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An increase in the number of proliferated synovial cells and
activated leukocytes can be seen in the synovial membrane
and synovial fluid (SF) of patients with rheumatoid arthritis
(RA)1-4. Activation of cells and the subsequent secretion of
cytokines play important roles in autoimmune and inflamma-
tory diseases5,6. After interaction with specific receptors,
cytokines initiate signals directed at both the cytoplasmic and
the nuclear compartments, with many of the nuclear signals
culminating in the induction of new genes. In this process,
cytokines activate specific members of the signal transducers
and activators of transcription (STAT) family of transcription
factors7-9. The STAT proteins usually reside in the cytoplasm

and become activated and migrate to the nucleus when phos-
phorylated on specific tyrosine residues, presumably as a
direct result of JAK protein tyrosine kinase action. Different
STAT become activated by different cytokine receptors. For
example, interferon-γ (IFN-γ) has been reported to activate
STAT1, and interleukin 6 (IL-6) to activate STAT1 and
STAT37. The pattern of STAT that becomes activated deter-
mines, at least in part, the patterns of gene expression and the
phenotype of activated cells.

Progressive destruction of cartilage and bone is believed to
be mainly mediated by cytokine induction of osteoclasts and
destructive enzymes10. Cytokines such as IL-1, IL-6, and
tumor necrosis factor-α (TNF-α) are actively produced in the
inflamed synovium11-14. IL-1 and TNF-α have been implicat-
ed to be important in cartilage damage because they induce
destructive matrix metalloproteinases, such as matrix metallo-
proteinase 1 and 3, as well as bone resorption in in vitro cul-
tures15-18. There is increasing evidence that IL-6 may inhibit
bone formation and induce bone resorption through its stimu-
latory effect on osteoclasts19. In spite of these findings, some
groups have claimed that high cytokine levels in RA samples
are not associated with any particular disease type, differences
in duration, severity of disease, or therapy5,10,20. Therefore, it
is unclear which of these cytokines is important for the rapid
RA progression in the disease environment. In contrast to
cytokine production and degradation, phosphorylation and
dephosphorylation of STAT is a rapid process completed over
a time scale of minutes, implying the possibility that cytokine
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ABSTRACT. Objective. Inflammatory cytokines such as interleukin 1 (IL-1), IL-6, and tumor necrosis factor-α are
produced in great quantities in inflamed rheumatoid joints. However, little is known about the patho-
genic significance of each cytokine in the proliferative synovitis and destruction of bone and joint. We
investigated the role of cytokine receptor signals transduced into cells at the foci of rheumatoid inflam-
mation.
Methods. Synovial fluid (SF) cells from patients with rheumatoid arthritis (RA) and osteoarthritis (OA)
were examined for the activation of a group of cytokine receptor signaling molecules, signal transduc-
ers and activators of transcription (STAT). 
Results. DNA binding of STAT1 in SF cells was observed in 8 out of 14 patients with RA, but in none
of the 10 patients with OA studied, and this was prevented by preincubation of these cells with neu-
tralizing anti-IL-6 antibody. IL-6 activated both STAT1 and STAT3 in normal peripheral blood (PB)
leukocytes, and preferentially STAT1 in rheumatoid SF cells. Moreover, STAT1 activation in rheuma-
toid SF cells appeared to be continuous, in contrast to the transient activation in normal PB leukocytes.
Conclusion. STAT1 and STAT3 are differentially regulated in response to IL-6 in different cell types.
The continuous STAT1 activation may be of pathogenic significance in the progression and persistence
of RA. (J Rheumatol 2001;28:1952–9)
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receptor signaling rather than cytokine concentration might
more accurately reflect the course of the disease.

We examined DNA binding of STAT in SF cells from
patients with synovitis, and identified continuous cytokine
receptor signaling through STAT1 that was selectively
observed in RA.

MATERIALS AND METHODS
Subjects. Fourteen patients with RA (Table 1) according to American College
of Rheumatology criteria21 and 10 patients with osteoarthritis (OA) (Table 2)
as controls were studied.

Measurement of cytokine concentrations in SF. SF was passed through a 0.45
µm pore filter (Millipore, Bedford, MA, USA). For measurement of IFN-γ
concentration, a sandwich-type human IFN-γ ELISA kit (Central Laboratory
of the Netherlands Red Cross Blood Transfusion Service, Amsterdam, The
Netherlands) was used according to manufacturer’s instructions. IL-6 con-
centrations were measured by chemiluminescent enzyme immunoassay using
Human IL-6 CLEIA Fujirebio (Fujirebio Inc., Tokyo, Japan) according to
manufacturer’s instructions22. SF samples were pretreated with IgG coated
beads before these assays so as not to cross-detect rheumatoid factor.

Cell preparation and incubation. Peripheral blood (PB) leukocytes were iso-
lated from the whole blood of healthy volunteers and patients with RA by
dextran sedimentation at room temperature, and were suspended in RPMI
1640 medium (Nikken Biomedical Co., Kyoto, Japan) supplemented with 2
mM L-glutamine, 10% fetal calf serum (FCS), 100 U/ml penicillin, and 100
mM streptomycin. Hep3B hepatoma cells were grown in high glucose
Dulbecco’s modified Eagle’s medium (Nikken Biomedical) supplemented
with 2 mM L-glutamine, 10% FCS, 100 U/ml penicillin, and 100 mM strep-
tomycin. These cells were incubated in the presence or absence of 10 ng/ml
of human recombinant IL-6 (rIL-6; provided by Ajinomoto Co., Kawasaki,
Japan) or 100 IU/ml of human rIFN-γ (provided by Hayashibara Biochemical
Laboratory, Okayama, Japan) for the time indicated in a 5% CO2 incubator at
37°C before nuclear extract and cell lysate preparation.

In some experiments, SF from patients with RA was incubated in the pres-
ence or absence of neutralizing goat anti-IFN-γ, anti-IL-6, or control goat IgG
at a final concentration of 20 µg/ml for 2 days in a 5% CO2 incubator before
nuclear extract preparation. These antibodies were purchased from R&D
Systems Inc., Minneapolis, MN, USA.

Nuclear extract preparation. SF samples were treated with 5 U/ml of
hyaluronidase (Mochida Pharmaceutical Co., Tokyo, Japan) for 15 min at
37°C, and were washed twice with phosphate buffered saline (PBS). PB
leukocytes and Hep3B cells were collected and washed twice with PBS.

A nuclear mini-extract procedure was used23,24. In this procedure, 3–10 ×
106 cells were resuspended in 450 µl of ice cold buffer A (10 mM HEPES, pH
7.6, 10 mM KCl, 1.5 mM MgCl2 supplemented with 0.5 mM sodium vana-
date, 1 mM DTT, 1 mM Pefabloc SC, 10 µg/ml aprotinin, 10 µg/ml leupeptin,
2 µg/ml antipain, 2 µg/ml pepstatin A, 1 mM PMSF) by gentle pipetting in a
blue tip. The cells were allowed to swell on ice for 10 min, after which 50 µl
of a 10% solution of Nonidet P-40 (NP-40) was added, and the cells were vig-
orously vortexed. After a 10 min incubation on ice, nuclei were pelleted in a
microcentrifuge, washed in buffer A, lysed in 50 µl of ice cold buffer C with
the same composition as buffer A except for the use of 420 mM instead of 10
mM KCl, and vigorously vortexed. After a further 20 min incubation on ice,
insoluble precipitates were pelleted by centrifugation, and the supernatant
was stored at –80°C. The protein concentration of the nuclear extract was
determined by using the bicinchoninic acid assay (Pierce, Rockford, IL,
USA).

Gel shift assay. Oligonucleotide probe sequences used in the gel shift assays
were: c-fos high affinity serum inducible element (hSIE), 5’-GTCGA-
CATTTCCCGTAAATCGTCGA24-26; mutant hSIE, 5’-GTCGACATCCAC-

Table 1. Characteristics of 14 patients with RA.

Disease Disease
Patient Duration, CRP, Classification,† IFN-γ, IL-6,

Age/Sex yrs RF* mg/dl Class/Stage Medication pg/ml pg/ml

1 68 F 42 + 4.49 2 IV S 5.4 18040.0
2 64 F 19 + 4.20 3 IV N, D 115.0 25680.0
3 49 F 14 – 0.96 2 IV — < 5.0 4853.0
4 56 F 13 – 1.4 2 III N, D < 5.0 2102.0
5 64 M 3 – 12.4 2 II N, D, S 14.3 12280.0
6 44 F 11 + 1.0 2 III — 7.5 7544.0
7 48 F 8 + 3.0 2 III N, D 16.7 3469.0
8 43 F 20 – 2.7 2 IV N, D 5.8 8030.0
9 46 F 0.1 – 1.56 2 I N 87.9 30120.0
10 42 F 19 – 0.2 2 IV N, D 10.0 3570.0
11 52 F 14 + 0.7 2 IV N, D, S 183.0 146.3
12 66 F 7 + 5.3 3 IV N, D, S < 5.0 265.2
13 40 F 6 – 1.6 2 IV N, D, S 11.2 991.4
14 71 F 25 + 1.6 2 IV N 62.4 3890.0

* RF assessed by latex fixation text. † Steinbrocker classification. N: nonsteroidal antiinflammatory drugs; D: dis-
ease modifying antirheumatic drugs; S: low dose (< 7.5 mg/day) prednisone.

Table 2. Characteristics of 10 patients with OA.

Disease
Patient Duration, CRP, IFN-γ, IL-6,

Age/Sex yrs mg/dl pg/ml pg/ml

15 47 F 3 0.2 < 5.0 349.4
16 66 M 0.1 0.2 21.6 5287.0
17 58 F 5 0.2 < 5.0 84.9
18 46 M 0.1 ND < 5.0 4003.0
19 62 F 2 ND < 5.0 51440.0
20 53 M 0.5 ND < 5.0 6617.0
21 41 F 0.25 ND < 5.0 3668.0
22 61 F 4 ND ND ND
23 63 M 5 ND < 5.0 320.0
24 64 F 0.2 ND ND ND

ND: not done.
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CGTAAATCGTCGA (mutant bases are underlined). Five micrograms of
nuclear extract was mixed with 4 µg of poly(dI-dC) and 0.2–0.4 ng of radio-
labeled double-stranded oligonucleotide in a binding buffer (10 mM HEPES,
pH 7.8, 100 mM KCl, 1 mM EDTA, 5 mM MgCl2, 10% glycerol, 5 mM
DTT). Mouse antisera for supershift assays were purchased from Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA. Each of the antibodies was added
to the nuclear extract at room temperature 30 min before adding the radiola-
beled probe. Oligonucleotide competitors were also added 30 min before
adding the radiolabeled probe. After 30 min of binding reaction at room tem-
perature, the DNA-protein complexes were separated by electrophoresis on a
4% polyacrylamide gel containing 2.7% glycerol in TGE buffer. The gel was
then dried and autoradiographed.

Immunoblot analysis. Cells were solubilized with NP-40 lysis buffer (buffer
A supplemented with 1% NP-40 described in nuclear extract preparation).
Clear lysates were obtained by centrifugation, and the protein concentration
of the cell lysate was determined using the BCA assay. Five micrograms of
cell lysate was analyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis under reducing conditions and subsequent immunoblotting with
mouse anti-STAT1 and anti-STAT3 monoclonal antibodies (purchased from
Transduction Laboratories, Inc., Lexington, KY, USA) using an enhanced
chemiluminescence detection system (Amersham Life Science,
Buckinghamshire, England) according to manufacturer’s instructions.

RESULTS
DNA binding of STAT in SF cells and the responsible
cytokines. SF cell components freshly isolated from patients
with synovitis were assessed by FACS analysis (data not
shown). SF from patients with RA contained 5 to 35% CD3+
T cells, 0.5 to 2% CD20+ B cells, 20 to 73% CD15+ granulo-
cytes, 5 to 12% CD14+ cells, with the remainder made up of
CD3–CD20–CD14–CD15– cells. SF from patients with OA
contained 8 to 28% CD3+ T cells, 0.1 to 1% CD20+ B cells,
1 to 5% CD15+ granulocytes, 5 to 31% CD14+ cells, with the

remainder CD3–CD20–CD14–CD15– cells. The CD3–
CD20–CD14–CD15– cells were confirmed to be fibroblastic
synovial cells by histologic analysis.

To determine whether some cytokines are in fact acting on
cells at the foci of inflammation, we investigated the DNA
binding of STAT, which is known as one of the varieties of
signal transducing molecules downstream of the cytokine
receptors. SF cells from 14 patients with RA (Patients 1–14)
and 10 patients with OA (Patients 15–24) were examined
using gel shift assays (Figure 1). We used a double-stranded
radiolabeled c-fos hSIE oligonucleotide probe, which is
known to bind several activated STAT24-26. The formation of a
DNA-STAT complex was observed in 8 out of 14 patients
with RA (Patients 1–8), but in none of the 10 patients with
OA. The results for representative RA cases with DNA-STAT
formation (Patients 1–5) are shown in Figure 1. The specifici-
ty of the DNA-STAT formation was confirmed by the finding
that this formation (Figure 1, lane 1) was eliminated by the
addition of a 160-fold molar excess of unlabeled hSIE (Figure
1, lane 2), but was not affected by a 160-fold molar excess of
unlabeled mutant hSIE, containing 3 base substitutions within
the STAT binding site (Figure 1, lane 3). Supershift assays
using mouse antisera against each of the STAT molecules
were performed to identify which STAT was activated. The
specific band almost disappeared and was supershifted by the
addition of anti-STAT1 (Figure 1, lane 4). No supershift, how-
ever, was observed by the addition of anti-STAT2, anti-
STAT3, anti-STAT4, or anti-STAT6 (Figure 1, lanes 5–8).
These data show that STAT1 is preferentially activated.

Figure 1. STAT-DNA formation in SF cells from patients with RA. Five micrograms of SF cell nuclear extract from RA patients (Patients 1–5) were assayed for
binding to a double-stranded radiolabeled hSIE oligonucleotide using gel shift assays. STAT-DNA complexes were separated by electrophoresis in the absence
(lane 1) or presence of 160-fold molar excess of unlabeled hSIE (lane 2), 160-fold molar excess of unlabeled mutant hSIE (lane 3), anti-STAT1 antibody (lane 4),
anti-STAT2 antibody (lane 5), anti-STAT3 antibody (lane 6), anti-STAT4 antibody (lane 7), or anti-STAT6 antibody (lane 8). Arrows indicate specific complexes.
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The expression level of STAT1 and STAT3 proteins was
next examined in SF cells from these patients by immunoblot
analysis using specific antisera against STAT1 and STAT3 in
Figure 2. Although STAT protein levels are quite variable,
both 91 kDa STAT1-specific and 92 kDa STAT3-specific
bands were detected in both the STAT1 activation positive
(Patients 1–4) and negative (Patients 9 and 10) patients with
RA, and STAT protein levels were higher in STAT1 activation
negative RA patients (Patients 9 and 10) than in some STAT1
activation positive RA patients (Patients 2 and 3), suggesting
that DNA binding activity of STAT1 is not regulated by the
protein expression level.

STAT1 can be activated by various kinds of cytokines,
including IFN-γ, IFN-α, IL-2, IL-6, platelet derived growth
factor and epidermal growth factor7,9. To identify which
cytokine directly activates STAT1, SF was preincubated in the
presence of neutralizing anti-IFN-γ or anti-IL-6 antibody for
2 days before nuclear extract preparation. Figure 3 shows the
result for an RA case (Patient 6). The DNA-STAT formation
(Figure 3, lane 2) was eliminated by the addition of 160-fold
molar excess of unlabeled hSIE (Figure 3, lane 1). The band
almost disappeared and was supershifted by the addition of
anti-STAT1 (Figure 3, lane 6), but not by the addition of anti-
STAT3 (Figure 3, lane 10), showing that STAT1 was prefer-
entially activated as in other RA cases (Patients 1–5) shown in
Figure 1. The STAT1-DNA formation was mostly prevented
by preincubation of SF cells with neutralizing anti-IL-6 anti-
bodies for 2 days before nuclear extract preparation (Figure 3,
lane 4), but not by preincubation with anti-IFN-γ antibodies
(Figure 3, lane 5) or the control goat antibody (Figure 3, lane
3). As less than 10% of granulocytes and none of the other
cells died over 2 days of culture (data not shown), differences
in DNA binding cannot be explained by alterations in cell
type. The STAT1-DNA formation in other RA cases (Patients
1–5, 7, 8) was also prevented only by the anti-IL-6 antibody
as well (data not shown). The absence of STAT1 activity in the

presence of neutralizing anti-IL-6 suggests that IL-6 may be
the cytokine responsible for STAT1 activation in RA. 

Cytokine production. We assayed IL-6 and IFN-γ levels in SF
from patients with RA and OA using a chemiluminescent
enzyme immunoassay and an ELISA, respectively. The results
are shown in Tables 1 and 2.

IL-6 concentration was only weakly associated with
STAT1 activation. Although IL-6 concentrations in RA
patients with STAT1 activation (Patients 1–8) were more than
2102 pg/ml, some RA patients without STAT1 activation
(Patients 9, 10, 14) and even some OA patients (Patients 16,
18–21) showed comparable IL-6 concentrations. STAT1 acti-
vation rather than IL-6 concentration appeared to be more
closely associated with disease activity.

IFN-γ was detected only in trace amounts. This is consis-
tent with the difficulty of several other groups to detect IFN-γ
protein in inflamed joints27,28, although a recent report by

Figure 2. Expression of STAT proteins in SF cells from patients with RA. SF
cells from STAT1 activation positive (Patients 1–4) and negative RA patients
(patients 9, 10) were solubilized with 1% NP40 lysis buffer, and 5 µg of the
cell lysate were analyzed by SDS-PAGE under reducing condition and sub-
sequent immunoblotting with anti-STAT1 and -STAT3 antibodies.

Figure 3. STAT-DNA formation after preincubation of rheumatoid SF cells
with neutralizing antibodies against cytokines. SF cells from an RA patient
(Patient 6) were cultured in the absence (lanes 1, 2, 6, 10) or presence of con-
trol goat serum (lanes 3, 7, 11), 20 µg/ml of goat antibody against IL-6 (lanes
4, 8, 12), or 20 µg/ml goat antibody against IFN-γ (lanes 5, 9, 13) for 2 days
before nuclear extract preparation. Five micrograms of the nuclear extract
were assayed for binding to a double-stranded radiolabeled hSIE oligonu-
cleotide using gel shift assays. STAT-DNA complexes were analyzed in the
absence (lanes 2–5) or presence of 160-fold molar excess of unlabeled hSIE
(lane 1), anti-STAT1 antibody (lanes 6–9), or anti-STAT3 antibody (lanes
10–13). Arrow indicates specific complexes.
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Quayle, et al claimed that SF granulocytes are activated by
IFN-γ29. As it is known from gene targeting experiments that
STAT1 plays an essential and dedicated role in mediating
IFN-dependent biologic responses30,31, the lack of STAT1 acti-
vation in patients with detectable IFN-γ levels (87.9 pg/ml in
Patient 9, 183.0 pg/ml in Patient 11, and 62.4 pg/ml in Patient
14) suggests that IFN-γ did not act on cells in these patients.
The STAT1 activation in one patient with an IFN-γ concentra-
tion of 115.0 pg/ml (Patient 2) was not affected by neutraliz-
ing anti-IFN-γ antibody (Figure 3), suggesting that IFN-γ sig-
naling was unlikely also in this patient.

IL-6 induction of STAT1 and STAT3 in different cell types.
Although IL-6 was at first reported to activate STAT3 in hepa-
tocytes32,33, recent reports show that STAT1 can also be acti-
vated in response to IL-6 in other cell types such as fibro-
blasts, fibrosarcoma cells, and lymphocytes34-37. To determine
the pathogenic significance of this preferential STAT1 usage

in response to IL-6, we next examined which STAT is activat-
ed in IL-6 stimulated PB leukocytes, since they have cellular
components similar to those of SF. STAT binding activity in
IL-6 stimulated PB leukocytes from a healthy volunteer was
examined (Figure 4). Two specific bands were detected 5 min
after IL-6 stimulation (Figure 4A, lane 1). Both bands were
eliminated by the addition of an excess of unlabeled probe
(Figure 4A, lane 2), but not by that of a mutant probe con-
taining 3 base substitutions within the STAT binding site
(Figure 4A, lane 3). A lower nonspecific band was also
observed, which was eliminated by the addition of either of
the competitors (Figure 4A, lanes 2 and 3). Supershift assays
revealed that these 2 specific bands represented activated
STAT1 (Figure 4A, lane 4) and STAT3 (Figure 4A, lane 6).
This finding contrasts to the preferential activation of STAT1
in the case of rheumatoid SF cells. Moreover, as shown in
Figure 4B, DNA binding capacity disappeared at 3 h, sug-
gesting that STAT activation in normal PB leukocytes is tran-
sient in contrast to the continuous activation in rheumatoid SF
cells. As shown in Table 3, IL-6 concentration in the culture
medium of normal PB leukocytes did not decrease after 3 h of
IL-6 stimulation, implying that the decrease of STAT1 activa-
tion 3 h after IL-6 stimulation is not due to IL-6 degradation,
but to induction of unresponsiveness to IL-6. Similarly, IL-6
level did not change in the SF of STAT1 activation positive
rheumatoid SF cells cultured for 48 h without neutralizing
antibodies. As continuous STAT1 activation in the rheumatoid
SF cells was observed, it appears that unresponsiveness to IL-
6 is lacking in these rheumatoid cells in contrast to normal PB
leukocytes. In Figure 4C, immunoblot analysis revealed that
both STAT1 and STAT3 proteins were constitutively
expressed regardless of the DNA binding activity of these pro-
teins. The same result was obtained by using PB leukocytes
from RA patients whose SF cells contained activated STAT1
(data not shown).

Next, specific reactivity of anti-STAT1 and anti-STAT3
antibodies used in our assays was confirmed. As shown in
Figure 5, nuclear extracts prepared from IL-6 stimulated

Figure 4. STAT binding activity and protein expression level in IL-6 stimu-
lated PB leukocytes. PB leukocytes from healthy volunteers were cultured
with 10 ng/ml recombinant human IL-6 before nuclear extract and cell lysate
preparation. A. Five micrograms of the nuclear extract were assayed for bind-
ing to a double-stranded radiolabeled hSIE oligonucleotide using gel shift
assays. The specific complexes are shown by arrows. Nuclear extracts
obtained 5 min after IL-6 stimulation were assayed for DNA binding in the
absence (lane 1) or presence of 160-fold molar excess of unlabeled hSIE (lane
2), 160-fold molar excess of unlabeled mutant hSIE (lane 3), or each of the
anti-STAT antibodies indicated (lanes 4–8). B. Nuclear extracts obtained from
IL-6 stimulated PB leukocytes for the time indicated were analyzed for DNA
binding as in (A). C. PB leukocytes stimulated with IL-6 for the time indicat-
ed were solubilized with 1% NP40 lysis buffer, and the cell lysates were ana-
lyzed by SDS/PAGE under reducing condition and subsequent immunoblot-
ting with anti- STAT1 and STAT3 antibodies.

Table 3. Levels of IL-6 remain constant in the culture medium of IL-6 stim-
ulated normal PB leukocytes and in the rheumatoid SF cell culture without
neutralizing antibodies.

IL-6 Concentration, pg/ml
Cell Type 0 3 h 48 h

PB leukocytes 9820.0 9754.0 ND
SF cells

Patient 1 18040.0 ND 17210.0
Patient 2 25680.0 ND 28330.0
Patient 3 4853.0 ND 4751.0
Patient 4 2102.0 ND 2211.0
Patient 5 12280.0 ND 10320.0
Patient 6 7544.0 ND 7249.0
Patient 7 3469.0 ND 3528.0
Patient 8 8030.0 ND 7220.0

ND: not done.
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Hep3B hepatocyte cells at various time points were analyzed
by gel shift assays. DNA binding of STAT was observed 15
min after IL-6 stimulation (Figure 5, lane 2), and then it
decreased by 3 h (Figure 5, lane 3). DNA binding of STAT
was eliminated by the addition of an excess of unlabeled
probe (Figure 5, lanes 5 and 6). Supershift bands were
observed by the addition of anti-STAT3 (Figure 5, lanes 11
and 12), but not by addition of anti-STAT1 (Figure 5, lanes 8
and 9), showing that STAT3 is selectively activated in
response to IL-6 in hepatocytes, which is in agreement with
previous reports32,33. In Figure 6, nuclear extracts prepared
from IFN-γ stimulated PB leukocytes were analyzed by gel
shift assays. DNA binding of STAT was observed 5 min after
IFN-γ stimulation and then declined by 3 h (Figure 6B). This
DNA-STAT formation was eliminated by the addition of an
excess of unlabeled probe (Figure 6A, lane 2), but not by the
addition of an excess of unlabeled mutant probe (Figure 6A,
lane 3). Unlike in the case of Hep3B cells, the DNA-STAT
complex disappeared and was supershifted by the addition of
anti-STAT1 (Figure 6A, lane 4), but not by the addition of

anti-STAT3 (Figure 6A, lane 6), showing that STAT1 is selec-
tively activated in response to IFN-γ in PB leukocytes, which
is in agreement with previous reports that IFN-γ activates only
STAT17,30,31. STAT1 and STAT3 were shown to be selectively
activated in IFN-γ stimulated PB leukocytes and IL-6 stimu-
lated hepatocytes, respectively, demonstrating the specific
reactivity of anti-STAT1 and anti-STAT3 antibodies used in
our assays.

DISCUSSION
As cytokines are important mediators of the immune and
inflammatory systems, establishing their role in autoim-
mune diseases such as RA should provide useful informa-
tion about the pathogenesis of this disease. We used gel shift
assays to analyze the cytokine receptor signaling in SF cells
from patients with synovitis. This approach makes possible
the assessment of the cytokine action transduced into cells
for various disease types. DNA binding of STAT was
observed in none of the 10 OA patients versus 8 of the 14
patients with RA we studied. Supershift assays revealed

Figure 5. STAT binding activity in IL-6 stimulated Hep3B hepatocyte cells.
Hep3B cells were cultured with 10 ng/ml of recombinant human IL-6 for the
time indicated before nuclear extract preparation. Five micrograms of the
nuclear extract were assayed for binding to a double-stranded radiolabeled
hSIE oligonucleotide using gel shift assays. STAT-DNA complexes were ana-
lyzed in the absence (lanes 1–3) or presence of 160-fold molar excess of unla-
beled hSIE (lanes 4–6), anti-STAT1 antibody (lanes 7–9), or anti-STAT3 anti-
body (lanes 10–12). Arrow indicates specific complexes.

Figure 6. STAT binding activity in IFN-γ stimulated PB leukocytes. PB
leukocytes from healthy volunteers were cultured with 100 IU/ml of recom-
binant human IFN-γ before nuclear extract preparation. Five micrograms of
the nuclear extract were assayed for binding to a double-stranded radiola-
beled hSIE oligonucleotide using gel shift assays. Arrows indicate specific
complexes. A. Nuclear extracts obtained 5 min after IFN-γ stimulation were
analyzed for DNA binding in the absence (lanes 1) or presence of 160-fold
molar excess of unlabeled hSIE (lane 2), 160-fold molar excess of unlabeled
mutant hSIE (lane 3), or each of the anti-STAT antibodies indicated (lanes
4–6). B. Nuclear extracts obtained from IFN-γ stimulated PB leukocytes for
the time indicated were analyzed for DNA binding as in (A).
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that, of several known STAT, STAT1 was preferentially acti-
vated. The elimination of STAT1 activity in the presence of
neutralizing anti-IL-6 antibody suggested that IL-6 was the
responsible cytokine. In addition, IL-6 concentrations in the
SF were measured. Cytokines are known to be produced
continuously in the rheumatoid joint regardless of disease
type, duration, activity, or therapy5,10,20. This was also the
case with the RA patients we studied, although IL-6 levels
were generally higher in RA patients than in OA patients. It
was noteworthy that rheumatoid disease activity appeared to
be more closely related to STAT1 activation rather than to
IL-6 levels.

The pattern of STAT activation in response to IL-6
described in reports to date shows activation of 2 of the STAT,
STAT1 and STAT37,32-36. STAT1 was preferentially activated
in SF cells from 8 out of 14 patients with RA. IL-6 stimulated
PB leukocytes from a healthy donor, whose cellular compo-
nents were similar to those of SF cells, showed activation of
both STAT1 and STAT3. As IL-6 activated STAT1 in both nor-
mal and rheumatoid leukocytes, it is unlikely that STAT1 acti-
vation in response to IL-6 is of specific importance in rheuma-
toid pathogenesis. The significance of the preferential STAT1
activation remains to be investigated. Also in contrast to our
result, a recent report by Wang, et al identified STAT3, but not
STAT1, activation in freshly isolated SF cells from patients
with inflammatory arthritis, in spite of the use of an oligonu-
cleotide probe with a sequence identical to the one we used (c-
fos hSIE)27. The lack of STAT3 activity in our cases cannot be
attributed to the use of an unsuitable anti-STAT3 antibody, as
this antibody was shown to detect STAT3 activation in IL-6
stimulated Hep3B cells and PB leukocytes. We observed pref-
erential activation of STAT1 in SF cells from 8 out of 14 RA
cases. However, it might be necessary to examine additional
cases, as there is such a case reported by Wang, et al.

IL-6 activated STAT1 in both normal and rheumatoid
leukocytes. However, unlike the case of normal PB leukocytes
stimulated with IL-6 in vitro, where STAT activation is tran-
sient — as shown by the disappearance of the STAT-DNA
complexes 3 h after IL-6 stimulation, IL-6 receptor signaling
through STAT1 in rheumatoid SF cells appears to be continu-
ous. This constant action of cytokines might have pathogenic
significance.

Differential activation of IL-6 dependent STAT1, especial-
ly between activated and resting T cells, has been described37.
Therefore examining which SF cell types responded to IL-6
gives important information about the pathogenesis of this
disease. However, we could not determine which SF cell types
contained the activated STAT1, probably for technical rea-
sons. We separated granulocytes, mononuclear cells, and
fibroblastic synovial cells from SF cells, and analyzed STAT1
activation in each cell population in comparison with unsepa-
rated SF cells. DNA-STAT1 binding was observed in unsepa-
rated SF cells, but not in each separated population (data not
shown). STAT1 activation appears to decline during the

process of cell separation. The synovial environment may be
necessary for continuous STAT1 activation.

STAT1 activation was observed in 8 out of 14 patients with
RA we studied. Thus RA patients could be divided into 2
groups in terms of STAT1 activation. The IL-6 in RA patients
without STAT activation ranged from trace levels (146.3
pg/ml) to abundant levels (30120.0 pg/ml). The observation
that some RA patients showed high concentrations of IL-6 in
spite of the lack of STAT activation (Patients 9, 10, 14) may
suggest that the unresponsiveness to cytokines observed in
physiological settings is retained in this group of RA patients.
These patients showed low levels of C-reactive protein (CRP),
and were apparently in a stable stage of the disease. Thus
cytokine receptor signaling rather than cytokine level seems
to be more useful for assessment of disease activity. This find-
ing also suggests that progression of rheumatoid inflammation
may be associated with an absence of unresponsiveness to
cytokines. One patient (Patient 12) without STAT activation
was exceptional in terms of disease activity. This patient
showed rapid destruction of the joint accompanied by eleva-
tion of CRP. However, a very low level of IL-6 (265.2 pg/ml)
was detected in this patient. As proinflammatory cytokines are
linked in a network or cascade where IL-6 is induced by TNF-
α and IL-1 in RA synovial cell cultures38,39, other cytokines
outside of this cascade may perform a pathogenic function in
this patient. Thus, heterogeneous groups of disorders may be
included in the disease of RA in terms of types of active
cytokines and responsiveness to cytokines.

It is believed that the immunologic activity of synovial
infiltrating T lymphocytes responding to an unknown antigen
may initiate a cascade of events that accounts for many of the
characteristic features of RA, such as persistent cell growth
and activation, and cytokine production and its action.
However, considerable uncertainty remains regarding the
identification of the molecule of central importance in the
pathogenesis. Our data showing continued IL-6 receptor sig-
naling through STAT1 implies that the IL-6-STAT1 pathway
is one of the key components in the pathogenesis of this dis-
ease, and that the lack or dysfunction of antiinflammatory
molecules that downregulate cytokine signaling, such as the
recently identified STAT-induced STAT inhibitor, might be
responsible for the continued rheumatoid inflammation40.
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