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Table 2 Randomized, double-blind, placebo-controlled, crossover trial of HEW in 10 DM and 12 MM patients

Dermatomyositis {DM)

Mitochondrial myopathies (MM)

Hydrogen water Placebo water Hydrogen water Placebo water

0 week 8 weeks 0 week 8 weeks 0 week 8 weeks 0 week 8 weeks

CK (U/L) 887 + 243 106.1 £882 935 %450 995 + 86.7 165 + 866 120 £ 555 1420 £ 694 221 £ 235
HbA1c (%) 6.23 +1.28 634 £ 155 627 + 144 6.16 £ 1.28 609 £ 094 612+ 105 6.06 £ 1.22 606 £ 1.02
Fasting glucose (mmol/L) 827 +3.62 781 £291 670 £ 2.11 648 + 1.90 6.05 + 143 567 + 199 602 +146 611169
Lactate (mmol/L) 193 £0.78 181 £ 087 1.80 + 0.89 165 £ 077 176 £ 067* 161 £ 048* 149 £049* 170 £ 0.57*
L/P ratio 131 £ 60 115+26 12.1 + 288 152 £83 187 £ 88 179+ 77 712 £134 177 + 86
Creatinine (umol/L) 59.1 £ 156 591+ 136 583 £ 150 590 £ 19.7 536 + 183 520+ 174 548 + 203 575+ 223
BUN (mmol/L) 536 + 148 482 £ 157 578 £ 1.71 486 + 1.56 6.08 + 209 539 + 154 624 + 146 634 + 276
Uric Acid (umol/dL) 303 £ 88 320 + 68 313+ 75 321 +£83 413 + 316 375 + 229 447 + 387 408 + 284
T-chol (mmol/L) 523 £0.78 515+ 085 521 + 061 495 +£0.92 461 £078 480 + 057 469 + 078 468 + 071
LDL-chol (mmol/L) 3.06 + 0.82 293 + 075 297 £ 080 303 +£084 269 + 068 282 £ 058 273 £ 067 279 £ 060
HDL-chol (mmol/l) 159 + 048 156 + 036 153 + 047 143 £ 048 147 £ 004 155 + 034 152 £034 145 + 035
Triglycerides (mmol/L) 154 + 0.65 183 £ 0.76 1.86 £ 0.80 185 + 048 1.16 + 0.58 092 £ 035 097 £ 036 102 £ 049

WBC (10°/L) 117 £ 64 109 £ 3.1 966 + 268 1M2+47 55+ 0.1 57+18 581 £1.78 58+19

RBC (10'¥/L) 4.28 + 0.05 432 £ 035 437 £ 044 435 £+ 044 415+ 004 417 + 061 4.26 + 0.67 415 + 056

Platelets (10°/L) 271 £ 10 302 £ 69 306 + 54 312+ 79 203 + 40 214 + 44 216 + 48 225 + 50

Hematocrit (%) 0.380 £0.004 0384 = 0040 0392 £ 0052 0.391 +£0047 0373 £0004 0378 £ 0060 0386 £ 0063 0376 = 0.058
MMP3 (ng/ml) 245 + 122 232 + 841 217 £ 935 221 +£ 112 nd. nd. nd. nd.
1gG (mg/di) 1211 + 357 1244 + 305 1202 + 340 1282 + 353 nd. nd. nd. nd.

Values represent mean + SD. n.d., not determined. *p < 0.05 by two-way repeated measures ANOVA.

mitochondrial inner membranes and increases produc-
tion of reactive oxygen species (ROS), which further
damages mETS [13,14]. Reduction of the L/P ratios in
the open-label and double-blind studies suggests that
hydrogen alleviates mETS dysfunction in MM either by
scavenging ROS or by yet unidentified signaling
mechanisms.

MMP3 belongs to a family of calcium-dependent zinc
proteinases induced by cytokines and secreted by
inflammatory cells. MMPs enhance T-cell migration and
adhesion, and also degrade the extracellular matrix pro-
teins [15]. MMP3 is increased in a fraction of DM
patients [16]. MMP3 may facilitate lymphocyte adhesion
and enhance T-cell-mediated cytotoxicity by degrading
extracellular matrix proteins in DM. Hydrogen
improved serum MMP3 levels in the open-label and
double-blind studies, which is expected to ameliorate
pathogenic inflammatory processes that culminates in
muscle fiber destruction.

We observed less prominent effects with the double-
blind study compared to the open-label study. The lack
of statistically significance in the double-blind study is
possibly due to a lower amount of HEW (1.0 vs. 0.5
liter per day) and to a shorter observation period (12 vs.
8 weeks). In the open-label study, drinking 1.0 liter of
HEW was not readily accommodated by most myo-
pathic patients. Hydrogen does not show simple dose-

response relationship in rodents [2-4], and ad libitum
administration of even 5%-saturated HEW markedly
attenuates development of Parkinson’s disease in mice
[17]. We thus reduced the amount of hydrogen to 0.5
liter in the double-blind trial, and also shortened the
observation period to minimize the burden on the parti-
cipants. This, however, might have masked effects of
HEW. Indeed, when we compare studies of diabetes
mellitus type 2 [6], the current open-label trial, and
metabolic syndrome [9], the participants took 0.9, 1.0,
and 1.5-2.0 liters of HEW, respectively. Ratios of total
cholesterol/HDL-cholesterol are available at 8 weeks in
all the studies, and are changed to 103.8%, 98.6%, and
95.8%, respectively, of those before hydrogen administra-
tion, which is in accordance with a dose-response effect
of HEW. Additionally, among the two previous studies
[6,9] and the current open-label and double-blind stu-
dies, the most prominent effects are observed with 1.5-
2.0 liters of HEW. As drinking a large amount of HEW
is not easily accommodated by most patients especially
in winter, a threshold effect and/or a dose-response
effect should be further elaborated for each pathological
state.

Conclusions
HEW is effective for mitochondrial dysfunction in MM
and inflammatory processes in DM. Hydrogen may have
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Figure 2 Temporal profiles of three parameters in the double-
blind trial. Serum lactate (A) and L/P ratios (B) in 12 mitochondrial
myopathies (MM) patients. (C) Serum MMP3 in 10 dermatomyositis
(DM) patients. Patients took HEW or placebo for 8 weeks. Means
and SD are plotted. (A) Serum lactate levels in MM are statistically
different by two-way repeated measures ANOVA (p < 0.05, Table 1),
but the Bonferroni's multiple comparison test reveals no statistical
difference between any two values. No statistical difference was
observed in L/P ratios (B) and serum MMP3 (C). The normal range
of lactate is 0.5-2.2 mmol/l. Normal ranges of the other parameters
are indicated in Figure 1.
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a threshold effect or a dose-response effect and 1.0 liter
or more per day of HEW is likely to be required to
exert beneficial effects.

Abbreviations

HEW: hydrogen-enriched water, PMD: progressive muscular dystrophy; PM:
polymyositis; DM: dermatomyositis; MM: mitochondrial myopathies; CPEO:
chronic progressive external ophthalmoplegia; MELAS: mitochondrial
myopathy with lactic acidosis and stroke-like episodes; MMP3: matrix
metalloproteinase-3.
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Abstract Autosomal dominant osteogenesis imperfecta
(O] is caused by mutations in COLIAI or COLIA2. We
identified a dominant missense mutation, ¢.3235G>A in
COLIAI exon 45 predicting p.G1079S, in a Japanese
family with mild OI. As mutations in exon 45 exhibit mild
to lethal phenotypes, we tested if disruption of an exonic
splicing cis-element determines the clinical phenotype, but
detected no such mutations. In the Japanese family, juve-
nile-onset hyperuricemia cosegregated with OI, but not in
the previously reported Italian and Canadian families with
¢.3235G>A. After confirming lack of a founder haplotype
in three families, we analyzed PRPSAPI and PRPSAP2 as
candidate genes for hyperuricemia on chr 17 where
COLIAI is located, but found no mutation. We next
resequenced the whole exomes of two siblings in the Jap-
anese family and identified variable numbers of previously
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reported hyperuricemia-associated SNPs in ABCG2 and
SLC22A12. The same SNPs, however, were also detected
in normouricemic individuals in three families. We then
identified two missense SNVs in ZPBP2 and GPATCHS on
chromosome 17 that cosegregated with hyperuricemia in
the Japanese family. ZPBP2 p.T69I was at the non-con-
served region and was predicted to be benign by in silico
analysis, whereas GPATCHS p.A979P was at a highly
conserved region and was predicted to be deleterious,
which made p.A979P a conceivable candidate for juvenile-
onset hyperuricemia. GPATCHS is only 5.8 Mbp distant
from COLIAI and encodes a protein harboring an RNA-
processing domain and a zinc finger domain, but the
molecular functions have not been elucidated to date.

Introduction

Osteogenesis imperfecta (OI) is a heritable connective
tissue disorder characterized by bone fragility and low
bone mass. Clinical severities are widely variable ranging
from intrauterine fractures and perinatal lethality to very
mild forms without fractures. Patients also exhibit associ-
ated features including blue sclera, dentinogenesis imper-
fecta, hyperlaxity of ligaments and skin, and hearing loss
(Rauch and Glorieux 2004). The widely used classification
initially described by Sillence et al. (1979) distinguishes
types I, II, III and IV (MIM# 166200, 166210, 259420, and
166220, respectively) on the basis of clinical and radio-
graphic findings. Recently, five additional types of V, VI,
VII, VIII and IX (MIM# 610967, 610968, 610682, 610915,
and 259440, respectively) have been reported (Cabral et al.
2007; Glorieux et al. 2000, 2002; van Dijk et al. 2009;
Ward et al. 2002). OI type I is the mildest form charac-
terized by fractures with little or no limb deformity and
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normal or mildly short stature, whereas type II is a peri-
natal lethal form, mostly due to respiratory failure resulting
from multiple rib fractures. Type III is characterized by
progressive deformities and fractures that are often present
at birth. Severities of types IV, V, VI and VII are between
those of types I and III. Type VIII and IX carry features of
both types II and III

Type I collagen is the most abundant bone protein. Most
patients (>90%) with OI types I-IV have dominant or
recessive mutation(s) in either of two genes, COLIAI
(MIM# 120150) on chromosome (chr) 17q21.31-q22 and
COLIA2 (MIM# 120160) on chr 7q22.1 that encode the o1
and o2 chains of type I procollagen, respectively (Rauch
and Glorieux 2004). A genetic cause of type V remains
undetermined to date. Types VI to IX are caused by
recessive mutations. Type VI is caused by mutations in
FKBP10 (MIM# 607063) encoding FK506-binding protein
65 (FKBP65) that is a chaperone in type I procollagen
folding (Alanay et al. 2010). Type VII is caused by
mutations in CRTAP (MIM# 605497) encoding cartilage-
associated protein (CRTAP) (Morello et al. 2006). Type
VIII is caused by mutations in LEPRE] (MIM# 610339)
encoding prolyl 3-hydroxylase 1 (P3H1) (Cabral et al.
2007). Type IX is caused by mutations in PPIB (MIM#
123841) encoding cyclophilin B (CYPB) (van Dijk et al.
2009). CRTAP, P3H1 and CYPB form an intracellular
collagen-modifying complex that 3-hydroxylates proline at
position 986 in the «1 chain of type I collagen, which is
essential for correct folding and stability of the collagen
triple helix. Mutations in CRTAP and LEPREI are also
identified in severe OI phenotypes including type II
(Baldridge et al. 2008; Morello et al. 2006). Recently,
recessive mutations in SERPINHI (MIM# 600943)
encoding a chaperone-like protein for collagens, heat shock
protein 47 and in SP7/Osterix (MIM# 606633) encoding an
osteoblast-specific transcription factor have been identified
in patients with types III and IV, respectively (Christiansen
et al. 2010; Lapunzina et al. 2010).

Two copies of the a1 chain and one copy of the o2 chain
form a core triple helix comprising 338 uninterrupted Gly-
X-Y triplet repeats, where X is often proline and Y is often
hydroxyproline. Gly repeats at every third position are
essential for the stability of collagen because larger amino
acids cannot be accommodated in the tightly packed core
without disruption of the triple helix (Bodian et al. 2008).
The most common mutations (>80%) affect one of the
repeated Gly residues in the triple helix. More than 800
mutations in COLIAI and COLIA2 are currently deposited
in the human type I collagen mutation database
(http://www le.ac.uk/genetics/collagen/) (Dalgleish 1997;
Marini et al. 2007). Clinical phenotypes may be determined
by the chain in which the Gly substitution occurs, the
position of the mutation within the chain and/or the nature

@ Springer

of the mutant amino acids (Bodian et al. 2008; Marini et al.
2007; Rauch and Glorieux 2004), but we still cannot pre-
dict a clinical phenotype of a given mutation. On the other
hand, mutations that create a premature stop codon within
COLIAI mostly exhibit a milder OI type 1. This is because
a truncation mutation is unlikely to have a dominant neg-
ative effect, but the abundance of type I collagen chain is
half of the normal (Marini et al. 2007; Rauch and Glorieux
2004).

Pre-mRNA splicing is regulated by intronic and exonic
splicing cis-elements. Both constitutively and alternatively
spliced exons harbor exonic splicing enhancers (ESEs) and
silencers (ESSs). Splicing rrans-factors are expressed in a
developmental stage-specific and tissue-specific manner,
and their expressions tightly regulate alternative splicing of
an exon carrying ESEs/ESSs. A mutation in the coding
region is predicted to exert its pathogenicity by compro-
mising a functional amino acid, but nonsense, missense and
even silent mutations potentially disrupt an ESE/ESS,
thereby resulting in aberrant splicing (Cartegni et al. 2002,
2003). Indeed, more than 16-20% of exonic mutations are
predicted to disrupt an ESE (Gorlov et al. 2003).

Exome resequencing is a powerful and efficient method
to identify a novel gene associated with a rare monogenic
disorder, especially when the number of unrelated patients
or the number of family members of a patient are too small
to apply linkage studies. Filtering against existing SNP
database and the exomes of unaffected individuals can
remove common variants to identify a causal gene. Ng
et al. (2009) sequenced exomes of 12 humans, including
four unrelated individuals with autosomal dominant Free-
man-Sheldon syndrome (MIM# 193700) and eight Hap-
Map individuals. They successfully identified mutations in
MYH3 (MIM# 160720) in all the affected individuals. Ng
et al. (2010b) also sequenced exomes of four patients in
three families with autosomal recessive Miller syndrome
(MIM# 263750) and de novo identified compound het-
erozygous mutations in DHODH (MIM# 126064). Ng et al.
(2010a) additionally sequenced exomes of ten unrelated
patients with autosomal dominant Kabuki syndrome
(MIM# 147920) and de novo identified nonsense or
frameshift mutations in MLL2 (MIM# 602113). Similarly,
Lalonde et al. (2010) sequenced two unrelated fetuses with
autosomal recessive Fowler syndrome (MIM# 225790) and
de novo identified compound heterozygous mutations in
FLVCR2 (MIM# 610865).

In a Japanese family with OI type I, hyperuricemia co-
segregated with OI. To our knowledge, association of
hyperuricemia with OI has been reported in two families,
in which two of three OI patients had gouty arthritis and
hyperuricemia at young ages (Allen et al. 1955). Under-
excretion of urate is causally associated with mutations in
UMOD (MIM# 191845) encoding uromodulin (Hart et al.
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2002) as well as with SNPs in three genes: SLC2A9 (MIM#
606142) encoding glucose transporter 9 (Doring et al.
2008; Vitart et al. 2008), ABCG2 (MIM# 603756) encoding
ATP-binding cassette subfamily G member 2, a urate
transporter (Dehghan et al. 2008; Kolz et al. 2009; Stark
et al. 2009; Woodward et al. 2009), and SLC22A12 (MIM#
607096) encoding URATI, a renal urate-anion exchanger
(Graessler et al. 2006; Tabara et al. 2010). On the other
hand, overproduction of urate is caused by mutations in
PRPSI (MIM# 311850) encoding PRPP synthetase I
(Roessler et al. 1993) and HPRTI (MIM# 308000)
encoding hypoxanthine guanine phosphoribosyltransferase
1 (Gibbs and Caskey 1987).

We here identified a dominant missense mutation,
¢.3235G>A in COLIA1 exon 45 predicting p.G1079S, in a
Japanese family with OI type I and hyperuricemia, and
analyzed the molecular bases of two clinical features. First,
we tested if mild to lethal phenotypes of mutations in exon
45 of COLIAI were accounted for by preservation or dis-
ruption of an ESE/ESS element, and found that ESE/ESS
elements were not involved in disease severities. Second, we
traced a cause of the hyperuricemia by exome resequencing
of two siblings and found that a missense mutation in
GPATCHS encoding the G patch domain-containing protein
8 close to COLIAI cosegregated with hyperuricemia.

Patients and methods
Samples and ethical considerations

We obtained blood from each family member and isolated
genomic DNA (gDNA) from 2 ml of peripheral blood using
the QIAamp DNA Blood Midi Kit (Qiagen) according to
the manufacturer’s instructions. We also obtained skin
biopsy of an affected individual (II-3) of a Japanese family
(F1) and cultured non-transformed fibroblasts for splicing
and sequencing analysis. Informed consent was obtained
from all family members. The studies have been approved
by the Institutional Review Boards of the Nagoya Univer-
sity, the University of Verona and the McGill University.
Clinical features and mutational analyses have been previ-
ously reported in the Italian and Canadian families (Mottes
et al. 1992; Roschger et al. 2008).

Microsatellite analysis of COLIAI and COLIA2
to identify a mutation in the Japanese family

We genotyped all family members for three microsatellite
markers flanking COLIAI (D17S1293, —16 Mbp;
D17S1319, —14 kbp; and D17S788, 2 Mbp). As no
annotated microsatellite markers were available close to
COLIA2, we posted three new microsatellite markers to

DDBJ (AB499843, —17 kbp; AB499844, 29 kbp; and
AB499845, 123 kbp) and analyzed them in the family. We
fluorescently labeled the 5’ end of each forward primer
with SFAM (Sigma-Aldrich), and amplified microsatellite
markers with the HotStarTaq Plus Master Mix (Qiagen)
using gDNA and primers indicated in Supplementary
Table 1.

We mixed 1.5 pl of 20-times diluted PCR product with
0.5 pl of GeneScan-500 ROX Size Standard (Applied
Biosystems) and 24.5 pl of formamide, and incubated the
mixture at 95°C for 3 min. The mixture was run by cap-
illary electrophoresis on an ABI PRISM 310 Genetic
Analyzer and was analyzed with the GeneScan and
GeneMapper software (Applied Biosystems).

Sequence analysis of COLIAI

After the microsatellite analysis suggested that COLIA I was
more likely to be a causative gene, we amplified all exons and
flanking intronic regions of ~40 bp, as well as 5 and 3’
UTRs of COLIAI from gDNA of II-3 by PCR. We per-
formed the dye terminator cycle sequencing reaction with the
GenomeLab DTCS Quick Start Kit (Beckman Coulter) and
ran on the CEQ 8000 Genetic Analysis System (Beckman
Coulter) according to the manufacturer’s instructions. We
compared the chromatograms with the GenBank reference
sequences of COLIA1 gDNA using the Mutation Surveyor
software version 2.61 (SoftGenetics). We numbered
COLIA1I mutations with the translation initiator methionine
as amino acid +1, and the A of the ATG codon as nucleotide
+1 according to the Human Genome Variation Society
(http://www.hgvs.org/mutnomen/recs.html). We numbered
exons according to the human type I collagen mutation
database (http://www.le.ac.uk/genetics/collagen/), in which
COLIA1I exon 33 isnamed COLIA1 exon 33-34 to match the
exonic annotations of COLIA2.

Allele-specific primer (ASP)-PCR to trace the COLIAI
mutation

We traced the mutation in family members using ASP-
PCR. The wild-type ASP was 5'-TCCCGCCGGTCCT
GTAGG-3, and the mutant ASP was 5'-TCCCGCCGG
TCCTGTAAG-3', where the mutated nucleotide is under-
lined, and an artificially introduced mismatch is shown in
bold. The reverse primer was 5-GCCACGGTGAC
CCTTTATGC-3'.

Prediction of effects of mutations on pre-mRNA
splicing

Five missense mutations in exon 45 of COLIAI cause mild
to lethal OI phenotypes (Fig. 2a) (Constantinou et al. 1989;
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Hartikka et al. 2004; Lund et al. 1997; Marini et al. 2007,
Mottes et al. 1992; Roschger et al. 2008). We predicted the
effects on pre-mRNA splicing of 18 sequence variants with
or without each mutation in the presence or absence of each
of two SNPs (rs1800215 and rs1800217) in exon 45 of
COLIAI (Fig.2b) using five Web-based programs:
ESEfinder 3.0 (http://rulai.cshl.edu/cgi-bin/tools/ESE3/
esefinder.cgi?process=home) (Cartegni et al. 2003), ESR-
search (http://ast.bioinfo.tau.ac.il/) (Goren et al. 2006),
FAS-ESS  (http://genes.mit.edu/fas-ess/) (Wang et al.
2004), PESXs (http://cubweb.biology.columbia.edu/pesx/)
(Zhang and Chasin 2004; Zhang et al. 2005), and
RESCUE-ESE (http://genes.mit.edu/burgelab/rescue-ese/)
(Fairbrother et al. 2002). We also predicted the effects of
the mutations on splice site strength of the 18 sequence
variants using two Web-based programs: the NetGene2
Server (http://www.cbs.dtu.dk/services/NetGene2/) (Bru-
nak et al. 1991; Hebsgaard et al. 1996) and the Splice Site
Prediction by Neural Network (http://www.fruitfly.org/
seq_tools/splice.html) (Reese et al. 1997).

Splicing analysis of fibroblasts of the OI patient (II-3)

We first examined splicing of COLIAI exon 45 in the
patient’s fibroblasts. We extracted total RNA from cultured
fibroblasts of II-3 using Trizol reagent (Invitrogen) and
synthesized cDNA using the oligo(dT);, 5 primer (Invit-
rogen) and the ReverTra Ace reverse transcriptase
(Toyobo). We examined skipping of COLIAI exon 45
using 5'-GGTTCCCCTGGACGAGAC-3’ on exon 43 and
5'-TCCAGAGGGACCTTGTTCAC-3’ on exon 47. We
also sequenced RT-PCR products as described above to
scrutinize splicing consequences. As skipping of exon 45
results in an in-frame deletion of 54 nucleotides, we did not
downregulate the nonsense-mediated mRNA decay (NMD)
before harvesting cells.

COLIAI minigene constructs

We amplified exons 4446 and the intervening introns of
COLIAI (Fig. 2b) by PCR. The PCR primers introduced a
HindIIl site and the Kozak consensus sequence of 5'-
CCACCATG-3' to the 5’ end, as well as a TAA stop codon
and a BamHI site at the 3’ end of the PCR product, so that
the minigene transcript is tolerant to NMD (Ohno et al.
2003). We inserted the PCR product into the pcDNA3.1(+)
mammalian expression vector (Invitrogen) and confirmed
the lack of PCR artifacts by sequencing the entire insert.
We next constructed 17 variant minigenes using the
QuikChange site-directed mutagenesis kit (Stratagene)
(Fig. 2b). We again confirmed presence of the introduced
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mutations and absence of artifacts by sequencing the entire
inserts.

Splicing assays of COLIAI exon 45

We transfected 500 ng of a minigene construct into 50%
confluent HEK293 cells in a 12-well plate using the
FuGENE 6 transfection reagent (Roche Applied Science)
according to the manufacturer’s instructions. After 48 h,
we extracted total RNA from HEK293 cells and synthe-
sized cDNA as described above. To prevent amplification
of the endogenous COLIAI, we used generic primers of
5'-TTAATACGACTCACTATAGGGAGACC-3' and 5'-T
TAAGGAGGGCCAGGGGG-3' located on pcDNA3.1.
Untransfected cells were used as a negative control.

Founder analysis of three families with COLIA]
c.3235G>A

To examine if the COLIAI ¢.3235G>A mutation arose
from a common founder in the Japanese, Italian (Mottes
et al. 1992) and Canadian (Roschger et al. 2008) families,
we genotyped three microsatellite markers flanking
COLIAI described above and sequenced an intragenic SNP
(rs2075554) of COLIAI in the Italian and Canadian fam-
ilies (Fig. 1).

Sequence analysis of PRPSAPI and PRPSAP2

To seek for a responsible gene for hyperuricemia, we
sequenced the entire coding regions of PRPSAPI and
PRPSAP2 on chr 17 using cDNA synthesized from cul-
tured fibroblasts of II-3.

Resequencing of exome-enriched DNA

As we found no mutation in PRPSAP1 and PRPSAP2, we
enriched exonic regions of genomic DNA of II-2, II-3 and
VIII-2 using the SureSelect human all exon kit v1 (Agilent
Technologies) that covers 1.22% (34 Mbp) of the human
genome. We sequenced 50 base pairs of each tag in a single
direction using a quarter of a cell of the SOLiD 3 Plus
system (Life Technologies) for each sample.

For II-2, II-3 and VIII-2, we obtained 79.1, 68.6 and
109.9 x 10° tags of 50-bp SOLiD reads and mapped 2.18
(69.6%), 1.87 (68.5%) and 3.37 (76.5%) Gbp to the human
genome hg19/GRCh37, which yielded a mean coverage of
64.1, 55.1 and 99.0, respectively. Among the mapped tags,
70.1, 72.0 and 73.1% were located on the SureSelect
exome probes. Among the 34-Mbp regions where the exome
probes were designed, 3.4, 3.6 and 3.5% of nucleotides



Hum Genet (2011) 130:671-683

675

Japanese family (F1)

Marker
D1751293 2]t 22 2 2 [2]2
D1751319 12 12 2 1 |1]2
COL1A1rs2075554 |AlA GG G G |AlG
D175788 2|1 22 2 2 |22
ABCG2 rs2231142 -/A /A /A <A ANA
SLC22A121s3825016  -/T -T A T
SLC22A12rs11231825 -/T ST T T A
Italian family (F2) Canadian family (F3)
* *
1] Vv
1 2 1 2
]
v Vi
2 1
'2"4 r2-|4
1313 1311
IGIG 1GIG
114 1
of= ofs
A A
-/ of-
Japanese family (F4)
* *
Vil
1 2
*
Vil
1
ol
-T
T

Fig. 1 Pedigrees, haplotypes and genotypes of the Japanese (F1 and
F4), Italian (F2) and Canadian (F3) families. Patients in F1, F2 and F3
have ¢.3235G>A predicting p.G1079S in COLIAI. A patient in F4
has ¢.577G>T predicting p.GI193C in COLIA2. Closed symbols
indicate patients with OI and with hyperuricemia. Half-shaded
symbols represent Ol without hyperuricemia. Asterisks indicate that
DNA sample is not available for our studies. Clinical subtypes are all
type I except for the Canadian father (V-1), who exhibits type IV. In
F1, hyperuricemia cosegregates with OI. Genotypes of three micro-
satellite markers (D17S51293, —16 Mbp; D17S1319, —14 kbp; and
D178788, 2 Mbp) flanking COLIAI and an SNP (rs2075554) in
intron 11 of COLIAI are indicated for all the available members in
Fl, F2, and F3. Fl, F2 and F3 carry their unique haplotypes (shown
by solid, dotted and broken boxes, respectively). The D1751293
genotype in F3 is not informative and is not boxed. Genotypes of
hyperuricemia-associated SNPs  (rs2231142, rs3825016 and
rs11231825) are indicated at the bottom of each pedigree tree

were not sequenced at all. Search for single nucleotide
variants (SNVs) and indels with Bioscope 1.2.1
(Life Technologies) detected 52,436, 56,941 and 60,303

SNVs/indels. SNVs and indels were compared to dbSNP
Build 132.

Analysis of variants in KRBA2, ZPBP2 and GPATCHS

To trace if variants in KRBA2, ZPBP2 and GPATCHS co-
segregated with hyperuricemia, we analyzed all family
members in the Japanese family (F1) by capillary sequencing.

We traced two variants, ZPBP2 ¢.206C>T and
GPATCHS ¢.2935G>C, in the Italian and Canadian fami-
lies and 100 normal human genomes using ASP-PCR. The
forward primers of ZPBP2 and GPATCHS were 5'-CGT
GTCTTCAGCACAAAATGG-3' and 5-AGAAGCCGTA
GCACCACTCC-3/, respectively. The reverse primers
were 5'-GGCCCAATCCATAAGTACAT-3' and 5-CCCA
TGATCTCTTCCTGGAG-3', respectively. The mutated
nucleotide is underlined, and an artificially introduced
mismatch is shown in bold.

To search for the identified variants in ZPBP2 and
GPATCHS in normal controls, we mapped 50 Tibetan
exome reads (SRA accession number SRP002446) (Yi et al.
2010) to a 200-bp region spanning ¢.206C>T in exon 3 of
ZPBP2 and a 200-bp region spanning ¢.2935G>C in exon 8
of GPATCHS with the bowtie alignment tool version 0.12.7
(Langmead et al. 2009) using default parameters.

We analyzed amino acid conservations of ZPBP2 and
GPATCHS8 using the evolutionary annotation database,
Evola, at the H-Inv DB (http://www.h-invitational.jp/evola/).
We also predicted functional effects of amino acid substi-
tutions using two Web-based programs: PolyPhen-2
(http://genetics.bwh.harvard.edu/pph2/) (Adzhubei et al.
2010) and SIFT (http://sift.jcvi.org/) (Kumar et al. 2009).

Results

Hyperuricemia cosegregated with OI type I
in the Japanese family (F1)

In a Japanese family (F1), a father (age 56 years) and his
three sons (ages 29, 26 and 23 years) had OI type I with
blue sclera, dentinogenesis imperfecta and joint laxity
(Fig. 1). Two sons (II-1 and II-3) had histories of more than
ten fractures before age 13 years, but the father (I-1) and
another son (II-2) experienced no bone fracture. One son
(II-1) had hearing loss from age 10 years likely due to
fractures or deformities of small bones in the middle ear
and had hip joint deformities due to repeated femoral
fractures. Interestingly, all the affected members had
hyperuricemia of ~8 mg/dl that was diagnosed at ages
15-30 years. One son (II-3) had a gout attack, and the other
two (I-1 and II-1) had urinary stones. Hyperuricemia is
currently well controlled by medication in all the members.
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Heteroallelic ¢.3235G>A mutation in COLIA]
in the Japanese family (F1)

Genotypes of three microsatellite markers flanking
COLIAI cosegregated with the OI phenotype in F1
(Fig. 1), whereas genotypes of three markers flanking
COLIA2 did not (data not shown). We thus sequenced the
entire exons and the flanking noncoding regions and
identified a heteroallelic ¢.3235G>A mutation in exon 45
and a heteroallelic G/A SNP (rs2075554) in intron 11 of
COLIAI. The ¢.3235G>A mutation predicts p.G1079S.
We genotyped ¢.3235G>A in family members by ASP-
PCR, and found that all affected members were heterozy-
gous for ¢.3235G>A (Fig. 1).

Phenotypic variability of osteogenesis imperfecta is
not accounted for by disruption of splicing cis-elements

In addition to ¢.3235G>A, four more mutations and two
SNPs have been reported in COLIAI exon 45 with variable
phenotypes ranging from mild type I to perinatal lethal type
II (Fig. 2a) (Constantinou et al. 1989; Hartikka et al. 2004;
Lund et al. 1997; Marini et al. 2007; Mottes et al. 1992;
Roschger et al. 2008). We thus hypothesized that disrup-
tion or de novo generation of a splicing cis-element
determines the clinical phenotype. The five mutations and
two SNPs in COLIAI exon 45 were predicted to affect 16
putative splicing cis-elements by ESEfinder, ESRsearch
and PESXs (Table 1). FAS-ESS and RESCUE-ESE pre-
dicted no splicing cis-elements. All the five mutations with
or without two SNPs in COLIAI exon 45 variably but
slightly weaken acceptor and/or donor splice site strengths
according to the NetGene2 (Table 2). The splice site pre-
diction by neural network also predicted that ¢.3235G>A
generates a weak cryptic splice acceptor site in COLIAI
exon 45 (Table 2). We first examined cultured fibroblasts
of II-3 by RT-PCR and found that the COLIAI ¢.3235G>A
mutation did not induce aberrant splicing of COLIAI (data
not shown). NMD was unlikely to have masked aberrant
splicing, because we observed heterozygous peaks at
¢.3235G>A in sequencing the RT-PCR product. We next
constructed 18 COLIAI minigenes with or without each of
the five mutations in the presence or absence of each of the
two SNPs (Fig. 2b). RT-PCR analysis of transfected
HEK293 cells showed that all minigene constructs gave
rise to a single fragment of 336 bp, indicating that splicing
was not affected in any mutations or SNPs (Fig. 2c).

Japanese (F1), Italian (F2) and Canadian (F3) families
with COLIAI ¢.3235G>A share no founder haplotype

We previously reported COLIAI ¢.3235G>A in the Italian
and Canadian families (Marini et al. 2007; Roschger et al.
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2008). Although we have not measured serum urate con-
centrations in these families, gout or urinary stone has not
been documented in either family, which suggests that
hyperuricemia is not simply due to ¢.3235G>A.

To pursue if a gene responsible for hyperuricemia is on
the same chr as COLIAI, we looked for a founder haplo-
type for ¢.3235G>A in three families by genotyping three
microsatellite markers flanking COLIAI (D17S1293,
—16 Mbp; D17S1319, —14 kbp; and D17S788, 2 Mbp)
and an SNP (rs2075554) in intron 11 of COLIAI. The
analysis revealed that each family carried a unique haplo-
type and shared no founder haplotype (Fig. 1). Thus, the
mutation is likely to have occurred independently in three
ethnic groups. Alternatively, ¢.3235G>A is an ancient
founder mutation, and subsequent multiple recombinations
and divergence of microsatellite repeats have obscured a
founder effect. In either case, lack of a found haplotype
supports the notion that a gene responsible for hyperuri-
cemia is potentially but not necessarily linked to COLIAI.

Hyperuricemia is not caused by mutations in PRPSAPI
or PRPSAP2

We thus first looked into candidate genes for hyperurice-
mia on chr 17 where COLIAI (17q21.31-q22) is located.
Two candidate genes for hyperuricemia are on chr 17:
PRPSAP1 (MIM# 601249) at 17q24-q25 encoding PAP39
(Ishizuka et al. 1996) and PRPSAP2 (MIM# 603762) at
17p12-p11.2 encoding PAP41 (Katashima et al. 1998).
PAP39 and PAP41 are subunits of phosphoribosylpyr-
ophosphate (PRPP) synthetase that leads to urate produc-
tion. No mutation has been reported in either gene in any
diseases. We sequenced cDNAs of PRPSAPI and PRP-
SAP2 in II-3, but found no mutation in either gene. As we
detected no heterozygous SNPs in PRPSAPI and PRP-
SAP2, a mutant allele carrying a premature stop codon
might have been missed due to mRNA degradation by
NMD.

Resequencing of exomes reveals hyperuricemia-
associated SNPs

We next traced a causative gene for hyperuricemia in two
siblings (II-2 and II-3) by exome resequencing with the
SureSelect human all exon kit vl (Agilent) and with the
SOLiD 3 Plus sequencer (Life Technologies).

We similarly analyzed an unrelated Japanese male (22-
year-old) with OI type I and hyperuricemia (VIII-2 in F4 in
Fig. 1). His hyperuricemia was by chance detected at age
14 years when he had fractures. His hyperuricemia has
been well controlled by medication since then. Exome
resequencing of VIII-2 disclosed a novel heteroallelic
¢.577G>T mutation in COLIA2 exon 12 predicting
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Fig. 2 Splicing assays of COLIAI minigenes in HEK293 cells.
a Positions and phenotypes of OI mutations in COLIAI exon 45.
Mutations above the wild-type sequence exhibit non-lethal pheno-
types, whereas those below the sequence cause a lethal phenotype.
b Schematic representation of COLIAI minigenes. Sequences of
mutant minigenes are indicated below. Substituted nucleotides are

p.G193C. We confirmed the mutation by capillary
sequencing. Family samples were not available for our
analysis.

shown in bold. Predicted gain and loss of splicing cis-elements by
ESEfinder (Cartegni et al. 2003) are indicated by solid and dotted
underlines, respectively. ¢ RT-PCR of minigenes introduced into
HEK293 cells. All constructs show a single fragment of 336 bp,
indicating that COLIA] exon 45 is not skipped in any constructs.
Untransfected cells are used as a negative control (NC)

In F1, a probability that three siblings inherited an
identical allele from the father is (1/2)° = 12.5%, which
indicates that the causative gene is anywhere in the
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Table 1 Affected putative splicing cis-elements in COLIAI exon 45 predicted by ESEfinder, ESRsearch and PESXs

Sequence variation Normal allele Variant allele Predicted effect Score? Putative trans-factor
Normal Variant

rs1800215 CCGCCGG CCACCGG* Gain 1.622 4.231 SRp40

rs1800217 CTGTTGGC CTGTCGGC® Gain n.a.

3226G>A CGCCGG CGCCAG" Gain na.

CCGGTCCT CCAGTCCT® Gain n.a.
€.3226G>A+rs1800215 CCGCCGG CCACCAG* Gain 1.622 3.663 SRp40
¢.3226G>T CGCCGG CGCCTG® Gain n.a.
€.3226G>T+rs1800215 CCGCCGG CCACCTG" Loss 3.498 0.571 SF2/ASF
c.3235G>A CTGTCGG CTGTCAG" Loss 2.492 0.713 SF2/ASF

CTGTCGGC CTGTCAGC® Loss n.a.

TGTCGGC TGTCAGC* Gain 1.058 3.613 SRp40

GTCGGC GTCAGC® Gain na.

CGGCCCTG CAGCCCTG® Gain n.a.
c.3244G>T GGCGCCCG TGCGCCCG* Loss 3.109 1.059 SC35

GGCGCC TGCGCC* Gain 0.721 3.531 SRp55
€.3244G>T+rs1800217 TGTTGGC TGTCTGC® Gain —1.326 3.367 SRp40
¢.3253G>A CGTGGC CGTAGC" Loss 2.940 2.331 SRp55

Variant nucleotides are shown in bold and underlined
n.a. not applicable

* ESEfinder

® ESRsearch

¢ PESXs

4 Default threshold values employed by ESEfinder are SRp40 = 2.67, SF2/ASF = 1.867, SC35 = 2.383 and SRp55 = 2.676

12.5% regions of the entire genome. We first sought for a
mutation responsible for hyperuricemia in 24 genes (see
Table 3 and Suppl. Table 2) that are involved in urate
metabolisms and excretion, but found none in either
patient. We then scrutinized SNPs in ten genes that are
known to be associated with hyperuricemia and identified
12 SNPs (Table 3). In this analysis, we excluded SNPs
with a minor allelic frequency of 0.01 or less. Among the
12 SNPs, rs2231142 in ABCG2 as well as rs3825016 and
rs11231825 in SLC22A12 are previously reported and
will be addressed in the discussion. We traced the three
SNPs in F1, F2 and F3 by capillary sequencing and found
that variable dosages of these SNPs were observed in
hyperuricemic as well as in normouricemic individuals
(Fig. 1).

A missense mutation in GPATCHS is likely to lead
to hyperuricemia in the Japanese family (F1)

After eliminating SNPs in the dbSNP132 database, only
three non-synonymous variants remained shared between
II-2 and II-3 on chr 17; c.602A>G in exon 2 of KRBA2 at
17p13.1, ¢.206C>T in exon 3 of ZPBP2 (MIM# 608499) at
17q12 (Fig. 3a) and ¢.2935G>C in exon 8 of GPATCHS at
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17g21.31 (Fig. 3b). Capillary sequencing revealed that
variants in ZPBP2 and GPATCHS cosegregated with
hyperuricemia in F1, but the KRBA?2 variant did not. These
two variants were not detected in F2, F3, F4, 100 normal
human individuals or exomes of 50 Tibetans (Yi et al.
2010). In addition, exome-capture resequencing of VIII-2
detected no mutations in ZPBP2 and GPATCHS.

ZPBP2 ¢.206C>T and GPATCHS ¢.2935G>C predict
amino acid substitutions of p.T69I and p.A979P, respec-
tively. Threonine 69 and the flanking amino acids of
ZPBP2 are not conserved across mammalian species.
Additionally, an SNP rs35591738 mutates the N-terminal
proline at codon 68, and an SNP rs34272593 causes a
frameshift at codon 70 (Fig. 3a). In contrast, alanine 979
and the flanking amino acids of GPATCHS are in the ser-
ine-rich region and are highly conserved across mamma-
lian species (Fig. 3b). PolyPhen-2 (Adzhubei et al. 2010)
predicted that ZPBP2 p.T691 was benign with a score of
0.025 and GPATCHS p.A979P was damaging with a score
of 0.988, where 1.0 was the worst score. Similarly, SIFT
(Kumar et al. 2009) predicted that ZPBP2 p.T691 was
tolerated with a score of 0.38 and GPATCHS p.A979P was
damaging with a score of 0.00, where a score < 0.05
was predicted to be deleterious.
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Table 2 Splice site strength of COLIAI exon 45 predicted by the NetGene2 and the Splice Site Prediction by Neural Network

Sequence variation NetGene2 Splice Site Prediction by Neural Network
Confidence Score
Acceptor Donor Acceptor Donor
Wild type 097 0.93 0.98 0.95
rs1800215 - - - -
51800217 - - - -
¢.3226G>A - 0.89 - -
€.3226G>A+rs1800215 0.94 0.89 - -
¢.3226G>A-+r1s1800217 - 0.89 - -
€.3226G>T 0.94 0.87 - -
¢.3226G>T+rs 1800215 0.94 0.86 - -
¢.3226G>T+rs1800217 0.94 0.87 - -
¢.3235G>A 0.94 0.87 - -
¢.3235G>A+rs1800215 0.94 0.86 - -
¢.3235G>A+r1s1800217 0.94 0.87 - -
¢.3244G>T 0.94 0.86 - -
¢.3244G>T+1s1800215 0.94 0.86 - -
¢.3244G>T+rs 1800217 0.94 0.86 - -
¢.3253G>A 0.94 0.88 0.52% -
¢.3253G>A+1s1800215 0.94 0.87 0.52° -
¢.3253G>A-+rs1800217 - 0.89 - -

— symbol represents being identical to the wild-type
* In addition to the native splice acceptor site of 0.98, a cryptic splice acceptor site ‘AG’ is generated at ¢,3253_3254

Table 3 Twelve SNPs identified by exome resequensing in five out of ten genes associated with hyperuricemia

Ch Gene Position Nuc. Amino acid AF dbSNP II-2 II-3 VII-2

I AGL 100,336,361 C>T Syn. 0.7 rs2230306 TIT /T -IT

4 ABCG2® 89,034,551 G>A Syn. 0.02 1535622453 —- ol —/A
89,052,323 C>A Ql41K 0.31 rs2231142 —/A A/A -~
89,061,114 G>A vi2Mm 0.19 152231137 /A /- —A

4 SLC2A9" 9,909,923 C>T P350L 033 rs2280205 T -T /-
9,922,130 G>A R294H 0.72 rs3733591 ~{A /- ~IA
9,998,440 G>A Syn. 0.54 rs10939650 /A A/A /A
10,022,981 G>A G25R 043 2276961 /A ~/A -/~
10,027,542 G>A AlTT 0.06 6820230 /- ~/A /A

i1 SLC22A12° 64,359,286 C>T Syn. 0.21 rs3825016 -IT /T -IT
64,360,274 C>T Syn. 0.81 rs11231825 ~IT /- T

12 PFKM nd.

16 uMoD® nd.

17 G6PC n.d.

X HPRTI* nd.

X PRPSI® n.d.

X MAOA 43,591,036 G>T Syn. 0.3 rs6323 /- T/T T

* The gene is associated with purine metabolism

® The gene is associated with renal excretion of urate

— symbol represents in the patients’ genotypes mean being identical to the reference nucleotides

Syn synonymous nucleotide change, AF allelic frequency of the changed nucleotide, n.d. no SNPs are detected
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a 69
Patients |
Human KLSKKEIVDPITIYLWIGPNEKT
Chimpanzee KL SK KE | VDPITIY LWIGPNEKT
Macaque KL SKKE | VDP|ITIYLWIGPNEKT
Mouse DRANKETVDPITIYLWTGPNENT
Rat DRASKETVDPIIIYLWIGPNENT
Dog RRAKKETVDPITIYLWIGPNEKP
Cow KRAEKETVDPITIYLWVGPNEKAQ
Opossm  E | SQTE | IDPIIIALWMGPNGKH
rs35591738 K L SK KE | VDA|TIY LWIGPNEKT
rs34272503 KL SKKE | VDPITIL LMDWAX *
b 979
Patients P
Human RSKRRSRSTTIAIHSWQRSRSYS
Chimpanzee RS KR RSRS T TIA[HSWQR SRS YS
Macaqe RS KR RSRSTTIAIHSWQRSRSYS
Mouse RSKRRSRSTTIAIHSWQRSRSYS
Rat RSKRRSRSTT|IAIHSWQRSRSYS
Dog RSKRRSRSTTIAIHSWQRSRSYS
Cow RSKRRSRSTTIAIHSWQRSRSYS
Opossm RS KR RSRSTTIAIHSWQRSRSYS
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(] |
C2H2-type zinc finger Lyatich! Sersrich

Fig. 3 Conservation of 21 amino acid segments encoded by ZPBP2
and GPATCHS in mammals. Locations of non-synonymous variants
identified in the Japanese family (F1) are boxed. Amino acids
identical to human are shaded. a ¢.206C>T predicts p.T69I in ZPBP2.
T69 is not conserved in rat and opossum. An SNP rs35591738
predicts p.P68A, and an SNP rs34272593 induces a frameshift.
b ¢.2935G>C predicts p.A979P in GPATCHS. The mutation is
located at the C-terminal end of the serine-rich region

Discussion
Phenotypic variabilities of OI mutations

We identified a heteroallelic ¢.3235G>A mutation in
COLIAI exon 45 in a Japanese family with mild OI type L.
The ¢.3235G>A mutation has been previously reported in
six families with OI types I (Hartikka et al. 2004; Mottes et al.
1992; Roschger et al. 2008) and IV (Marini et al. 2007).
COLIAI exon 45 encodes six of the 338 Gly-X-Y triplet
repeats. Four additional mutations have been reported in
exon 45 (Constantinou et al. 1989; Lund et al. 1997; Marini
et al. 2007), and all substitute Ser or Cys for Gly (Fig. 2a)
with mild to lethal phenotypes. Among the five mutations,
two mutations introducing Cys result in a lethal type II,
whereas three mutations introducing Ser give rise to milder
types L, [ll and IV. This notion, however, cannot be applied to
the other exons according to the human type I collagen
mutation database (http://www le.ac.uk/genetics/collagen/).

Being prompted by a report that more than 16-20% of
exonic mutations disrupt an ESE (Gorlov et al. 2003), we
asked if a mutation disrupting an ESE in exon 45 causes
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skipping of an inframe exon 45 and exhibits a severe
dominant negative phenotype. Three Web-based programs
predict that all the five mutations and the two SNPs affect
16 putative exonic splicing cis-elements (Table 1). We thus
constructed and analyzed 18 minigenes carrying all possi-
ble combinations of the five mutations and two SNPs
(Fig. 2b), but found that none affected pre-mRNA splicing
(Fig. 2c). Our analysis suggests that the currently available
algorithms of splicing trans-factors cannot efficiently pre-
dict splicing cis-elements. This is likely because the rec-
ognition motifs of splicing frans-factors are mostly
determined by in vitro SELEX experiments. A recently
developed technique, the high throughput sequencing
coupled to crosslinking immunoprecipitation method
(HITS-CLIP), enables us to extensively determine RNA
segments recognized by a specific splicing trans-factor in
vivo (Licatalosi et al. 2008; Yeo et al. 2009). Accumulation
of knowledge with the HITS-CLIP technology will enable
us to construct dependable algorithms to efficiently predict
splicing cis-elements.

In addition to the phenotypic variability among similar
mutations in the same exon, the same mutation often
exhibits variable phenotypes, although the variability is
usually less (Lund et al. 1996). This is also true for our
families. In the Japanese family (F1), two sons (II-1 and
II-3) experienced many fractures, whereas the father (I-1)
and another son (II-2) had no history of fractures. In the
Italian family (F2), the son suffered from many fractures,
but his affected mother did not (Mottes et al. 1992). In the
Canadian family (F3), the father was classified as OI type
IV, whereas his daughter as OI type I (Roschger et al.
2008). Variable clinical phenotypes of the ¢.3235G>A
mutation is likely due to differences in environmental
factors or to SNPs in disease-modifying genes, but the
molecular bases have not been elucidated in any type of OL

Molecular basis of hyperuricemia

In F1, hyperuricemia cosegregated with OI type 1.
Although no known genes causing hyperuricemia are on
chr 17 where COLIA1I is located, two candidate genes of
PRPSAPI and PRPSAP2 are on chr 17. Capillary
sequencing of these genes, however, detected no mutation.
We thus employed exome-capture resequencing analysis of
two siblings in F1 to search for a responsible gene for
hyperuricemia. We first looked into SNPs in the 10 can-
didate genes that are associated with hyperuricemia, purine
metabolism and renal excretion, and found 12 SNPs in 10
genes (Table 3). Among them, three SNPs in ABCG2
(rs2231142) and SLC22A12 (rs3825016 and rs11231825)
are previously reported markers for hyperuricemia and/or
gout.
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Dehghan et al. (2008) report that rs2231142 in ABCG2
is associated with gout by a genome-wide association study
(OR = 1.74 and 1.71 in white and black participants,
respectively). Woodward et al. (2009) showed a significant
association between rs2231142 and hyperuricemia
(OR = 1.68) in a population-based study of 14,783 indi-
viduals. Kolz et al. (2009) demonstrated that rs2231142
elevated the serum urate concentration more strongly in
men than in women by meta-analysis of 28,141 individu-
als. Stark et al. (2009) analyzed 683 patients with gout and
indicated a significant association between rs2231142 and
gout (OR = 1.37). Although rs2231142 is an attractive
causative SNP, our normouricemic subjects were also
heterozygous for rs2231142.

Graessler et al. (2006) analyzed 389 German individuals
with primary hyperuricemia and found that rs3825016 and
rs11231825 in SLC22A12 were significantly associated
with reduced fractional excretion of urate in the kidney.
Tabara et al. (2010) analyzed 1,526 normal Japanese
individuals retrospectively and longitudinally, and clarified
that rs11231825 was associated with reduced urate excre-
tion and with future development of hyperuricemia. Again,
although the two SNPs are attractive causes of hyperuri-
cemia, we observe variable dosages of these SNPs even in
our normouricemic subjects.

We next looked into neighboring genes of COLIAI
without considering the functions of the gene products, and
identified that two missense variants in ZPBP2 and
GPATCHS cosegregated with the COLIA mutation in F1.
Neither variant was detected in 300 normal alleles or in
dbSNP132. ZPBP2 p.T691, however, is unlikely to be
pathogenic for three reasons: lack of conservation in
mammals; two missense/frameshifting SNPs at or close to
the variant site (Fig. 3a); and the benign predicted outcome
by PolyPhen-2 and SIFT. On the other hand, p.A979P in
GPATCHS substitutes an amino acid in the highly con-
served serine-rich region (Fig. 3b), and the substitution is
predicted to damage the structure and function of the
protein by in silico analysis. GPATCHS encodes the G
patch domain-containing protein 8 that harbors both an
RNA-processing domain and a zinc finger domain.
GPATCHS is expressed in a wide variety of human tissues
including skeletal muscles, brain, heart, pancreas, liver and
kidney (McKinney et al. 2004). Functions of the
GPATCHS gene product, however, have not been studied
to date. The p.A979P variant in GPATCHS is highly likely
to be associated with hyperuricemia in F1, but it may also
cause another yet unidentified phenotype that cosegregates
with OL
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Anti-MuSK autoantibodies block binding

of collagen Q to MuSK

ABSTRACT

Objective: Muscle-specific receptor tyrosine kinase (MuSK) antibody-positive myasthenia gravis
{(MG) accounts for 5%-15% of autoimmune MG. MuSK mediates the agrin-signaling pathway and
also anchors the collagenic tail subunit (ColQ) of acetylcholinesterase (AChE). The exact molecu-
lar target of MuSK-immunoglobulin G (IgG), however, remains elusive. As acetylcholine receptor
(AChR) deficiency is typically mild and as cholinesterase inhibitors are generally ineffective, we
asked if MuSK-IgG interferes with binding of ColQ to MuSK.

Methods: We used 3 assays: in vitro overlay of the human ColQ-tailed AChE to muscle sections of
Colg—/- mice; in vitro plate-binding assay to quantitate binding of MuSK to ColQ and to LRP4:
and passive transfer of MuSK-IgG to mice.

Results: The in vitro overlay assay revealed that MuSK-IgG blocks binding of ColQ to the neuro-
muscular junction. The in vitro plate-binding assay showed that MuSK-IgG exerts a dose-
dependent block of MuSK binding to ColQ by but not to LRP4. Passive transfer of MuSK-IgG to
mice reduced the size and density of ColQ to ~10% of controls and had a lesser effect on the size
and density of AChR and MuSK.

Conclusions: As lack of ColQ compromises agrin-mediated AChR clustering in Colg—/— mice, a
similar mechanism may lead to AChR deficiency in MuSK-MG patients. Our experiments also
predict partial AChE deficiency in MuSK-MG patients, but AChE is not reduced in biopsied
NMJs. In humans, binding of ColQ to MuSK may be dispensable for clustering ColQ, but is
required for facilitating AChR clustering. Further studies will be required to elucidate the
basis of this paradox. Neurology® 2011;77:1819-1826

GLOSSARY

AChE = acetylcholinesterase; AChR = acetylcholine receptor; ColQ = collagen Q; IgG = immunoglobulin G; LRP4 = low-
density lipoprotein receptor-related protein 4; MG = myasthenia gravis; MuSK = muscle-specific receptor tyrosine kinase;
NMJ = neuromuscular junction; SDS-PAGE = sodium dodecy! sulfate-polyacrylamide gel electrophoresis.

During development of the neuromuscular junction (NM]), neural agrin released from the
nerve terminal binds to the postsynaptic transmembrane protein LRP4.'2 Dimerized LRP4
forms a heterotetramer with the dimerized muscle-specific receptor tyrosine kinase (MuSK).?
MuSK together with Dok-7 promotes clustering of acetylcholine receptor (AChR) on the
junctional folds by rapsyn.* The clustering effect of MuSK is mediated by distinct pathways
involving Rho GTPase.?

At the NMJ, 3 tetramers of catalytic subunits of acetylcholinesterase (AChE) are linked to
ColQ, the triple helical collagenic subunit.® ColQ-tailed AChE is anchored to the synaptic
basal lamina by 2 mechanisms: 2 sets of heparan sulfate proteoglycan residues in the collagen
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domain of Col(Y’ bind to heparin sulfate pro-
teoglycans, such as perlecan®; and the C-terminal
domain of ColQ binds to MuSK.?

Five percent to 15% of patients with myas-
thenia gravis (MG) carry antibodies against
MuSK (MuSK-immunoglobulin G [IgG]).'!!
MuSK-MG patients respond favorably to im-
munotherapy, but usually do not respond to,
or are even worsened by, cholinesterase inhib-
itors.!>1> Anti-AChR antibodies comprise
IgG1 and IgG3 moieties that bind comple-
ment whereas anti-MuSK antibodies are
largely IgG4 that do not activate comple-
ment, and complement deposits at the NM]
are sparse.'®'® However, the exact target of
MuSK-IgG remains elusive. We therefore ex-
amined an effect of MuSK-IgG on an interac-
tion between ColQ and MuSK by in vitro
and in vivo assays, and found that MuSK-IgG
blocks this interaction.

METHODS Patients. We obtained serum from 4
MuSK-MG patients (patients 1-4) and a patient with limb-
girdle muscular dystrophy as a control (control 1). We obtained
10 mL peripheral blood from patients 1, 3, 4, and control and
residual plasmapheresis fluid from patient 2. We also obtained
expired fresh-frozen plasma (control 2) from Dr. Isao Takahashi
at the Aichi Red Cross Blood Center with institutional approval.
We used sera of patient 2 and control 2 for all the experiments,
and sera of patients 1, 3, 4, and control 1 only for the in vitro
overlay and in vitro plate binding assays because only small
amounts of sera were available from these patients.

Ages and genders of patients 1-4 were a 48-year-old woman,
a 30-year-old woman, a 59-year-old man, and a 45-year-old
woman, respectively. The titers of anti-MuSK antibodies of pa-
tients 1-3 were 22.0 nM, 11.2 nM, and 0.12 nM, respectively
(normal <0.01 nM). Patient 4 was positive for anti-MuSK anti-

body, but the titer was not determined.

Standard protocol approvals, registrations, and patient
consents. We performed all human studies under the institu-
tional review board approvals of the Nagoya University Gradu-
ate School of Medicine and the Mayo Clinic, and obtained
written informed consents from each patient and a control. We
also obtained approvals of the Colg—/— mice studies and the
passive IgG transfer studies by the Animal Care and Use Com-
mittee of the Nagoya University.

Plasmids. We previously made CMV-based mammalian ex-
pression vectors, pTargeT-COLQ and pTargeT-ACHE.” To
generate hMuSKect-myc, we cloned the extracellular domain (aa
1-393) of human MUSK cDNA (Open Biosystems) into a
mammalian expression vector pAPtag-5 (GenHunter) at the
Nbel and Xhol sites upstream of a myc epitope. For hLRP4N-
FLAG, we cloned the extracellular domain (aa 1-1722) of hu-
man LRP4 cDNA (Open Biosystems) into the HindIIl and Xbal
sites upstream of a 3xFLAG epitope of a mammalian expression
vector p3XFLAG-CMV-14 (Sigma Aldrich).
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Preparation of recombinant human ColQ-tailed
AChE. We prepared human ColQ-tailed AChE for in vitro
overlay assay and for in vitro plate-binding assay. Both pTargeT-
COLQ and pTargeT-ACHE were transfected into HEK293 cells
in a 10-cm dish using the calcium phosphate method as de-
scribed elsewhere.?* We extracted proteins from the cells in Tris-
HCI buffer (50 mM Tris-HCl [pH 7.0], 0.5% Triton X-100,
0.2 mM EDTA, leupeptin [2 pg/mL], and pepstatin [1 pg/mL])
containing 1 M NaCl, and diluted the extracts containing ColQ-
tailed AChE in Tris-HCI buffer containing 0.2 M NaCl and
loaded onto the HiTrap Heparin HP columns (GE Healthcare).
We washed the columns with 5 volumes of Tris-HCI buffer con-
taining 0.2 M NaCl, and eluted ColQ-tailed AChE with Tris-
HCI buffer containing 1 M NaCl. We concentrated the eluate
with an Amicon Ultra-4 Centrifugal Filter (50K) (Millipore) to
12-Ellman units per mL. The units were normalized with the

Torpedo-derived AChE (C2888, Sigma-Aldrich).

Preparation of hMuSKect-myc and hLRP4N-FLAG
proteins. We prepared hMuSKect-myc and hLRP4N-FLAG
for in vitro plate-binding assays. We introduced a construct carrying
either hMuSKect-myc or hLRP4N-FLAG into HEK293 cells in a
10-cm dish using the calcium phosphate method as above. We pu-
rified the hMuSKect-myc with the c-myc-Tagged Protein Mild Pu-
rification Kit version 2 (MBL), and purified the hLRP4N-FLAG
with the Anti-DYKDDDDK-tag Antibody Beads (Wako). We de-
tected purified hMuSKect-myc and hLRP4N-FLAG by anti-myc
antibody (9E10, Abcam) and anti-FLAG antibody (M2, Sigma-
Aldrich), respectively (data not shown), and also detected
hMuSKect-myc by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) followed by protein staining with the Ori-
ole Fluorescent Gel Stain (Bio-Rad).

Purification of plasma IgG. We purified 1gG as described
elsewhere?! with minor modifications. We adjusted plasma to
pH 8.0 with 1 M NaOH. While stirring 1 volume of plasma, we
slowly added 3.5 volumes of 0.4% rivanol (Tokyo Chemical
Industries) in water for 30 minutes. We left the solution over-
night at RT, and removed a tenacious yellow precipitate. After
filtering the supernatant through Whatman no. 1 paper to re-
move residual precipitates, we added 8 g of activated charcoal
(Wako Chemicals) for 100 mL of the IgG solution and incu-
bated overnight at 4°C to remove rivanol. We then slowly added
an equal amount of saturated ammonium sulfate, and again in-
cubated overnight at RT to precipitate crude IgG. We centri-
fuged the solution at 3,000 x g for 30 minutes, and added saline
to the precipitate to form a slurry, which was then transferred to
a dialysis tube (Spectra/Por MWCO 50,000, Spectrum Labora-
tories). We dialyzed the solution in saline at 4°C for 3 hours,
followed by dialysis in PBS at 4°C for 2 hours and then over-
night. We removed residual charcoals by filtering through a
0.22-pm Millex-GP filter (Millipore), and concentrated IgG us-
ing Amicon Ultra 50K (Millipore). We confirmed purity of iso-
lated IgG by 6% SDS-PAGE under a nonreducing condition.
We also reduced IgG in 4% 2-mercaptoethanol and fractionated
the heavy and light chains by 10% SDS-PAGE.

Incubation of purified IgG to a muscle section of
Colg—/— mice. We prepared 10-pm-thick sections of quadri-
ceps muscles of Colg—/— mice® with a Leica CW3050 4 cryo-
stat at —20°C. We blocked nonspecific binding of a muscle
section with the blocking buffer that contained 5% sheep serum
in PBS at RT for 2 hours. We suspended the purified IgG in the
blocking buffer at 50 pg/mL, and overlaid it on a muscle section
at 4°C overnight. We detected human IgG by FITC-abeled
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anti-human IgG antibody (02-10-06, KPL), and AChR by
Alexa594-labeled a-bungarotoxin (Molecular Probes).

In vitro overlay assay. The overlay binding method was es-
sentially as previously described.?* We overlaid 600 ug IgG of
patients at 4°C overnight before adding 120-milli-Ellman units
of ColQ-tailed AChE.

In vitro plate-binding assay for quantifying ColQ-
MuSK interaction. We coated the Maxi-Sorp Immuno Plate
(Nunc) with 0.15 pg of purified hMuSKect-myc at 4°C over-
night and then incubated it with a blocking buffer that con-
tained 50 mM Tris-HCI (pH 7.4), 0.5% BSA, 0.5% ovalbumin,
and 0.5 M NaCl at RT for 1 hour. We incubated the wells with
1 pg to 100 pg of IgG of controls 1 and 2 and patients 1-4 at

Figure 1 Muscle-specific receptor tyrosine kinase (MuSK)-immunoglobulin G
(IgG) recognizes the neuromuscular junction (NMJ) of Colg—/— mice
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Nonreducing (A) and reducing (B) sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis of serum proteins and purified IgG of patient 1. Gels are stained with Coomassie brilliant
blue. M = molecular weight markers; 1 = serum before purification; 2 = purified IgG. Arrow-
heads point to IgG of 160 kD (A), as well as the heavy (50 kD) and light (25 kD) chains of IgG
(B). (C) In vitro overlay of purified IgG on a 10-um skeletal muscle section of Colg—/— mice.
IgG is visualized with FITC-labeled antihuman IgG and acetylcholine receptor with
Alexa594-labeled a-bungarotoxin. Scale bar = 50 um.
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4°C for 6 hours. We added 0.12-Ellman units of ColQ-tailed
AChE as described above. We then quantified the bound ColQ-
tailed AChE by the Ellman method in the presence of 5 x 107
M ethopropazine.' Each time before we moved to the next step,
we washed the plate 3 times with PBS.

In vitro plate-binding assay for quantifying LRP4-
MuSK interaction. We coated the Maxi-Sorp Immuno Plate
with 0.15 pg of purified hMuSKect-myc as described above, and
then blocked with 1% BSA in PBS at RT for 1 hour. We incu-
bated the wells with 1 pg to 100 ug of IgG of control 2 and
patient 2 at 4°C for 6 hours. We added 0.12 pg of purified
hLRP4N-FLAG on each well at RT for 2 hours. We then quan-
tified the bound hLRP4N-FALG by anti-FLAG-HRP using the
TMB substrate kit (Pierce). Again, between each step, we washed
the plates 3 times with PBS.

Passive transfer of human IgG to mice. We made passive
transfer model mice as described elsewhere.> We intraperitone-
ally injected 40 mg IgG of control 2 and patient 2 into 6-week-
old female C57BL/6] mice every day for 15 days. We sterilized
IgG with a 0.22-pm filter (Millipore) and dissolved it in 400 L.
PBS. The mice were killed on day 16 under deep anesthesia. To
suppress any active immune response to the human protein,* we
injected 300 mg/kg of cyclophosphamide monohydrate (10
mg/mL in 0.9% NaCl) intraperitoneally 24 hours after the first
IgG injection. We also injected IgG of patient 2 into 2 addi-
tional mice to confirm consistency, and analyzed a representative
mouse in detail. We detected AChR by Alexa594-labeled
a-bungarotoxin (Molecular Probes), ColQ by 1:100 of a newly
raised anti-ColQ antibody (figure e-1 on the Neuro/og)"m Web
site at www.neurology.org), and MuSK by 1:100 of anti-MuSK
antibody (C-19, Santa Cruz). We quantified signals by the BZ-
9000 microscope (Keyence) equipped with the Dynamic Cell
Count software BZ-H1C (Keyence).

RESULTS MuSK-IgG recognizes NM] of a muscle
section of Colg—/— mouse. We first confirmed that
human MuSK-IgG recognizes the mouse NMJ. We
isolated IgG from serum of MuSK-MG patients and
confirmed the purity of IgG by Coomassie staining
of nonreducing (figure 1A) and reducing (figure 1B)
SDS-PAGEs. We then overlaid MuSK-IgG on quad-
riceps muscle sections of Colg—/— mice.?? IgG of
control 1 was not bound to the NMJ, whereas IgGs
of patients 1 and 2 colocalized to the NMJs (figure
1C). Human MuSK-IgG thus has the potential to
bind to the mouse NM].

In vitro overlay assay discloses that MuSK-IgG blocks
binding of ColQ-tailed AChE to the NM]J of a muscle
section of Colg—/— mouse. We previously demon-
strated that the purified recombinant human ColQ-
tailed AChE protein complex could bind to sections
of the frog NMJs?* and the mouse NMJs (in prepara-
tion) in vitro. Using the in vitro overlay assay, we
next examined whether MuSK-IgG blocks anchoring
of ColQ-tailed AChE to the mouse NM]Js. We incu-
bated a muscle section of Colg—/— mice with
MuSK-IgG overnight at 4°C and overlaid human
ColQ-tailed AChE followed by histologic visualiza-
tion of ColQ and AChR (figure 2). In the presence of
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[ Figure 2 Invitro overlay assays

AChR
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Pt. 4

Purified recombinant collagen Q (ColQ)-tailed acetylcholinesterase {AChE) was overlaid on a 10-um quadriceps muscle section of Colg—/— mice in the
presence of the indicated purified muscle-specific receptor tyrosine kinase-immunoglobulin G. ColQ is stained with anti-ColQ antibody and acetylcholine
receptor (AChR) with Alexa594-labeled a-bungarotoxin. Scale bar = 50 um.
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IgG of control 1, ColQ was colocalized with AChRs,
whereas, in the presence of 4 MuSK-IgGs, no ColQ
signal was observed at the NMJs.

In vitro plate-binding assay shows that MuSK-IgG
blocks binding of ColQ-tailed AChE but not of LRP4
to MuSK. We next quantified an effect of MuSK-IgG
on an interaction of human ColQ and human MuSK
by an in vitro plate-binding assay. We synthesized
and purified the myc-tagged extracellular domain of
human MuSK (hMuSKect-myc). We then incubated
an hMuSKect-coated plate with variable concentra-
tions of control IgG or MuSK-IgG, and added a
fixed amount of the purified recombinant human
ColQ-tailed AChE. In 2 controls, AChE remained
bound even in the presence of 100 ug of IgG,
whereas in 4 MuSK-MG patients the numbers of
bound AChE were proportionally decreased with in-
creasing amounts of the patient’s IgG (figure 3A).

We also examined the effect of MuSK-IgG on the
interaction between the extracellular domain of
MuSK and LRP4. We found that even at 100 pg
IgG of control 2 or patient 2 did not block binding
of LRP4 to MuSK (figure 3B).

Passive transfer model exhibits reduced ColQ signals
at the NMJs. As described in the introduction, active
and passive immunization of model animals reveals
reduction of AChRs at the NMJs,**26-2? but an effect
of MuSK-IgG on ColQ-tailed AChE has not been
examined to date. We thus injected IgG of control 2
and patient 2 for 14 days to C57BL/6] female mice
and visualized the expression of AChR, ColQ,
MuSK, and AChE in quadriceps muscle sections.
Signal intensities of ColQ and AChE were markedly
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attenuated, but the AChR and MuSK signal intensi-
ties were only moderately reduced (figure 4, A and
B). Quantitative analysis of the fluorescence signals
revealed that signal areas (figure 4C), intensities (fig-
ure 4D), and densities (figure 4E) of ColQ in mice
injected with patient 2 IgG were significantly re-
duced. Conversely, signal areas (figure 4C), intensi-
ties (figure 4D), and densities (figure 4E) of AChR
were only moderately reduced. Similarly, the same
parameters of the MuSK signal were moderately re-
duced (figure 4, C, D, and E). Moderate reductions
of the areas and intensities of AChR and MuSK sig-
nals are likely due to reduced sizes of the NMJs, be-
cause the densities of AChR and MuSK were only
marginally affected. In addition, whereas the number
of MuSK per AChR remained essentially the same,
the number of ColQ per AChR was prominently re-
duced (figure 4F). To summarize, MuSK-IgG com-
promised anchoring of ColQ-tailed AChE and had a
less prominent effect on the expression of MuSK and
AChR.

DISCUSSION Molecular basis of MuSK-MG has
been examined in cultured cells?®?! as well as in ac-
tive’®2” and passive??¢?” immunization models. Ap-
plication of MuSK-MG antibodies to TE671 muscle
cells induces inhibition of cell proliferation and sec-
ondarily leads to downregulation of AChR and
rapsyn.* Similarly, MuSK-MG antibodies have no
or minimal effect on the cell surface expression of
AChR in TE671 and C2C12 muscle cells.?* Con-
versely, mice?® and rabbits?® immunized with recom-
binant MuSK develop myasthenic symptoms and
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