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Rheumatoid Arthritis Synoviocyte Survival Is Dependent on
Stat3"

Anja Krause,* Nicholas Scaletta,* Jong-Dae Ji,* and Lionel B. Ivashkiv*

Rheumatoid arthritis (RA) synovial fibroblasts (SFs) are relatively resistant to apoptosis and exhibit dysregulated growth sec-
ondary to production of autocrine-acting growth factors and the accumulation of cell-autonomous defects. Many of the cytokines
and growth factors expressed during RA synovitis, including IL-6, epidermal growth factor (EGF), and platelet-derived growth
factor, activate the transcription factor Stat3 that has been implicated in promoting cell growth and survival. We analyzed the role

of Stat3 in mediating the abnormal growth and survival properties of RA synoviocytes using retroviral-mediated gene transfer of

a dominant negative mutant of Stat3, termed Stat3-YF. Approximately 3- to 5-fold overexpression of Stat3-YF effectively blocked
endogenous Stat3 activation and Stat3-dependent gene expression, including expression ofdbes3 and myc genes. Stat3-YF-
transduced RA synoviocytes failed to grow in culture, exhibited markedly diminished fH]thymidine incorporation ( >90% de-
creased), and died spontaneously. Cell death occurred by apoptosis, as confirmed by annexin V staining, propidium iodide
exclusion, and identification of cells with subdiploid levels of DNA. In marked contrast to control cells, EGF accelerated death of
Stat3-YF-transduced SFs, such that>90% of cells were dead within 24—-48 h of transduction. These results indicate that ablation
of Stat3 function converts EGF from a growth/survival factor for RA synoviocytes to a death factor. Stat3-YF also induced
apoptosis in osteoarthritis synoviocytes, and levels of apoptosis were increased by exogenous EGF. Apoptosis in Stat3-YF-trans-
duced osteoarthritis synoviocytes was suppressed when Statl activity was blocked using a dominant negative Statl mutant. Our
results identify Stat3 as an important molecule for RA SF survival, and suggest that Stat3 may represent a good target for gene

therapy. The Journal of Immunology, 2002, 169: 6610—-6616.

heumatoid arthritis (RA)® is an inflammatory disease af-
fecting predominantly the joints and is characterized by

inflammatory cell infiltrates and hyperplasia of fibro-
blasts that make up the synovia (joint) lining (reviewed in Refs. 1
and 2). Although joint inflammation with associated tenderness
and swelling contributes to the morbidity of RA, an important
cause of long-term disability is the destruction of cartilage and
periarticular bone (3). Cartilage is destroyed in RA by direct in-
vasion of pannus, an inflammatory mass composed predominantly
of macrophages and fibroblasts that secrete proteases and enzymes
that degrade surrounding matrix and cartilage. Many studies have
suggested that synovial fibroblasts (SFs) play a major role in car-
tilage destruction, and thus play amajor role in the pathogenesis of
RA (4, 5). SFs also contribute to RA pathogenesis by producing
cytokines, chemokines, and angiogenic factors.
RA SFs manifest an abnormal phenotype characterized by in-
creased proliferation, resistance to apoptosis, and invasiveness of
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adjacent tissues, and have been compared with cells that make up
a benign tumor. Abnormalitiesin RA SF phenotype may occur, at
least in part, secondary to an autoimmune reaction, but several
lines of evidence suggest that SFs also exhibit cell-autonomous
defects that contribute to pathogenesis (6). First, isolated purified
RA SFs have a high proliferative potential, form colonies in soft
agar, and maintain cartilage-invasive properties in vitro (7). Sec-
ond, RA fibroblasts are relatively resistant to induction of apopto-
sis by several pathways, including via the Fas receptor (8). Third,
RA fibroblasts continuously produce epidermal growth factor
(EGF) and platelet-derived growth factor (PDGF) over severa
months of culture, and these act as autocrine factors (9). Fourth,
RA SFs overexpress the ErbB2/HER2 member of the EGF recep-
tor family relative to normal fibroblasts, similar to ErbB2 overex-
pression in breast carcinoma cells (10). Fifth, RA SFs accumulate
mutations in the p53 tumor suppressor gene and the ras oncogene
(11). These mutations are proposed to occur secondary to long-
term exposure to reactive oxygen intermediates, and to contribute
to the invasive phenotype and hyperplasia of SFs. Sixth, RA (but
not control) SFsimplanted into SCID mice together with cartilage
(in the near absence of any additional cell types) are able to de-
grade cartilage over the subsequent several weeks to months (12).
These points suggest that growth abnormalities of SFs play arole
in RA pathogenesis, and this has been confirmed by the finding
that forced overexpression of the p16'™“@ inhibitor of the cell
cycle and subsequent inhibition of SF growth was effective in sup-
pressing inflammatory arthritis in a rat model (13).

The Janus kinase (Jak)-STAT signal transduction pathway is
used by many cytokines and growth factors that regulate gene
expression and cellular activation, proliferation, and differentiation
(reviewed in Refs. 14 and 15). The binding of these cytokines to
their receptors activates Jaks, protein tyrosine kinases that are
physically associated with the receptor. Jaks are required for
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tyrosine phosphorylation and activation of latent cytoplasmic tran-
scription factorstermed STATs. STATs are rapidly tyrosine-phos-
phorylated after stimulation with cytokines, and subsequently
dimerize and translocate to the nucleus, where they can activate
transcription. Of seven known STAT proteins, Stat3 has been
shown to be active in synovia lining cellsin adjuvant arthritis and
RA, and in freshly isolated RA SFs (16, 17). Stat3 is activated by
a number of cytokines and growth factors expressed in RA syno-
vitis, including IL-6, oncostatin M (OsM), EGF, and PDGF. Stat3
has been strongly implicated in promoting cell survival and growth
in many cell types, and contributes to cellular transformation (18).
The underlying mechanisms described so far include conferring
resistance to apoptosis, transcriptional activation of genes impor-
tant in cell cycle progression such as cyclins, and activation of
expression of protooncogenes such as myc or pim+-1 (19-22). We
have examined the role of Stat3 in RA SF growth and survival
using retroviral-mediated transduction of dominant negative Stat3.

Materials and Methods
Cells and retroviral transduction

Synovial tissues were obtained perioperatively from patients who fulfilled
the revised American College of Rheumatology criteria for definite RA or
osteoarthritis (OA) and were undergoing total joint replacement; the pro-
tocol was approved by the Institutional Review Board of the Hospital for
Special Surgery. Synovia cells were obtained by finely mincing freshly
isolated synovial tissue followed by treatment with collagenase A (1 mg/
ml; Boehringer Mannheim, Indianapolis, IN) for 2 h at 37°C. Fibroblasts
were obtained by allowing cells to adhere to tissue culture plates, followed
by removal of nonadherent cells. Similar to previous reports, most of the
experiments were performed using SFs after the third passage in tissue
culture. At this time, there were <2% contaminating lymphocytes, NK
cells, or macrophages, as assessed by flow cytometry and staining with Abs
against CD3, CD14, CD16, and CD19 as previously described (23). SFs
were cultured in DMEM supplemented with 10% FBS, and cells were
routinely split and replated the day before an experiment. Experiments
were performed using third passage SFs derived from 11 different patients.

Wild-type Stat3 and Stat3-Y F and Stat1-Y F dominant negative mutants
containing a C-terminal FLAG tag (20) were subcloned into the SFG ret-
roviral vector (24) as atrandational fusion with the initiator methionine of
the viral envelope protein. Recombinant retroviral particles pseudotyped to
express the gibbon-ape leukemia virus envel ope were produced using tran-
sient transfection of SFG plasmids into the 293-GPG2 (H29) packaging
cell line (25), followed by cross-infection of the PG13 cells (26) to obtain
stable producer cell lines. PG13 producer cell lines were subcloned to
identify cells that produced titers of 1-2 X 10° retroviral particles/ml. RA
SFs were transduced by continuous exposure to retroviral particle-contain-
ing supernatants over the course of 3 days in the presence of 8 ug/ml
polybrene, as described (27).

Immunoblotting

Cell lysates were fractionated on 7.5% SDS-polyacrylamide gels, trans-
ferred to polyvinylidene difluoride membranes, and incubated with phos-
pho-Tyr-specific Statl and Stat3 Abs (NEB, Beverly, MA) or monoclonal
FLAG and Statl Abs (Transduction Laboratories, Lexington, KY). ECL
was used for detection.

Analysis of mRNA levels

Total cellular RNA was isolated using TRIzol (Life Technologies, Gaith-
ersburg, MD) according to the instructions of the manufacturer. RNA was
treated with RNase-free DNase, and cDNA was obtained using Moloney
murine leukemia virus reverse transcriptase (Life Technologies). A total of
2.5% of each cDNA was subjected to 22-25 cycles of PCR using condi-
tions that result in a single specific amplification product of the correct size,
as previously described (23, 28): 30 s denaturation at 94°C, 1 min anneal-
ing at 55°C, and 30 s extension at 72°C in a GeneAmp 9600 thermal cycler
(PerkinElmer, Norwalk, CT). dNTPs were used at 100 uM, and 1 uCi of
[«-*?P]dATP was added to each reaction. No amplification products were
obtained when reverse transcriptase was omitted, indicating the absence of
contaminating genomic DNA. Amplification was empirically determined
to be in the linear range.
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Apoptosis and proliferation analysis

Apoptotic cells were detected using annexin V staining, propidium iodide
(P1) staining, and analysis of cellular DNA content using flow cytometry,
as previously described (23, 28), and cell counts were performed in dupli-
cate using trypan blue exclusion to identify viable cells. For proliferation
assays, 5 X 10° cells in 100 wl of medium were seeded in triplicate in
96-well tissue culture plates and cells were pulsed for the final 16 h of
culture with 25 wCi/ml of [*H]thymidine and harvested using an automated
cell harvester (Harvester 96; Tomtec, Orange, CT), and [*H]thymidine in-
corporation was quantitated using a Wallac Microbeta Trilux scintillation
counter (Wallac, Gaithersburg, MD).

Results
Transduction of RA SFs

RA SFs after the third passage were transduced with retroviruses
encoding enhanced green fluorescence protein (eGFP) or wild-type
Stat3 (controls) or Stat3-Y F (dominant negative mutant) contain-
ing a C-terminal FLAG tag. When Stat3-encoding retroviral par-
ticles were used, infection rates of 30—-50% were obtained (Fig.
1A, left panel; 1 representative experiment of 11 performed is
shown). Although eGFP expression was relatively low, secondary
to expression from the 3’ position in a bicistronic transcript, the
GFP signa was sufficient to monitor transduction efficiency and to
purify cells by FACS sorting. Indeed, nearly pure transduced cells
were obtained after sorting for cells that expressed GFP (Fig. 1A,
right panel). These synoviocytes expressed exogenous Stat3 en-
coded by the transgene, as assessed by immunoblotting with Abs
against the FLAG tag (Fig. 1B, left panel) and Stat3 (Fig. 1B, right
panel). Approximately 3- to 5-fold overexpression of STAT pro-
teins was typically achieved. These results demonstrate successful
and relatively high efficiency gene transfer into RA SFs.

Dominant negative effect of Stat3-YF in RA SFs

The capacity of Stat3-Y F to act as adominant negative mutation in
our system was tested by analyzing the effects of Stat3-YF on
activation of endogenous Stat3 and on the activation of Stat3-in-
ducible genes. Transduced synoviocytes were purified by FACS
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FIGURE 1. Transduction of primary SFswith Stat3. Third passage RA
synoviocytes were transduced with gibbon-ape leukemia virus-
pseudotyped recombinant retroviral particles as described in Materials and
Methods. Transduced synoviocytes were replated and then analyzed 1 day
later using flow cytometry; a fraction of cells was used to make cell ex-
tracts. A, Retroviruses expressing a bicistronic transcript with FLAG-Stat3
in the 5 position and eGFP 3' to the IRES sequence were used. A total of
41% of RA synoviocytes were successfully transduced (left panel), and cell
sorting was used to obtain nearly pure transduced cells (right panel). B, RA
synoviocytes transduced with WT or mutant (YF) Stat3 were analyzed for
expression of the FLAG-Stat3 transgene using immunoblotting.
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sorting, and stimulated with OsM, a strong activator of Stat3 and
Statl in these cells (29). Compared with the eGFP-transduced con-
trol cells, cellstransduced with Stat3-Y F showed suppressed levels
of tyrosine phosphorylation of Stat3 (Fig. 2A, top panel). In con-
trast to Stat3, similar and possibly dlightly higher levels of Statl
tyrosine phosphorylation were detected in OsM-treated Stat3-Y F-
transduced cells (Fig. 2A, second panel). mRNA was prepared
from transduced synoviocytes, and analyzed for the effects of Stat3
transgenes on cytokine induction of suppressor of cytokine signal-
ing (SOCS) 3 expression, which is believed to be regulated by
Stat3 (30). IL-6 and OsM, which activate both Stat3 and Statl,
induced SOCS3 expression (lanes 2 and 3), but IFN-vy, which ac-
tivates only Statl, did not (lane 4). Overexpression of Stat3-WT
had minimal effect on the induction of SOCS3 expression (lanes 6
and 7), suggesting that endogenous Stat3 is expressed at saturating
levels, at least for cytokine-inducible expression of SOCS3. In
contrast, Stat3-YF significantly suppressed induction of SOCS3
expression by IL-6 and OsM (lanes 9 and 10, compare to lanes 2
and 3), indicating that sufficient expression of Stat3-YF relative to
endogenous Stat3 was achieved to see a dominant negative effect
on gene expression. Basal levels of SOCS3 mRNA were consis-
tently detected (Fig. 2B, lane 1), consistent with a previous report
(17). Basal SOCS3 mRNA levelswere not affected by overexpres-
sion of Stat3-WT (lane 5), but were suppressed by Stat3-YF (lane
8). This result is consistent with Stat3-Y F-dependent suppression
of low level basal Stat3 activity (likely secondary to autocrine
action of endogenously produced EGF and PDGF) that was de-
tected in some experiments (data not shown), similar to previously
reported basal Stat3 activity in RA SFs (16, 17). The effect of
Stat3-YF on basal expression of several other genes was assessed.
Interestingly, Stat3-YF, but not Stat3-WT, suppressed expression
of Myc, collagenase-1, IL-8, and COX-2 (Fig. 2C); it is not yet
clear which genes are suppressed directly at the promoter level and
which genes are suppressed by indirect mechanisms. Levels of
PIAS1 and GAPDH mRNA were not affected by either Stat3-WT
or Stat3-YF (Fig. 2C). In two experiments using OA SFs (see Fig.
6) and one experiment using RA SFs, the effects of Stat3-YF on
TNF-a-induced IL-6 production were examined. TNF-a-induced
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=L
FLAG-S3 . . i e @
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FIGURE 2. Dominant negative effect of Stat3-YF. Sorted transduced
synoviocytes were treated with IL-6 (50 ng/ml) + soluble IL-6Ra chain
(200 ng/ml), OsM (100 ng/ml), or IFN-y (100 U/ml). A, Cell extracts were
prepared 10 min after cytokine stimulation and analyzed by immunoblot-
ting. B, RNA was prepared 3 h after cytokine stimulation and analyzed
using semiquantitative RT-PCR. C, RNA was prepared from unstimulated
cells 24 h after transduction and analyzed using semiquantitative RT-PCR.

Stat3 REGULATES RA SYNOVIOCYTE SURVIVAL

IL-6 production diminished in Stat3-Y F-transduced cells relative
to eGFP-transduced cells by 30, 30, and 50% in experiments where
nearly al Stat3-YF-transduced SFs died by the end of the over-
night culture when supernatants were collected (data not shown;
see Fig. 6 for cell surviva results). When the decrease in cell
viability is taken into account, these results suggest that Stat3-YF
was not effective in inhibiting TNF-« induction of cytokine pro-
duction. Taken together, these results indicate that: 1) Stat3-YF
has a dominant negative effect in our system; 2) Stat3-YF inter-
fered with a basal signal in these cells, most likely low level Stat3
activity (17) that was not consistently detected by the assays used.

Inhibition of RA SF cell growth and survival by dominant
negative Sat3

When transduced cells were grown in culture, it became readily
apparent just from visual inspection that Stat3-Y F-transduced cells
did not expand, and cell numbers actually decreased over time
(Fig. 3; a representative experiment of eight experiments per-
formed is shown). Therefore, levels of apoptotic cell death and
proliferation were analyzed. Apoptosis was assessed directly using
flow cytometry and staining with annexin V (which detects early
apoptotic cells) (Fig. 4A) and exclusion of PI (a marker for late
apoptotic or necrotic cells) (Fig. 4B). Higher levels of apoptosis
and cell death were apparent in Stat3-Y F-transduced cells relative
to control eGFP-transduced cells aready after 1 day of culture
(Fig. 4, A and B). Fig. 4 shows one representative experiment of
seven where apoptosis of Stat3-Y F-transduced cells was analyzed
using annexin V and PI staining. Statistical analysis of the differ-
ences in levels of apoptosis in all seven experiments using
ANOVA revealed that the increased apoptosis in Stat3-Y F-trans-
duced cells was significant (eGFP vs Stat3-YF, p = 0.05 for an-
nexin V staining and p = 0.007 for Pl staining). In these experi-
ments, wild-type Stat3-transduced cells could not be used as an
additional control, as these cells assumed an aberrant, enlarged
morphology; additional controls using Stat1-YF were similar to
the eGFP-transduced cells (data not shown). [*H]thymidine incor-
poration assays were used to assess the effects of Stat3-YF on cell
proliferation. [*H]thymidine incorporation in Stat3-Y F-transduced

eGFP

I TN,

FIGURE 3. Decreased growth of Stat3-YF-transduced SFs. Control
eGFP- and Stat3-Y F-transduced RA SFs were cultured in complete me-
dium, and photomicrographs were obtained. One representative experiment
of eight performed is shown.
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FIGURE 4. Stat3-YF induces apoptosisin RA synoviocytes. Transduced cells or GFP* cells that had been sorted immediately posttransduction were
analyzed after several different time points in culture, and representative results are shown. A and B, Cells were analyzed by two-color flow cytometry for
GFP expression (x-axis, transduced cells) and annexin V staining (early apoptosis) or Pl uptake (cell death) on the y-axis. The percentage of GFP™,
transduced cells that stained positive is shown in the upper right panel. C, Sorted cells were plated in triplicate, and thymidine incorporation (16-h pulse
before harvesting) was used to measure cell proliferation. D, Cellular DNA content was determined after 3 days of culture. E, Cell counts on duplicate wells
using trypan blue exclusion to identify viable cells were performed after 4 days of culture of sorted cells.

cells was appreciably lower than in control cells after 2 days of
culture, and the difference was dramatic after 5 days of culture
(Fig. 4C; one representative experiment of seven is shown). Be-
cause decreased [*H]thymidine incorporation in this system was
likely secondary to increased cell death, and possibly inhibition of
proliferation as well, the effects of Stat3-YF on progression of RA
SFs through the cell cycle were determined. Expression of
Stat3-YF for 3 days of culture resulted in adecrease in the fraction
of cellsin the Sand G,/M phases of the cell cycle from 26 to 16%,
and in an increase in numbers of apoptotic cells that contain sub-
diploid levels of genomic DNA, from 8 to 50% (Fig. 4D). These
results further support the conclusion that Stat3-YF induces apo-
ptosis, and suggest that Stat3-Y F may induce growth arrest aswell.
Theincreased levels of cell death in Stat3-Y F-transduced cells had
a striking effect on recovery of viable cells from these cultures
(Fig. 4E). In contrast to control cells that expanded in culture, the
number of viable Stat3-Y F-transduced cells did not increase, and
actually decreased, such that there were very few viable cells after
4 days of culture (Fig. 4E). IL-6 suppressed expansion of control
cells (Fig. 4E) similar to previous reports (29, 31). The basis for
this effect is not understood, but may be secondary to strong ac-
tivation of Stat1 at the dose of IL-6 used (see Discussion). IL-6 did
not reverse induction of apoptosis by Stat3-Y F-transduced cells
(Fig. 4E). A suppressive effect of Stat3-YF on cell expansion has
been observed in eight of eight experiments with RA SFs per-
formed to date, suggesting that Stat3-Y F blocks an important con-
stitutive growth/survival pathway.

Sat3-YF induces a switch in EGF from a growth factor to a
death factor

EGF is a growth factor for many cell types, but has pleiotropic
effects and, in certain cells, may contribute to growth arrest or
apoptosis by a mechanism that is dependent on Statl (32). EGF is
amajor growth and survival factor for RA synoviocytes, and acts,
at least in part, via the ErbB2 receptor that is overexpressed on
these cells (10). Control and Stat3-Y F-transduced RA synovio-

cytes were cultured for 1-6 days with or without exogenous EGF,
and cell growth and survival were evaluated. Consistent with the
results in Fig. 4, after 2 days of culture fewer viable cells were
recovered from wells containing cells transduced with Stat3-YF
(Fig. 5A), even in the absence of any added factors. Addition of
exogenous EGF to control internal ribosomal entry site (IRES)-
eGFP-transduced RA synoviocytes resulted in an increased num-
ber of viable cells (Fig. 5A). In marked contrast, EGF treatment
had the opposite effect on Stat3-YF-transduced cells, namely, a
greater decrease in viable cells (Fig. 5A; one representative exper-
iment of five performed is shown). Consistent with the cell counts,
EGF-treated Stat3-Y F-transduced cells exhibited markedly lower
[*H]thymidine incorporation than EGF-treated control cells (Fig.
5B). EGF suppressed background apoptosis levelsto very low lev-
elsin control IRES-eGFP-transduced cells (Fig. 5C, left panel), but
did not suppress, and actually increased apoptosis levels in Stat3-
Y F-transduced cells (Fig. 5C, right panel, and data not shown).
Induction of increased cell death by EGF was consistently detected
in five of five experiments in which EGF was used and the differ-
ences were statistically significant (—EGF vs +EGF, p = 0.003
for annexin V staining and p = 0.05 for PI staining). These results
indicate that ablation of Stat3 function converts EGF from a
growth/survival factor for RA synoviocytes to a death factor. The
most plausible basis for this effect is that endogenous wild-type
Stat3 opposes proapoptotic signals from the EGFR/ErbB2, and
these signals are unmasked and act unopposed when Stat3 is not
functional. The acceleration of cell death by exogenous EGF
suggests that the increased apoptosis observed in Stat3-Y F-trans-
duced cells in the absence of exogenous factors (Fig. 4) may be
secondary to the unbalanced action of autocrine growth factors,
PDGF and EGF, that are produced by these cells.

We wished to determine whether Stat3 is also required for sur-
vival of OA SFs. OA SFsfrom three different patients were trans-
duced to express eGFP or dominant negative Stat3-YF, and cells
were analyzed 1 day later by annexin V and Pl staining. Similar to
RA SFs, Stat3-Y F induced increased apoptosisin OA SFs (Fig. 6;
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FIGURE 5. EGF induces death in Stat3-YF-transduced cells. Trans-
duced cells or GFP* cells that had been sorted immediately posttransduc-
tion were anayzed after severa different time points in culture, and rep-
resentative results are shown. A, Cell counts of duplicate wells using trypan
blue exclusion to identify viable cells were performed after 2 days of cul-
ture of sorted cells. EGF was used at 100 ng/ml. B, Sorted cells were plated
in triplicate and thymidine incorporation (16 h pulse before harvesting) was
used to measure cell proliferation. C, Cells were analyzed by two-color flow
cytometry for GFP expression (x-axis, transduced cells) and Pl uptake (cell
death) on the y-axis after 3 days of culture with EGF. The percentage of GFP™,
transduced cells that stained positive is shown in the upper right panel.

two experiments using OA SFs are shown). The increased apopto-
sis induced by Stat3-YF was statisticaly significant (eGFP vs
Stat3, p = 0.03 for annexin V staining and p = 0.009 for Pl
staining). Addition of EGF to cells transduced to express Stat3-Y F
resulted in a higher level of apoptosis (—EGF vs +EGF, p = 0.05
for annexin V staining and p = 0.04 for Pl staining). One potential
mechanism for increased apoptosisin cells expressing Stat3-YF is
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unopposed activation of Statl, which has proapoptotic properties,
by synoviocyte-derived factors or exogenous EGF. The role of
Stat1 in synoviocyte apoptosis was tested by first transducing SFs
with dominant negative Statl-YF, sorting to obtain transduced
cells, followed by a second transduction with Stat3-YF. In the
absence of EGF, expression of Stat1-YF resulted in a modest but
significant decrease in Pl positive Stat3-Y F-transduced cells (p =
0.03); annexin V positive cells also decreased, but to a variable
extent and the difference was not statistically significant (p = 0.2).
When exogenous EGF was added, Statl-YF effectively blocked
apoptosis in Stat3-Y F-transduced cells (—EGF vs + EGF, p =
0.03 for annexin V staining and p = 0.03 for Pl staining). These
results suggest that one mechanism by which Stat3 promotes sur-
vival of SFsisby opposing the action of Stat1. When we examined
therole of Statl in apoptosis of RA SFstransduced with Stat3-YF,
a pilot experiment showed a weak and partial effect (data not
shown). Additional experiments will be required to assess whether
differences between OA and RA SFs are significant, and whether
any differences may be related to higher EGF receptor expression
in RA SFs.

Discussion

In this report, we present data that Stat3 is important for the sur-
vival and expansion of growth factor-dependent SFs that are im-
portant in the pathogenesis of RA. Importantly, ablation of Stat3
function led to accelerated cell death in response to growth factors
such as EGF. These results extend our knowledge of the role of
Stat3 in growth regulation to a cell type that is important in ar-
thritis and manifests certain aspects of cellular transformation.
Dominant negative Stat3-YF also induced apoptosis in OA SFs,
thus identifying primary SFs as a cell type that is dependent upon
Stat3 for survival. Interestingly, the partial transformation of sy-
noviocytes that occurs during RA and makes them resistant to
induction of apoptosis by other pathways did not abrogate their
dependence upon Stat3 for survival. The magjor emphasis in RA
cytokine research focuses on targeting pathways activated by cy-
tokines related to TNF and IL-1, and the downstream signaling
pathways mediated by NF-«B and AP-1 transcription factors (33).
The role of the Jak-STAT pathway in inflammatory arthritis has
not been extensively investigated. Our results, together with data
that Stat3 is active during inflammatory arthritis (16, 17), suggest
that Stat3 represents a promising novel therapeutic target in RA. It
may aso be useful to target ligands for receptors that activate
Stat3, or other components of the Jak-STAT signaling pathway.
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FIGURE 6. Stat3-YF induces apoptosisin OA SFs, i Ll i LLad
and induction of apoptosisis blocked by dominant neg- 2 :
ative Stat1-YF. OA SFs were transduced with Stat1- T e e I S
YF, and subsequently control or Statl-Y F-expressing STATS-VF STATSVE
cells were transduced with eGFP, Stat3-YF, or Statl-
YF. After overnight culture without or with EGF (100 Propidiumiodide Propidimindide
ng{ml), SFs were analyzed using annexin V and Pl - .
staining and flow cytometry.
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The notion that Stat3 and related Jak-STAT signaling proteins may
play an important role in the pathogenesis of several inflammatory
diseases is supported by recent reports showing that overexpres-
sion of wild-type SOCS3 (also known as CIS3), an inhibitor of
Jak-STAT signaling and Stat3 activation, suppressed experimental
arthritis, and a dominant negative SOCS3/CI S3 mutant potentiated
inflammatory bowel disease in murine models (17, 34).

A substantial amount of evidence has accumulated supporting a
rolefor Stat3 in cellular transformation and oncogenesis. Stat3 can
be activated by oncogenic kinases such as v-Src, and in severa
tumor models or transformed cell lines, a causal role for Stat3 in
driving abnormal growth has been proposed (18, 35-37). The
mechanisms by which Stat3 contributes to oncogenesis include
increasing expression of antiapoptotic Bcl family proteins, proteins
important for the cell cycle, protooncogenes such as myc and pim-1
(22), and suppressing cell surface Fas expression (38). In primary
cells where oncogenic pathways are not activated, the role of Stat3
is more complex, as Stat3 promotes survival of T cells, but sup-
presses the proliferation of myeloid precursors, promotes the ap-
optosis of mammary epithelia cells, and in keratinocytes, has a
more prominent role in regulating cell migration than cell survival
or growth. We have shown that in primary SFs that have abnormal
growth properties but remain growth factor-dependent, Stat3 is an
important survival factor. The mechanisms by which Stat3 con-
tributes to survival in RA SFs have not yet been fully elucidated,
but the data suggest that Stat3 works, at least in part, by maintain-
ing myc expression (Fig. 2), and by opposing a proapoptotic signal
delivered by EGF, and possibly other factors. In OA SFs cultured
in the presence of EGF, an important mechanism by which Stat3
promotes cell survival is by opposing the proapoptotic effects of
Statl, as Stat3-Y F-induced apoptosis was almost completely ab-
rogated when Stat1 function was suppressed (Fig. 6). This scenario
presents an interesting analogy to signaling by cytokines such as
TNF, where activation of NF-«B serves to oppose simultaneously
activated death pathways (39). Antagonism of Statl proapoptotic
effects by Stat3 have recently been convincingly demonstrated
(40), and unbalanced activation of Statl by EGF that leads to ap-
optosis is consistent with the emerging data demonstrating that
Statl and Stat3 can serve as, respectively, a tumor suppressor and
a tumor promoter (18, 41). A pilot experiment indicated that un-
opposed Stat1 activity may play less of arolein Stat3-Y F-induced
apoptosis in RA than in OA SFs, suggesting that Stat3 suppresses
additional proapoptotic pathways in RA cells. One possibility is
that the partial transformation of RA SFs may make them more
dependent upon Stat3-inducible genes, such as myc, and this will
be resolved in future experiments.

One important goal in the therapy of RA is suppression of in-
flammation. However, suppression of inflammation does not nec-
essarily result in proportionate suppression of tissue destruction
(42, 43). Thus, there has been a strong emphasis on developing
therapeutic strategies to induce apoptosis of joint macrophages and
fibroblasts, thereby ablating the inflammatory pannus. Induction of
apoptosis of these cells requires an understanding of the pathways
and molecules that promote their survival, and NF-«B, Akt, and
sentrin have been previously reported to be important for the sur-
vival of RA synoviocytes (44—46). These molecules serve as tar-
gets for novel therapeutic approaches, many of which use gene
therapy approaches in murine models of arthritis, and results in-
hibiting NF-«B have been promising (46). The work presented
herein adds Stat3 to the list of therapeutic targets in RA. Stat3 is
an attractive therapeutic target, as loss of Stat3 function led to
exceptionally effective induction of apoptosisin RA synoviocytes.
Another potential advantage of targeting Stat3 is that this approach
converts endogenously produced growth factors, such as EGF, into
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death factors, and thus uses endogenous factors produced during
synovitis to more effectively eliminate pathogenic cells.

Acknowledgments

We thank R. Mulligan for providing cell lines, J. Bromberg and J. Darnell
for providing plasmids, and S. Ahmed and |. Tassiulas for careful review
of the manuscript. We also thank Dr. Margaret Peterson for statistical
analysis.

References

1. Feldmann, M., F. M. Brennan, and R. N. Maini. 1996. Role of cytokines in
rheumatoid arthritis. Annu. Rev. Immunol. 14:397.

2. lvashkiv, L. B. 1996. Cytokine expression and cell activation in inflammatory
arthritis. Adv. Immunol. 63:337.

3. Muller-Ladner, U., R. E. Gay, and S. Gay. 1998. Molecular biology of cartilage
and bone destruction. Curr. Opin. Rheumatol. 10:212.

4. Pap, T., U. Muller-Ladner, R. E. Gay, and S. Gay. 2000. Fibroblast biology: role
of synovia fibroblasts in the pathogenesis of rheumatoid arthritis. Arthritis Res.
2:361.

5. Yamanishi, Y., and G. S. Firestein. 2001. Pathogenesis of rheumatoid arthritis:
the role of synoviocytes. Rheum. Dis. Clin. North Am. 27:355.

6. Firestein, G. S, and N. J. Zvaifler. 1990. How important are T cells in chronic
rheumatoid synovitis? [Published erratum appears in 1990 Arthritis Rheum. 33:
1437.]. Arthritis Rheum. 33:768.

7. Lafyatis, R., E. F. Remmers, A. B. Roberts, D. E. Yocum, M. B. Sporn, and
R. L. Wilder. 1989. Anchorage-independent growth of synoviocytes from ar-
thritic and normal joints: stimulation by exogenous platel et-derived growth factor
and inhibition by transforming growth factor-8 and retinoids. J. Clin. Invest.
83:1267.

8. Mountz, J. D., and H. G. Zhang. 2001. Regulation of apoptosis of synovial fi-
broblasts. Curr. Dir. Autoimmun. 3:216.

9. Bucada, R, C. Ritchlin, R. Winchester, and A. Cerami. 1991. Constitutive pro-
duction of inflammatory and mitogenic cytokines by rheumatoid synovial fibro-
blasts. J. Exp. Med. 173:569.

10. Satoh, K., S. Kikuchi, M. Sekimata, Y. Kabuyama, M. K. Homma, and
Y. Homma. 2001. Involvement of ErbB-2 in rheumatoid synovia cell growth.
Arthritis Rheum. 44:260.

11. Aupperle, K. R, D. L. Boyle, M. Hendrix, E. A. Seftor, N. J. Zvaifler,
M. Barbosa, and G. S. Firestein. 1998. Regulation of synoviocyte proliferation,
apoptosis, and invasion by the p53 tumor suppressor gene. Am. J. Pathol. 152:
1091.

12. Muller-Ladner, U., J. Kriegsmann, B. N. Franklin, S. Matsumoto, T. Geiler,
R. E. Gay, and S. Gay. 1996. Synovial fibroblasts of patients with rheumatoid
arthritis attach to and invade normal human cartilage when engrafted into SCID
mice. Am. J. Pathol. 149:1607.

13. Taniguchi, K., H. Kohsaka, N. Inoue, Y. Terada, H. Ito, K. Hirokawa, and
N. Miyasaka. 1999. Induction of the p16'N<“2 senescence gene as a new thera-
peutic strategy for the treatment of rheumatoid arthritis. Nat. Med. 5:760.

14. Darnell, J. E., Jr. 1997. STATSs and gene regulation. Science 277:1630.

15. O'Shea, J. J. 1997. Jaks, STATS, cytokine signal transduction, and immunoregu-
lation: are we there yet? [Published erratum appears in 1997 Immunity 7:444.].
Immunity 7:1.

16. Wang, F., T. K. Sengupta, Z. Zhong, and L. B. Ivashkiv. 1995. Regulation of the
balance of cytokine production and the signal transducer and activator of tran-
scription (STAT) transcription factor activity by cytokines and inflammatory sy-
novial fluids. J. Exp. Med. 182:1825.

17. Shouda, T., T. Yoshida, T. Hanada, T. Wakioka, M. Oishi, K. Miyoshi,
S. Komiya, K. Kosai, Y. Hanakawa, K. Hashimoto, et al. 2001. Induction of the
cytokine signal regulator SOCS3/CIS3 as a therapeutic strategy for treating in-
flammatory arthritis. J. Clin. Invest. 108:1781.

18. Bromberg, J. F., M. H. Wrzeszczynska, G. Devgan, Y. Zhao, R. G. Pestell,
C. Albanese, and J. E. Darnell. 1999. Stat3 as an oncogene. Cell 98:295.

19. Chaturvedi, P., S. Sharma, and E. P. Reddy. 1997. Abrogation of interleukin-3
dependence of myeloid cells by the v-src oncogene requires SH2 and SH3 do-
mains which specify activation of STATs. Mal. Cell. Biol. 17:3295.

20. Bromberg, J. F., C. M. Horvath, D. Besser, W. W. Lathem, and J. E. Darnell, Jr.
1998. Stat3 activation is required for cellular transformation by v-src. Mol. Cell.
Biol. 18:2553.

21. Turkson, J., T. Bowman, R. Garcia, E. Caldenhoven, R. P. De Groot, and R. Jove.
1998. Stat3 activation by Src induces specific gene regulation and is required for
cell transformation. Mol. Cell. Biol. 18:2545.

22. Shirogane, T., T. Fukada, J. M. Muller, D. T. Shima, M. Hibi, and T. Hirano.
1999. Synergistic roles for Pim-1 and c-Myc in STAT3-mediated cell cycle pro-
gression and antiapoptosis. |mmunity 11:709.

23. Lee, |. H.,, W. P. Li, K. B. Hisert, and L. B. Ivashkiv. 1999. Inhibition of inter-
leukin 2 signaling and signal transducer and activator of transcription (STAT)5
activation during T cell receptor-mediated feedback inhibition of T cell expan-
sion. J. Exp. Med. 190:1263.

24. Riviere, |., K. Brose, and R. C. Mulligan. 1995. Effects of retroviral vector design
on expression of human adenosine deaminase in murine bone marrow transplant
recipients engrafted with genetically modified cells. Proc. Natl. Acad. Sci. USA
92:6733.

25. Ory, D. S, B. A. Neugeboren, and R. C. Mulligan. 1996. A stable human-derived
packaging cell line for production of high titer retrovirus/vesicular stomatitis
virus G pseudotypes. Proc. Natl. Acad. Sci. USA 93:11400.

2202 ‘ST Yose | uo 1s9nb Aq /6.0 jounwiw i [-mamm//:diy wiol papeojumoq


http://www.jimmunol.org/

6616

26.

27.

28.

29.

30.

3L

32.

33.

35.

36.

Miller, A. D., J. V. Garcia, N. von Suhr, C. M. Lynch, C. Wilson, and
M. V. Eiden. 1991. Construction and properties of retrovirus packaging cells
based on gibbon ape leukemia virus. J. Virol. 65:2220.

Krause, A., H. F. Guo, J. B. Latouche, C. Tan, N. K. Cheung, and M. Sadelain.
1998. Antigen-dependent CD28 signaling selectively enhances survival and pro-
liferation in genetically modified activated human primary T lymphocytes.
J. Exp. Med. 188:619.

Castro, A., T. K. Sengupta, D. C. Ruiz, E. Yang, and L. B. Ivashkiv. 1999. IL-4
selectively inhibits | L-2-triggered Stat5 activation, but not proliferation, in human
T cells. J. Immunol. 162:1261.

Deon, D., S. Ahmed, K. Tai, N. Scaletta, C. Herrero, |. H. Lee, A. Krause, and
L. B. Ivashkiv. 2001. Cross-talk between IL-1 and IL-6 signaling pathways in
rheumatoid arthritis synovia fibroblasts. J. Immunol. 167:5395.

Yasukawa, H., A. Sasaki, and A. Yoshimura. 2000. Negative regulation of cy-
tokine signaling pathways. Annu. Rev. Immunol. 18:143.

Nishimoto, N., A. Ito, M. Ono, H. Tagoh, T. Matsumoto, T. Tomita, T. Ochi, and
K. Yoshizaki. 2000. IL-6 inhibits the proliferation of fibroblastic synovial cells
from rheumatoid arthritis patients in the presence of soluble IL-6 receptor. Int.
Immunol. 12:187.

Bromberg, J. F., Z. Fan, C. Brown, J. Mendelsohn, and J. E. Darnell. 1998.
Epidermal growth factor-induced growth inhibition requires Stat1 activation. Cell
Growth Differ. 9:505.

Tak, P. P., and G. S. Firestein. 2001. NF-«B: akey rolein inflammatory diseases.
J. Clin. Invest. 107:7.

. Suzuki, A., T. Hanada, K. Mitsuyama, T. Yoshida, S. Kamizono, T. Hoshino,

M. Kubo, A. Yamashita, M. Okabe, K. Takeda, et al. 2001. CIS3/SOCS3/SSI3
plays anegative regulatory role in STAT3 activation and intestinal inflammation.
J. Exp. Med. 193:471.

Catlett-Falcone, R., T. H. Landowski, M. M. Oshiro, J. Turkson, A. Levitzki,
R. Savino, G. Ciliberto, L. Moscinski, J. L. Fernandez-Luna, G. Nunez, et a.
1999. Constitutive activation of Stat3 signaling confers resistance to apoptosisin
human U266 myeloma cells. Immunity 10:105.

Epling-Burnette, P. K., J. H. Liu, R. Catlett-Falcone, J. Turkson, M. Oshiro,
R. Kothapalli, Y. Li, J. M. Wang, H. F. Yang-Yen, J. Karras, et a. 2001. Inhi-

37.

38.

39.

40.

41.

42.

43.

45.

46.

Stat3 REGULATES RA SYNOVIOCYTE SURVIVAL

bition of STAT3 signaling leads to apoptosis of leukemic large granular lym-
phocytes and decreased Mcl-1 expression. J. Clin. Invest. 107:351.

Grandis, J. R., S. D. Drenning, Q. Zeng, S. C. Watkins, M. F. Melhem, S. Endo,
D. E. Johnson, L. Huang, Y. He, and J. D. Kim. 2000. Constitutive activation of
Stat3 signaling abrogates apoptosis in sgquamous cell carcinogenesis in vivo.
Proc. Natl. Acad. Sci. USA 97:4227.

Ivanov, V. N., A. Bhoumik, M. Krasilnikov, R. Raz, L. B. Owen-Schaub,
D. Levy, C. M. Horvath, and Z. Ronai. 2001. Cooperation between STAT3 and
c-jun suppresses Fas transcription. Mol. Cell 7:517.

Badwin, A. S., Jr. 1996. The NF-«B and I«B proteins: new discoveries and
insights. Annu. Rev. Immunol. 14:649.

Shen, Y., G. Devgan, J. E. Darnell, and J. F. Bromberg. 2001. Constitutively
activated Stat3 protects fibroblasts from serum withdrawal and UV-induced ap-
optosis and antagonizes the proapoptotic effects of activated Statl. Proc. Natl.
Acad. Sci. USA 98:1543.

Shankaran, V., H. Ikeda, A. T. Bruce, J. M. White, P. E. Swanson, L. J. Old, and
R. D. Schreiber. 2001. IFN+y and lymphocytes prevent primary tumour develop-
ment and shape tumour immunogenicity. Nature 410:1107.

Pap, T., U. Muller-Ladner, R. Gay, and S. Gay. 1999. Gene therapy in rheumatoid
arthritis: how to target joint destruction? Arthritis Res. 1:5.

van den Berg, W. B. 2001. Uncoupling of inflammatory and destructive mech-
anisms in arthritis. Semin. Arthritis Rheum. 30:7.

. Franz, J. K., T. Pap, K. M. Hummel, M. Nawrath, W. K. Aicher, Y. Shigeyama,

U. Muller-Ladner, R. E. Gay, and S. Gay. 2000. Expression of sentrin, a novel
antiapoptotic molecule, at sites of synovial invasion in rheumatoid arthritis. Ar-
thritis Rheum. 43:599.

Zhang, H. G., Y. Wang, J. F. Xie, X. Liang, D. Liu, P. Yang, H. C. Hsu,
R. B. Ray, and J. D. Mountz. 2001. Regulation of tumor necrosis factor a-me-
diated apoptosis of rheumatoid arthritis synovial fibroblasts by the protein kinase
Akt. Arthritis Rheum. 44:1555.

Miagkov, A. V., D. V. Kovaenko, C. E. Brown, J. R. Didsbury, J. P. Cogswell,
S. A. Stimpson, A. S. Baldwin, and S. S. Makarov. 1998. NF-kB activation
provides the potential link between inflammation and hyperplasiain the arthritic
joint. Proc. Natl. Acad. Sci. USA 95:13859.

2202 ‘ST Yose | uo 1s9nb Aq /6.0 jounwiw i [-mamm//:diy wiol papeojumoq


http://www.jimmunol.org/

