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Figure legends

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 COLIA!. A patient in F4
has ¢.577G>T predicting p.G193C in COLIA42. Closed symbols indicate patients with Ol and with
hyperuricemia. Half-shaded symbols represent OI 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 Ol. Genotypes of three microsatellite
markers (D1751293, -16Mbp; D17S1319, -14kbp; and D17S788, 2Mb) flanking COL1AJ and a SNP
(rs2075554) in intron 11 of COLIA1 are indicated for all the available members in F1, F2, and F3. F1, F2,
and F3 carry their unique haplotypes (shown by solid, dotted, and broken boxes, respectively). The
D17S1293 genotype in F3 is not informative and is not boxed. Genotypes of hyperuricemia-associated

SNPs (152231142, rs3825016, and rs11231825) arc indicated at the bottom of each pedigree tree.

Fig. 2 Splicing assays of COLIA41 minigenes in HEK293 cells. a Positions and phenotypes of Ol
mutations in COLIA1 exon 45. Mutations above the wild-type sequence exhibit non-lethal phenotypes,
whereas those below the sequence cause a lethal phenotype. b Schematic representation of COLIA1
minigenes. Sequences of mutant minigenes are indicated below. Substituted nucleotides are 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).

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.T691 in ZPBP2. T69 is not conserved in rat and
opossum. A SNP rs35591738 predicts p.P68A, and a 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.
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Table 1 Affected putative splicing cis-elements in COLIA! exon 45 predicted by ESEfinder, ESRsearch,
and PESXs

d

Predicted Score Putative
Sequence variation Normal allele Variant allele
effect Normal Variant trans-factor
rs1800215 CCGCCGG CCACCGG? Gain 1.622 4.231 SRp40
rs1800217 CTGTTGGC CTGTCGGC® Gain n.a.
c.3226G>A CGCCGG CGCCAGb Gain na.

CCGGTCCT CCAGTCCT® Gain na.
€.3226G>A+1s1800215 CCGCCGG CCACCAG" Gain 1.622 3.663 SRp40
¢.3226G>T CGCCGG CGCCIGb Gain na.
¢.3226G>T+rs1800215 CCGCCGG CCACCIGa Loss 3.498 0.571 SF2/ASF
¢.3235G>A CTGTCGG CTGTCAG" Loss 2.492 0.713 SF2/ASF

CTGTCGGC CTGTCAGC® Loss na.

TGTCGGC TGTCAGC? Gain 1.058 3.613 SRp40

GTCGGC GTCAGC® Gain na.

CGGCCCTG CAGCCCTG® Gain na.
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 CGTLA_GCﬂ Loss 2.940 2.331 SRp55

Variant nucleotides are shown in bold and underlined.

*ESEfinder, "ESRsearch, and ‘PESXs

“Default threshold values employed by ESEfinder are SRp40 = 2.67, SF2/ASF = 1.867, SC35 = 2.383,
and SRp55 = 2.676; n.a., not applicable.
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Table 2 Splice site strength of COLIA/ exon 45 predicted by the NetGene2 and the Splice Site Prediction
by Neural Network

Splice Site Prediction

NetGene2
by Neural Network
Sequence variation Confidence Score
Acceptor Donor Acceptor Donor

Wild type 0.97 0.93 0.98 0.95
rs1800215 - ' - - -
151800217 - - - -
c.3226G>A - 0.89 - -
¢.3226G>A+rs1800215 0.94 0.89 - -
¢.3226G>A+rs1800217 - 0.89 - -
€.3226G>T 0.94 0.87 - -
¢.3226G>T+rs1800215 0.94 0.86 - -
¢.3226G>T+rs1800217 0.94 0.87 - -
c.3235G>A 0.94 0.87 - -
¢.3235G>A+rs1800215 0.94 0.86 - -
¢.3235G>A+rs1800217 0.94 0.87 - -
¢.3244G>T 0.94 0.86 - -
¢.3244G>T+rs1800215 0.94 0.86 - -
¢.3244G>T+rs1800217 0.94 0.86 - -
c.3253G>A 0.94 0.88 0.52° -
¢.3253G>A+rs1800215 0.94 0.87 0.52* -
¢.3253G>A+1s1800217 - 0.89 - -

Hyphens represent 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

c.3253_3254.
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Table 3 Twelve SNPs identified by exome resequensing in 5 out of 10 genes associated with

hyperuricemia
Ch Gene Position  Nuc. A;‘iigo AF dbSNP 12 13 V2
1 AGL 100,336,361 C>T Syn. 0.7 rs2230306 T/T -/IT -/T
4 ABCG2® 89,034,551 G>A Syn. 0.02  rs35622453 -/~ -/- -fA
89,052,323 C>A Ql41K 0.31 182231142 -/A A/A -/-
89,061,114 G>A Vi2M 0.19  1s2231137 -IA /- -IA
4 SLC249" 9,909,923 C>T P350L 0.33  rs2280205 -T -/T -/-
9,922,130 G>A R294H 0.72  1s3733591 -1A -/- -/A
9,998,440 G>A Syn. 0.54 1510939650 -/A A/A -/A
10,022,981 G>A G25R 0.43 152276961 -/A -IA -/-
10,027,542 G>A Al7T 0.06 rs6820230 -/- -IA -/A
11 SLC22412° 64,359,286 C>T Syn. 0.21 153825016 -T T/T -/T
64,360,274 C>T Syn. 0.81 rs11231825 -/T -/- -/T
12 PFKM n.d.
16 UMoD® nd.
17 G6PC n.d.
X HPRTI® n.d.
X PRPSI? n.d.
X MAOA 43,591,036 G>T Syn. 0.3 156323 /- T/T T/T

The gene is associated with purine metabolism (a) or renal excretion of urate (b).

Hyphens in the patients’ genotypes mean 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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Supplementary Table 1 PCR primers used for microsatellite analysis

Gene Marker Location Sequence (5’237
COLIAI
D17S1293  -16 Mb Forward TGGAGGCTAGGAGTTTTCCT
Reverse GGAGGCAGTGAGTTGTGATT
DI17S1319  -14Mb Forward TCCCATGCTGCTTCCTATCT
Reverse ACTCTGTTGCCCTCTTGTGG
D17S788 +2 Mb Forward CTAGGCAGCCACTACCAAAT
Reverse CAGCATCTTTGCTATAAGCATC
COLIA2
AB499843 -17 kb Forward GCTTGGAAGACACTGCTGAA
Reverse CAGACTGGCCACTTTTTCAAG
AB499844  +29 kb Forward TGATCACAACCCAATGAATAAAA
Reverse TCCCGTCTGCATCAATTACT
AB499845 +123 kb  Forward GCTGGTTATTGGATGTGAGACA
Reverse CTCCTCTCCCCTGTCCTTTT
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Supplementary Table 2 Fourteen genes involved in urate metabolisms and excretion

Ch Gene Position  Nuc. A;Z’iig" AF dbSNP -2 13 VII2

1 AMPDI® n.d.

1 AMPD2’ n.d.

2 XDH* 31,569,660 A>C NI109T 0.08 r1s45547640  -/C -/~ -/
31,571,786 T>C  Syn.  0.88 rs1884725 cc cre -IC
31,589,847 C>T  Syn. 028 152295475 /T T /-
31,606,670 C>T  Syn.  0.07 14407290 -/- -/T -IT
31,611,143  G>A  GIT2R  0.04 1545523133 /A -/A /A

6  SLCI7AI® 25813150 C>T  T2691  0.83 rs1165196 4T T T

11 SLC22411° n.d.

il AMPD3® nd.

14 PNP* n.d.

16 APRT* n.d.

17 PRPSAPI* nd.

17 PRPSAP2* nd.

18  MOCOS* n.d.

20 ADA? nd.

22 ADSL? n.d.

X PRPS2* nd.

The gene is associated with purine metabolism (a) or renal excretion of urate (b).

Hyphens in the patients’ genotypes mean 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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Japanese family (F1)

Marker 3
D1751293 211 22 2)2 212 212
D1751319 12 12 |ilz Pt pifz
COL1A1rs2075554 AlA GG AlG A|G AlG
D175788 211 22 2|2 2|2 2i2
ABCG2 rs2231142 A /A -IA JA - AA
SLC22A12rs3825016 /T T -+ ST
SLC22A12rs11231825 T ST TT T A
Italian family (F2) Canadian family (F3)
* *
Il V
1 2 1 2
*
v VI
1
2 4
1313 1311
1GIG Gl
iy 11y
- o
T T

Vil
1

Vil
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a - [c.3226G>A .3235G>A c.3253G>A
p.G1076S p.G1079S p.G1085S
Types Il or IV| | Types | or IV Type IV
rs1800215 G/A rs1800217 T/C

GGTCCTGCT GGTCCCGCC GGTCCTGTC GGCCCTGTT GGCGCCCGT GGCCCCGCC

|

€.3226G>T €.3244G>T
p.G1076C p.G1082C
Type ll Type Il

e = —s -

/ \ Predicted effects on ESEs
Loss Gain

wWT GGTCCTGCTGGTCCCGCCGGTCCTGTCGGCCCTGTTGGCGCCCGTGGCCCCGCC
SNP1 (rs1800215) GGTCCTGCTGGTCCCACCGGTCCTGTCGGCCCTGTTGGCGCCCGTGGCCCCGLC SRp40
SNP2 (rs1800217) GGTCCTGCTGGTCCCGCCGGTCCTGTCGGCCCTGTCGGCGCCCGTGGCCCCGLL
3226A GGTCCTGCTGGTCCCGCCAGTCCTGTCGGCCCTGTTGGCGCCCGTGGCCCCGCC
3226A+SNP1 GGTCCTGCTGGTCCCACCAGTCCTGTCGGCCCTGTTGGCGCCCGTGGCCCCGLC SRp40
3226A+SNP2 GGTCCTGCTGGTCCCGCCAGTCCTGTCGGCCCTGTCGGCGCCCGTGGCCCCGCC
32267 GGTCCTGCTGGTCCCGCCTGTCCTGTCGGCCCTGTTGGCGCCCGTGGCCCCGLC

3226T+SNP1 GGTCCTGCTGGTCCCACCTGTCCTGTCGGCCCTGTTGGCGCCCGTGGCCCCGLL SF2/ASF
3226T+SNP2 GGTCCTGCTGGTCCCGCCTGTCCTGTCGGCCCTGTCGGCGCCCGTGGCCCCGCC
3235A GGTCCTGCTGGTCCCGCCGGTCCTIGTCAGCCCTGTTGGCGCCCGTGGCCCCGCC SF2/ASF SRp40

3235A+SNP1 GGTCCTGCTGGTCCCACCGGTCCTGTCAGCCCTGTTGGCGCCCGTGGCCCCGCC SF2/ASF SRp40
3235A+SNP2 GGTCCTGCTGGTCCCGCCGGTCCT GCCCTGTCGGCGCCCGTGGCCCCGCC SF2/ASF SRp40

32447 GGTCCTGCTGGTCCCGCCGGTCCTGTCGGCCCTGTTIGCGCCCGTGGCCCCGLCC SC35 SRp55
3244T+SNP1 GGTCCTGCTGGTCCCACCGGTCCTGTCGGCCCTGTTIGCGCCCGTGGCCCCGCC SC35 SRp55
3244T+SNP2 GGTCCTGCTGGTCCCGCCGGTCCTGTCGGCCCTGTCTGCGCCCGTGGCCCCGLC SRp40
3253A GGTCCTGCTGGTCCCGCCGGTCCTGTCGGCCCTGTTGGCGCCCGTAGCCCCGCC SRp55

3253A+SNP1 SRp55

3253A+SNP2 SRp55

C

-
©
N
N
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a 69
Patients I

b 979
Patients
Human
Chimpanzs
Macaque
Mouse
Rat

Dog

Cow
Opossum

G-palch doN /

1
C2H2-type zinc finger
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Abstract

Objective: 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. The exact molecular target of
MuSK-IgG, however, still 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 three assays: /n vitro overlay of the human ColQ-tailed
acetylcholinesterase (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: In vitro overlay assay revealed that MuSK-IgG blocks binding of ColQ to the
neuromuscular junctions. /n vitro plate-binding assay showed a dose-dependent block by
MuSK-IgG of the binding of MuSK to ColQ 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.
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Introduction

During development of the neuromuscular junction (NMJ), 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)3. 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’.

Acetylcholine released from the nerve terminal is rapidly hydrolyzed by
acetylcholinesterase (AChE) at the NMJ. Three tetramers of catalytic subunits of AChE are
linked to ColQ, the triple helical collagenic subunit®, ColQ-tailed AChE is anchored to the
synaptic basal lamina by two mechanisms: First, two sets of heparan sulfate proteoglycan
(HSPG) residues in the collagen domain of ColQ7 bind to heparin sulfate proteoglycans, such
as perlecan®. Second, the C-terminal domain of ColQ binds to MuSK’.

Five to fifteen percent of myasthenia gravis (MG) patients carry antibodies against
MuSK (MuSK-IgG)"’. MuSK-MG patients often exhibit prominent weakness and atrophy of
* the oculobulbar muscles''. MuSK-MG patients favorably respond to immunotherapy, but
usually do not respond to or are even worsened by cholinesterase inhibitors'>"°. In contrast to
complement-activating IgG1 and IgG3 in AChR antibodies, MuSK antibodies are largely
IgG4 that do not activate complement, and complement deposits at the NMJ are sparse'ﬁ'w.
The exact target of MuSK-IgG, however, remains elusive. We thus examined an effect of
MuSK-IgG on an interaction 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 four MuSK-MG patients (Pts. 1-4) and a patient with
limb-girdle muscular dystrophy as a control (Ct. 1). For Pts. 1, 3, 4, and Ct. 1, we obtained 10
ml peripheral blood. For Pt. 2, we obtained residual fluid of plasmapheresis. We also obtained
expired fresh frozen plasma (Ct. 2) from Dr. Isao Takahashi at the Aichi Red Cross Blood
Center under the institutional approval. All human studies were performed under the IRB
approvals of the Nagoya University Graduate School of Medicine and the Mayo Clinic, and
written informed consents were obtained from each patient and a control.

Ages and genders of Pts. 1-4 were a 48-y.0. female, a 30-y.0. female, a 59-y.0. male,
and a 45-y.o. female, respectively. The titers of anti-MuSK antibodies of Pts. 1-3 were 22.0
nM, 11.2 nM, 0.12 nM, respectively, where the normal range was less than 0.01 nM. Pt. 4
was positive for anti-MuSK antibody, but the titer was not determined.

Plasmids. We previously made a CMV-based mammalian expression vectors,
pTargeT-COLQ and pTargeT-ACHE". To generate hMuSKect-myc, we subcloned the
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extracellular domain (a.a. 1-393) of human MUSK ¢DNA (Open Biosystems) into a
mammalian expression vector pAPtag-5 (GenHunter) at the Nhel and Xhol sites upstream of
a myc epitope. For hLRPAN-FLAG, the extracellular domain (a.a. 1-1722) of human LRP4
cDNA (Open Biosystems) was subcloned into HirdIll and Xbal sites upstream of a 3XFLAG
epitope of a mammalian expression vector p3XFLAG-CMV-14 (Sigma Aldrich).

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 described elsewhere®. Proteins were extracted from the cells in
Tris-HCl buffer [50 mM Tris-HCI (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. The extracts containing ColQ-tailed
ACHhE were diluted to Tris-HCI buffer containing 0.2 M NaCl and loaded onto the HiTrap
Heparin HP columns (GE Healthcare). The columns were washed with 5 volumes of Tris-HCI
buffer containing 0.2 M NaCL ColQ-tailed AChE was then eluted with Tris-HCI buffer
containing 1 M NaCl. The eluate was concentrated with an Amicon Ultra-4 Centrifugal Filter
(50 K) (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. We prepared hMuSKect-myc and
hLRP4N-FLAG for in vitro plate-binding assays. A construct carrying either hMuSKect-myc
or hLRP4N-FLAG was introduced into HEK293 cells in a 10-cm dish using the calcium
phosphate method as above. The hMuSKect-myc was purified with the c-myc-Tagged Protein
Mild Purification Kit ver. 2 (MBL). The hLRP4N-FLAG was purified with the
Anti-DYKDDDDK -tag Antibody Beads (Wako). Purified hMuSKect-myc and
hLRP4N-FLAG were detected by anti-myc antibody (9E10, Abcam) and anti-FLAG antibody
(M2, Sigma-Aldrich), respectively (data not shown). We also detected hMuSKect-myc by
SDS-PAGE followed by protein staining with the Oriole Fluorescent Gel Stain (Bio-Rad).

Purification of plasma IgG. We purified IgG as described elsewhere®' with minor
modifications. Plasma was adjusted to pH 8.0 with 1 M NaOH. While stirring one volume of
plasma, we slowly added 3.5 volumes of 0.4% rivanol (Tokyo Chemical Industries) in water
for 30 min. The solution was left overnight at RT, and a tenacious yellow precipitate was
removed. The supernatant was filtered through Whatman #1 paper to remove residual
precipitates. We added 8 g of activated charcoal (Wako Chemicals) for 100 ml of the IgG
solution and incubated overnight at 4 °C to remove rivanol. We then slowly added an equal
amount of saturated ammonium sulfate, and again incubated overnight at RT to precipitate
crude IgG. We centrifuged the solution at 3,000 x g for 30 min, and added saline to the
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precipitate to form a slurry, which was then transferred to a dialysis tube (Spectra/Por

MWCO 50,000, Spectrum Laboratories). The solution was dialyzed in saline at 4 °C for 3 hrs.
Thereafter, the solution was dialyzed in PBS at 4 °C for 2 hrs and then overnight. We
removed residual charcoals by filtering through a 0.22-pm Millex-GP filter (Millipore), and
concentrated IgG using Amicon Ultra 50K (Millipore). We confirmed purity of isolated 1gG
by 6% SDS-PAGE under a non-reducing condition. We also reduced 1gG 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. Quadriceps muscles of
Colg-/- mice™ were frozen in the liquid nitrogen-cooled isopentane. We prepared 10-pm
thick sections with a Leica CW3050-4 cryostat at -20 “C. We blocked non-specific binding of
a muscle section with the blocking buffer that contains 5% sheep serum in PBS at RT for 2
hrs. We suspended the purified IgG in the blocking buffer at 50 pg/ml, and overlaid it on a
muscle section at 4 °C overnight. Human IgG was detected by FITC-labeled anti-human IgG
antibody (02-10-06, KPL). AChR was detected by Alexa594-labeled a-bungarotoxin
(Molecular Probes). Signals were examined with BX60 (Olympus) or BZ-9000 (Keyence).
Studies of Colg-/- mice were approved by the Animal Care and Use Committee of the
Nagoya University Graduate School of Medicine.

In vitro overlay assay. The overlay binding method was essentially as previously described”.
We overlaid 600 pg 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. The Maxi-Sorp
Immuno Plate (Nunc) was coated with 0.15 pg of purified hMuSKect-myc at 4 °C overnight
and then incubated with a blocking buffer that contained 50 mM Tris-HCl (pH 7.4), 0.5%
BSA, 0.5% ovalbumin, and 0.5 M NaCl at RT for 1 hr. The wells were incubated with 1 pg to
100 pg of IgG of Cts.1-2 and Pts. 1-4 at 4 °C for 6 hrs. 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 10° M ethopropazine'®. Each time before we moved
to the next step, we washed the plate with PBS three times. The washing steps were thus

repeated four times.

In vitro plate-binding assay for quantifying LRP4-MuSK interaction. The Maxi-Sorp
Immuno Plate was coated with 0.15 pg of purified hMuSKect-myc as described above, and
then blocked with 1% BSA in PBS at RT for 1 hr. The wells were incubated with 1 pg to 100
pg of IgG of Ct. 2 and Pt. 2 at 4 °C for 6 hrs. We added 0.12 pg of purified hLRPAN-FLAG
on each well at RT for 2 hours. Bound hLRP4N-FALG was quantified by anti-FLAG-HRP
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