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Induction of PYPAF1 during In Vitro Maturation of Mouse Mast Cells
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Coculture of mouse bone marrow-derived immature mast cells (BMMC) with Swiss
3T3 fibroblasts in the presence of stem cell factor (SCF) promotes morphological and
functional maturation toward a connective tissue mast cell (CTMC)-like phenotype,
which is accompanied by increased expression of several unique genes. Here we
report the molecular identification of one of them, mast cell maturation-associated
inducible gene (MMIG)-1. The MMIG-1 cDNA encodes a 117-kDa cytosolic protein that
comprises an N-terminal PYRIN domain, a central nucleotide-binding domain, and
nine C-terminal leucine-rich repeats. MMIG-1 shows >85% sequence similarity to
human cryopyrin/PYPAF1, a causal gene for familial cold urticaria and Muckle-Wells
syndrome. MMIG-1 was distributed in the cytosol of CTMC-like differentiated BMMC.
MMIG-1 underwent alternative splicing in the leucine-rich repeats and each variant
was induced differently in BMMC during coculture. Moreover, its expression was
increased in the ears of mice with experimental atopic dermatitis. Thus, MMIG-1, a
likely mouse PYPAF'1 ortholog, may play a role in mast cell-directed inflammatory
diseases.
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Abbreviations: BMMC, bone marrow-derived mast cells; CTMC, connective tissue mast cells; MMC, mucosal mast
cells; MMIG, mast cell maturation inducible gene; SCF, stem cell factor, FceRI, high affinity receptor for IgE; IL,
interleukin; NBS, nucleotide-binding site; LRR, leucine-rich repeat; DNFB, dinitrofluorobenzene; CARD, caspase
recruitment domain; PBS, phosphate-buffered saline; TBS, Tris-buffered saline; SDS-PAGE, sodium dodecyl sul-

fate—polyacrylamide gel electrophoresis.

Mast cells express high-affinity receptor for IgE (FceRI)
on their surface and are activated to secrete a variety of
potently biologically active mediators in response to chal-
lenge with multivalent antigens (I, 2). The release of
such mediators from mast cells represents a critical com-
ponent of many clinically important allergic reactions,
various chronic inflammatory diseases and innate immu-
nity (3, 4). Mast cells in different anatomical microenvi-
ronments show variation in multiple aspects of their phe-
notypes and their sensitivity to various agents that can
influence their functions (1, 2). The growth and develop-
ment of mast cells are regulated by the tissue-derived
cytokine stem cell factor (SCF), a ligand for the Kit recep-
tor tyrosine kinase (1, 2).

Rodent mast cells are subdivided into connective tissue
mast cells (CTMC) and mucosal mast cells (MMC),
changing their phenotypes rapidly depending on the cur-
rent microenvironments in which they reside (5, 6).
CTMC exhibit several remarkable features that are not
shown by MMC or interleukin (IL)-3—dependent mouse
bone marrow-derived mast cells (BMMC), which repre-
sent an in vitro culture-derived, relatively immature pop-
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ulation of mast cells (1, 2). BMMC can differentiate into
CTMC-like cells in vitro after coculture with fibroblasts
in the presence of appropriate mast cell-poietic cytokines
(7-10). For instance, we recently reported that the cocul-
ture of BMMC with 3T3 fibroblasts in the presence of
recombinant SCF changes their morphological and func-
tional properties from an immature to mature CTMC-
like phenotype within only 2—4 days (10).

In an effort to determine comprehensively the profiles
of expressed genes in immature and mature mast cells,
we have performed ¢cDNA subtraction between BMMC
before and after such coculture to identify genes that are
upregulated during the mast cell maturation process
(11). Amongst a number of unique inducible genes identi-
fied so far by means of this approach, we have designated
seven unknown genes as mast cell maturation-associated
inducible genes (MMIGs). In this study, we report the
complete structure of MMIG-1, which shows the highest
sequence homology with human cryopyrin/PYPAF1, a
very recently identified molecule belonging to the PYRIN
domain-containing signal transducer family (12, 13).

MATERIALS AND METHODS

Cell Culture and Activation—The culture of BALB/c
mouse-derived BMMC, rat mastocytoma RBL-2H3 cells
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and mouse leukemia WEHI-3B cells, and activation of
mast cells with IgE and antigen were described previ-
ously (11).

Coculture of BMMC with Swiss 3T3 Fibroblasts—The
procedure for coculture of BMMC and Swiss 3T3 fibrob-
lasts in the presence of SCF was described previously
(10). Briefly, BMMC were washed once, suspended at 2 x
105 cells/ml in enriched medium supplemented with 100
ng/ml SCF, and seeded on confluent Swiss 3T3 fibroblast
monolayers grown in 24-well plates (1 ml/well), 12-well
plates (2 ml/well), 35-mm diameter dishes (3 ml/dish),
and 100-mm dishes (10 ml/dish) (Iwaki Glass, Tokyo), as
required for the experiments. The medium was changed
every 2 days. Mast cells largely attached to the fibroblast
monolayer during the coculture. After appropriate peri-
ods of coculture (for up to 6 days), the cells (a mixture of
mast cells and fibroblasts) were trypsinized, resuspended
in enriched medium, and then re-seeded into T75 flasks.
After 30-min incubation, most fibroblasts attached to the
bottom of the flasks, and >95% of the floating cells were
mast cells, as determined from their morphology and on
alcian blue/safranin staining (10). These floating cells
were used as the cocultured BMMC. The viability of
BMMC was maintained at nearly 100% under these cul-
ture conditions.

PCR-Selected ¢cDNA Subtraction—The procedure for
cDNA subtraction, by which a set of inducible genes in
BMMC during the coculture were enriched, was con-
ducted with a PCR-selected™ cDNA subtraction kit (Clon-
tech, Palo Alto, CA), as described previously (11). The
cDNA inserts were subjected to RNA blotting to confirm
their induction in BMMC and their absence in Swiss 3T3
after coculture.

Cloning of MMIG-1 cDNA—A cDNA library was pre-
pared from poly(A)* RNA of cocultured BMMC using a
Super Script™ Lamda System for cDNA Synthesis and
Cloning Reagent Assembly (Invitrogen, San Diego, CA)
and A-Zip LOX Notl/Sall Arms (Invitrogen), according to
the manufacturer’s instructions. Approximately 75,000
clones were screened with the MMIG-1 fragment, which
was originally obtained on the ¢cDNA subtraction as
noted above, as a probe. A positive phage clone (4C2) was
transformed into E. coli DH12S(ZIP) (Invitrogen), in
which it was excised into a plasmid form (pZL1). Poly(A)*
RNA was prepared from 108 BMMC after coculture with
a Fast Track™ 2.0 mRNA isolation kit (Invitrogen). After
the phosphate group was removed from the 5-ends of
uncapped poly(A)* RNAs using A19 bacterial alkaline
phosphatase (Takara Biomedicals, Ohtsu), the cap struc-
ture, 7-methylated-GTP, of intact capped poly(A)* RNAs
was replaced with a phosphate residue by treatment with
tobacco acid pyrophosphatase (Nippon Gene, Toyama).
The decapped poly (A)* RNA was then ligated with an oli-
goribonucleotide, 5'-rGrArGrArGrCrArArGrGUrA rCrG-
rCrCrArCrArGrCrGUrAUrGrAUrGrC-3' (Genset Oligos,
Kyoto), using T4 RNA ligase (Takara Biomedicals). The
oligo-capped poly(A)* RNA thus prepared was tran-
scribed into ¢cDNA using SuperScript II reverse tran-
scriptase (Invitrogen). The 5'-end sequence of the MMIG-
1 ¢cDNA was amplified with exTaq polymerase (Takara
Biomedicals) using the cDNA obtained by the oligo-cap-
ping method as a template with a set of primers, 5'-
CAAGGTACGCCACAGCGTATG-3', a sequence within
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the synthetic oligoribonucleotide used, and 5'-AGCGGA-
GAC GTCAGCCTT CTG-3', a sequence within the 1,890-
bp fragment that was obtained by RT-PCR (see
“RESULTS”) under the following conditions: 5 min at 94°C,
followed by 35 cycles of 30 s at 94°C, 30 s at 60°C, and 3
min at 72°C. The amplified product was subcloned into
the pCR4 vector (Invitrogen). The sequences of the cDNA
inserts were determined with a Thermo Sequenase fluo-
rescent-labelled primer cycle sequencing kit with 7-
deaza-dGTP (Amersham Bioscience, Piscataway, NdJ)
using a DNA sequencer DSQ-1000L (Shimadzu, Kyoto).

To determine the genomic organization of the MMIG-1
gene, a mouse genomic library of adult BALB/c mouse
liver (Clontech, Palo Altp, CA) was screened with clone
4C2 by the standard plaque hybridization method. Posi-
tive clones were treated with Notl or EcoRI (Takara Bio-
medicals), and the digested inserts were subcloned into
the pCR3.1 vector (Invitrogen) and sequenced. Alterna-
tively, the nucleic acid database was searched using the
BLASTnN system with MMIG-1 cDNA as a reference.

Preparation of FLAG-Tagged MMIG-1—The full-size
MMIG-1 ¢cDNA with a FLAG-tag at the C-terminus was
amplified from cocultured BMMC poly(A)* RNA by RT-
PCR with a pair of primers, 5-ATGACGAGTGTCTGC-
AAGCTGGC-3' and 5-TCACTTGTCATCGTCGTCCTT
GTAGTCCCAGGAAATCTCGAAGAC-3' (FLAG epitope
underlined), which were designed based on the sequences
of the 5'- and 3’-ends of the open reading frame. The
amplified product was subcloned into mammalian
expression vector pcDNA3.1/V5/His TOPO (Invitrogen)
and sequenced as described above.

Transfection Experiments—To obtain HEK293 cells
stably overexpressing MMIG-1-FLAG, 1 pg of MMIG1-
FLAG in the pcDNA3.1/V5/His TOPO expression vector
was mixed with 2 pl of Lipofectamine PLUS (Invitrogen)
in 100 pl of Opti-MEM medium (Invitrogen) for 30 min
and then added to cells that had attained 40—60% conflu-
ence in 12-well plates (Iwaki Glass) containing 0.5 ml of
Opti-MEM. Two days after the transfection, the cells
were cloned by limiting dilution in 96-well plates in cul-
ture medium supplemented with 1 mg/ml geneticin (Inv-
itrogen). After culture for 3—4 weeks, wells containing a
single colony were chosen, and protein expression was
assessed by Western blotting using anti-FLAG mono-
clonal antibody M2 (Sigma, St. Louis, MI).

Preparation of Anti-MMIG-1 Antibody—cDNAs for the
full-length MMIG-1 and its truncated form (residues 91—
216, which corresponds to the linker region between the
PYRIN and NBS domains; see “RESULTS”), were sub-
cloned into the pET-21c vector (Novagen) at the EcoRI
site and then transformed into E. coli (BL21(DE3); Invit-
rogen). After culture with 0.4 mM isopropyl-thio-p-D-
galactoside, the produced recombinant Hisg-tagged trun-
cated MMIG-1 protein was purified from bacterial
homogenates with a Ni-NTA column (QIAGEN) to near
homogeneity according to the manufacturer’s instruction
and then dialyzed against TBS. The purified protein gave
a single band corresponding to the predicted size on
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) followed by staining with Coomassie
brilliant blue.

New Zealand White rabbits (male, 1 kg; Saitama Ani-
mal Center) were immunized subcutaneously with the
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Fig. 1. Induction of MMIG-1 in BMMC after coculture with
Swiss 3T3 in the rpesence of SCF. (A) Expression of MMIG-1 and
mouse mast cell protease-5 (MMCP-5) mRNAs in BMMC before and
after coculture with Swiss 3T3 cells in the presence of SCF for 4
days. MMIG-1 was undetectable in Swiss 3T3 cells used for cocul-
ture. (B) Expression of MMIG-1 mRNA in BMMC cultured for 4 days
in the presence of various combinations of cytokines and in BMMC

purified truncated MMIG-1 protein (0.1 mg each) mixed
with Freund’s complete adjuvant (Difco). After several
booster immunizations with Freund’s incomplete adju-
vant (Difco) at 2-wk intervals, blood was collected and the
serum titer was determined by means of enzyme-linked
immunosorbent assay and Western blotting with the
recombinant full-length MMIG-1 protein expressed in E.
coli, as described above. The specific binding of the anti-
body to MMIG-1 was verified by immunoblotting using
cell lines expressing MMIG-1 (see “RESULTS”).

Western Blotting—Samples were subjected to SDS-
PAGE on 7.5% (w/v) gels under reducing condition. The
separated proteins were electroblotted onto nitrocellulose
membranes (Schleicher and Schuell, Dassel, Germany)
using a semi-dry blotter (Bio-Rad, Hercules, CA). After
blocking with 3% skim milk in 10 mM Tris-HC1 (pH 7.4)
containing 150 mM NaCl (TBS), the membranes were
sequentially incubated with an anti-FLAG antibody (1:
20,000 dilution in TBS containing 0.05% Tween-20) or
anti-MMIG-1 antibody (1:5,000 dilution) for 2 h and
horseradish peroxidase-conjugated anti-mouse IgG
(Amersham Bioscience) (1:5,000 dilution in TBS contain-
ing 0.05% Tween-20) for 1 h, and then visualized using
an ECL system (NEN™ Life Science Products, Boston,
MA).

Northern Blotting—Total RNA was purified from the
cells using TRIZOL reagent (Invitrogen). Approximately
10 pg of total RNA was applied to each lane of 1.2% (w/v)
formaldehyde-agarose gels, followed by electrophoresis
and then transfer to Immobilon-N membranes (Millipore,
Bedford, MA). The resulting blots were then sequentially
probed with the MMIG-1 ¢cDNA fragment that had been
labeled with [32P]dCTP (NEN™ Life Science Products) by
random priming (Takara Biomedicals). All hybridiza-
tions were carried out at 42°C overnight in a solution
comprising 50% (v/v) formamide, 0.75 M NaCl, 75 mM
sodium citrate, 0.1% (w/v) SDS, 1 mM EDTA, 10 mM
sodium phosphate, pH 6.8, 5x Denhardt’s solution (Naca-
lai Tesque, Tokyo), 10% (w/v) dextran sulfate (Sigma),
and 100 pg/ml salmon sperm DNA (Sigma). The blots
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cocultured with Swiss 3T3 in the presence of SCF. (C) Expression of
MMIG-1 mRNA in WEHI-3B cells. The results were evaluated by
Northern blotting (A and C) and RT-PCR (B). Appropriate sample
loading into each lane was verified by visualizing ribosomal RNA in
agarose gels with ethidium bromide (B) or by Northern blotting of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (A and C).

were visualized by autoradigraphy with Kodak X-OMAT
AR films and double intensifying screens at —80°C.
Confocal Laser Microscopy—Cells grown on collagen-
coated cover glasses (Iwaki Glass) were fixed in 10% (v/v)
formalin in phosphate-buffered saline (PBS) for 30 min
and then permeabilized with 0.2% (v/v) Triton X-100 in
PBS for 2 min. Then the cells were sequentially treated
with 3% (v/v) BSA in PBS for 2 h, the anti-FLAG anti-
body (1:500 dilution) or anti-MMIG-1 antibody (1:100
dilution) in 1% bovine serum albumin (BSA) in PBS for 2
h, and FITC-conjugated second antibody (1:100 dilution)
(Zymed, South San Francisco, CA) in 1% BSA in PBS for
1 h, with 3 washes with PBS in each interval. After 6
washes with PBS, the cells were mounted on glass slides
and the fluorescent signal was visualized under a laser
scanning confocal microscope (IX70; Olympus, Tokyo).
Experimental Atopic Dermatitis—Five repeated topi-
cal applications of 2,4-dinitrofluorobenzene (DNFB) to
the ears of BALB/c, but not C57BL/6, mice result in con-
tact hypersensitivity of the ears and significant elevation
of the serum IgE level, accompanied by an increased Ty,
response on the onset of skin dermatitis and a Ty,
response in the lymph nodes (14). Briefly, mouse ears
were painted with 25 ul of 0.15% (w/v) DNFB or vehicle
(acetone:olive oil, 3:1) once a week. The ears were
removed 4 h after the fifth painting and subjected to RNA
extraction. Replicate ear sections were fixed with forma-
lin, embedded in paraffin, and then stained with hema-
toxylin and eosin to verify the progress of inflammation.

RESULTS

Expression of MMIG-1 in Mast Cells—Fig. 1 depicts
the induction of MMIG-1 during in vitro maturation of
mouse BMMC toward a CTMC phenotype. As assessed
by RNA blotting, induction of MMIG-1 occurred when
BMMC were cocultured with Swiss 3T3 cells in the pres-
ence of SCF, whereas expression of mouse mast cell pro-
tease-5 was unchanged during such coculture (Fig. 1A).
None of the mast cell-poietic cytokines tested alone or in
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PYRIN-Hke Domain

MMIG-1 1 RTESVRCKEAQYLEDLEDVALRE NI E0YPPEKTCIEVIROOME KADHLDEATUMIDERGEEKIAMAVHTE ARTHRRDLWEXARKIQR:
cryopyrin/PYPAFL 1 MSmR’(LEMDMWW?WWWWKNNWWW“N@WWBP
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cryopyrin/PYPAFL 91 KNGSDNARY SPTVICREDS EEEWWALLELSHESECMKKDYRRKVAK YR SKEQCHEDRMARL BERVSLHKRTRLRL KEHRS QR

NBD Mot 1 (pioop) ___NBD Mothn
MMIG-1 179 REHERET HORYKMROSPMES LELEEL REREHGHSE Y TUCIRA SIKEF K KEDYERF EHOREVELRIPREE:
cryopyrin/PYPAFL 181 REGEKATEICHET CEGAvAD TMEL DRDOE HSL I RAGAA ICRTTU AR ks o RE B v iUt TRt
NBD Motit ¥l (Mg-binding site) NBD Motif IV
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NBD Mot V
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Bold arrows indicate the positions of the primers used for the RT-PCR. (B) Amino acid sequence alignment of MMIG-1 and human cryopyrin/
PYPAF1. MMIG-1 has a PYRIN domain, an NBS domain consisting of 7 motifs (I-VII), and 9 LRRs. Alignment was performed with the
Clustal W mutiple alignment program. Amino acids conserved in both proteins are shadowed. (C) Genomic organization of the mouse
MMIG-1 gene. The MMIG-1 gene consists of at least 10 exons spanning over 24 kbp, and is located on mouse chromosome 11.

combination, including SCF, IL-3, IL-4, IL-10, and IL-1p,
induced MMIG-1 expression (Fig. 1B), implying that
MMIG-1 expression in BMMC requires a specific condi-
tion for maturation toward a CTMC-like phenotype.
Since MMIG-1 was undetectable in Swiss 3T3 even after
coculture (Fig. 1A), it is unlikely that the increased
expression of MMIG-1 after coculture was due to minor
contamination by Swiss 3T3 cells of the mast cell prepa-
rations. Of several cell lines tested, WEHI-3B, a mouse T-
cell leukemia cell line, expressed comparable MMIG-1 to
cocultured BMMC (Fig. 1C), whereas its expression was
barely detectable in various fibroblastic, epithelial, and
neuronal cell lines (data not shown).

Cloning of MMIG-1—A cDNA library of cocultured
BMMC was prepared and screened by means of plaque
hybridization using a 126-bp MMIG-1 fragment obtained
from the ¢cDNA subtraction as a probe (the scheme is
illustrated in Fig. 2A). A positive clone with a 2,120-bp
fragment, termed clone 4C2, was obtained that contained
a poly(A)* tail. The fragment originally obtained on
cDNA subtraction corresponded to a region near the 3’
end of 4C2 (Fig. 2A). Although 4C2 showed 70% homol-
ogy with EST gene AF054176, it did not contain a region
corresponding to the 5-end of AF054176. Therefore, we

performed RT-PCR from poly(A)* RNA of cocultured
BMMC using a sense primer designed based on the 5'-
end of AF054176 and an antisense primer corresponding
to a region in 4C2 that shows the highest homology with
AF054176 (Fig. 2A). A 1,890-bp fragment (F1) with the
expected overlapping sequence with 4C2 was obtained.
The amino acid sequence predicted from this fragment
exhibited 84% similarity to AF054176, whereas the C-
terminal region was less homologous (43%) (Fig. 2A). We
then found another EST gene, AK027194, in the data-
base, the 3'-region of which was identical to the 5’-region
of AF054176. Therefore, it appeared that the F1 frag-
ment still lacked the 5-end of the full-length MMIG-1
cDNA. We then used the oligo-capping method, where the
cap structure of the intact capped poly(A)* RNA from coc-
ultured BMMC was replaced with a synthetic oligoribo-
nucleotide, and then RT-PCR was carried out with a pair
of primers directed to the sequences of the synthetic oli-
goribonucleotide and the F1 fragment (a region about
280-bp downstream from the 5’-end; see Fig. 2A). A novel
1,612-bp fragment (F2) was obtained that showed 77%
homology with AK027194 and contained the expected
overlapping region of ~280 bp as well as the starting ATG
codon (Fig. 2A). The full-length MMIG-1 ¢cDNA contain-

J. Biochem.
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Fig. 3. Structural features of MMIG-1
and related proteins. (A) Domain struc-
tures of MMIG-1 and related proteins,
which have PYRIN, NBS and/or LRR
domains. Amino acid alignment of the
PYRIN (B), NBS (C), and LRR (D)
domains among these proteins is shown.
Alignment was performed with the Clus-
tal W mutiple alignment program. Identi-
cal or similar amino acid residues are
shadowed.
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ing an open reading frame and a 5’-noncoding region was
amplified by RT-PCR, which was identical to the com-
bined sequences of 4C2, F'1, and F2.

The open reading frame of MMIG-1 ¢cDNA (GenBank
accession number AF486632) is 3,202 bp in length (nucle-
otides 123-3224), and encodes a protein that consists of
1,033 amino acids (Fig. 2B). As illustrated in Fig. 2B, the
MMIG-1 protein has a PYRIN-like domain in the N-ter-
minal region (residues 1-90), a nucleotide-binding site
(NBS) domain (or NACHT domain) (residues 217-532),
in which there are 7 consensus motifs, namely I (P-loop;
residues 217-239), II (246-276), III (Mg%*-binding site;
280-303), IV (324-349), V (400-420), VI (487-502), and
VII (513-532), in the central region, and 9 leucine-rich
repeats (LRRs) in the C-terminal region [residues 739—
966; LRR1 (residues 739-766), LRR2 (768-795), LRR3

Vol. 134, No. 5, 2003

(796-821), LRR4 (826-848), LRR5 (853-877), LRR6
(882-906), LRR7 (911-925), LRR8 (930-966), and LRR9
(967-990)]. Thus, MMIG-1 is a member of the PYRIN
domain—containing protein family that also possesses a
NBS domain and LRRs. The organization of the MMIG-1
gene, as determined on mouse liver genomic library
screening and the database search, is shown in Fig. 2C.
The MMIG-1 gene consists of at least 10 exons spanning
more than 24 kbp, and is located on mouse chromosome
11. The starting ATG is located in exon 2 and the termi-
nating TGA in exon 10.

Proteins related to MMIG-1 in terms of domain struc-
tures are illustrated in Fig. 3A. The PYRIN domain of
MMIG-1 exhibits significant homology with those of
other PYRIN-containing proteins, such as pyrin (15, 16),
DEFCAP-L (CARD7/NAC/NALP-1) (17, 18), NALP-2
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Fig. 5. Detection of MMIG-1 protein with an anti-MMIG-1 anti-
body. (A) Expression of MMIG-1 protein in HEK293 transfectants.
Sonicates of cells stably transfected with C-terminally FLAG-tagged
MMIG-1 (+) or the empty vector (-) were subjected to Western blot-
ting with an anti-MMIG-1 antibody. (B) Detection of endogenous
MMIG-1 protein in several cell lines. (C) Time course of MMIG-1 and
NDRG1 protein induction in BMMC during coculture with Swiss
3T3 cells in the presence of SCF. (D) Immunocytostaining of endog-

R. Kikuchi-Yanoshita et al.

Fig. 4. Expression of MMIG-1 protein. (A)
Expression of MMIG-1 protein in HEK293
transfectants. Sonicates of cells stably trans-
fected with C-terminally FLAG-tagged
MMIG-1 (+) or the empty vector (-) were sub-
jected to Western blotting with an anti-FLAG
antibody. (B) Immnofluorescence confocal
microscopy of HEK293 transfectants with the
anti-FLAG antibody. Mock- (top) and MMIG-
1-FLAG- (bottom) transfected HEK293 cells
were fixed, permeabilized, and immunos-
tained with the anti-FLAG antibody (left).
Phase contrast images of cells are also shown
(right).

enous MMIG-1 protein in BMMC. BMMC before (a) and after (b) coc-
ulture for 2 days were fixed, permeabilized, and then immunos-
tained with the anti-MMIG-1 antibody. Magnification, x100. (E)
Immunocytostaining of endogenous MMIG-1 protein in RBL-2H3
cells. Cells before (a, b) and after (c¢) stimulation for 10 min with IgE
and antigen were subjected to staining with (b, ¢) or without (a) the
anti-MMIG-1 antibody. Magnification, x40.
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Fig. 6. Identification of spliced variants of MMIG-1. (A) RT-PCR
amplification of the C-terminal region of MMIG-1 from BMMC cocul-
tured with Swiss 3T3 in the presence of SCF for the indicated peri-
ods. In addition to the band corresponding to the full-length MMIG-
la (indicated as “a” on the right side), three shorter bands corre-
sponding to MMIG-1b, MMIG-1c, and MMIG-1d (indicated as “b”,
“c,” and “d”) were detected. (B) Structures of MMIG-1 spliced vari-
ants. In comparison to the full-size MMIG-1a, MMIG-1b lacks LRR6
and LRR7, MMIG-1c lacks LRR2 and LRR3, and MMIG-1d has only
three LRRs (LRR1, 2, and 3). The relationship between the domains

(NBS1) (19), and ASC (20, 21) (Fig. 3B). Like MMIG-1,
DEFCAP-L and NALP-2 consist of an N-terminal PYRIN
domain, a central NBS domain, and C-terminal LRRs
(17-19). The NBS domain and LRRs of MMIG-1 also
show low homology with those of other NBS (Fig. 3C) or

Vol. 134, No. 5, 2003

and the exons is illustrated at the top. The numbers in parentheses
represent the nucleotide numbers of the starting ATG and terminat-
ing TGA. (C) Nucleotide sequences of the exon—intron junctions. The
sequences of splicing donor and acceptor sites are gt and ag, respec-
tively, in all cases. (D) Nucleotide and amino acid sequences around
the splicing sites of the variants. A 78-bp fragment deleted from
MMIG-1d is shown at the bottom. Arrows indicate the primers, A-D,
used to distinguish the isoforms. The PCR conditions were 5 cycles of
95°C for 30 s and 72°C for 2 min, 5 cycles of 95°C for 30 s and 70°C
for 2 min, and 30 cycles of 95°C for 30 s and 68°C for 2 min.

LRR (Fig. 3D) proteins such as human Nodl (CARD4)
(22), Nod2 (23), and CARD12 (24), which have an N-ter-
minal caspase recruitment domain (CARD) in place of
the PYRIN domain (Fig. 3A). Apaf-1, a central regulator
of apoptosis that activates procaspase-9 in the presence
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of cytochrome c (25), also contains a central NBS domain,
although the C-terminal LRRs are replaced by WD40
repeats (Fig. 3A). While this manuscript was in prepara-
tion, a novel human protein containing these three
domains was identified (12, 13). This protein, termed cry-
opyrin/PYPAF1, shows 82.4% identity with MMIG-1 over
the whole amino acid sequence (Fig. 2B). The PYRIN
domain, NBS domain and LRRs of cryopyrin/PYPAF1 are
88.9%, 87.3%, and 85.3% identical, respectively, to those
of MMIG-1. It is therefore likely that MMIG-1 is a mouse
counterpart of PYPAF1 or a closely related molecule.

Subcellular Distribution of MMIG-1—When FLAG-
tagged MMIG-1 was transfected into HEK293 cells, a cell
line which had been used successfully for transfection
with other PYRIN domain or NBS/LRR-containing pro-
teins (17-25), the MMIG-1-FLAG protein was expressed
as the predicted 117-kDa protein, as seen on immunob-
lotting using an anti-FLAG antibody (Fig. 4A). Immuno-
cytostaining of this HEK293 clone revealed that the
MMIG-1-FLAG protein was localized in the cytosol (Fig.
4B).

To assess the expression of the MMIG-1 protein in
mast cells, we prepared an antibody that specifically rec-
ognizes MMIG-1. To avoid possible cross-reaction with
other proteins bearing homologous domains, we
expressed a GST-fused linker region (residues 91-216)
between the PYRIN and NBS domains of MMIG-1 in E.
coli, purified it to near homogeneity on a glutathione-
Sepharose column, and then immunized rabbits with it.
On immunoblotting, the obtained antiserum recognized a
117-kDa protein in E. coli cells transfected with the full-
length MMIG-1 ¢cDNA (data not shown) and that in
MMIG-1-transfected, but not parent, HEK293 cells (Fig.
5A). Endogenous MMIG-1 protein was detectable in
RBL-2H3 cells, a rat mast cell line, and in WEHI-3B
cells, but not in Swiss 3T3 cells, on immunoblotting (Fig.
5B). The expression of endogenous MMIG-1 protein was
undetectable in BMMC before coculture, became evident
at 12 h, and reached a plateau level by 24-48 h of cocul-
ture (Fig. 5C). In comparison, the induction of NDRG1,
another protein that is markedly induced in BMMC dur-
ing such coculture (11), occurred with a similar time
course (Fig. 5C).

Immunocytostaining with this antibody revealed that
endogenous MMIG-1 was localized in the cytosol of
BMMC after coculture, whereas it was undetectable in
BMMC without coculture (Fig. 5D). There were some
intensely stained dot-like structures in cocultured
BMMC (Fig. 5D, panel b). In RBL-2H3 cells, endogenous
MMIG-1 exhibited a punctate distribution throughout
the cytosol, which was unaltered after stimulation for 10
min with IgE and antigen (Fig. 5E). The punctate signal
observed in cocultured BMMC and RBL-2H3 cells may be
a reflection of the PYRIN domain-mediated assembly of
MMIG-1 with ASC, which is known to form aggregates
called “specks” in the cytosol (20, 21). Indeed, in our pre-
liminary study, ASC mRNA was detected in BMMC and
its expression was unchanged during coculture, as
assessed by RT-PCR (data not shown).

Alternative Splicing of MMIG-1—When RT-PCR was
performed to amplify the C-terminal region of MMIG-1
from cocultured BMMC, several additional fragments
that were shorter than the predicted size appeared, even

R. Kikuchi-Yanoshita et al.
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Fig. 7. Induction of MMIG-1/PYPAF1 in the ears of mice with
DNFB-induced atopic dermatitis. Total RNAs obtained from the
ears of BALB/c mice 4 h after the fifth treatment with DNFB (+) or
the vehicle (-) were subjected to RT-PCR using specific primers for
MMIG-1 as well as for NDRG1 and other MMIGs (MMIG-2—4). The
PCR conditions for NDRG1 and MMIG-2, -3, and -4 were given else-
where (11).

though the expression levels of these fragments were
much lower than that of the full-size MMIG-1 (Fig. 6A).
Sequencing of these shorter fragments revealed that they
were truncated in the LRR domain, which apparently
arose through alternative splicing (Fig. 6B). We therefore
designated the full-length molecule (i.e. containing all 10
exons) as MMIG-1a, and the ones lacking exon 8, exon 6
and part of exon 7 as MMIG-1b, MMIG-1¢, and MMIG-
1d, respectively. MMIG-1b and MMIG-1c each consist of
976 amino acids having 7 LRRs (compared with 9 LRRs
in MMIG-1-a), and MMIG-1d consists of 829 amino acids
with only 3 LRRs (Fig. 6B).

MMIG-1a, the full-length and predominant form, was
poorly expressed in BMMC, started to increase as early
as 6 h after the start of coculture, and reached a peak by
48-96 h (Fig. 6A). This was largely in agreement with the
change in MMIG-1 protein expression (Fig. 5C). The
expression of MMIG-1b was rather weak, being detected
at 48-96 h (Fig. 6A). The expression of MMIG-1c was
transient, being detected only at 12 h, and MMIG-1d, the
shortest isoform with only 3 LRRs, showed biphasic
induction, reaching first and second expression peaks at
12 h and 48 h, respectively (Fig. 6A).

The exon—intron junctions of the MMIG-1 gene are
shown in Fig. 6C. In each case, the intron sequence at the
5’-boundary of the exon ends in the dinucleotide AG, and
that at the 3'-boundary of the exon begins with the dinu-
cleotide GT, which is consistent with the recognized rule
for sequences at such junctions. The sequences around
the splicing sites of MMIG-1b, MMIG-1¢, and MMIG-1d
are shown in Fig. 6D. In the case of MMIG-1d, a 78-bp
fragment, which spans from the end of exon 6 to the mid-
dle of exon 7, was deleted, resulting in the appearance of
the termination codon (Fig. 6D).

Induction of MMIG-1 in Mouse Ear Atopic Dermati-
tis—Repeated topical application of DNFB to the ears of
BALB/c, but not C57BL/6 mice, results in contact hyper-
sensitivity of the ears and significant elevation of the

oJ. Biochem.
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serum IgE level, accompanied by an increased Ty
response on the onset of skin dermatitis and a Ty,
response in the lymph nodes (14). The expression of
MMIG-1 in the ears of BALB/c mice after five applica-
tions of DNFB was analyzed by RT-PCR. The expression
of MMIG-1 was rather higher after the fifth application
of DNFB than in vehicle-treated control ears (Fig. 7). In
contrast, there were no significant differences in the
expression of NDRG1 and other MMIGs [ADP-ribosyla-
tion factor—like protein 7, mouse mast cell protease-9 and
dual specificity phosphatase 4, which were designated as
MMIG-2, -3, and -4 in our previous study (11)] between
DNFB- and vehicle-treated mice (Fig. 7). Expression lev-
els of MMIG-1, NDRG1 and other MMIGs were not
increased in replicate C57BL/6 mice (data not shown), a
non-responder strain (14). These results suggest that the
experimental atopic dermatitis is accompanied by a
selective and marked increase in MMIG-1 expression.

DISCUSSION

Of a particular panel of genes that were markedly
induced during in vitro differentiation and maturation of
BMMC toward a CTMC-like cells (11), we have deduced
the complete cDNA and amino acid sequences of MMIG-
1. MMIG-1 comprises an N-terminal PYRIN domain, a
central NBS domain, and C-terminal 9 LRRs, and is
likely to be a mouse counterpart of human PYPAF1 or a
closely related molecule. To our knowledge, this is the
first demonstration that a PYPAF1-related molecule is
expressed in mast cells. MMIG-1 is localized in the
cytosol of mast cells, with enrichment in punctate struc-
tures. Moreover, we found that there are several spliced
variants as to the LRR domain of MMIG-1/PYPAF1. Indi-
vidual variants show different kinetics of induction in
BMMC during coculture and thus may have distinct
functions, even though their expression levels are lower
than that of the full-length form.

The PYRIN domain belongs to the death domain-fold
superfamily that also includes the caspase recruitment
domain (CARD), death domain and death effector domain
(19, 26). Similar to other death domain-fold molecules,
the PYRIN domain is assumed to mediate homotypic
interactions between two PYRIN domain—containing pro-
teins. The first protein in this family, pyrin, has a PYRIN
domain at the N-terminus and has been proposed to func-
tion in inflammatory signaling in myeloid cells (15, 16).
Mutations of the pyrin gene confer susceptibility to famil-
ial Mediterranean fever (15, 16). ASC and DEFCAP-L,
each of which has a C-terminal CARD, induce apoptosis
when overexpressed in cells (17-21). ASC forms aggre-
gate in the cytoplasm, the appearance of which correlates
with apoptosis (20, 21). The PYRIN domain of pyrin
interacts with that of DEFCAP-L and exerts a negative-
regulatory effect on DEFCAP-L—induced signaling (21).
NBS/LRR proteins Nodl and Nod2 activate NF-«B by
interacting with RICK, an upstream activator of the IxB
kinase complex (27). The oligomerization of these NBS/
LRR proteins as well as Apaf-1 is mediated by the NBS
domain, and induces the proximity and activation of
downstream effectors through CARD-CARD homophilic
interactions. The NBS/LRR proteins are also found in
plants as a class of disease-resistant genes, in which the
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LRRs are involved in the recognition of various microbial
components. Nod1l and Nod2 may be mammalian coun-
terparts of plant disease-resistant gene products that
function as cytoplasmic receptors for pathogen compo-
nents (28). Indeed, mutations of the LRRs of Nod2 have
been implicated in two inflammatory diseases, Blau syn-
drome and Crohn disease (29-31).

Thus, given the fact that proteins having these
domains (i.e. PYRIN, NBS and/or LRR domains) have
been implicated in signal transduction leading to cell dif-
ferentiation, inflammatory response and apoptosis, it is
tempting to speculate that MMIG-1, a likely mouse
PYPAF1 homolog, also plays a role in such critical biolog-
ical events. The assembly of PYRIN domain-containing
proteins through PYRIN-PYRIN interactions implies
that MMIG-1/PYPAF1 may function in a manner analo-
gous to other NBS/LRR family members and transmit
upstream signals for the activation of downstream
PYRIN proteins recruited to the signaling complex.
Indeed, it was recently shown that human PYPAF1 binds
to ASC via the PYRIN domain and that this interaction
leads to augmented NF-«B activation (I13) and procas-
pase-1 activation leading to IL-1p processing and secre-
tion (32). Moreover, several PYPAF1-related proteins,
which are composed of PYRIN, NBS and LRR domains
and exhibit similar functions to PYPAF1, were recently
identified (32, 33).

Of particular interest, human PYPAF1 has been pro-
posed to be a causal gene for familial cold urticaria, an
autosomal-dominant systemic inflammatory disease
characterized by intermittent episodes of rash, arthral-
gia, fever and conjunctivitis after generalized exposure to
cold, for Muckle-Wells syndrome, an autosomal-domi-
nant periodic fever syndrome often accompanied by sen-
sorineural hearing loss (12), and for chronic infantile
neurological cutaneous and articular syndrome (34). In
these diseases, point mutations are found in exon 3,
which encompasses the NBS domain, revealing the func-
tional importance of this domain. Moreover, human chro-
mosome 1q44, to which the PYPAFI gene has been
mapped (12), has also been implicated in rheumatoid
arthritis (35). Considering that mast cells may play a role
in several symptoms of these inflammatory diseases, it
may be reasonable to consider that PYPAF1 can affect
mast cell differentiation and effector functions in some
ways. Increased expression of PYPAF1 in mouse experi-
mental atopic dermatitis also supports this notion. Thus,
functional analysis of PYPAF'1 in mast cells will help to
clarify the mechanisms regulating inflammation as well
as the biochemical basis for cold-sensitive phenotypes.

This work was supported by a Grant-in-Aid for Scientific
Research from the Ministry of Education, Science, Culture
and Technology of Japan and the Sankyo Foundation of Life
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