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A B S T R A C T

Parkin is associated with various inflammatory diseases, including Parkinson's disease (PD) and rheumatoid
arthritis (RA). However, the precise role of Parkin in RA is unclear. The present study addressed this issue by
comparing the development of RA between non-transgenic (non-Tg) mice and PARK2 knockout (KO) mice. We
found that cyclooxygenase-2 and inducible nitric oxide synthase expression and nuclear factor-κB activity were
reduced but p53 activation was increased in PARK2 KO as compared to non-Tg mice. These effects were
associated with reduced p53 degradation. Parkin was found to interact with p53; however, this was abolished in
Parkin KO mice, which prevented p53 degradation. Treatment of PARK2 KO mice with p53 inhibitor increased
Parkin expression as well as inflammation and RA development while decreasing nuclear p53 translocation,
demonstrating that PARK2 deficiency inhibits inflammation in RA via suppression of p53 degradation. These
results suggest that RA development may be reduced in PD patients.

1. Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune
disease characterized by persistent inflammation of the joint synovium,
which can lead to cartilage damage, bone erosion, and joint destruction
[1]. The pathogenesis of RA is not fully understood, but involves an
interaction between genetic and environmental factors [2]. Parkinson's
disease (PD) is a neurodegenerative disorder that was previously often
misdiagnosed as RA [3]. Patients with autoimmune diseases such as RA
have chronically elevated levels of inflammatory mediators over long
periods of time, and may be at increased risk for stroke and PD [4,5],
although the molecular link between PD and RA development remains
unclear.

The p53 tumor suppressor gene inhibits the proliferation of abnor-
mal cells such as cancer cells by triggering apoptosis [6]. It is activated
by a variety of cellular stressors, including DNA damage, hypoxia, and
oncogenes [7], but is also associated with inflammation. Lipopolysac-
charide (LPS)-induced acute lung injury was exacerbated and inter-
leukin (IL)−6 levels were found to be reduced in p53−/− as compared
to p53+/+ mice [8,9]. It was also reported that p53 suppresses

inflammatory responses during RA development [10]. However, muta-
tion of p53 stimulates the proliferation of the synovial cells and may
contribute to the pathogenesis of chronic diseases [11]. The joints of
p53−/− mice with collagen antibody-induced arthritis (CAIA) showed
greater severity of arthritis than those of wild-type mice [12]. More
severe arthritis—as evidenced by increased bovine type II collagen-
stimulated T cell proliferation and interferon (IFN)-γ production—was
also observed in p53−/− as compared to p53+/+ mice [13]. Con-
versely, p53 overexpression induced apoptosis and reduced leukocyte
infiltration without affecting cartilage metabolism in cultured synovial
cells and tissue in a rabbit model of arthritis [14]. Mutation of p53 has
been reported to enhance the activation of nuclear factor (NF)-κB [15],
a major regulator of inflammation and associated diseases [16]. Thus,
p53 has important roles in the regulation of cell proliferation in the
synovium.

Parkin is encoded by the PARK2 gene, which is expressed in
multiple tissues and functions as a RING-between-RING E3 ligase
[17]. Protein ubiquitination involves the concerted action of the E1
ubiquitin-activating enzyme, E2 ubiquitin-conjugating enzymes, and E3
ubiquitin-protein ligases. The latter binds substrate proteins and E2s
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with high specificity to mediate the transfer of ubiquitin between these
two molecules [18]. It also targets substrates for proteasomal destruc-
tion. It was previously supposed that the loss of Parkin function leads to
accumulation of toxic substrates that damage dopaminergic neurons,
resulting in Parkinsonism [19]. Parkin was shown to inhibit p53
expression and activity in TSM1 neuronal cells [20], and a recent study
demonstrated that cytosolic p53 binds to the RING0 domain of Parkin
[21]. Thus, it is possible that Parkin binds to and targets p53 for
degradation, thereby providing a mechanistic basis for the development
of RA.

To investigate this possibility, we examined the role of Parkin in the
development of inflammatory arthritis using transgenic (Tg) PARK2
knockout (KO) mice.

2. Results

2.1. LPS-induced iNOS and COX-2 expression is decreased by Parkin
knockdown and increased by p53 knockdown

To investigate how Parkin and p53 modulate inflammatory re-
sponses, we stimulated RAW 264.7 cells, a murine macrophage like cell
line, and human fibroblast-like synoviocytes (FLS) derived from RA
patients with LPS or TNF-α. iNOS and COX-2 were upregulated by both
stimuli in a dose dependent manner whereas Parkin and p53 were
downregulated by the treatment in both cell lines (Supplementary
Fig. 1). To further assess the relationship between Parkin or p53 and the
inflammatory response, RAW 264.7 cells and human FLS were trans-
fected with siRNAs against Parkin or p53 for 24 h and then treated with
LPS for 24 h. Parkin knockdown decreased LPS-induced expression of
iNOS and COX-2 but increased that of p53 (Supplementary Fig. 2A, B).
Conversely, p53 knockdown enhanced LPS-induced expression of iNOS
and COX-2and increased that of Parkin (Supplementary Fig. 2C, D).

2.2. PARK2 deficiency reduces inflammatory arthritis

To investigate whether PARK2 deficiency leads to the development
of arthritis, we compared the degree of arthritis in non-Tg and PARK2
KO mice. Following CAIA, hind paw edema was increased in non-Tg
mice, but this effect was reversed in the mutants (Fig. 1A), accompanied
by a decrease in the clinical score (Fig. 1B, C). A histopathological
evaluation in the hind paws also showed reduced synoviocyte hyper-
plasia, bone erosion, and cartilage destruction in the joints of PARK2
KO as compared to non-Tg mice (Fig. 1A). The number of white blood
cells and neutrophils in the blood was lower in CAIA and LPS-treated
non-Tg as compared to PARK2 KO mice (Fig. 1D), which was associated
with reduced IgG and IgM levels (Fig. 1E).

2.3. P53 interacts with Parkin and is targeted for degradation in vitro and
in vivo

To investigate the relationship between Parkin and p53, we
performed a Gene Ontology (GO) analysis using GeneMania
(http:www.genemania.org) to generate networks of interaction be-
tween Parkin and p53. This strategy uncovered tight networking of
the these genes with 21 associated genes including NFкB, which is well-
known inflammation regulatory factor (Supplementary Fig. 3). Since
p53 suppresses the inflammatory response, we speculated that Parkin
binds and targets p53 for degradation, resulting in loss of p53 function.
Parkin was found to interact with p53 in RAW 264.7 cells, as
determined by immunoprecipitation followed by immunoblot analysis
(Fig. 2A) as well as by the Octet system (Supplementary Fig. 4).
Molecular docking revealed that the p53 binding pocket of Parkin
comprised Ser19, Ala46, Lys48, Leu50, Lys51, Asp53, Trp54, Thr55,
Gln57, Asn58, Asp60, Leu61, Tyr391, Arg392, Asp394, Glu395,
Arg396, and Ala397 (Fig. 2B).

We investigated whether p53 is a target of Parkin-mediated

ubiquitination by in vitro and in vivo assays. P53 was ubiquitinated
in the presence of Parkin, but was not degraded upon Parkin knock-
down (Fig. 2C). To determine whether Parkin mediates protein
ubiquitination in vivo, HEK293 cells were transfected with plasmids
expressing Myc-tagged Parkin and HA-tagged ubiquitin, and cell
extracts were analyzed by immunoblotting with antibodies against
Myc and HA. Parkin was expressed in transfected cells and caused an
increase in protein ubiquitination, which was not observed in the
absence of HA-tagged ubiquitin (Fig. 2D).

Parkin expression was downregulated by LPS stimulation in RAW
264.7 cells and human FLS; this corresponded to an increase in p53
degradation in RAW 264.7 cells (Fig. 2E). The decrease in inflammation
observed in PARK2 KO relative to non-Tg mice was associated with p53
accumulation resulting from Parkin deficiency. CAIA and LPS-treated
PARK2 KO mice showed only slightly higher levels of p53 in the
cytoplasm as compared to non-Tg mice; however, nuclear expression of
p53 was increased (Fig. 2F). To determine whether this was due to a
reduction in p53 degradation, we examined p53 expression in ankle
joint tissues by immunofluorescence analysis and confocal microscopy.
Expression of p53 was increased in CAIA and LPS-treated PARK2 KO
mice relative to their non-Tg counterparts (Fig. 2G).

2.4. PARK2 deficiency alters cytokine, COX-2, and iNOS levels in the spleen
and paw joints

We next investigated whether loss of PARK2 alters cytokine levels in
the immune organ (spleen) by ELISA, and examined whether this leads
to the suppression of arthritis development in the paw joint. The levels
of pro-inflammatory cytokines including IL-1β, IL-6, and TNF-α were
increased in the spleen as well as in the serum of CAIA and LPS-treated
non-Tg mice. However, in CAIA and LPS-treated PARK2 KO mice, IL-1β
(Fig. 3A, D) and IL-6 (Fig. 3B, E) levels in the spleen and paw joint were
reduced whereas that of TNF-α (Fig. 3C, F) was unaltered. In addition,
iNOS and COX-2 were upregulated in CAIA and LPS-treated non-Tg
mice, as determined by western blotting (Fig. 3G) and immunohisto-
chemistry (Fig. 3H, I).

2.5. PARK2 deficiency inhibits NF-κB activation in the paw joint

To determine whether loss of PARK2 inhibits NF-κB activation in
paw joints, we examined the nuclear localization of p65 and p50 and
IκB degradation by western blotting. The levels of p65 and p50 in the
nucleus and p-IκB in the cytoplasm were increased in the paw joints of
CAIA and LPS-treated non-Tg mice, but were decreased in PARK2 KO
animals (Fig. 4A, C). In addition, the DNA binding activity of NF-κB was
higher in the paw joints of non-Tg as compared to PARK2 KO CAIA
mice (Fig. 4B).

2.6. P53 inhibition increases RA severity and p53 degradation in the
absence of PARK2

To further clarify the involvement of p53 in the development of RA,
PARK2 KO mice with CAIA were treated with LPS along with the p53
inhibitor pifithrin-α. Interestingly, after 3 days of pifithrin-α adminis-
tration, arthritis was exacerbated (Fig. 5A); synoviocyte hyperplasia,
bone erosion, and cartilage destruction were increased, while iNOS and
COX-2 expression in the joints was upregulated, as determined by
immunohistochemistry (Fig. 5B). The decrease in p53 expression
resulting from inhibitor treatment was associated with higher levels
of IL-1β, IL-6, and TNF-α (Fig. 5C). CAIA and LPS-treated PARK2 KO
mice also showed nuclear accumulation of p53 and reduced NF-κB
activation.

NF-κB activation has been shown to be suppressed by p53 [22]. To
determine whether p53 regulates NF-κB activity in RA, NF-κB expres-
sion was examined in mice treated with pifithrin-α. NF-κB level was
increased in CAIA and LPS-treated PARK2 KO mice upon pifithrin-α
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administration (Fig. 5D). The nuclear translocation of p65 and p50 and
IκB degradation were also increased in the paw joint as a result of p53
inhibition (Supplementary Fig. 5).

3. Discussion

PD is characterized by the degeneration of dopaminergic neurons
[23] and is related to inflammation and oxidative stress [24]. The
relationship between the development of PD and RA has been
controversial [25]. To address this issue, the presents study investigated
the role of Parkin in the development of RA. We found that Parkin
deficiency decreased LPS-induced COX-2 and iNOS expression in RAW
264.7 cells and human FLS. The opposite was observed upon p53
knockdown; moreover, Parkin was upregulated in the absence of p53,
consistent with the reciprocal regulation between p53 and Parkin. It
was previously demonstrated that Parkin depletion enhanced p53
expression in fibroblasts and mouse brain [20,26], while Parkin over-
expression had the opposite effect [20,26]. P53 protein level was found
to be increased by 17-fold in the brains of PD patients relative to
controls [26].

We observed that nuclear translocation of p53 was increased in
CAIA and LPS-treated PARK2 KO as compared to non-Tg mice, whereas
Parkin knockdown increased LPS-induced p53 expression in RAW 264.7
cells and human FLS. P53 acts as a tumor suppressor; however, it has

also been implicated in inflammatory diseases, including RA. In this
study, we found that CAIA and LPS-treated PARK2 KO mice were less
likely to develop arthritis as compared to non-Tg mice. These data
indicate that loss of Parkin can reduce inflammatory responses and
thereby prevent the development of arthritis.

A previous study reported that the joints of p53−/− CAIA mice
showed more severe arthritis [12]. P53 was shown to inhibit innate
immune responses and the development of autoimmune diabetes in p53
KO mice [27]. We demonstrated that pharmacological inhibition of p53
enhanced CAIA-induced arthritis in PARK2 KO mice, suggesting that
p53 is responsible for the reduction in inflammatory arthritis in PARK2
KO mice.

P53 is a target of various E3 ubiquitin ligases, including Mouse
double minute 2 homolog [28]. Pirh2 was shown to interact with the
RING-H2 domain of p53 and promote p53 ubiquitination and degrada-
tion [29]. Parkin also interacts with the RING1 domain of p53 [20], and
immunoprecipitation studies demonstrated that the RING0 domain of
Parkin was essential for this interaction [21]. On the other hand, p53
inhibited Parkin-mediated autophagic degradation of damaged mito-
chondria, leading to impaired insulin secretion in pancreatic β cells of
diabetic mice [30]. Based on these findings and the results of the in
vitro and in vivo ubiquitination assays presented here, we propose that
Parkin negatively regulates p53 via direct interaction and ubiquitina-
tion [29]; the consequent loss of p53 function may contribute to the

Fig. 1. Inhibition of inflammatory arthritis in PARK2 KO mice. To generate the CAIA model, mice were injected with an antibody against type II collagen on day 0, followed by injection
of LPS on day 3. Development of CAIA was monitored for 21 days by (A) radiography, (B) paw thickness measurements, and (C) clinical scores. (D–G) The number of white blood cells and
neutrophils (D, E) and IgG (F) and IgM (G) levels in blood were determined in CAIA with LPS-induced non-Tg and PARK2 KO mice. (H) Histopathological analysis of joint of hind paws
and bone destruction in PARK2 KO mice with CAIA and in non-Tg mice with or without CAIA. Values represent the mean±SD of 10 mice. #P<0.05 vs. non-Tg mice with CAIA and LPS;
*P< 0.05 vs. non-Tg mice without CAIA.
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development of arthritis.
P53 accumulation in the absence of Parkin altered NF-κB activation.

NF-κB is a component of a pro-inflammatory signaling pathway and
modulates the expression of cytokines, chemokines, and adhesion
molecules [16]. As such, inactivation of NF-κB may be an effective
strategy for the treatment of inflammatory diseases. P53 is a known
inhibitor of NF-κB-mediated transcription; loss of p53 therefore resulted
in an increase in inflammatory responses [31]. LPS increased the NF-κB-
induced expression of IL-1, IL-6, IL-12, TNF-α, chemokine receptor
(CCR)2, CCR5, monokine induced by IFN-γ, and IFN-γ-induced protein
10 in the thymus of p53 KO as compared to wild-type mice [9]. Another
study showed that NF-κB activity was reduced in human metastatic
melanoma cells with wild-type p53, but was enhanced in cells expres-
sing mutant p53 [32]. In this study, NF-κB activation and p50 and p65
expression were decreased whereas nuclear p53 level was increased in
CAIA PARK2 KO relative to non-Tg mice. P53 inhibition in CAIA and
LPS-treated PARK2 KO mice increased p50 and p65 nuclear localization
and NF-κB activation. Thus, Parkin deficiency leads to the development
of arthritis due to the suppression of p53 degradation and consequent
inactivation of NF-κB. Our results suggest that the development of PD
and RA is closely related and that therapeutic strategies that target
Parkin could reduce risk of RA development.

4. Materials and methods

4.1. Cell culture

RAW 264.7 mouse macrophage-like cells and HEK293 human
embryonic kidney cells were obtained from the American Type
Culture Collection (Manassas, VA, USA). The Clinical Research Ethics
Committee of the College of Medicine, Soonchunhyang University
Medical Center (Chungnam, Korea) approved the study protocol and
the use of human tissue samples. Informed consent was obtained from
all patients. Human fibroblast-like synoviocytes (FLS) and RAW 264.7
cells were cultured as previously described [33].

4.2. Animals and ethics statement

Male PARK2 knockout (PARK2 KO) and non-Tg (C57BL6/J) mice
were purchased from The Jackson Laboratory (Bar Harbor, ME, USA).
Mice were housed and bred under specific pathogen–free conditions at
the Laboratory Animal Research Center of Chungbuk National
University, Korea, and maintained 10 per cage in a room at constant
temperature of 22 °C± 18 °C and relative humidity of 55%±10% on a
12:12-h light/dark cycle. The animals were provided drinking tap water
and a standard rodent chow diet ad libitum (RodFeed, DBL, Chungbuk,
Korea) throughout the experiment. All the animal experiments were

Fig. 2. Interaction between p53 and Parkin and p53 degradation in vitro and in vivo. (A) RAW264.7 cell lysates were immunoprecipitated with anti-p53 antibody and analyzed by
immunoblotting with anti-Parkin antibody. (B) Molecular surface representation in the docking model of p53 with Parkin. (C) In vitro analysis of Parkin-mediated p53 ubiquitination. In
vitro ubiquitination of p53 in the presence of Parkin. Reaction mixtures were analyzed by immunoblotting using the indicated antibodies. (D) In vivo ubiquitination assay in HEK293 cells
transfected with plasmids expressing Flag-tagged p53, Myc-tagged Parkin, and HA-tagged ubiquitin. Cell lysates were immunoprecipitated with anti-p53 antibody and analyzed by
immunoblotting with indicated antibodies. (E) In vivo ubiquitination assay of RAW 264.7 cells treated LPS (1 μg/ml). Cell lysates were immunoprecipitated with anti-ubiquitin antibody
and analyzed by immunoblotting with indicated antibodies. (F) P53 expression in cytosolic and nuclear fractions. (G) P53 localization, as determined by immunofluorescence analysis and
confocal microscope. Each band in the blots is representative of three experiments.
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conducted in accordance with the principles and procedures outlined in
the Korean National Institute of Health Guide for the Care and Use of
Laboratory Animals. The protocol for the animal procedures was
approved by the Chungbuk National University Institutional Animal
Care and Use Committee and compiled with the Korean National
Institute of Health Guide for the Care and Use of Laboratory Animals
(CBNUA-754-14-01).

4.3. CAIC induction

Mice were subjected to CAIA-induced arthritis as previously de-
scribed [33]. Briefly, 5 mg of an anti-collagen II monoclonal antibody
(Chondrex, Redmond, WA, USA) was administered by intraperitoneal
injection into 12-week-old male PARK2 KO mice on day 0, followed by
50 μg LPS on day 3. The severity of arthritis was graded on a scale of
0–4 for each paw in a blinded fashion: 0, no evidence of erythema or
swelling; 1, erythema and mild swelling confined to the midfoot
(tarsals) or ankle joint; 2, erythema and mild swelling extending from
the ankle to the midfoot; 3, erythema and moderate swelling extending
from the ankle to the metatarsal joints; and 4, erythema and severe
swelling encompassing the ankle, foot and digits. The scores for each of
the four paws were added to obtain a final score, with a maximal
severity score of 16, presented as the mean± standard error of the
mean (SEM).

4.4. Histological analysis

Histological analysis was carried out as previously described [33].

4.5. Radiological evaluation

Radiological evaluation was performed as previously described
[33].

4.6. Western blotting

Western blot analysis was performed as previously described [33].
Membranes were incubated with antibodies against the following
proteins: inducible nitric oxide synthase (iNOS) and cyclooxygenase
(COX)-2 (both 1:1000; Novus Biologicals, Littleton, CO, USA); and
Parkin, p53, inhibitor of (I)κB, phosphorylated (p-)IκB, p50, p65, β-
actin, and histone (all 1:1000; Santa Cruz Biotechnology, CA, USA).
Immunoreactivity was visualized by enhanced chemiluminescence.

4.7. Short interfering (si)RNA transfection

RAW 264.7 cells and human FLS (5×104/well) were seeded in 96-
well plates and transiently transfected with siRNA against Parkin or p53
using Lipofectamine 3000 reagent in Opti-MEM (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer's instructions. Transfected cells

Fig. 3. PARK2 deficiency alters cytokine, COX-2, and iNOS levels in the spleen and paw joint tissue. (A–F) IL-1β, IL-6, and TNF-α levels in the spleen (A–C) and serum (D–F) were
measured by ELISA. Values represent mean±SD of 10 mice. #P<0.05 vs. non-Tg mice with CAIA and LPS; *P< 0.05 vs. non-Tg mice without CAIA and LPS. (G) iNOS and COX-2
expression, a detected by western blotting. β-Actin served as a loading control. (H, I) Sections of joint tissue from mice were analyzed for iNOS and COX-2 expression by
immunohistochemistry. Each band in the blots is representative of three experiments.
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were treated with 1 μg/ml LPS for 1 or 24 h before cell viability and
protein expression were analyzed.

4.8. Molecular docking

The docking of Parkin with p53 was examined using the rigid-body
docking program ZDOCK 3.0.2 on the ZDOCK server (http://zdock.
umassmed.edu). Parkin (PDB ID: 5C1Z monomer) and p53 (PDB ID:
1TUP monomer) without DNA were used for docking. Docking experi-
ments were carried out without selecting or blocking residues.

4.9. Immunoprecipitation

Immunoprecipitation was carried out as previously described [34].
Briefly, cells were lysed in EBC buffer. The precleared soluble super-
natant was mixed with a polyclonal anti-p53 antibody and incubated
overnight at 4 °C. Protein A/G beads were then added to the reaction
mixture. After washing the immune complexes, bound proteins were
resuspended in sodium dodecyl sulfate (SDS) sample buffer, resolved by
SDS–polyacrylamide gel electrophoresis, and analyzed by western
blotting using a monoclonal antibody against Parkin.

4.10. DNA-binding activity assay by electromobility shift assay (EMSA)

The DNA-binding activities of STAT3 and NF-κB in the cultured cells
and ankle joint tissues of CAIA mice were determined using an
electromobility shift assay (EMSA) as described previously [35]. In
brief, cells were treated with MMPP or DMSO. After incubation for
24 h, the cells were washed thrice with ice-cold PBS and the nuclear
extracts were prepared for EMSA. For the measurement in mouse tissue,
the ankle joint tissues were isolated from normal and CAIA mice treated
with MMPP (5 mg/kg), indomethacin (5 mg/kg), or vehicle, and parts
of the tissues were rinsed with ice-cold PBS, homogenised in ice-cold
buffer A (10 mM potassium chloride [KCl], 0.2 mM ethylenediaminete-
traacetic acid [EDTA], 1.5 mM magnesium chloride [MgCl2], 0.5 ml
dithiothreitol [DTT], and 0.2 mM phenylmethanesulfonyl fluoride
[PMSF]) and centrifuged for 5 min at 14,000×g. The residual pellet
was resuspended in 100 μL buffer C (20 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid [HEPES], 420 mM sodium chloride
(NaCl), 1.5 mM MgCl2, 20% glycerol, 0.2 mM EDTA, 0.5 mM DTT
and 0.2 mM PMSF). After incubation at 4 °C for 20 min, the lysate was
centrifuged for 6 min at 14,000×g and the supernatants (nuclear
extract) were collected, and EMSA was carried out as described above.

4.11. Octet analysis

Binding interactions were analyzed using the Octet system
(Fortebio, Menlo Park, CA, USA) by measuring the wavelength shift
in nanometers. Kinetic rate constants were determined with the HIS1K-
Anti-penta-His sensor in the advanced kinetic mode. Recombinant His-
tagged Parkin protein was immobilized on the sensor at 2 μg/ml in 10×
kinetic buffer (Fortebio) and exposed for 1200 s to various concentra-
tions of recombinant p53 protein covering the predicted dissociation
constant (KD) followed by a 4000-s dissociation step in 10× kinetic
buffer with shaking at 1000 rpm. Interferometry data were globally
fitted to a 1:1 binding ratio to calculate kinetic parameters using Octet
ForteBio software (Fortebio).

4.12. Measurement of IL-1β, IL-6, and tumor necrosis factor (TNF)-α levels

IL-1β, IL-6, and TNF-α levels in spleen and serum lysates were
determined with enzyme-linked immunosorbent assay (ELISA) kits
(R & D Systems, Minneapolis, MN, USA) according to the manufac-
turer's protocol. The optical density at 450 nm (OD450) was measured
with an automated microplate reader.

4.13. In vitro and in vivo ubiquitination assays

The in vitro ubiquitination assay was carried out using a kit (Boston
Biochem, Cambridge, MA, USA) according to the manufacturer's
instruction. HEK293 cells were transfected with HA-ubiquitin (2 μg),
Flag-p53 (1 μg), and Myc-Parkin (1 μg) expression plasmids using
Lipofectamine 3000; 48 h later, cells were harvested and used for
immunoblotting and for the ubiquitination assay. Eluted proteins were
analyzed by immunoblotting with a monoclonal antibody against p53.

4.14. Immunoglobulin (Ig)G and IgM quantification

Serum levels of IgG and IgM were evaluated with ELISA kits
(Komabiotech, Seoul, Korea) according to the manufacturer's protocol.
OD450 was measured with an automated microplate reader.

4.15. Immunofluorescence analysis

Cells were permeabilized by treatment with 0.1% Triton X-100 in
phosphate-buffered saline (PBS) for 2 min, then blocked with 5%
bovine serum albumin in PBS at room temperature for 2 h. The cells
were then incubated overnight at 4 °C with a rabbit polyclonal antibody

Fig. 4. Effect of PARK2 deficiency on NF-κB activity in the paw joint. (A) IκBα, p-IκBα,
p50, and p65 levels were detected by western blotting. (B) DNA binding activity of NF-κB
was measured by electrophoretic mobility shift assay (EMSA). β-Actin and histone protein
were used as loading controls. (C) P50 localization was analyzed by immunofluorescence
analysis and confocal microscopy. Each band in the blots is representative of three
experiments.
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against activated p53 (1:100; Santa Cruz Biotechnology, Santa Cruz,
CA, USA). After washes with ice-cold PBS, cells were incubated with an
Alexa Fluor 488-conjugated anti-rabbit secondary antibody (1:100;
Molecular Probes, Eugene, OR, USA) for 2 h at room temperature.
Images were acquired on a confocal laser scanning microscope (TCS
SP2; Leica Microsystems, Wetzlar, Germany) at 200× magnification.

4.16. Immunohistochemistry

Immunohistochemistry was carried out by the avidin–biotin–perox-
idase method [33]. Sections were stained with hematoxylin and eosin
(Sigma-Aldrich) and labeled with antibodies against COX-2 and iNOS.

4.17. Statistical analysis

Data were analyzed using GraphPad Prism v.4.03 software (Graph
Pad Inc., La Jolla, CA, USA). Data are presented as mean± SD.
Differences between groups were assessed by two-way ANOVA analysis
of variance; when the P value was statistically significant, the differ-
ences were evaluated with Bonferroni-adjusted t-test. P≤0.05 was
considered to be statistically significant.
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Fig. 5. Increased RA severity by p53 inhibition in PARK2-deficient mice. Mice were injected with anti-type II collagen antibody on day 0, followed by LPS and p53 inhibitor treatment on
day 3. Control mice were not treated with p53 inhibitor. (A) Development of CAIA was monitored for 21 days as described in the legend for Fig. 1. (B, C) iNOS and COX-2 expression, as
determined by immunohistochemistry. (D) P53 expression in joint tissue from mice with CAIA. β-Actin and histone served as loading controls. (E) Serum IL-1β, IL-6, and TNF-α levels, as
measured by ELISA. Values represent mean± SD from five mice. *P< 0.05 vs. PARK2 KO mice with CAIA and LPS. (F) DNA binding activity of NF-κB, as determined by electrophoretic
mobility shift assay. Each band in the blots is representative of three experiments.
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Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.redox.2017.04.007.
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