quadruplicate (A), or representative of two separate experiments (B).

Atypical PKC and Cartilage ECM Collagenolysis

22416 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 29 • JULY 16, 2010

http://www.jbc.org/cgi/content/full/M110.120121/DC1
http://www.jbc.org/cgi/content/full/M110.120121/DC1


Effect of PKCActivity on IL-1�OSM-dependent Collagenase
Expression in Human Articular Chondrocytes—We next deter-
mined whether our findings could be extrapolated to human
chondrocytes. First, we confirmed that the classical PKC acti-
vator phorbol 12-myristate 13-acetatemarkedly enhanced both
basal and IL-1 � OSM-stimulated expression of both MMP1
andMMP13 genes in human chondrocytes (Fig. 2A). Preincu-
bation of cells with each of the PKC inhibitors abrogated IL-1�
OSM-stimulated expression of both MMP1 and MMP13 in a
concentration-dependent manner (Fig. 2B). Collagenase gene
expression in response to a stimulus of IL-1 alone was similarly
sensitive to the presence of PKC inhibitors (data not shown).
The less selective compounds bisindolyl maleimide I, Ro31-
8220, and chelerythrine had similar effects (not shown). The
DAGkinase inhibitor, R59-022, had no effect on cytokine-stim-
ulated expression of eitherMMP1 orMMP13 (data not shown),
excluding a role for this major class of alternative, non-PKC
DAG effectors.
We then assessed whether the observed abrogation of colla-

genase gene induction by PKC inhibition in human chondro-
cytes was reflected in the amount of collagenase secreted into
the culture medium by the cells. Measurement of MMP-1 and
MMP-13 by enzyme-linked immunosorbent assay confirmed
that PKC inhibition caused amarked reduction in IL-1�OSM-
stimulated collagenase production and secretion from chon-
drocytes (Fig. 2C).
IL-1 � OSM Enhances PKC Priming and Substrate

Phosphorylation—To assess whether PKC was actively stimu-
lated by IL-1�OSM, we next examined if stimulation of chon-
drocytes with these proinflammatory cytokines could enhance
priming phosphorylation of PKC isoforms, which allows acti-
vation by allosteric factors and prevents ubiquitin-mediated
degradation (59). nPKC� and aPKC isoforms were analyzed
because these have previously been investigated in relation to
MMP expression (35–37). Fig. 3A shows that stimulation of
chondrocytes with either IL-1 or OSM produced an increase in
phosphorylation of PKC� at Ser-507, and on atypical PKC iso-
forms (not distinguished) on residues Thr-410 (	) and�403 (
),
suggesting that both cytokines may play a role in PKC
regulation.
An alternative assessment of PKC activity is to examine

phosphorylation of known PKC substrates. IL-1 in particular,
and to a lesser extent OSM, increased protein kinase D (PKD)
phosphorylation on Ser-916 (Fig. 3A). We also utilized an anti-
body that recognizes PKC-specific substrate motifs only con-
taining phosphoserine. Multiple protein bands were enhanced
following IL-1 � OSM stimulation of human chondrocytes,
and were reduced in intensity in lysates from Gö6976-treated
cells (Fig. 3B). Similarly, phosphorylation of myristoylated ala-
nine-rich protein kinase C substrate (MARCKS), a commonly
used surrogatemarker of PKC activity, was enhanced by IL-1�
OSM in a Gö6976-sensitive manner (Fig. 3B, upper arrowed
band).We also investigated the subcellular distribution of PKC
isoforms, and observed enrichment of PKC
 in the membrane
fraction, and modest enrichment of each PKC isoform in the
cytosol in most but not all cultures after IL-1 � OSM stimula-
tion (Fig. 3C).

Effect of PKC Isoform Gene Silencing on IL-1- and IL-1 �
OSM-stimulated Collagenase Induction—The data presented
suggest strongly that IL-1 � OSM-stimulated collagenase

FIGURE 2. Modulation of PKC activity regulates collagenase expression in
human chondrocytes. A, primary human articular chondrocytes were stim-
ulated with IL-1 (0.02 ng/ml) � OSM (10 ng/ml) for 24 h � 1 h preincubation
with phorbol 12-myristate 13-acetate (100 nM). Cell lysates were subjected to
reverse transcriptase-PCR (“Experimental Procedures”) and relative expres-
sion levels of MMP1 and MMP13 mRNA, normalized to the 18 S rRNA house-
keeping gene, were determined. B, chondrocytes were preincubated (1 h)
with concentrations of PKC inhibitors indicated prior to stimulation with IL-1
(0.02 ng/ml) � OSM (10 ng/ml) for 24 h and determination of MMP1 and
MMP13 relative expression levels. C, chondrocytes were stimulated with IL-1
(0.02 ng/ml) � OSM (10 ng/ml) for 24 h � preincubation with PKC inhibitors at
the concentrations indicated. Culture medium was assessed for MMP-1 and
MMP-13 using specific immunoassays. Data (mean � S.E.; ***, p � 0.001;
**, p � 0.01; *, p � 0.05) were compared with dimethyl sulfoxide (DMSO)
vehicle control (A), or control stimulated values (B and C). Data were
pooled from three separate chondrocyte populations, each conducted in
hextuplicate.
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expression is dependent on PKC activity. However, there are no
reliable isoform-specific PKC inhibitors widely available (e.g.
use of rottlerin as a PKC�-specific inhibitor is now regarded as
highly questionable (60)). To elucidate a role for specific PKC
isoforms in collagenase gene expression, we used siRNAs to
systematically assess all PKC isoforms for their ability to con-
tribute to IL-1 � OSM-dependent gene expression. In the first
instance we utilized siRNA pools from theMISSIONTM siRNA

HumanKinase Panel and, based on these preliminary data, four
PKC isoforms (�, �, 	, 
) were selected for further study. siRNA
specific to other isoforms had no significant effect on collagen-
ase expression (not shown).
Fig. 4A (inset) illustrates immunoblots to confirm siRNA for

each PKC isoform was effective in reducing the abundance of
the appropriate kinase in cell lysates, although the protein
depletion achieved was incomplete. In addition, we confirmed
each reagent effectively and specifically (compared with levels
of other PKC isoform mRNA) silenced only the target PKC
gene (not shown). After gene silencing, cell cultures were stim-
ulated with IL-1, either alone or in combination with OSM. For
IL-1 alone, MMP1 induction was significantly enhanced by
silencing of nPKC�, inhibited by silencing of aPKC
, whereas
nPKC� and aPKC	 had no effect. In contrast, MMP13 induc-
tion was significantly inhibited by nPKC�, nPKC�, aPKC	, and
aPKC
, with the aPKC isoformshaving amore potent inhibitory
effect (Fig. 4A). In contrast, when the combined stimulus
(IL-1 � OSM) was used to synergistically induce collagenase
expression, a different pattern emerged. In this case, silencing
of neither nPKC isoform resulted in any significant effect.How-
ever, aPKC
 silencing significantly decreasedMMP1 induction,
whereas silencing of either aPKC	 or aPKC
 reduced MMP13
induction (Fig. 4B).
We then further characterized the PKC subclass dependence

of IL-1 � OSM-stimulated collagenase induction by silencing
both nPKC isoforms and both aPKC isoforms in combination
(Fig. 4C). Silencing of both nPKC� and nPKC� together still
had no effect on induction of either MMP1 or MMP13 by
IL-1 � OSM, whereas combination silencing of both aPKC	
and aPKC
 appeared to have an increased inhibitory effect on
collagenase expression compared with silencing either aPKC
alone (Fig. 4C). Silencing of both aPKC isoforms did not signif-
icantly affect synergistic induction of MMP10 (stromelysin-2)
by IL-1�OSM (13) (Fig. 4C, inset), indicating that aPKC activ-
ity is not a pre-requisite for MMP expression.
Effect of aPKC Isoform Knockdown on IL-1 � OSM-stimu-

lated Signaling Events—We next sought to elucidate the mech-
anism(s) bywhich loss of aPKC	 or aPKC
 functionmight abro-
gate collagenase gene induction in chondrocytes. After
transfection with the appropriate siRNA, we prepared cell
lysates to examine IL-1 � OSM-stimulated ERK and STAT3
phosphorylation because these activities have been associated
with both PKC activity (34, 37) and MMP gene regulation (15,
37).We found that silencing of either aPKC	 or aPKC
 resulted
in diminution of ERK1/2 phosphorylation. Silencing of expres-
sion of either aPKC also resulted in loss of STAT3 phosphory-
lation on both tyrosine and serine regulatory sites (Fig. 5A).
STAT1 phosphorylation was also abrogated by aPKC silencing
(not shown). Activation of the NF�B pathway was analyzed by
I�B� degradation, because this is associated with PKC activity
andMMP expression (36), but was not inhibited by silencing of
either aPKC (data not shown).
Because serine phosphorylation of STATs has been associ-

ated with PKC (41, 61), but also ERK activity (62), we assessed
whether STAT3 phosphorylation might be dependent on ERK
via PKC activity. This could occur via phosphorylation of RKIP
by aPKC, therefore impinging on ERK activity at the MAPK

FIGURE 3. IL-1 � OSM stimulation enhances PKC priming and substrate
phosphorylation. A and B, primary human articular chondrocytes were stim-
ulated with IL-1 (0.2 ng/ml) or OSM (10 ng/ml) for the times indicated (A) or
with IL-1 � OSM for 20 min � preincubation with Gö6976 (B). Cell lysates were
prepared and subjected to SDS-PAGE and immunoblotting (“Experimental
Procedures”) using the antibodies indicated. Ser(P)-158 MARCKS is illustrated
by the upper arrowed band. C, chondrocytes were stimulated with IL-1 (0.2
ng/ml) or OSM (10 ng/ml) for 20 min, harvested, and subjected to subcellular
fractionation (“Experimental Procedures”). Fractions were resolved by SDS-
PAGE and analyzed by immunoblotting using the antibodies indicated.
Immunoblots shown are representative of three separate experiments each
using chondrocyte cultures from different donors. Bas, basal; cyt, cytoplasm;
mem, membrane; nuc, nucleus.
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kinase kinase level (39). Indeed, phosphorylation of RKIP on
Ser-153 was increased by IL-1 � OSM stimulation of chondro-
cytes. When either aPKC gene was silenced, however, no stim-

ulation was observed, suggesting that this may be the mecha-
nism by which aPKC enhanced ERK activation (Fig. 5A),
despite elevated basal phosphorylation of RKIP. We next
assessed IL-1�OSM-dependent STAT3phosphorylation after
incubation of cells with the MAPK kinase (MEK) inhibitors
U0126 and PD98059. Inhibition of the MEK-ERK pathway

FIGURE 4. PKC isoform silencing regulates collagenase expression in
human chondrocytes. A and B, following transfection with siRNA specific to
PKC isoforms nPKC�, nPKC�, aPKC	, aPKC
, or non-targeting siControl (100
nM), chondrocytes were stimulated with (A) IL-1 (0.02 ng/ml) or (B) IL-1 and
OSM (10 ng/ml) for 24 h. Cells were lysed and real time reverse transcription-
PCR was performed for MMP1 and MMP13, 72 h after transfection. Protein
depletion of individual, specific PKC isoforms was confirmed by SDS-PAGE
and immunoblotting (A, inset). In some experiments (C), chondrocytes were
transfected with siRNA combined (100 nM total) targeting either nPKC (���) or
aPKC (	�
) isoforms, prior to stimulation with IL-1 � OSM, and expression of
MMP10 mRNA was measured (inset, open bars, basal; striped bars, stimulated) as
well as MMP1 and MMP13. Data are pooled from at least three separate chondro-
cyte populations (each assayed in hextuplicate) presented as a percentage of the
cytokine-induced expression (specific siPKC transfected versus siCon-trans-
fected; mean � S.E.; ***, p � 0.001; **, p � 0.01; *, p � 0.05).

FIGURE 5. Atypical PKC gene silencing curtails IL-1 � OSM-stimulated
STAT3 and ERK phosphorylation. A, primary human articular chondrocytes
were transfected with siRNA (100 nM) specific to aPKC	, aPKC
, or siCon non-
targeting control, prior to stimulation with IL-1 (0.2 ng/ml) and OSM (10
ng/ml) for 20 min. Cells were lysed and proteins resolved by SDS-PAGE.
Immunoblots were probed using the antibodies indicated. Blots shown are
representative of three to six experiments using chondrocytes from different
donors, and histograms show quantification of bands normalized to �-tubu-
lin levels presented as a percentage of the cytokine-induced expression
(siCon-transfected) (mean � S.E.; ***, p � 0.001, **, p � 0.01; *, p � 0.05).
Comparisons shown are stimulated (siCon versus siPKC) or siCon-stimulated
versus all conditions for RKIP*S153. B, chondrocytes were incubated with MEK
inhibitors UO126 or PD98059 (both 10 �M), or DMSO vehicle for 1 h prior to
stimulation with IL-1 (0.02 ng/ml) and OSM (10 ng/ml). Cell lysates were pre-
pared and proteins resolved by SDS-PAGE, and immunoblots were probed
using the indicated antibodies. Blots shown are representative of three exper-
iments using chondrocytes from different donors.
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resulted not in decreased but rather in increased STAT3 phos-
phorylation on Ser-727 (Fig. 5B), suggesting that aPKC-depen-
dent serine phosphorylation of STAT3 was not mediated by
ERK1/2. PKC inhibition using the inhibitor Gö6976, as
expected, strongly inhibited STAT3 phosphorylation (not
shown).
Effect of STATGene Silencing andERKPathway Inhibition on

Collagenase Gene Expression and Cartilage Degradation—To
ascertain whether the effects of aPKC depletion on STAT and
ERK activation could explain their inhibition of IL-1 � OSM-
stimulated collagenase gene expression, we silenced STAT1
and STAT3 genes in human chondrocytes before measuring
cytokine-stimulated MMP1 and MMP13 levels. Fig. 6A shows
that specific siRNA reagents were effective in selectively reduc-
ing the abundance of each STAT and consequently their OSM-
dependent tyrosine phosphorylation. Fig. 6B illustrates that the
consequence of STAT3 depletion was a marked impairment of
IL-1 � OSM-stimulated MMP1 and MMP13, whereas STAT1
silencing had no significant effect. Use of the MEK inhibitor
UO126 to prevent ERK activation resulted in reduced IL-1 �
OSM-stimulated cartilage degradation (Fig. 6C; similar data
were observed using the alternative MEK inhibitor PD98059,
not shown), which was reflected in the ability of UO126 to
inhibit IL-1 � OSM-stimulated expression ofMMP13, but not
MMP1, in human chondrocytes (Fig. 6D).

Effect of aPKC Isoform Knockdown on IL-1 � OSM-stimu-
lated AP-1 Transcription Factors—It has been reported widely
that transcription factors of the AP-1 family are important for
MMP gene regulation (63) and both ERK, through activation of
the Elk-1 transcription factor (64), and STAT (65) activity have
been shown to be important in c-fos gene expression. There-
fore, we sought to determine the role of aPKCactivity on IL-1�
OSM-stimulated c-fos expression and its canonical AP-1 part-
ner c-jun in human chondrocytes. Silencing of either aPKC	 or
aPKC
 resulted in a substantial decrease in expression of c-fos in
response to IL-1 � OSM at both the mRNA (Fig. 7A) and pro-
tein (Fig. 7B) levels. IL-1�OSMonlymarginally induced c-jun
mRNA expression in human chondrocytes (not shown), and
neither basal nor cytokine-induced Jun abundance in chondro-
cyte nuclei was significantly affected by aPKC silencing (Fig.
7B). Therefore, we focused on the regulation of c-fos expression
in further experiments.
STAT3 Depletion and MEK-ERK Pathway Inhibition Cur-

tails IL-1�OSM-dependent c-fos Expression—We next sought
to determine whether STAT3 and ERK activation, conse-
quences of IL-1 � OSM-dependent aPKC activity, were neces-
sary for c-fos expression in human chondrocytes. We have pre-
viously proposed a novelmechanismwhereby STAT3 regulates
c-fos expression in human chondrocytes by binding to the sis-
inducible element of the c-fos promoter (15). Fig. 8A shows that
siRNA-mediated depletion of STAT3, but not STAT1, resulted

FIGURE 6. STAT3 gene silencing and ERK pathway inhibition abrogate
collagenase induction. A, primary human articular chondrocytes were trans-
fected with siRNA (100 nM) specific to STAT1, STAT3, or siCon non-targeting
control, prior to stimulation with OSM (10 ng/ml) for 20 min. Cells were lysed
and proteins resolved by SDS-PAGE. Immunoblots were probed using the
antibodies indicated. B, chondrocytes were transfected as above, but subse-
quently stimulated with IL-1 (0.02 ng/ml) and OSM (10 ng/ml) for 24 h. Real
time reverse transcription-PCR from the isolated RNA was performed for
MMP1 and MMP13, 72 h after transfection. C, bovine cartilage explant cultures
were stimulated with IL-1 (1 ng/ml) and OSM (10 ng/ml) for 14 days, with fresh
medium and cytokines at day 7, in the presence of DMSO vehicle control or
MEK inhibitor UO126 (10 �M). Medium assayed for cumulative collagen
release by day 14 were expressed as a percentage of the total for each treat-
ment. D, chondrocytes were incubated with UO126 (3 �M) or DMSO vehicle
for 1 h prior to stimulation with IL-1 (0.02 ng/ml) and OSM (10 ng/ml) for 24 h.
Real time reverse transcription-PCR of the isolated RNA was performed for
MMP1 and MMP13. Data are representative of (A) or pooled from (B-D) three
separate chondrocyte populations (each assayed in at least quadruplicate)
compared with stimulated control (mean � S.E.; ***, p � 0.001).

FIGURE 7. Atypical PKC gene silencing inhibits IL-1 � OSM-stimulated
c-fos expression. A, following transfection with siRNA specific to aPKC	,
aPKC
, or non-targeting siControl (100 nM), chondrocytes were stimulated
with IL-1 (0.02 ng/ml) and OSM (10 ng/ml) for 45 min. Real time reverse tran-
scription-PCR of the isolated RNA was performed for c-fos. Data were pooled
from two separate chondrocyte populations (each assayed in hextuplicate)
presented as a percentage of the cytokine-induced expression (specific siPKC
transfected versus siCon-transfected; mean � S.E.; ***, p � 0.001). B, human
chondrocytes were transfected with siRNA (100 nM) specific to aPKC	, aPKC
,
or siCon non-targeting control, prior to stimulation with IL-1 (0.2 ng/ml) and
OSM (10 ng/ml) for 3 h. Nuclear extracts were isolated and proteins resolved
by SDS-PAGE. Immunoblots were probed using the antibodies indicated.
Blots shown are representative of three experiments using chondrocytes
from different donors.
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in amarked loss of nuclear Fos protein, whereas Jun abundance
was unaffected. MEK-ERK signaling was inhibited by UO126
and PD98059, and these interventions resulted in total loss of
IL-1�OSM-dependent Fos expression (Fig. 8B). The data sug-
gest that both STAT3 andERK signaling are required for IL-1�
OSM-dependent expression of c-fos in human chondrocytes.
Effect of AP-1 Factor Expression Levels on MMP Gene

Expression—We sought to confirm whether levels of Fos (sub-
ject to regulation by aPKC via STAT3 and ERK) and Jun could
influence collagenase expression in human chondrocytes. Loss
of nuclear Fos and Jun after gene silencing was confirmed by
immunoblotting of IL-1 � OSM-stimulated nuclear proteins
(Fig. 9A). Silencing of c-fos and consequent abrogation of Fos
expression resulted in loss of IL-1 � OSM-stimulated MMP1
gene induction (Fig. 9B), complementary to our previous find-
ings where c-fos overexpression enhanced IL-1�OSM-depen-
dentMMP1 promoter activity (15). Furthermore, we showhere

that c-fos silencing also curtailed MMP13 mRNA induction.
Silencing of c-jun gene expression and consequent loss of Jun
protein also inhibited induction of bothMMP1 andMMP13 by
IL-1 � OSM (Fig. 9C). We co-transfected T/C28a4 human
chondrocytes with pCMV2 plasmid constructs for overexpres-
sion of c-fos, c-jun, or both c-fos and c-jun, together with a
pGL3-derived construct harboring the proximal (�517/�63)
region of the humanMMP1 promoter controlling expression of
a luciferase reporter gene (15). MMP1 promoter activity was
greatly increased when both c-fos and c-jun were overex-
pressed, but not by overexpression of either alone, in the
absence of any cytokine stimulus (Fig. 9D).

DISCUSSION

IL-1�OSM is themost potent cytokine stimulus reported to
effect cartilage ECM degradation (48). We have now shown
that PKC activity is a key regulator of IL-1 � OSM-dependent
cartilage destruction and collagenase induction in human
chondrocytes. The PKC inhibitor Gö6983 was rather more
potent in inhibiting MMP levels (Fig. 2C) than collagenase
activity, probably due to the additional requirement for pro-
MMP activation, or impaired penetration of this compound
into cartilage. Rather than basal PKC activity being a permissive
requirement for IL-1�OSM-stimulatedMMP-1 andMMP-13

FIGURE 8. STAT3 gene silencing and ERK pathway inhibition curtail Fos
expression. A, primary human articular chondrocytes were transfected with
siRNA (100 nM) specific to STAT1, STAT3, or siCON non-targeting control, prior
to stimulation with IL-1 (0.2 ng/ml) and OSM (10 ng/ml) for 3 h. Nuclear
extracts were isolated, and proteins were resolved by SDS-PAGE. Immunob-
lots were probed using the antibodies indicated. Blots shown are represent-
ative of four experiments using chondrocytes from different donors, and the
histogram shows quantification of bands normalized to lamin A/C levels pre-
sented as a percentage of the cytokine-induced expression (siCon-trans-
fected), mean � S.E.; *, p � 0.05). Comparisons shown are stimulated (siCon
versus siSTAT). B, chondrocytes were incubated with MEK inhibitors UO126 or
PD98059 (both 10 �M), or DMSO vehicle for 1 h prior to stimulation with IL-1
(0. 2 ng/ml) and OSM (10 ng/ml) for 3 h. Nuclear extracts were isolated, and
proteins were resolved by SDS-PAGE. Immunoblots were probed using the
antibodies indicated. Blots are representative of three experiments using
chondrocytes from different donors.

FIGURE 9. Collagenase expression and MMP1 promoter activity are
dependent upon canonical AP-1 components. A, primary human articular
chondrocytes were transfected with siRNA (100 nM) specific to c-fos, c-jun, or
siCon non-targeting control, prior to stimulation with IL-1 (0.2 ng/ml) and
OSM (10 ng/ml) for 3 h. Nuclear extracts were isolated, and proteins were
resolved by SDS-PAGE. Immunoblots were probed using the antibodies indi-
cated. Blots shown are representative of two experiments using chondro-
cytes from different donors. B and C, following transfection with siRNA spe-
cific to c-fos, c-jun, or siCon (100 nM), chondrocytes were stimulated with IL-1
(0.02 ng/ml) and OSM (10 ng/ml) for 24 h and real time reverse transcription-
PCR of the isolated RNA was performed for MMP1 and MMP13, 72 h after
transfection. Data are pooled from at least three separate chondrocyte pop-
ulations (each assayed in hextuplicate) presented as a percentage of the cyto-
kine-induced expression (specific siPKC transfected versus siCon-transfected;
mean � S.E.; ***, p � 0.001; **, p � 0.01; *, p � 0.05). D, T/C28a4 human
chondrocytes were transiently co-transfected with pCMV2 plasmid alone or
constructs for overexpression of c-fos, c-jun, or both c-fos and c-jun, together
with a pGL3-derived construct harboring the proximal (�517/�63) region of
the human MMP1 promoter controlling luciferase expression or empty vector
control. Luciferase activity was determined and data are representative of
two experiments conducted in quadruplicate; mean � S.E.; ***, p � 0.001
compared with pCMV alone.

Atypical PKC and Cartilage ECM Collagenolysis

JULY 16, 2010 • VOLUME 285 • NUMBER 29 JOURNAL OF BIOLOGICAL CHEMISTRY 22421



expression, these cytokines appear to increase PKC activity as
assessed by increases in PKC priming and substrate phosphor-
ylation. The presence of nuclear PKC suggests possible down-
stream transcriptional effects (66). The presence of aPKC
 at
the membrane suggests interactions with other membrane-
bound proteins, because aPKC isoforms cannot migrate to the
membrane via DAG binding, although they may bind other
lipid species such as phosphatidylinositol 3,4,5�-trisphosphate
or ceramide (59). Indeed, aPKC
 is well known to bind to the
cell polarity scaffold protein PAR6, and the disruption of this
interaction by anti-rheumatic gold compounds such as auro-
thiomalate has been proposed as a potential mechanism of
action for these agents (67).
The use of pharmacological PKC inhibitors yields little useful

information regarding the role of specific isoforms. Gö6976
acts with greater potency against cPKC isoforms, but is equally
selective for PKD and is an effective inhibitor of n- and aPKC at
higher concentrations (68). Rottlerin has been used widely in
the past as a PKC�-specific inhibitor, but in recent years has
been shown to havemarked off-target effects including the col-
lapse of cellularATP levels (60).Our gene silencing studies have
shown that only aPKC isoforms are required for IL-1 � OSM-
stimulated collagenase induction, unlike the situation for the
IL-1 only stimulus, where nPKC isoforms contributed also.
This suggests that when the combined IL-1 � OSM stimulus
was used to induce collagenase expression, additional signaling
pathways activated byOSMdiminish the contribution of nPKC
activity to MMP expression compared with a simple IL-1 stim-
ulus. This has implications for the adoption of PKC isoforms as
therapeutic targets for inhibiting MMP expression. Pathologi-
cal inflammatorymilieus in vivowill invariably comprise a com-
plex array of cytokines, rather than a single stimulus. Therefore,
it is likely to be more instructive to assess the contribution of
particular signaling moieties to more complex stimuli.
Because we have identified aPKC as key in IL-1 � OSM-

stimulated collagenase induction, it is curious that Cal C, a
DAG-competitive inhibitor, was as effective as the bismaleim-
ide compounds in inhibiting this process. Cal C would also
target other DAG effectors including the PKC substrate PKD.
Because PKD has itself very recently been implicated in MMP
gene regulation for the first time (69), it is plausible that inhibi-
tion of PKD could explain the effects of Cal C on collagenase
expression. Conversely, it is notable that Gö6983 was relatively
ineffective at inhibiting MMP-2 activity compared with
MMP-9 (Fig. 1B). This could possibly indicate a requirement
for PKD activity for MMP-2 expression.
This is, to our knowledge, the first report of a role for aPKC


in collagenase gene expression. A role for aPKC
 signaling in
MMP-10 expression has been noted in lung cancer cells (70),
although our data indicate that this relationship does not exist
in chondrocytes. The role of aPKC	 in expression of aggre-
canase-1 in human chondrocytes has been examined previously
(36). In this report, however, aPKC
 was not considered, likely
because this group had previously reported aPKC
 to be present
in only very small quantities in OA chondrocytes compared
with aPKC	, thus unlikely to exert any significant effect (35). It
is possible that some experimental variable explains this appar-
ent discrepancy with the present work, for instance, our use of

macroscopically normal versus diseased tissue.We suggest that
the ratio of expression of each aPKC varies between subjects,
because gene silencing of either aPKC had variable conse-
quences for the level of PKC	/
*T410/403 (data not shown).We
have not attempted to accurately quantify levels of each aPKC
isoform, but we detected transcripts and protein for both
aPKC	 and aPKC
 quite readily, albeit using different reagents
compared with these other workers. This group reported no
“reproducible” effects onMMP-13 levels after aPKC	 silencing
(36), which infers that this may have been observed in some
experiments. These workers also reported a role for aPKC	 in
nitric-oxide synthase expression, and aPKC-mediated STAT
activation might provide a mechanism for this finding (71, 72).
Also of note is the effect of nPKC� silencing, in enhancing

MMP-1 expression, but inhibiting MMP-13 expression. Not
only does this confirm that differential regulatory mechanisms
exist in chondrocytes for these genes as previously reported (17,
73), but is consistent with the findings of a previous report
describing a positive role for nPKC� in basic fibroblast growth
factor-stimulated MMP-13 expression (37). MMP-1 expres-
sion was not considered in this report. In any case, our findings
indicate that nPKC� does not play a major role in collagenase
expression induced by a complex cytokine stimulus.
Our data show that both ERK and STAT activation are com-

promised when aPKC isoforms are down-regulated in chon-
drocytes. Atypical PKC activity has previously been associated
with regulation of both STAT (34) and ERK (74). We have pre-
viously shown STAT3-dependent stimulation of c-fos induc-
tion by IL-1 � OSM in human chondrocytes, and that overex-
pression of c-fos results in increased MMP1 promoter activity
(15). Here, we show that silencing of either aPKC	 or aPKC

inhibits c-fos induction, and that silencing of c-fos expression
inhibits cytokine-induced expression of both MMP1 and
MMP13 genes. Silencing of one aPKC gene did not affect
expression of the other, therefore the impact of each appears to
be independent, a view reinforced by their distinct subcellular
localizations. STAT3 silencing reproduced the effects of aPKC
silencing on c-fos and collagenase expression, suggesting that
aPKC-mediated STAT3 activity may explain the effects of
aPKC down-regulation. In this regard it is of interest to note
that, in metastatic melanoma, defective activation of PKC and
STAT3 are associated with OSM resistance (61).
Prevention of ERK activation usingMEK inhibitors inhibited

cartilage degradation and induction ofMMP13, but notMMP1,
fromhuman chondrocytes. Interestingly, induction of both col-
lagenase genes was inhibited by these agents in bovine chon-
drocytes (not shown). ERK pathway inhibition also inhibited
c-fos expression, and this effect was more pronounced than
seen after STAT3 gene silencing, probably due to the less abso-
lute depletion of activity using the lattermethod. It seems likely
that ERK activation via aPKC contributes to IL-1�OSM-stim-
ulated collagenase expression, but is not itself sufficient, requir-
ing STAT3 activation in addition.
The effect of aPKC in activating both STAT3 and ERK-de-

pendent induction of c-fosmay in part explain the mechanisms
of synergy between IL-1 and OSM in driving collagenase
expressionandECMdestruction.WehavealreadyshownOSM-
dependent signalingmechanisms such as JAK/STAT (15), PI3K
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(17), and ERK4 are able to enhance chondrocyte collagenase
induction in the presence of IL-1 signaling, which itself drives
MMP expression throughmechanisms such as ERK, JunN-ter-
minal kinase (JNK), and p38MAPKs and NF�B activation (75).
Also, whereaswe have found that onlyOSMstimulates Tyr-705
phosphorylation of STAT3, both IL-1 andOSMpromote phos-
phorylation of the Ser-727 site (not shown). Our data indicate
that both IL-1 and OSM may regulate aPKC activity, placing
these kinases in a key position tomediate cross-talk of signaling
networks initiated by inflammatory cytokine combinations that
include IL-1.We have also shown that in addition to IL-1, OSM
(and IL-6) synergize with TNF� and IL-17 to similarly promote
profound release of collagen from the cartilage ECM (6, 7), and
it is most likely that aPKC signaling also contributes to the
catabolism mediated by these cytokine combinations, making
aPKC signaling a key regulator in many inflammatory settings.
Atypical PKC activity has also been linked to NF�B activation
(36, 67). We did not find that I�B� degradation was inhibited
when aPKC isoforms were down-regulated, although this
observation alone is not sufficient to exclude a downstream role
for NF�B signaling.
The exact mechanism(s) by which aPKC isoforms mediate

collagenase induction are as yet unclear. Activation of PI3K

activity by OSM (17) would explain
increased priming phosphorylation
by phosphoinositide-dependent
kinase-1, which is particularly
important for activity of aPKC,
whereas phosphatidylinositol 3,4,5�-
trisphosphate generation might also
activate these isoforms directly (59).
TNF receptor-associated factor-6
interacts with p62/sequestosome 1,
providing a ready mechanism for
aPKC activation by IL-1 (76).
Because both aPKC	 and aPKC

appear to contribute to collagenase
induction by IL-1 alone, there may
be a functional overlap of aPKC iso-
forms, or alternatively one may act
downstream of the other. We have
not demonstrated direct substrate
relationships here, but there is prec-
edent for PKC phosphorylation of
downstream effectors including
STAT3 (77), and both Raf-1 (78)
and RKIP (79) upstream of ERK.
Furthermore, aPKC has been dem-
onstrated to activate MEK5 directly
(80), and MEK1 indirectly (74),
whereas the mechanism for STAT
tyrosine phosphorylation by aPKC
must be indirect, and indeed aPKC	
has been shown to phosphorylate
and activate Jak1 (81). Fig. 10 illus-
trates hypothetical mechanisms by

which the activation of aPKCby IL-1 andOSM in chondrocytes
may occur and lead to enhanced collagenase induction via c-fos
expression.
In conclusion, this study highlights a novel role for aPKC

signaling inmediating, at least in part, the pathological cartilage
ECM catabolism mediated by members of the IL-6-type cyto-
kine family when in combinationwith other key pro-inflamma-
tory cytokines (5–9, 14, 48). Therapeutic interventions targeted
at this pathway may provide a means of treatment for inflam-
matory joint diseases as well as other pathologies associated
with aPKC-dependent collagenase expression and ECM
catabolism.
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Atypical PKC and Cartilage ECM Collagenolysis

22424 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 29 • JULY 16, 2010



Oset-Gasque, M. J. (2009) J. Neurochem. 108, 1083–1096
73. Mengshol, J. A., Vincenti, M. P., Coon, C. I., Barchowsky, A., and Brinck-

erhoff, C. E. (2000) Arthritis Rheum. 43, 801–811
74. Regala, R. P., Weems, C., Jamieson, L., Copland, J. A., Thompson, E. A.,

and Fields, A. P. (2005) J. Biol. Chem. 280, 31109–31115
75. Vincenti,M. P., and Brinckerhoff, C. E. (2007) J. Cell Physiol. 213, 355–364
76. Sanz, L., Diaz-Meco,M. T., Nakano, H., andMoscat, J. (2000) EMBO J. 19,

1576–1586
77. Jain, N., Zhang, T., Kee, W. H., Li, W., and Cao, X. (1999) J. Biol. Chem.

274, 24392–24400
78. Kolch,W., Heidecker, G., Kochs, G., Hummel, R., Vahidi, H., Mischak, H.,
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