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Figure 5. Correlation between the
¢.1582G>A (p.Glu528Lys) Mutation and
Clinical Features

The clinical characteristics of NEM are
shown for the two groups of affected
individuals (32 total), either with the
¢.1582G>A (p.Glu528Lys) mutation (as
group A) or without it (as group G). The
numbers of total affected individuals
with clinical records regarding either the
presence or the absence of each character-
istic are indicated below the bars, and the
numbers of affected individuals in each
group are indicated above the respective
bars. Labels on the x axis are as follows:
prenatal symptoms, individuals demon-

= group G
s group A

Prenatal symptom Ventilator required  Autificial feeding  Ophithalmop
29) 24 23)

Clinical symptoms

Muscle weak
(29)

strating either fetal akinesia or hypokine-
sia, polyhydramnios, or fetal edema or
effusion; ventilator required, individuals
with respiratory failure requiring ventila-

Deceased
(€33}

tion; artificial feeding, dysphagia-affected persons requiring tube feeding or gastrostomy; ophthalmoparesis, individuals with ophthal-
mopatesis along with facial weakness; muscle weakness, individuals with the most severe form of muscle weakness and demonstrating
no antigravitory movement; and deceased, individuals who were deceased at the time of study. Asterisks indicate that statistical signif-

icance was observed.

odds ratio = 8.125; 95% confidence interval = 1.62-40.75)
(Figure 5). We further compared the clinical features of
individuals of different ethnicities (either European or
Asian descent) according to the c.1582G>A genotype,
and similar tendencies were demonstrated (data not
shown). There was, however, great variation in severity
for individuals with or without the c.1582G>A genotype.

Discussion

We have described the identification of recessive KLHL40
mutations in individuals with severe NEM from 28 unre-
lated families of various ethnicities. The ¢.1582G>A muta-
tion was the most frequently detected mutation and was
found in Japanese, Kurdish, and Turkish persons. However,
comparison of haplotypes between a Japanese family and a
Turkish family suggested that the mutation arose indepen-
dently in these ethnic groups. We have shown several lines
of evidence of the pathogenicity of the KLHL40 mutations.
The missense mutations occurred mostly in conserved
functional domains within KLHL40, and they were pre-
dicted to destabilize the intramolecular interactions and
thus impair protein stability. This was corroborated by
the absence of KLHL40 even in the skeletal muscle of indi-
viduals harboring two missense mutations. We have estab-
lished a locus-specific database for KLHL40 mutations at
the Leiden Muscular Dystrophy Pages.

Expression of KLHL40 in fetal and adult skeletal muscle
indicates that KLHL40 plays a role in both myogenesis and
mature muscle. KLHL40 appears to be more abundant in
fetal skeletal muscle than in postnatal skeletal muscle
and most likely accounts for the prevalence of in utero pre-
sentations in this NEM cohort. Perhaps KLHL40 is more
important for myogenesis than for muscle maintenance;
this could account for the fact that the disease ranges so

much in severity, from some individuals’ dying within
hours of being born to others’ surviving into adolescence.
Our zebrafish studies have demonstrated that Klhl40a and
KIhl40b are not required for the specification of muscle
cells but rather for muscle patterning and function and
that loss of either isoform in the early embryo is sufficient
to impair normal mobility, supporting the involvement of
KLHL40 in NEM-associated fetal akinesia. It has previously
been suggested that KLHL4O0 is also important for muscle
maintenance through the process of degeneration and
regeneration.??° KIhl40 is upregulated in myogenic pre-
cursors after cardiotoxin injury of mouse skeletal muscle,
supporting a role for KInl40 in the response to muscle
damage.? Studies of cattle muscle have shown increased
Klhl40 expression in another catabolic process, undernu-
trition, further suggesting a role for KLHL40 in the stress
response.>’

KLHL40 belongs to the superfamily of kelch-repeat-
containing proteins that form characteristic p-propeller
structures,®® which bind substrate proteins and are
involved in a wide variety of functions. In humans, 71
kelch-repeat-containing proteins have been identified.3!
The majority contain an N-terminal BTB domain (also
known as the POZ [poxvirus and zinc finger] domain)
and a BACK motif. Proteins containing both a BTB domain
and a kelch repeat have previously been implicated in
neuromuscular disease. A dominant KLHLY9 mutation
causes an early-onset distal myopathy (distal myopathy 1
[MIM 160500]),%2 and dominant KBTBDI3 mutations
cause nemaline myopathy with cores (MIM 609273).°
We now show that KLHL40, encoding KLHL40, which con-
tains both a BTB domain and a kelch repeat, is associated
with autosomal-recessive neuromuscular disease. BTB
domains function as substrate-specific adaptors for cullin
3 (Cul3),*** a component of the E3-ubiquitin-ligase com-
plex. Both KLHL9 and KBTBD13 bind Cul3.1%3* MuRF1,
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an E3-ubiquitin ligase, is known to be recruited to M-line
titin and is thought to modulate myofibrillar turnover
and the trophic state of muscle.>® KLHL40 appears to be
present at the A-band and might be similarly involved
through the ubiquitin-proteasome pathway.

We have characterized the severe and distinctive features
of this disease as fetal akinesia or hypokinesia during the
prenatal period, respiratory failure and swallowing . diffi-
culty at birth, contractures and fractures along with
dysmorphic features, and in most cases, early death. We
have also shown that persons with the recurrent
c.1582G>A mutation tend to have relatively milder
symptoms compared to those of individuals without
¢.1582G>A. However, the severity of the disease in persons
with or without the c.1582G>A genotype varied greatly
(for example, from death at 20 days to still being alive at
11 years for persons homozygous for the c.1582G>A geno-
type), suggesting modifying factors.

Fetal akinesias are clinically and genetically heteroge-
neous, and the majority of cases still remain genetically
unsolved.®® Primary muscle diseases account for up to
50% of such syndromes.?” On the basis of our study,
KLHL40 mutations cause a significant proportion of severe
NEM cases of fetal akinesia sequence and the disease shows
worldwide prevalence. KLHL40 should be considered when
a clinician encounters an individual presenting with prena-
tal symptoms, such as fetal akinesia or hypokinesia, or
clinical features and/or pathology of severe NEM at birth
(especially miliary NEM, which was present in at least
20% of our KLHL40-mutation cases), along with an auto-
somal-recessive pattern of family history. Fractures are a
relatively frequent presentation within this cohort, unlike
other NEM cohorts, and should also be used for directing
genetic screening of KLHL40. We show that KLHL40 immu-
nohistochemistry, immunoblotting, or genetic screening
will identify the disease and thus allow genetic counseling
for the affected individual’s family.

In conclusion, this study associates loss-of-function
KLHL40 mutations with severe, often in utero, NEM.
Many probands who do not harbor KLHL40 mutations pre-
sent with NEM in utero, suggesting further genetic hetero-
geneity. Clarification of KLHL40 function and interactions
might lead to a greater understanding of the pathogenesis
of disease, the identification of other candidates for
this severe form of NEM, and the investigation of possible
therapies.

Supplemental Data

Supplemental Data include 11 figures, three tables, and two
movies and can be found with this article online at http://www.
cell.com/AJHG.
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Mutations in B3GALT6, which Encodes a Glycosaminoglycan
Linker Region Enzyme, Cause a Spectrum
of Skeletal and Connective Tissue Disorders

Masahiro Nakajima,2! Shuji Mizumoto,221 Noriko Miyake, 321 Ryo Kogawa,? Aritoshi Iida,!
Hironori Ito,4 Hiroshi Kitoh,5 Aya Hirayama,® Hiroshi Mitsubuchi,” Osamu Miyazaki,® Rika Kosaki,?
Reiko Horikawa,10 Angeline Lai, 11 Roberto Mendoza-Londono,!2 Lucie Dupuis,2 David Chitayat,!2
Andrew Howard,13 Gabriela F. Leal,’4 Denise Cavalcanti,!5 Yoshinori Tsurusaki,3 Hirotomo Saitsu,3
Shigehiko Watanabe,16 Ekkehart Lausch,l? Sheila Unger,18 Luisa Bonafé,1® Hirofumi Ohashi,6
Andrea Superti-Furga,'? Naomichi Matsumoto,3 Kazuyuki Sugahara,®> Gen Nishimura,20

and Shiro Tkegawal*

Proteoglycans (PGs) are a major component of the extracellular matrix in many tissues and function as structural and regulatory
molecules. PGs are composed of core proteins and glycosaminoglycan (GAG) side chains. The biosynthesis of GAGs starts with the linker
region that consists of four sugar residues and is followed by repeating disaccharide units. By exome sequencing, we found that B3GALT6
encoding an enzyme involved in the biosynthesis of the GAG linker region is responsible for a severe skeletal dysplasia, spondyloepi-
metaphyseal dysplasia with joint laxity type 1 (SEMD-JL1). B3GALT6 loss-of-function mutations were found in individuals with
SEMD-JL1 from seven families. In a subsequent candidate gene study based on the phenotypic similarity, we found that B3GALT®6 is
also responsible for a connective tissue disease, Ehlers-Danlos syndrome (progeroid form). Recessive loss-of-function mutations in
B3GALTE6 result in a spectrum of disorders affecting a broad range of skeletal and connective tissues characterized by lax skin, muscle
hypotonia, joint dislocation, and spinal deformity. The pleiotropic phenotypes of the disorders indicate that B3GALT6 plays a critical
role in a wide range of biological processes in various tissues, including skin, bone, cartilage, tendon, and ligament.

Skeletal dysplasias represent a vast collection of genetic dis-
orders of the skeleton, currently divided into 40 groups.’
Spondyloepimetaphyseal dysplasia (SEMD) is one group
(group 13) of skeletal dysplasia that contains more than
a dozen distinctive diseases. SEMD with joint laxity
(SEMD-JL) is a subgroup of SEMD that consists of type 1
(SEMD-JL1 [MIM 271640]) and type 2 (SEMD-JL2 [MIM
603546]). SEMD-JL1 or SEMD-JL Beighton type is an auto-
somal-recessive disorder that shows mild craniofacial dys-
morphism (prominent eye, blue sclera, long upper lip,
small mandible with cleft palate) and spatulate finger
with short nail.? The large joints of individuals with
SEMD-]JL1 are variably affected with hip dislocation, elbow
contracture secondary to radial head dislocation, and club-
feet. Joint laxity is particularly prominent in the hands.
Skeletal changes of SEMD-JL1 are characterized by moder-

ate platyspondyly with anterior projection of the vertebral
bodies, hypoplastic ilia, and mild metaphyseal flaring.?
Kyphoscoliosis progresses with age, leading to a short
trunk, whereas platyspondyly become less conspicuous
and the vertebral bodies appear squared in shape with
age. Recently, dominant kinesin family member 22
(KIF22 [MIM 603213]) mutations have been found in
SEMD-JL2;*° however, the genetic basis of SEMD-JL1 re-
mains unknown.

To identify the SEMD-JLl-causing mutation, we
performed whole-exome sequencing experiments. We
recruited seven individuals with SEMD-JL1 from five
unrelated Japanese families (F1-F5) and a Singapore/
Japanese family (F6) (Table 1). One family (F1) had a pair
of affected sibs (P1 and P2) from nonconsanguineous pat-
ents. Genomic DNA was extracted by standard procedures
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Table 1. dClinical and Radiographic Findings of the Individuals with B3GALT6 Mutations

Subject ID P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12

Family ID F1 F1 F2 F3 F4 FS F6 F7 F8 F9 F9 F10

Clinical diagnosis SEMD-JL1 SEMD-JL1 SEMD-JL1 SEMD-JL1  SEMD-jL1 SEMD-JL1 SEMD-JL1 SEMD-JL1  EDS-PF EDS-PF EDS-PF EDS-PF

General Information ’

Ethnicity Japanese Japanese Japanese Japanese Japanese Japanese Japanese/ Vietnamese Italian Italian/ Italian/ Brazilian

Singaporean Canadian Canadian

Gender M M F M F F M M M F F F

Age 34 years 31 years 12 years, 6 years § years, 12 years 2 years, 34 years 8 months 7 years 1 month S years,
7 months 1 month 9 months 1 month

Gestational age 39 weeks, full term 37 weeks 40 weeks, 39 weeks, full term 39 weeks full term ND 36 weeks 37 weeks 39 weeks

2 days 1 day 5 days

Birth length (cm) ND ND 36 ND 43.1 42 43 (average) ND 44 44 44

Birth weight (g) ND 2,200 2,124 2,832 2,535 2,222 2,485 3,500 ND 2,097 2,790 3,300

Clinical Features

Height (cm) (SD)? 127.7 (-7.4) 130(-7.0) 88.8(-10.7) 94(-4.0) 90(-4.0) 1184 (-5.1) 78.2(-4.0) 118 (-9.1) 66 (~1.6) 90 (~6.8) 45 (-3.7) 81 (~5.9)

Weight (kg) (SD)? 403 (-2.2) 369(-2.5) 13.2(-3.7) 154(-1.5) 144 (-13) 232(-2.00 10.6(-1.9) 28 (-3.3) 5.65(-3.00 139(-22) 2.65(-2.8) 85(-84)

Craniofacial

Flat face with prominent ND ND + + + + + - + + + +

forehead

Prominent eyes, proptosis ND ND - - + + - + + + +

Blue sclerae ND ND + - + - + -

Long upper lip ND ND - - + + + -

Micrognathia ND ND + + -+ - - - - -

Cleft palate ND ND - - - - - - - - - +

Musculoskeletal

Kyphoscoliosis® + (7 months) + (1.2 years) + (8 months) + (infancy) + (2years) + (3 months) + (8 months) + (1year) + (6 months) ++ (prenatal) ++ (prenatal) ++ (2 years)

Spatulate finger - ND + + + - - + + + -

Finger laxity ND ND + + - - + - ++ + + +

Large joint laxity ND ND + + - - - ++ ++ ++ +

Restricted elbow movement  + ND + + + - - + + s +

Hand contracture - - - - - + - - - + -

(Continued on next page)
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Table 1. Continued

Subject ID P1 P2 P3 P4 P5 Pé6 P7 P8 ) P9 P10 P11 P12
Hip dislocation - - - + - V + - - o + + +
Clubfeet - - + - — - 4 _ _ + + _
Muscular hypotonia - - + - - - - - 4+ ++ 4t 4t
Skin and Hair
Doughy skin ND ND + - - - + - ‘ 4+ + + +
Hyperextensibility ND ND + - - - + - 4 + + -
Cutis laxa ND ND - -~ - - - - + + . +
Sparse hair ND ND - - - - - - + + -
Others MR, DD camptodactyly DD pectus
excavatum
Radiological Features
Platyspondyly +€ +° +¢ + + + + + + + + +
Anterior beak of vertebral + + ~ (4 years) — (S years) + + - + +
body®
Short ilia + + + + + + + +
Prominent lesser trochanter  + + + - + + + + + + +
Metaphyseal flaring + + + + + + - + +
Epiphyseal dysplasia of - - - + - + - - - - + +
femoral head
Elbow malalignment ND ND + + + + + + + + + +
Advanced carpal ossification® - (9 years) ND — (12 years)  + ND — (7 years) - — (5 years)
Carpal fusion ND ND + - - - - - - - - -
Metacarpal shortening ND ND + + + + + + - - + -
Overtubulation - - - - - - - - + + + +

Abbreviations are as follows: SEMD-JL1, spondyloepimetaphyseal dysplasia with joint laxity type 1; EDS-PF, Ehlers-Danlos syndrome, progeroid form; ND, no data; MR, mitral regurgitation; DD, developmental delay.
At last presentation.

YAge at medical attention provided in parentheses.

“Absent at age 20 years in P1 and P2 and at age 12 years in P3.
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linker sequence covalently attached to
the core protein. The linker region
synthesis involves a single linear path-
way composed of four successive
steps catalyzed by distinctive enzymes.
Abbreviations are as follows: XYLT, B-xylo-
syltransferase; B4GALT7, xylosylprotein
B1,4-galactosyltransferase, polypeptide 7
(B1,4-galactosyltransferase-I); B3GALTS,
UDP-Gal, pGal pB1,3-galactosyltransferase
polypeptide 6 (B1,3-galactosyltransferase-
II); B3GAT3, B-1,3-glucuronyltransferase
3 (glucuronosyltransferase I); Ser-O, the
serine residue of the GAG attachment
site on the proteoglycan core protein;

Xyl, xylose; Gal, galactose; GlcUA, D-glucuronic acid; CS, chondroitin sulfate; DS, dermatan sulfate; HS, heparan sulfate; EDS,
Ehlers-Danlos syndrome; SEMD-JL1, spondyloepimetaphyseal dysplasia with joint laxity type 1.

from peripheral blood, saliva, or Epstein-Barr virus-immor-
talized lymphocyte of the individuals with SEMD-JL1 and/
or their parents after informed consent. The study was
approved by the ethical committee of RIKEN and partici-
pating institutions. We captured the exomes of the seven
subjects as previously described.®’ In brief, we sheared
genomic DNA (3 pg) by Covaris S2 system (Covaris) and
processed with a SureSelect All Exon V4 kit (Agilent Tech-
nologies). We sequenced DNAs captured by the kit with
HiSeq 2000 (Iltumina) with 101 base pair-end reads. We
performed the image analysis and base calling by HiSeq
Control Software/Real Time Analysis and CASAVA1.8.2
(lumina) and mapped the sequences to human genome
hg19 by Novoalign. We processed the aligned reads by Pic-
ard to remove PCR duplicate. The mean depth of coverage
for reads was 132.8x%, and, on average, 91.0% of targeted
bases had sufficient coverage (20X coverage) and quality
for variant calling (Table S1 available online). The variants
were called by Genome Analysis Toolkit 1.5-21 (GATK)
with the best practice variant detection with the GAKT
v.3 and annotated by ANNOVAR (2012 February 23).
Based on the hypothesis that SEMD-JL1 is inherited in an
autosomal-recessive fashion, we filtered variants with the
script created by BITS (Tokyo, Japan) according to following
conditions: (1) variants registered in ESP5400, (2) variants
found in our in-house controls (n = 274), (3) synonymous
changes, (4) rare variants registered in dbSNP build 135
(MAF < 0.01), and (5) variants associated with segmental
duplication. After combining variants selected by the
homozygous mutation model and the compound hetero-
zygous mutation model, we selected genes shared by indi-
viduals from three or more families. The analysis of the
next-generation sequencing identified possible compound
heterozygous variants in B3GALT6 in individuals from
three families (Table S2). In addition, two other subjects
had possible causal heterozygous variants of B3GALT6.

B3GALT6 (RefSeq accession number NM_080605.3) is a
single-exon gene on chromosome 1p36.33. It encodes
UDP-Gal:pGal B1,3-galactosyltransferase polypeptide 6
(or galactosyltransferase-II: GalT-II), an enzyme involved
in the biosynthesis of the glycosaminoglycan (GAG) linker
region.® The biosyntheses of dermatan sulfate (DS), chon-
droitin sulfate (CS), and heparin/heparan sulfate (HS)
GAGs start with the formation of a tetrasaccharide linker
sequence, glucuronic acid-f1-3-galactose-B1-3-galactose-
B1-4-xylose-Bl (GlcUA-Gal-Gal-Xyl), which is covalently
attached to the core protein. The linker region synthesis
involves a single linear pathway composed of four succes-
sive steps catalyzed by distinctive enzymes (Figure 1). The
first step is the addition of xylose to the hydroxy group of
specific serine residues on the core protein by xylosyltrans-
ferases from UDP-Xyl, followed by two distinct galactosyl-
transferases (GalT-I and II) and a glucuronosyltransferase
from UDP-Gal and UDP-GIcUA, respectively. The next
hexosamine addition is critical because it determines
which GAG (i.e., CS, DS, or HS) is assembled on the linker
region. GalT-II encoded by B3GALT6 functions in the third
step of the linker formation (Figure 1).

To confirm the results obtained by the next-generation
sequencing, we examined the seven subjects used for the
next-generation sequencing and an additional subject
from a Vietnamese family (F7) by direct sequence of the
PCR products from genomic DNAs using 3730xl DNA
Analyzer (Applied Biosystems). The Sanger sequencing
confirmed all B3GALT6 mutations found by the next-gen-
eration sequencing and identified additional B3GALT6
mutations. The results indicated that B3GALT6 mutations
were found in all subjects (Tables 2 and S1). All but P4 from
F3 were compound heterozygotes of missense mutations.
In P4, only a heterozygous c.1A>G (p.Metl?) mutation
was found, although we searched for a BSGALT6 mutation
in the entire coding region, 5’ and 3’ UTRs, and flanking
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Table 2. B3GALT6 Mutations in Spondyloepimetaphyseal
Dysplasia with Joint Laxity Type 1 and Ehlers-Danlos Syndrome,
Progeroid Form

Nucleotide Amino Acid

Family  Clinical Diagnosis = Change Change

F1 SEMD-JL1 c.1A>G p-Met1?
€.694C>T p-Arg232Cys

F2 SEMD-JL1 c.1A>G p-Met1?
c.466G>A p-Aspl56Asn

F37 SEMD-JL1 c1A>G p-Met1?

F4 SEMD-JL1 c1A>G p-Met1?
€.694C>T p.Arg232Cys

FS SEMD-JL1 €.694C>T p.Arg232Cys
c.899G>C p-Cys300Ser

F6 SEMD-JL1 c1A>G p-Met1?
c.193A>G p-Ser65Gly

F7 SEMD-JL1 c.200C>T p.Pro67Leu
€.694C>T p-Arg232Cys

F8 EDS-PF c.353delA p.Asp118Alafs*160
c.925T>A p-Ser309Thr

F9 EDS-PF ¢.588delG p.Arg197Alafs*81
c.925T>A p.Ser309Thr

F10 EDS-PF c.16C>T p.Arg6Trp
c.415_423del p-Met139Alal41del

The nucleotide changes are shown with respect to B3GALT6 mRNA sequence.
The corresponding predicted amino acid changes are numbered from the
initiating methionine residue.

2Only a heterozygous mutation was found.

regions of B3GALT6. Most of the mutations are predicted
to be disease causing by in silico analysis. The c.1A>G
(p-Met1?) mutation was found in individuals from five of
the seven families.

Although mutations affecting initiation codons have
been reported to be pathogenic in several diseases,” the
effects of initiation codon mutations on the encoded
protein are variable among the genes. We therefore inves-
tigated the effect of the c.1A>G (p.Met1?) mutation on the
protein by using C-terminally FLAG-tagged B3GALT6 with
and without the mutation expressed in HeLa cells (RIKEN
Cell Bank). We detected the mutant B3GALT®6 protein with
a molecular weight ~4 kD lower compared with the wild-
type (WT) protein (Figure 2A). These results suggest that
translation initiation at the second ATG of the coding
sequence, at position c.124, would become the initiation
codon because of the mutation, probably resulting in an
N-terminal deletion of 41 amino acids (p.Met1_Ala41del),
in the same open reading frame that contains the
transmembrane domain. We then examined the sub-
cellular localization of the mutant B3GALT6 protein by
immunocytochemistry. The immunofluorescence for WT-
B3GALT6 was observed in a perinuclear region overlapping
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Figure 2. Analyses of B3GALT6 Missense Mutant Proteins Iden-
tified in Individuals with SEMD-JL1 In Vitro

(A) Immunoblot analysis of lysates from HeLa cells expressing
transfected wild-type (WT) and mutant (c.1A>G) B3GALT6. The
mutant B3GALT6 yields a shortened protein. The difference of
the molecular sizes between WT and mutant proteins is approxi-
mately ~4 kD.

(B) Subcellular localization of B3GALT6. HeLa cells were trans-
fected with WT and mutant (¢.1A>G) B3GALT6. Cells were stained
with anti-FLAG (green), anti-o-mannosidase II (red), and 4,6-dia-
midino-2-phenylindole (DAP]; blue). WT was expressed in the
Golgi, but the mutant was found in cytoplasm and nucleus.

(C) Decreased enzyme activities of the missense mutant pro-
teins (p.Ser65Gly, p.Pro67Lys, p.Asp156Asn, p.Arg232Cys, and
p-Cys300Ser). p.Glul74Asp is a common polymorphism in the
public database. The GalT-II activity is measured by incorporation
of [PH]Gal into Galp1-O-2naphthyl (pmol/ml/hr) and represents
the averages of three independent experiments performed in
triplicate. Empty and mock indicate the GalT-II activity obtained
with the conditioned medium transfected with or without an
empty vector. *p < 0.0001 versus WT (one-way analysis of variance
with Dunnett’s adjustment).

with that for a-mannosidase II, a marker of the Golgi as
previously reported.® In contrast, the immunofluorescence
for the mutant B3GALT6 protein was observed in the
nucleus and cytoplasm (Figure 2B). Therefore, the mutant
protein can be considered to be functionally null because
of the mislocalization.

To investigate the causality of other B3GALT6 missense
mutations, we also examined the subcellular localization
of the mutant B3GALT6 proteins by immunocytochem-
istry. c.193A>G (p.Ser65Gly), ¢.200C>T (p.Pro67Leu),
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and ¢.694C>T (p.Arg232Cys) mutants showed mislocali-
zation, whereas c.466G>A (p.Asp156Asn) and ¢.899G>C
(p.Cys300Ser) mutants showed normal localization
(Figure S1). To investigate whether the B3GALT6 missense
mutations affect the enzyme function, the GalT-II activ-
ities of soluble FLAG-tagged proteins for WT and mutant
B3GALT6 proteins were assayed. The GalT-II activities of
p-Ser65Gly-, p.Pro67Leu-, p.Aspl56Asn-, p.Arg232Cys-,
and p.Cys300Ser-B3GALT6 were significantly decreased
compared with WT-B3GALT6 (Figure 2C), indicating
that these mutations resulted in a loss of enzyme func-
tion. On the other hand, there were no significant differ-
ences in the GalT-II activities between WT-B3GALT6
and p.Glul74Asp-B3GALT6, a common polymorphism
(rs12085009) in the public database (Figure 2C).

All SEMD-JL1 individuals with the B3GALT6 mutation
had the characteristic skeletal abnormalities, including pla-
tyspondyly, short ilia, and elbow malalignment (Table 1
and Figure S2); however, some had a range of extraskeletal
and connective tissue abnormalities that overlapped with
those seen in Ehlers-Danlos syndrome, progeroid form
(EDS-PF [MIM 130070]). EDS-PF is an autosomal-recessive
connective tissue disorder characterized by sparse hair,
wrinkled skin, and defective wound healing with atrophic
scars.'® In addition, skeletal abnormalities so far reported
in EDS-PF are limited to generalized osteopenia and radial
head dislocation, which are in contrast with the severe
generalized dysplasias of the axial and appendicular skel-
eton observed in SEMD-JL1. Thus, both disorders at first
glance appear as separate clinical entities, although they
share the clinical features of short stature, joint laxity
and dislocation, and facial dysmorphism. In two families
with individuals with EDS-PF, recessive mutations of
B4GALT7 (MIM 604327) have been found.'"'? B4GALT7
{RefSeq NM_007255.2) encodes an enzyme, xylosylated
protein B-1,4-galactosyltransferase, that catalyzes the sec-
ond step of the GAG linker region biosynthesis (Figure 1).
Therefore, we speculated that B3GALT6 and B4GALT7
deficiencies might show similar phenotypes. We then
examined B3GALT6 in four additional individuals (P9-
P12) who had phenotypes compatible with EDS-PF (Table
1 and Figure S3) but in whom no B4GALT7 mutations
had been found. Sanger sequencing of the EDS-PF-like
subjects revealed that all were compound heterozygotes
for B3GALT6 mutations (Table 2). There were two frame-
shift mutations and one missense mutation (c.925T>A
[p.Ser309Thr]) common in two families (F8 and F9). We
investigated the enzyme function of the missense muta-
tion by using the same assay for SEMD-JL1 missense muta-
tions. The GalT-II activities of p.Ser309Thr-B3GALT6 were
significantly decreased (Figure S4).

Collectively, 11 different mutations in individuals from
10 families were identified in B3GALT6 by a combination
of exome and targeted sequencing (Table 2 and Figure S5).
None of these mutations were detected in more than
200 ethnicity-matched controls or in public databases,
including the 1000 Genomes database, indicating that

they are unlikely to be polymorphisms. SEMD-JL1 and
EDS-PF-like individuals had no common mutations
(Table 2). The individuals with B3GALT6 mutations were
short at birth and their short stature worsened with age.
Their common clinical features were a flat face with
prominent forehead and kyphoscoliosis (Table 1). Kypho-
scoliosis was noticed in infancy in most cases and even
in utero in severe cases. Although skeletal changes were
essentially the same, craniofacial and skin abnormalities,
joint laxities, and muscular hypotonia were variable
among the individuals with B3GALT6 mutations. Com-
mon radiographic features were platyspondyly that
becomes less conspicuous with age, short ilia, and elbow
malalignment (Table 1). Prominent lesser trochanters and
metaphyseal flaring were seen in most cases. No individ-
uals showed generalized osteoporosis. The disease pheno-
type was very variable between families (mutations), but
in two familial cases, phenotypes were similar between
the pair of the sibs. As a corollary, our results indicate
that EDS-PF is genetically heterogeneous, with a propoz-
tion of cases being caused by mutations in B4GALT7 and
another in B3GALT6.

Diseases caused by defects in enzymes involved in the
biosynthesis of the GAG linker region are categorized as
the GAG linkeropathy. The first member of GAG linkerop-
athy has been identified to arise from an EDS-PF/B4GALT7
deficiency. B4GALT7 mutations have been identified in
homozygous ¢.808C>T (p.Arg270Cys)*? and compound
heterozygous (c.557C>A [p.Alal86Asp] and c.617T>C
[p.Leu206Pro])*! states. Another member of GAG linkerop-
athy manifests itself as Larsen-like syndrome, B3GAT3 type
(MIM 245600). A family with individuals harboring a ho-
mozygous B3GAT3 (MIM 606374; RefSeq NM_012200.3)
mutation (c.830G>A [p.Arg227GIn]) has been identified.
The clinical features of five affected individuals of the
family are characterized by dislocation and laxity of joints
and congenital heart defects.'* The former considerably
overlaps with the phenotypes of SEMD-JL1 and EDS-PF,
two other GAG linkeropathies; however, the association
of heart defects has critically differentiated this disease
from the others (Figure 1).

Given that the linker region biosynthesis is nonparallel
and that the defects in the three enzymes simply affect
the amounts of the linker region available to form GAGs
(CS, HS, DS), phenotypic similarities of the three diseases
are quite understandable. The quantitative difference of
the phenotypes (severity of the diseases) most probably re-
sults from the difference in the degree of enzyme defects
resulting from mutations. On the other hand, qualitative
differences of the three diseases (e.g., scoliosis caused by
the B3GALT6 mutation, heart disease caused by the
B3GAT3 mutation, etc.) suggest other explanations. Tissue
expression patterns of the three genes do not entirely
explain the differences. We examined their mRNA expres-
sion in various human tissues, including cartilage, bone,
and connective tissues by quantitative real-time PCR
(Figure S6). We detected strong expression of B3GALT6 in
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Table 3. The Amount of GAGs in the Lymphoblastoid Cells from
Individuals with Spondyloepimetaphyseal Dysplasia with Joint
Laxity Type 1

GAG (Disaccharides/mg Acetone Powder)® [pmoli]

Subject Cs/bs cs DS HS
Control 62 48 29 128
SEMD-JL1

P1 313 295 118 15
P2 345 175 60 21
P3 270 162 28 20

?Calculated based on the peak area in chromatograms of digests with a mixture
of chondroitinases ABC and AC-ll (CS/DS), chondroitinases AC-1 and AC-lI (CS),
chondroitinase B (DS), and heparinases | and Il (HS).

cartilage and bone but only weak expression in skin, liga-
ment, and tendon. B4GALT7 expression was stronger in
cartilage than B3GALT6 and also weak in skin and liga-
ment. B3GAT3 expression was not specific to heart. The
qualitative difference may result from the difference in
the effects of the three genes on GAG formation.

To examine how B3GALT6 mutations affects the prod-
ucts of GAGs in vivo, we measured the amounts of CS
and HS chains at the surface of lymphoblastoid cells
from the subjects by flow cytometry by using CS-stub
and HS-stub antibodies as previously described.’*** In
brief, purified GAG fractions were treated individually
with a mixture of chondroitinases ABC and AC-II, a
mixture of chondroitinases AC-I (EC 4.2.2.5) (Seikagaku
Corp.) and AC-II (EC 4.2.2.5) (Seikagaku Corp.), chondroi-
tinase B (EC 4.2.2.19) (IBEX Technologies), or a mixture of
heparinases-I and -III (IBEX Technologies) for analyzing
the disaccharide composition of CS/DS, CS, DS, and HS,
respectively. The digests were labeled with a fluorophore
2-aminobenzamide (2AB) and aliquots of the 2AB deriva-
tives of CS/DS/HS disaccharides were analyzed by anion-
exchange HPLC on a PA-03 column (YMC Co.). The
HS-stub antibody (3G10) showed a markedly reduced
binding to the epitopes on the subjects’ cells (Figure S7).
The relative numbers of the HS chains presented as the
mean fluorescence intensity (MFI) of the cell population
stained with the antibody for P1, P2, and P3 were 26%,
56%, and 35% of the control, respectively. On the other
hand, the CS-stub antibody (2B6) showed a similar bind-
ing to the epitopes on the subjects’ cells relative to those
of the control (Figure S7). The MFI for P1, P2, and P3
were 114%, 104%, and 106% of the control, respectively.
Furthermore, we measured disaccharide of GAG chains
from lymphoblastoid cells by using anion-exchange
HPLC after digestion with chondroitinase and heparinase.
The amounts of the disaccharide from HS chains were
significantly decreased, whereas CS and DS chains were
~5 times higher than those in the control (Table 3).

Previous biochemical studies on EDS-PF with B4GALT7
mutations show a reduction in the synthesis of DS
chains.’®!” The c.830G>A (p.Arg227Gln) mutation in

B3GAT3 causes a drastic reduction in GIcAT-I activity in
fibroblasts of the individual with SEMD-JL1 and numbers
of CS and HS chains on the core proteins at the surface
of the fibroblasts are decreased to about half of the
controls.*! Cultured lymphoblastoid cells from individuals
with a ¢.419C>T (p.Pro140Leu) mutation in B3GAT3 show
that defective synthesis is more pronounced for CS than
for HS.!* Taken together with our results, these findings
suggest that the effects of the deficiencies of the three
enzymes on GAG synthesis are not identical. A possible
explanation for the qualitative phenotypic differences
may be that the biosynthesis of the GAG linker region is
not a simple step-by-step addition but involves parallel
processing and/or alternative pathways. Other glycosyl-
transferases may have similar biochemical functions to
these three enzymes and thus complement their deficient
activities to variable degrees in cell- and/or tissue-specific
manners, leading to differences in the amount of GAGs
in the tissues. It is known that B3GALT6 and B4GALT7
have several homologs.’® It must be noted that all
biochemical studies so far have been performed in vitro
or in cultured cells, and therefore there is a severe limita-
tion to our understanding of the pathogenesis at tissue
and organ levels.

By exome sequencing, we identified loss-of-function
mutations in B3GALT6 in 12 individuals from 10 families.
The mutations produced a spectrum of connective tissue
disorders characterized by lax skin, muscle hypotonia,
joint dislocation, and skeletal dysplasia and deformity,
which include phenotypes previously known as SEMD-
JL1 and EDS-PF (Figures S1 and S2). The pleiotropic pheno-
types of B3GALT6 mutations indicate that B3GALT6 plays
critical roles in development and homeostasis of various
tissues, including skin, bone, cartilage, tendons, and liga-
ments. Biochemical studies that used lymphoblastoid cells
of the individuals with B3GALT6 mutations showed a
decrease of HS and a paradoxical increase of CS and DS
of the cell surface. Further clinical, genetic, and biological
studies are necessary to understand the pathological mech-
anism of the diseases caused by enzyme defects involved in
the biosynthesis of the GAG linker region and roles of the
region in GAG metabolism and function.

Supplemental Data

Supplemental Data include seven figures and two tables and can
be found with this article online at http://www.cell.com/AJHG/.
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De novo mutations in the autophagy gene WDR45
cause static encephalopathy of childhood with
neurodegeneration in adulthood

Hirotomo Saitsu®!0, Taki Nishimura31%, Kazuhiro Muramatsu®19, Hirofumi Koderal, Satoko Kumada?,
Kenji Sugai®, Emi Kasai-Yoshida®, Noriko Sawaura?, Hiroya Nishida’, Ai Hoshino’, Fukiko Ryujin8,
Seiichiro Yoshioka®, Kiyomi Nishiyama!, Yukiko Kondol, Yoshinori Tsurusakil, Mitsuko Nakashima®,
Noriko Miyake!, Hirokazu Arakawa*, Mitsuhiro Kato®, Noboru Mizushima®? & Naomichi Matsumoto!

Static encephalopathy of childhood with neurodegeneration
in adulthood (SENDA) is a recently established subtype of
neurodegeneration with brain iron accumulation (NBIA)T-3,
By exome sequencing, we found de novo heterozygous
mutations in WDR45 at Xp11.23 in two individuals with
SENDA, and three additional WDR45 mutations were
identified in three other subjects by Sanger sequencing. Using
lymphoblastoid cell lines (LCLs) derived from the subjects,
aberrant splicing was confirmed in two, and protein expression
was observed to be severely impaired in all five. WDR45
encodes WD-repeat domain 45 (WDR45). WDR45 (also
known as WIPI14) is one of the four mammalian homologs

of yeast Atg18, which has an important role in autophagy*>.
Lower autophagic activity and accumulation of aberrant
early autophagic structures were demonstrated in the LCLs

of the affected subjects. These findings provide direct
evidence that an autophagy defect is indeed associated with

a neurodegenerative disorder in humans.

NBIA is a heterogeneous group of neurodegenerative diseases that
are characterized by a prominent extrapyramidal movement dis-
order, intellectual deterioration and deposition of iron in the basal
ganglial-3. Mutations in several genes involved in diverse cellular
processes cause NBIA®. SENDA is a recently established subtype of
NBIA. SENDA begins with early childhood psychomotor retardation,
which remains static until adulthood. Then, during their twenties to
early thirties, affected individuals develop sudden-onset progressive
dystonia-parkinsonism and dementia. In addition to iron deposition
in the globus pallidus and substantia nigra, individuals with SENDA
have a distinct pattern on brain magnetic resonance images (MRI)

of T1-weighted signal hyperintensity of the substantia nigra, with
a central band of hypointensity!~367. SENDA is always sporadic7,
suggesting the involvement of de novo mutations or autosomal reces-
sive traits. To identify de novo or recessive mutations, family-based
exome sequencing was performed including the affected individual,
an unaffected sibling and the unaffected parents.

A total of 180 and 187 rare protein-altering and splice-site variants
were identified per affected subject, which were absent in dbSNP135
data and in 88 in-house control exomes (Supplementary Table 1).
All genes in each subject were surveyed for de novo mutations and
compound heterozygous or homozygous mutations that were consist-
ent with an autosomal recessive trait in each family (Supplementary
Table 2). Two de novo and one autosomal recessive candidate muta-
tions were found in subject 1, and a de novo candidate mutation was
found in subject 2. Only mutations in WDR45 at Xp11.23, encod-
ing WDR45 (referred to here as WIPI4), were common in the two
subjects. A canonical splice-site mutation (¢c.439+1G>T) was found
in subject 1, and a synonymous mutation located at the last base
of exon 8 (¢.516G>C) was found in subject 2, both of which occurred
de novo (Fig. 1a). Sanger sequencing of WDR45 in three other affected
subjects identified one nonsense and two frameshift mutations
(Fig. 1a). The ¢.1033_1034dupAA mutation in subject 5 occurred
de novo. Parental samples for the other two subjects were unavailable.
None of the five mutations were found in 6,500 National Heart, Lung,
and Blood Institute (NHLBI) exomes or among our 212 in-house
control exomes. All subjects with a WDR45 mutation are female.

To examine the effects of the mutations on WDR45 transcription,
RT-PCRand sequencing wete performed on total RNA extracted from
the LCLs of subjects. The ¢.439+1G>T mutation in subject 1 and the
¢.516G>C mutation in subject 2 caused 24-bp in-frame and 22-bp
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Figure 1 Heterozygous WDR45 mutations in individuals with SENDA.
(a) Schematic of WDR45, which comprises 12 exons (rectangles).
The UTRs and coding region are shown in white and black, respectively.
Three mutations were confirmed as de novo; the others were unable
to be confirmed because parental samples were unavailable. Blue

and green arrows indicate the locations of the two sets of primers
used in mRNA analysis. (b) RT-PCR analysis using the blue primer

set (left) and green primer set (right) from a. Whereas control cDNA
samples showed a single product corresponding to the wild-type

allele (WT), an apparently longer product was observed in

subjects 1, 2 and 5, indicating that only the transcripts from the
mutant allele were expressed. In subject 3, both wild-type and mutant
alleles were expressed. Template without reverse transcriptase

was used as a negative control, RT(-). (¢) Schematic of the mutant
transcript resulting from the ¢.439+1G>T mutation (red) in subject 1.
A 24-bp insertion caused by the use of a cryptic splice donor site
within intron 7 was observed, resulting in a p.Glyl147Val substitution
followed by an in-frame eight-amino-acid insertion (p.[Gly147Val;
Vall47_Leul48ins8]). (d) Schematic of the mutant transcript
resulting from the ¢.516G>C mutation (red) in subject 2. A 22-bp
insertion from the use of a cryptic splice donor site within intron 8 was
observed, leading to a frameshift (p.Aspl74Valfs*29). (e) Schematic
of mutant WIPI4 proteins. B-propeller structures and additional

2 g H——

Subject 3 Subject 1 Subject 2 Subject 4 Subject 5
©.437dupA c.439+1G>T ¢.516G>C ¢.637C>T ¢.1033_1034dupAA
p.Leu148Alafs*3  p.[Gly147Val, p.Asp174Vaifs*29  p.GIn213" p.Asn345Lysfs*67
Val147_Leu148ins8]
No parental sample De novo Denovo  No parental sample De novo
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residues caused by mutations are colored in blue and red, respectively. The amino-acid residues of the mutant protein predicted from cDNA
sequences are shown in relation to seven— propeller structures!3-15, An asterisk indicates the position of the FRRG motifs.

frameshift insertions, respectively (Fig. 1b—d and Supplementary
Fig. 1). The c.437dupA, c.637C>T and ¢.1033_1034dupAA muta-
tions were confirmed in the transcripts (Fig. 1b and Supplementary
Fig. 1). Theoretically, mutant WIPI4 would be severely truncated
in subjects 2, 3 and 4 and relatively conserved in subjects 1 and 5
(Fig. 1e). As human female cells are subject to X-chromosome inac-
tivation, subjects with a WDR45 mutation may have two cell popula-
tions: one expressing a wild-type allele and the other expressing a
mutant allele. Notably, whereas both wild-type and mutant alleles
were expressed in the LCLs of subject 3, the LCLs of the other four
affected subjects exclusively expressed mutant transcripts, suggest-
ing that the wild-type alleles underwent X inactivation in most cells
(Fig. 1b and Supplementary Fig. 1). In fact, X-inactivation analysis
with genomic DNA from peripheral leukocytes showed a skewed pat-
tern in subjects 2, 4 and 5 (analysis was non-informative in subject 1)
(Supplementary Table 3). However, it is unknown whether the wild-
type allele underwent X inactivation in brain tissues as in LCLs and
leukocytes from the subjects.

The clinical features of the individuals with SENDA possess-
ing WDR45 mutations are summarized in Table 1 (see also the
Supplementary Note). Subjects 1 and 3 have been described recently”:8.
These individuals showed psychomotor developmental delay from
infancy and severe intellectual disability, while their motor func-
tion gradually developed. In adulthood, severe progressive dystonia-
parkinsonism and dementia developed. Four of the subjects became
bedridden within a few years of onset of cognitive decline. In all sub-
jects, blood concentrations of ceruloplasmin, copper, iron, ferritin and
lactate acid were normal. Brain MRI showed T1-weighted signal hyper-
intensity in the substantia nigra with a central T1-weighted hypointen-
sity band (Fig. 2a—e) and T2-weighted signal hypointensity, suggesting
iron deposition in the globus pallidus and substantia nigra (Fig. 2f-h),
which are characteristic of SENDA. In addition, significant cerebral
atrophy was found (Fig. 2i,j). Substantial differences in the severity of
clinical findings were not observed among the five subjects.

WIPI1, WIPI2, WIPI3 and WIPI4, mammalian Atgl8 homologs,
have an important role in the autophagy pathway*>. Autophagy
is the major intracellular degradation system by which cytoplas-
mic materials are enclosed by double-membrane structures called

autophagosomes and subsequently delivered to lysosomes for
degradation®. More than 30 autophagy-related (ATG) genes have
been identified in yeast!®!1, many of which are conserved in higher
eukaryotes and are essential for the formation of the autophago-
somel®12, These factors include subunits of the class III phos-
phatidylinositol 3-kinase complex, and generation of the lipid
phosphatidylinositol 3-phosphate is essential for autophagosome
formation. Atgl8 in yeast and WIPI subunits in mammals associate
with membranes through a phosphoinositide-binding motif (FRRG)
within a seven-P propeller structurel®-15. Atgl8 and WIPI proteins
also interact with Atg2 and its homologs in yeast and mammalian
cells, respectively’®!7. Autophagic activity in relation to WIPI4
expression was examined using LCLs from the subjects. Immunoblot
analysis of WIPI4 showed lower expression in all five subjects
compared to unaffected individuals (Fig. 3a). Although mutant
WIPI4 protein sequence was relatively conserved in subjects 1 and 5,
the expression of mutant WIPI4 in both subjects was severely
decreased, similar to that of subjects 2, 3 and 4, in whom mutant
WIPI4 was truncated. This suggests that all the mutant proteins are
structurally unstable and undergo degradation. To examine the effect
of the WDR45 mutations on autophagy, an autophagic flux assay was
performed using LCLs. When lysosomal degradation was blocked
by the lysosomal inhibitor chloroquine, the amount of LC3-II (the
membrane-bound form) was higher than in cells without the inhibi-
tor, as for control LCLs (Fig. 3b and Supplementary Fig. 2)18. The
differences in LC3-II amounts between samples with and without
chloroquine represent the amount of LC3 on autophagic structures
delivered to lysosomes for degradation!®. In the LCLs from affected
subjects, accumulation of LC3-II was observed, even under normal
conditions, which was more apparent when autophagy was induced
by the mTORCI inhibitor Torinl (Supplementary Fig. 2a-d). The
increase in the LC3-II amount by concomitant chloroquine treatment
was significant or tended to be suppressed in the LCLs from affected
subjects, suggesting that the autophagic flux was blocked, probably
incompletely, at an intermediate step of autophagosome formation
(Fig. 3b and Supplementary Fig. 2e).

Consistent with the immunoblot analysis, immunofluorescence
microscopy showed the accumulation of LC3-containing autophagic
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Table 1 Clinical features of subjects with SENDA with a WDR45 mutation

Subject 1 Subject 2 Subject 3 Subject 4 Subject 5
Age 33 years 28 years 40 years 51 years 33 years
Sex Female Female Female Female Female
Mutation c.439+1G>T ¢.516G>C ¢.437dupA c.637C>T ¢.1033_1034dupAA
Protein alteration p.[Glyl47Val; p.Aspl74Valfs*29 p.Leul48Alafs*3 p.Gin213* p.Asn345Lysfs*67
Vall47_Leul48ins8]
Neurological symptoms
Current status Bedridden Wheelchair Bedridden Bedridden Bedridden
Initial symptom Psychomotor retardation Psychomotor retardation Psychomotor retardation Psychomotor retardation Psychomotor retardation
Initial walking 3 years 2 years 7 months 2 years 2 months 1 year 6 months 1 year 6 months
Speech ability No word One word No word Two-word sentences Few words
Cognitive dysfunction Nonprogressive Nonprogressive Nonprogressive Nonprogressive Nonprogressive
during childhood
Start of cognitive decline 26 years 25 years 30 years 24 years 23 years
Period until bedridden 4 years - 3 years 1 year 6 years
after decline
Dystonia + + + + +
Parkinsonism Rigidity, akinesia Rigidity, akinesia Rigidity Rigidity Rigidity, tremor, impair-
ment of postural reflex
Progressive dementia + + + + +
during adulthood
Psychiatric symptoms Aggressive behaviors Aggressive behaviors None None Anxiety
Epileptic seizure + + FS None +
Radiological features
MR

Globus pallidus,
substantia nigra

Central band of +
T1 hypointensity
Cerebral atrophy

Iron deposition

Moderate at 25 years,
remarkable at 32 and
33 years

Eye of the tiger sign -
White matter involvement -
Cerebellar atrophy

CT findings High density in
globus pallidus

Neurophysiological examination

EEG Bilateral frontal spike
EMG NE

VEP Normal

ABR Low amplitude,

normal latency

Mild at 25, 32 and 33 years

Globus pallidus,
substantia nigra

+

Moderate at 25 and
27 years

Mild at 25 and 27 years
Mild high density in
substantia nigra

Bilateral frontal spike,
low voltage, slow wave

NE
NE
NE

Globus pallidus,
substantia nigra

+

Mild at 33 years,

remarkable at 39 years

Mild at 33 and 39 years
High density in
substantia nigra

Low voltage

Dystonic pattern
Prolonged P100 latency
No response at 100 dB

Globus pallidus,
substantia nigra
+

Mild at 27 years,

remarkable at 46 years

Mild at 27 and 46 years

High density in ventral
midbrain

Abnormal

Normal
NE
NE

Globus pallidus,
substantia nigra
+

Remarkable at 33 years

Mild at 33 years
High density in globus
pallidus

Abnormai

NE
Normal
NE

FS, febrile seizure; EEG, electroencephalogram; EMG, electromyogram; VEP, visual evoked potential; ABR, auditory brainstem response; NE, not examined.

structures in the LCLs from affected subjects, some of which were
abnormally enlarged compared with those observed in control LCLs
(Fig. 3c,d). Therefore, we examined whether these LC3-positive

Figure 2 Brain MRisat3.0 Tand 1.5T.

(a-e) T1-weighted imaging shows hyperintensity

of the substantia nigra with a central band of
T1-weighted hypointensity (arrowheads). Images
are shown for subject 1 at 33 years (a), subject 2
at 25 years (b), subject 3 at 39 years (c), subject 4
at 46 years (d) and subject 5 at 33 years (e).

(f~h) T2-weighted imaging shows marked
hypointensity of the globus pallidus (arrows),
suggesting iron deposition. Cerebral atrophy and mild
cerebellar atrophy are also seen. Images are shown for
subject 1 (f), subject 2 (g) and subject 3 (h). (i,j) The
fluid attenuated inversion recovery (FLAIR) image

of subject 1 (i) and the T1-weighted FLAIR coronal
image of subject 2 (j) also show cerebral atrophy.

structures in fact included premature or abnormal autophagic
structures. A recent study showed that knockdown of Wdr45 in rat
kidney cells and mutation in epg-6 (encoding a WIPI4 homolog)
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Figure 3 Defective autophagy in LCLs derived from subjects with SENDA. (
analysis of the WIP14 protein (apparent mobility at ~35 kDa) in LCLs (top).

forms were not detected (middle). HSP90 was used as a loading control (bottom). An

asterisk indicates nonspecific immunoreactive bands. (b) Cells were treated
Torinl in the presence or absence of 20 uM chloroquine for 2 h. Cell lysates

by SDS-PAGE and immunoblotting using antibodies to LC3, WIPI4 and HSP90. The
positions of LC3-1 (cytosolic) and LC3-II (membrane bound) are indicated. (c-e) Cells were
cultured in the presence of Torinl for 2 h. {c) Cytospun cells were fixed and analyzed by
immunofluorescence microscopy using antibodies to LC3 and ATGYA. Abnormal colocalization

of LC3 with ATG9A was observed in the LCLs of affected subjects. Scale ba
1 um in the inset. (d,e) The numbers of LC3* (d) and LC3+ATGOA* (e) foci
from more than 20 images from 3 independent samples (Online Methods).
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in Caenorhabditis elegans cause accumulation of early autophagic
structures®. One supposed function of WIPI4 (Epg-6) is to regulate
the distribution of ATG9A-marked vesicles®, which transiently local-
ize to the autophagosome formation site and induce autophagosome
formation!®20, ATG9A is absent from completed autophagosomes in
mammalian cells; therefore, colocalization of ATG9A and LC3 is rare.
However, enlarged structures positive for both ATG9A and LC3 accu-
mulated in LCLs from all five subjects (Fig. 3c,e), indicating improper
autophagosome formation.

The importance of the housekeeping activity of autophagy in
neurons, as well as the ubiquitin-proteasome system, has been dem-
onstrated in mice. Mice lacking autophagy in the central nervous
system developed progressive motor and behavioral deficits?1:22,
Histologically, inclusion bodies containing polyubiquitinated proteins
were observed in neurons, and their size and number increased with
age?122 Neuronal cell death was observed in subsets of neurons?1+22,
implying that the impairment of autophagy contributes to the patho-
genesis of neurodegenerative disorders. Indeed, dysregulation of
autophagy has been suggested in various neurodegenerative disor-
ders in humans?3. In addition, mutations in PARK2 and PINK1, both
of which cause familial Parkinson’s disease?#?5, impair the selective
autophagic degradation of damaged mitochondria, called mitophagy
(PARK2, also called Parkin, is recruited to damaged mitochondria in
a PINK1-dependent manner)?6?7. However, a direct link between the
core autophagy machinery and human neurodegenerative disorders
has not been reported. Here, we showed that mutations in WDR45,
a core autophagy gene, result in a neurodegenerative disorder. Notably,
the autophagy defects were partial, implying that some autophagic
activity could be maintained in the neurons of affected subjects. We
hypothesize that this might be a possible explanation of why child-
hood intellectual disability in individuals with SENDA remains static
until adulthood, unlike in other forms of NBIAl-3. In contrast to
heterozygous WDR45 mutations in females, hemizygous germline
mutations in males, leading to the expression of mutant WDR45 in all
cells, possibly cause lethal phenotypes from complete loss of WDR45
function, as mice defective in autophagy die shortly after birth?8-32,
While this paper was under review, Haack et al. reported WDR45
mutations in 20 subjects, including 3 males, 1 of whom possessed

a mutation that was somatic mosaic, supporting the idea that male
germline mutations could be lethal33.

WDR45 is widely expressed in human tissues, with the highest
expression found in skeletal muscle3*. Nevertheless, SENDA pheno-
types seem to be limited to the brain. These facts may reflect cell
type—dependent differences: autophagy could be more important in
neurons (non-dividing, terminally differentiated cells) than in LCLs
(rapidly dividing cells). In addition, it is possible that the other WIPI
homologs (WIPI1, WIPI2 and WIPI3) could compensate for the defi-
ciency in WIPI4 in a cell type-dependent manner, and the relative
contribution of WIPI4 among WIPI factors may be high in neurons.

In conclusion, heterozygous mutations of X-linked WDR45, a
core autophagy gene, were identified in SENDA, providing direct
evidence that an autophagy defect is indeed associated with a neuro-
degenerative disorder in humans.

URLs. NHLBI Exome Sequencing Project, http://evs.gs.washington.
edu/EVS/; Picard, http://picard.sourceforge.net/; SAMtools, http://
samtools.sourceforge.net/; dbSNP, http://www.ncbi.nlm.nih.gov/
projects/SNP/.

METHODS
Methods and any associated references are available in the online
version of the paper.

Accession codes. Reference sequences are available from GenBank
for Homo sapiens WDR45 transcript variant 1 mRNA (NM_007075.3)
and WIPI4 isoform 1 (NP_009006.2).

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS

Subjects. We analyzed five Japanese individuals with SENDA. Diagnosis was
made on the basis of clinical features, including psychomotor retardation
at early childhood that was static for decades and severe progressive dystonia-
parkinsonism and dementia after several decades, as well as characteristic
findings on brain MRI scans. Genomic DNA was isolated from blood leu-
kocytes according to standard protocols. The Institutional Review Board of
Yokohama City University approved the experimental protocols. Informed
consent was obtained for all individuals included in this study in agree-
ment with the requirements of Japanese regulations. Clinical information
on the subjects with a WDR45 mutation is presented in Table 1 and in the
Supplementary Note.

Mutation screening. Mutation screening of exons 3~12 covering the WDR45
coding region (of transcript variant 1, GenBank accession NM_007075.3)
was performed by direct sequencing. PCR was performed in a 20-pl mixture
containing 1 ul of genomic DNA, 1x PCR Buffer for KOD FX NEO, 0.4 mM
of each dNTP, 0.3 uM of each primer and 0.4 U of KOD FX NEO polymer-
ase (Toyobo). Details on PCR conditions and primer sequences are given in
Supplementary Table 4.

Exome sequencing. Genomic DNA was captured using the SureSelect Human
All Exon v4 kit (51 Mb; Agilent Technologies) and sequenced with four sam-
ples per lane on an Illumina HiSeq2000 with 101-bp paired-end reads. Image
analysis and base calling were performed by sequence control software real-
time analysis and CASAVA software v1.8 (Illumina). Reads were aligned to
GRCh37 with Novoalign (Novocraft Technologies). Duplicate reads were
marked using Picard (see URLs) and excluded from downstream analysis.
After merging the BAM files of all members in each family using SAMtools,
local realignments around indels and base quality score recalibration were
performed with the Genome Analysis Toolkit (GATK)?®. Single-nucleotide
variants and small indels were identified using the GATK UnifiedGenotyper
and filtered according to the Broad Institute’s best-practice guidelines (ver-
sion 3). Variants registered in dbSNP135, which were not flagged as clinically
associated, were excluded. Variants that passed the filters were annotated
using ANNOVAR3,

RNA analysis. LCLs were established from five affected subjects and their
family members. RT-PCR using total RNA extracted from LCLs was performed
as previously described®”. Briefly, 4 lLg of total RNA extracted with an RNeasy
Plus Mini kit (Qiagen) was subjected to reverse transcription, and 2 pl of
<DNA was used for PCR. Details on primer sequences and PCR conditions
are given in Supplementary Table 4. PCR products were electrophoresed in
a 10% polyacrylamide gel and sequenced.

X-inactivation analysis. The X-inactivation pattern was studied using the
human androgen receptor (HUMARA) assay and a fragile X mental retarda-
tion (FRAXA) locus methylation assay as previously described®-40. Briefly,
genomic DNA from the subjects, a control male and a control female was
digested with two methylation-sensitive enzymes, Hpall and Hhal. Details on
PCR conditions and primer sequences are given in Supplementary Table 4.
Fluorescently labeled products were analyzed on an ABI PRISM 3500 Genetic
Analyzer with GeneMapper Software version 4.0 (Applied Biosystems).
X-inactivation ratios of less than or equal to 80:20 were considered to represent
a random pattern, ratios greater than 80:20 were considered to represent a

skewed pattern, and ratios greater than 90:10 were considered to represent a
markedly skewed pattern3®.

Cell culture. LCLs were cultured in RPMI 1640 supplemented with 10%
FBS, L-glutamine, tylosin and antibiotic-antimycotic solution in a 5% CO,
incubator.

Immunoblotting. An affinity-purified rabbit polyclonal antibody against
WIPI4 peptide antigen (CFPDNPRKLFEFDTRDNP, amino acids 129-145) was
generated by Medical & Biological Laboratories. The specificity of the antibody
was tested using lysate from HeLa cells in which WDR45 was knocked down.
For immunoblot analysis, cells were lysed with lysis buffer (50 mM Tris-HCI, pH
7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1 mM phenylmethanesul-
fonyl fluoride and a protease inhibitor cocktail (Complete EDTA-free protease
inhibitor, Roche)). Cell lysates were clarified by centrifugation at 12,000g for
20 min and analyzed by SDS-PAGE and immunoblotting using antibodies to
WIPI4, LC3 (ref. 41) and HSP90 (BD Transduction Laboratories, 610418).
Signal intensities were analyzed using a LAS-3000 mini imaging analyzer and
Multi Gauge software version 3.0 (Fujifilm). Contrast and brightness adjust-
ments were applied to the images using Photoshop 7.0.1 (Adobe Systems).

Fluorescence microscopy. LCLs were spun onto a glass slide at 500 RPM (28¢)
for 1 min in a Shandon Cytospin 4 cytofuge (Thermo Electron). Cells were fixed
with 4% paraformaldehyde, permeabilized using 50 pg/ml digitonin and then
stained with antibodies to LC3 (clone 1703, Cosmo Bio) and Atg9AY. Cells
were observed with a confocal laser microscope (FV1000D IX81, Olympus)
using a 60x PlanApoN oil immersion lens (1.42 numerical aperture (N.A.),
Olympus). For final output, images were processed using Adobe Photoshop
7.0.1 software. The number of staining foci was determined as follows: foci
were extracted using the top hat operation (parameter of 300 x 300 pixel
area), and a binary image was created. Small foci (with an area of less than
10 x 10 pixels) were removed using an open operation. The number of foci
was counted using the integrated morphometry analysis program. False foci
were removed by comparison with the original image.

Statistical analysis. Differences were analyzed statistically using unpaired
t tests or analysis of variance (ANOVA) with a Bonferroni-Dunn post-
hoc test.
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good response to treatment [4-6]; anti-155/140 is associated with
malignancy-associated or juvenile DM [7-10]; and anti-CADM-
140/MDADJ is associated with clinically amyopathic DM (CADM)
and rapidly progressive-ILD (RP-ILD) that results in poor
prognosis [11,12]. Abs reactive with aminoacyl-tRNA synthetases

Introduction

The presence of autoantibodies (Abs) is one of the hallmarks of
connective tissue diseases, such as systemic lupus erythematosus
(SLE), systemic sclerosis (SSc¢), and idiopathic inflammatory

myopathy. In particular, a variety of serum Abs is found in
patients with idiopathic inflammatory myopathies, including
polymyositis (PM) and dermatomyositis (DM) [1,2]. It is clinically
of considerable importance to identify Abs in patients with PM/
DM, because each Ab is closely associated with certain clinical
features [3]. For example, anti-Mi-2 is associated with classic DM
without interstitial lung disease (ILD) or malignancy and with

PLOS ONE | www.plosone.org

(ARS) are also representative Abs that are detected in patients with
PM/DM. Eight anti-ARS Abs have been described: anti-histidyl
(anti-Jo-1), anti-threonyl (anti-PL-7), anti-alanyl (anti-PL-12), anti-
glycyl (anti-EJ), anti-isoleucyl (anti-QOJ), anti-asparaginyl (anti-KS),
anti-phenylalanyl (anti-Zo), and anti-tyrosyl (anti-Ha) tRNAs [13-
20]. Based on a unique combination of clinical features commonly
observed in patients with anti-ARS Abs, Targoff proposed a

April 2013 | Volume 8 | Issue 4 | 60442



disease entity termed “anti-synthetase syndrome,” which is
characterized by myositis, ILD, fever, Raynaud’s phenomenon,
arthritis, and mechanic’s hands [21]. Although anti-synthetase
syndrome has common clinical manifestations, further observa-
tions have distinguished some differences in clinical features
associated with individual anti-ARS Abs [22]. For example, it has
been reported that anti-Jo-1 Abs are closely associated with
myositis [14,17], whereas patients with anti-KS are more likely to
have ILD without clinical evidence of myositis [18,23]. On the
other hand, Sato et a/ previously reported that the presence of anti-
PL-7 is closely associated with PM/DM-SSc overlap as well as
ILD in Japanese patients [24].

This is a large comprehensive study to focus on the clinical and
laboratory features in adult patients with anti-ARS Abs for the
investigation of similarities and differences in these anti-ARS Abs.
The results of this study indicate that anti-ARS Abs share several
clinical features, but also have some considerable differences.
Thus, identification of each anti-ARS Ab is beneficial to define this
rather homogeneous subset of patients and to predict clinical
outcomes.

Patients and Methods

Ethics Statement

Ethical approval for the study was obtained from the individual
institutional review boards (Kanazawa University, Keio Univer-
sity, Nagasaki University, St. Marianna University, Social
Insurance Chukyo Hospital, and Ogaki Municipal Hospital) and
all sera were collected after the subjects gave their written
informed consent.

Patients and Sera

Serum samples were obtained from Japanese patients with
autoimmune diseases or related disorders who had visited
Kanazawa University Hospital or collaborating medical centers
from 2003 to 2009. In total, 3164 samples (from 478 patients with
DM/PM, 498 with SSc, 183 with ILD alone, 376 with SLE, 102
with mixed connective tissue disease, 398 with Sjogren’s
syndrome, and 1129 with rheumatoid arthritis) were screened by
immunoprecipitation (IP) assay for the detection of antinuclear or
anticytoplasmic antibodies. These patients were referred mainly by
rheumatologists, dermatologists, or pulmonologists. PM and classic
DM were defined by fulfillment of the Bohan and Peter criteria for
definite or probable diagnoses [25]. DM was distinguished from
PM based on the presence of heliotrope rash or Gottron’s lesions
(Gottron’s papules and/or Gottron’s sign). The diagnosis of
CADM was based on the criteria proposed by Sontheimer [26], as
follows: clinical skin manifestations typical of DM but minimal or
no clinical features of myositis for >2 years after the onset of skin
manifestations. All patients with SLE or SSc fulfilled the American
College of Rheumatology criteria [27,28]. PM/DM-overlap was
diagnosed by the coexistence of SLE and/or SSc in addition to
PM or DM. “ILD alone” was defined by the presence of ILD
without fulfillment of any of the criteria for PM, DM, CADM,
SLE, or SSc. Patients with ILD alone were examined for potential
coexistence of myositis by evaluating muscle weakness and serum
muscle enzyme levels including creatine kinase (CK) and aldolase
during follow-up, while those without ILD were examined for
potential coexistence of ILD by examining dyspneic symptoms
and chest radiograph and/or high-resolution computed tomogra-
phy (HRCT) at every 3 to 6 months.

Clinical information was collected retrospectively for all patients
with anti-ARS Abs by reviewing their clinical charts. Initial
manifestations were defined as the clinical presentation at the first
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clinic visit. Patients who had at least one of the following
symptoms: symmetrical proximal muscle weakness, muscle pain,
or elevated levels of myogenic enzymes, underwent electromyo-
gram, MRI, and/or muscle biopsy for confirmation of the
presence of myositis. Patients were diagnosed with myositis if at
least one of these confirmatory examinations showed findings
compatible with inflammatory myopathy: a myogenic pattern on
electromyogram [25], muscular edema on T2-weighted images
with fat suppression on MRI [29], or necrosis, regeneration, and
some atrophy of muscle fibers and inflammatory cell infiltration on
muscle biopsy [25]. Patients were diagnosed as having ILD
according to the images on chest HRCT. RP-ILD was defined as
progressive dyspnea and progressive hypoxemia with a worsening
of interstitial changes on the chest images within 1 month from the
onset of respiratory manifestations [11]. Internal and hematologic
malignancies in anti-ARS-positive patients was defined if the
malignant disease was diagnosed concurrently with or within 3
years after diagnosis of anti-synthetase syndrome or if a preceding
malignant disease occurred within 3 years before diagnosis of anti-
synthetase syndrome [4]. Sjogren’s syndrome was defined in
accordance with the revised European criteria [30].

IP Assays

Protein IP assays were carried out with extracts of the leukemia
cell line, K562 [11]. A total of 10 ul of the patient’s serum was
bound to 2 mg protein-A Sepharose beads (Amersham Bioscienc-
es, Piscataway, NJ) in 500 pl of IP buffer (10 mM Tris-HCI,
pH 8.0, 50 mM NaCl, 0.1% Nonidet P-40), incubated for 2 h at
4°C, and then washed five times with IP buffer. Ab-coated
Sepharose beads were mixed with 100 pl **S-methionine-labelled
K562 cell extracts derived from 10° cells and rotated at 4°C for
2 h. After five washes, the beads were resuspended in sodium
dodecyl sulphate (SDS) sample buffer and the polypeptides were
fractionated by 7.5% SDS-polyacrylamide gel electrophoresis
(PAGE) followed by autoradiography. For the analysis of RINA,
immunoprecipitated RNA was detected in 8% urea-PAGE from a
cell extract obtained from 3x10° non-radiolabeled K562 cells by
phenol/chloroform, visualized by silver staining [31]. Each anti-
ARS Ab was considered positive if serum samples produced
precipitin lines with immunological identity to reference sera by
both protein and RNA IP [32]. Anti-Ro Ab and anti-La Ab were
detected by IP assays as well. Serum was considered positive for
anti-Ro Ab if at least one of the YI-Y5 RINAs was detected by
RNA TP and the 60 kDa protein was detected by protein IP;
serum was considered positive for anti-La Ab if RNAs contained in
the 78 and 5.88S lesions were detected by RNA IP and the 48 kDa
protein was detected by protein IP.

Immunofluorescence

Indirect immunofluorescence tests were carried out with slides
of monolayer HEp-2 cells (Medical & Biological Laboratories
[MBL], Nagoya, Japan) as substrate [33]. Anticentromere
antibody was considered positive if serum diluted at 1:40 produced
a characteristic staining pattern on HEp-2 cells as well as on
commercially prepared Hela cell chromosomal spreads (MBL)
[34].

Statistical Analysis

Frequencies among all six anti-ARS-positive subgroups were
compared with a chi-square test. If the overall P value was less
than 0.05, pairwise comparisons were performed with a chi-square
test with Yates’ correction where appropriate. Continuous
variables confirmed to be normally distributed were shown as
mean and SD, and their comparisons among groups were carried
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