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The p38 mitogen-activated protein (MAP) kinase sig-
nal transduction pathway regulates the production of
interleukin-1 and tumor necrosis factor-�. p38 kinase
inhibitors are effective in animal models of arthritis
and are currently being developed in rheumatoid ar-
thritis (RA). However, little is known about the up-
stream kinases that control the activation of p38 in RA
synovium. In vitro studies previously identified the
MAP kinase kinases (MAPKKs) MKK3 and MKK6 as
the primary regulators of p38 phosphorylation and
activation. To investigate a potential role for MKK3
and MKK6 in RA, we evaluated their expression and
regulation in RA synovium and cultured fibroblast-
like synoviocytes (FLS). Immunohistochemistry dem-
onstrated that MKK3 and MKK6 are expressed in RA
and osteoarthritis (OA) synovium. Digital image anal-
ysis showed no significant differences between OA
and RA with regard to expression or distribution.
However, phosphorylated MKK3/6 expression was
significantly higher in RA synovium and was localized
to the sublining mononuclear cells and the intimal
lining. Actin-normalized Western blot analysis of sy-
novial tissue lysates confirmed the increased expres-
sion of phosphorylated MKK3/6 in RA. Western blot
analysis demonstrated constitutive expression of
MKK3 and MKK6 in RA and OA FLS. Phospho-MKK3
levels were low in medium-treated FLS, but were rap-
idly increased by interleukin-1 and tumor necrosis
factor-� , although phospho-MKK6 levels only mod-
estly increased. p38 co-immunoprecipitated with
MKK3 and MKK6 from cytokine-stimulated FLS and
the complex phosphorylated activating transcription
factor-2 in an in vitro kinase assay. These data are the
first documentation of MKK3 and MKK6 activation in
human inflammatory disease. By forming a complex
with p38 in synovial tissue and FLS, these kinases can
potentially be targeted to regulate the production of
proinflammatory cytokine production in inflamed sy-
novium. (Am J Pathol 2004, 164:177–184)

Mitogen-activated protein (MAP) kinases are a family of
serine/threonine kinases that mediate signal transduction
and orchestrate an appropriate cellular response to en-
vironmental stress. In mammalian cells, three principle
MAP kinase pathways have been identified, including
extracellular signal-regulated kinase (ERK), c-Jun N-ter-
minal kinase (JNK), and p38.1 Multiple MAP kinase path-
ways can be simultaneously activated and the relative
balance is determined by the parallel upstream kinase
cascades known as MAP kinase kinases (MAPKKs) and
MAP kinase kinase kinases (MAP3Ks).2

The p38 MAP kinase is of particular interest in inflam-
matory diseases such as rheumatoid arthritis (RA) be-
cause it regulates the production of pathogenic cytokines
such as interleukin (IL)-1 and tumor necrosis factor
(TNF)-�.3,4 p38 is expressed and activated in RA syno-
vium5 and blockade using selective inhibitors decreases
inflammation and bone destruction animal models of ar-
thritis.6 However, little is known about the upstream ki-
nases that can activate this pathway in joint tissues. Of
the MAPKKs, MKK3 and MKK6 are thought to be espe-
cially important regulators of p38 and represent potential
therapeutic targets to modulate cytokine production.7

MKK6 and MKK3 have significant homology at the amino
acid level, with 82% amino acid identity.8,9 However,
there is significantly less nucleotide sequence homology
at the DNA level, especially at the C- and N-terminal
regions. MKK6 and MKK3 also differ in tissue and cell
expression.10,11 Further diversity is provided by numer-
ous tissue-specific splice variants for MKK6.12,13

Both MKK3 and MKK6 are activated upon phosphor-
ylation of serine and threonine residues within subdomain
VIII by upstream MAPKK kinases (MAP3Ks).14 MKK3
selectively phosphorylates p38�, �, and � whereas MKK6
activates all four p38 isoforms (�, �, �, and �).15 This
suggests that substrate selectivity might contribute to the
distinct functional profiles of MKK activation. Additional
specificity results from selective activation of different
MKKs. For instance, MKK6 is the major activator of p38 in
cells exposed to osmotic stress16 and MKK3 is required
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for full activation of p38 MAPK in murine embryonic fibro-
blasts.17

To study the relative contribution of MKK3 and MKK6 in
RA, we investigated their expression and function in RA
synovial tissue and cultured fibroblast-like synoviocytes
(FLS). The data indicate that both MKK3 and MKK6 are
activated in RA synovium. However, MKK3 phosphoryla-
tion is greater than MKK6 activation in cultured FLS stim-
ulated by IL-1 or TNF-�. Both can form stable signaling
complexes with p38 that can phosphorylate downstream
substrates. This is the first demonstration of MKK3 and
MKK6 activation in human inflammatory disease and sug-
gests that MKK3 or MKK6 are potential therapeutic tar-
gets for RA.

Materials and Methods

Cells and Synovial Tissue

FLS were isolated from RA and osteoarthritis (OA) syno-
vial tissues obtained at joint replacement as previously
described.18 The diagnosis of RA conformed to the 1987
revised American College of Rheumatology (ACR) crite-
ria.19 Briefly, the tissues were minced and incubated with
1 mg/ml of collagenase in serum-free Dulbecco’s modi-
fied Eagle’s medium (DMEM) (Life Technologies, Grand
Island, NY) for 2 hours at 37°C, filtered through a nylon
mesh, extensively washed, and cultured in DMEM sup-
plemented with 10% fetal calf serum (FCS) (endotoxin
content �0.006 ng/ml; Life Technologies), penicillin,
streptomycin, gentamicin, and L-glutamine in a humidi-
fied 5% CO2 atmosphere. After overnight culture, nonad-
herent cells were removed and adherent cells were cul-
tivated in DMEM plus 10% FCS. At confluence, cells were
trypsinized, split at a 1:3 ratio, and recultured in medium.
Synoviocytes were used from passages three through
eight in which they comprised a homogeneous popula-
tion of FLSs (�1% CD11b, �1% phagocytic, and �1%
FcgRII receptor-positive).18 The synovial tissue was
snap-frozen and processed for Western blot and immu-
nohistochemistry.

Antibodies and Reagents

Affinity-purified rabbit polyclonal MKK3 antibodies, goat
polyclonal MKK6 antibodies, and secondary antibodies
were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Rabbit polyclonal phospho-MKK3/6 and phos-
pho-p38 MAPK antibodies and GST-activating transcrip-
tion factor (ATF)-2 were purchased from Cell Signaling
Technology, Inc. (Beverly, MA). Antibodies specific for
macrophages (anti-CD68, clone EMBII) and for T cells
(anti-CD3, clone UCHTI) were purchased from DAKO
(Glostrup, Denmark). Antibody for synovial fibroblasts
(anti-CD55, Ab-1) was purchased from Oncogene Re-
search Products (Boston, MA). CD55, which is a decay-
activating factor, can be expressed by other cells but has
been used routinely to distinguish FLS from macro-
phages in synovium.20 IL-1� and TNF-� was purchased
from R&D systems (Minneapolis, MN). The p38 inhibitor,

SB203580 was purchased from Promega (Madison, WI)
and the JNK inhibitor, SP600125, was provided by Cel-
gene, Inc. (San Diego, CA).

Western Blot Analysis

FLS were cultured in DMEM with 10% FCS in 100-mm
dishes. At 80% confluency, they were synchronized in
DMEM with 0.1% FCS for 48 hours. FLS were then stim-
ulated with IL-1 (2 ng/ml) or TNF-� (10 ng/ml) for up to 24
hours. Cells were then washed twice with phosphate-
buffered saline (PBS) and lysed using RIPA buffer [50
mmol/L HEPES, 150 mmol/L NaCl, 1% Triton X-100, 10%
glycerol, 1 mmol/L MgCl2, 1.5 mmol/L ethylenediami-
netetraacetic acid (pH 8.0), 20 mmol/L �-glycerophos-
phate, 50 mmol/L NaF, 1 mmol/L Na3VO4, 10 �g/ml apro-
tinin, 1 �mol/L pepstatin A, and 1 mmol/L phenylmethyl
sulfonyl fluoride]. For Western blot studies of synovium,
the frozen synovial tissue was pulverized and lysed in the
same manner. The protein concentrations in the extracts
were determined using the DC Protein assay kit (Bio-Rad,
Hercules, CA). Whole-cell lysates (50 �g) or tissue ly-
sates (200 �g) were fractionated on Tris-glycine-buffered
12% sodium dodecyl sulfate (SDS)-polyacrylamide gel
and transferred to polyvinylidene difluoride membranes
(Perkin-Elmer Life Sciences, Inc., Boston, MA). The mem-
branes were blocked with 5% nonfat milk powder for 1
hour at room temperature, followed by incubation with
antibody to MKK3, MKK6, phospho-MKK3/6, phospho-
MAPK p38, or actin at 4°C overnight. After washing with
TBS-T, the membrane was incubated with horseradish
peroxidase-conjugated secondary antibody for 1 hour at
room temperature. Immunoreactive protein was detected
with chemiluminescence and autoradiography (Eastman
Kodak Co., Rochester, NY).

Immunoprecipitation and Kinase Assays

To measure the activities of MKK3 and MKK6, FLS were
serum-starved (0.1% FCS) for 48 hours and then treated
with either low-serum medium or IL-1 for 15 minutes. The
cells were then washed three times with ice-cold PBS and
lysed in immunoprecipitation buffer (1% Triton X-100, 50
mmol/L HEPES, pH 7.4, 150 mmol/L NaCl, 1 mmol/L
ethylenediaminetetraacetic acid, 1 mmol/L sodium vana-
date, 10 �mol/L leupeptin, and 1.5 �mol/L pepstatin).
Lysates were clarified by centrifugation at 15,000 � g for
10 minutes. Protein concentration in the supernatant was
determined using the Bio-Rad protein assay reagent
(Bio-Rad Laboratories, Inc.). The supernatant was pre-
cleared with appropriate sera and with protein A- or
G-Sepharose (Oncogene Research Products) for 1 hour.
Clarified lysates of 500 �g of total protein were incubated
with 4 �g of anti-MKK6 or anti-MKK3 antibody for 4 hours,
followed by additional incubation with protein A- or G-
Sepharose overnight. The immunoprecipitates were
washed three times with immunoprecipitation buffer,
once with kinase buffer (50 mmol/L HEPES, pH 7.4, 10
mmol/L MgCl2, 0.2 mmol/L dithiothreitol, 1 mmol/L so-
dium vanadate, 10 �mol/L leupeptin, and 1.5 �mol/L
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pepstatin), and resuspended in 25 �l of kinase buffer
containing 5 �Ci of [�-32P] ATP, 100 �mol/L ATP, and 4
�g of glutathione S-transferase-ATF-2 (Cell Signaling
Technology, Inc., Beverly, MA) and incubated at 37°C for
30 minutes. In some experiments, kinase reactions in-
cluded p38 (SB203580, 3 �mol/L) or JNK (SP600125, 10
�mol/L) inhibitors. Reactions were stopped by addition of
SDS sample buffer (100 mmol/L Tris, pH 6.8, 2% SDS,
10% glycerol, 5% �-mercaptoethanol, 0.25% bromophe-
nol blue). After electrophoresis, the gel was subjected to
autoradiography. The density of target bands was ana-
lyzed using National Institutes of Health Image (version
1.61; National Institutes of Health, Bethesda, MD).

For Western blot analysis, the same protocol was used
for immunoprecipitation except that the pellets were
washed four times with washing buffer (50 mmol/L
HEPES, 150 mmol/L NaCl, 1.5 mmol/L MgCl2, 1 mmol/L
ethylenediaminetetraacetic acid, 1% Triton X-100, 10%
glycerol), incubated in 2� nonreducing Laemmli sample
buffer, and heated for 5 minutes at 95°C. The samples
were processed for SDS-polyacrylamide gel electro-
phoresis and Western blot analysis.

Immunohistochemistry

Immunohistochemistry was performed as previously de-
scribed.21 Cryosections (5 �m) of synovial tissue from RA
and OA patients were fixed with acetone or 4% formalin
for 10 minutes and then incubated with anti-MKK3, anti-
MKK6 or anti-phospho-MKK3/6 antibody overnight at
4°C. Isotype-matched antibodies served as control. En-
dogenous peroxidase was depleted with 0.1% H2O2 and
0.1% NaN3. The sections were then stained with biotin-
ylated secondary antibody anti-rabbit or anti-goat IgG
and Vectastain ABC (Vector, Burlingame, CA) and devel-
oped using diaminobenzidine (Vector). The immuno-
stained samples were counterstained with hematoxylin.
Antibodies for synovial fibroblasts, macrophages, and T
cells were used to characterize the cells expressing
phospho-MKK3/6 in double-labeling staining. Alkaline
phosphatase-labeled horse anti-mouse IgG (Vector) was
applied as second antibody. Color was developed using
Blue (Vector) as substrate.

After immunohistochemical staining, quantification of
positively stained cells was evaluated on six high-pow-
ered fields from each section by computer-assisted im-
age analysis. The images were acquired using a Nikon
Eclipse E800 microscope (Nikon Instruments, Inc.,
Melville, NY) and equipped with a MicroFire digital cam-
era (Olympus, Melville, NY). Digital image acquisition
was performed by MicroFire software. Quantitative anal-
ysis was performed using ImagePro Plus programs (Me-
dia Cybernetics, Inc., Silver Spring, MD). Specific areas
of interest were selected, including the total tissue sec-
tion, the intimal lining, or the sublining. The percentage of
region covered by diaminobenzidine was quantified (per-
cent positive area) and the mean optical density of the
positive region determined. The latter parameter deter-
mines average intensity of the selected color in the region
of interest. Relative protein expression was determined

by multiplying the percent positive area by the mean
optical density.

Statistical Analysis

Statistics were performed with paired Student’s t-test. A
comparison was considered statistically significant if P
was �0.05.

Results

Expression and Activation of MKK3 and MKK6
in Synovial Tissues

To determine whether key upstream activators of p38 are
expressed in RA, Western blot studies were initially per-
formed on RA and OA synovial tissue lysates using spe-
cific anti-MKK3 and -MKK6 antibodies. The results for
synovial extracts from five RA patients and five OA pa-
tients are shown in Figure 1A and demonstrate similar
levels of expression for both kinases after actin normal-
ization. However, expression of phosphorylated MKK3
and MKK6 was significantly higher in RA than OA syno-
vium (P � 0.05). Although no antibodies are available
that distinguish between phospho-MKK3 and phospho-
MKK6, differences in molecular weight allowed us to
evaluate the two kinases separately (molecular weight for
MKK3 � 43 kd and MKK6 � 45 kd). Immunohistochem-
istry studies were then performed to localize MKK3 and
MKK6 expression and evaluate relative levels in RA and
OA tissues (n � 6 each). Both kinases were primarily
detected in the synovial intimal lining, although positive

Figure 1. Expression of activated MKK3/6 in synovial tissue from patients
with RA and OA. A: Western blot analysis was performed with tissue synovial
extracts from RA patients (n � 5) and OA patients (n � 5). Extracts (200 �g)
were separated on a 12% SDS-polyacrylamide gel electrophoresis gel, trans-
ferred onto polyvinylidene difluoride membranes, and probed with anti-
phospho-MKK3/6, MKK3, MKK6, and actin. Phospho-MKK3 and -MKK6
were distinguished on the basis of molecular weight. B: The quantitative
densitometry analysis of phospho-MKK3/6 expression normalized for actin is
shown as the mean � SD. �, Positive control; *, P � 0.05.
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cells were also identified in the sublining region (see
Figure 2 for representative examples). No differences
were noted between RA and OA as determined by image

analysis (Table 1). Using anti-phospho-MKK3/6 antibod-
ies, however, we observed phospho-MKK3 and -MKK6
expression in the intimal lining and sublining mononu-

Figure 2. Immunohistochemistry of phospho-MKK3/6 in synovial tissue from RA and OA patients. Phospho-MKK3/6, MKK3, and MKK6 expressions are identified
by immunohistochemistry as described in Material and Methods. Staining for MKK3, MKK6, and phospho-MKK3/6 were the highest in the intimal lining.
Representative serial sections from a RA and an OA patient are shown. Table 1 shows the results of image analysis. Serial sections stained with control antibodies
were negative (data not shown). Original magnifications, �200.

Table 1. Digital Image Analysis Results for the Expression of Phospho-MKK3/6, MKK3 and MKK6 in Synovial Tissue

Lining Sublining

% Stained area
Total expression

(pixel units) % Stained area
Total expression

(pixel units)

Phospho-MKK-3/6
OA (n � 7) 3.4 � 0.9 383 � 188 0.6 � 0.2 45 � 20
RA (n � 9) 26.2 � 5.5* 5203 � 1367* 7.8 � 1.3† 1952 � 434†

MKK6
OA (n � 6) 32.3 � 5.9 36 � 9 5.4 � 1.8 7 � 2
RA (n � 5) 30.4 � 7.8 37 � 9 7.6 � 1.6 11 � 3

MKK3
OA (n � 6) 31.6 � 5.9 30 � 7 8.0 � 2.5 8 � 3
RA (n � 6) 28.9 � 5.9 30 � 7 10.0 � 1.9 11 � 2

Percent stained area equals percent of selected region positive for the particular protein.
Total expression equals mean optical density � percent stained area as described in Material and Methods.
Data are shown as mean � SEM.
*P � 0.01, †P � 0.005 for RA compared with OA.
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clear cells primarily in RA samples. Image analysis dem-
onstrated that both the relative areas of phospho-MKK3/6
and the intensity of staining were significantly higher in
RA compared with OA (Table 1). The expression of
MKK3, MKK6, and phospho-MKK3/6 is higher in lining
compared with the sublining (P � 0.05). Double-staining
experiments with CD55 and CD68 showed activated
MKK3/6 expressed predominantly in synovial fibroblasts
in the lining (see Figure 3 for representative examples). In
sublining, macrophages expressed predominantly phos-
pho-MKK3/6. Rare sublining T cells contained activated
MKK3/6 (Figure 3), although most did not stain with the
anti-phospho-MKK3/6 antibody.

Expression and Activation of MKK3 and MKK6
in FLS

Because MKK3 and MKK6 activation was highest in the
synovial intimal lining, we subsequently examined the
expression of these cytokines in cultured synoviocytes.
As anticipated, Western blot demonstrated that MKK3
and MKK6 are constitutively expressed in both RA and
OA FLS (n � 3 each). The ability of IL-1 and TNF-� to
induce phosphorylation of each of these kinases was
investigated in a time-course study. FLS were stimulated
with IL-1 (2 ng/ml) or TNF-� (10 ng/ml) for up to 24 hours
and phosphorylation of MKK3/MKK6 was determined by
Western blot analysis. As shown in Figure 4, modest
MKK3 activation was detected under resting conditions
and was significantly augmented by IL-1 and TNF-� treat-

ment. A significant increase in MKK3 phosphorylation
was detected within 15 minutes, with a 25-fold increase
with IL-1 and a ninefold increase with TNF-� (P � 0.001
compared with medium alone). Of interest, MKK6 phos-
phorylation was low or undetectable in resting cells and a
very modest increase was detected after cytokine stim-
ulation (2.5-fold increase, P � 0.05). Note that the time
course for activation for MKK3 and MKK6 is similar to
p38. These data suggest that phosphorylation of MKK3

Figure 3. Immunohistochemistry double staining of activated MKK3/6 in synovial tissue from RA synovial tissue. To characterize cells expressing phospho-
MKK3/6 (brown), tissue sections were stained with specific antibodies (blue) for fibroblasts (CD55), macrophages (CD68), and T cells (CD3) by double-staining
immunohistochemistry as described in Material and Methods. Arrows indicate representative double-positive cells. The most intense double staining was
observed with intimal lining fibroblasts, followed by macrophages. Rare positive T cells were present in lymphoid aggregates, but T-cell staining was generally
weak for the phosphorylated kinases. Serial sections stained with control antibodies were negative (data not shown). Original magnifications, �40.

Figure 4. Time course of IL-1 and TNF-� treatment on the protein expression
of MKK3, MKK6, and phospho-MKK3/6 in FLS. Cultured FLS were stimulated
with IL-1 (2 ng/ml) or TNF-� (10 ng/ml) for the indicated times. The levels
of MKK3, MKK6, phospho-MKK3/6, and phospho-p38 (MAPK) were ana-
lyzed by Western blot analysis. UV-treated NIH3T3 is a positive control (�)
for activation of MKK3 and MKK6. Note that an increase in phospho-MKK3
occurs within 15 minutes while minimal phospho-MKK6 is detected. A longer
exposure is shown to demonstrate the faint phospho-MKK6 band. For com-
parison, phospho-p38 expression is shown in the same experiment. No
change is observed in total MKK3 or MKK6 levels. This is representative of
three independent experiments with similar results. Med, Medium.
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rather than MKK6 is the preferred activation pathway in FLS
after cytokine stimulation. There were no significant differ-
ences observed between OA and RA FLS with regard of the
timing or extent of phosphorylation (data not shown).

MKK3 and MKK6 Form Stable Complexes with
p38

Because MKK3 and MKK6 have the capacity to activate
p38 MAPK, we then determined if stable complexes be-
tween the kinases form in cultured FLS. Previous studies
in FLS have demonstrated other complexes between
MAPKKs and MAPKs, such as MKK4, MKK7, and JNK.22

Immunoprecipitation studies were performed using anti-
bodies to either MKK3 or MKK6, followed by Western blot
analysis to determine whether phospho-p38 is present in
the complexes. As shown in Figure 5, phospho-p38 was
readily detected in MKK3 and MKK6 immunoprecipitates
but not in precipitates using control antibodies.

MKK3 and MKK6 Function in Activated FLS

To evaluate kinase function, resting and IL-1-stimulated
synoviocytes were lysed and MKK3 was recovered by
immunoprecipitation. The immunoprecipitated MKK3
was incubated in the presence of the p38 substrate
ATF-2 and 32P-ATP and resolved by SDS-polyacrylamide
gel electrophoresis. Although ATF-2 is also a substrate
for JNK, it is not directly phosphorylated by MKK3 or
MKK6. Therefore, any kinase activity in the immunopre-
cipitates would require the presence of activated MAP
kinase. As shown in Figure 6, IL-1 increased ATF-2 phos-
phorylation approximately fourfold in the MKK3 com-
plexes compared with the control cells (P � 0.05). To
confirm that p38 in the complex is responsible, selective
inhibitors of JNK (SP600125) or p38 (SB203580) were
added to the kinase reaction in some experiments. Only
the SB203580 significantly decreased the ATF-2-phos-
phorylating activity indicating that p38 is responsible
(2.5-fold decrease, P � 0.05). Similar experiments were
performed with immunoprecipitated MKK6 (Figure 6, C
and D). Although phosphorylated MKK6 was not noted
by Western blot (see above), the more sensitive kinase
assay was able to detect MKK6-mediated kinase activity.
IL-1 also significantly increased ATF-2 phosphorylation,

which was blocked by the p38 inhibitor (ninefold de-
crease, P � 0.05). Modest inhibition of phosphorylating
activity was occasionally observed with the JNK inhibitor
SP600125 (MKK6 in Figure 6C), although the differences
were not statistically significant. Therefore, both MKK3
and MKK6 form stable complexes with p38 in FLS that
can phosphorylate ATF-2.

Discussion

RA is a chronic inflammatory disease marked by synovial
hyperplasia with local invasion of bone and cartilage.
This disorder is regulated by proinflammatory cytokines
such as IL-1 and TNF-� that can activate a broad array of
intracellular signal transduction mechanisms.23–25 Of the
cytokine- and stress-activated pathways, MAP kinases
are especially important in synoviocytes and chondro-
cytes because they can increase production of several
mediators of inflammation and cartilage damage.26 The
MAP kinase families phosphorylate a number of tran-
scription factors such as activator protein-1 (AP-1), ATF-1
and ATF-2, with subsequent activation of matrix metallo-
proteinase and cytokine gene expression.27 p38 MAPK,
in particular, can regulate cytokine production through a
variety of transcriptional and translational mecha-
nisms.28,29 Furthermore, p38 participates in other inflam-
mation-related events, such as neutrophil activation,4 ap-
optosis,12 and nitric oxide synthase induction.30 Inhibition
of p38 MAPK with the commonly used SB203580 re-
duces proinflammatory cytokine production in mono-
cytes/macrophages, neutrophils, and T lymphocytes.31

In a rodent model of RA, p38 inhibition suppresses in-
flammation and bone destruction.6

Figure 5. MKK3 and MKK6 form stable complexes with p38 in FLS. RA FLS
were stimulated with medium or 2 ng/ml of IL-1 for 15 minutes. Total protein
was extracted and immunoprecipitated with antibodies to MKK3 or MKK6 or
an IgG control. Western blot analysis was performed on immunoprecipitates
to detect p38 MAPK. Representative example is shown. Note that IgG heavy
chain is observed in the MKK3 immunoprecipitate and a faint 35- to 40-kd
band is observed in the IgG immunoprecipitate in the MKK6 experiment.
This is representative of two independent experiments with similar results.

Figure 6. In vitro activation of MKK3 and MKK6. FLS were treated with IL-1
(2 ng/ml) and MKK3 and MKK6 activity was measured by immune complex
kinase assay using ATF-2 protein as a substrate. The cell lysates were
immunoprecipitated with anti-MKK3 or anti-MKK6 antibody or control IgG.
A and C: Kinase assays demonstrated induction of ATF-2-phosphorylating
activity in the MKK3 and MKK6 immunoprecipitates. Note that a faint band
is observed in the IgG control lane for the MKK6 experiment. B and D: The
quantitative densitometry data are presented as mean � SD. The p38 inhib-
itor SB203580 completely blocked kinase activity of the immunoprecipitate.
Although modest inhibition of phosphorylating activity was observed in
some experiments using the JNK inhibitor SP600125 (MKK6 in C), overall the
differences were not statistically significant. *, P � 0.05. SB, SB203580 (3
�mol/L); SP, SP600125 (10 �mol/L); Med, medium.
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p38 MAPK has two main upstream activators: MKK3
and MKK6.7,8,32,33 Studies in MKK3 knockout and MKK6
knockout mice demonstrate that both are essential for full
p38 MAPK activation in vivo.34 MKK4 also phosphorylates
p38 in vitro when overexpressed in mammalian cells.32,35

However, the role of MKK4 as an activator of p38 MAPK
in vivo is unclear. p38 is activated in the rheumatoid
synovium,5,36 although there is little information on the
upstream kinases that contribute. The present study was
designed to evaluate the potential role of two main up-
stream activators, MKK3 and MKK6 in RA. Western blot
analysis demonstrated that both MKK3 and MKK6 are ex-
pressed in OA and RA synovial tissue, with no differences
observed between OA and RA. This result was confirmed
by quantitative immunohistochemistry, which identified
MKK3 and MKK6 in the intimal lining and sublining region of
synovial tissue. In contrast, phospho-MKK3/6 expression
was markedly greater in RA than in OA synovium, especially
in the intimal lining. High levels of activated MKKs were
confirmed by Western blot analysis, with increases in both
phospho-MKK3 and -MKK6. Because p38 activation con-
tributes to bone destruction and synovial inflammation in
animal models of arthritis,37 one can infer that similar path-
ways might be relevant in RA. If so, MKK3 and MKK6 are
potential gateways to p38 activation in rheumatoid syno-
vium and could enhance cytokine and protease production.

Double-staining experiments with specific markers
demonstrated the expression of activated MKK3/6 ex-
pression predominantly in synovial fibroblasts in the RA
synovial intimal lining where the destructive process is
mediated. The regulation of MKK3 and MKK6 was there-
fore examined in cultured FLS. OA and RA FLS constitu-
tively express MKK3 and MKK6, with no differences ob-
served between cells derived from patients with the two
diseases. Activation of MKK3 was rapidly increased by
IL-1 or TNF-�, as determined by Western blot analysis
and an anti-phospho-MKK antibody. In contrast to intact
synovium where similar levels of phospho-MKK3 and
-MKK6 were observed, cytokine stimulation only mod-
estly increased MKK6 phosphorylation. These data sug-
gest that MKK3 is the dominant p38-related MAPKK that
is activated after cytokine stimulation. The observation is
consistent with the fact that Mkk3, but not Mkk6, gene
disruption reduces activation of p38 MAPK and inflam-
matory cytokine expression in TNF-� stimulated murine
fibroblasts.17 Because phospho-MKK3 and -MKK6 levels
are actually similar in RA synovium, the latter is probably
expressed in macrophages and other cells in the tissue.

The role of the different MAPKKs depends on the spe-
cific MKK activated and may be cell type-specific. Al-
though MKK6 activates all four family members of p38 (�,
�, �, and �), MKK3 selectively phosphorylates p38�, �,
and �.15 MKK6 is the principal activator of p38� in epi-
thelial cells,38 whereas MKK3 appears to be an important
activator of p38� in murine peritoneal macrophages.10 In
contrast, both the p38� and � isoforms are activated by
MKK3 in murine mesangial cells stimulated by TGF-�1.39

The relative expression of p38 isoforms in RA has not
been fully explored, although p38� and � are especially
prevalent at sites of joint destruction.5,36

To facilitate signal transduction, the enzymes can be
organized into functional units that include both upstream
and downstream members of the family along with vari-
ous scaffold proteins.40,41 For instance, we have recently
described an activated tri-molecular complex in RA FLS
that includes JNK and two MAPKKs (MKK4 and MKK7).22

Our immunoprecipitation experiments also demonstrate
MKK3-p38 and MKK6-p38 complexes in synoviocytes as
observed in some other cell lineages.41–43 The function
of MKK3 and MKK6 in FLS was evaluated by determining
the ability of the MKK-p38 complexes to phosphorylate
ATF-2 in kinase assays. These studies clearly showed that
the complexes are functionally active and that cytokine
stimulation leads to activation of both the MKK and p38.
Surprisingly, the MKK6 immunoprecipitate from cytokine-
activated FLS also phosphorylated ATF-2 even though min-
imal amounts of phospho-MKK6 were detected. This is
probably because of the much greater sensitivity of kinase
assays compared with Western blots. The kinase activity of
both complexes was blocked in vitro by the p38 inhibitor
SB203580, indicating that the ATF-2 phosphorylating activ-
ity was mediated by p38. The JNK inhibitor modestly de-
creased kinase function in some experiments, although this
was not statistically significant.

In conclusion, these studies demonstrate that MKK3
and MKK6 are important regulators of p38 in FLS and are
activated in the synovium of patients. Because this path-
way may be a critical regulator of joint destruction and
inflammation, MAPKKs are potential therapeutic targets.
MKK3 appears to be highly activated in cytokine-acti-
vated FLS and might be an especially attractive target for
RA. Because alternative pathways for p38 activation are
available in other cell types, MKK3 or MKK6 inhibitors
could have distinct safety and efficacy profiles compared
with a selective p38 inhibitor.
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