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Objective. Neonatal-onset multisystem inflamma-
tory disease (NOMID) is a dominantly inherited auto-
inflammatory disease caused by NLRP3 mutations.
NOMID pathophysiology is explained by the NLRP3
inflammasome, which produces interlenkin-18 (IL-18).
However, epiphyseal overgrowth in NOMID is resistant

Supported by Grants-in-Aid for Scientific Research from the
Japanese Ministry of Health, Labor, and Welfare, the Japanese
Ministry of Education, Culture, Sports, Science, and Technology
(MEXT Leading Project for Realization of Regenerative Medicine),
the Japanese Science and Technology Agency (Program for Intracta-
ble Diseases Research Utilizing Disease-Specific Induced Pluripotent
Stem Cells), the Secom Science and Technology Foundation, and the
Induced Pluripotent Stem Cell Research Fund.

Koji Yokoyama, MD, Makoto Ikeya, PhD, Katsutsugu
Umeda, MD, PhD, Seishiro Nodomi, MD, Akira Nasu, MD, PhD,
Kazushi Izawa, MD, PhD, Toshimasa Kusaka, PhD, Takayuki Tanaka,
MD, PhD, Megumu K. Saito, MD, PhD, Takahiro Yasumi, MD, PhD,
Ryuta Nishikomori, MD, PhD, Tatsutoshi Nakahata, MD, PhD,
Toshio Heike, MD, PhD, Junya Toguchida, MD, PhD: Kyoto Univer-
sity, Kyoto, Japan; *Hirotsugu Oda, MD: Kyoto University, Kyoto,
Japan, and RIKEN Center for Integrative Medical Sciences, Yoko-
hama, Japan; *Yoshihisa Matsumoto, MD, PhD: Kyoto University,
Kyoto, Japan, and Nagoya City University, Nagoya, Japan; *Kazuhiko
Horigome, PhD: Kyoto University, Kyoto, Japan, and Dainippon
Sumitomo Pharma, Osaka, Japan; Osamu Ohara, PhD: RIKEN
Center for Integrative Medical Sciences, Yokohama, Japan, and
Kazusa DNA Research Institute, Kisarazu, Japan; °Naoki Nakayama,
PhD: University of Texas Health Science Center at Houston.

Address correspondence to Ryuta Nishikomori, MD, PhD,
Department of Pediatrics, Kyoto University Graduate School of
Medicine, 54 Kawahara-cho, Shogoin, Sakyo-ku, Kyoto 606-8507,
Japan (e-mail: rnishiko@kuhp.kyoto-u.ac.jp); or to Junya Toguchida,
MD, PhD, Department of Tissue Regeneration, Institute for Frontier
Medical Sciences, Kyoto University, 53 Kawahara-cho, Shogoin,
Sakyo-ku, Kyoto 606-8507, Japan (e-mail: togjun@frontier.kyoto-u.ac.

ip)-
Submitted for publication February 10, 2014; accepted in
revised form October 7, 2014.

302

147

to anti~IL-1 therapy and may therefore occur indepen-
dently of the NLRP3 inflammasome. This study was
undertaken to investigate the effect of mutated NLRP3
on chondrocytes using induced pluripotent stem cells
(iPSCs) from patients with NOMID.

Methods. We established isogenic iPSCs with
wild-type or mutant NLRP3 from 2 NOMID patients
with NLRP3 somatic mosaicism. The iPSCs were differ-
entiated into chondrocytes in vitro and in vivo. The
phenotypes of chondrocytes with wild-type and mutant
NLRP3 were compared, particularly the size of the
chondrocyte tissue produced.

Results. Mutant iPSCs produced larger chondro-
cyte masses than wild-type iPSCs owing to glycosami-
noglycan overproduction, which correlated with in-
creased expression of the chondrocyte master regulator
SOXS9. In addition, in vivo transplantation of mutant
cartilaginous pellets into immunodeficient mice caused
disorganized endochondral ossification. Enhanced
chondrogenesis was independent of caspase 1 and IL-1,
and thus the NLRP3 inflammasome. Investigation of
the human SOX9 promoter in chondroprogenitor cells
revealed that the CREB/ATF-binding site was critical
for SOX9 overexpression caused by mutated NLRP3.
This was supported by increased levels of cAMP and
phosphorylated CREB in mutant chondroprogenitor
cells.

Conclusion. Our findings indicate that the intrin-
sic hyperplastic capacity of NOMID chondrocytes is
dependent on the cAMP/PKA/CREB pathway, indepen-
dent of the NLRP3 inflammasome.
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Systemic autoinflammatory syndromes are
caused by defects in the innate immune System, espe-
cially pattern-recognition receptors, which result in un-
controlled inflammatory responses (1). Neonatal-onset
multisystem inflammatory disease (NOMID) is a sys-
temic autoinflammatory disease caused by NLRP3 mu-
tation (2). The clinical features of NOMID include
neonatal-onset persistent inflammation, urticarial rash,
chronic aseptic meningitis, and arthropathy character-
ized by tumor-like expansive lesions in epiphyseal por-
tions of long bones (3). NLRP3 is mainly expressed in
hematopoietic cells, especially monocyte/macrophages,
and in chondrocytes (4). In monocyte/macrophages,
once NLRP3 is activated by its ligand, a multiprotein
complex called the NLRP3 inflammasome forms, result-
ing in the activation of caspase 1, which cleaves pro—
interleukin-18 (IL-1pB) into active IL-18 (5-8).

The molecular mechanism by which NOMID-
associated NLRP3 mutations lead to the activation of
the NLRP3 inflammasome has not been fully elucidated.
However, it is hypothesized that mutated NLRP3 can
trigger the formation of the NLRP3 inflammasome
independently of ligand binding, which causes dysregu-
lated IL-18 secretion and uncontrolled multisystem in-
flammation. This hypothesis is supported by the fact that
a targeted therapy against IL-18 effectively controls
systemic inflammation in NOMID (9-11). However,
epiphyseal overgrowth in NOMID is resistant to anti-
IL-1 therapy (12).

Sequential radiologic imaging and histologic ana-
Iyses of tissue biopsy specimens suggest that the main
pathophysiology of NOMID arthropathy is not inflam-
mation but disorganization of cartilage cell columns that
leads to tumor-like expansive lesions (13). These clinical
and pathologic findings suggest that mutant NLRP3
induces epiphyseal overgrowth in NOMID via mecha-
nisms unrelated to the NLRP3 inflammasome. How-
ever, the function of NLRP3 in chondrocytes has not
been elucidated, let alone the mechanism underlying
epiphyseal overgrowth in NOMID.

Cartilage is a flexible connective tissue in the
skeletal system and consists of chondrocytes and extra-
cellular matrix (ECM). The growth plate consists of a
column of chondrocytes that separate the epiphysis and
metaphysis of a long bone. The primary function of
these chondrocytes is to provide a cartilage template on
which bone can form through endochondral ossification.
In the growth plate, maturing chondrocytes are orga-
nized into resting, proliferating, prehypertrophic, and
hypertrophic zones. Growth factor signaling stimulates
mesenchymal progenitor cells in the resting zone to
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proliferate, upon which they move to the proliferating
zone. These cells subsequently produce cartilage-specific
ECM consisting of type II collagen and type XI colla-
gens, and proteoglycans, such as aggrecan and cartilage
oligomeric matrix protein. These cells then exit the cell
cycle, differentiate, become hypertrophic, produce type
X collagen and matrix metalloproteinases, and finally
undergo apoptosis. The remaining cartilaginous matrix
is mineralized and provides a scaffold on which bone can
form (14,15).

It is difficult to obtain bone tissues from NOMID
patients due to ethical reasons. Moreover, osteochon-
drogenic progenitor cells often cannot be obtained from
postnatal human tissues in sufficient quantities, while
acquiring such cells in sufficient quantities from human
fetuses or embryos is ethically challenging. Furthermore,
although a mass-like lesion called a “spike” is observed
in mouse models of NOMID arthropathy (16), these
models do not recapitulate the epiphyseal overgrowth
observed in NOMID. These issues have prevented elu-
cidation of the pathophysiologic mechanism underlying
epiphyseal overgrowth in NOMID. In this study, we
applied a newly developed chondrocyte differentiation
system to induced pluripotent stem cells (iPSCs) derived
from NOMID patients. This system allowed chondro-
cytes to be obtained in sufficient quantities to directly
study the effect of mutated NLRP3 on chondrocyte
phenotypes, focusing on the involvement of the NLRP3
inflammasome and the master regulator of chondrocyte
differentiation, SOX9.

MATERIALS AND METHODS

Cell culture. Undifferentiated iPSCs from 2 NOMID
patients with NLRP3 somatic mosaicism (p.Tyr570Cys and
p.Gly307Ser) were established as previously described (17).
From each patient, at least 3 clones of iPSCs with mutant or
wild-type NLRP3 were established. In all experiments, mutant
and wild-type isogenic cells were compared (3). Details of the
procedure for culture of undifferentiated iPSCs and chondro-
genic differentiation are available from the author upon
request. The iPSCs were seeded onto a Matrigel (Becton
Dickinson)-coated dish, cultured in mTeSR medium (Stem-
Cell Technologies) for 9 days, and then transferred to initial
differentiation medium. This medium was changed once on
day 3. On day 6, a single-cell suspension was prepared with
0.05% trypsin-EDTA. These cells were plated onto fibronectin-
coated dishes, cultured in chondroprogenitor medium, and
passaged every 3 days. We called these cells chondroprogeni-
tor cells. For chondrogenesis, chondroprogenitor cells that had
been passaged 3-5 times were used (Figure 1A).

Chondrogenesis assay. Serum-free chondrogenic me-
dium has been described previously (18). Two-dimensional
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Figure 1. Successful differentiation of chondrocytes from induced pluripotent stem cells (iPSCs) with wild-type (WT) or mutant NLRP3 obtained
from a patient with neonatal-onset multisystem inflammatory disease. A, Schematic representation of the culture conditions used to differentiate
chondrocytes from iPSCs. B, Immunohistochemical staining of chondrocytes differentiated from iPSCs. Alcian blue staining of the 2-dimensional
(2-D) micromass culture, Alcian blue staining of the 3-dimensional (3-D) pellet culture, higher-magnification images of Alcian blue staining of the
3-D pellet culture, anti~type II collagen (anti-COL2) antibody staining of the 3-D pellet culture, and anti~type II collagen antibody staining of mouse
bladder (negative control) are shown. White bars = 2.0 mm; black bars = 0.2 mm. C, Quantitative analysis of the sizes of chondrocyte tissue masses
in 2-D micromass cultures and 3-D pellet cultures. D, Cartilage-specific gene expression in 3-D pellet cultures. Expression of mRNA for each gene
is shown relative to that in human cartilage (for SOX9, COL241, ACAN, and COMP) or the osteosarcoma cell line ANOS (for IHH, MMPI3,
COLI10AI, and VEGFA), which were both set at 1. Bars in C and D show the mean *= SEM of 3 independent clones, from which duplicate
measurements (C) or triplicate measurements (D) were obtained. Data are representative of 3 independent experiments and were obtained using
iPSCs from patient 1 (p.Tyr570Cys); similar data were obtained using iPSCs from patient 2 (p.Gly307Ser). * = P < 0.05. ES = embryonic stem;
PDGF-BB = platelet-derived growth factor BB; BMP-4 = bone morphogenetic protein 4; TGFB3 = transforming growth factor 83; bFGF = basic
fibroblast growth factor.

(2-D) micromass culture was performed by spotting a 5-ul of PDGF-BB was replaced with 50 ng/ml of bone morpho-
droplet of chondroprogenitor cells (1.5 X 10°) onto the well of genetic protein 4 (Wako). For 3-dimensional (3-D) pellet cul-
a fibronectin-coated 24-well plate in serum-free chondrogenic tures, chondroprogenitor cells were passaged once in chondro-
medium supplemented with 40 ng/ml of platelet-derived progenitor medium containing 5 ng/ml of basic fibroblast
growth factor BB (PDGF-BB; R&D Systems) and 1% fetal calf growth factor and 10 ng/ml of TGFf3, and then cultured for 3
serum. The medium was changed every 3 days. Beginning on days. Aliquots of 2.5 X 10° cells were centrifuged to form
day 21, 10 ng/ml of transforming growth factor B3 (TGFp3; pellets, which were cultured in 0.5 ml of serum-free chondro-
R&D Systems) was added, and beginning on day 25, 40 ng/ml genic medium supplemented with specific factors as outlined
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above. Fixation and staining of the 2-D micromass and 3-D
pellet cultures were performed as previously described (18).
Glycosaminoglycan (GAG) and sulfated proteoglycan levels
and DNA content were quantified as previously described (19).

Chondrogenesis in vivo. Cartilaginous pellets formed
by 3-D cell pellet cultures over 20 days were wrapped in a
0.5 cm X 1 cm Gelfoam (Pfizer) and transplanted beneath the
dorsal skin of immunodeficient NOD/Shi-scid, IL-2R~y(null)
(NOG) mice. Four weeks later, cartilage and bone particles
were harvested, fixed with paraformaldehyde for 24 hours,
embedded in plastic, sectioned, and stained with hematoxylin
and eosin (H&E), von Kossa, or Alcian blue, as previously
reported (18).

Enzyme-linked immunosorbent assay (ELISA) and
Western blotting, The concentration of cAMP was measured
using an ELISA (Cell Signaling Technology). Antibodies
against CREB, phosphorylated CREB (Cell Signaling), and
B-actin (Santa Cruz Biotechnology) were used for Western
blotting, as previously described (20).

Gene expression profiling. Total RNA was extracted
and reverse-transcribed to cDNA using Superscript III reverse
transcriptase (Invitrogen) according to the manufacturer’s
protocol. Quantitative reverse transcriptase—polymerase chain
reaction was performed as previously described (19). The
expression levels of each gene from duplicate or triplicate
reactions were normalized against the level of the BACT
transcript and are shown relative to their expression in the
osteosarcoma cell line ANOS (21) or a human articular
cartilage sample.

Reporter assay for the human SOX9 promoter. To
measure the activity of the human SOX9 promoter in chon-
droprogenitor cells, the 5'-untranslated region (5'-UTR) of
the human SOX9 gene (—927 to +84 bp) was inserted into a
pGL3-luciferase reporter plasmid (Promega), as previously
described (22). Site-directed mutagenesis of the known tran-
scription factor-binding sites of the human SOX9 promoter
was performed as previously described (23). The residue was
mutated to the nucleotide that was least likely to be at this
position, based on consensus sequences in the JASPAR tran-
scription database (24). Sequence information is provided in
Supplementary Figure 1, available on the Arthritis & Rheuma-
tology web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.38912/abstract. Chondroprogenitor cells were plated at a
density of 50,000 cells/well in 6-well plates, transfected with 2
g of DNA/well using the FuGene 6 transfection reagent, and
harvested 24 hours after transfection. Luciferase activity was
measured as previously described (23). Additionally, 10 uM
forskolin (Sigma) and 10 puM SQ22536 (Sigma) was used to
activate and inhibit adenylate cyclase, respectively.

Ethics approval. This study was approved by the ethics
committee of Kyoto University and was performed in accor-
dance with the Declaration of Helsinki. A sample of human
articular cartilage was obtained from a patient who underwent
knee surgery and provided informed consent that the sample
could be used for research purposes.

Statistical analysis. Data were analyzed using Stu-
dent’s t-test. P values less than 0.05 were considered significant.
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RESULTS

Production of a large cartilaginous mass by
chondrocytes differentiated from iPSCs with mutated
NLRP3. To investigate the pathophysiology of NOMID
arthropathy, we attempted to recapitulate this pheno-
type by using chondrocytes that were differentiated from
iPSCs derived from patients with NOMID. We obtained
iPSCs from 2 NOMID patients with arthropathy who
had NLRP3 somatic mosaicism, as previously described
(17). We established isogenic iPSC clones that had
mutated or wild-type NLRP3, which allowed us to
examine the effects of NLRP3 mutations in the same
genetic background (25,26).

To produce chondrocytes from these iPSCs, we
used a protocol in which chondrocytes are obtained from
cells of neural crest character (details are available from
the author upon request) (Figure 1A). We performed 2
chondrogenic assays, a 2-D micromass culture assay and
a 3-D pellet assay. The former is suitable for experi-
ments with exogenous inhibitors or activators, whereas
the latter generates more mature chondrocytes for in
vivo transplantation assay. First, we confirmed the phe-
notype of cartilage samples by performing Alcian blue
staining, which labels ECM excreted by chondrocytes,
and immunostaining for type II collagen, which is spe-
cifically expressed in chondrocytes (Figure 1B). After
culture in chondrogenic medium, cells derived from
wild-type and mutant iPSCs were positive for Alcian
blue and type II collagen, which confirmed that the
iPSCs had successfully differentiated into chondrocytes.
Importantly, the 2-D micromass and 3-D pellet samples
derived from mutant iPSCs were significantly larger than
those derived from wild-type iPSCs, up to day 74 of
culture (Figures 1B and C).

Next, we examined the expression of mRNA for
cartilage-related genes expressed in proliferating chon-
drocytes (early markers; SOX9, COL241, ACAN, and
COMP) and those expressed in hypertrophic chondro-
cytes (late markers; I/HH, MMP13, COLI0AI, and
VEGFA) in samples obtained by the method described
above (Figure 1D). These genes were expressed in 3-D
pellet samples obtained from mutant and wild-type
iPSCs, further indicating that chondrocyte differentia-
tion was successful and that 3-D pellets contained chon-
drocytes at various differentiation stages. The expression
levels of both early and late chondrogenic markers were
significantly higher in mutant samples than in wild-type
samples (Figure 1D). Taken together, these data show
that chondrocytes were successfully differentiated in
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Figure 2. Formation of large cartilaginous masses by mutant iPSCs from patients with neonatal-onset multisystem inflammatory disease is due to
the overproduction of extracellular matrix and not due to increased cell proliferation. A, Growth curves of chondroprogenitor cells differentiated
from mutant and wild-type iPSCs. Values are the mean = SEM of 3 independent clones, from which duplicate measurements were obtained. B and
C, DNA concentration, glycosaminoglycan (GAG) concentration, and the ratio of GAG concentration to DNA concentration in 2-D micromass (B)
and 3-D pellet (C) cultures. Bars show the mean = SEM of 3 independent clones, from which triplicate (B) or duplicate (C) measurements were
obtained. Data are representative of 3 independent experiments with consistent results. * = P < 0.05. See Figure 1 for other definitions.

vitro from iPSCs derived from NOMID patients, and
that chondrocytes differentiated from iPSCs with mutant
NLRP3 produce large cartilaginous masses in vitro. They
also demonstrate that the entire chondrocyte differenti-
ation process, from precursors to late chondrocytes, is
enhanced in mutant cells compared to wild-type cells.
The production of large cartilaginous masses by
mutant iPSCs is due to ECM overproduction, not to
increased cell proliferation. We next sought to deter-
mine what causes the chondrocyte masses derived from
mutant iPSCs to be larger than those derived from
wild-type iPSCs. First, we analyzed the proliferation
potential of chondroprogenitor cells. Population dou-
bling time did not significantly differ between mutant
and wild-type chondroprogenitor cells up to 15 passages,
after which the cells stopped proliferating (Figure 2A).
Next, we determined the number of differentiated chon-
drocytes by analyzing DNA content and GAG produc-
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tion, which is a major cartilaginous ECM component. In
2-D micromass and 3-D pellet cultures, the DNA con-
tent in differentiated chondrocyte tissue derived from
mutant and wild-type iPSCs did not significantly differ.
This suggests that a similar number of chondrocytes
were produced from mutant and wild-type iPSCs. In
contrast, chondrocytes derived from mutant iPSCs pro-
duced more GAG than those derived from wild-type
iPSCs in 2-D micromass culture (Figure 2B) and 3-D
pellet culture (Figure 2C). These data indicate that the
larger amount of chondrocyte tissue produced from
mutant iPSCs is not due to an increased number of
chondrocytes, but to an increased amount of cartilagi-
nous ECM produced per cell.

In vivo differentiation of chondrocytes from mu-
tant iPSCs reveals dysregulated endochondral ossifica-
tion. Radiologic examination of affected long bones in
NOMID patients shows enlargement of the epiphysis
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Figure 3. Invivo maturation of 3-D cell pellets derived from mutant or wild-type iPSCs from patients with neonatal-onset multisystem inflammatory
disease. A, Images of 3-D cell pellets derived from mutant or wild-type iPSCs following transplantation into immunodeficient mice. Gross
appearance, hematoxylin and cosin (H&E) staining, Alcian blue staining, von Kossa staining, and higher-magnification images of von Kossa staining
are shown. Red circles indicate bone or cartilage pellets in gel form. White bars = 2.0 mm; black bars = 0.2 mm. Results shown were obtained using
iPSCs from patient 1; similar results were obtained using iPSCs from patient 2. B, Quantitative analysis of the size of pellets when they were
transplanted (day 38) and harvested (day 66). Bars show the mean = SEM of 3 independent clones, from which duplicate measurements were
obtained. Data are representative of 3 independent experiments. * = P < 0.05. See Figure 1 for other definitions.

with abnormal ossification. The in vitro differentiation
system did not induce chondrocyte calcification, proba-
bly due to the lack of cell components or factors
necessary for the final differentiation step. Therefore,
we used an in vivo differentiation system as a model for
endochondral ossification, in which immature 3-D pellet
samples were transplanted into NOG mice. The trans-
planted cartilage mass was vascularized in vivo (Figure
3A). Mutant pellets were larger than wild-type pellets,
both at transplantation and harvesting, and this size
difference increased during in vivo differentiation (Fig-
ure 3B). Following von Kossa staining, which detects
calcium deposits, calcification was detected in both
wild-type and mutant pellets (Figure 3A). Interestingly,
Alcian blue staining revealed that mutant pellets con-
tained more residual cartilage components than wild-
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type pellets. In addition, calcified areas were scattered
throughout mutant pellets, whereas they were localized
in specific regions and were clearly separated from
Alcian blue—positive areas in wild-type pellets. Taken
together, these data indicate that in our in vivo model,
chondrocyte tissue differentiated from mutant iPSCs
grows larger and exhibits disorganized ossification com-
pared to chondrocyte tissue differentiated from wild-
type iPSCs.

The enhanced chondrogenesis of mutant iPSCs
is independent of the NLRP3 inflammasome. The in-
flammatory phenotype of NOMID is caused by gain-of-
function NLRP3 mutations, leading to activation of the
NLRP3 inflammasome (27). Therefore, we examined
the involvement of the NLRP3 inflammasome in the
formation of cartilaginous masses. First, we analyzed the
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Figure 4. NLRP3 inflammasome-independent enhanced chondrogenesis of mutant iPSCs from patients with neonatal-onset multisystem
inflammatory disease. Wild-type and mutant iPSCs were differentiated into chondrocytes in 2-D micromass cultures, and the caspase 1 inhibitor
Ac-YVAD-CHO (YVAD; 10 pM) or human recombinant interleukin-1 receptor antagonist (IL-1Ra; 1 pg/m!) was added to the cultures. Control
cultures were incubated with DMSO or phosphate buffered saline (PBS) containing bovine serum albumin (BSA). A, Representative 2-D micromass
cultures treated with YVAD or DMSO as control (left) or with IL-1Ra or PBS/BSA as control (right). B, Diameter of the micromass. C, SOX9
expression in chondrocytes derived from wild-type and mutant iPSCs and treated with YVAD or IL-1Ra. Expression levels are shown relative to
those in ANOS cells (set at 1). D, DNA concentration, glycosaminoglycan (GAG) concentration, and the ratio of GAG concentration to DNA
concentration in chondrocytes derived from wild-type or mutant iPSCs and treated with YVAD or IL-1Ra. Bars show the mean * SEM of 3
independent clones from which triplicate measurements were obtained. Data are representative of 3 independent experiments. Data shown were
obtained using iPSCs from patient 1; similar results were obtained using iPSCs from patient 2. = = P < 0.05. See Figure 1 for other definitions.

expression of the NLRP3 inflammasome components in
2-D cartilage samples. Mutant and wild-type cartilage
samples both expressed NLRP3, but did not express
ASC, pro-caspase 1, or pro—IL-18 by Western blotting
(data not shown). This suggests that the formation of
large cartilaginous masses by mutant chondrocytes oc-
curs independently of the NLRP3 inflammasome.

To confirm that chondrogenesis of mutant iPSCs
is enhanced independently of the NLRP3 inflam-
masome, we used inhibitors of components of the
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NLRP3 inflammasome, namely, Ac-YVAD-CHO,
which inhibits caspase 1, and recombinant human IL-1
receptor antagonist (IL-1Ra), which antagonizes IL-1.
Neither Ac-YVAD-CHO (10 puM) treatment nor recom-
binant human IL-1Ra (1 pg/ml) treatment during 2-D
micromass culture prevented the formation of large
cartilaginous masses (Figures 4A and B), SOX9 up-
regulation (Figure 4C), or overproduction of GAG
(Figure 4D) by chondrocytes derived from mutant
iPSCs. The same was true when samples were treated
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Figure 5. Up-regulation of the expression of SOX9 and COL2A41 in chondrocytes with mutated NLRP3 during the chondroprogenitor cell stage.
Expression of SOX9, COL2A1, ACAN, COMP, and NLRP3 in each clone was measured in triplicate from day —9 to day 15 of chondrocyte
differentiation of iPSCs from patients with neonatal-onset multisystem inflammatory disease with wild-type or mutant NLRP3. Expression levels of
SOX9, COL2A41, ACAN, and COMP are shown relative to those in ANOS cells (set at 1), and the expression level of NLRP3 is shown relative to
that in peripheral blood mononuclear cells (PBMCs; set at 1). Bars show the mean * SEM of 3 independent clones. Data are representative of 3
independent experiments with consistent results and were obtained using iPSCs from patient 1; similar results were obtained using iPSCs from

patient 2. * = P < 0.05. See Figure 1 for other definitions.

with higher concentrations of these inhibitors (up to
1,000-fold higher) (data not shown). Taken together,
these data strongly indicate that the enhanced chondro-
genesis of mutant iPSCs is independent of caspase 1 and
IL-1, and thus the NLRP3 inflammasome.

Correlation of the up-regulation of NLRP3 with
the up-regulation of SOX9 in chondroprogenitor cells.
To dissect the mechanism underlying the enhanced
chondrogenesis of mutant iPSCs, we analyzed the time
course of chondrocyte-specific gene expression in chon-
droprogenitor cells (Figure 5). Expression of SOX9,
COL2AI1, and NLRP3 started to be up-regulated in
chondroprogenitor cells on day 6. Importantly, on day
15, SOX9 and COL2AI were up-regulated more in
mutant chondroprogenitor cells than in wild-type chon-
droprogenitor cells, whereas NLRP3 was up-regulated
similarly in both types of cells (Figure 5). In contrast, at
this time point, the other chondrocyte-specific markers
ACAN and COMP were not expressed in either type of
cell (Figure 5). Thus, differential up-regulation of SOX9
in chondroprogenitor cells correlated with the up-
regulation of NLRP3 and preceded the up-regulation of
COMP and ACAN.
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Critical role of the CREB/ATF-binding site of the
SOX9 promoter in mutated NLRP3-dependent en-
hancement of SOX9 expression. Next, we focused on
SOX9 because it was up-regulated together with NLRP3,
and this preceded the up-regulation of other
chondrocyte-specific markers. We analyzed the activity
of the human SOX9 promoter in chondroprogenitor
cells in which the level of SOX9 mRNA was increased.
We created a luciferase reporter construct containing
the 5’-UTR of human SOX9, which encompasses —927
to +84 bp of the transcription start site. This fragment
has basal promoter activity and putative binding sites for
5 transcription factors, namely, NF-AT, activator protein
1 (AP-1), NF-«B, Sp1, and CREB/ATF (see Supplemen-
tary Figure 1, available on the Arthritis & Rheumatology
web site at http://onlinelibrary.wiley.com/doi/10.1002/
art.38912/abstract). This fragment showed no promoter
activity in the monocytic cell line THP-1 or the erythro-
leukemic cell line K562, which do not express endoge-
nous SOXY (data not shown). Importantly, human SOX9
promoter activity was higher in mutant chondroprogeni-
tor cells than in wild-type chondroprogenitor cells (Fig-
ure 6A). To identify the element of the human SOX9
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Figure 6. SOX9 up-regulation in chondrocytes derived from iPSCs from patients with neonatal-onset multisystem inflammatory disease with mutant
NLRP3 is dependent on the cAMP/protein kinase A (PKA)/CREB pathway. A, SOX9 promoter activity in wild-type and mutant chondroprogenitor
cells after the introduction of mutations into its transcription factor binding sites. B, SOX9 promoter activity and expression in wild-type and mutant
chondroprogenitor cells treated with SQ22536 or forskolin. C, Effects of SQ22536 and forskolin on 3-D pellets of mutant and wild-type cells. Both
reagents were used at a concentration of 10 pM. Bars = 2.0 mm. D, Increased activity of the cAMP/PKA/CREB pathway in mutant
chondroprogenitor cells compared to wild-type chondroprogenitor cells, as demonstrated by cCAMP concentration in wild-type and mutant iPSCs
(day 0) and chondroprogenitor cells (day 15 and day 36), and Western blot analysis of phosphorylated CREB in wild-type (WT1-3) and mutant
(MT1-3) chondroprogenitor cells. E, Schematic diagram summarizing the molecular mechanism elucidated in this study. Bars in A-D show the
mean *= SEM of 3 independent clones from which triplicate (A, B, and D) or duplicate (C) measurements were obtained. Data are representative
of 2 independent experiments with consistent results and were obtained using iPSCs from patient 1; similar results were obtained using iPSCs from
patient 2. = = P < 0.05. See Figure 1 for other definitions.

promoter region that responds in a mutated NLRP3- activation of the human SOX9 promoter in a mutated
dependent manner, we performed site-directed mu- NLRP3-dependent manner.
tagenesis of the sites of this promoter that bind the Critical role of the cAMP/PKA/CREB pathway in

transcription factors NF-AT, AP-1, NF-«B, Spl, and SOX9 up-regulation cansed by mutated NLRP3. To
CREB/ATF (Supplementary Figure 1). Among the re- further explore the association between mutated NLRP3
porters with these mutations, the reporter that harbored and the cCAMP/PKA/CREB pathway, we examined the
a mutation in the CREB/ATF-binding site showed the effect of an adenylate cyclase activator and inhibitor
least up-regulation of SOX9 promoter activity in mutant (forskolin and SQ22536, respectively) on the activity of
cells (Figure 6A and Supplementary Figure 1). Thus, we the human SOX9 promoter and SOX9 mRNA expres-
speculate that the CREB/ATF-binding site is critical for sion (Figure 6B). Among mutant chondroprogenitor
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cells, SOX9 promoter activity was 2.3-fold higher in
forskolin-treated cells than in vehicle-treated cells,
whereas SOX9 promoter activity was 2-fold lower in
SQ22536-treated cells than in vehicle-treated cells (Fig-
ure 6B). Similar effects were observed in wild-type
chondroprogenitor cells, although they were less pro-
nounced. These data correlated well with the effects of
forskolin and SQ22536 on SOX9 mRNA expression. We
also examined the effects of forskolin and SQ22536 on
3-D chondrocyte pellet formation (Figure 6C). Com-
pared to pellets of vehicle-treated mutant cells, pellets of
mutant cells treated with forskolin and SQ22536 were
2.0-fold larger and 2.1-fold smaller, respectively. Similar
effects were observed in wild-type cells, although they
were less pronounced. These data clearly indicate that
up-regulation of SOX9 following activation of adenylate
cyclase is involved in the enhanced chondrogenesis of
mutant iPSCs.

We next measured the cAMP concentration to
demonstrate that the activity of adenylate cyclase is
increased in mutant chondroprogenitor cells. The con-
centration of cAMP was 4-fold higher in mutant chon-
droprogenitor cells than in wild-type chondroprogenitor
cells on days 15 and 36 (Figure 6D). By contrast, the
concentration of cAMP was similar in mutant and
wild-type iPSCs, in which NLRP3 expression was low.

Finally, we examined the level of phosphorylated
CREB in chondroprogenitor cells. CREB is phosphor-
ylated by cAMP-activated PKA. According to Western
blot analysis, the level of phosphorylated CREB was
higher in mutant chondroprogenitor cells than in wild-
type chondroprogenitor celis on days 15 and 36 (Figure
6D). Taken together, these data indicate that the cAMP/
PKA/CREB pathway plays an important role in the
up-regulation of SOX9, and therefore enhanced chon-
drogenesis, in chondroprogenitor cells with mutant
NLRP3 (Figure 6E).

DISCUSSION

Disease-specific iPSCs have been used exten-
sively to investigate the pathogenesis of diseases and to
discover novel drugs. This approach is particularly useful
to study rare diseases because tissues are often difficult
to obtain from patients with such diseases. In this study,
we used disease-specific iPSCs to study NOMID. Using
this approach, we produced chondrocyte tissues with
mutant and wild-type NLRP3, and revealed a previously
unidentified connection between the inflammasome-
associated molecule NLRP3 and the master regulator of
chondrocyte differentiation SOXO.
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SOX9 was up-regulated during the differentia-
tion of iPSCs into chondrocytes, and this was particularly
pronounced in mutant iPSCs. During cartilage develop-
ment, SOXO9 is highly expressed in immature chondro-
cytes and is required for the condensation and differen-
tiation of mesenchymal cells. During the early stages of
chondrogenesis, SOX9 activates the transcription of
many cartilage-specific ECM genes, including COL2A41,
ACAN, and COMP, by directly interacting with SOX5
and SOX6 (28,29). Overexpression of SOX9 in chondro-
cytes using a recombinant adeno-associated virus signif-
icantly increases the synthesis of major ECM compo-
nents in chondrocytes, without affecting their
proliferation, in vivo and in vitro (30,31). In addition,
retroviral transduction of SOX9 increases ECM produc-
tion in human chondrocytes in vitro (32). These data
correlate well with our observation that SOX9 overex-
pression driven by mutated NLRP3 caused overproduc-
tion of ECM, but did not increase chondrocyte prolifer-
ation.

It remains to be determined how enhanced ex-
pression of SOX9 in chondrocytes leads to epiphyseal
overgrowth in NOMID patients. Conditional transgenic
mice have been used to show that overexpression of
SOX9 in COL2A1-positive cells inhibits terminal differ-
entiation of hypertrophic chondrocytes and endochon-
dral bone formation (29). Although we have not directly
confirmed the expression level of SOX9 in samples
derived from NOMID patients, this previous study
might help to link the findings of the present study with
the clinical phenotype of NOMID patients.

We identified the cAMP/PKA/CREB pathway as
being critical for the up-regulation of SOX9 mRNA in a
mutant NLRP3-dependent manner. cAMP is an intra-
cellular second messenger that is involved in a variety of
cellular processes (33). cAMP/PKA/CREB signaling is
crucial in chondrogenesis, and synergism between cAMP
and SOXO9 is particularly important (34-36). Cotransfec-
tion of CREB binding protein (CBP) and p300 increases
SOX9 activity (35). PKA phosphorylates SOX9 and
thereby increases SOX9 activity, which results in the
up-regulation of the COL24I promoter through the
interaction between CBP and SOX9 (34). In addition,
the PKA inhibitor H89 blocks chondrogenesis in the
chick limb bud (36). These data support the idea that
cAMP/PKA/CREB signaling up-regulates SOX9 to en-
hance chondrogenesis.

Using stromal cells established from a tumor-like
lesion in a NOMID patient, Almeida et al (37) demon-
strated that activation of the cAMP/PKA/CREB path-
way leads to caspase 1 activation, release of IL-13, and
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consequently the proliferation of bone stromal cells.
This suggests that bone lesions in NOMID are caused in
an NLRP3 inflammasome—dependent manner. One ex-
planation for the discrepancy between their data and
ours is that no disease-causing NLRP3 mutation was
identified in the patient in that previous study; therefore,
an unknown genetic alteration may have caused the
NOMID phenotype. Another explanation is that differ-
ent cell types were analyzed in the two studies. The

previous study analyzed bone stromal cells established

from a tumor-like lesion that might have been a hetero-
geneous population, while we focused on a single cell
type, namely, chondrocytes.

The lack of environmental factors and interac-
tions with other cell populations in our model might
have eliminated some contributions of the NLRP3 in-
flammasome and IL-18 pathway that occur in NOMID
patients. Furthermore, our observations relied on an
artificial differentiation system in which iPSCs were first
differentiated into cells of neural crest character and
then into chondrocytes by culture in the presence of
various exogenous factors. Abnormal epiphyseal growth
is specifically observed around the knee joints of
NOMID patients; therefore, additional events might be
required to trigger abnormal chondrocyte proliferation
in vivo. It is also possible that specific factors produced
by surrounding cells in unaffected joints prevent mutant
chondrocytes from manifesting their phenotype. Further
analyses of patients or patient-derived samples would
provide a better understanding of the pathophysiology
of arthropathy in NOMID.

The interaction between cAMP and NLRP3 has
been studied in monocyte/macrophages, in which the
NLRP3 inflammasome is activated following binding of
extracellular Ca?* to Ca®*-sensing receptors (CaSRs)
(38,39). One study reported that an increase in extracel-
lular Ca®* is detected by CaSRs, which leads to phos-
pholipase C activation and subsequently the release of
Ca?* from the endoplasmic reticulum and down-
regulation of cAMP. cAMP binds directly to NLRP3 and
inhibits assembly of the NLRP3 inflammasome. There-
fore, this decrease in the level of intracellular cAMP
relieves this inhibition and thereby induces activation of
the NLRP3 inflammasome (38). On the other hand,
another study reported that an increase in the extracel-
lular Ca®>* concentration induces an increase in the
intracellular Ca** concentration, thereby leading to
activation of the NLRP3 inflammasome, and this mech-
anism requires the CaSRs GPRC6A and CaSR, but not
the down-regulation of cAMP (39). Thus, the effects of
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cAMP on the NLRP3 inflammasome in monocyte/macro-
phages remain a subject of controversy.

In the chondrocyte differentiation system used in
the present study, mutated NLRP3 caused SOX9 over-
expression via the cAMP/PKA/CREB pathway, which is
at odds with the relationship between cAMP and acti-
vation of the NLRP3 inflammasome in monocyte/macro-
phages. This discrepancy might be explained by the
absence of other NLRP3 inflammasome components,
such as ASC and procaspase 1, in the chondrocytes
generated in the present study. Further analysis is
needed to determine why cAMP/PKA/CREB signaling
elicits different effects on mutated NLRP3 in chondro-
cytes and monocyte/macrophages, as well as how intra-
cellular cAMP is up-regulated in chondrocytes derived
from mutant iPSCs.

There have been many reports on the differenti-
ation of chondrocytes from embryonic stem cells (ESCs)
or iPSCs (40-42). However, previously, it was difficult to
differentiate a sufficient number of chondrocytes with a
relatively mature phenotype from ESCs or iPSCs, espe-
cially human ESCs or iPSCs. We have recently estab-
lished a cartilage differentiation system in which iPSCs
first differentiate into cells of neural crest character and
then into chondrocytes, which enabled us to obtain a
large number of chondrocytes with the phenotype of
growth plate cartilage chondrocytes. An important as-
pect of the present study is that this differentiation
system can generate a large number of chondrocytes that
could share functional properties causing the arthro-
pathy observed in NOMID. This system could thereby
be used to screen for novel therapeutic agents.

In conclusion, we showed that SOX9 is overex-
pressed via the cAMP/PKA/CREB signaling pathway in
chondrocytes with disease-causing mutations in NLRP3,
and this causes overproduction of ECM independently
of the NLRP3 inflammasome. We used iPSC technology
to elucidate the role of chondrocytes in the pathophys-
iology of the human disease NOMID.
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