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ABSTRACT

Nakajo-Nishimura syndrome (ORPHA2615; also registered as Nakajo syndrome in OMIM#256040) is a distinct
inherited inflammatory and wasting disease, originally reported from Japan. This disease usually begins in
early infancy with a pernio-like rash, especially in winter. The patients develop periodic high fever and nodular
erythema-like eruptions, and gradually progress lipomuscular atrophy in the upper body, mainly the face and
the upper extremities, to show the characteristic thin facial appearance and long clubbed fingers with joint con-
tractures. So far about 30 cases have been reported from Kansai, especially Wakayama and Osaka, Tohoku
and Kanto areas. At present, about 10 cases are confirmed to be alive only in the Kansai area, including one in-
fant case in Wakayama. However, more cases are expected to be added in the near future. Although cause of
the disease has long been undefined, a homozygous mutation of the PSMB8 gene, which encodes the B5i
subunit of immunoproteasome, has been identified to be responsible in 2011. By analyses of the patients-
derived cells and tissues, it has been suggested that accumulation of ubiquitinated and oxidated proteins due
to immunoproteasome dysfunction causes hyperactivation of p38 mitogen-activated protein kinase and
interleukin-6 overproduction. Since similar diseases with PSMB8 mutations have recently been reported from
Europe and the United States, it is becoming clear that Nakajo-Nishimura syndrome and related disorders form
proteasome disability syndromes, a new category of autoinflammatory diseases distributed globally.
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immunoproteasome, Nakajo-Nishimura syndrome, partial lipodystrophy, pernio, PSMB8

Urology, and colleagues further reported three cases

DEFINITION OF THE DISEASE

Nakajo-Nishimura syndrome (NNS) was first re-
ported as “secondary hypertrophic osteoperiostosis
with pernio” in 1939 by Dr. Nakajo, a medical staff of
Tohoku University Department of Dermatology and
Urology.! He described a brother and a sister cases
of a consanguineous family showing pernio and
clubbed fingers accompanied with periosteal thicken-
ing and suspected that peripheral circulatory failure
due to cardiac insufficiency was the disease cause. In
1950, Dr. Nishimura, the first professor of Wakayama
Medical University Department of Dermatology and

of two consanguineous families showing the similar
phenotype and pointed out a possibility that this dis-
ease was a primary inherited disease.?2 Several cases
were subsequently reported by dermatological
groups mainly in Kansai area and, in 1985, Dr. Kitano
and colleagues of Osaka University Department of
Dermatology summarized 12 cases of 8 families in-
cluding their own 4 cases and reported them in Ar-
chived of Dermatology as a novel “syndrome with
nodular erythema, elongated and thickened fingers,
and emaciation”.3 According to this report, this dis-
ease has been registered in Online Mendelian Inheri-
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Table 1 Tentative criteria for the clinical diagnosis of NNS

A clinical diagnosis of NNS can be made if at least 5 of the following 8 features are positive.
1. Autosomal recessive inheritance (parental consanguinity and/or familial occurrence)

. Repetitive spiking fever (periodic, not necessarily)
. Long clubbed fingers and toes with joint contractures

. Hepatosplenomegaly
. Basal ganglia calcification

0N O WD

. Pernio-like purplish rash in hands and feet (appearing in winter since infancy)
. Haunting nodular erythema with infiltration and induration (sometimes circumscribed)

. Progressive partial lipomuscular atrophy and emaciation (marked in the upper part of body)

tance in Man (OMIM), an international online data-
base of human genes and genetic diseases, as Nakajo
syndrome (OMIM#256040) and in ORPHANET, an
European website collecting rare diseases and or-
phan drugs, as Nakajo syndrome (ORPHA1953:
nodular erythema-digital changes) and Nakajo-
Nishimura syndrome (ORPHAZ2615: amyotrophy-fat
tissue anomaly).

In the field of internal medicine, a sporadic case of
“collagen disease-like disease with skin eruption,
muscular atrophy, splenomegaly, hyper +y-globuli-
nemia and decreased IgA” was reported as an atypi-
cal dermatomyositis by a group of Nihon University
in 1971 and raised physicians’ attention.4 The report
of this case was later published as “a case of partial
lipodystrophy with erythema, dactylic deformities,
calcification of the basal ganglia, immunological dis-
orders and low IQ level.5” Three cases of two consan-
guineous families with a similar disease were further
reported as a particular lipodystrophy by groups of
Akita University Department of Internal Medicine
and Niigata University Department of Neurology.67
After it was pointed out that the disease of these
cases seemed to be the same as the one formerly re-
ported by dermatologists, they were unified as “he-
reditary lipo-muscular atrophy with joint contracture,
skin eruptions and hyper-y-globulinemia” and re-
ported in Japan Medical Journal in 1991 and in Inter-
nal Medicine in 1993.8.9

On the other hand, from the field of pediatrics, the
first reported case was an adult case of a consan-
guineous family, originally described as lupus profun-
dus in 1985 and revised as a lipodystrophy-like he-
reditary disease with basal ganglia calcification in
1989, by a group of Kochi University.10.11 However, a
series of child cases have only been reported in a
meeting by Dr. Sugino and colleagues of Wakayama
Medical University in 1986.12 They reported four
child cases, three of whom were born in consan-
guineous parents, of a hereditary disorder showing
partial lipodystrophy-like appearance, pernio-like
eruptions, long clubbed fingers, basal ganglia calcifi-
cation and positive inflammatory reactions, and pro-
posed a new disease entity. In 2006, they focused on
the characteristic periodic fever and limited localiza-
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tion of the disease and proposed the designation “fa-
milial Japanese fever”, in contrast to the major autoin-
flammatory disorder, familial Mediterranean fever.13

Thus, although this disease was considered as an
autosomal recessively-inherited disease uniquely re-
ported in Japan, its causative gene has long been un-
identified. In 2006, Dr. Ida of Nagasaki University De-
partment of Internal Medicine and Kanazawa of
‘Wakayama Medical University Department of Derma-
tology, who are expertized at autoinflammatory syn-
dromes, found this disease and started a genetic
analysis. By a collaborative research with Dr. Yoshi-
ura of Nagasaki University Department of Human Ge-
netics, a homozygous missense mutation of the
PSMBS8 gene encoding the B5i subunit of immuno-
proteasome (IP) has finally been identified in 2009,
and the proteasome disability has proven to be asso-
ciated with this disease.l4 At the same time, Dr.
Yasutomo and colleagues of Tokushima University
have independently identified the same mutation in
cases of Akita and Niigata.15 Furthermore, phenotypi-
cally similar cases with joint contractures, muscular
atrophy, microcytic anemia and panniculitis-
associated lipodystrophy (JMP) syndrome (formally
registered in OMIM as 613732) and chronic atypical
neutrophilic dermatosis with lipodystrophy and ele-
vated temperature (CANDLE) syndrome were re-
ported in 2010 from groups of the United States and
Spain, respectively.1617 Since other mutations in
PSMBS8 reducing the IP activity have been identified
in both syndromes, NNS and these diseases are now
considered to form proteasome disability syndromes,
a new category of autoinflammatory diseases, distrib-
uted globally.18,19

EPIDEMIOLOGY

Following the acceptance of this disease under the
designation of Nakajo-Nishimura syndrome as one of
the 177 diseases listed for the promoting division of
Research Project to Overcome Intractable Diseases
among grants from the Japan Ministry of Health, La-
bor and Welfare in 2009, national surveillance was
performed.20 To this aim, tentative criteria for clinical
diagnosis of NNS were determined as shown in Table
1. At first, eight common characteristic features were
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Fig. 1 Years at birth of the identified 28 NNS cases.

selected for the list of criteria, according to the sum-
mary of 11 NNS cases in Wakayama; parental consan-
guinity and/or familial occurrence, pernio-like pur-
plish rash in hands and feet, haunting nodular
erythema with infiltration and induration, repetitive
spiking fever, long clubbed fingers and toes with joint
contractures, progressive partial lipomuscular atro-
phy and emaciation, hepatosplenomegaly, and basal
ganglia calcification. Then, it was proposed that,
among these features, cases showing at least five are
definite, while cases showing more than two are sus-
pected, to be NNS. A questionnaire asking experi-
ence of such cases in the last five years was sent to
Departments of Metabolic Medicine, Endocrinology,
Rheumatology, Neurology, Dermatology, Pediatrics
and Orthopedics in all University Hospitals (623 De-
partments) and General Hospitals equipped with
more than five hundreds beds (1193 Departments).
Although answers were returned from 371 Depart-
ments of University Hospitals and 433 Departments
of General Hospitals, none of new cases, definite or
suspected, have been informed other than previously
reported cases or those who were already referred to
us. Already reported and known cases include 7
cases of 5 families in Tohoku and Kanto (Miyagi,
Akita, Niigata and Tokyo) and 20 cases of 17 families
in Kansai area (Wakayama, Osaka and Nara). Many
of them have not been followed and still followed
were only 10 cases in Kansai.

At the same time, a 5-year-old boy followed since 3
years before in Departments of Dermatology and Pe-
diatrics of Wakayama Rosai Hospital with three hun-
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dreds beds has been revealed to be a new case of
NNS which appeared at 20 years’ interval after the
last case, because he satisfied its diagnostic criteria
and actually harbored the homozygous PSMB8 muta-
tion. Accordingly, surveillance was further performed
by sending the same questionnaire to the Depart-
ments in General Hospitals with more than three
hundreds beds in Tohoku and Kansai areas (761 De-
partments), but no other novel cases have been dis-
covered. As shown in Figure 1, years at birth of these
28 cases are concentrated in 1930/40’s and 1960/70’s.
If most cases were actually born at 30 years’ interval,
new cases born in 1990/2000’s might appear in the
near future.

CLINICAL FEATURES AND LABORATORY
FINDINGS

28 cases include 19 male and 9 female and therefore
male cases are twice more than female ones. Consan-
guinity or familial history is observed in about sev-
enty percent of the affected families. Clinical features
of a female case born in consanguineous parents are
shown in Figure 2.21 All cases except for one case on-
set in infancy at the age from 2 months to 8 years old
and most of them show pernio-like rash as the first
symptom (Fig. 2a). Typically, severe pernio appears
in the first winter after birth and repeats every year,
and therefore in some cases the underlying disease
was not recognized by either of the patient or the
doctor. As a skin manifestation, so-called nodular
erythema-like eruptions which can be palped as red,
slightly swollen, well-defined, hard nodules or infiltra-
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Fig. 2 Clinical features of an NNS case. a) Pernio-like purplish rashes on feet at 5 years of age. b) Equinus position caused
by myositis in lower extremities. ¢) Basal ganglia calcification on cranial computed tomography at 24 years of age. d) Techne-
tium uptake in multiple joints shown by bone scintigram. e) Angular facial appearance with emaciation and helliotrope-like peri-
orbital rash at 27 years of age. f) Dense infiltration of inflammatory cells throughout dermis and vasculopathy with endotheial
proliferation. g) Long clubbed fingers. h) Nodular erythema-like eruptions on hands and wrists. i) Multiple focal myositis re-
vealed by magnetic resonance imaging. T1, T2, and T1 with gadlinium enhancement, from left to right.

tive rashes, seem to be rather characteristic and are
actually found in all NNS cases (Fig. 2h). Notably, as
these eruptions are worsened in winter and report-
edly induced by cold stimulation test, Dr. Nishimura
and colleagues reported them as pernio-like erup-
tions.2 Indeed, both of pernio-like and nodular
erythema-like skin eruptions seem to be caused by
the common mechanism of inflammatory changes
due to vasculopathy. However, dark-purplish edema-
tous rashes, which appear in winter on fingertips and
earlobes and resemble typical pernio, have been de-
fined as pernio-like rashes distinct from nodular
erythema-like eruptions, as they can be the first
symptom but are easily overlooked. Periodic fever is
not necessarily observed in all cases, but description
of various types of fever can be found in most of the
previous reports. Some cases were even accompanied
with lymphadenopathy. Pertussis might be a trigger
of the disease onset in one case reported by Nakajo,
and also reported were a case which onset after mid-
dle otitis and a case which onset together with cy-
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tomegalovirus infection.! Long clubbed fingers and
partial lipomuscular atrophy mainly in the upper body
are the most characteristic for NNS and observed in
almost all the cases (Fig. 2e, g). These features usu-
ally become apparent with age, but can also be the
first symptom in some cases and thus attention
should be paid from the early stage. In contrast, men-
tal retardation was detected in only 8 cases, and
therefore it is unlikely to be caused by NNS. Other
characteristic symptoms observed in some cases in-
clude heliotrope-like rash in eyelids, myositis, short
statue, hyperhidrosis in hands and feet, and severe
tyrosis on feet.

In laboratory findings, erythrocyte sedimentation
rate is elevated in almost all cases. Anemia, which is
microcytic and usually accompanied with iron defi-
ciency, is unresponsive to iron preparation and possi-
bly caused by chronic inflammation and spleno-
megaly. Thrombocytopenia is also seen in some
cases. Increased serum creatine phosphokinase level
is due to myositis but is not necessarily correlated
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with muscular atrophy, although a neurogenic exami-
nation shows myogenic changes in many cases.
Hyper-y-globulinemia, which is also observed in al-
most all cases, is considered to be a result of chronic
inflammation. Although serum IgG level is always
elevated, some cases with low serum IgA level or
with abnormally high IgE level were reported. Fur-
thermore, although no cases show positive serum
autoantibodies at the disease onset, anti-nuclear anti-
body and some other specific autoantibodies such as
anti-double stranded DNA antibody become detect-
able in the serum of not a few cases during the
course of the disease. In contrast, for estimation of
cellular immunity, lymphocyte blastoid formation
with mitogen shows normal reaction, while tubercu-
lin test shows negative in not so many but all exam-
ined cases. Regarding natural killer (NK) activity, re-
markable impairment was detected in three cases,
while remarkable increase of the NK cell number
with normal or even high activity was reportedly ob-
served in one case, and therefore further examination
should be required. As the visceral involvement, he-
patosplenomegaly and calcification of basal ganglia
are recognized in most cases. Especially, the latter
symptom is considered highly specific for NNS and
cranial computed tomography should be checked if
NNS is suspected (Fig. 2¢). Various levels of conduc-
tion block and ischemic changes were frequently de-
tected with electrocardiogram and considered a
cause of precmature or sudden death. Although no
abnormalities are usually found by an endocrinologi-
cal analysis, growth hormone was administered for
short stature in one case.

Hyperperiostosis, which was considered character-
istic for NNS soon after the first report, has never
been detected in most of the following reports. In
contrast to the characteristic appearance of long
clubbed fingers, neither of lytic bone lesions or nar-
rowing of interphalangeal joints are detected by
roentgenogram and serum matrix metalloprotease-3
level is within normal range. Cold stimulation test
was originally described by Nakajo, by which pernio-
like erythematous nodules are induced on the fore-
arm along the superficial vessels within several hours
after soaking hands for 15 minutes in cold water of 4
degree centigrade.l Even though positivity of the test
is not high, it is considered important for investigat-
ing the pathogenesis of NNS. By an analysis of serum
cytokine levels, interleukin (IL)-6 and interferon
(FN) +yinduced protein-10 (IP-10) levels are com-
monly and significantly higher in NNS patients com-
pared with healthy controls, while II-1B and tumor
necrosis factor (INF)o. are not.14 Serum lipid levels
were analyzed in relation to lipodystrophy to reveal
high triglyceride level in many cases, while total cho-
lesterol level was not stable. Gallium scintigram,
bone scintigram, positron-emission tomography and
magnetic resonance imaging are beneficial for sys-
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temic search of inflammatory lesions in bones, joints
and muscle (Fig. 2d, 1).

HISTOPATHOLOGY

On biopsy specimen of perniolike or nodular
erythemar-like eruptions, focal dense infiltration of in-
flammatory cells in perivascular or periadnexal areas,
especially around sweat glands, is observed from su-
perficial dermis to subcutaneous fat, sometimes to
the muscle layer (Fig. 2f). Infiltrating cells mainly in-
clude lymphocytes and histiocytes, and in some cases
neutrophils and eosinophils with nuclear dusts. How-
ever, typical leukocytoclastic vasculitis with fibrinoid
necrosis cannot be found but rather observed is an
obstructive change by thickening of the vessel walls
with endothelial cell proliferation and hyaline deposit.
Slight atypia is detected in infiltrating cells but a vari-
ety of cells including CD4, CD8, CD68 and
myeloperoxidase-positive cells infiltrate without mon-
oclonality.

As a result of the autopsy of a NNS case who died
with cardiac failure at 47 years old, severe, discrete,
multifocal atrophy and fibrosis of skeletal muscles
which replaced several primary fascicules were ob-
served.?2 In the remaining muscle fibers, many
rimmed vacuoles and lobulated fibers were revealed.
On electron microscopy, myofibrillary necrosis, in-
tramitochondrial paracrystalline bodies and cytoplas-
mic and myeloid bodies were revealed, whereas intra-
muscular peripheral nerves and neuromuscular junc-
tions of the remaining muscle fibers looked well pre-
served. No evident regenerating fibers, central nu-
clei, myophagia or inflammatory cell infiltration were
observed. Fundamentally identical but less severe le-
sions were observed in the tongue and the heart.

Although restricted to the very severely atrophic
fascicules of the affected muscles, peculiar morpho-
logical changes were observed in blood vessels. Ar-
teries and veins showed hyperplasia of the media
with obstruction of the lumen, while most small ves-
sels showed hypertrophy of endothelial cells with lu-
minal obstruction. By electron microscopy, arterioles
showed hyperplasia of smooth muscle cells contain-
ing centrioles and hypertrophied or degenerating en-
dothelial cells. Terminal arterioles frequently showed
centriols in endothelial and smooth muscle cells and
narrowing of the lumen by debris of necrotic endo-
thelial cells. Increased Weibel-Palade bodies and fila-
ments were obvious in endothelial cells, whereas no
evident increase of collagen, discontinuity of internal
elastic lamina, fibrinous deposition, atherosclerotic
changes, viral infection bodies or inflammatory cell
infiltration were observed.

In the brain, no evident pathological changes were
observed except for ferocalcium deposition in the
small vessels of the globus pallidus and centrum
semiovale. Myocardial hypertrophy with patchy fibro-
sis was observed in the heart. The aorta and large ar-
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teries showed patchy calcification of the media adja-
cent to the internal elastic lamina, whereas no
atheroma or intimal fibrosis were present around
these lesions. Central fatty degeneration with acute
cell necrosis was observed in the liver. The spleen
was congested and the pancreas showed chronic pan-
creatitis. Subcutaneous fat was reduced and the fat
around the visceral organs was increased, whereas
the fat cells did not show remarkable pathological
changes ultrastructurally.

DIFFERENT DIAGNOSIS

The characteristic angular facial appearance was de-
scribed as gargoil-like in some reports and congenital
metabolic diseases such as mucopolysaccharidosis
might be suspected. This characteristic facial appear-
ance and long clubbed fingers due to lipoatrophy are
really the partial lipodystrophy in itself. Partial
lipodystrophy includes the familial type with a muta-
tion in either gene of LMNA, PPARy, AKT2, CIDEC
or ZMPSTE24, and the second type, mostly with hy-
pocomplementemia and rarely with autoimmune dis-
eases such as systemic lupus erythematosus (SLE),
dermatomyositis and Sjogren’s disease.23.24¢ Actually,
some NNS cases were first diagnosed as dermato-
myositis, lupus profundus and SLE. Notably, a case of
NNS, who had originally been diagnosed as SLE, fur-
ther developed myositis with muscle weakness and
was then diagnosed as inclusion body myositis by the
histological findings of muscle biopsy. As previously
discussed, histological differentiation of inclusion
body myositis from NNS seems to be quite difficult.
As a disease showing both pernio and basal ganglia
calcification since early infancy, Aicardi-Goutieres
syndrome caused by a mutation of the endonuclease
gene such as TREX1 should be considered for differ-
entiation.?5 Progeria such as Werner syndrome is
also suspected by progressive lipoatrophy with se-
vere clavus, however, early-onset cataract and gray
hair are not observed in NNS.

Some NNS cases were diagnosed as Weber-
Christian disease (WCD), which shows relapsing feb-
rile attacks with erythematous nodules caused by
lobular panniculitis with lipophagy and leaves local
collapses after healing of nodules. Defect of ol-
antitrypsin or ol-antichymotrypsin also shows nodu-
lar erythema with lobular panniculitis. Lipoatrophy in
NNS shows systemic loss of fat from periphery and
thus can be distinguished from collection of collapses
in WCD and related diseases. However, since exclu-
sion of other diseases is required for the diagnosis of
WCD, active diagnosis of NNS is fundamentally re-
quired. The tentative criteria for clinical diagnosis of
NNS satisfy more than 5 features of the listed 8 ones
in all the recent 23 cases. However, further improve-
ment would be necessary to enable the early diagno-
sis of NNS before development of the full features
and to exclude other diseases showing pseudoposi-
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tive.

Among autoinflammatory diseases with periodic fe-
ver, cryopyrin-associated periodic syndrome (CAPS)
seems to be the most similar to NNS, because both
diseases are induced or worsened by cold stimuli and
have common features of unstable pattern of febrile
attacks and characteristic angular facial appearance.26
However, arthritis and IL-1B overproduction are not
revealed in NNS. As there is a case of tumor necrosis
factor (TNF) receptor-associated periodic syndrome
(TRAPS), which was originally reported as WCD, ge-
netic analysis might be required for the definite diag-
nosis.2?

In 2010, a group of Spain, France and the United
States and a group of Israel reported 5 cases with
CANDLE syndrome, which satisfies 7 features (famil-
ial occurrence, nodular erythema-like eruptions, peri-
odic fever, long clubbed fingers, partial lipodystro-
phy, hepatosplenomegaly and basal ganglia calcifica-
tion) of the diagnostic criteria and resembles NNS
very well.17.28 Although neutrophilic infiltration is re-
markable on histology and neutrophilic dermatosis is
used for the designation of the disease, the main infil-
trating cells include atypical histiocytes with large nu-
clei and thus such histopathology is fundamentally
the same as that of NNS. Furthermore, another
group of the United States, Mexico and Portugal re-
ported 3 cases with JMP syndrome.16 They pointed
out the similarity between this disease and NNS but
finally differentiated them, because seizures and ane-
mia are specifically detected in JMP while mental re-
tardation is specifically reported in NNS. JMP syn-
drome does not show fever and looks severer than
NNS, because of the systemic lipodystrophy and se-
vere contracture of wrist and phalangeal joints, but
satisfies 6 features (familial occurrence, nodular
erythema-like eruptions, long clubbed fingers with
joint contractures, partial lipodystrophy, hepa-
tosplenomegaly and basal ganglia calcification) of the
diagnostic criteria for NNS. Comparison of these
three syndromes is summarized in Table 2.

THERAPIES AND PROGNOSIS

Skin lesions disappear by administration of systemic
steroid but can reappear after tapering. Furthermore,
systemic steroid is ineffective for lipodystrophy but
rather worsens the central obesity. Long-term ad-
ministration of systemic steroid since infancy can
cause severe side effects including growth retarda-
tion and glaucoma, and therefore, adaptation of this
medication should be carefully determined. It was re-
ported that kallikrein and DDS (dapson) were effec-
tive for NNS, however, the effect should be temporal.
Administration of biological drugs such as anti-TNFo
and anti-IL-1B antibodies might be effective, but has
not been applied yet.

In cases with CANDLE syndrome, various anti-
rheumatic and immunosuppressant drugs, including
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Table 2 Comparison of the three proteasome disability syndromes

Nakajo-Nishimura syndrome JMP syndrome CANDLE syndrome
Parental consanguinity I+ - -
Family history -/+ -+ -1+
Age at onset of pernio 2m-5y - -1 m?
Eruptions in trunk -[++ + +
Age at onset of fever -/3m-8y - im-1y
Long clubbed fingers + + +
Joint contractures /+++ +++ -
Hyperhidrosis -+ - -
Partial lipoatrophy +-l+++ ++ +
Loss of muscle power [+ + -
Dyspnea -+ - -
Hepatosplenomegaly -1+ + +
Microcytic anemia -+ ++ +
Basal ganglia calcification + + +
Seizures - + -
Electrocardiogram np/LVH, LAE, CRBBB ? np
PSMB8 mutation p.G201V p.T75M p.T75M, p.C135X, none

m, month(s); y, year(s); np, nothing particular; LVH, left ventricular hypertrophy; LAE, left atrial enlargement; CRBBB, complete right bun-

dle branch block.

methotrexate, hydroxychloroquine, azathioprine, cy-
closporine, tacrolimus, infliximab, adalimumab, etan-
ercept, anakinra, tocilizumab, rituximab, were admin-
istered but satisfying effect has never been obtained,
especially on progressive lipodystrophy.19

IDENTIFICATION OF THE RESPONSIBLE
GENE

After informed consents were obtained, typing of sin-
gle nucleotide polymorphisms (SNPs) in the whole
genomic DNA extracted from peripheral blood of five
NNS patients and unaffected three siblings was per-
formed using Affimetrix GeneChip Human Mapping
500k array set.!4 As a result of homozygosity map-
ping using Partek Genomics Suite v6.4, an 1.1 Mb re-
gion on chromosome 6p21.31-32 was identified for
the candidate locus, where homozygous SNPs were
continuously present commonly in the patients
whereas not continuously in unaffected siblings. By
direct sequencing of all exons with exon-intron
boundaries of 53 genes located on this locus, one mis-
sense mutation has been identified in exon 5 of the
PSMBS8 gene, which is homozygously present only in
the patients but is absent in 272 healthy controls.
This homozygous ¢.602 G > T mutation causing
p.G201V transition of the PSMBS8 gene, encoding the
B5i subunit of IP, was actually observed in all exam-
ined NNS patients. Furthermore, all SNPs located in
the genomic region between 15 kb before and 15 kb
after the mutation were all homozygous in all exam-
ined NNS patients, and thus the strong founder effect
has been revealed. Surprisingly, at the same time, a
group of Tokushima University has identified the
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same mutation by homozygosity mapping of three pa-
tients in Akita and Niigata.15

By homozygosity mapping of three cases with JMP
syndrome, another homozygous missense mutation
of the PSMBS8 gene, ¢.224C > T in exon 2 causing
p. T75M transition was identified to be responsible for
all cases.18 Homozygosity mapping was further per-
formed on five cases with CANDLE syndrome and
the homozygous p./T75M transition of the PSMBS
gene was also detected in four cases and another ho-
mozygous c.405C > A in exon 3 causing p.C135X non-
sense mutation was detected in one case of an
Ashkenazi-Jewish origin.1® Interestingly, no mutation
was identified in one case and only the heterozygous
p. T75M transition without any second mutation was
detected in two cases, including one case who had
not shown the similar homozygosity with other 4
cases at the original mapping.

PATHOGENESIS

Proteasome is the intracellular protease complex spe-
cialized for degradation of polyubiquitinated pro-
teins.29 The full complex called 26S is formed by one
20S core and two 19S regulatory units. The 20S core
unit is composed of 2 sets of 2 rings with 7 v and 7 B
subunits, including catalytic B1, B2 and B5 subunits
with caspase-like, trypsin-like and chymotrypsin-like
activities, respectively. The ubiquitin-proteasome sys-
tem not only degrades unnecessary proteins and con-
trols the protein quality, but also works on various
cellular functions, including cell cycle regulation,
gene repair and signal transduction such as nuclear
factor (NF)-xB activation. Immunoproteasome, in
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which inducible B1i, B2i and B5i subunits are incorpo-
rated instead of B1, B2 and B5 subunits, respectively,
is constitutively expressed in immune cells and in-
duced in other cells by inflammatory stimuli such as
IFNy, to effectively present the digested peptides on
MHC class 1.30 The PSMBS8 gene encodes this B5i
subunit and, after maturation with cleavage of the N-
terminal 72 amino acids, exposed Thr73 acts as the
catalytic center. Computer simulation for tertiary
structure of the mature B5i has shown that Gly201 is
located very close to Thr73 and transition of Gly201
to valine alters the localization of Thr73 and Lys105,
which form the catalytic center with Asp89 and Asp
91, and thus its enzymatic activity is possibly af-
fected.14 Furthermore, the tertiary structure of the in-
terface with the neighboring B4 and B6 subunits is
also changed and the assembly of the IP complex is
predictably affected. Actually, by analysis of the pro-
teasome enzymatic activities of the proteins, which
were obtained from NNS patient-derived immortal-
ized B cells and fractionated with glycerol gradient,
not only remarkable impairment of the B5i-
responsible chymotrypsin-like activity but significant
decrease of the Bli- and B2i-responsible caspase-like
and trypsin-like activities were observed as expected.
Interestingly, heterozygous parent-derived cells show
the intermediate proteasome activities between the
homozygous patient’s cells and those of a healthy
control, although the parents show no phenotype. By
Western blotting of the same series of fractionated
proteins, reduced amount of the mature 26S contain-
ing B5i and retained immature 20S containing Bli and
B2i but not B5i were revealed. Moreover, observed
were retention of hUmpl, a chaperon molecule which
is temporally incorporated during immature 20S for-
mation and degraded after completion, and immature
B5i, which still contains uncleaved N-terminal amino
acids. Thus, defective assembly of IP complex in
NNS cells has been clearly indicated. Consequently,
accumulation of ubiquitinated proteins was revealed
in NNS patient-derived immortalized B cells and pri-
mary fibroblasts by Western blotting and in CD68*
macrophages infiltrating in the lesional skin of an
NNS patient by immunofluorescent double staining.
In addition, accumulation of oxidated proteins was
shown in the patient-derived fibroblasts by Western
blotting. Notably, it was reported by another group
that accumulation of ubiquitinated proteins was also
immunohistochemically detected in epidermal kerati-
nocytes, hair follicular cells and sweat glands’ secre-
tary cells of another NNS patient.15

Regarding NF-xB activation, although hyperactiva-
tion reflecting autoinflammatory phenotypes and hy-
poactivation due to defective cleavage of inhibitor of
NF-xB caused by proteasome deficiency were both
predicted, no remarkable change of p50/65 activation
was observed in NNS patient-derived fibroblasts com-
pared with those of a healthy control with electropho-
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Fig. 3 A schematic view of the mechanism of autoinflam-
mation in NNS.

resis mobility shift assay and Western blotting.14
Rather, by analysis of mitogen-activated protein
kinase (MAPK) cascades, accumulation of phospho-p
38 was specifically observed in the nucleus of NNS
patient-derived fibroblasts and peripheral blood lym-
phocytes by Western blotting. By an exhaustive
analysis of serum cytokine levels of four NNS pa-
tients with multiplex bead-based enzyme-linked im-
munosorbent assay on a suspension array, levels of
I11-6, TP-10 (formally called CXCL10), monocyte
chemoattractant protein (MCP)-1 (CCL2) and
granulocyte-colony stimulating factor (G-CSF) were
significantly higher than those of healthy controls. IL-
6 level was also higher in the culture supernatant of
NNS fibroblasts compared with that of control cells
after TNFo stimulation and even without stimulation,
whereas CXCL10 level was not. Therefore, IL-6 over-
production induced by nuclear accumulation of
phospho-p38 is considered to have a role on repeti-
tive/constinuous inflammation in NNS. The similar
pathway has also been proposed to be involved in
TRAPS, in which intracellular accumulation of aggre-
gated TINF receptor 1 causes inflammation.31 As a
whole scheme, in NNS, ubiquitinated and oxidated
proteins, produced by various stress such as cytoki-
nes and infectious stimuli, are accumulated due to de-
fective digestion with IP and inhibit dephosphoryla-
tion of phospho-p38, and the resultant relative activa-
tion of p38 MAPK causes IL-6 overproduction (Fig.
3).
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On the other hand, distinct mechanism might un-
derlie both JMP and CANDLE syndromes with other
mutations of the PSMB8 gene.18.19 In contrast to the
p.C135X nonsense mutation, which deletes a large
portion of C-terminal residues and predictably ob-
structs the assembly of the IP complex, p.T75M tran-
sition seems to affect only the chymotrypsin-like ac-
tivity of the B5i subunit. Interestingly, serum cytokine
profiling of three CANDLE cases with the homozy-
gous or heterozygous p.T75M or without mutation
showed highly elevated level of CXCL10 and signifi-
cantly high levels of CCL2, RANTES (CCL5), IL-6
and II-1 receptor antagonist in all cases. The tran-
scriptome by whole blood microarray analysis of
these cases identified the IFN pathway as the most
differentially regulated pathway among canonical
ones and the pattern of altered gene expression, in-
cluding IP-10 as the IFN-inducible upregulated gene,
was quite similar among the cases. As stronger phos-
phorylation of signal transducers and activators of
transcription (STAT)-1, a downstream mediator of
IFN signaling, was actually observed in the patients’
monocytes after IFNy stimulation compared with the
healthy control cells, tofacitinib as a Janus kinase in-
hibitor, which decreased the STAT-1 phosphorylation
and IFNvyinduced IP-10 production of the patients’
cells, is proposed as the specific and effective treat-
ment for CANDLE syndrome.

It has not yet been clarified whether progressive
lipody strophy is dependent or independent on repeti-
tive/continuous inflammation in these diseases. Al
though it remains to be estimated whether early in-
tervention with intensive anti-inflammatory therapy
can inhibit the progression of lipodystrophy, so far no
effective treatment for lipodystrophy has been re-
ported, including tocilizumab as anti-IL-6 receptor an-
tibody~. Surprisingly, small interfering RNA for
PSMBS8 inhibited the differentiation of murine and
human preadipocytes into mature adipocytes iz vitro
and, when injected subcutaneously into the murine
skin, induced atrophy of subcutaneous adipose tissue
and reduced the number of hair follicles.15 Although
development of lipodystrophy has never been re-
portecl in PSMB8-deficient mice, these results sug-
gest = critical and direct involvement of the B5i
subun it in adipocyte differentiation.

FUTURE PROSPECTS

A newr disease category of proteasome disability syn-
drome has been defined by our own and related stud-
ies. However, there still remain many questions to be
addre=ssed. Bortezomib as a specific B5i proteasome
inhibitor, which has recently been applied for the
treatniient of multiple myeloma, is reportedly effective
for rh.eumatoid arthritis and expected to be further
applied for the treatment of autoimmune diseases.32
Such a situation seems to be inconsistent with our ob-
servations. Since repetitive inflammation and progres-
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sive atrophy caused by congenital proteasome dis-
ability is considered as one aspect of the effects by in-
hibition of proteasome functions, clarification of the
underlying mechanisms is urgently required. How-
ever, from the beginning, why NNS patients do not
show immunodeficiency in spite of defective IP func-
tion? The way of antigen presentation and the status
of immunological tolerance should be elucidated be-
cause IP should reportedly be critical for MHC class 1
presentation and CD8 T cell proliferation.30 As some
NNS cases produce various autoantibodies after pro-
gression of the disease, analysis of the whole mecha-
nisms for development of NNS may elucidate a way
from autoinflammation to autoimmunity. To this aim,
further studies using the patient-derived induced plu-
ripotent stem cells and the mutation-knockin mouse,
rather than the simple knockout mouse would be de-
sired. It is highly expected that a new research on in-
flammation and immunity will be expanded using this
disease as a model, which has been originally re-
ported and precisely described by many clinicians in
Japan.

ACKNOWLEDGEMENTS

I would like to thank Drs. Hirotoshi Sugino (Sugino
Pediatric Clinic), Michio Koike and Masahiro Matsu-
naka (Wakayama Medical University), Shimpei Ka-
sagi and Seiji Kawano (Kobe University), Sachiko Mi-
yagawa and Makito Hirano (Nara Medical Univer-
sity), Akihiro Fujisawa and Koichiro Ohmura (Kyoto
University), Toru Momoi (Red Cross Wakayama
Medical Center), and Kayo Kunimoto, Ayako Kimura
and Koji Uede (Wakayama Rosai Hospital) for collec-
tion of NNS patients, Drs. Kazuhiko Arima, Akira Ki-
noshita, Hiroyuki Mishima and Koh-ichiro Yoshiura
(Nagasaki University) and Dr. Hiroaki Ida (Kurume
University) for fruitful collaborations, and Dr.
Fukumi Furukawa (Wakayama Medical University)
for continuous encouragement. I also would like to
thank NNS patients and their parents and siblings for
their kind cooperation. This work was supported by
grants from the Ministry of Health, Labour and Wel-
fare and the Japan Society for the Promotion of Sci-
ence (23591651).

REFERENCES

1. Nakajo A. [Secondary hypertrophic osteoperiostosis with

perniol. [Jap J Dermatol Urol] 1939;45:77-86(in Japa-
nese).

2. Nishimura N, Deki T, Kato S. [Hypertrophic pulmonary
osteo-arthropathy with pernio-like eruptions in the two
families (Report of the three cases)]. [Jap | Dermatol Ve-
nereol] 1950;60:136-41 (in Japanese).

3. Kitano Y, Matsunaga E, Morimoto T, Okada N, Sano S. A
syndrome with nodular erythema, elongated and thick-
ened fingers, and emaciation. Arch Dermatol 1985;121:
1053-6.

4. Horiuchi A, Yamaguchi M, Sawada S, Amaki 1. [A case of
a 31-year-old female with skin eruption, muscular atrophy,

205

— 275 —



Kanazawa N

splenomegaly, hyper y-globulinemia and decreased IgA].
[Clin Immunol] 1971;3:362-9(in Japanese).

5. Horikoshi A, Iwabuchi S, lizuka Y, Hagiwara T, Amaki L.
[A case of partial lipodystrophy with erythema, dactylic
deformities, calcification of the basal ganglia, immu-
nological disorders and low 1Q levell. /Clin Neurol] 1980;
20:173-80(in Japanese).

6. Endo Y, Miura A. [A case of progressive (partial) lipodys-
trophyl. [J Jap Soc Int Med] 1980;69:20-6(in Japanese).

7.Yamada S, Toyoshima I, Mori S, Tsubaki T. [Sibling cases
with lipodystrophic skin change, muscular atrophy, recur-
rent skin eruptions, and deformities and contractures of
the joints - A possible new clinical entity -]. /Clin Neurol]
1984;24:703-10(in Japanese).

8. Tanaka M, Tanaka H, Miyatake T. [A new entity of
lipodystrophy -Hereditary lipo-muscular atrophy with
joint contracture, skin eruptions and Thyper+y-
globulinemia-]. /Jap Med J7 1991;3495:32-4(in Japanese).

9. Tanaka M, Miyatani N, Yamada S et al. Hereditary lipo-
muscular atrophy with joint contracture, skin eruptions
and hyper-gamma-globulinemia: a new syndrome. Intern
Med 1993;32:42-5.

10. Wakiguchi H, Wakiguchi A, Morita H et al. [A case of lu-
pus erythematosus profundus with various immunologi-
cal abnormalities]. [Jap J Pediatr] 1984;37:1831-6(in Japa-
nese).

11. Hayashi Y, Shiraishi T, Tani J, Nomura I, Wakiguchi H,
Kurashige T. [A case of hereditary inflammation disorder
with calcification of basal ganglia similar to lipodystrophy
- A clinical immunological study -]. [J Pediairic Practice]
1989;52:561-5(in Japanese).

12. Sugino H, Koike M, Tsukino R, Kibira S, Mitani I, Ko-
dama T. [4 child cases of a hereditary disease showing
partial lipodystrophy-like appearance, pernio-like erup-
tions, long clubbed fingers, basal ganglia calcification and
positive inflammatory reactions, possibly a new clinical
entity] [abstract]. /] Jap Pediatr Soc] 1986;90:727 (in Japa-
nese).

13. Sugino H, Nitta Y, Higuchi R, lizuka T, Koike M. [Famil-
ial Japanese fever: a hereditary fever syndrome showing
partial lipodystrophy-like appearance, pernio-like erup-
tions, long clubbed fingers, joint contractures and basal
ganglia calcification] [abstract]. [] Jap Pediatr Assoc]
2006;32:106(in Japanese).

14. Arima K, Kinoshita A, Mishima H et al. Proteasome as-
sembly defect due to a proteasome subunit beta type 8
(PSMBS8) mutation causes the autoinflammatory disor-
der, Nakajo-Nishimura syndrome. Proc Natl Acad Sci U S
A 2011;108:14914-9.

15. Kitamura A, Maekawa Y, Uehara H et al. A mutation in
the immunoproteasome subunit PSMB8 causes autoin-
flammation and lipodystrophy in humans. J Clin Invest
2011;121:4150-60.

16. Garg A, Hernandez MD, Sousa AB et af. An autosomal re-
cessive syndrome of joint contracture, muscular atrophy,
microcytic anemia, and panniculitis-associated lipodystro-
phy. J Clin Endcrinol Metab 2010;95:E58-63.

17. Torrelo A, Patel S, Colmenero 1 et al. Chronic atypical
neutrophilic dermatosis with lipodystrophy and elevated

206

temperature (CANDLE) syndrome. J Am Acad Dermatol
2010;62:489-95.

18. Agarwal AK, Xing C, DeMartino GN et al. PSMBS encod-
ing the B5i proteasome subunit is mutated in joint con-
tractures, muscle atrophy, microcytic anemia, and
panniculitis-induced lipodystrophy syndrome. Am J Hum
Genet 2010;87:866-72.

19. Liu Y, Ramot Y, Torrelo A et al. Mutations in PSMB8
cause CANDLE syndrome with evidence of genetic and
phenotypic heterogeneity. Arthritis Rheum. Epub 2011
Sep 27.

20. Kanazawa N, Arima K, Ida H, Yoshiura KI, Furukawa F.
[Nakajo-Nishimura syndromel. [Jpn ] Clin Immunol]
2011;34:388-400(in Japanese).

21. Kasagi S, Kawano S, Nakazawa T et al. A case of periodic-
fever-syndrome-like disorder with lipodystrophy, myosi-
tis, and autoimmune abnormalities. Mod Rheumatol 2008;
18:203-7.

22. Oyanagi K, Sasaki K, Ohama E et ¢l. An autopsy case of a
syndrome with muscular atrophy, decreased subcutane-
ous fat, skin eruption and hyper g-gulobulinemia: peculiar
vascular changes and musclenfiber degeneration. Acta
Neuropathol (Berl) 1987;73:313-9.

23. Fiorenza CG, Chou SH, Mantzoros CS. Lipodystrophy:
pathophysiology and advances in treatment. Nat Rev En-
docrinol 2011;7:137-50.

24, Misra A, Peethambaram A, Garg A. Clinical features and
metabolic and autoimmune derangements in acquired
partial lipodystrophy: report of 35 cases and review of the
literature. Medicine (Baltimore) 2004;83:18-34.

25. Crow YJ, Rehwinkel J. Aicardi-Goutieres syndrome and
related phenotypes: linking nucleic acid metabolism with
autoimmunity. Hum Mol Genet 2009;18:R130-6.

26. Neven B, Prieur AM, Quartier dit Maire P. Cryopyrinopa-
thies: update on pathogenesis and treatment. Nat Clin
Pract Rheumatol 2008;4:481-9.

27. Lamprecht P, Moosig F, Adam-Klages S et al. Small ves-
sel vasculitis and relapsing panniculitis in tumour necro-
sis factor receptor associated periodic syndrome
(TRAPS). Ann Rheum Dis 2004;63:1518-20.

28. Ramot Y, Czarnowicki T, Maly A, Navon-Elkan P, Zloto-
gorski A. Chronic atypical neutrophilic dermatosis with
lipodystrophy and elevated temperature syndrome: a case
report. Pediaty Dermatol 2011;28:538-41.

29. Tanaka K. The proteasome: Overview of structure and
functions. Proc Jpn Acad Ser B Fhys Biol Sci 2009;85:12-
36.

30. Fehling HJ, Swat W, Laplace C et al. MHC class I expres-
sion in mice lacking the proteasome subunit LMP-7. Sci-
ence 1994;265:1234-7. '

31. Bulua AC, Simon A, Maddipati R et al. Mitochondrial re-
active oxygen species promote production of proinflam-
matory cytokines and are elevated in TINFR1-associated
periodic syndrome (TRAPS). J Exp Med 2011;208:519-33.

32. Muchamuel T, Basler M, Aujay MA et al. A selective in-
hibitor of the immunoproteasome subunit LMP7 blocks
cytokine production and attenuates progression of experi-
mental arthritis. Nat Med 2009;15:781-7.

Allergology International Vol 61, No2, 2012 www.jsaweb.jp/

— 276 —






