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Table 1. Characteristics of ten intracystic papillary lesions

Figure 1. Hematoxylin-eosin stain in intra-
cystic papillary tumors (Original magnifica-
tion x 40). a—c, Intracystic papilloma (a: case
1, b: case 2, c: case 3). d-f, Intracystic papil-
lary carcinoma in situ (d: case 6, e: case 7, f:
case 8). g and h, Intracystic papillary carci-
noma with invasion (g: case 9, h: case10).

Clinicopathologic findings

Genetic findings

Size of QG call rate Ratio Ratio of genomic

Case  Diagnosis  Age  cyst (mm) MMG us FNAC Receptor status (normal/tumor) of CNC alteration
1 Pap 43 80 Category3  Category3 Class2  ER(+) 75.9%/82.9% 0.14% 0.24%
2 Pap 38 10 Category 1 Category3 Class 3 NaN 83.4%/80.4% 0.66% 0.69%
3 Pap 49 25 Category 3  Category3 Class 3  NaN 86.2%/86.5% 1.60% 1.60%
4 Pap 38 70 Category3 Category3 Class2  NaN 89.9%/87.9% 0% 11.8%
5 Pap 49 75 Category3  Category3 Class2  NaN 91.9%/89.8% 0% 0%

6 PurePC 61 31 Category 4  Category3 Class 4  ER(+), HER2(1 +) 75.7%/76.2% 11.3% 24.1%
7 PurePC 58 49 Category 3  Category4 Class4  ER(+) 79.7%/70.8% 0.41% 8.83%
8 PurePC 43 16 Category 2  Category4 Class4  ER(+), HER2(1 +) 77.2%/79.9% 12.0% 13.2%
9 PCinv 60 96 NaN Category4 Class1  ER(-), HER2(1 +) 71.6%/73.9% 16.6% 53.1%
10 PCinv 72 19 Category 4 Category4 Class 5  ER(+), HER2(1 +) 82.0%/72.6% 16.0% 17.6%

Pap: intracystic papilloma, Pure PC: intracystic papillary carcinoma in situ, PC inv: intracystic papillary carcinoma with invasion, MMG: the mammographic features evaluated according
to the Breast Imaging-Reporting and Data System (BI-RADS) of the American College of Radiology, US: the ultrasonographic features evaluated according to diagnostic guideline of the
Japanese Assoclation of Breast and Thyroid Sonology (JABTS), FNAC: the cytological features of fine needle aspiration cytology, ER: the status of estrogen receptor, HER2: the status
of HER2/neu receptor, CNC: copy number change, genomic alteration: copy number change and copy neutral loss of heterozygosity, NaN: not analyzed.
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copy number change identified by SNPaCGH, quanti-
tative PCR assays were performed on a LightCycler®
480 Real-Time PCR System (Roche Diagnostics,
Mannheim, Germany) at four selected loci, including
independent genes (Table S1).

In SNPaCGH analysis, substantial divergence was
observed between each ICPT subtype (Fig. 2). The
mean rate of copy number change was 0.48% (from
0.0% to 1.60%), 7.89% (from 0.41% to 12.0%), and
16.3% (from 16.0% to 16.6%) in Pap, PC, and PCinv,
respectively. The mean rate of genomic alteration
(including copy number change and CNLOH) was
2.87% (from 0.00% to 11.8%), 15.4% (from 8.83% to
24.1%), and 35.3% (from 17.6% to 53.1%) in Pap,

(a) Papilloma (Pap; n=5)

PC, and PCinv, respectively (Table 1). Malignant
tumors (PurePC and PCinv) showed significantly more
copy number changes and genomic alterations (copy
number change and CNLOH) than benign tumors
(Pap) (Wilcoxon’s rank sum test, p = 0.036, 0.016,
respectively) and these differences correlated with their
malignant phenotype (Kruskal-Wallis’ chi-squared test,
p = 0.046, 0.043, respectively). The real time gPCR
analysis to validate the copy number state in SNPaCGH
demonstrated sufficient specificity, and thus all loci
showing alteration in SNPaCGH were confirmed by
real-time qPCR (Table S1). On the other hand, at 31
loci from the ten samples, where SNPaCGH showed the
copy number state as disomy, ten loci were revealed to

(b) Papillary carcinoma (PurePC+PCinv; n=5)
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Figure 2. Graphic display of whole genomic 19 =
alterations in papilloma (a) and papillary car- ) T
cinoma (b). The color bar over each chromo- 20 e mﬁ:‘ws
some indicates copy number amplification - ’
(green color bars), copy-neutral LOH (blue 21 o
color bars), and deletion (brown color bars) e e
22 T Y

for each case. Papilloma includes five cases
of Pap (a), and papillary carcinoma includes
three cases of PurePC and two of PCinv (b).
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have a copy number change by real-time gPCR. At
regions determined to be disomy by SNPaCGH, 70.6%
were determined using gPCR to be two copies. Previous
studies have documented that the most common geno-
mic alteration in papillary carcinoma is amplification
on 1p, and deletion or LOH on 16q (2,5,6,8). Our
study revealed that chromosomal regions at 3p21.31,
3p14.2, and 20q13.13 were commonly altered (24/5)
among five carcinomas in addition to deletion or
CNLOH on 164 (23/5) (Fig. 2, Table S2). The signifi-
cance of 3p and 20q are currently unclear, but require
further investigation.

In summary, we have elucidated significant differ-
ences in the molecular-cytogenetic profile between pap-
illoma and papillary carcinoma. Thus, papillary
carcinoma harbored significantly more genomic altera-
tions than papilloma, even though papilloma had a
number of genomic alterations, and the rate of genomic
alteration correlated with pathological malignancy clas-
sification. These genome-wide findings could not be
obtained by conventional cytogenetic study such a fluo-
rescent in situ hybridization or conventional CGH. Our
findings may aid clinical management of breast ICPT,
and may provide insight into their carcinogenesis.
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the online version of this article:

Table S1. The validation of Array-based compara-
tive genomic hybridization by real time quantitative
PCR.

Table S2. Regions of genomic alteration commonly
shared in intracystic papillary carcinoma.
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Kabulki syndrome is & rare, multiple malformation disorder
characterized by a distinctive facial appearance, cardiac anoma-
tes, skeletal abnormalities, and mild to moderate intellectual
disability. Simplex cases make vp the vast ruaiority of the
reporied cases with Kabuki syndrome, but parent-to-child frans-
mission inmorethan ahalf-dozen instances indicates that itisan
autosomal dominant disorder. We recently reported that Kabuld
syndrome is caused by mutations in MLL2, a gene that encodes a
Trithorax-group histone methyltransferase, a protein important
in the epigenetic control of active chromatin states. Here, we
report on the screening of 110 families with Kabuki syndrome.
MLLZ mutations were found in 81/116 (74%) of families. In
stinplex cases forwhich DNA was available from both parents, 25
mutations were confirmed to be de nove, while a transmitted
MELZ mutation was found in two of three familial coses. The
majority of variants found to cause Kabuld syndrome were novel
nonsense or frameshift mutations that ave predicted o resalt
in haploinsufficiency. The ciindeal characteristics of MILLZ
mutation-positive cases did not differ significantly from MILL2Z
mutation-negative cases with the exception that renal anonalies
were more common in MLLZ mutation-positive cases. These
results are important for understanding the phenotypic conge-
quences of MLL2 mutations for individuals and their familics as
well ns for providing a basls for the identification of additional
genes for Kabuki syndrome. © 2611 Wiley-Liss, Inc.

Key words: Kabuki syndrome; MLLZ ALR; Trithorax group
histone methyltransferase

INTRODUCTION

Kabuki syndrome (OMIM#147920) is a rare, multiple malforma-
tion disorder characterized by a distinctive facial appearance,
cardiac anomalies, skeletal abnormalities, and mild to moderate
intellectual disability. It was originally described by Niikawa et al.
[1981] and Kuroki etal. [1981] in 1981, and to date, about 400 cases
have been reported worldwide [Niikawa et al., 1988; White et al,,
2004; Adam and Hudgins, 2005]. The spectrum of abnormalities
found in individuals with Kabuki syndrome is diverse, yet virtually
all affected persons are reported to have similar facial features
consisting of elongated palpebral fissures, eversion of the
lateral third of the lower eyelids, and broad, arched eyebrows with
lateral sparseness. Additionally, affected individuals commonly
have severe feeding problems, failure to thrive in infancy, and
height around or below the 3rd centile for age in about half of
cases.

We recently reported that a majority of cases of Kabuki
syndrome are caused by mutations in mixed lineage leukemia 2
(MLL2; OMIM#602113), also known as either MLL4 or ALR
[Ngetal., 2010]. MLL2 encodes a SET-domain-containing histone
methyltransferase important in the epigenetic control of active
chromatin states [FitzGerald and Diaz, 1999]. Exome sequencing
revealed that 9 of 10 individuals had novel variants in MLL2
that were predicted to be deleterious. A single individual had
no mutation in the protein-coding exons of MLL2, though in
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syndrome.
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retrospect, his phenotypic features are somewhat atypical of
Kabuki syndrome. In a larger validation cohort screened by Sanger
sequencing, we found MLL2 mutations in approximately two-thirds
of 43 Kabuki cases, suggesting that Kabuki syndrome is genetically
heterogeneous.

Herein we report on the results of screening MLL2 for mutations
in 110 families with one or more individuals affected with Kabuki
syndrome in order to: (1) characterize the spectrum of MLL2
mutations that cause Kabuki syndrome; (2) determine whether
MLL2 genotype is predictive of phenotype; (3) assess whether the
clinical characteristics of MLL2 mutation-positive cases differ from
MLL2 mutation-negative cases; and (4) delineate the subset of
Kabuki cases that are MLL2 mutation-negative for further gene
discovery studies.

MATERIALS AND METHODS
Subjects

Referral for inclusion into the study required a diagnosis of
Kabuki syndrome made by a clinical geneticist. From these
cases, phenotypic data were collected by review of medical records,
phone interviews, and photographs. These data were collected
from five different clinical genetics centers in three different
countries and over a protracted period of time and forwarded
for review to two of the authors (M.B. and M.H.). Data on
certain phenotypic characteristics including stature, feeding
difficulties, and failure to thrive was not uniformly collected or
standardized. Therefore, we decided to be conservative in our
analysis and use only phenotypic traits that could be represented
by discrete variables (i.e., presence or absence) and for which
data were available from at least 70% of cases. In addition,
these clinical summaries were de-identified and therefore facial
photographs were unavailable from most cases studied. Written
consent was obtained for all participants who provided identifiable
samples. The Institutional Review Boards of Seattle Children’s
Hospital and the University of Washington approved all studies.
A summary of the clinical characteristics of 53 of these individuals
diagnosed with Kabuki syndrome has been reported previously
[Ng et al., 2010].
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Mutation Analysis

Genomic DNA was extracted using standard protocols. Each of the
54 exons of MLL2 was amplified using Taq DNA polymerase
(Invitrogen, Carlsbad, CA) following manufacturer’s recommen-
dations and using primers previously reported [Ng et al., 2010].
PCR products were purified by treatment with exonuclease I (New
England Biolabs, Inc., Beverly, MA) and shrimp alkaline phospha-
tase (USB Corp., Cleveland, OH), and products were sequenced
using the dideoxy terminator method on an automated sequencer
(ABI 3130x1). The electropherograms of both forward and reverse
strands were manually reviewed using CodonCode Aligner
(Dedham, MA). Primer sequences and conditions are listed in
Supplementary Table L.

For MLL2 mutation-negative samples, DNA was hybridized to
commercially available whole-genome tiling arrays consisting of
one million oligonucleotide probes with an average spacing of
2.6 kb throughout the genome (SurePrint G3 Human CGH Micro-
array 1 X 1 M, Agilent Technologies, Santa Clara, CA). Twenty-one
probes on this array covered MLL2 specifically. Data were analyzed
using Genomics Workbench software according to manufacturer’s
instructions.

RESULTS

All 54 protein-coding exons and intron—exon boundaries of MLL2
were screened by Sanger sequencing in a cohort of 110 kindreds with

Kabuki syndrome. This cohort included 107 simplex cases
(including a pair of monozygotic twins) and 3 familial (i.e., parent-
offspring) cases putatively diagnosed with Kabuki syndrome.
Seventy novel MLL2 variants that were inferred to be disease-
causing were identified in 81/110 (74%) kindreds (Fig. 1 and
Supplementary Table II online). These 81 mutations included
37 nonsense mutations (32 different sites and five sites with
recurrent mutations), 3 in-frame deletions or duplications
(2 different sites and 1 site with a recurrent mutation), 22 frame-
shifts (22 different sites), 16 missense mutations (11 different sites
and 4 sites with recurrent mutations), and 3 splice consensus site (or
intron—exon boundary) mutations. None of these variants were
found in dbSNP (build 132), the 1000 Genomes Project pilot data,
or 190 chromosomes from individuals matched for geographical
ancestry. In total, pathogenic variants were found at 70 sites.
Additionally, there were 10 sites at which recurrent mutations were
observed.

For 25 simplex cases in which we identified MLL2 mutations,
DNA was available from both unaffected parents, and in each case
the mutation was confirmed to have arisen de novo (Supplementary
Table II online). These included 14 nonsense, 5 frameshift, 3 mis-
sense, 2 splice site mutations, and 1 deletion. De novo events were
confirmed at 6 of the 10 sites where recurrent mutations were noted.
In addition to the 81 kindreds in which we identified causal MLL2
mutations, we found two MLL2 variants in each of three simplex
cases. In each case, neither MLL2 mutation could unambiguously
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be defined as disease-causing (Supplementary Table II online). In
one case, we found both a 21 bp in-frame insertion in exon 39 and a
1 bp insertion in exon 46 predicted to cause a frameshift. However,
the unaffected mother also carried the 21 bp insertion suggesting
that this is a rare polymorphism, and that the 1bp deletion is the
pathogenic mutation responsible for Kabuki syndrome.

Apparent disease-causing variants were discovered in nearly half
(i.e., 22/54) of all protein-coding exons of MLL2 and in virtually
every region known to encode a functional domain (Fig. 1).
However, the distribution of variants appeared non-random as
13 and 12 novel variants were identified in exons 48 and 39,
respectively. These sites accounted for 25, or more than one-third,
of all the novel MLL2 variants and 31/81 mutations that cause
Kabuki syndrome in our cohort. Eleven of the 12 pathogenic
variants in exon 39 were nonsense mutations and occurred in
regions that encode long polyglutamine tracts.

Four of the families studied herein had two individuals affected
with Kabuki syndrome. A pair of monozygous twins with a
¢.15195G>A nonsense mutation were concordant for mild devel-
opmental delay, congenital heart disease, preauricular pits, and
palatal abnormalities, but discordant for hearing loss, and a central
nervous system malformation. Concordance for mild developmen-
tal delay between an affected parent and child was observed in two
families with MLL2 mutations, one with a nonsense mutation,
¢.13579A>T, p.K4527X, and the other with a missense mutation,
¢.16391C>T, p.T5464M that was also found in a simplex case. No
MLL2 mutation was found in the remaining affected parent and
child pair (Fig. 2).

To examine the relationship between genotype and phenotype,
we first compared the frequency of developmental delay, congenital
heart disease, cleft lip and/or palate, and structural renal defects
between MLL2 mutation-positive versus MLL2 mutation-negative
cases. No significant difference was observed between groups for
three of these four phenotypes (Table Ia). However, renal anomalies
were observed in 47% (31/66 cases) of MLL2 mutation-positive
cases compared to 14% (2/14 cases) of MLL2 mutation-negative
cases and this difference was statistically significant (*>=5.1,
df=1, P=0.024). In 35 cases in two clinical cohorts for whom
more complete phenotypic data were available, short stature was
observed in 54% (14/26) of MLL2 mutation-positive cases com-
pared to 33% (3/19 cases) of MLL2 mutation-negative cases. We
also divided the MLL2 mutation-positive cases into those with
nonsense and frameshift mutations and those with missense mu-
tations and compared the frequency of developmental delay,
congenital heart disease, cleft lip and/or palate, and structural renal
defects between groups. No significant differences were observed
between groups (Table Ib).

In26independent cases of Kabukisyndrome, including one parent
-offspring pair, no MLL2 mutation was identified. Both persons in
the mother—child pair had facial characteristics consistent with
Kabuki syndrome (Fig. 2), mild developmental delay, and no major
malformations. The mother is of Cambodian ancestry and her
daughter is of Cambodian and European American ancestry. In
general, most of the MLL2 mutation-negative Kabuki cases had facial
characteristics (Fig. 3) similar to those of the MLL2 mutation-
positive Kabuki cases, and a similar pattern of major malformations
(Table 1) with the exception of fewer renal abnormalities.

We screened the MLL2 mutation-negative cases by aCGH for
large deletions or duplications that encompassed MLL2. Abnor-
malities were found in four cases. In one case, a 1.87 kb deletion of
chromosome 5 (hg18, chr5:175,493,803—177,361,744) that includ-
ed NSDI and had breakpoints in flanking segmental duplications
identical to the microdeletion commonly found in Sotos syndrome,
was found. This suggests that this individual has Sotos syndrome,
not Kabuki syndrome [Kurotaki et al, 2002]. A second case
had a novel 977-kb deletion of chromosome 19q13 (hgl§,
chr19:61,365,420—62,342,064) encompassing 20 genes. The major-
ity of genes within the deleted region are zinc finger genes, some of
which are known to be imprinted in both human and mouse. A
third case had a complex translocation t(8;18)(q22;q21). Finally, a
fourth case was found to have extra material for the entire chro-
mosome 12. Average log 2 ratio across chromosome 12 was 0.49,
most likely representing mosaic aneuploidy of chromosome 12. No
aCGH abnormalities were observed in 21 cases and aCGH failed for
one case.

DISCUSSION

We have expanded the spectrum of mutations in MLL2 that cause
Kabuki syndrome and explored the relationship between MLL2
genotype and some of the major, objective phenotypic character-
istics of Kabuki syndrome. The majority of variants found to cause
Kabuki syndrome are either novel nonsense or frameshift muta-
tions, and appear to arise de novo. While mutations that cause
Kabuki syndrome are found throughout the MLL2 gene, there
appear to be at least two exons (39 and 48) in which mutations
are identified with a considerably higher frequency. Mutations in
these two exons account for nearly half of all mutations found in
MLL2, while thelength of these exons represents ~24% of the MLL2
open reading frame (ORF). Furthermore, exon 48, the exon in
which mutations are most common, comprises only ~7% of the
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MLL2 ORF. Exon 39 contains several regions that encode long
polyglutamine tracts suggesting the presence of a mutational
hotspot, although no such explanation is obvious for exon 48. A
stepwise approach in which these regions are the first screened
might be a reasonable approach to diagnostic testing. However,
capture of all introns, exons, and nearby MLL2 regulatory regions
followed by next-generation sequencing would be more compre-
hensive and likely to be less costly over the long term.
Comparison of four of the objective clinical characteristics of
MLL2 mutation-negative versus MLL2 mutation-positive cases
allowed us to explore both the relationship between MLL2 genotype
and Kabuki phenotype and the phenotype of MLLZ mutation-
negative cases. Overall, the clinical characteristics of MLL2
mutation-positive cases did not differ significantly from MLL2
mutation-negative cases with the exception that renal anomalies
were more common in MLL2 mutation-positive cases. Similarly, we
observed no significant phenotypic—including the severity of
developmental delay—differences between individuals grouped by
mutation type. However, the phenotypic data available to us for
analysis was limited and, for many cases, we lacked specific infor-
mation about each malformation present. Furthermore, the most
typical phenotypic characteristic, the distinctive facial appearance,

was not compared in detail between cases although it would be
of interest to study facial images “blinded” to mutation status to
investigate its power to predict genotype. Analysis of genotype—
phenotype relationships using both a larger set of Kabuki cases, and
with access to more comprehensive phenotypic information would
be valuable.

No MLL2mutation could be identified in 26 of the cases referred
to us with a diagnosis of Kabuki syndrome. In three of these cases,
aCGH identified structural variants that could be of clinical signifi-
cance although additional investigation is required. A fourth case
had the classical deletion observed in individuals with Sotos syn-
drome, and in retrospect it appears that this case was included in the
cohort erroneously. The 22 remaining cases, including 1 parent-
offspring pair, represent individuals with fairly classic phenotypic
features of Kabuki syndrome without a MLL2 mutation. This
observation suggests that Kabuki syndrome is genetically hetero-
geneous. To this end, in these 22 cases, we sequenced the protein-
coding exons of UTX, a gene that encodes a protein that directly
interacts with MLL2 but no pathogenic changes were found (data
notshown). Exome sequencing ofa subset of these MLL2 mutation-
negative cases to identify other candidate genes for Kabuki syn-
drome is underway.

Whether Kabuki syndrome is the most appropriate diagnosis for
the MLL2 mutation-negative cases is unclear. Some of the MLL2
mutation-negative cases appear to have a facial phenotype that
differs somewhat from that of the MLL2 mutation-positive cases.
Whether these MLL2 mutation-negative cases diagnosed by expert
clinicians should be considered Kabuki syndrome, a variant thereof,
or aseparate disorder remains to be determined. Our opinion is that
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there is simply not yet enough information to make an informed
decision about this issue.

Most of the mutations in MLL2 are predicted to result in
haploinsufficiency. However, it is unclear by what mechanism(s)
haploinsufficiency of MLL2 could cause Kabuki syndrome.
MLL2 encodes a histone 3 lysine 4 (H3K4) methyltransferase, one
of at least 10 proteins (genes for which have not to our knowledge
yet been screened in Kabuki cases in which MLL2 mutations
were not found) that have been identified to specifically modify
the lysine residue at the fourth amino acid position of the
histone H3 protein [Kouzarides, 2007]. MLL2 has a SET domain
near its C-terminus that is shared by yeast Setl, Drosophila
Trithorax (TRX) and human MLL1 [FitzGerald and Diaz, 1999].
MLL2 appears to regulate gene transcription and chromatin
structure in early development [Prasad et al., 1997]. In mice, loss
of MLL2 results in embryonic lethality before E10.5, and while
MII2*"~ mice are viable, they are smaller than wild-type [Ng et al.,
2010].

Kabuki syndrome is the most common of a small, but growing
group of multiple malformation syndromes accompanied by de-
velopmental delay that are caused by mutations in genes that
encode proteins involved in histone methylation [De Sario,
2009]. The most notable of these is CHARGE syndrome, which
is one of the syndromes often considered in the differential diag-
nosis of children ultimately diagnosed with Kabuki syndrome.
CHARGE syndrome is caused by mutations in CHDZ7, which
encodes a chromodomain protein that recognizes the trimethylated
H3K4 side chain [Vissers et al., 2004]. Other disorders caused by
defects of histone methylation status include several intellectual
disability syndromes, some of which are also characterized by
malformations (e.g., cleft lip/palate) that overlap with those found
in individuals with Kabuki syndrome.

Kabuki syndrome is one of the most common causes of heritable
developmental delay. Discovery that mutations in MLL2 are the
most common cause of Kabuki syndrome highlights the role that
disrupted regulation of histone methylation plays as a cause of
human birth defects. Characterizing the spectrum of mutations in
MLL2 is a small but important first step toward understanding the
mechanism(s) that underlies Kabuki syndrome.
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Proteasome assembly defect due to a proteasome
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autoinflammatory disorder, Nakajo-Nishimura syndrome
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Nakajo-Nishimura syndrome (NNS) is a disorder that segregates in
an autosomal recessive fashion. Symptoms include periodic fever,
skin rash, partial lipomuscular atrophy, and joint contracture.
Here, we report a mutation in the human proteasome subunit
beta type 8 gene (PSMB8) that encodes the immunoproteasome
subunit p5i in patients with NNS. This G201V mutation disrupts the
p-sheet structure, protrudes from the loop that interfaces with the
p4 subunit, and is in close proximity to the catalytic threonine
residue. The $5i mutant is not efficiently incorporated during
immunoproteasome biogenesis, resulting in reduced proteasome
activity and accumulation of ubiquitinated and oxidized proteins
within cells expressing immunoproteasomes. As a result, the level
of interleukin (IL)-6 and IFN-y inducible protein (IP)-10 in patient
sera is markedly increased. Nuclear phosphorylated p38 and the
secretion of IL-6 are increased in patient cells both in vitro and
in vivo, which may account for the inflammatory response and
periodic fever observed in these patients. These results show that
a mutation within a proteasome subunit is the direct cause of
a human disease and suggest that decreased proteasome activity
can cause inflammation.

akajo-Nishimura syndrome (NNS) (MIM256040, ORPHA-

2615) is a distinct inflammatory and wasting disease. It was
first reported by Nakajo in 1939, followed by Nishimura in 1950,
and was called “secondary hypertrophic osteoperiostosis with
pernio” (1, 2). More than 20 cases of this disease have been
reported in various clinical fields, all from Japan (3-8). The
disease was soon recognized as a new entity and was called
“a syndrome with nodular erythema, elongated and thickened
fingers, and emaciation” or “hereditary lipomuscular atrophy
with joint contracture, skin eruptions and hyper-y-globulinemia”
on the basis of the common characteristic features (3, 4).

NNS usually begins in early infancy with a pernio-like rash.
The patient develops periodic high fever, nodular erythema-like
eruptions, and myositis. Lipomuscular atrophy and joint con-
tractures gradually progress, mainly in the upper body, to form
the characteristic thin facial appearance and elongated clubbed
fingers. Inflammatory changes are marked and include constantly
elevated erythrocyte sedimentation rate (ESR) and C-reactive
protein (CRP), hyper-y-globulinemia, hepatosplenomegaly, basal
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ganglia calcification, and focal mononuclear cell infiltration with
vasculopathy on histopathology. Autoantibodies are negative at
the onset of NNS; although, in some cases, titers increase as the
disease progresses.

Although NNS bears similarities to other autoimmune dis-
eases, particularly dermatomyositis, it is only in recent years that
its similarity to autoinflammatory periodic fever syndromes has
been pointed out (5, 6). Oral steroids are effective in treating the
inflammation, but not the wasting, and most patients die as
a result of respiratory or cardiac failure. Despite the predicted
segregation in an autosomal recessive fashion, the gene re-
sponsible has not been identified. Here, we describe a mutation
in the human PSMBS that encodes the immunoproteasome
subunit pSi in NNS patients.

Proteasomes collaborate with the ubiquitin system, which tags
proteins with a polyubiquitin chain and marks them for degra-
dation. The 26S proteasome is a multisubunit protease re-
sponsible for regulating proteolysis in eukaryotic cells in col-
laboration with the ubiquitin system. This ubiquitin—proteasome
system is involved in various biological processes, including im-
mune responses, DNA repair, cell cycle progression, transcrip-
tion and protein quality control. It comprises a single catalytic
208 proteasome with 19S regulatory particles (RPs) attached to
the ends (9-11). The 20S proteasome comprises 28 subunits
arranged as a cylindrical particle containing four heterohep-
tameric rings: o;_7P1_7P1-7017. Only three of the B subunits, p1,
p2, and PS5, are proteolytically active in the standard 20S pro-
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teasome. Fach of the three B subunits preferentially cleaves an
acidic, basic, or hydrophobic residue, activities often referred to
as caspase-like, trypsin-like, or chymotrypsin-like, respectively.

In vertebrates, there are three additional TFN-y-induced
subunits: p1i, p2i, and p5i. These are preferentially incorporated
into the 20S proteasome in place of the standard subunits to
form the immunoproteasome in immune cells such as macro-
phages, T and B cells, and dendritic cells, whereas their ex-
pression is low in nonlymphoid peripheral tissues. This results in
more efficient production of MHC class I epitopes (12). The
present study analyzed the activity of proteasomes with a mu-
tated B5i subunit, and the subsequent inflammatory signal
transduction pathways in mutant cells. The results suggest that
the PSMB8 mutation evokes an inflammatory response in
humans, and that the p38 pathway may play an important role in
inflammation in NNS patients.

Recently, a different mutation in the PSMBS gene was reported
in patients with a disease similar to, but distinct from, NNS: an
autosomal recessive syndrome of joint contracture, muscular at-
rophy, microcytic anemia, and panniculitis-associated lipodys-
trophy (JMP) (13, 14). The mutation in JMP syndrome, T75M,
causes a reduction in chymotrypsin-like activity only, without
disrupting the activity of other peptidases (13). In contrast, the
G201V mutation identified in NNS patients results in the loss of
all peptidase activity because of assembly defects and reduced
proteasome levels. Thus, the discovery of PSMBS8 mutations in
these related diseases indicates the presence of a distinct class of
proteasome-associated autoinflammatory disorders.

Results

Clinical Features of NNS Patients. National surveillance in Japan
confirms that only around 10 NNS patients are alive today.
Therefore, preserved fibroblasts from an autopsy case (patient 1)
were provided for genetic analysis, following approval by the
local ethical committee. Of the living cases, written informed
consent to undertake genetic and molecular analyses was
obtained from six patients. The clinical features of all seven cases
are summarized in Table S1. Patients 1, 2, and 4 were born to
consanguineous parents and their clinical features have been
described previously (Fig. S14) (6, 8). The other patients are
sporadic cases collected for this study and were born in the
limited area between south Osaka and Wakayama. A diagnosis
of NNS is not difficult owing to the characteristic features, in-
cluding the thin facial appearance and long clubbed fingers (Fig.
S1B). The clinical course throughout childhood was variable:
from no medical consultation in the case of patient 7, to ad-
ministration of oral steroids since infancy in patients 3 and 6.
Partial lipomuscular atrophy with long clubbed fingers plus
a pernio-like, heliotrope-like, or nodular erythema-like skin rash
were observed in all cases, and periodic fever and joint con-
tractures in most but not all. Wheras hyperhidrosis was also
observed in some cases, short stature and low IQ were seen only

Fig. 1. SNP microarray-based homozy- A
gosity mapping and mutation search.
(A) Homozygosity mapping for NNS
patients and nonaffected siblings. ROH
regions were detected using a hidden
Markov model-based algorithm. The
sole candidate region identified within
6p21.31-32 is shown. Green vertical
lines indicate heterozygous SNPs and
the background gray area indicates

Patient 1

Patient 2
Patient 3
Patient 4

nonaffected siblings
of Patienta|
Patient 5
candidate region

in patients 6 and 1, respectively. Indeed, patient 6 was treated
with growth hormone, although growth retardation in this case
may have been due, in part, to oral steroids. Chronic inflam-
mation, indicated by elevated ESR and hyper-y-globulinemia,
were observed in all patients, and microcytic anemia, high serum
creatine phosphokinase (CPK), hepatosplenomegaly, and basal
ganglia calcification were present in most, but not all. Notably,
various autoantibodies (with a mildly elevated titer of antinu-
clear antibodies) were detected in half of the patients. The most
striking differences between NNS and JMP are the absence of
fever in JMP syndrome and the absence of seizures in NNS (14)
(Table S1).

Genetic Mapping and Mutation Searches. We examined genomic
DNA samples from five patients (patients 1-5) and three un-
affected siblings of patient 4 using an Affymetrix GeneChip
Human Mapping 500K array set (Nsp I and Sty I arrays), and the
BRLMM genotyping algorithm. Because the runs of homozy-
gosity (ROHs) shared by all patients were expected to be can-
didate regions containing the gene responsible for the disease,
we identified a region spanning 1.1 Mb on chromosome 6p21.31-
32 [from 32,798,004-33,903,106; National Center for Bio-
technology Information (NCBI) build 36.1] as the sole candidate
region responsible for NNS (Fig. 14). We directly sequenced 436
coding exons in the 44 genes within this candidate region, in-
cluding the splicing sites. A single nonsynonymous variation (not
registered in the dbSNP database) was identified in exon 5 of
PSMB8 (NM_148919 in the NCBI database), designated LMP7
or RING10, which encodes the LMP7 protein (p5i subunit) of
the immunoproteasome. This mutation was a guanine to thymine
transversion at nucleotide position 602 (c.602G > T) (Fig. 1B).
Haplotype analysis indicated that the G201V mutation was
probably introduced into the Japanese population by a single
founder, as the haplotype around this mutation was identified in
all patients (Fig. S1C). Gly201, which is a highly conserved res-
idue in the P5i subunit (Fig. 1C) and among mature proteasome
subunits in vertebrates (Fig. S1D), is substituted by Val (G201V)
(Fig. 1B).

Impaired Immunoproteasome Assembly and Peptidase Activity. In
silico modeling of the mutant p5i (B5i2°*V) subunit was used to
infer the conformational impact of this mutation because the
assembly of the proteasome is a highly orchestrated and complex
process (9, 15). The p5i subunit is cleaved between amino acid
residues Gly72 and Thr73 to yield the active form (16), in which
the catalytic center is generated by Thr73, Asp89, Arg91, and
Lys105. The mutated residue at position 201 was located at the
edge of the S8 B-sheet of B5i and was close to its catalytic thre-
onine residue Thr73 (Fig. 24). The G201V substitution caused
conformational changes not only in Thr73 but also in Lys105
within the catalytic center (Fig. S2). The mutation resulted in
further conformational changes in the S8-H3 loop located at the

Human B5i MF § T
Mouse B5i MFSTIGISGNT
Dog B5i MF § T
pus B5i | FSTIGISGNS
- Medaka B5i MF STIGCGN S
#n 828~ Consensus B5i * FSTG* 6* *

=
JLARE DL I
father

a region without heterozygous SNP

; N 55: Eamg-<
calls. To be conservative, we did not PSMBS exon 5
regard isolated single heterozygous G201V

chis: | 32917000 32017500 32918000 32018500 32919000 32919500

calls as delimiting ROH regions. The physical positions are shown in NCBI build 36.1. Patient numbers correspond to Figs. S1A and S1Cand Table S1. No history
of consanguineous marriage was apparent for patients 3 and 5, according to the family history interview. (B) Chromatograms for a control, a patient's father,
and a patient. A mutation in PSMB8 exon 5 identified in NNS patients by sequencing is highlighted in yellow. (C) Amino acid comparisons with other species.
The glycine at the mutation site (red box) is highly conserved among vertebrates.
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Fig. 2. G201V mutation in p5i reduces proteasome activity in immunopro-
teasome-expressing cells. (A) Close-up view of the mutation site (G201V)
within p5i. Structural models of G201V p5i (orange) and wild-type p5i (green)
were created from the p5-subunit structure [Protein Data Bank (PDB) ID code
1RU]. The secondary structure elements for p5i are labeled. Val201 and
Thr73 are shown in the stick model. Thr73 is a catalytic residue of 85i. (B) A
ribbon diagram of the p4-p5i complex. The arrow shows the difference in
the p-sheet between p5i (green) and p5i°"Y (orange). Arrowheads show the
protruding S8-H3 loop of p5i%2°™. (C) Peptidase activity of LCLs. Extracts
were fractionated by glycerol gradient centrifugation (8-32% glycerol from
fraction 1-32). Arrowheads indicate the peak positions of the 20S and 265
proteasomes (open arrows, single-capped 26S; closed arrows, double-capped
265). (D) Western blot analysis of fractionated total LCL extracts. Western blot
analysis of proteasome subunits from fractions 1-32 fractionated in C. The
sedimenting positions of the immature 205, 20S, and 265 proteasomes are
indicated by arrowheads. The mature and incompletely cleaved p5i®°"
subunits are indicated by arrows. The mature p5i subunit is cleaved within
a C-terminal polypeptide between Gly72 and Thr73. The insufficiently cleaved
PB5i subunit is probably cleaved at a site toward the N terminus site, yielding
a fragment with a higher molecular weight. The same amount of protein was
subjected to glycerol gradient ultracentrifugation. The level of proteasome is
reduced in NNS patients. Control, LCL extract from healthy control; NNS, LCL
extract from patient with NNS.

interface between p4 and p5i, which affected the surface contact
of p5i with the adjacent P4 subunit (Fig. 2B). These results
suggest that the G201V mutation affects both B5i catalytic ac-
tivity and assembly of the 20S proteasome.

According to Sijts and Kloetzel (17), the B1 subunit has
a caspase-like function, the B2 subunit has trypsin-like activity,
and the p5 subunit has chymotrypsin-like activity. Although it has
not been clearly confirmed which of the immunoproteasome
subunits possess which peptidase activity, it is generally thought
that B5i has chymotrypsin-like activity. We next examined the
influence of the B5i mutation on proteasome peptidase activity.
Extracts from immortalized lymphoblastoid cell lines (LCLs)
that constitutively expressed the immunoproteasome, rather
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than the standard proteasome, were obtained from an NNS
patient, his heterozygous parent, and a healthy control, and were
separated by glycerol gradient centrifugation. The fractions were
then assayed for chymotrypsin-like, trypsin-like, and caspase-like
activity mediated by the 20S/26S proteasomes. The results showed
that not only was chymotrypsin-like activity markedly decreased
in NNS cells, but the other two enzyme-like activities were also
decreased (Fig. 2C).

Reduced Proteasome Levels. To gain further insight into the mo-
lecular mechanisms affecting peptidase activity in the mutant
cells, the glycerol density gradient fractions were subjected to
Western blot analysis (Fig. 2D). Assembly of the mammalian 20S
proteasome begins with the formation of the o-ring in conjunc-
tion with a dedicated assembly chaperone, PAC1-4. The p-ring is
then formed on the a-ring with the aid of another chaperone,
hUmpl, resulting in the formation of half-sized immature pro-
teasomes. The immature proteasomes then dimerize to form the
208 proteasome accompanied by cleavage of p-subunit propep-
tides and the degradation of hUmp1 (9). Our most noteworthy
finding was the accumulation of immature 20S proteasome
precursors in NNS cells before incorporation of f5i and di-
merization, as indicated by the presence of the proforms of pli
and B2i, a6 and hUmpl, and the absence of B5i (Fig. 2D, fractions
10-14) (18). Computer modeling suggests that this assembly defect
could be due to the fact that p5i, p4, and B6 line up next to each
other and that the interaction between mutant p5i°%°Y and p4
may be disturbed (Fig. 2B). The reduction in peptidase activity was
unlikely due to differences in the ability of 20S to associate with 195
RP, because single-capped and double-capped 26S proteasomes
were detected in the glycerol fractions from an NNS patient and
control LCLs (Fig. 2C). The assembly defect caused a reduction in
the number of 20S and 26S proteasomes in NNS cells (Fig. 2D),
which accounts for the observed decrease in activity of all three
peptidases. Another intriguing observation was that a portion
of the pSi®**Y subunit incorporated into the mature proteasome
appeared as a slower migrating band, suggesting the presence of
an insufficiently cleaved form of p5i%***Y (Fig. 2D) (16). This may
have contributed to the markedly reduced chymotrypsin-like ac-
tivity seen in NNS cells compared with the other two peptidase
activities.

Decreased Proteolytic Activity and Accumulation of Ubiquitinated
and Oxidized Proteins. To examine proteolytic activity in vitro, the
ornithine decarboxylase (ODC) degradation assay was performed
(19). Proteolytic activity was significantly decreased in mutant
proteasomes (Fig. 34). As a consequence of the altered protea-
some levels and incomplete cleavage of the subunits, proteolytic
activity decreased and ubiquitinated proteins accumulated in
LCLs (Fig. 3B) and fibroblasts from NNS patients (Fig. 3C). In
particular, there was an obvious accumulation of K48 poly-
ubiquitinated proteins in fibroblasts (Fig. 3C).

Because the immunoproteasome is important for degrading
oxidized proteins and defective ribosomal products (20), we ex-
amined whether such proteins accumulated in NNS cells. We
found that the level of oxidized proteins increased in cultured
NNS fibroblasts and after stimulation with IFN-y (Fig. 3D).
Taken together, these results show that the G201V substitution
within B5i severely impairs assembly of the immunoproteasome,
leading to decreased proteasome levels and activity in p5i-
expressing cells.

We then examined whether the defect in proteasome activity
was apparent in situ in NNS patients. We stained skin biopsy
sections obtained from an NNS patient and used sections from
a monocytic fasciitis patient as a control. CD68 is a marker for
monocyte/macrophages, a cell type known to predominantly ex-
press the immunoproteasome rather than the standard proteasome
(21). Inflammatory responses characterized by the infiltration of
numerous CD68™ cells into the skin were observed in both NNS
and fasciitis samples. However, the CD68* cells in the NNS sec-
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Fig. 3. Decrease of proteolytic activity and accumulation of poly-
ubiquitinated and oxidized proteins in NNS cells. {A) In vitro proteolytic ac-
tivity of the mutant proteasome. Degradation of recombinant *S-labeled
ODC was expressed as % total ODC as described previously (11). Error bars
indicated the SD of the mean (n = 3). *P < 0.05, **P < 0.01. (B and C) Accu-
mulation of ubiquitinated proteins in LCLs (B) and fibroblasts (C). Western
blot analysis of ubiquitinated proteins using an antiubiquitin antibody (Lef%),
an anti-K48 polyubiquitinated protein antibody (Middle), and an anti-K63
polyubiquitinated protein antibody (Right). Tubulin was used as a loading
control (Lower). NHDF, adult normal human dermal fibroblasts. (D) Levels of
oxidized proteins determined by Oxyblot. NHDF and NNS fibroblasts were
stimulated with or without 100 units of IFN-y for 24 h. Tubulin was used as
a loading control. (F) Immunofluorescence staining of CD68 and ubiquiti-
nated proteins. Staining for CD68 (green) and ubiquitinated proteins (red) in
skin sections from an NNS patient and a fasciitis patient. NNS ubiquitin signals
showed a 4.7-fold increase with ImageJ (http://rsb.info.nih.gov/ij/) compared
with fasciitis signals. (Scale bar, 10 pm.)

tions were strongly positive for ubiquitin, whereas ubiquitin was
only faintly detectable in the fasciitis sections (Fig. 3E).

Increased IL-6 and IP-10 Levels in NNS Patient Sera and Signal
Transduction in NNS Fibroblasts. We next screened NNS patient
sera for inflammatory cytokines using a multiplex bead-based
ELISA on a suspension array. The results showed a significant
increase in the levels of interleukin (IL)-6, IFN-y-inducible
protein (IP)-10, granulocyte colony stimulating factor, and
monocyte chemoattractant protein-1 (Fig. S34). IL-6 was of
particular interest because it is a pleiotropic cytokine with a wide
range of biological activities, and it plays a key role of immune
regulation, hematopoiesis, oncogenesis, and inflammation (22—
24). Increased IL-6 levels in NNS sera were confirmed using
a standard ELISA (Fig. 44). IL-6 production was significantly
higher in NNS patient fibroblasts than in healthy control fibro-
blasts both in the presence and absence of TNF-u (Fig. 4B). The
serum concentration of IP-10 was also higher than that in healthy
controls (Fig. S3 A and B). We measured the level of IP-10 in
conditional media from cultured fibroblasts using an ELISA, but
found no significant difference under the conventional culture
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Fig. 4. Analyses of the level of IL-6 in NNS and the signal transduction
system related to cytokine production. (A4) IL-6 concentrations in sera from
healthy controls, patients with NNS, and patients with rheumatoid arthritis.
IL-6 levels in sera were determined by ELISA. (B) IL-6 production by cultured
fibroblasts. The concentrations of IL-6 in conditioned media were de-
termined by ELISA (in triplicate). (C) Western blot analysis for NF«xB and
MAPK. Whole cell extracts and nuclear extracts were immunoblotted
using antibodies against ixBa, p-lkBa, p65, p-ERK, p-INK, and p-p38. (D)
Western blot analysis of p-p38 in peripheral blood lymphocytes. Nuclear
extracts from the peripheral blood lymphocytes of a healthy control, a het-
erozygous family member, and a NNS patient were blotted and visualized
with anti-p-p38. Error bars indicate SD of the mean. *P < 0.05, **P < 0.01,
***P < 0.001 [Mann-Whitney u test (A) and two-tailed Welch’s t test (B)].
Signal intensities were quantified using Imagel and expressed as fold
changes relative to a healthy control normalized to histone H3 (D).

condition, although NNS cells tended to overproduce IP-10 after
stimulation with 10 ng/mL TNF-a (Fig. S3C).

We next investigated the various signal transduction pathways
that could be responsible for IL-6 overproduction by NNS
fibroblasts. Nuclear factor (NF)-xB and AP-1 are the two major
transcription factors that induce proinflammatory cytokines, in-
cluding TL-6 (25, 26). We used an EMSA to detect activated NF-
«B in cells treated with TNF-o; however, no differences in the
amount of the p65/p50 heterodimer were observed in nuclear
extracts from NNS fibroblasts and healthy control fibroblasts
(Fig. $4 A and B). Consistent with this result, IxBa degradation
and nuclear translocation of NF-kB were not enhanced in NNS
fibroblasts (Fig. 4C). Although activation of NF-xB is largely
dependent on the ubiquitin—proteasome system, these results
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suggest that decreased proteasome activity does not have much
influence on the regulation of NF-xB signaling in NNS cells.

We next measured the molecules that activate AP-1, including
JNK1/2/3, ERK1/2, and p38, by Western blot analysis (27, 28).
The amount of phosphorylated p38 (p-p38) in the nuclear
extracts from NNS fibroblasts was increased (Fig. 4C), irre-
spective of TNF-a stimulation; however, there was no obvious
difference in the levels of JNK1/2/3 and ERK1/2 (Fig. 4C). We
also observed increased levels of p-p38 in the nuclear extracts
from NNS peripheral blood lymphocytes (Fig. 4D). The build-up
of oxidized proteins and/or reactive oxygen species (ROS) within
NNS fibroblasts may be one of the mechanisms responsible for
the accumulation of p-p38 (29, 30).

Discussion

We have identified a point mutation in the gene encoding the
immunoproteasome subunit p5i as the cause of NNS. This mu-
tation interferes with the assembly of the 20S proteasome in cells
expressing immunoproteasomes. The mutation is described as
¢.602G > T, and results in a Gly201 to Val (G201V) (NM_148919)
substitution in the immunoproteasome P5i subunit. Although
a heterozygous carrier showed reduced proteasome peptidase
activity, carriers had no clinical symptoms. Thus, the NNS phe-
notype may be due to a reduction in total proteasome enzymatic
activity below the threshold necessary for maintaining cellular
homeostasis in homozygous individuals.

The PSMB8 mutation, ¢.224C > T (Thr75Met), occurs in
patients with JMP syndrome (13). Mutant p5i in JMP patients
results in a clear reduction in chymotrypsin-like activity only, with
no disruption of other peptidase activities. However, the G201V
mutation we identified in NNS patients causes losses of all pep-
tidase activity owing to assembly defects and reduced proteasome
levels. The T75M mutation is probably rapidly incorporated to the
proteasome complex during biogenesis and is specific for chy-
motrypsin-like activity. The differences between the JMP syn-
drome and NNS phenotypes, including cytokine production by
various cells during inflammatory or noninflammatory states,
need to be clarified because these differences could result from
a reduction in chymotrypsin-like activity in JMP syndrome or
from reductions in chymotrypsin-, trypsin-, and caspase-like ac-
tivity in NNS. One of the main differences between NNS and TMP
syndrome is the level of IFN-y. IFN-y levels are increased in JMP
patients, but are within the normal range in NNS patients (Fig.
S3A). The basis for this difference is unclear. It is possible that
IFN-y levels may not increase when all three peptidase activities
are inhibited.

We also found increased IP-10 levels in patient sera using
ELISA on suspension arrays. There were no significant differ-
ences in IP-10 levels between nonstimulated NNS fibroblasts and
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control cells, although NNS fibroblasts tended to overproduce IP-
10 after stimulation with TNF-o (Fig. S3 B and C). This may
reflect the proinflammatory state in NNS cells, or an increased
sensitivity to cytokines (31). Because IP-10 is categorized as an
inflammatory chemokine produced by various types of cells, it
may play an important role in leukocyte homing to inflamed tis-
sues and in perpetuating inflammation in various autoimmune
diseases such as rheumatoid arthritis, systemic lupus eryth-
ematosus, systemic sclerosis, and multiple sclerosis (32). Thus, IP-
10 may enhance inflammation in NNS patients and be associated
with the autoantibody production that is occasionally observed.

A single base deletion in the 5'-UTR of hUmp1 causes keratosis
linearis with ichthyosis congenita and sclerosing keratoderma
(KLICK) syndrome, which is characterized by palmoplantar kera-
toderma (33) related to proteasome activity. This mutation results in
changes in hUmpl levels and alterations in the epidermal distribu-
tion of hUmpl and proteasomal subunits. It is unclear how the
proteasome functions in KLICK syndrome, although it is clear that
disturbances in proteasome function cause clinical phenotypes
in humans.

Studies in animal models indicate that cells deficient in various
immunoproteasome subunits show poor CD8 responses when
challenged with epitopes (34, 35) and may display alterations in
the T-cell receptor (TCR) repertoire (36). In particular, p5i-de-
ficient mice show increased susceptibility to pathogens, most
likely due to the reduced efficiency of antigen presentation by p5i-
deficient cells (12). Actually, in NNS patients, unresponsiveness
to an intradermally applied purified protein derivative of Myco-
bacterium tuberculosis has been reported; however, there are no
documented changes in susceptibility to pathogens, and no ab-
normalities in the number of any particular T-cell subset have
been observed, apart from reduced NK activity (4). Conversely,
there are no reports that pSi-deficient mice show the type of
systemic inflammation observed in NNS patients.

In general, gene-deficient mice are very useful tools for ana-
lyzing the functions of target genes; however, the p5i°'Y muta-
tion shows a type of “enzymatic dominant-negative interference,”
which abrogates not only chymotrypsin-like activity (due to the
mutation) but also the activity of the entire proteasome (due to
defective assembly). Thus, it is not surprising that the phenotype
seen in NNS is different from that seen in Psmb8 knockout mice
(12, 20) or after treatment with PR-957 inhibitors (37). Thus,
analysis of patients with NNS and JMP syndrome and mice
knocked in with these mutations would provide new insights into
the function of the immunoproteasome in vivo.

Finally, we observed increased levels of p-p38 in nuclear
extracts from NNS peripheral blood lymphocytes (Fig. 4D), al-
though it remains unknown precisely how attenuation of protea-
some activity causes accumulation of p-p38 in the nucleus. The

Fig. 5. Schematic model showing induction of in-
flammation in NNS patients with the PSMB8 mutation.
Our data are based on the scheme proposed by Bulua
et al. (40). (4) In a normal cell, ubiquitinated or oxidized
proteins generated by various stressors, including cyto-
kines, are cleared by proteasomes. (8) The ubiquitinated
and oxidized proteins accumulate in a cell with the PSMB8
mutation (NNS cell). ROS and/or oxidized proteins may
cause phosphorylation of p-38 to predominate over the
nonphosphorylated form by inhibiting MAPK phospha-
tase or by activating MAPK.
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accumulation of oxidized proteins and/or ROS in NNS fibroblasts
may be one of the mechanisms responsible for the accumulation
of p-p38 (29, 30, 38, 39). Increased p-p38 levels are in agreement
with the proposed mechanism for TNFR1-associated periodic
syndrome (TRAPS), which is another autoinflammatory syn-
drome (40).

To date, proteasome inhibitors have been used clinically to
treat multiple myeloma and mantle cell lymphoma and are also
effective for experimental autoimmune and inflammatory phe-
notypes, such as arthritis (37) and systemic lupus erythematosus
(41). Generally, it is said that proteasome inhibitors induce apo-
ptosis and inhibit immune responses. However, our results in-
dicate that inhibiting the immunoproteasome can induce inflam-
matory reactions under some circumstances. In this context, the
PSMBS8 mutation in NNS can be mimicked by histiocytoid Sweet
syndrome (42) and cutaneous vasculitis (43) induced by borte-
zomib, a nonspecific proteasome inhibitor.

Taken together, the data in the present study suggest that
reduction in proteasome activity affects signal transduction and
promotes inflammation (Fig. 5). In NNS patients with the
PSMBS8 mutation, inflammation causes ubiquitinated proteins to
accumulate (compounding the effects on joints, skin, and muscle).
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These intracellular aggregates may then trigger innate immune
responses and increased ROS production (increasing the levels
of oxidized proteins), which then, through the activity of p-p38,
activate the AP1 transcription factor causing an increase in the
secretion of various cytokines such as IL-6.

Materials and Methods

Homozygosity Mapping. The genome-wide ROH overlap pattern was detected
using in-house Ruby script (available on request) (44).

Glycerol Density Gradient Separation. Proteins from cell extracts (600 ig) were
separated into 32 fractions by centrifugation (22 h at 100,000 x g) in 8 -32 %
(volivol) linear glycerol gradients.

Additional materials and methods are available in S/ Materials and Methods.
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Abstract

development phases after trial and error.

workflows.

Background: In bioinformatics projects, scientific workflow systems are widely used to manage computational
procedures. Full-featured workflow systems have been proposed to fulfil the demand for workflow management.
However, such systems tend to be over-weighted for actual bioinformatics practices. We realize that quick
deployment of cutting-edge software implementing advanced algorithms and data formats, and continuous
adaptation to changes in computational resources and the environment are often prioritized in scientific workflow
management. These features have a greater affinity with the agile software development method through iterative

Here, we show the application of a scientific workflow system Pwrake to bioinformatics workflows. Pwrake is a
parallel workflow extension of Ruby's standard build tool Rake, the flexibility of which has been demonstrated in
the astronomy domain. Therefore, we hypothesize that Pwrake also has advantages in actual bioinformatics

Findings: We implemented the Pwrake workflows to process next generation sequencing data using the Genomic
Analysis Toolkit (GATK) and Dindel. GATK and Dindel workflows are typical examples of sequential and parallel
workflows, respectively. We found that in practice, actual scientific workflow development iterates over two phases,
the workflow definition phase and the parameter adjustment phase. We introduced separate workflow definitions
to help focus on each of the two developmental phases, as well as helper methods to simplify the descriptions.

This approach increased iterative development efficiency. Moreover, we implemented combined workflows to
demonstrate modularity of the GATK and Dindel workflows.

Conclusions: Pwrake enables agile management of scientific workflows in the bioinformatics domain. The internal
domain specific language design built on Ruby gives the flexibility of rakefiles for writing scientific workflows.
Furthermore, readability and maintainability of rakefiles may facilitate sharing workflows among the scientific
community. Workflows for GATK and Dindel are available at http://github.com/misshie/Workflows.

Background

The concept of workflows has traditionally been used in
the areas of process modelling and coordination in indus-
tries [1]. Now the concept is being applied to the compu-
tational process including the scientific domain. Zhao
et al. found that general scientific workflow systems are
employed in and applied to four aspects of scientific
computations: 1) describing complex scientific proce-
dures, 2) automating data derivation processes, 3) high-
performance computing (HPC) to improve throughput
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and performance, and 4) provenance management
and query [2]. Although naive methods such as shell
scripts or batch files can be used to describe scientific
workflows, the necessity of workflow systems arises to
satisfy the four aspects mentioned above. Therefore, full-
featured scientific workflow systems including Biopipe
(3], Pegasus [4], Ptolemy II [5], Taverna [6], Pegasys [7],
Kepler [8], Triana [9], Biowep [10], Swift [11], BioWMS
[12], Cyrille2 [13], KNIME [14], Ergatis [15], and Galaxy
[16] have been applied in the bioinformatics domain.
Their features, however, have some disadvantages for
actual practices in bioinformatics. It is not always easy to
describe actual complex workflows using graphical work-
flow composition, and some workflow language formats,
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such as XML, are not very readable for humans. More-
over, these workflow systems often require wrapper tools,
which are called “shims”, to handle third-party unsup-
ported existing code or data sources [17,18]. This some-
times obstructs quick deployment of newer tools. In
actual bioinformatics projects, we realized that scientific
workflow systems often require quick deployment of cut-
ting-edge software to implement new algorithms and
data formats, frequent workflow optimization after trial
and error and in following changes in computational
resources and the environment. The agile software devel-
opment method considers similar problems in software
development projects. Kane et al. summarized this by
stating that “Agile is an iterative approach to software
development on strong collaboration and automation to
keep pace with dynamic environment”, and “Agile meth-
ods are well suited to the exploratory and iterative nature
of scientific inquiry” [19]. Therefore, scientific workflow
systems require both rigidity in workflow management
and agility in workflow development.

One of the traditional solutions for balancing the two
aspects of a workflow system is the make command, a
standard build tool in the Unix system. The make com-
mand interprets a Makefile, which defines dependen-
cies between files in a declarative programming manner,
and then generates the final target by resolving depen-
dencies, by only executing out-of-date steps. This
approach has been extended to cluster environments
such as GXP make [20]. However, the make-based
approach has limitations in describing scientific work-
flows because it is intended for building software. For
example, it is difficult to describe the “multiple instances
with a priori runtime knowledge” pattern, which is one
of the workflow patterns defined by Van der Aalst et al.
[1], in makefiles without external tools. In this pattern,
the number of instances is unknown before the work-
flow is started, but becomes known at some stage dur-
ing runtime. In other words, this situation requires
dynamic workflow definition at runtime. This pattern
appears frequently in scientific workflows as well as
embarrassingly parallel problems. Introduction of inter-
nal domain specific languages (DSLs) to workflow
description is an approach to overcome this limitation.
Internal DSLs are implemented as libraries of the host
languages. Thus, an internal DSL retains the descriptive-
ness of the host language.

Introduction of the internal DSL into make-like work-
flow systems has been shown in object-oriented scripting
languages including Python [21] and Ruby [22]. An
implementation in Python is Ruffus [23], which is a
scientific workflow system supporting execution limited
to out-of-date stages, dynamic workflow definition, flow-
chart generation, and parallelism. PaPy [24], another
workflow system in Python, was implemented with a
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modular design and offers parallel and distributed work-
flow management. On the other hand, the Ruby pro-
gramming language also has a greater affinity to the
internal DSL approach because of its flexible syntax,
including omissible parentheses and a code-block gram-
mar [25]. Rake [26] is a ‘Ruby Make’, which is a build
tool with workflow definition implemented as an internal
DSL in Ruby and a standard library of Ruby version 1.9
or later. Rake supports execution of workflows limited to
out-of-date stages and dynamic workflow definition dur-
ing workflow execution. The following is a simple exam-
ple of a workflow definition file, a Rakefile:
1l: CC = “gcc”

2: rule ‘.o’ => ‘.c’ do |t]

3: sh “#{cC} -c #{t.source}”

4: end

5: file “sample” = > ["sample.o"] do |t]

6: sh “#{cc} -o #{t.name} #{t.
prerequisites}”

7: end

8: task :default = > “sample”

This example defines a workflow to generate an
executable sample from sample.c via sample.o. If
sample.c is out-of-date, i.e., older than sample.o,
Rake skips compiling sample.c and just links sam-
ple.o to generate sample. Note that the grammar of
the rakefile is fully compatible with that of Ruby.

Recently Tanaka and Tatebe developed Pwrake [27], a
parallel workflow extension of Rake. Pwrake has been
demonstrated to be a flexible scientific workflow system in
the astronomy domain [28]. It interprets rakefiles that are
fully compatible with Rake. Pwrake supports parallelism
by automatically detecting parallelizable tasks and execut-
ing them via SSH connections. Pwrake generates a flow-
chart as a directed acyclic graph in the DOT language,
which is then visualized by software such as Graphviz [29].
Although we focus on workflow management using a local
multiprocessor and multicore environment, Pwrake can be
used with computer clusters together with the support of a
distributed filesystem such as NFS. Pwrake is especially
designed for scalable parallel I/O performance using the
Gfarm global distributed filesystem [28,30].

In this paper, we show agile workflow management
using Pwrake in the bioinformatics domain.

Implementation

Rakefiles

In actual bioinformatics workflow development, we
found that the scientific workflow development iterates
over two phases, the workflow definition phase and the
parameter adjustment phase. The former focuses on the
functional combination and order of tasks, while the lat-
ter focuses on the optimization of command-line para-
meters for invoking tools. We therefore, designed
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separate rakefiles corresponding to these two phases.
Task dependencies are defined in Rakefile, while
command-line programs and parameters are defined in
Rakefile.invoke. To simplify the description, we
also implemented a file to define helper methods,
Rakefile.helper (Figure 1).

Rakefile is the main and default task definition file.
It loads two other rakefiles, sets target filenames in con-
stants, and declares task dependencies. Other rakefiles
are loaded by the Kernel#load method to enable
reloading to reflect changes immediately.

Rakefile.invoke defines a class with a unique
name in the RakefileInvoke module. In the class, paths
to commands and common files, as well as adjustable
parameters are set to constants. It also defines methods
to invoke command-lines using FileUtilsi#sh meth-
ods. These methods are defined as singleton methods
(eigenmethods) of the class. This is an internal DSL
technique in Ruby to enable invocation in rakefiles as in
“RakefileInvoke: :Gatk::command t, opts
where t is an instance of the Rake: : Task class and
opts is a hash object containing the optional informa-
tion to invoke commands. Rakefile.helper defines
helper methods to simplify the rakefile descriptions. For

Rakefile Rakefile.invoke

T
[ task | Ralﬁ%ISThask\*l command-line |

A\ /'_\
task

[%%

l] task ]

4 command-line |

T

4 command-line |

* command-line |
- J
Rakefile.helper

|[helper method]

Figure 1 Structure of distinct rakefiles. A Rakefile file consists
of task dependency descriptions. Tasks may be executed in parallel,
if possible automatically. The rakefile. invoke file defines a
class of the RakefileInvoke module. This class defines class
methods to invoke command-lines and constants of command
paths and parameters. Tasks in the rakefile call methods with an
instance of the Rake: : Task class and a hash containing
additional parameters for invoking the command-line. The
Rakefile.helper file defines helper methods to simplify

descriptions in the Rakefile and Rakefile. invoke files.
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example, the suffix method in the top level allows
the replacement of the filename suffix using expressions
with arrows. Additionally, Pwrake requires a nodefile to
specify hostnames and maximum numbers of processes
to be submitted via SSH connections. A nodefile declar-
ing a local machine that can execute 16 processes simul-
taneously is set as “localhost 16“.

Command-lines to start the workflow using Rake and
Pwrake are “rake“ and “pwrake NODEFILE = node-
file“ respectively. By default, Rake and Pwrake load
the file called “Rakefile” in the current directory.
Rakefiles are usually placed in the topmost directory in
a project file tree. To simplify provenance management,
we recommend that each project file tree has its own
copy of the rakefile.

Example workflows

To demonstrate the workflows described in Pwrake rake-
files, we implemented two kinds of workflows for the
Genome Analysis Toolkit (GATK) [31,32] and Dindel
[33] using rakefiles. Both GATK and Dindel have been
used in whole genome sequencing projects including the
1000 genomes project [34]. We selected GATK and
Dindel as typical examples for sequential and parallel
workflows, respectively. Furthermore, we implemented a
combined workflow loading externally defined GATK
and Dindel workflows to show the modularity thereof.

The GATK workflow

GATK is a program suite written mainly in Java to pro-
cess mapped reads obtained from massively parallel
sequencing data to detect genetic variants including sin-
gle nucleotide variants (SNVs). The GATK development
team offers several recommended workflows depending
on the samples and analyses. We implemented their ‘bet-
ter’ workflow (Figure 2A). In Rakefile, the Rake-
file: :Gatk class defines constants indicating the
target files in each step of the workflow. These constants
are used to define the :default task to obtain the final
product of the workflow. In Rakefile. invoke, the
RakefileInvoke: :Gatk class defines constants indi-
cating the file paths to executables and downloaded pub-
lic data files, such as the reference genome sequence and
dbSNP data. These help the workflow configuration in
other environments and improve readability. The class
also defines methods to execute command-lines for each
step in the workflow.

The Dindel workflow

Dindel is a suite of tools for detecting small genetic
insertions and deletions (indel) from massively parallel
sequencing data. The overview of the rakefile structure
for GATK and Dindel is the same; however, a Dindel
workflow is a good example of a parallel workflow using
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l all__indels.bedl | all_indels.vcf |

all_snvs.raw.vcf

realign_windows.N.txt files.

Figure 2 Directed acyclic graphs of GATK and Dindel workflows. Directed acyclic graphs to describe GATK (A) and Dindel (8) workflows are
generated by Pwrake, manually adjusted, and visualized using Graphviz. (A) depicts a workflow from a * .bam file to an all_snvs.
filtered.vef, while (B) depicts a workflow from a * .bam file to a *.dindel.vcf file. Tasks to process the *.dindel.

realign windows.N.txt files are dynamically generated during the embarrassingly parallel stage (stage 3) depending on *.dindel.
libraries.txt and *.libralies.txt. Prior to stage 3, an option “~numWindowsPexrFile 1000" is applied to makeWindows .py
to generate 11 files containing windows. File * . didndel_reagion_ window is a dummy file representing all the *.dindel.

*.dindel.variants.txt

‘ ".dindel,uutput_reglans.s.gmxtl

+ dindel.realign_windows.8. | ‘AdindelAoutpu(_regions,a.glf.ml

l ".dindel,output_regionsAO.QII.MI

*.dindel.realign_windows.8.

l '.dindel.cumut_regions].glf.ml

“dindehrealign_windowsjoAtx{

*.dindel.realign_windows.7.
o | "dinchoumut_rsgionsA1Aglf.txti

I ‘.dindel.realign_windowsﬂ1.04

the dynamic task definition (Figure 2B). Such a work-
flow generates many intermediate files. In the authors’
experience, one human exome generates more than 300
“window” files, where each window file can contain a
maximum of 1000 windows. These intermediate window
files are named systematically; however, the number of
window files is unknown prior to the workflow execu-
tion. A rakefile can describe this situation using a
dynamic task definition. Furthermore, Pwrake can auto-
matically detect tasks that can be executed in parallel.
The following is an example of dynamic task definition
codes based on the stage 3 definition of the Dindel
workflow in Rakefile and Rakefile.invoke.

1: # Rakefile

2: task :stage3 = > :stage2 do

3: Rakefile::Dindel::BAM.each do |bamn|

4: prefix =

5: bam.sub (/\ .bam$/,
realign windows”)

6: FileList ["#{prefix}.*.txt"].each
do |£]

“.dindel.

7: target = £.sub (/\.realign win-
dows\./,
9: " _output regions.”).

6: sub (/\.txts$/, “.glf.txt”)
7: prerequisites =
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8: [£,

9: f.sub(/\.dindel\.realign windows
\..*/, “.bam”),

10: f.sub(/\.dindel\.realign windows
\..*/,

11: “.dindel.libraries.txt”),]

12: file target = > prerequisites do
lt]

13: RakefileInvoke::Dindel.din-
del stage3 t

14: end

15: file :stage3 invoke = > target

16: end

17: end

18: (task :stage3 invoke) .invoke

18: end

1: # Rakefile. invoke
2: def dindel stage3(t)
3: sh [DINDEL,

4: "-analysis indelsg”,

5: "—doDiploid”,

6: "-bamFile #{t.prerequisites[1]}",

7: "-ref #{REFERENCE}",

8: "-varFile #{t.prerequisites[0]}”,

9: "-libFile #{t.prerequisites[2]}”,

10: "-outputFile #{t.name.sub(/\.glf
\.txt$/, “) )},

11: "1 > #{t.name.sub (/\.glf\.txts$/,
wn)}.log 2 > &1,

12: 1.join(" ™)

13: end

In this sample rakefile, the : stage3 task expects that
the previous task :stage2 generates files that are
named *.dindel.realign windows.N.txt,
where N is the serial number of the intermediate file.
The maximum value of N is unknown prior to execu-
tion of the : stage2 task. The dependency of the fol-
lowing stages can be defined using the task name :
stage3.

Pwrake automatically detects that : stage3 consists
of independent £ile tasks and executes them as an
embarrassingly parallel stage. In the : stage2 definition
in Rakefile. invoke, the granularity of parallelism
can be defined by the “~numWindowsPerFile“ option
of makeWindows . py. For the exome dataset aligned to
chromosome 21, we used 1000 and 1 for this option
and obtained 11 and 3381 intermediate realign -
windows files, respectively.

Combination of rakefiles

Existing rakefiles can be combined by being loaded into
another rakefile. Constants and methods defined in
rakefile.invoke files have independent name-
spaces. Moreover, a task with the same identifier, such
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as the :default task, can be defined multiple times
and thus can be appended. Pwrake and Rake do not
overwrite, but append the files. For example, a rakefile
to define GATK and Dindel workflows simultaneously
simply contains the following:

1: load “../GATK/Rakefile”

2: load “../Dindel/Rakefile”

Results

Performance

To evaluate the performance of the GATK and Dindel
workflows, we analysed publicly available short read
sequence data using a Linux system that can execute 16
concurrent threads (2 processors x 4 cores with hyper-
threading). Whole genome sequencing data [35] obtained
from a HapMap [36] JPT sample NA18943 was used as
the test dataset. The dataset was mapped to the GRCh37
referential genome sequence using the Burrows-Wheeler
Alignment tool (BWA) [37] to generate a SAM file [38].
The SAM file was converted to a BAM file using Picard
[39]. Reads mapped on chromosome 21 were used as
initial data for both the GATK and Dindel workflows. We
executed both Rake and Pwrake with the same rakefiles to
compare the performance with parallelism. The wall-clock
times for the GATK workflows executed by Rake and
Pwrake were almost identical (approximately 12.0 min).
We assume that this is due to the high sequentiality of the
workflow. For the Dindel workflow, we assessed different
parallelism granularities. When the task was divided into
11 processes in stage 3, the Dindel workflow executed by
Pwrake was 2.6 times faster (approximately 6.0 min) than
that by Rake (approximately 15.5 min). When the task was
divided into 3381 processes in stage 3, the Pwrake execu-
tion was 4.6 times faster (approximately 4.0 min) than the
Rake execution (approximately 18.3 min). While the ideal
parallel acceleration efficiency was 16 times for our com-
puter environment, the actual efficiency differed. These
results can be explained by the fact that the required
CPU-time to finish each process was uneven, and a few
heavy processes were bottlenecks in the workflow execu-
tion. This is a limitation of process-based parallelism
because of the relatively coarse parallelization granularity.

Agility in workflow development
A characteristic of agile software development is the
iterative development process. We introduced an agile
scientific workflow development that employed the itera-
tion of two developmental phases, i.e., the workflow defi-
nition phase and the parameter adjustment phase. In
each phase, our implementation of distinct rakefiles
enabled the separate files to be modified. This separation
increased efficiency in the iterative development.

Here, we show an example of the iterative develop-
ment in our GATK workflow. In the workflow definition



