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SI Materials and Methods
DNA and Cell Samples.Genomic DNAwas isolated from peripheral
blood white cells using a conventional phenol-chloroformmethod
combined with dialysis purification. B cells obtained from pe-
ripheral blood were transformed using Epstein-Barr virus.

SNP Genotyping.DNA samples were analyzed using the GeneChip
HumanMapping 500K array set (Nsp and Sty arrays) according to
the manufacturer’s protocol (Affymetrix). Raw array intensity
data (CEL files) of 8 of our samples and International HapMap
Project phase II Japanese (JPT) samples (n = 45) were geno-
typed simultaneously using BRLMM genotyping software.

SNP Microarray-Based Homozygosity Mapping. To detect the ge-
nome-wide structure of ROHs, SNP genotype files (CHP files)
were analyzed using the “unpaired LOH detection” function in
the Partek Genomics Suite (GS). To obtain maximum resolution
for ROH detection, no SNP heterozygosity baseline files were
used. We adopted the following thresholds for ROH: 1.0 Mb for
first-cousin marriage offspring (patients 2 and 4), 750 kb for
other consanguineous marriage offspring (patients 1 and 3), and
500 kb for nonconsanguineous marriage offspring (patient 5). No
filtration was used for the unaffected siblings of patient 4. The
genome-wide ROH overlap pattern was detected using in-house
Ruby script (1) (available on request) and visualized using Partek
GS. A region showing ROHs for all of the patients, but not the
unaffected siblings, was considered to be a candidate region.

Mutation Search and Sequencing. All PCR reactions used genomic
DNA with KOD FX (Toyobo) or ExTaq DNA polymerase HS
(Takara) at the appropriate annealing temperature. PCR prod-
ucts were purified for direct sequencing using Exonuclease I
(Epicentre) and shrimp alkaline phosphatase (GE Healthcare).
Sequencing reactions used a BigDye Terminator v3.1 Cycle Se-
quencing kit (Applied Biosystems) and electrophoresed using
Autosequencer Model 3130xl.

Structural Modeling. Structural models of mutated and non-
mutated immunoproteasomes were constructed by exchanging
the residues from the constitutive subunits (2) with those from
the inducible subunits. Several of the generated models that had
minimum energies were further subjected to an experimental
data-free energy minimization process using a Crystallography
and NMR system (3).

Cell Culture. LCLs and skin fibroblasts were cultured in RPMI
1640 and DMEM, respectively, supplemented with 10% FBS, 100
IU/mL penicillin G, and 100 mg/mL streptomycin.

Protein Extracts, Immunological Analysis, and Antibodies. Cells were
lysed in ice-cold lysis buffer [50 mMTris-HCl (pH 7.5), 0.5% (vol/
vol) Nonidet P-40, and 1 mM DTT with 2 mM ATP and 5 mM
MgCl2]. The extracts were clarified by centrifugation at 20,000 × g
for 10min at 4 °C. The supernatants were subjected to SDS/PAGE
(12.5% for proteasome subunits or 7.5% for polyubiquitinated
proteins) or analyzed by glycerol gradient centrifugation. The
separated proteins were transferred onto a polyvinylidene di-
fluoride membrane and incubated with the indicated antibodies.
Membranes were developed using the ECL PlusWestern Blotting
Detection system (GE Healthcare).
Antibodies against proteasome β1, β2, β5, β7, β1i, β2i, and β5i

subunits and hUmp-1 were raised in rabbits using recombinant
proteins (4). An anti-β4 subunit monoclonal antibody (mAb),

anti-Rpt6 mAb, and anti-α6 subunit mAb (MCP20) were pur-
chased from ENZO. An antiubiquitin antibody (Dako), anti–
K48- and anti–K63-linked ubiquitin antibodies (Millipore) (4),
horseradish peroxidase (HRP)-conjugated antimouse, and anti-
rabbit IgG antibodies (Jackson ImmunoResearch Laboratories)
were used for Western blot analysis.

Glycerol Density Gradient Separation. Proteins from cell extracts
(600 μg) were separated into 32 fractions by centrifugation (22 h
at 100,000 × g) in 8–32% (vol/vol) linear gradients as described
previously (6).

Assays for Proteasome Peptidase Activities. Chymotrypsin-like,
trypsin-like, and caspase-like activities were determined using the
fluorescent peptide substrates succinyl-Leu-Leu-Val-Tyr-7-amido-
4-methylcoumarin (Suc-LLVY-MCA), butyloxycarbonyl-Leu-Arg-
Arg-4-metylcoumarin (Boc-LRR-MCA), and benzyloxycarbonyl-
Leu-Leu-Glu-methylcoumarylamine (Z-LLE-MCA), as described
previously (7). The assays for chymotrypsin-like and caspase-like
activities were carried out in the presence of 0.03% SDS, which is
a potent artificial activator of the latent 20S proteasome.

Assays for Proteolytic Degradation in Vitro. Degradation of the
recombinant 35S-labeled ornithine decarboxylase (ODC) was
assayed in the presence of ATP, at 20 min and 40min, as described
previously (8). Data were shown in 35S-ODC degradation (%).

Oxidized Protein Detection.Oxidized proteins were visualized using
anOxyBlot protein oxidization detection kit (Millipore) following
the supplier’s protocol.

Immunohistochemistry. Immunohistochemistry used a standard
indirect immunofluorescence method. Sections of formalin-fixed,
paraffin-embedded tissues were deparaffinized and microwave
epitope retrieval was performed after pretreatment at 80 °C for
30 min in 10 mM citrate buffer (pH 6.0). Endogenous peroxidase
was inactivated with a 3% H2O2 solution following epitope re-
trieval. After blocking in 5% normal horse serum in PBS, the
slides were incubated for 60 min at room temperature with rabbit
polyclonal antiubiquitin antibodies (Dako) or a mouse mono-
clonal antihuman CD68 antibody (ProSci).
Sections were then incubated with FITC-conjugated donkey

antimouse IgG or tetramethylrhodamine isothiocyanate-conju-
gated donkey antirabbit IgG (Jackson ImmunoResearch) in 5%
normal horse serum in PBS for 30–45 min at room temperature.
After washing in PBS, the slides were mounted in Vectashield
mounting medium (Vector Laboratories) and scanned by con-
focal microscopy (LSM5, PASCAL; Carl Zeiss). Control ex-
periments were performed to ensure the isotype specificity for
each of the secondary antibodies. Negative control studies used
species-specific IgG as primary antibodies.

Electrophoretic Mobility Shift Assay (EMSA) Using NF-κB Consensus
Oligonucleotides.Nuclear proteins were extracted using a Nuclear
Extract kit (Active Motif). Nuclear extracts (4 μg) were used for
the EMSA assay using an EMSA kit (Pierce). The consensus
oligonucleotide sequences for the NF-κB binding motif were: 5′-
AGT TGA GGG GAC TTT CCC AGG C-3′ (sense) and 5′-
GCCTGGGAAAGTCCCCTCAACT-3′ (antisense). For the
competition assay, a nuclear extract was preincubated with an
unlabeled oligonucleotide followed by addition of a [γ-32P]-ATP
labeled NF-κB probe. Samples were loaded onto 4% poly-
acrylamide gels (38:1) in 0.5 × TBE and run at 1 W at room
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temperature. Gels were dried and exposed to a Storage Phos-
phor Screen BAS-IP (GE Healthcare). To confirm the integrity

of NF-κB binding, anti-p65 and anti-p50 (Santa Cruz Bio-
technology) antibodies were used for the supershift assay.
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rs2857103 TT TT TT TT TT TT TT TT TT GG GT GG GG GT TT

rs10484565 GG GG GG GG GG GG GG GG AG AG GG GG GG GG GG

rs4148876 GG GG GG GG GG GG GG GG GA AA GA AA AA GG GG

rs241439 AA AA AA AA AA AA AA AA AA AA AA AC AC AC AA

rs241439 CC CC CC CC CC CC CC CC AC AC AC AC AA AC CC

rs241433 GG GG GG GG GG GG GG GA GA GG AA GG GA GG GA

rs241433 TT TT TT TT TT TT TT TT TT GT TT GG GT GT TT

rs4148872 GG GG GG GG GG GG GG GG GG GG GG GG GG GA GG

rs241429 CC CC CC CC CC CC CC CC CC TC CC TT TC TC CC

rs3819717 TT TT TT TT TT TT TT TC TC TC CC TT TC TT TC

rs241425 TT TT TT TT TT TT TT TC TC CC TT CC TC TC TT

rs4148870 AA AA AA AA AA AA AA AA GA GA GA AA GA GA GG

rs4713598 TT TT TT TT TT TT TT TG TG TG TT GG TG TG TT

rs3763366 CC CC CC CC CC CC CC CC CG CG GG CC CG CG GG

rs3763364 TT TT TT TT TT TT TT TT TT TT AA TT TT TTrs3763364 TT TT TT TT TT TT TT TA TT TT TT AA TT TT TT

rs3763349 CC CC CC CC CC CC CC CC TC TC TT CC TC TC TT
PSMB8
exon 5                TT TT TT TT TT TT TT TG GG GG GG GG GG GG GG

rs9357155 GG GG GG GG GG GG GG GA GA GG GG GG GG GG GG

rs9276810 GG GG GG GG GG GG GG GA GA GG GG AA GA GA GG

rs6924102 AA AA AA AA AA AA AA AG AG AG AA GG AG AG AA

rs4713599 CC CC CC CC CC CC CC CA AA AA AA AA AA AA AA

rs2071543 CC CC CC CC CC CC CC CA CA CC CC CC CC CC CC

rs2071463 GG GG GG GG GG GG GG GG AG GG AA GG AG GG AG

rs2071541 CC CC CC CC CC CC CC CT TT CT TT TT TT TT TT

rs2071540 GG GG GG GG GG GG GG GG AG GG AA GG AG AG AA

rs1057373 TT TT TT TT TT TT TT TG GG TG GG GG GG GG GG

rs4711312 GG GG GG GG GG GG GG GA AA GA AA AA AA AA AA

rs735883 CC CC CC CC CC CC CC CT CT CT CC TT CT CT CC

rs2071482 TT TT TT TT TT TT TT TG GG TG GG GG GG GG GG

rs4148882 TT TT TT TT TT TT TT TT TC TT CC TT TC TC CC

rs12527715 CC CC CC CC CC CC CC CT TT CT TT TT TT TT TT

rs12529313 GG GG GG GG GG GG GG GA AA GA AA AA AA AA AA

rs2395269 GG GG GG GG GG GG GG GT TT GT TT TT TT

rs2071538 CC CC CC CC CC CC CC CC CC CC TC CC TC TC TC

rs4148880 GG GG GG GG GG GG GG GA AA GA AA AA AA AA AA

rs1351383 GG GG GG GG GG GG GG GT TT GG TT GG GT GT TT
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T T T LAFKFQHGV I AAVDSRASAGSY I SALRVNKV I E I NPY L LGTMSGCAADCQYWERL LA
T T T LAFKFRHGV I VAVDSRASAGNYLASNDVNKV I E I NPY L LGTMSGSAADCQYWERL LA
T T T LAFKFRHGV I VAADSRATAGAY I ASQTVKKV I E I NPY L LGTMAGGAADCSFWERL LA
T T T LAFRFQGG I I VAVDSRATAGNWVASQTVKKV I E I NP F L LGTMAGGAADCQFWETWLG
T T I MAVE FDGGVVMGSDSRVSAGEAVVNRVFDKLSP LHER I YCALSGSAADAQAVADMAA
T T I I A I E FNGGVVLGSDSRVSAGDSVVNRVMNKLSP LHDK I YCALSGSAADAQT I AEMVN
TS I MAV T FKDGV I LGADSRT T TGAY I ANRV TDKL TRVHDK I WCCRSGSAADTQA I AD I VQ
T T I AGLV FQDGV I LGADTRATNDSVVADKSCEK I HF I APK I YCCGAGVAADAEMT TRMVA
T T I AG I VYKDGV I LGADTRATDDMVVADKNCRK I HH I APQ I YCCGAGVAADAE I ATQMMA
T T I VGVKFNNGVV I AADTRS TQGP I VADKNCAKLHR I SPK I WCAGAGTAADTEAV TQL I G

KECRLYY LRNGER I SVSAASKL LSNMMCQYRGMGLSMGSM I CGWD - KKGPGLYYVDEHGT
KECRLYRLRNNHR I SVAAASKL LCNMMLGYRGMGLSVGSM I CGWD - KEGPGLYYVDDNGT
RQCR I YE LRNKER I SVAAASKL LANMVYQYKGMGLSMGTM I CGWD - KRGPGLYYVDSEGN
SQCRLHE LREKER I SVAAASK I L SNLVYQYKGAGLSMGTM I CGY TRKEGPT I YYVDSDGT
YQLE LHG I E L EEPP LV LAAANVVRN I SYKYRE - DL SAHLMVAGWDQREGGQVY - - - - - GT
YQLDVHS LE I DEDPQVRSAAT LVKN I SYKYKE - E L SAHL I VAGWDRRDGGQVF - - - - - AT
YHLE L Y TSQYGT - PS T E TAASV FKE LCYENKD - NL TAG I I VAGYDDKNKGEVY - - - - - T I
SKMELHALS TGREPRVATV TR I LRQT L FRYQG - HVGASL I VGGVD - L TGPQLY - - - - - GV
SNVE LHT LNTGRPP LVAMVTRQLKQML FRYQG - HMGSSV I VGGVD - V TGAHLY - - - - - SV
SN I E LHS LY TSREPRVVSALQMLKQHL FKYQG - H I GAY L I VAGVD - P TGSHL F - - - - - S I

RL SGNM - - - - F S T - GSGNTYAYGVMDSGYRPNLSPEEAYDLGRRA I AYATHRDSYSGGVV
RLSGRM - - - - F S T - GCGNSYAYGVVDSGYKEDMTVEEAYE LGCRG I AHATHRDAYSGGSV
R I SGAT - - - - F SV - GSGSVYAYGVMDRGYSYDLEVEQAYDLARRA I YQATYRDAYSGGAV
RLKGD I - - - - FCV - GSGQT FAYGVLDSNYKWDLSVEDALY LGKRS I LAAAHRDAYSGGSV
- LGGML TRQPFA I GGSGST F I YGYVDAAYKPGMSPEECRRF T TDA I ALAMSRDGSSGGV I
- LGGL L TRQPFA I GGSGSSYVYGFVDAEYRRGMTKEECQKFVVNT LALAMNRDGSSGGVA
PLGGSVHKLPYA I AGSGST F I YGYCDKNFRENMSKEE TVDF I KHS LSQA I KWDGSSGGV I
HPHGSYSRLP F TALGSGQDAALAV LEDRFQPNMT LEAAQGL LVEAV TAG I LGDLGSGGNV
YPHGSYDKLP F L TMGSGAAAAVSV FEDRFKANMELDEAKRLVRDA I TAG I FCDLGSGSNV
HAHGSTDVGYY LS LGSGSLAAMAVLESHWKQDL TKEEA I KLASDA I QAG I WNDLGSGSNV

NMYHMKEDG - - - -WVKVES TDV - - SDL LHQYRE - - ANQ - - - - - - - - - - - - - - - - - - - - - -
NMYHMREDG - - - -W I KVCKEDV - - SE L I HRYRE - - GMF - - - - - - - - - - - - - - - - - - - - - -
NL YHVREDG - - - -W I RVSSDNV - - ADLHEKYS - - - GS - - - - - - - - - - - - - - - - - - - - - - -
NL YHV TEDG - - - -W I YHGNHDV - - GE L FWKVKEEEGSFNNV - - - - - - - - - - - - - - - - - - -
Y L V T I TAAG - - - - - - - VDHRV I LGNE LPKFYDE - - - - - - - - - - - - - - - - - - - - - - - - - - -
Y I V T I DEHS - - - - - - - TDEKV I LGNDLP T F FDQ - - - - - - - - - - - - - - - - - - - - - - - - - - -
RMVV L TAAG - - - - - - - V - ERL I F - - - YPDEYEQ - - - - - - - - - - - - - - - - - - - - - - - - - - -
DACV I TKTG - - AKL LRT LSSP TEPVKRSGRYHFVPGT TAV L TQTVKP L T L E LVEE TVQAM
DLCV I TAAG - - AEY LRGYDRPAGKGKREGQYRYKPGT TPV L TKTQTP LS LDVVDATVQMM
DVCVM - E I GKDAEY LRNY L T PNVREEKQKSYKFPRGT TAV LKES I VN I C - D I QEEQVD I -
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Fig. S1. NNS patients and their consanguineous family histories. (A) The families of patients 1, 2, and 4 contain offspring from consanguineous marriages. Solid
circles and squares indicate patients with NNS. Arrows, double lines, and diagonal lines indicate probands, consanguineous marriages, and deceased individuals,
respectively. (B) Photograph of the characteristic thin facial appearance and elongated clubbed fingers in patients 2–7. (C) Haplotypes around the PSMB8 gene
mutation. SNPs around PSMB8 exon 5were genotyped for sevenNNSpatients, the father of one patient, andnine controls. All patients shared the samehaplotype
within this region, which suggests that this mutation was transmitted from a single founder. Control: healthy control in general population. (D) Evolutionary
conservation of proteasome subunits β5i, β5, β1i, β1, β2i, and β2. Each amino acid sequence is shown in its mature form. The red box indicates the position of the
NNS mutation. Multiple amino acid sequence alignment using CLC Sequence Viewer version 6.4, implementing the progressive alignment algorithm (9).
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G201VThr73

Lys105

Asp89

Arg91

Fig. S2. Computer modeling of mutant β5i. The catalytic residues of proteasome β5iG201V and β5i subunits. Thr73 is the most important catalytic residue within
the N terminus of mature β5i. Only the amino acid side chains are shown. Nitrogen and oxygen atoms are blue and red, respectively. The G201V structure is
shown in orange and the wild type is shown in green.
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Fig. S3. Cytokine profiles in sera and conditional media from cultured fibroblasts. (A) Serum samples were obtained from healthy controls (n = 16), rheu-
matoid arthritis patients (RA; n = 10), and NNS patients (n = 4). The concentrations of 27 different cytokines were determined using a multiplex bead-based
ELISA on a suspension array. Error bars indicate SD of the mean. P values were calculated using two-tailed Welch’s t test. *P ≤ 0.05. (B) IP-10 concentration in
sera from patients with NNS and RA. IP-10 levels in sera were determined by ELISA on a suspension array. **P ≤ 0.01, ***P ≤ 0.001; Mann-Whitney u test. (C)
IP-10 production by cultured fibroblasts. The concentrations of IP-10 in conditioned media were determined by ELISA (R&D Systems) using triplicate meas-
urements. P, two-tailed Welch’s t test.

Arima et al. www.pnas.org/cgi/content/short/1106015108 5 of 7

www.pnas.org/cgi/content/short/1106015108


NHDF NNS

p65 supershift

p50 supershift

p50/p65 homodimer

free probes

nonspecific bands

competitor
anti-p65
anti-p50 + +

+ +
+ +–

–
– – – – –

–
–

– –
–

–
–

––
––

0.1
NHDF NNS Jurkat

TNF
(ng/ml) 0 10 0.1 0 10 0.1 0 10

p65/
p50

A

B

Fig. S4. NF-κB activity in fibroblasts from a NNS patient. (A) EMSA for NF-κB. EMSA with an NF-κB consensus probe was performed using nuclear extracts from
normal human dermal fibroblast (NHDF), NNS fibroblasts, and Jurkat cells. The NF-κB signal was activated by TNF-α (10 ng/mL or 0.1 ng/mL) in all cell lines. (B)
EMSA, using a specific antibody, was performed on nuclear extracts from NHDF and NNS after stimulation with TNF-α (10 ng/mL). The signal derived from the
p50/p65 heterodimer was confirmed as a supershifted signal in both p50 and p65.
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Table S1. Clinical features of our NNS patients compared to JMP syndrome

Patient 1 2 3 4 5 6 7 JMP (3 cases)

Present age, y (at death) (47) 37 38 31 35 33 32 26–35
Sex M M M F M M M M/F
Parental consanguinity + + − + − − − −
Family history + − − − − − − ±

Age at onset of pernio-like rash − 2 mo 3 mo 6 mo 2 y 1 y Infancy −
Heliotrope-like periorbital rash − − + + + + − −
Nodular erythema-like eruptions + + + + + + + +
Age at onset of fever 12 y Infancy 7 y 11 mo 2 y 2 y 4 mo − −
Partial lipomuscular atrophy ++ + + + + ++ + +
Long clubbed fingers + + + + + + + +
Joint contractures ++ − + + + ++ + ++
Hyperhidrosis − + + ++ − − + NA
Short stature − − − − − + − +
Seizures − − − − − − − +
Low IQ + − − − − − − −
Microcytic anemia − + + + + + + +
Elevated ESR/CRP + + + + + + + +
High serum CPK − + + + − + − +
Hyper-γ-globulinemia + + + ++ + + + +
Antinuclear antibody titer <40 <40 160 640 80 40 40 −
Positive autoantibody − − MPO-ANCA dsDNA SS-A dsDNA − −
Diabetes + − − − − − − −
Hypertriglyceridemia − − − + + + + −
Low HDL cholesterol NA + − + + + + +
Hepatosplenomegaly + NA + + + + NA +
Basal ganglia calcification − + + + + + + +
Reference 1, 2 3 4 5

All NNS patients have a c.602G > T mutation. M, male; F, female; y, years; mo, months; NA, not assessed; MPO, myeloperoxidase;
ANCA, antineutrophil cytoplasmic antibody; ds, double stranded; JMP, joint contracture, muscular atrophy, microcytic anemia, and
panniculitis-induced lipodystrophy.
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