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Expression of a PYCARD/ASC variant lacking exon 2
in Japanese patients with palindromic rheumatism increases
interleukin-1f secretion
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Abstract

Background: Palindromic rheumatism (PR) is a rare periodic arthritis characterized by relapsing short episodes of arthri-
tis. Although the pathogenesis of PR is still unclear, the clinical condition is similar to that of autoinflammatory diseases
caused by dysregulation of inflammasome-related genes.

Objective: We analyzed the inflammasome adapter PYD and CARD domain-containing protein/apoptosis-associated
speck-like protein containing a CARD (PYCARD/ASC) in Japanese patients with PR.

Methods: Serum interleukin (IL)-1p concentrations in three Japanese patients with PR were measured. We also cloned
PYCARD/ASC cDNA variants and expressed them in THP-1 cells to determine their effects on inflammasome activity
following stimulation with phorbol 12-myristate 13-acetate and monosodium urate. Lysates of recombinant THP-1 cells
were subjected to co-immunoprecipitation assays.

Results: Serum IL-1P concentrations were significantly elevated in patients with PR, and a splice variant of PYCARD/
ASC mRNA lacking exon 2 (Aexon2) was dominantly expressed compared with that in controls. Moreover, IL-1{ secretion
was significantly increased in THP-1 cells expressing Aexon2 PYCARD/ASC compared with that in cells expressing the
wild-type protein. The amount of NLRP3 bound to Aexon2 PYCARD/ASC was increased after stimulation, whereas that
bound to the wild-type protein was decreased. There were no differences in caspase-1 binding.

Conclusion: Aexon2 PYCARD/ASC was associated with the pathogenesis of PR.
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Introduction
Palindromic rheumatism (PR) is a rare periodicity arthri- antigen-specific T lymphocytes. These diseases are caused by
tis that is characterized by relapsing short episodes of arthritis.’ dysregulation of the innate immune system.’ Innate immune
Although the pathogenesis of PR is unclear, the clinical fea- function depends on pattern-recognition receptors (PRRs),
tures of PR are similar to those of auto-inflammatory diseases.? which recognize pathogen-associated molecular patterns
Auto-inflammatory diseases are clinically characterized by re- (PAMPs) derived from invading pathogens, and danger-asso-
current episodes of fever, systemic inflammation, and symp- ciated molecular patterns (DAMPs) induced as a result of en-
toms such as skin rashes, abdominal pain, chest pain, lymph- dogenous stress. One representative PRR is the NLR family,

adenopathy, and arthritis, without high-titer autoantibodies or including NLRP3. NLRs are signal transduction molecules
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that modulate inflammatory signaling by forming inflam-
masomes.*

Inflammasomes are multimeric protein complexes local-
ized in the cytoplasm; these complexes play important roles in
inflammation and induce cytokine secretion, including se-
cretion of interleukin (IL), -1p and IL-18, via activation of
caspase-1. A typical inflammasome consists of PRRs, PYD and
CARD domain containing/apoptosis-associated speck-like
protein containing a CARD (PYCARD/ASC), and caspase-1.
Therefore, auto-inflammatory diseases are thought to be caused
by primary dysregulation of inflammasomes owing to abnor-
malities in these inflammasome-related genes.’

Based on similarities between the pathological features of
PR and autoinflammatory diseases, dysregulation of inflam-
masome components is suspected.? Although mutations in
inflammasome-related genes, such as MEFV, have previously
been reported in patients with PR, no reports have described
an association between PR and the PYCARD/ASC gene, which
encodes a common inflammasome adapter protein.®” Accord-
ingly, in this study, we analyzed the status and function of PY-
CARD/ASC in Japanese patients with PR.

Materials and Methods
Patients

We included three Japanese women with PR (designated as
PR1-3) in this study. All patients had been examined at Shi-
chikawa Arthritis Center, Osaka Rehabilitation Hospital. The
study was approved by the institutional ethical committee of
Kobe University Graduate School of Health Sciences and was
conducted according to the principles of the Declaration of
Helsinki (approval no. 140-3).

PRI was a 42-year-old Japanese woman. Blood tests re-
vealed the following parameters: C-reactive protein (CRP), 0.34
mg/dL; erythrocyte sedimentation rate (ESR), 11 mm/h; ma-
trix metalloproteinase (MMP)-3, 43.9 ng/mL; uric acid (UA),
3.2 mg/dL; rheumatoid factor (RAHA), < 40 times; anti-cyclic
citrullinated peptide (CCP) antibody, 1.0 U/mL (negative);
anti-DNA antibody, negative; antinuclear antibodies, 40x; and
lupus erythematosus (LE) test, negative.

PR2 and PR3 were familial. PR2 was a 60-year-old Japanese
woman who experienced the onset of PR at 57 years of age.
PR2 was the mother of PR3. Blood tests revealed the follow-
ing parameters for PR2: CRP, 2.35 mg/dL; ESR, 53 mm/h;
MMP-3, 19.0 ng/mL; RAHA, 40x; anti-CCP antibody, 0.6 U/
mL (negative); antinuclear antibodies, 40x. PR3 was 27 years
old, and PR onset occurred at 22 years of age. Blood tests
revealed the following parameters: CRP, 2.96 mg/dL; ESR,
21 mm/h; MMP-3, 19.5 ng/mL; UA, 2.9 mg/dL; RAHA, 40x;
anti-CCP antibody, 2.4 U/mL (negative); antinuclear antibod-
ies, 40x. Serum IL-1( concentrations were measured using a
human IL-1f enzyme-linked immunosorbent assay (ELISA) kit
(Diaclone, Besancon, France).

RNA isolation and reverse transcription polymerase chain re-
action (RT-PCR)

Total RNA from peripheral blood samples was isolated us-
ing a PAXgene blood RNA kit (Qiagen, Hilden, Germany) and
then reverse transcribed into ¢cDNA with 0.5 uM oligo dT

primer in 20 uL PCR buffer II containing 2.5 mM MgCL, 0.4
mM dNTP mixture, 1 U RNase inhibitor, and 2.5 U MuLV
reverse transcriptase (Life Technologies, CA, USA) at 25°C
for 10 min, 42°C for 20 min, and 99°C for 5 min. PYCARD/
ASC cDNA was amplified by PCR in tubes containing 0.2 mM
each dANTP, 1x Ex Taq Buffer (Takara Bio, Shiga, Japan), 0.2
uM each primer, and 1.25 U Ex Taq DNA polymerase (Takara
Bio) for 30 cycles at 94°C for 30 s, 55°C for 30 s, and 72°C for
2 min, followed by a final extension at 72°C for 5 min. Prim-
ers for amplification were as follows: hASCI39F forward, 5'-
AGGAGCTCAAGAAGTTCAAG-3'; hASC729R reverse, 5'-
AGGATGATTTGGTGGGAT-3'".

Transient expression of PYCARD/ASC

To construct wild-type PYCARD/ASC and Aexon2 PYCARD
/ASC expression vectors, wild-type and Aexon2 PYCARD/ASC
fragments were amplified by PCR using PYCARD/ASC-specific
primers (forward primer, 5'-CTCAAGCTTCGAATTCCGACT
TCCTCCTGGTCGG-3'; reverse primer, 5-GTCGACTGCAG
AATTCGGAGTGTTGCTGGGAAGG-3"). PCR products were
cloned into an EcoRI-digested pcDNA3.1(+) vector (Thermo
Fisher Scientific, MA, USA) using an In-Fusion cloning kit
(Takara Bio).

THP-1 cells purchased from JCRB Cell Bank were plated
at a density of 5.0 x 10° to 1.5 x 10° cells/mL in RPMI1640
medium supplemented with 100 mU/mL penicillin (Thermo
Fischer Scientific), 100 ug/mL streptomycin (Thermo Fischer
Scientific), and 10% fetal bovine serum (Biowest, FL, USA) and
incubated overnight. Transfection experiments were performed
using TransIT-LT1 reagent (Mirus Bio, WI, USA) according
to the manufacturer’s instructions. Next, 500 uL Opti-MEM I
reduced serum medium (Thermo Fisher Scientific), 15 pL Tran-
sIT-LT1 reagent, and 1 pg pcDNA3.1/wild-type PYCARD/ASC
or pcDNA3.1/Aexon2 PYCARD/ASC were added to THP-1 cells
and incubated for 48 h. Total RNA from THP-1 cells transfect-
ed with recombinant vectors was then isolated using RNAiso
(Takara Bio), and cDNAs were reverse transcribed by using a
PrimeScript II 1% Strand ¢cDNA Synthesis Kit (Takara Bio).
PYCARD/ASC mRNA expression was confirmed by RT-PCR
using the following primer pairs: forward primer (WPYCARD
225F), 5'-ATGGACGCCTTGGACCTCA-3'; reverse primer
(hPYCARDG696R), 5'-GGAGTGTTGCTGGGAAGGA-3'. RT-
PCR was performed using AmpliTaq Gold DNA polymerase
(Thermo Fischer Scientific) at 95°C for 12 min; 35 cycles of
94°C for 30 s, 60°C for 30 s, and 72°C for 2 min; and 72°C for
5 min.

Inflammasome activation assay

Recombinant THP-1 cells at a density of 1.5 x 10° cells/mL
were pretreated with 0.5 pM phorbol-12-myristate-13-acetate
(PMA; Wako Pure Chemical Industries, Tokyo, Japan) for 3 h.
After washing with RPMI1640, cells were plated at a density
of 3.0 x 10° cells/mL and incubated overnight. Cells were then
plated at a density of 1.2 x 10° cells/mL in 500 pL serum-free
medium and stimulated with 100 pg/mL monosodium urate
(MSU; AdipoGen, CA, USA) for 6 h. Total IL-1p concentra-
tions in conditioned medium were measured using a human
IL-1P ELISA kit (Diaclone).
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Co-immunoprecipitation

Recombinant THP-1 cells were lysed in CelLytic M re-
agent (Sigma-Aldrich, MO, USA) containing protease inhibi-
tor cocktail (Roche, Basel, Switzerland). Protein coupled with
the anti-ASC antibody (cat. no. B-3; Santa Cruz Biotechnology,
Dallas, TX, USA) was obtained using a Dynabeads Protein G
Immunoprecipitation Kit (Thermo Fischer Scientific) according
to the manufacturer’s protocol. Lysates and immunoprecipitat-
ed samples were then mixed with 5x electrophoresis sample
buffer and subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis using 10-20% polyacrylamide gradient gels
(Biocraft, Tokyo, Japan). Electroblotted transfer membranes
were blocked with 5.0% skim milk in phosphate-buffered saline
containing 0.05% Tween-20 and then reacted with primary an-
tibodies at 4°C overnight. After washing, the membranes were
incubated at 4°C for overnight. The proteins were detected us-
ing Amersham ECL Prime western blotting detection reagent
(GE Healthcare, Buckinghamshire, UK). The following anti-
bodies were used for detection of ASC, caspase-1, and NLRP3:
anti-ASC antibodies (cat. no. B-3; Santa Cruz Biotechnology),
anti-NLRP3 antibodies (cat. no. D4D8T; Cell Signaling Tech-
nology, Danvers, MA, USA), and anti-caspase-1 antibodies (cat.
no. D7F10; Cell Signaling Technology). VeriBlot was used for
the secondary antibody for immunoprecipitation (conjugated to
horseradish peroxidase; cat. no. ab131366; Abcam, Cambridge,
UK), and Amersham ECL Anti-Mouse IgG, Horseradish Per-
oxidase-linked species-specific whole antibody (GE Healthcare)
was used as another secondary antibody.

Statistical analysis

All statistical analyses were performed using two-sample
Welchss t-tests or Student’s t-tests. Differences with a P value of
less than 0.05 were considered significant.

Results
Serum IL-1f concentrations were significantly elevated in pa-
tients with PR

Serum IL-1f concentrations in patients with PR (n = 3;
27.6 + 15.1 pg/mL [mean * standard error]) were significant-
ly higher than those in controls (n = 7; 6.8 + 1.7 pg/mL; P <
0.05; Figure 1). Thus, these findings suggested that the inflam-
masome was activated in patients with PR.
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Figure 1. Serum IL-1f concentrations in controls (n = 7) and
patients with PR (n = 3). *P < 0.05.

The PYCARD/ASC splice variant lacking exon 2 (Aexon2) was
dominantly expressed in patients with PR

We next isolated PYCARD/ASC cDNA from patients with
PR and found that exon 2 was dominantly absent in all patients
with PR compared with controls (Figure 2a, b). We also con-
firmed that exon 2 was conserved in genomic DNA in all pa-
tients with PR (Figure 2c). Therefore, these findings indicated
that exon 2 in the mRNA was lost during RNA splicing in all
patients with PR.

IL-1p secretion was significantly increased in THP-1 cells ex-
pressing Aexon2 PYCARD/ASC

To investigate whether Aexon2 PYCARD/ASC affected in-
flammasome function, we generated THP-1 cells expressing re-
combinant wild-type or Aexon2 PYCARD/ASC and measured
IL-1pB secretion following stimulation with PMA or PMA plus
MSU. The results showed that IL-1p secretion following PMA
stimulation was significantly increased in cells expressing Aex-
on2 PYCARD/ASC (43.4 + 2.2 pg/mL) compared with that in
cells expressing the wild-type protein (24.8 + 3.8 pg/mL; P <
0.05; Figure 3a, b). Although IL-1p secretion was also increased
in cells expressing Aexon2 PYCARD/ASC after PMA plus MSU
stimulation, this difference was not significant.
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Figure 2. A splice variant of PYCARD/ASC c¢DNA lacking exon 2 (Aexon2) was found in patients with PR. (a) Expression of
PYCARD/ASC in controls and patients with PR. (b) Wild-type and Aexon2 PYCARD/ASC cDNA sequences.
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Figure 2. (Continued) (c) Genomic sequences of PYCARD/ASC exon 2 in PR1-3.
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Figure 3. Functional analysis of Aexon2 PYCARD/ASC. (a) Expression of recombinant PYCARD/ASC in THP-1 cells was con-
firmed using RT-PCR. (b) IL-1f concentrations in the medium of THP-1 cells expressing the recombinant protein after stimula-
tion with PMA and MSU. *P < 0.05. (c) Western blotting of immunoprecipitated fractions using anti-PYCARD/ASC antibodies
and cell lysates from recombinant THP-1 cells, detected using anti-NLRP3 and anti-caspase-1 antibodies.

Because abnormalities in the NLRP3 inflammasome cause
several auto-inflammatory diseases, we performed co-immu-
noprecipitation to investigate the binding of PYCARD/ASC
variants with NLRP3 or caspase-1. The amount of NLRP3
bound with PYCARD/ASC was increased by stimulation with
PMA or PMA plus MSU in THP-1 cells expressing Aexon2
PYCARD/ASC but was decreased in cells expressing wild-type
PYCARD/ASC. There were no changes in caspase-1 binding
(Figure 3c).

Discussion
In this study, we found that Aexon2 PYCARD/ASC was
expressed in patients with PR and promoted inflammasome

activation compared with the wild-type protein. Although this
variant has been found in HL-60 and THP-1 cells,*® this is the
first identification of this PYCARD/ASC splice variant in pa-
tients with PR.

The mechanisms mediating the expression levels of Aex-
on2 PYCARD/ASC are still unclear. Because inflammasome
-associated gene mutations have been found in patients with
several auto-inflammatory diseases,” it is possible that ge-
netic mutations affect PYCARD/ASC splicing in patients with
PR. The priming signal for inflammasome activation involves
Toll-like receptor-4 (TLR-4), tumor necrosis factor receptor 1,
and IL-1R."" Additionally, Bryan et al. reported that Aexon2
PYCARD/ASC expression is increased by lipopolysaccharide,
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a ligand for TLR-4.° Consistent with this, we found that serum
IL-1pB concentrations were significantly higher in patients with
PR than in controls, suggesting that the priming signal path-
way involving IL-1R may be activated in patients with PR and
that this may result in an increase in Aexon2 PYCARD/ASC
expression. Thus, further studies are needed to elucidate the
mechanisms mediating the expression of Aexon2 PYCARD/
ASC.

PYCARD/ASC functions as a mediator of the inflamma-
tory signaling pathway as a downstream effector of TLR sig-
naling. PYCARD/ASC has been shown to activate caspase-1
through its oligomerization in inflammasomes and to process
pro-IL-1p and pro-IL-18 into mature IL-1f and IL-18, respec-
tively, leading to the establishment of innate immunity. Mat-
sushita et al. showed that higher levels of IL-1p are secreted
in COS-7 cells expressing Aexon2 PYCARD/ASC compared
with that in cells expressing wild-type protein.® In contrast,
Bryan et al. reported that Aexon2 PYCARD/ASC reduces
IL-1P secretion in THP-1 cells.” Thus, we measured IL-1P se-
cretion from recombinant THP-1 cells expressing wild-type
and Aexon2 PYCARD/ASC. The results showed that PMA-
induced IL-1P secretion was significantly higher in cells ex-
pressing Aexon2 PYCARD/ASC than in cells expressing wild-
type protein. Exon 2 encodes the PGR domain between PYD
and CARD and may mediate the flexibility of PYCARD/ASC,
helping to create a hinge between PYD and CARD that is fold-
ed in the inactive form of PYCARD/ASC.® Therefore, as pre-
viously described by Matsushita et al., Aexon2 PYCARD/ASC
protein is thought to be inflexible and may be constitutively
activated. Therefore, although the binding capacity of Aexon2
PYCARD/ASC with caspase-1 was unaffected, as compared
with that of the wild-type protein, we hypothesize that Aex-
on2 ASC may lead to excess IL-1f secretion. Moreover, we also
found that the amount of NLRP3 bound with PYCARD/ASC
was increased by stimulation in cells expressing Aexon2 PY-
CARD/ASC but was decreased in cells expressing wild-type
protein. Therefore, the amount of stable-inflammasome com-
plex, comprised of NLRP3, Aexon2 PYCARD/ASC, and
caspase-1, may be increased compared with that of wild-
type PYCARD/ASC and may affect inflammasome activity.
Interestingly, although NLRP3 interacted with PYCARD/ASC
without stimulation in THP-1 cells expressing recombinant
wild-type protein, IL-1p secretion was lower than that in stim-
ulated cells. Because recruitment of NLRP3 to phagophores is
required for interaction with PYCARD/ASC," our results sug-
gested that wild-type PYCARD/ASC expression may enhance
NLRP3 autophagic degradation by promoting the interactions
between NLRP3 and PYCARD/ASC in an unstimulated state.
Additionally, NLRP3 protein expression levels in peripher-
al blood mononuclear cells of patients with PR were elevated
compared with that in controls (data not shown). Thus, NLRP3
inflammasome activity may be enhanced and may participate
in the pathogenesis of PR.

Recent studies have reported that inflammatory diseases,
as well as other conditions (e.g., gout, Alzheimer’s disease, and
others), are affected by abnormalities in inflammasomes."* Thus,
further studies are required to analyze the functions and the
splicing mechanism of the PYCARD/ASC gene to determine its
role in other disease states.

In conclusion, we found that serum IL-1p concentrations
were elevated in patients with PR and that Aexon2 PYCARD/
ASC mRNA was predominantly expressed in comparison with
controls. We also found that Aexon2 PYCARD/ASC is involved
in dysregulation of inflammation, suggesting that it plays a
critical role in the pathogenesis of PR. Therefore, the Aexon2
PYCARD/ASC variant may be a target for the diagnosis and
treatment of patients with PR.
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