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Interleukin-1� (IL-1�) is a potent proinflammatory and immunoregulatory cytokine playing an important role in the progres-
sion of rheumatoid arthritis (RA). However, the signaling network of IL-1� in synoviocytes from RA patients is still poorly un-
derstood. Here, we show for the first time that phospholipase D1 (PLD1), but not PLD2, is selectively upregulated in IL-1�-stim-
ulated synoviocytes, as well as synovium, from RA patients. IL-1� enhanced the binding of NF-�B and ATF-2 to the PLD1
promoter, thereby enhancing PLD1 expression. PLD1 inhibition abolished the IL-1�-induced expression of proinflammatory
mediators and angiogenic factors by suppressing the binding of NF-�B or hypoxia-inducible factor 1� to the promoter of its
target genes, as well as IL-1�-induced proliferation or migration. However, suppression of PLD1 activity promoted cell cycle
arrest via transactivation of FoxO3a. Furthermore, PLD1 inhibitor significantly suppressed joint inflammation and destruction
in IL-1 receptor antagonist-deficient (IL-1Ra�/�) mice, a model of spontaneous arthritis. Taken together, these results suggest
that the abnormal upregulation of PLD1 may contribute to the pathogenesis of IL-1�-induced chronic arthritis and that a selec-
tive PLD1 inhibitor might provide a potential therapeutic molecule for the treatment of chronic inflammatory autoimmune
disorders.

Rheumatoid arthritis (RA) is a chronic, disabling, systemic, in-
flammatory autoimmune joint disease characterized by an

impaired cell-mediated vigorous immune response within the
joint space, leading to the invasive growth of synovial tissue and
the destruction of cartilage and bone (1). In the synovium, syno-
viocytes actively participate in the chronic inflammatory re-
sponses of RA as a major cell population of the invasive pannus
(2). Synovial fibroblasts isolated from RA patients have the potential
to produce proinflammatory cytokines, chemokines, angiogenic and
proinflammatory factors, and matrix metalloproteinases (MMPs)
that degrade the extracellular matrix and cartilage (3).

Interleukin-1� (IL-1�) is one of the most potent and pleiotro-
pic proinflammatory cytokines and has been associated with a
variety of inflammatory and autoimmune diseases. IL-1� and tu-
mor necrosis factor � (TNF-�) are key cytokines in the inflamma-
tory cascade of RA and have been intensively studied for therapeu-
tic interventions (4, 5). In contrast to tumor necrosis factor alpha
(TNF-�), which is detected predominantly in the early stages of
RA, IL-1� is detected long after the onset of RA (6), thus justifying
the use of IL-1-blocking therapy at all stages. Inflammatory arthri-
tis in experimental animal models can be prevented or signifi-
cantly ameliorated by the blockade of IL-1 (6). Therefore, inhibi-
tion of IL-1�-mediated signaling might be a promising form of
therapy. Although blockade of these cytokines is beneficial for RA
treatment, it is not curative and the effect is only partial, with
failures to respond very common (7).

Incidentally, despite a large body of literature on the inflam-
matory pathways triggered by IL-1� in various cell types, no sig-
nificant validation of their potential signaling targets has been
documented. Therefore, it seems possible that a novel IL-1�-me-
diated signaling target molecule(s) contributes to the pathophys-
iology of inflammation in RA patients.

Angiogenesis is one of the key mechanisms for maintaining
and perpetuating chronic inflammation in RA, and some angio-
genic mediators have been described in rheumatoid synovial
joints (8). Aberrant angiogenesis is associated with a variety of
diseases, including tumor growth and metastasis, as well as fibro-
vascular disorders such as RA (8).

Phospholipase D (PLD) is considered a promising drug target
for the treatment of inflammation and cancer (9, 10). However, a
lack of effective small-molecule pharmaceutical inhibitors of PLD
has so far hampered rigorous disease-relevant target validation.
Recently, selective inhibitors of PLD with considerable pharma-
cological characterization have been developed by using a diver-
sity-oriented synthetic approach (11), thus providing an impor-
tant new set of tools to better define the physiological role of PLD.
PLD catalyzes the hydrolysis of phospholipids to phosphatidic
acid (PA), which has emerged as a new class of potent bioactive
molecules that are implicated in a variety of cellular processes,
such as cell proliferation, differentiation, migration, survival,
membrane trafficking, vesicular transport, and cytoskeletal reor-
ganization (12). Two mammalian isoforms of phosphatidylcho-
line (PC)-specific PLD, PLD1 and PLD2, have been identified and
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characterized. Although PLD1 and PLD2 show structural similar-
ities, their modes of activation and functional roles are distinct.

It has been reported that the expression of PLD1 is significantly
increased in the heart during experimental autoimmune myocar-
ditis (13). Moreover, microarray analysis in the transcriptional
profiling of peripheral blood mononuclear cells during acute pan-
creatitis showed that PLD1 is the top upregulated gene (14). How-
ever, the functional role of PLD in a pathological lesion of chronic
inflammatory diseases, such as RA, remains unknown.

Thus, in this study, we investigated the role of PLD in IL-1�-
activated rheumatoid synoviocytes, the actual sites of chronic in-
flammation, as well as in IL-1 receptor antagonist-deficient (IL-
1Ra�/�) mice, which exhibit excess IL-1 signaling and are an
animal model of spontaneous arthritis. Our results demonstrate
that PLD1, as a new target of IL-1�, plays a critical role in syno-
viocyte activation and is tightly linked to the production of various
cytokines/chemokines, adhesion molecules, and angiogenic and
matrix-degrading factors, as well as to the modulation of cell cycle
arrest and proliferation involving transcription factors such as
NF-�B, hypoxia-inducible factor 1� (HIF-1�), and forkhead box
class O3a (FoxO3a) to form an interactive molecular mechanism
responsible for the amplification and perpetuation of RA. More-
over, a selective inhibitor of PLD1 significantly hampered IL-1�-
induced synoviocyte activation and pathogenesis in IL-1Ra�/�

mice, thereby providing a novel therapeutic strategy for the treat-
ment of chronic inflammatory autoimmune diseases such as RA.

MATERIALS AND METHODS
Reagents. Recombinant human IL-1�, TNF-�, and IL-6 were obtained
from R&D Systems Inc. (Minneapolis, MN). MG132 and 1- or 3-butanol
were purchased from Sigma-Aldrich (St. Louis, MO). Various inhibitors
were purchased from Calbiochem. The concentrations of the inhibitors
used were as follows: farnesyltransferase I (FTase I), 5 �M; U0126, 20 �M;
AG126, 10 �M; pyrrolidine dithiocarbamate (PDTC), 50 �M; SP600125,
20 �M; SB203580, 20 �M; wortmannin, 10 �M. PLD1 selective inhibitor
VU155069 was purchased from Cayman Chemical. Dual-luciferase assay
kits were purchased from Promega.

Synovial cell and mouse embryo fibroblast (MEF) cell cultures. Sy-
novial tissue samples were obtained from 10 patients with active RA and
10 patients with osteoarthritis (OA) who were currently undergoing sy-
novectomy or joint replacement. RA was diagnosed according to the 1987
revised criteria of the American College of Rheumatology (formerly the
American Rheumatism Association). To isolate fibroblasts, synovial tis-
sues were diced into small pieces and digested overnight with 1 mg/ml of
type I collagenase (Worthington, Lakewood, NJ). Primary cultured syno-
vial cells were maintained in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% heat-inactivated fetal bovine serum (FBS) and 1%
penicillin-streptomycin (all from Invitrogen, Carlsbad, CA) as described
previously (15). Cells from passages 3 to 7 were used in the experiments.
This work was approved by the Institutional Review Committee of the
Catholic Medical Center, Catholic University of Korea. Informed consent
for the use of human synovial tissues was obtained from all of the study
subjects. Akt1�/�/Akt2�/� (wild-type [WT]) and Akt1�/�/Akt2�/�

(double-knockout) mice were kindly provided by Sun Sik Bae (Pusan
National University) (16). Embryos were dissected from a pregnant dou-
ble heterozygote Akt1/Akt2 (Akt1�/�/Akt2�/�) female that had been
bred with a double heterozygote Akt1/Akt2 (Akt1�/�/Akt2�/�) male.
The yolk sacs, heads, and internal organs were isolated and used for geno-
typing by reverse transcription (RT)-PCR. Carcasses were treated with
trypsin-EDTA for 30 min at 37°C, and clumps of cells were disrupted
by chopping with scissors. After centrifugation, the cells were resus-
pended in culture medium (Dulbecco’s modified Eagle’s medium

[DMEM] supplemented with 10% FBS and antibiotics) and main-
tained at 37°C in 5% CO2.

Animal experiments. IL-1Ra�/� mice on the BALB/c background
were kindly provided by Y. Iwakura (University of Tokyo), maintained
under specific-pathogen-free conditions at the Institute of Medical Sci-
ence, Catholic University of Korea, and fed standard mouse chow (Ral-
ston Purina, St. Louis, MO) and water ad libitum. All experimental pro-
cedures were examined and approved by the Animal Research Ethics
Committee at the Catholic University of Korea. IL-1Ra�/� mice were
maintained until 8 weeks of age. Exactly 10 mg/kg of body weight PLD1
inhibitor was injected intraperitoneally three times per week for 4 weeks.
Untreated mice were injected intraperitoneally with the same volume of
phosphate-buffered saline containing 10% dimethyl sulfoxide three times
per week during the inhibitor treatment period.

Plasmids and small interfering RNA (siRNA). Dominant-negative
TRAF6 (dn-TRAF6), dn extracellular signal-regulated kinase 2 (dn-
ERK2), dn-p38, and dn-I�B� (S32A, S36A I�B�), along with pGL2-3X
NF-�B (NF-�B–Luc), pGL2-HRE (HIF-1�-responsive element [HRE]–
Luc), 3� AP1 (AP1-Luc), 3� STAT (STAT-Luc), 3� C/EBP (C/EBP-
Luc), pGL2-3� NF-AT (NF-AT–Luc), and 3� FoxO (FoxO-Luc) con-
taining repeating DNA-binding motifs of the indicated transcription
factors, were used. Several on the NF-�B or ATF-2 binding site mutant
constructs in the human PLD1 (pGL4-PLD1 Luc; 1.9 kb) promoter re-
porter plasmids have been described elsewhere (see Table S1 in the sup-
plemental material) (17). siRNAs for control and PLD1 were purchased
from Dharmacon Research Inc. (Lafayette, CO). siRNAs for NF-�B,
ATF-2, and FoxO3a were obtained from Santa Cruz. Two kinds of siRNA
sequences for PLDs were previously described (18).

Transient transfection and reporter gene assay. Following the man-
ufacturer’s instructions, expression plasmids or siRNAs were transiently
transfected into cells with Lipofectamine 2000, Lipofectamine Plus (Invit-
rogen), or Polyfect (Qiagen) reagent. Transfection and luciferase assays
were performed as previously described (17). Relative luciferase activity
was obtained by normalization of the activity of firefly luciferase against
the activity of the internal control, Renilla luciferase.

RNA isolation and real-time quantitative PCR (qPCR). cDNA was
synthesized from total RNA extracted with TRIzol (Invitrogen). qPCR
and RT-PCR were performed as previously described (19). Two indepen-
dent experiments were performed in triplicate for each reaction. All data
were normalized with �-actin gene expression values. For sequences of the
target-specific primers used in real-time qPCR and RT-PCR, see Tables S2
and S3 in the supplemental material.

IHC analysis. Immunohistochemical (IHC) staining of sections of
synovium samples obtained from RA and OA patients was performed.
The tissues were embedded in optimum cutting temperature compound
(Tissue-Tek TT 4583; Sakura Finetech, Torrance, CA), snap-frozen in
liquid nitrogen, and stored at �80°C. Tissue sections (7 �m) were fixed in
4% paraformaldehyde solution overnight at 4°C. The sections were de-
pleted of endogenous peroxidase activity by adding methanolic H2O2 and
then blocked with normal serum for 30 min. The tissues were first incu-
bated with primary antibodies (Abs) overnight at 4°C, a biotinylated
secondary linking Ab for 20 min, and then a streptavidin-peroxidase com-
plex for 1 h. The final color product was developed with 3,3=-diamino-
benzidine chromogen (Dako, Carpinteria, CA). The sections were coun-
terstained with hematoxylin. The IL-1Ra�/� mouse joint tissues were
then fixed in 4% paraformaldehyde, decalcified in EDTA bone decalcifier,
and embedded in paraffin. Next, 7-�m sections were prepared and
stained with hematoxylin and eosin (H&E), safranin O, and toluidine blue
to detect proteoglycans. The sections were dewaxed with xylene, after
which they were dehydrated in a graded alcohol series. Endogenous per-
oxidase activity was quenched with methanol and 3% H2O2. IHC was
performed with the Vectastain ABC kit (Vector Laboratories, Burlingame,
CA). Images were captured with a DP71 digital camera (Olympus, Center
Valley, PA) attached to an Olympus BX41 microscope at a magnification
of �400. For histological evaluation of collagen-induced arthritis, sec-
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tions were evaluated in a blind manner as described previously. The scores
were evaluated as previously described (20).

IHC analysis and quantification. IHC analysis and quantification
were performed as described previously (18). IHC analysis was performed
with Abs specific to p65 and FoxO3a. The positive cells in 10 different
fields were quantitated by fluorescence.

ChIP assay. Chromatin immunoprecipitation (ChIP) experiments
were performed as previously described (21). RA fibroblast-like synovio-
cytes (RAFLS) were used for cross-linking with 1% paraformaldehyde in
phosphate-buffered saline (PBS) for 10 min. Cells were scraped and col-
lected by centrifugation. Cells were lysed in lysis buffer (50 mM HEPES,
pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% deoxy-
cholate, 1.0 mM protease inhibitor cocktail) and sonicated for 20 s three
times. Immunoprecipitation was carried out at 4°C overnight. Immuno-
complexes were extracted three times with 1% SDS and 0.1 M NaHCO3,
and cross-linking was reversed by incubation at 65°C overnight. The saved
chromatin input fraction was also processed in the same manner. Samples
were then digested with DNase- and RNase-free proteinase K at 50°C for
4 h, followed by extraction with phenol-chloroform-isoamyl alcohol.
About 1/20 of the immunoprecipitated DNA was used in each qPCR. For
the sequences of the promoter-specific primers used in qPCR, see Table S4
in the supplemental material.

PLD activity assay. PLD activity was assessed by measuring the for-
mation of [3H]phosphatidylbutanol, the product of PLD-mediated trans-
phosphatidylation, in the presence of 1-butanol by a previously described
procedure with a slight modification (22). RAFLS and OAFLS in six-well
plates were serum starved in the presence of 1 �Ci of [3H]myristic acid/
ml. After overnight starvation, the cells were washed three times with 5 ml
of PBS and preequilibrated in serum-free DMEM for 1 h. For the final 10
min of preincubation, 0.3% butan-1-ol was included. At the end of the
preincubation period, cells were treated with or without agonists for the
indicated times. Incubations were terminated by removing the medium,
washing the cells on ice with 5 ml of ice-cold PBS, and adding 1.5 ml of
ice-cold methanol. Cells were scraped off the plates with a rubber police-
man, and the lipids were extracted and separated with methanol– chloro-
form– 0.1 N HCl (1:1:1). The lower phase was dried under N2, resus-
pended in 30 �l of chloroform-methanol (2:1), and spotted onto silica gel
60A thin-layer chromatography plates (Whatman). The plates were de-
veloped in the upper phase of the solvent system of ethyl acetate–iso-
octane–H2O–acetic acid (55:25:50:10) and stained with iodine. A phos-
phatidylbutanol standard (Avanti Polar Lipids) was used to locate the
bands, which were scraped into a scintillation mixture. The radioactivity
incorporated into the total phospholipids was measured, and the result is
presented as a percentage of the total lipid counts per minute incorpo-
rated into phosphatidylbutanol.

Western blotting. Protein samples were analyzed by SDS-polyacryl-
amide gel electrophoresis (PAGE) on 8 to 15% gels and transferred to a
nitrocellulose membrane. The blots were then blocked with 5% nonfat
milk and incubated with the appropriate primary Abs, followed by
incubation with a horseradish peroxidase-conjugated secondary Ab.
Immunoreactive bands were detected by enhanced chemilumines-
cence. The primary Abs used were anti-�-tubulin, antihemagglutinin,
anti-lamin B, anti-NF-�B (p65), anti-cyclooxygenase 2 (anti-COX-2),
anti-phospho-FoxO3a, and anti-FoxO3a from Santa Cruz; anti-vascu-
lar endothelial growth factor (anti-VEGF) and anti-HIF-1� Abs from
BD; anti-phospho-ERK, anti-ERK, anti-phospho-ATF-2, anti-ATF-2,
anti-phospho-Jun N-terminal protein kinase (anti-phospho-JNK),
anti-JNK, anti-phospho-p38, anti-p38, anti-phospho-I�B�, anti-
I�B�, anti-phospho-Akt, anti-Akt, anti-phospho-FoxO3a, and anti-
FoxO3a Abs from Cell Signaling; and anti-Akt1 and anti-Akt2 Abs
from Upstate Biotech. A PLD1- or PLD2-selective Ab was generated as
described previously (23). A polyclonal anti-PLD Ab that recognizes
both PLD1 and PLD2 was generated as described previously (4).

Separation of nuclear and cytosolic fractions. With a commercially
available kit, nuclear and cytosolic fractions were separated according to

the manufacturer’s protocol (Pierce). The purity of the nuclear and cyto-
solic fractions was ensured by immunoblotting with anti-lamin B and
anti-�-tubulin Abs.

Zymography. The zymography assay for MMP-2 activity was per-
formed as previously described, with a slight modification (24). Samples
were applied to an SDS-polyacrylamide gel copolymerized with 0.5% gel-
atin. Gels were rinsed twice after electrophoresis in 2.5% Triton X-100
and then incubated for 18 h at 37°C in incubation buffer (50 mM Tris-
HCl, 5 mM CaCl2, 1 �M ZnCl2, 0.05% NaN3). The gelatin gels were
stained with Coomassie brilliant blue and destained with 10% acetic acid
and 10% isopropanol. Zones of gelatinolytic activity were detected as clear
bands against a black background.

Cell migration. RAFLS migration was assayed with the CytoSelect
24-well cell migration assay in a colorimetric format (12-�m pore size;
Cell Biolabs). Before the addition of cells, the upper chambers were coated
with type 1 collagen (BD Biosciences). RAFLS were seeded into the upper
chambers, incubated for 36 h, transfected with siRNA specific to PLD1 or
a PLD1 inhibitor, and then stimulated with IL-1�. The assay was per-
formed exactly as specified by the manufacturer’s protocol. Cells that had
migrated to the bottom of the membrane were stained, extracted, and
quantified at 560 nm. Human umbilical vein endothelial cell (HUVEC)
migration was assayed as previously described (25). A total of 2 � 104

HUVECs per well were seeded onto a layer of previously polymerized
Matrigel in a 24-well plate, and conditioned medium of RAFLS was added
to each well. Following 24 h of incubation, the morphology of the cells was
observed under a phase-contrast microscope and photographed at �100
magnification.

ELISA. The expression levels of human VEGF, IL-6, IL-8, IL-15, and
MCP-1 secreted by RAFLS were measured with an enzyme-linked immu-
nosorbent assay (ELISA) development kit (eBioscience) according to the
manufacturer’s instructions.

Tube formation. A total of 2 � 104 HUVECs were seeded onto a layer
of previously polymerized Matrigel in a 24-well plate, and conditioned
medium of RAFLS was added to each well. Following 12 h of incubation,
the morphology of the cells was observed under a phase-contrast micro-
scope and photographed at �100 magnification.

Cell proliferation and cell cycle analysis. Cell proliferation was as-
sayed with a cell proliferation ELISA (colorimetric) bromodeoxyuridine
(BrdU) incorporation assay (Roche Diagnostics, Indianapolis, IN) ac-
cording to the manufacturer’s protocol. Phases of the cell cycle were an-
alyzed by flow cytometry. Cells were trypsinized, washed with 1� PBS,
fixed and permeabilized with cold 70% ethanol, and finally incubated for
30 min with 1 ml of propidium iodide (contains NP-40; Biosure, CA) in
the dark. The DNA content of these cells was measured on the basis of the
presence of propidium iodide-stained cells. Flow cytometric analysis of at
least 10,000 cells from each sample was done, and cell cycle data were
analyzed with a FACSCalibur flow cytometer (BD Biosciences, San Jose,
CA) with an excitation wavelength of 488 nm and an emission wavelength
of 530 nm.

Statistical analysis. Data are presented as means � standard devia-
tions (SDs). Data were analyzed by Student’s t test, and P 	 0.05 was
considered to be statistically significant.

RESULTS
PLD1 is highly expressed in rheumatoid synovium and selec-
tively induced by inflammatory cytokines in rheumatoid syno-
viocytes. We examined the expression of PLD in RAFLS and
OAFLS. We found that the basal expression of PLD1 but not
PLD2 in RAFLS (n 
 10) was statistically significantly higher than
that in OAFLS (n 
 10), as analyzed by qPCR (Fig. 1A). Moreover,
the PLD1 protein level was significantly upregulated in RAFLS
(n 
 4), as analyzed by immunoblot assay with an Ab specific to
PLD that recognizes both PLD1 and PLD2 (Fig. 1B). The basal
expression of PLD2 protein could hardly be detected by Ab spe-
cific to PLD in both RAFLS and OAFLS. These results suggest
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different magnitudes of PLD1 expression in RAFLS and OAFLS.
The enzymatic activity of PLD in RAFLS was also significantly
greater than that in OAFLS (Fig. 1C).

Next, we investigated whether or not proinflammatory cyto-
kines are responsible for the induction of PLD expression. IL-1�,
TNF-�, and IL-6 are recognized as important cytokines in devel-
oping synovial inflammation and play predominant roles in the
pathogenesis of RA. These inflammatory cytokines selectively in-
duced PLD1 expression in RAFLS but not in OAFLS, as analyzed
by qPCR and promoter assay (Fig. 1D). However, the expression
of PLD2 was not affected by cytokines. The PLD1, but not the
PLD2, protein level was also significantly increased by these cyto-
kines in RAFLS but not in OAFLS (Fig. 1E). Moreover, IL-1�,
TNF-�, and IL-6 enhanced the enzymatic activity of PLD in
RAFLS but not in OAFLS (Fig. 1F). This result is of interest and
potential significance in relation to the search for possible markers
of RA. To further investigate the expression of PLD in joint tissues,
we performed IHC staining of the synovium of RA patients with
Abs selective for the PLD isoforms. Positive staining was observed
mainly in the lining layer of the hyperplastic synovium (n 
 10).
Expression of PLD1 and IL-1� was significantly correlated with
disease severity in the RA synovium (Fig. 1G, left). Moreover, the
number of PLD1- or IL-1�-positive cells in the synovium was
significantly correlated with RA disease severity (Fig. 1G, right).

However, the expression of PLD1 and IL-1� was very low in the
OA synovium. Further, the expression of PLD2 was not detectable
in the synovium of RA and OA patients. As a negative control,
isotype Ab did not show any immunoreactivity with PLD Ab in
the RA synovium. Taken together, these results indicate that ex-
pression of PLD1 is involved in the progression of chronic ar-
thritic inflammation during RA and is selectively induced by in-
flammatory cytokines important to RA pathogenesis, suggesting
that PLD1 as a new target of chronic inflammation in RAFLS.

TRAF6/ERK/NF-�B and TRAF6/p38/ATF-2 signaling path-
ways are required for IL-1�-induced PLD1 expression. IL-1 is a
central cytokine playing an important role in the progression of
RA (26). Consistent with our findings (Fig. 1G), it has been re-
ported that IL-1� is elevated in serum during RA, and this is cor-
related with higher disease activity (27). However, the signaling
network of IL-1� in RAFLS is still poorly understood.

As our in vitro studies showed that IL-1 was the most potent
inducer of PLD1 among the proinflammatory cytokines exam-
ined in RAFLS, we investigated the signaling pathways of IL-1�-
induced PLD1 expression. TRAF6 is known to be a signal trans-
ducer for IL-1, as an IL-1 receptor adaptor molecule (28). As
shown in Fig. 2A, the expression of dn-TRAF6 significantly sup-
pressed the PLD1 promoter activity and protein expression in-
duced by IL-1� in RAFLS. dn-TRAF6 also inhibited PLD1 mRNA

FIG 1 PLD1 is upregulated in the RA synovium and is selectively induced by inflammatory responses in RAFLS. (A and B) The expression of PLD was analyzed
by qPCR (A) and immunoblotting with an Ab specific to PLD (B) in RAFLS and OAFLS. (C) Cells were labeled with [3H]myristate for 12 h, after which PLD
activity was measured. (D) RAFLS and OAFLS were transfected with or without the PLD1 promoter and stimulated with TNF-� (1 ng/ml), IL-1� (10 ng/ml), or
IL-6 (10 ng/ml) for 36 h, after which the expression of PLD isozymes was analyzed by qPCR (left) and promoter assay (right). (E) Cells were treated with cytokines
for 36 h, after which the lysates were immunoblotted with an anti-PLD Ab. (B and E) Relative PLD1 protein levels were quantitated by densitometer analysis. The
data shown are representative of at least three independent experiments. (F) Cells were treated with the cytokines for 30 min, and the enzymatic activity of PLD
was examined. (G) IHC staining of PLD and IL-1� (�400, left) and quantification of PLD1- or IL-1�-positive cells in the synovium from mild or severe RA and
OA patients (right). *, P 	 0.01; **, P 	 0.05. The data presented are the means � SDs of four independent experiments.

PLD1 as a New Target of Autoimmune Arthritis

July 2013 Volume 33 Number 14 mcb.asm.org 2763

http://mcb.asm.org


expression, as analyzed by qPCR (see Fig. S1A in the supplemental
material). Next, we investigated whether or not IL-1� might in-
crease PLD1 expression via a downstream signaling pathway of
TRAF6. IL-1� has been shown to activate all three mitogen-acti-
vated protein kinase (MAPK) pathways, as well as I�B kinases
(IKK� and IKK�), through activation of TRAF6 in several cell

types (29). IL-1�-induced PLD1 expression was significantly sup-
pressed by inhibitors specific to MEK (U0126), ERK (AG126),
NF-�B (PDTC), and p38 (SB203580) but not by those specific to
Ras (FTase I), JNK (SP600125), and phosphatidylinositol 3-kinase
(PI3K) (wortmannin), as analyzed by Western blotting (Fig. 2B)
and qPCR (see Fig. S1B in the supplemental material). Expression

FIG 2 IL-1�-induced PLD1 expression is mediated by the TRAF6/ERK/NF-�B and TRAF6/p38/ATF-2 signaling pathways. (A) RAFLS were cotransfected with
pGL4-PLD1 and dn-TRAF6 and treated with IL-1� (10 ng/ml) for 36 h. A luciferase activity assay was performed (left). PLD1 expression was analyzed by Western
blotting (right). (B) RAFLS were pretreated with FTase I, U0126, AG126, PDTC, SP600125 (SP), SB203580 (SB), and wortmannin (Wort) for 30 min and treated
with IL-1� for 36 h, after which the lysates were analyzed by Western blotting with an anti-PLD Ab. (C) RAFLS were transfected with dn-TRAF6 and treated with
IL-1�. HA, hemagglutinin. (D) RAFLS were pretreated with the indicated inhibitors and treated with IL-1�. (E) RAFLS were transfected with the indicated
dominant negative constructs and then stimulated with IL-1� for 36 h. (C to E) Lysates were immunoblotted with the indicated Abs. (A to E) Relative PLD1
protein levels were quantitated by densitometer analysis. The data shown are representative of three independent experiments. (F) RAFLS were pretreated with
PDTC for 30 min and then treated with or without IL-1� for 12 h. A ChIP assay was performed with preimmune IgG, anti-NF-�B, or anti-ATF-2 Ab, and the
product was analyzed by qPCR. Arrows indicate the positions of the primers used in the ChIP experiment. (G) RAFLS were cotransfected with WT pGL4-PLD1,
one or two NF-�B or ATF-2 binding site mutant forms (mut) of pGL4-PLD1 and then treated with or without IL-1�. A luciferase activity assay was then
performed. (H) IHC staining of the indicated proteins in synovium from mild or severe RA and OA patients (�400). *, P 	 0.01; **, P 	 0.05. The data presented
are the means � SDs of four independent experiments.
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of dn-TRAF6 significantly suppressed the IL-1�-induced phos-
phorylation of ERK, I�B�, p38, and ATF-2 in RAFLS (Fig. 2C).
We further observed that IL-1�-induced phosphorylation of
I�B� but not ATF-2 was specifically inhibited by inhibitors of
MEK/ERK and NF-�B, suggesting that ERK is an upstream kinase
for the activation of NF-�B signaling (Fig. 2D). However, inhibi-
tion of NF-�B activation by ERK inhibitors does not necessarily
put ERKs upstream of IKKs. The effect of the inhibitor could be
very indirect, e.g., by blocking the synthesis of an NF-�B-acti-
vating cytokine. Moreover, IL-1�-induced phosphorylation of
ATF-2 but not I�B� was specifically suppressed by p38 MAPK
inhibitor (Fig. 2D). ATF-2, a transcriptional factor, is known to be
phosphorylated and activated by JNK or p38 MAPK (19). Further-
more, expression of dn-ERK2, dn-p38, dn-I�B�, or dn-ATF-2
abolished IL-1�-induced PLD1 expression, as analyzed by West-
ern blotting (Fig. 2E). Additionally, transfection of dn-ERK, dn-
I�B�, dn-p38, or dn-ATF2, as well as depletion of NF-�B and
ATF-2, abolished IL-1�-induced PLD1 mRNA expression, pro-
moter activity, and protein expression (see Fig. S1C to F in the
supplemental material). Taken together, these results suggest that
IL-1�-stimulated PLD1 induction is mediated via both the
TRAF6/ERK/NF-�B and TRAF6/p38/ATF-2 pathways.

NF-�B positively regulates the expression of inflammation-
responsive genes, as well as oncogenes, through direct binding to
their promoters (30). Recently, we reported that mitogens and
growth factors selectively induce PLD1 but not PLD2 expression
in various cancer cells via binding of NF-�B to the PLD1 promoter
(17, 18, 24). ATF-2 is a member of the CREB family of transcrip-
tion factors that can bind to both AP-1- and CRE-responsive ele-
ments. ATF-2 plays a role in the expression of genes central to
rheumatic diseases such as those for TNF-� and E-selectin (31).
However, it remains unknown whether or not ATF-2 is involved
in IL-1�-dependent TRAF6 signaling. Four putative NF-�B bind-
ing sites and one CRE are present in the PLD1 promoter (see Fig.
S2 in the supplemental material). As shown in Fig. 2F, IL-1� in-
creased the activity of p65 NF-�B binding to the two NF-�B bind-
ing sites (NF-�B-1 and NF-�B-4), as well as the activity of ATF-2
binding to the CRE, on the PLD1 promoter, as analyzed by ChIP
assay (Fig. 2F). When RAFLS was treated with PDTC, binding of
p65 to the PLD1 promoter was dramatically decreased (Fig. 2F).
We further observed that the two NF-�B-binding sites and one
ATF-2-binding site were functionally critical for the transcrip-
tional activation of IL-1�-induced PLD1 by site-directed mu-
tagenesis (Fig. 2G). Furthermore, expression of the phosphory-
lated forms of the IkB�, ERK, p38, and ATF-2 proteins strongly
increased in the RA synovium, in contrast to that in the OA syno-
vium (Fig. 2H), as analyzed by IHC staining, suggesting the in vivo
relevance of PLD1 expression signaling networks. Taken together,
these data implicate PLD1 as a direct transcriptional target of
the NF-�B and ATF-2 signaling pathways mediated by IL-1� in
RAFLS.

PLD1 activity is required for IL-1�-induced expression of
proinflammatory mediators, matrix-degrading enzymes, and
adhesion molecules via binding of NF-�B to promoters of its
target genes. IL-1� is a potent inducer of inflammatory cytokine
and chemokine production in RAFLS. Stimulation of RAFLS with
IL-1� for 24 h resulted in a dramatic induction of proinflamma-
tory cytokines or chemokines, such as IL-6, IL-15, and monocytic
chemoattractant protein 1 (MCP-1)/CCL2, as analyzed by ELISA
(Fig. 3A). Depletion of PLD1 with two kinds of siRNA and a

PLD1-selective inhibitor (VU0155069) significantly abolished IL-
1�-induced IL-6, IL-15, and MCP1 production. The effect of
PLD1 siRNAs on PLD1 expression is shown in Fig. S3 in the sup-
plemental material. Moreover, PLD1 inhibitor suppressed the IL-
1�-induced expression of COX-2, an inflammatory mediator, as
well as the gelatinolytic activity of MMP-2, a matrix-degrading
enzyme (Fig. 3B and C). The destruction of articular cartilage and
bone is mediated by the release of matrix-degrading enzymes.
RAFLS are a major source of MMPs in the synovium and actively
drive joint destruction via these enzymes (32). Additionally, PLD1
inhibitor significantly suppressed both basal and IL-1�-induced
PLD activities (see Fig. S4A in the supplemental material). Fur-
thermore, the involvement of PLD activity in the production of
inflammatory mediators was further examined by using 1-butanol
to block PA production through PLD by virtue of the formation of
phosphatidylbutanol through the transphosphatidylation reac-
tion. 1-Butanol essentially abrogated the release or expression of
inflammatory factors, whereas an identical concentration of 3-bu-
tanol, an inactive analogue for PLD-mediated PA formation, did
not have a significant effect on the release or expression of factors
in IL-1�-stimulated RAFLS, as analyzed by ELISA, RT-PCR, and
Western blotting (see Fig. S4B to D). Moreover, depletion of PLD1
significantly abrogated the expression of inflammatory mediator
mRNAs in RAFLS (see Fig. S4E and F). The transcription factor
NF-�B is recognized as a pivotal regulator of inflammation in RA.
PLD1 inhibitor suppressed the IL-1�-induced phosphorylation of
I�B� (Fig. 3D), as well as the transactivation (Fig. 3E) and nuclear
localization of NF-�B (Fig. 3F), in RAFLS. Although AP-1,
STAT3, C/EBPs, and NF-AT are known to play major roles in the
regulation of inflammatory genes, their transactivation was not
significantly affected by PLD1 inhibitor under IL-1�-treated con-
ditions (see Fig. S5 in the supplemental material), suggesting that
off-target effects of the PLD inhibitor can be ruled out. Analyses of
nuclear extracts from synovial explants have revealed the in-
creased DNA binding activity of NF-�B in RA patients but not in
OA patients (33). Thus, we examined whether or not PLD1 inhib-
itor affects the binding of NF-�B to the promoters of its target
genes. As shown in Fig. 3G, PLD1 inhibitor significantly sup-
pressed the binding of IL-1�-induced NF-�B to the promoters of
its target genes (the genes for IL-6, IL-8, IL-15, MCP-1, COX-2,
MMP-2, and VCAM-1), as analyzed by ChIP assay. Moreover,
selective inhibition of PLD1 abrogated the IL-1�-induced expres-
sion of proinflammatory mediators, matrix-degrading enzyme,
and cell adhesion molecules, as analyzed by qPCR (see Fig. S6 in
the supplemental material). Taken together, these results suggest
that PLD1 activity is required for the IL-1�-induced expression of
proinflammatory mediators via the binding of NF-�B to promot-
ers of its target genes in RAFLS.

Selective inhibition of PLD1 abrogates IL-1�-induced ex-
pression of angiogenic factors by inhibiting HIF-1� binding to
promoters of its target genes. Angiogenesis is an early and critical
event in the pathogenesis of RA that increases the number of sy-
novial capillaries within the activated endothelium. Newly formed
vessels can maintain a chronic inflammatory state by transporting
inflammatory cells to the sites of synovitis, as well as by supplying
nutrients and oxygen to the pannus. IL-1� profoundly modulates
synovial angiogenesis through angiogenic factors such as VEGF
and IL-8, which are produced mostly by RAFLS (34, 35). Deple-
tion or inhibition of PLD1 abolished the production of VEGF and
IL-8 in IL-1�-stimulated RAFLS, as analyzed by ELISA and im-
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munoblotting (Fig. 4A to C). The RA synovium is under hypoxic
conditions, and a variety of cytokines such as IL-1� and TNF-�
are able to stabilize and activate HIF-1�, a transcription factor that
increases the transcriptional activation of VEGF. PLD1 inhibitor
suppressed the IL-1�-induced HIF-1� transactivation and pro-

tein expression in RAFLS (Fig. 4D and E). HIF-1� regulates tran-
scription levels of angiogenic and proinflammatory genes. Thus,
we examined whether or not PLD1 inhibitor affects the binding of
HIF-1� to the promoters of its target genes. As shown in Fig. 4F,
PLD1 inhibitor significantly suppressed the binding of IL-1�-in-

FIG 3 PLD1 activity is required for IL-1�-induced expression of proinflammatory mediators, matrix-degrading enzymes, and adhesion molecules via inhibition
of NF-�B. (A) RAFLS were pretreated with the PLD1 inhibitor VU0155069 or transfected with two kinds of siRNAs specific to PLD1 and then stimulated with
IL-1� for 24 h. Secretion of IL-6, IL-15, and MCP-1 was quantified by ELISA. (B, C) RAFLS were transfected with siRNA specific to PLD1 and then treated with
IL-1� for 36 h. Lysates were immunoblotted by the indicated Abs, and the activity of MMP-2 was analyzed by gelatin zymography of the conditioned medium.
(D) RAFLS were pretreated with VU0155069 and stimulated with IL-1�. Lysates were immunoblotted with the indicated Abs. (E) Luciferase assay for NF-�B in
RAFLS. (F) RAFLS were pretreated with VU0155069 for 30 min and then stimulated with IL-1� for 36 h. The lysate was fractionated into the cytosol and nucleus
and then analyzed by immunoblotting with the indicated Abs (left). NF-�B-positive cells identified in different fields by IHC analysis were quantitated as
described in Materials and Methods (right). Mean scores � SDs (error bars) are shown. (B to D, F) The relative levels of the indicated proteins were quantitated
by densitometer analysis. The data shown are representative of four independent experiments. (G) ChIP assay of the binding of NF-�B to the promoters of its
target genes. RAFLS were pretreated with a PLD1 inhibitor and stimulated with IL-1� for 12 h. A ChIP assay was then performed with preimmune IgG or an
anti-NF-�B Ab, followed by qPCR. *, P 	 0.05; **, P 	 0.01. The data presented are the means � SDs of four independent experiments.
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duced HIF-1� to the promoters of its targets (the genes for VEGF,
IL-8, MCP-1, and COX-2), as analyzed by ChIP assay. These genes
are also known to be transcriptional targets of NF-�B. PLD1 in-
hibitor also abolished the binding of IL-1�-induced NF-�B to the
promoters of VEGF and IL-8 (Fig. 4G). Knockdown and inhibi-
tion of PLD1 suppressed the IL-1�-induced expression of these
genes, as analyzed by RT-PCR (see Fig. S4C to F in the supplemen-
tal material). Moreover, exogenous PLD1 completely rescued the
inhibitory effect of PLD1 inhibitor on the IL-1�-induced expres-
sion of these genes (see Fig. S7 in the supplemental material). To
further examine the antiangiogenic effect of PLD1 inhibitor, RA-
FLS were stimulated with IL-1� in the presence of PLD1 inhibitor
for 36 h, after which conditioned media were applied to HUVECs
for an angiogenesis assay. PLD1 inhibitor significantly decreased
the IL-1�-induced tube formation of HUVECs (Fig. 5A). More-
over, PLD1 inhibitor significantly abrogated thes IL-1�-stimu-

lated migration of HUVECs, an important feature of angiogenesis
(Fig. 5B). Additionally, depletion of PLD1 also suppressed the
IL-1�-induced migration of RAFLS (Fig. 5C and D). Taken to-
gether, these data suggest that PLD1 activity is required for the
IL-1�-induced expression of angiogenic factors via the binding of
HIF-1� to the promoters its target genes, angiogenesis, and mi-
gration.

PLD1 activity is required for IL-1�-induced phosphoryla-
tion of FoxO3a and suppression of cell cycle arrest via transac-
tivation of FoxO3a. PI3K-dependent activation of Akt has been ob-
served in RA patient synovial tissue, and mechanisms that interfere
with this process are protective in animal models of arthritis. Akt can
regulate cell survival and proliferation via phosphorylation-depen-
dent inactivation of FoxO transcription factors. Akt-mediated
phosphorylation of FoxO family members occurs in the cyto-
plasm and interferes with the binding of FoxO to target genes

FIG 4 PLD1 activity is required for IL-1�-induced expression of angiogenic factors via binding of HIF-1� to the promoters of its target genes. (A) RAFLS were
pretreated with VU0155069 or transfected with two kinds of siRNAs specific to PLD1, followed by stimulation with IL-1� for 24 h. Secretion of VEGF and IL-8
was quantified by ELISA. (B and C) RAFLS were transfected with siRNA specific to PLD1, pretreated with or without VU0155069, and stimulated with IL-1� for
36 h. Cell lysates were immunoblotted with the indicated Abs. The relative levels of the indicated proteins were quantitated by densitometer analysis. The data
shown are representative of four independent experiments. (D) RAFLS were transfected with HRE-Luc, pretreated with VU0155069, and stimulated with IL-1�
for 36 h, and then luciferase activity was determined. (E) RAFLS were pretreated with VU0155069 or cycloheximide (CHX, 5 �M) for 30 min, treated with IL-1�
for 36 h, and then treated with MG132 (20 �M) for 6 h. The HIF-1� protein level was determined by Western blotting. Relative HIF-1� protein levels were
quantitated by densitometer analysis. The data shown are representative of four independent experiments. (F and G) RAFLS were pretreated with VU0155069
for 30 min and treated with IL-1� for 12 h, and a ChIP assay was performed with preimmune IgG, anti-HIF-1�, and anti-NF-�B Abs, followed by qPCR. *, P 	
0.01; **, P 	 0.05. The data presented are the means � SDs of four independent experiments.
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involved in cell cycle arrest (36). FoxO3a is highly expressed and
phosphorylated in synovial tissues from RA patients (37). Thus,
we examined whether or not PLD1 is involved in the regulation of
FoxO3a. PLD1 inhibitor abolished the IL-1�-induced phosphor-
ylation of Akt and FoxO3a in RAFLS (Fig. 6A). Ectopic expression
of WT PLD1 but not a catalytically inactive mutant form of PLD1
increased the phosphorylation of Akt and FoxO3a (see Fig. S8A in
the supplemental material). Moreover, PA, a product of PLD ac-
tivity, enhanced the phosphorylation of these proteins, whereas
inhibitors of PI3K suppressed PA-induced phosphorylation (Fig.
6B). These results suggest that PLD activity is required for the
phosphorylation of Akt and FoxO3a. Moreover, PLD1 inhibitor
restored the IL-1�-induced suppression of FoxO3a transactiva-
tion (Fig. 6C), whereas inhibitors of PI3K restored the PA-in-
duced suppression of FoxO3a transactivation (Fig. 6D). However,
IL-1� and PLD1 inhibitors did not affect the transactivation or
phosphorylation of FoxO3a in Akt1/2 double-knockout MEFs,
suggesting that Akt is required for the phosphorylation and trans-
activation of FoxO3a (see Fig. S8B). Additionally, PLD1 inhibitor
suppressed the IL-1�-induced cytosolic localization of FoxO3a
and increased the nuclear localization of FoxO3a (Fig. 6E). Un-
phosphorylated active FoxO family proteins promote the tran-
scription of genes that induce cell cycle arrest, such as the genes for
p27Kip1 and p21Cip1 (36). PLD1 inhibitor promoted the binding
of FoxO3a to the promoters of its targets, the genes for p27Kip1
and p21Cip1 (Fig. 6F). Moreover, PLD1 inhibitor-induced ex-
pression of p27Kip1 or p21Cip1 was abolished by the depletion of
FoxO3a in IL-1�-treated RAFLS, as analyzed by qPCR and West-
ern blotting (Fig. 6G).

Since the increased proliferation of FLS contributes to the
pathogenesis of RA and PLD regulates the phosphorylation and
transactivation of FoxO, we examined whether or not PLD1 in-

hibitor affects the cell cycle and proliferation of RAFLS. PLD1
inhibitor increased the population of cells in the G0/G1 phase and
decreased the population of cells in the S and G2/M phases, in
comparison with those of IL-1�-treated RAFLS, as analyzed by
fluorescence-activated cell sorting (FACS) (Fig. 6H). Moreover,
the IL-1�-stimulated proliferation of RAFLS was significantly
suppressed by PLD1 inhibitor, as analyzed by BrdU incorporation
assay (Fig. 6I). p27Kip1 and p21Cip1 participate in the mainte-
nance of RAFLS in the quiescent G0/G1 state both in synovial
tissue and in culture (38). Therefore, the PLD1 inhibitor-medi-
ated suppression of RAFLS proliferation may be due to cell cycle
arrest via the induction of p27Kip1/p21Cip1 caused by the trans-
activation of FoxO3a.

PLD1 inhibitor suppresses the development of spontaneous
arthritis, decreases the expression of NF-�B and HIF-1� target
genes, and promotes the expression of FoxO3a target genes in
IL-1Ra-deficient mice. IL-1Ra is an endogenous inhibitor of IL-1
and supposedly regulates IL-1 activity. Polyarthritis develops in
IL-1Ra�/� mice on the BALB/c background at age 5 weeks, and by
12 weeks of age, almost all mice become affected (39). The histo-
pathology of the lesions from excess IL-1 closely resembles that of
RA in humans, with marked synovial and periarticular inflamma-
tion, as well as articular erosion caused by the invasion of granu-
lation tissue (39). In this model, excess IL-1 signaling because of a
deficiency in IL-1Ra results in joint-specific inflammation and
bone destruction. To further verify the pathogenic role of PLD1,
IL-1Ra�/� mice, an animal model of spontaneous arthritis, were
injected with PLD1 inhibitor and analyzed by several approaches.
Histochemical analysis revealed a severe pathology, including ar-
ticular cartilage erosion, synovial inflammation, pannus forma-
tion, and leukocyte infiltration, which was attenuated in IL-
1Ra�/� mice injected with PLD1 inhibitor compared with that in

FIG 5 PLD1 activity is involved in IL-1�-induced angiogenesis and migration. (A, B) RAFLS were preincubated with 10 �M VU0155069 and treated with IL-1�
for 36 h. Conditioned medium was collected and applied to HUVECs, and then tube formation (A) and migration (B) were measured. RAFLS were transfected
with siRNAs specific to PLD1 (C) or pretreated with or without 10 �M VU0155069 (D), seeded into collagen type I (0.1% solution)-coated migration chambers,
and then stimulated with IL-1� for 36 h. The extent of migration is expressed as the average number of cells per microscopic field. *, P 	 0.01; **, P 	 0.01; ***,
P 	 0.05. The data presented are the means � SDs of four independent experiments.
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FIG 6 Inhibition of PLD1 suppresses IL-1�-induced phosphorylation of FoxO3a and enhances cell cycle arrest via transactivation of FoxO3a. (A) RAFLS
were pretreated with VU0155069 (10 �M) and stimulated with IL-1� for 30 min. (B) RAFLS were pretreated with a PI3K inhibitor (wortmannin [Wort],
LY294002 [LY]) and stimulated with PA (50 �M) for 30 min. (A and B) Lysates were immunoblotted with the indicated Abs. The relative levels of the
indicated proteins were quantitated by densitometer analysis. The data shown are representative of four independent experiments. (C and D) RAFLS were
transfected with FoxO-Luc and treated with the indicated drugs, and a luciferase activity assay was performed. (E) RAFLS were pretreated with
VU0155069 and treated with IL-1� for 30 min. Lysate was fractionated into the cytosol and nucleus and then immunoblotted with the indicated Abs (left).
Relative FoxO3a protein levels were quantitated by densitometer analysis. The data shown are representative of four independent experiments. The
FoxO3a-positive cells identified in different fields by IHC were quantitated (right). (F) RAFLS were pretreated with VU0155069 and treated with IL-1�
for 12 h, and a ChIP assay was performed with the indicated Abs. (G) RAFLS were transfected with or without siRNA specific to FoxO3a and subjected to
real-time qPCR (left) and immunoblotting (right). a.u., arbitrary units. The relative levels of the indicated proteins were quantitated by densitometer
analysis. The data shown are representative of four independent experiments. RAFLS were treated with or without VU0155069 and IL-1� for 36 h and then
analyzed by FACS (H) and BrdU incorporation assay (I). (J) IHC staining of p-FoxO3a and p27Kip1 in the synovium from mild/severe RA and OA
patients. *, P 	 0.01; **, P 	 0.05. The data presented are the means � SDs of four independent experiments.
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the vehicle-treated groups (Fig. 7A). Moreover, PLD1 inhibitor
suppressed the phosphorylation of I�B�, as well as the expression
of proinflammatory mediators (IL-6, IL-15, and COX-2), matrix-
degrading enzyme (MMP-2), and adhesion molecules (VCAM-1)
in the synovium of IL-1Ra�/� mice, as analyzed by IHC staining

(Fig. 7B). Treatment with PLD1 inhibitor also decreased the ex-
pression of angiogenic factors (HIF-1� and VEGF) in the syno-
vium of IL-1Ra�/� mice (Fig. 7C). Furthermore, PLD1 inhibitor
suppressed the phosphorylation of FoxO3a and enhanced the ex-
pression of its target, the gene for p27Kip1, in the synovium of

FIG 7 PLD1 inhibitor suppresses the pathogenesis of spontaneous arthritis, decreases the expression of NF-�B and HIF-1� target genes, and promotes the
expression of FoxO3a target genes in IL-1Ra-deficient mice. (A) IL-1Ra�/� mice were treated with intraperitoneal injections of PLD1 inhibitor (10 mg/kg; n 

8) or vehicle (n 
 8). Tissue sections from joints of each mouse were stained with H&E, toluidine blue, or safranin O. Representative photographs from each
group are shown. The histological scores of mice treated with PLD1 inhibitor or vehicle are shown at the bottom. The data represent individual values and the
average value of five individual mice in each group. *, P 	 0.05 compared with the vehicle-treated group. (B to D) Tissue sections from the joints of mice treated
with PLD1 inhibitor or vehicle were stained with the indicated Abs. The cells stained with each Ab are shown in brown (�400). (E) Tissue sections from the
spleens of IL-1Ra-deficient mice were stained with 4=,6-diamidino-2-phenylindole (DAPI; blue) or anti-p-FoxO3a Ab (green). Tissues were monitored with a
Zeiss LSM 510 confocal microscope. Anti-p-FoxO3a- and DAPI-stained images were overlaid to visualize the nuclear and cytoplasmic localization of p-FoxO3a.
The data shown are representative of three independent experiments. (F) Model illustrating the roles of PLD1 in RAFLS. IL-1� binds to its receptor and stimulates
the TRAF6-ERK/NF-�B and TRAF6/p38/ATF-2 signaling pathways, leading to selective PLD1 expression. PLD1-derived PA is involved in the production of
proinflammatory mediators and angiogenic factors. PLD1 inhibitor abolishes the expression of molecules involved in RA pathogenesis by suppressing the
binding of NF-�B/HIF-1� to the promoters of IL-1� target genes and enhances the expression of cell cycle arrest genes (p27Kip1 and p21Cip1 genes) via
transactivation of FoxO3a. The abnormal upregulation of PLD1 in RAFLS may contribute to the pathogenesis of chronic arthritis and thus provide a potential
target for the control of inflammatory arthritis.
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IL-1Ra�/� mice (Fig. 7D). Additionally, PLD1 inhibitor sup-
pressed the expression of p-FoxO3a in the cytosol of spleen cells
from IL-1Ra�/� mice (Fig. 7E). These results are correlated with
those obtained from RAFLS and imply that the PLD1-mediated
signaling network may play a very important role in the pathogen-
esis of spontaneous arthritis in IL-1Ra�/� mice.

DISCUSSION

In the present study, we demonstrate that IL-1� is functionally
coupled to PLD1 but not PLD2 in RA synoviocytes. Since IL-1� is
associated with various inflammatory diseases, understanding the
intracellular signal transduction mechanisms that regulate IL-1�-
mediated responses has profound implications, not the least of
which is to identify novel molecules as potential therapeutic tar-
gets. Regulation of molecules involved in the IL-1�-triggered sig-
naling pathways has gained attention in this regard, as a variety of
signaling molecules, such as PDE4, p38 MAPK, and NF-�B inhib-
itors, are being studied in clinical trials (40) but have produced
undesired side effects so far. More efficient therapies may become
available upon the elucidation of the molecular mechanisms and
the roles of key molecules involved in the IL-1�-triggered signal-
ing events. Thus, we investigated the role of PLD in the IL-1�-
mediated intracellular signaling mechanism in human RA syno-
viocytes and validated the in vitro and in vivo relevance of PLD1 in
the process of chronic autoimmune inflammatory arthritis. In this
study, we demonstrated for the first time that PLD1 plays a critical
role in IL-1�-induced synoviocyte activation, as well as in the
progression of chronic inflammatory arthritis, in IL-1 receptor
antagonist-deficient mice, a model of spontaneous arthritis.

Our study showed that PLD1 expression and activity in the
synovium or FLS were higher in RA patients than in OA patients.
PLD1 expression correlated well with the severity of RA.

The increase in the expression of PLD1 but not PLD2 was trig-
gered by proinflammatory cytokines such as IL-1�, TNF-�, and
IL-6 in RAFLS but not in OAFLS. A great deal of evidence indi-
cates that in activated rheumatoid synoviocytes, many pathologi-
cal processes, including inflammatory cytokine production, are
regulated by intracellular signaling. IL-1�, TNF-�, and IL-6 are all
critical cytokines involved in the pathogenesis of RA. These cyto-
kines are abundantly produced in RA patient synovium and are
highly concentrated in the synovium and serum of RA patients.

IL-1�-induced PLD1 expression was mediated via the TRAF6/
ERK/NF-�B and TRAF6/p38/ATF-2 signaling pathways. Re-
cently, isoform-selective small-molecule PLD inhibitors have
been developed by using a diversity-oriented synthetic approach
with considerable pharmacological characterization (11). In our
study, PLD1 inhibitor significantly abolished IL-1�-induced pro-
inflammatory cytokines or chemokines such as IL-6, IL-15, and
MCP-1 by suppressing the binding of NF-�B to the PLD1 pro-
moter. Activation of the NF-�B transcription factor plays a central
role in inflammatory responses based on the ability of NF-�B to
regulate proinflammatory gene transcription. Moreover, exces-
sive NF-�B activation has been implicated in diverse chronic dis-
eases, including RA. Thus, PLD1 inhibitor may effectively induce
an anti-inflammatory response in RA by modulating inflamma-
tory gene activation via inhibition of NF-�B activity. Although
AP-1, STAT3, C/EBPs, and NF-AT are also known to play major
roles in the regulation of inflammatory genes, their transactiva-
tion was not affected by PLD1 inhibitor under IL-1�-stimulated

conditions, suggesting that off-target PLD inhibitor effects can be
ruled out.

In fact, activation of STAT3 is mediated mainly by IL-6 or
IL-10 (41) and the activation of NF-AT is mediated mainly by
Ca2� signaling (42). As IL-1� is not a strong inducer of transac-
tivation of STAT3 and NF-AT, the ability of IL-1� to induce Stat3
and NFAT activity is likely to be indirect.

Abnormally reduced oxygen concentrations leading to dys-
functional cell metabolism are present in RA. HIF-1� is an impor-
tant molecular switch that guides cellular responsiveness in syno-
vial tissue exhibiting the chronic inflammation associated with
RA. This factor controls the outgrowth of new vasculature that
supports the on-going demand for nutrients, oxygen, and leuko-
cyte recruitment by facilitating the expression of many proangio-
genic and proinflammatory genes. PLD1 inhibitor suppressed IL-
1�-induced HIF-1� expression and significantly decreased the
binding of IL-1�-induced HIF-1� to the promoters of the genes
for VEGF, IL-8, MCP-1, and COX-2, thereby inhibiting their ex-
pression. Angiogenesis is an early and critical event in the patho-
genesis of RA. VEGF is a prototypic angiogenic factor that induces
endothelial cell proliferation, angiogenesis, and capillary per-
meability. Neovascularization is dependent on endothelial cell
activation, migration, and proliferation of angiogenesis and
may provide a novel approach to RA therapy. In this study, we
documented that PLD1 inhibitor suppressed the IL-1�-induced
angiogenesis, migration, and proliferation of HUVECs or RAFLS.
Collectively, these data indicate that PLD1 is a critical mediator of
synovial inflammation. Our findings further suggest that specific
inhibition of PLD1 activation may be considered a promising
anti-inflammatory approach with therapeutic potential for RA.

PI3K-dependent activation of Akt has been observed in RA
synovial tissue, and mechanisms that interfere with this process
have been shown to be protective in an animal model of arthritis.
Akt can regulate cell survival and proliferation via phosphoryla-
tion-dependent inactivation of FoxO.

Further analysis of the activation status of the intracellular sig-
naling pathways regulating FoxO transcriptional activity in RA
synovial tissues may therefore be helpful in identifying the molec-
ular networks that differentially support inflammation and joint
destruction in RA patients. IL-1� mediates the proliferation of
synoviocytes through the coupling of PLD1 to FoxO3a; so far, this
is the first example of this pathway to be shown in cytokine signal-
ing. Taken together, IL-1� enhances proinflammatory mediators,
angiogenic factors, and proliferation and migration via PLD1-
mediated NF-�B or HIF-1� activation and the FoxO3a inactiva-
tion signaling pathway in RA synoviocytes. Moreover, injection of
PLD1 inhibitor into IL-1Ra�/� mice significantly suppressed the
pathogenesis of spontaneous chronic arthritis. The PLD1 inhibi-
tor effect in IL-1Ra�/� mice is well correlated with that in RAFLS.
Thus, it is suggested that the biological activity of PLD1 apparently
exacerbates the joint inflammation of IL-1Ra�/� mice. Our re-
sults suggest that IL-1�-induced PLD1 expression plays an essen-
tial role in the pathogenesis of spontaneous arthritis (Fig. 7F). A
variety of chronic inflammatory diseases are associated with al-
tered cellular signaling. Understanding the intracellular pathways
might lead to new approaches to the treatment of inflammatory
diseases, including the use of bioavailable small molecules that
regulate cytokine function and production.

In summary, our present study demonstrates that a selective
PLD1 inhibitor has therapeutic potential for improving chronic
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autoimmune inflammatory diseases such as RA but also other
inflammatory diseases where IL-1� plays a role.
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