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We evaluated the contributions of various polyglutamine (polyQ) disease genes to Parkinson’s disease
(PD). We compared the distributions of polyQ repeat lengths in 8 common genes (ATXN1, ATXN2, ATXN3,
CACNA1A, ATXN7, TBP, ATN1, and HTT) in 299 unrelated patients with autosomal dominant PD (ADPD) and
329 normal controls. We also analyzed the possibility of genetic interactions between ATXN1 and ATXN2,
ATXN2 and ATXN3, and ATXN2 and CACNAIA. Intermediate-length polyQ expansions (>24 Qs) of ATXN2
were found in 7 ADPD patients and no controls (7/299 = 2.34% and 0/329 = 0%, respectively; p = 0.0053
< 0.05/8 after Bonferroni correction). These patients showed typical L-DOPA-responsive PD phenotypes.
Conversely, no significant differences in polyQ repeat lengths were found between the ADPD patients
and the controls for the other 7 genes. Our results may support the hypothesis that ATXN2 polyQ
expansion is a specific predisposing factor for multiple neurodegenerative diseases.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Several genes other than the “PARK" genes are suspected to be
responsible for parkinsonism. Mutations of these genes sometimes
confer symptoms that clinically mimic idiopathic Parkinson’s disease
(PD) and present radiological or pathologic findings characteristic of PD
(Klein et al,, 2009). These genes include the polyglutamine (polyQ) dis-
ease genes: HIT (Walker, 2007), ATXN1 (Dubourg et al., 1995), ATXN2
(Charles et al, 2007; Furtado et al, 2004; Gwinn-Hardy et al, 2000),
ATXN3 (Lu et al., 2004a; Subramony et al,, 2002), CACNAIA (Kim et al.,
2010), and TBP (Kim et al,, 2009). Of these genes, it has been suggested
that intermediate-length polyQ expansions in ATXN2 and TBP are asso-
ciated with PD (Charies et al,, 2007; Furtado et al,, 2004; Kimet al, 2009).

In addition, intermediate-length polyQ expansions (24—33 Qs)
in ATXN2 have recently been suggested as a risk factor for
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amyotrophic lateral sclerosis (ALS) (Chen et al., 2011; Eiden et al,,
2010). This observation has inspired several studies investigating
how intermediate-length expansions of various polyQ disease
genes contribute to neurodegenerative diseases other than those
with which they were originally associated (Gispert et al., 2012; Lee
et al., 2011b; Ross et al., 2011).

Based on these findings and the suggestion that polyQ diseases
may share common pathogenic mechanisms (Al-Ramahi et al,
2007; Bertond et al,, 2011; Chen and Burgoyne, 2012), we hypothe-
sized that polyQ disease genes in general might play a role in PD. We
focused on autosomal dominant PD (ADPD) because polyQ neuro-
degenerative diseases generally have an AD mode of inheritance,
and we compared the distribution of polyQ repeat lengths in 8
common genes between ADPD patients and normal controls.

2. Methods

We conducted genetic analyses of ATXN1, ATXN2, ATXN3, CAC-
NA1A, ATXN?, TBP, ATN1, and HTT in a Japanese cohort with ADPD
and normal controls. In this study, we classified the mode of
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Frequency of ATXN2 alleles (%)

28

# patients

Clcontrols

29 30 31

24 25 26 27 32 33
PolyQ repeat length
PolyQ length 19 20-21 22 23 24 25 26 27 28 29 30 31-34 35
Patients 1 0 288 3 0 1 1 2 0 1 1 0 1
Controls 0 0 323 2 2 0 0 0 0 0 0 0 0

Fig. 1. The distribution of polyglutamine (polyQ) repeat lengths of ATXN2 in autosomal dominant Parkinson’s disease patients and normal controls. The histogram shows only

subjects with >23 repeats,

inheritance as autosormal dominant when a family included
affected members in 2 consecutive generations. The diagnosis of PD
was confirmed by the participating neurologists based on estab-
lished criteria (Hughes et al., 1992).

We recruited the study subjects from the gene bank of our insti-
tution. We selected 299 unrelated patients with ADPD (169 women
and 130 men; age at onset [AAO] = 57.7 4 13.6-year-old [standard
deviation], range 17—85 years) from families with unexplained
pathogenesis, that is, those with no known pathogenic mutations in
the SNCA, PARKZ, LRRK2, and VPS35 genes. A total of 329 healthy un-
related volunteers with no individual or family history of neurode-
generative disease (203 women and 126 men; age at examination =
57.5 &4 11.8-year-old [standard deviation], range 23—88 years) were
examined as normal controls. Blood samples were obtained from the
patients and controls, all of whom gave informed consent. Our insti-
tutional ethics committee approved the genetic study.

DNA was extracted from lymphocytes using standard methods.
The polyQ repeat lengths in the polyQ disease genes were
detected using capillary electrophoresis with fluorescent 5'-6-
fluorescein amidite (FAM)-labeled forward primers. The primer
sequences and polymerase chain reaction conditions are des-
cribed in Supplementary Table 1. The polymerase chain reaction
products were mixed with the LIZ-500 size standard (Applied
Biosystems, Foster City, CA, USA) and processed on an Applied
Biosystems 3130 Genetic Analyzer (Applied Biosystems) for size
determination. The sizes of the repeats were determined with
GeneMapper 3.7 software (Applied Biosystems).

Statistical analysis was performed using JMP 8 software (SAS
Institute, Cary, NC, USA). We evaluated the association between
ADPD and the polyQ repeat lengths of each gene using 2-tailed
Fisher exact tests, as previously described (Gispert et al., 2012;
Lee et al, 2011a; Ross et al,, 2011). A p value <0.05/8 after Bonfer-
roni correction was considered significant (8 is for the number of
genes investigated in the present study.).

3

3. Results
3.1. Molecular genetic analysis

The range of repeat lengths in ATXN2 was between 19 and 35.
Most patients (95.6% of patients with ADPD and 98.6% of the con-
trols) had a repeat length of 22, as reported in previous studies (Lee
et al, 2011a; Pulst et al, 1996). Of the 253 patients with ADPD, 7
harbored repeat lengths longer than 24, whereas none of the con-
trols did (2.8% and 0%, respectively; p = 0.0053, Fig. T and Table 1).

No substantial differences in the repeat lengths in ATXN1, ATXN3,
CACNAIA, ATXN7, TBP, ATN1, or HTT were observed between the
ADPD patients and controls (Tabie i and Supplementary Fig. 1)

We supplementarily sequenced the entire coding exons and
exon and/or intron boundaries of glucocerebrosidase gene (GBA) in

Table 1
Fisher exact tests of polyQ repeat lengths between ADPD patients and controls
PolyQ PolyQ repeat Conventional  Difference between ADPD
disease length normal range® patients and controls?
gene
ATXN1 21-36 6—-44 No
19-35
ATXN2 25--35Qs: 2.3% of 14-31 Yes, p = 0.0053 (<0.05/8),
ADPD, 0% of control OR = @
ATXN3 13-46 11-44 No
CACNAIA 5-18 4-18 No
ATXN7 1-10 4-19 No
TBP 30—40 25—-42 No
ATN1 1236 6-35 No
HIT 15-35 6-34 No

Key: ADPD, autosomal dominant Parkinson’s disease; Q, glutamine.

2 The consensus normal ranges of the polyQ repeat lengths associated with the
corresponding disease (e.g., ATXNT for SCA1) (Hands et al, 2008: Sequeiros et al,
2010).
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the 7 probands with intermediate ATXNZ2 polyQ expansion, because
rare GBA mutations have been considered to be a risk factor for PD
(Li et al,, 2013; Mitsui et al,, 2008); no GBA mutation was found in
these 7 probands.

3.2. Pedigree and clinical information for the 7 probands with
ATXN2 polyQ repeat lengths >24

Fig. 2 shows the pedigrees of the 7 probands with ATXN2 polyQ
repeat lengths >24 and their families. In family A, All-2 presented
with resting tremor in the bilateral lower extremities and left-
dominant bradykinesia, which were responsive to L-DOPA and
selegiline. Alll-1, who experienced rigidity and resting tremor
predominantly in the left extremities, presented with tongue and
jaw tremor (Supplementary Table 2). All these signs were relieved
by pramipexole. Alll-3 was reportedly initially diagnosed with
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essential tremor because her first sign was bilateral postural tremor.
She underwent left and right thalamotomy at a 1-year interval. She
showed hyperreflexia in the lower extremities, but this symptom
was presumably because of cervical spondylosis, for which surgical
decompression was performed. AIV-2 and AIV-3, who inherited an
intermediate-length polyQ expansion of 35 Qs, were not affected at
the time of this study.

In family B, BI-2 was affected at an older age than her offspring,
although their genotypes were the same, and all had L-DOPA-
responsive parkinsonism with laterality (Supplementary Table 2).

In family C, ClI-2 was diagnosed with Parkinson’s disease with
dementia. Although her parents were consanguineous, her polyQ
ATXNZ2 lengths were heterozygous (29/22).

All other members of the 7 families showed L-DOPA-responsive
parkinsonism with laterality and were free of motor neuron signs,
cerebellar ataxia, and saccadic eye movement disorder. None was
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Fig. 2. The pedigrees of 7 families in which the proband has an ATXN2 polyQ repeat length >24. ATXN2 repeat lengths are listed previously and to the right of the pedigree symbols

of the genotyped individuals.
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reported to have any significant brain magnetic resonance imaging
abnormality (Supplementary Table 2).

4. Discussion

We investigated the distributions of the polyQ repeat lengths of
8 common polyQ disease genes (ATXNI, ATXNZ, ATXN3, CACNAIA,
ATXN?, TBP, ATN1, and HTT) in patients with ADPD. PolyQ repeat
lengths >24 in ATXN2 were significantly more common in the pa-
tients than in the controls. To the best of our knowledge, there have
been only 2 similar studies investigating the distribution of ATXN2
polyQ repeat lengths in PD patients and controls to date (Gispert
et al, 2012; Ross et al, 2011). Although both previous studies
failed to prove any 51gmﬁcant difference, one (Gispert et al,, 2012)
showed that PD patients tended to have longer repeat lengths,
consistent with our results. In the other previous study (Ross et al.,
2011), the controls might have included some number of pre-
symptomatic patients because the mean age of the controls was
lower than that of the PD patients.

In reference to the recent studies concerning the effect of polyQ
repeat length on neurodegenerative disease, we screened for a
threshold of the normal ATXNZ polyQ_ repeat length around a range
from 24 to 34 (Charles et al,, 2007; { .nm et al., 2011; Elden et al,,
2010; Gispert et al, 2012; L<3< et al, 20112, 2011b; Ross et al,
2011). The distribution of our patients differed significantly from
that of controls only when the cutoff was set to 25. This may be
much lower than the threshold for ATXN2-related PD adopted by
previous studies (Charles et al., 2007), but it is possible that the
cutoff for ATXNZ2 polyQ repeat length and its influence on PD may
vary from population to population, as is the case for ALS, as indi-
cated in a previous study (Lee et al,, 2011b). Such variation of the
threshold would be consistent with the observation that previous
reports of ATXN2-associated PD have mainly been from East Asian
populations (Charles et al.,, 2007; Klein et al,, 2009; Lu et al,, 2004b;
Sun et al, 2011; Wang et al.. 2009). Additional factors, such as cis-
and trans-acting genetic elements, non-allelic genetic modifiers,
and stochastic and environmental factors (Charles et al., 2007; Pulst
et al, 2005), might have enhanced the toxicity of ATXN2
intermediate-length polyQ expansion in our population.

We described the details of family members with ATXN2
intermediate-length expansions (24 Qs, Fig. 2 and Supplementary
Table 2). These patients generally manifested typical PD pheno-
types without motor neuron signs, cerebellar ataxia, or saccadic eye
movement disorder, as was stated in previous reports (Furtado
et al., 2004; Klein et al,, 2009). A correlation between the associa-
tion of AAQ and polyQ repeat length was not clearly present or
absent in our patients with repeat lengths of ATXN2 > 24, as pre-
viously observed (Furtado et al., 2002, 2004; Payami et al., 2003;
Sun et al, 2011). For example, in family A, members of the third
generation had earlier AAOs than did their mother. However, there
was a gap between the AAOs of Alll-1 and Alll-3, even though their
genotypes were the same. In addition, Alll-1 and Alll-3 had 2 allele
expansions (35/32 Qs) instead of a single allele expansion which
might have caused their early onsets (Ragothaman et al., 2004). The
35Q alleles may have been inherited “as is” from All-1, who
reportedly had no neurologic disorder, although it is also possible
that an expansion occurred upon transmission. Thus, AAOs might
be affected by features other than polyQ repeat length, such as
genetic and epigenetic factors.

In the present study, we did not find any association between
the ADPD phenotype and the repeat lengths of polyQ disease genes
other than ATXNZ2. This result implies that the contribution of ATXN2
to ADPD is because of the specific effects of this gene rather than the
presence of the polyQ expansion itself, as reported in a previous
study of ALS (Lee et al, 2011z). This result might appear to be

C. Yamashita et al. / Neurobiology of Aging 35 (2014) 1779.¢17--1779.021

inconsistent with recent reports suggesting that the intermediate
polyQ expansion of TBP is likely to be a risk factor for PD (Kim et al.,
2009; Wu et al, 2004, Xu et al,, 2010; Yun et al, 2011). However,
because those reports did not provide significant evidence, and
because all of these studies were performed in East Asian patients,
further evidence should be accumulated.

As a supplementary analysis, we also applied a multiple logistic
regression including the product terms ATXNT x ATXN2, ATXN2 x
ATXN3, and ATXN2 x CACNAIA to screen for some interactions
among these polyQ disease gene combinations, based on previous
studies showing the possibility of interaction among these polyQ
genes (Al-Ramahi et al, 2007; lardim et al, 2003; Lessing and
Bonini, 2008; Pulst et al, 2005). However, no significant differ-
ence was detected between the PD patients and controls (with a
threshold p-value of 0.05, Supplementary Table 3).

In conclusion, an intermediate-length polyQ expansion of ATXN2
is likely to contribute to the pathogenesis of ADPD, either directly
causing the PD phenotype or modifying the effects of unknown
genes on the PD phenotype. Our results add to the recent finding
that intermediate-length polyQ repeat expansions of ATXN2 may be
a contributing factor in multiple neurodegenerative diseases.
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Spinocerebellar ataxia type 31 (SCA31) DRI, Wi b
—Spinocerebellar ataxia type 6 (SCA6) & D /INAMIE D F AR

R BTV M OBV BT
PN TR 1| 7R SE

i EREGEEF OB U 7= spinocerebellar ataxia type 31 (SCA31) &, B ICHIPYINMERE CH B
spinocerebellar ataxia type 6 (SCAG) & OIBEH MBS LIRS HICT 2 ADEBEOBFESE S MRIFTRICD
WTE 6 )% B MRENC SRS U o, ANIMREAR 8 (O 408 U 2=, /NBEE RIS O @ iE R 13 SCA3T T
HAED R & H ED DT L, SCAB TIHH#EIBERE, HMERLE ESMCHEY LWEHETSH -/ MRIE
B ORE T L SCA3T ERFEHARNISA - T/ REFHTEE £ D ICER A BHRIOET § 2 DIIC3 L, SCAB T/
AR ERDEERR LTI ZF58 10 FELIF OB L 58 4 B OILAF W1 - 2. Zh & OFERPEHRER RO

BT R M IFT ORI OF ) & o BREEIEN H 5.

(BRER14% 2014;54:473-479)
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Spinocerebellar ataxia type 31 (SCA31) & 2000 412 16¢22.1-
linked autosomal dominant cerebellar ataxia (16q-ADCA) & L
THEBMESDHEIL L Y, 2009 FIZHUE & 7 2 SR T 258 & 2
El oz LWSCA Thb, TOSEHFE L 16 F-ak L
WHEET D200 L4 b #IEF BEANL & TK2 454 > b
oy LTHRETAUBICEEMELL (TGGAA), ® 51
Fe) ¥ — b AN &4, /N Purkinje M % 912 RNA #t
EEDPERT LI EHALTBY Y, CAGYE— R
HETAMDELDSCA LR D,

INFE TR TR MR LR R T REEF A RE
3 (ADCA type III) D$EFIENT % % £ % kTl spinocerebellar
ataxia type 6 (SCA6) DEBIZH I LT/, SCA3L @
HZTEZMY RS > T 513 SCA3L b F k& REE&
T hEOLZ LA L CE L FER SCAG T ITHEME 7 NN
LREZET L ENLOP— Y TEH A DbOD, EBIZ
W, EEEA R, RERNEYE, B ORENE
HOERBE) 55, VA ML EoRMESEE, FRAhE
ETFTRERRELALLEVWIRELEHAONRE Y™ —F
SCA31 W2 BT B/RRAMEREIZ AR L, b o & b EADBIH
WIBWnT L, BRI NRERAOFHBO BEH S
WEE STV 5.

i, B TESF THREARZ o 7B N SR 6 5
A5, BT TSCAIL THH Z LA LA &hiz
ADCA type I IZ404H 815 SCA6 & SCA3L & O FIE—T
LW HIcBbhb, FIZTHRTIE, SCA3L L SCA6 D
B R 1% A NBEE B DA O WEE B % 5 C DIRET L, TR0
B Z IS OFEEDYE ST B D E DR L7

WR ETTE

s & 2007 45 2012 FORMIZ MBI TRIRE B I 5o
72 SCA31L, SCA6 & 6BITH 5. WA O[T MRNFEE
L BEBEY, MEORENLMEE IR DREHIH
L7cEFHHi{gEE S &I, MIREELZLBELEER1IETY
HIVERE & HIW L7z, 7B SCA6 SEAI O -3 B TR i e P
Th, RBPF—5hoTEY, £6HTLLNLN Do
EEE L OREMARMA LV FER E LT WA, IRTIS
WERE, BFMME, A6 2 /N E B o #1213 Mann-
Whitney #5E %, JEEOHE O LIEIZIE Fisher BiET b HWw
7o, Bi{§iE SCA31 & SCA6 Z-EL 6 flod> MRI T, SR {4
R WE, ORI (SCA3L T T, MM {, SCA6 %2
BT, WA E S, 4 BIAS T, SRERER) ik LEREL 25
FLL OWMBENRIEME 2 H00n e L, Pkl 7
FHELCD, B40BBERTEL TEEMIOWTME
i, B 4AMEIER, AR O &L FRME L AT AL
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Fig. 1 Percentage of SCA types in our hospital (1998-2012).
The graph shows that SCAS is the most frequent (33.3%) subtype in
our hospital. The second most frequent subtypes are DRPLA and
SCAG6 at the same percentage (15.4%), followed by SCA31 and SCA2
at the same percentage (12.8%) and SCA1 (10.3%). The percentage
is calculated with the number of family.

[Bo22BY ], [BZFLLHY], [BEFLL L) [HL
P LI ABBOIEFERE DB, JEIC 248, +158,
~1 8, 28t RBMAL THHBEIICBIT S5 FY R % Mann-
Whitney BECHE L. BEFHREISCASLO2H &
SCA6 @ 1 BNIRIERI R KE T, SCA6 D5 FlIZEHE
KETBZ ol READEEIC Scale for the assessment and
rating of ataxia (SARA) %, FRREIBRBEREMIZCGETIREANIRK
B MEEX r—n (HDS-R) % b buwi,

= =R

1. HEEIC2BIT3 SCA DFEREOEE (Fig. 1)

BANIHEBEIIBWT, 1998~ 2012 FIZBEFB 0
BT CHE L B EEER A NREEEORREZRT.
FHHROHBEL39FZ0S bXUBETIZSCAS b oL b %
{13 FFR (33.3%) % 5%, 2% B2 DRPLA & SCA6 »3[F
ETEEEL (154%), T SCA3L & SCA2 HREIETE
5% (12.8%), SCALA4FER (103%) Thoi-.

2. SCA31, SCA6 MEEREEMILEr (Table 1)
a. FERELEHER

SCA31 MEEERIITFY 638 % (5767 5), SCA6 DEH
FEAERNT TP 40.7 8% (28~60 /%) THEER AL DT,
b. FEFERFOER

SCA3L D EMERITBITREE )46, STEREEZH 1A,
FOMEYRBHICEE L3001 TH-7. SCA6D
MEMEERIIFITHEES2H, FTREBIUEEEEY
FEIICERE L0226, DFTWED 16, FOEZIC
L AEFEENFLIFTHo 7.
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c. PEEEMR

B OB RIE, KFEFRDIRIRIZ SCA3L TEHIzA L
DD L, SCA6 T 1BIOAIIA L DT THEIRIE
13 SCA3L T AL DT, SCA6D2HITH L D7z T
SCA31 TIHHERTE/4fIH3BBHY, 2055 140N
PMEEME IR L Y 204E LR O 40 RD S 8L EE L, 73
BOBRERIIAAEICESIRICE 212 L0 o TRV ETES
RL7 ) 1BITRAAOSTHOEEEREY, mHo
EEBOBENIA LD N ZILh OEF OB RMEE S
(ABR) @ I~V EDEBIZTXCERTH-o7. SCA6 Ti
1FBRELPFEETH o 7.

EENROFTRIE, SCA6 CIUEENETS I UHERE A
EDLDONR5EF 1 FIH o7 SCA3L, SCA6 & HIz&Fl
THRAPIGE, TEOMEERTEL, MHESEREES
HAEDI BP—XAESCASL D5 BITET L Twv775,
SCA6 TIXMETF, EH, LENFFhZR2FTOEEL L
AHEEE) 1L SCA3L Tid 1 flOAIRE R & & %, SCA6 Tl
3FNCIREEE, BlO 13 A 70— %R DT,

BERTEIELEREILFATEE TH o7, ERRETE,
IRENE OB T % SCA31 D 38l SCA6 DS BIF4FITHE D,
MENBENEEILSCA6 D5 Bl 1 HITHEDT:.

FERARER L LT, ML SCA3l O&BITEE T
HY, SCA6D3BIF1LPITET LTz, $FMERE LT,
SCA31 @ 6 Bl TITFHMIERZRT D DITA LN D0 7295,
SCA6 TIXLhREME, /S=v 7 31, BE, &L L URBYE
BENEFNLIATOALN, HELHEEESZALD.

ZTOMOfEELE LT, BRITIZSCAIL TRHET, EF,
TEPZFNEFN2HTOFEEL DI L, SCA6 Tl 5l
HEFITTELFEE T A L 7. Babinski #fEld SCA6 &
ABIF1IBIOATHEETH o7, HEMZRERIZSCA D1
BITHIREE 2 AL ®7. SCA6 TRODPIVEETEZLL LD
A3 Bk 2 BIFTE L7258, SCA3L TIZBETH - 7.

B8 BN T 7 b B ANMEEIR DA o w15
DOEOBEEDOFHMIZ, SCA3L TiZFY 1.5 @ (0~3 1),
SCA6 TIEFI 458 (2~918) THEERALD
d BEIE L ADL OBfF (Fig.2)

SCA3l THEHFUENEWVIILADL KT L Twi.
SCA6 TIREFHUM & ADLI—E0EM%2 R &S, BHRY
BAEL COBBIEWT 2 LELTARE LA LN

3. EEFR (Fig. 3)

EEFTR% 2 BOHEETEENIIHEET L. HEEHO
—HEIEAMV « B = 094 L ZETH o7 AW
FTNORUTIERE AL DD, EMOEBE, LIER
2AREDEPol. MELY, & I/NEBREOLFTLTE
LAY S 2 B L AR VR A B o 2. —F, 8B
AWEOTER, PAREOERIIOWTIE, SCA6 THEID
AL KB W ThoFRUE bERE AL DR o7
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Table 1 Clinical features of SCA31 and SCA6 patients.
SCA31 SCA6 Mann-Whitney test
Age at examination 75.33 + 2.8 55.33 + 12.7 p < 0.05%
Male/Female M4/F2 M3/F3 e
Age at onset 63.8 = 4.9 40.7 = 10.3 P < 0.05%
Duration of disease 115 % 5.2 14,7 = 8.0 P> 0.05

Initial symptoms Unsteadiness of gait Unsteadiness of gait 4
Dysarthria Dysarthria 2
Vertigo 1
Tremors 1
Fisher’s exact test
Family history 6/6 4/6 0.23
Consanguinity 1/6 0/2 0.75
No. of family 5 6
< Cerebellar function=>
Upper limb ataxia 6/6 6/6 —
Truncal ataxia 6/6 6/6 —
Lower limb ataxia 6/6 6/6 —
<Cranial nerves>
Gaze evoked nystagmus
Horizontal 6/6 1/6 0.0076%*
Vertical 0/6 2/6 0.23
Oculomotor disturbance 0/6 0/5 —
Dysarthria 6/6 6/6 —_
Dysphagia 3/6 1/6 0.24
Hearing impairment 3/4 0/1 0.5
<Motor functions>
Muscle weakness 0/6 1/5 0.45
Amyotrophy 0/6 1/4 0.4
Muscular hypotonus 5/6 2/4 0.33
Spasticity 0/6 2/4 0.13
Involuntary movements
Tremors 1/6 3/6 0.24
Myoclonus 0/6 1/6 0.5
<Sensory >
Impaired thermal sense 0/6 0/5 o
Reduced vibration sense 3/6 5/5 0.12
Impaired kinesthesia 0/6 2/5 0.18
<Reflexes>
Deep tendon reflex
Increased 2/6 5/5 0.045%
Decreased/Lost 2/6 0/5 0.27
Positive Babinski reflex 0/6 1/4 0.4
<Autonomic function>
Orthostatic hypotension 0/6 0/4 -
Urinary incontinence 0/6 1/4 0.4
<Qther symptoms >
Cognitive impairment 0/6 1/3 0.33
Psychiatric symptoms 0/6 4/5 0.015%
Vertigo 0/6 2/3 0.083
Mann-Whitney test
No. of extracerebellar symptoms 1.5 *= 0.96 45 = 2.22 p < 0.05%

*# < 0.05, **p < 0.01.
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wheelchair D El .D . D

walker . D . SCA31
cane . D SCA6
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assistance . D
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Fig. 2 Clinical course of SCA31 and SCA6.
Gait disturbance slowly progresses with disease duration in SCA31 patients. This trend is unclear in SCA6
and the clinical course varies in each case. A mark indicating patient using both wheelchair and walker is
placed in the middle of them.

SCA31

Fig. 3 MRI T, weighted image (axial, sagittal 1.5 T; TR 4,600 ms, TE 85 ms) of six SCA31 patients (upper rows) and
six SCA6 patients (lower rows). T, weighted image (sagittal, TR 520 ms, TE 15 ms) were shown in four SCA6
patients (¥).

The numbers in the figure show each patient’s age and disease duration at the study. Cerebellar atrophy starts from the
upper vermis in SCA31, whereas the 4th ventricle becomes enlarged in SCA6 even in the early stage of disease.

£ = DECEKOBELREREHELELVWIRELLZWITY. &0

LEETHET L7z SCAG 2B W TH, Table 11271 $ X 5 12/

T3, SCA6 M/ My EAZ RTBINLWSCATHB L ERHOAEZRTOIORLLASR L, DFVE, FEHERS
WhNT &2, HRBER, SEE SRR, RARRET, BE RERSEHE EE OFEREE GRERE) &F, W
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FEIRE, IR o AR R A R L T HEEIE
LT, SCA31L & SCA6 L& L/- 22 a, BE T E o/
PHEFEO T SCASL T 158 (0~318), SCA6 Tlk
TG 45 29 M) THIED Do S SR OWE T
FEEw AL b O EIRIR S HER 0BT -
To. FEFEO Lo o b o b BRI & i L CRUT IS
F G,

35 1 IZRSEPEIR IR 13 2 B TR L 2 SCASL T & BT
L SCAB W bAATHFN LA o7 (p = 0.0076). —77,
SCA6 T TFHEIES BT 5L 020 Y kol
Wb AHiLd B Y SCAG LI L R Cdh 5D, SCAE O
HERENRARIZ DWW T — %12 68~04% L I TH LD B
EERT WA MR PR T U SCA3L DK EERIRIE 5~
55% & BB b o L) SEHUE Th o 2 VT F -
FRIZDWT LEETE, BIRODELLVWERDE
ETAHLICHDY ZhIZoWTIESE YO %
ELIERL, PoBRMCBE L CHEESRF LIwEERT
Vb,

85 21248 SCA31 o 4 fp 3 PICREREDS A 7. SCA3L
DU IE 3.8~42.9% ¥ S 3, SCA3L O A % v/
YMEETH A L vy ™07 Y o B R % R Y &
BERTWA Y L SCASL I IERAY TR v b T AR
R, BREEOMTH B Z L b ENEHIED &R Cl v
MEFBELTWBRE Y 52D SEOBE T NE
1% ST A LD 20 SELL LRI 40 BEICERA R o T
BAEF CHM PRI FRR L TS ER A b, BN S
B E T AEBTH L. SCA3L # FERIHTEO &6 2%

=5 %
RS

FT#EHL TV AL ORTRERE L Th REL 5 b
Jo. FRALO LBITIEAMOPEROBFICLLEEI LN
LAREHHIEIIA S ICEETE 275, (Ml mEEc g
W% IR L7, ABR Of5 5720 613 2 Bl X & fistkss, Mo
BERTENEEZ LN —J, SCA6 TIHEEN &6
—HEE T v

85 3 IR OREDE) BEELC DV Tid SCA3L, SCA6
EHzIbl L TA LN, HFIZZ LA, SCA3SL DI
BRI BIC A L 0 S IVCERIIC 1 10% TEHT A &
WEHHD W DT, EEIEEEY L IERI L D REDPRET
E7pvs, ZHIIHNL SCA6 TIIIILERIEETH 5125 hb
LPEEflizA Db CHRIZS 4.3~58% TEHT 5
e EN TV O

4z, FBAEREETIISCA T3 1A TALD LN
JoASSCASL Tz 6Bl b b F o/l hbdihorz fiEH
W2 AEOIRETSCASLIZB W TR T % & 2 7H
B EREHI 669~T45BMEBH THHIZb bbb
0~6.1% & ARHE WD T 57 BT BRETFIYE
BT3NP EBITEF THo/oZ L IEROMEICA
HLTHY, SCA3L THFEMBEETZELIZCWwEED
B, ZHUIH L SCAG TIZFRAEEEE T © %5 ok %
DX LEHRMRERERTILY PRESL TS, 4

348

54 1 477

BT MR O BUE 1L SCA6 THEI LB 72 (b =0.015).
TR AR R & & b 09 SCAG Sl TR EIEERY
BEOMERLvA, SCAE DEFEET Tdh 5 CACNAIA
@ mRNA BRI &7 & K% & < PR ig s 5
BMLTwAZE " BFoBERHELTELY 22 LItk

B 51, SCAG TIPS B % Babinski {7 & 4k
BRI R ED 2 SRR AR T D L bR S
THE Y Y ZoMIEIEE <, SCA6 THF/IREW A& 23
AT —WOREMNIR S I, % { OFERTIESHEMIS
AR O B S LT, BT L 7o IR % S E D
B eSS, PREAERES BT 2 2 0R%E, S8
AR D & A Z BN Fig 2 TR L7 X5 LI & ADL
L OV EOH T b 7o WEHO—D Lo TW L
7z SRl bkt XS 1D SCAG OFRELEERIFT R AR o 1E
A, A, IR BRI WS F TSI S LW
BEBNT ZHAVNKIMIER: BB 4 B RE TERT A R
&7 o T BRI DV CHIBHE R % 25T U RRERSAE(E & 1R
5 LA THE Lzve, F 240 L7 6 o SCA O
CAG W ¥ — M@k o MR FRAERRICRBE I L Tv 2
VRIS S Y, ARSCTI ) ¥ M S L 2B EE
T&Ed o728, SCA6 Tld CAG Y ¥ — A5 E Wil T/
PEFEDTH R TV E VI RE D 2o b —F TR R E
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ST v SCASL Gl B M CHE A LAZaN b — o
iz b oEEZLHND.
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ZERSLFREE LT AEICBRB LIS RY &L
Bk 7z 2 & 9 2 BEFF @ SCA3L I DWW T itk & & —
B A5, N EFOERIIMO SCA TS 27 LT
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BIRD PR D & BIEOENE, INRREEROBE S EHY &
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Abstract

Clinical features and MRI findings in spinocerebellar ataxia type 31 (SCA31) comparing
with spinocerebellar ataxia type 6 (SCA6)

Satoko Sakakibara, M.D.”, Tkuko Aiba, M.D.?, Yufuko Saito, M.D.”,
Akira Inukai, M.D.”, Kinya Ishikawa, M.D.” and Hidehiro Mizusawa, M.D.”

"Department of Neurology, National Hospital Organization Higashi Nagoya National Hospital
"Department of Neurology and Neurological Science, Graduate School, Tokyo Medical and Dental University

Since the discovery of spinocerebellar ataxia type 31 (SCA31) gene, we identified 6 patients whose SCA type had
been unkown for a long period of time as having SCA31 in our hospital and realized that SCA31 is not a rare type of
autosomal dominant spinocerebellar ataxia in this region. We examined and compared the clinical details of these six
SCA31 patients and the same number of SCA6 patients, finding that some SCA31 patients had hearing loss in common
while there are more wide range and complicated signs of extra cerebellum in SCA6 such as pyramidal signs, extrapyra-
midal signs, dizzy sensations or psychotic, mental problems. There is a significant difference in the number of extracere-
bellar symptoms between SCA31 and SCAG. There are differences also in MRI findings. Cerebellar atrophy starts from
the upper vermis in SCA31, as well as some SCA types, whereas the 4th ventricule becomes enlarged in SCA6 even in
the early stage of disease. We suggest that these differences in clinical and MRI findings can be clues for accurate diagnosis
before gene analysis.

(Clin Neurol 2014;54:473-479)
Key words: spinocerebellar ataxia (SCA), spinocerebellar ataxia type 31 (SCA31), spinocerebellar ataxia type 6 (SCA6), MRI
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Novel mutations in the PNPLA6 gene in
Boucher-Neuhduser syndrome

Kishin Koh!, Fumikazu Kobayashi!, Michiaki Miwa!, Kazumasa Shindo!, Fiji Isozaki?, Hiroyuki Ishiura?,
Shoji Tsuji® and Yoshihisa Takiyama'

On whole-exome sequencing, a novel compound heterozygous mutation (c.2923A > G/c.3523_3524insTGTCCG, p.T975A/
p-1175_1176insVS) and a novel homozygous one (c.3534G>C, p.W1178C) in the PNPLAG6 gene were identified in sporadic
and familial Japanese patients with Boucher-Neuhduser syndrome (BNS), respectively. However, we did not find any mutations
in the PNPLAG6 gene in 88 patients with autosomal recessive hereditary spastic paraplegia (ARHSP). Our study confirmed the
earlier report that a PNPLA6 mutation causes BNS. This is the first report on PNPLA6 mutations in non-Caucasian patients.
Meanwhile, PNPLA6 mutations might be extremely rare in Japanese ARHSP patients. Moreover, we first found hypersegmented

neutrophils in two BNS patients with PNPLA6 mutations.

Journal of Human Genetics advance online publication, 29 January 2015; doi:10.1038/jhg.2015.3

Hereditary spinocerebellar ataxia associated with hypogonadotropic
hypogonadism is known as Gordon Holmes syndrome (GHS).! GHS
with chorioretinal dystrophy is called Boucher-Neuhduser syndrome
(BNS).>? BNS is inherited through autosomal recessive transmission,
and is a very rare disease that has been reported in < 30 families so far.
Recently, GHS with dementia has been reported to be caused by the
OTUD4 and RNF216 mutations.*

Recently, while we revealed several candidate variations causing
BNS, PNPLA6 mutations, which cause spastic paraplegia type 39 with
an autosomal recessive mode of inheritance were identified in
Caucasian patients with BNS, GHS and spastic ataxia.>” Here we
describe a novel compound heterozygous mutation and a novel
homozygous one in the PNPLA6 gene in two Japanese patients with
BNS. Furthermore, as hypersegmented neutrophils were reported in
two BNS families including our patients,®° we attempted to find
hypersegmented neutrophils in BNS genetically proven patients.

We recruited one Japanese sporadic and one familial patient with
BNS. Patient 1 (sporadic) was a non-consanguineous kindred. Patient
2 (familial) was a consanguineous kindred with an affected brother
and sister. The detailed clinical findings in these patients have been
reported elsewhere.%10 Patient 1 did not have any mutations in the
genes associated with Kallman syndrome (KAL1, FGFR1, PROK2 and
PROKR?) or spinocerebeller ataxias (SCA1, SCA2, MJD, SCA6, SCA7,
SCAS, SCA12, SCA17, SCA31, DRPLA and ARSACS).

Japan Spastic Paraplegia Research Consortium (JASPAC) has
assembled 429 index patients with hereditary spastic paraplegia. We
recruited patients with familial progressive spastic paraplegia, con-
sanguinity or a thin corpus callosum. From among these patients,

we selected 88 (16 with consanguinity and affected siblings, 20 with
only consanguinity, 24 with only affected siblings and 28 with a thin
corpus callosum) who were suspected of having autosomal recessive
hereditary spastic paraplegia.

The present study was approved by the institutional review boards,
and informed consent was obtained from all individuals.

We analyzed the genomic DNA of patient 1 and his parents by
whole-exome sequencing. Exome capture was performed using a
Sureselect Human All Exon*T V4 Kit (Agilent, Santa Clara, CA,
USA), followed by massively parallel sequencing using Ilumina
HiSeq 2000 (100 bp paired end; Illumina, San Diego, CA, USA). We
aligned the exome data with BWA!! and extracted single-nucleotide
variations using GATK.'?2 We picked up novel homozygous mutations
(patient 1 has a homozygous mutation and his parents have a
heterozygous one) and novel compound heterozygous ones (patient
1 has compound heterozygous mutations and his parents
have a heterozygous mutation) under the condition of recessive
inheritance models by using dbSNP135 (ftp:/ftp.ncbinlm.nih.gov/
snp/organisms/human_9606/ASN1_flat/), 1000 genomes (ftp:/
ftp.1000genomes.ebi.ac.uk/voll/ftp/release/20110521) and the Human
Genetic Variation Database (http://www.genome.med.kyoto-u.ac.jp/
SnpDB/). Then we checked candidate mutations in patient 1 and his
parents and patient 2 by Sanger sequencing. Moreover, the missense
mutations identified were evaluated using in silico algorithms including
Polyphen 2 (http://genetics.bwh.harvard.edu/pph2/) and SIFT (http://
sift.jevi.org/).

Unfortunately, we could not examine the affected siblings of patient
2. As the 88 patients recruited by the JASPAC had been subjected to

!Department of Neurology, Interdisciplinary Graduate School of Medicine and Engineering, University of Yamanashi, Yamanashi, Japan; 2Department of Neurology, Tokyo
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whole-exome sequencing, we checked whether PNPLA6 mutations
exist or not. Exome capture was performed using an Agilent SureSelect
Human ALL Exon 50 Mb Kit (Agilent), followed by massively parallel
sequencing using Hlumina HiSeq 2000 (100bp paired end). We
aligned the exome data with BWA!! and extracted single-nucleotide
variations using SAMtools.'* In addition, we performed blood testing
in patient 1.

We obtained 10.9, 12.2 and 14.0Gbp, and 117, 129 and
107 Gbp averaged depth on target for the proband, his father
and his mother, respectively. We found no novel homozygous
mutations. However, we found one compound heterozygous
mutation in patient 1. Only PNPLA6 was found to be a
novel  compound  heterozygous  mutation  (c.2923A> G/
€.3523_3524insTGTCCG, p.T975A/ p.1175_1176insVS) in patient 1.
On Sanger sequencing, the ¢.2923A > G mutation was found in patient
1 and his mother, and the ¢.3523_3524insTGTCCG one was found in
patient 1 and his father (Figure 1a). In silico analysis was performed for
the ¢.2923 A> G mutation. Polyphen 2 was ‘possibly damaging’ and
SIFT ‘damaging’.

In patient 2, we found a novel homozygous mutation (¢.3534G > C,
p.W1178C) in the PNPLA6 gene (Figure 1b). Polyphen 2 was
‘probably damaging’ and SIFT ‘damaging’. We could not, however,
rule out a pseudo-homozygous state (for example, due to a deletion),
as we could not show that each parent had carried one of the two
variants in a heterozygous state because of their death.

As we found a novel compound heterozygous mutation and a novel
homozygous one in the PNPLA6 gene in patients 1 and 2, respectively,
we concluded that PNPLA6 mutations had caused BNS in our

patients.

In the 88 autosomal recessive hereditary spastic paraplegia
patients of the JASPAC, we did not find any non-synonymous
deletions on

PNPLA6 mutations, insertions or whole-exome

sequencing.

Exon25

Blood testing of patient 1 revealed 9% of hypersegmented neu-
trophils. That of patient 2 revealed 28%, as previously reported
Umehara et al® (Figure 2).

In the present study, we found a novel compound heterozygous
mutation and a novel homozygous one in the PNPLA6 gene in two
Japanese patients with BNS. We have confirmed the earlier report that
PNPLAG mutations cause BNS® as same as other studies.*!® To date,
seven BNS families have been reported to have had PNPLA6

A
Figure 2 Hypersegmented neutrophils in patient 1. Blood testing of patient
1 revealed 9% hypersegmented neutrophils. As hypersegmented neutrophils
were found in patients 1 and 2, Boucher-Neuhéduser syndrome patients with
PNPLA6 mutations might have hypersegmented neutrophils.

i

C
CCCCGTGAGCA

C
c.0023A>G CCCCGTGAGCA
p.T975A
(reverse) U
Exon30 TGICC

TGTCCGGCTGG
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(forward)
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¢.3534G>C
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Figure 1 Electropherograms of two Japanese patients with Boucher-Neuhduser syndrome. (a) A novel compound heterozygous mutation (c.2923A>G/
€.3523_3524insTGTCCG) in the PNPLA6 gene was identified in patient 1. A heterozygous mutation of ¢.2923A>G was derived from the mother, and that
of €.35623_3524insTGTCCG from the father. (b) A novel homozygous mutation (pc.3543G>C) in the PNPLAG6 gene was identified in patient 2. Yellow blocks
show the positions of missense mutations. Green, red, black and blue indicate A, T, G and C, respectively. Exon 25 is a reverse sequence, and exon 30 a

forward one.
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Table 1 PNPLA6 mutations reported so far
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phosphate-induced delayed neuropathy, which is characterized by
degeneration of long axons in the spinal cord and peripheral nerves

Phenotype PNPLA mutations Reference leading to paralysis of the lower limbs. PNPLAG is primarily expressed
BNS p.T975A Ours in the nervous system and Leydig cells.?? Brain-specific deletion of
p.1175_1176insVS PNPLA6 in mice resulted in severe neuropathologic symptoms
BNS p.W1178C (Homozygous) Ours concomitant with disruption of the endoplasmic reticulum, vacuola-
BNS p.V738Qfs*98 Synofzik et al.6 tion of nerve cell bodies and abnormal reticular aggregates.* Thus, the
p-V1liOM Synofzik et al'®  Jysophospholipase activity of PNPLA6 has a critical function in the
i 6 . . . . .
BNS p-51045L Synofzik et al: maintenance of axonal integrity. The phospholipid esterase domain
p-P1122L ) (EST) is altered on intoxication with organophosphorous
BNS p.G578W Synofzik et al.® 594 . . ..
0 F10665 compounds.”** EST has an important part in the enzyme activity of
BNS 5.T1058} (Homozygous) Synofaik et a1 PNPLAG6, and associates with the.cell membran.e. It 1s.noteworthy' thfit
BNS D.Y96X Tarnutzer et 14 most of the PNPLA6 gene mutations reported, including ours, exist in
p.R289G the EST.
BNS c.343-2A>T Tarnutzer et al.14 PNPLA6 mutations cause a broad neurodegenerative spectrum,
p.R1359W including disorders such as spastic paraplegia type 39, GHS, spastic
BNS p.S1045L Deik et al.15 ataxia, Oliver-McFarlane syndrome, Laurence-Moon syndrome and
p.S1173R cerebellar ataxia in addition to BNS.>®1920 A study of genotype-
GHS P-R1031Efs*38 Synofzik et al.® phenotype correlations would be required to elucidate the molecular
oh P gfg’j ((;3 9 Tonalogl 18 mechanisms underlying PNPLA6-related disorders.
S P- (Homazygous) opaloglu et al. As previously reported, 15-28% hypersegmented neutrophils were
GHS p.D376Gfs*18 Topaloglu et al.’® . 78 q .
0.R1099C found in BNS.”® We found hypersegmented neutrophils in patients 1
GHS pR1311W Topaloglu et /.18 and 2, indicating that BNS patients with PNPLA6 mutations might
p.G832fs*13 have hypersegmented neutrophils. However, why hypersegmented
HSP p.M1012V (Homozygous) Rainier et al.5 neutrophils occurred is not clear. Recently, a patient with ataxia and
HSP p.R8I0H Rainier ef al.5 hypogonadism was reported to have hypersegmented neutrophils.”®
p.S982fs*37 The genes that cause hypogonadism and ataxia might also cause
HSP p-R558X Yoon et al.t’ hypersegmented neutrophils. Further examinations are required to
Ex.17, 18 deletion address this issue.
HSP p.V263I Synofzik et al.6
p.GB40E , CONFLICT OF INTEREST
SATX p.R1031Efs*38 Synofzik et al.® . .
pV1100G The authors declare no conflict of interest.
OMS/LMS p.R1099Q Hufnage! et al.1?
p.G1176S ACKNOWLEDGEMENTS
OMS/LMS p.R1031f5*38 Hufnagel et al.19 We thank the Japan Spastic Paraplegia Research Consortium (JASPAC) for
p.G1129R sending us the DNA from patients with autosomal recessive spastic paraplegia.
OMS/LMS €.1973+2T>G Hufnagel et a/.19 This work was supported by Grants-in-Aid from the Research Committee for
pVI215A Ataxic Disease, the Ministry of Health, Labour and Welfare of Japan.
OMS/LMS Dup(ex14-20) Hufnagel et al.1®
p.V1215A ACCESSION NUMBERS
OMS/LMS p.R1031fs*38 Hufnagel et al.'9  The nucleotide sequence data reported are available in the GenBank
p.G1129R database under the accession numbers: KJ885304, KJ885305,
OMS/LMS p.G726R Hufnagel et al'®  KJ885306, KJ885307, KJ885308, KJ885309, KJ885310.
p.R1031fs*38
CA p.P447L Fogel et al.?0
p.Q1200E

Abbreviaitons: BNS, Boucher- Neuh&user syndrome; CA, cerebellar ataxia; GHS, Gordon Holmes
syndrome; HSP, hereditary spastic paraplegia; LMS, Laurence-Moon syndrome; OMS, Oliver-
McFarlane syndrome; SATX, spastic ataxia.

mutations worldwide.>14-16 Thus, this is the first report on PNPLA6
mutations in non-Caucasian patients.

To date, 39 mutations including ours in the PNPLA6 gene
have been identified (Table 1).571420 Although a few mutations
(p.S1045L, p.R1031£5*38, p.V1215A and p.G1129R) are shared with
some families, most mutations are unique.

PNPLA6 was originally identified as a target enzyme for the

1 Holmes, G. A form of familial degeneration of the cerebellum. Brain 30,
466-489 (1907).

2 Boucher, B. J. & Gibberd, F. B. Familial ataxia, hypogonadism and retinal degeneration.
Acta Neurol. Scand. 45, 507-510 (1969).

3 Neuhauser, G. & Opitz, J. M. Autosomal recessive syndrome of cerebellar ataxia and
hypogonadotropic hypogonadism. Clin. Genet. 7, 426-434 (1975).

4 Margolin, D. H., Kousi, M., Chan, Y. M., Lim, E. T., Schmahmann, J. D. &
Hadjvassiliou, M. et al. Ataxia, dementia, and hypogonadotropism caused by disordered
ubiquitination. N. Engl. J. Med. 368, 1992-2003 (2013).

5 Rainier, S., Bui, M., Mark, E., Thomas, D., Tokarz, D. & Ming, L. et al. Neuropathy
target esterase gene mutations cause motor neuron disease. Am. J. Hum. Genet. 82,
780-785 (2008).

6 Synofzik, M., Gonzalez, M. A., Lourenco, C. M., Coutelier, M., Haack, T. B. & Rebelo, A.
et al. PNPL6 mutations cause Boucher-Neuhauser and Gordon Holmes syndromes as
part of a broad neurodegenerative spectrum. Brain 137, 69-77 (2014).

7 Synofzik, M. & Zichner, S. in: Gene Review (R) (eds Pagon, R. A., Adam, M. P.,

poisonous effect of organophosphates.?! Organophosphates cause a
severe neurological disorder in vertebrates known as organo-

Ardinger, H. H., Bird, T. D., Dolan, C. R., Fong, C. T., et al.) 1993-2014 (University of
Washington, Seattle, WA, 2014).

Journal of Human Genetics

353



PNPLA6 mutations in Boucher-Neuhduser syndrome
K Koh et al

o

8 Umehara, T., Yaguchi, H., Suzuki, M., lsozaki, E. & Mochio, S. Are hypersegmented
neutropils a characteristic of Boucher-Neuhauser syndrome? J. Neurol. Sci. 295,
128-130 (2010).

9 Jbour, A. K., Mubaidin, A. F., Till, M., El-Shanti, H., Hadidi, A. & Ajlouni, K, M,
Hypogonadotrophic hypogonadism, short stature, cerebellar ataxia, rod-cone retinal
dystrophy, and hypersegmented neutrophils: a novel disorder or a new variant of
Boucher-Neuhauser syndrome? Med. Genet, 40, e2 (2003),

10 Kobayashi, F., Kurihara, Y., Nagasaka, K., lida, H., Shindo, K. & Takiyama, Y. A patient
with cerebellar ataxia, hypogonadotropic hypogonadism and vitelliform macular dystro-
phy:  Boucher-Neuhduser syndrome [in Japanesel. Rinsho Shinkeigaku 50,
98-102 (2010).

11 Li, H, & Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler
transform. Bloinfomatics 38, 1767-1771 (2010),

12 McKenna, A., Hannna, M., Banks, E., Sivachenko, A., Cibulskis, K. & Kernylsky, A.
et al. The Genome Analysis Toolkit: a MapReduce framework for analyzing next-
generation DNA sequencing data, Genome Res. 20, 1297-1303 (2010).

13 Li, H., Handsaker, B., Wysoker, A,, Fennell, T,, Ruan, J. & Homer, N. et al. The
Sequence Alignment/Map format and SAMtools, Bioinfomatics 25, 2078-2079 (2009).

14 Tarnutzer A, A,, Gerth-Kahlert C., Timmann D., Chang D. |, Harmuth F. & Bauer P. et
al. Boucher-Neuhduser syndrome: cerebellar degeneration, chorioretinal dystrophy and
hypogonadotropic hypogonadism: two novel cases and a review of 40 cases from the
literature. J. Neurol. 262, 194-202 (2014).

15 Deik, A., Johannes, B., Rucker, J. C., Sanchez, E., Brodie, S. E. & Deegan, E. et al,
Compound heterozygous PNPLAG mutations cause Boucher-Neuhauser syndrome with
late-onset ataxia. J. Neurol. 261, 24112423 (2014).

16 Synofzik, M., Kernstock, C., Haack, T. B. & Shols, L. Ataxia meets chorioretinal
dystrophy and hypogonadism: Boucher-Neuh&user syndrome due to PNPLAG mutations.
J. Neurol. Neurosurg. Psychiatry {e-pub ahead of print 30 April 2014; doi:10.1136/
innp-2014-307793).

Journal of Human Genetics

354

17 Yoon, G., Baskin, B., Tarnopolsky, M,, Boycott, K. M., Geraghty, M. T. & Sell, E, et al.
Autosomal recessive hereditary spastic paraplegia-clinical and genetic characteristics of
a well-defined cohort. Neurogenetics 14, 181188 (2013).

18 Topaloglu, A. K., Lomnicze, A, Kretzschmar, D., Dissen, G, A., Kotan, L. D. & McArdle,
C. A. et al. Loss-of-function mutations in PNPLAG encoding neuropathy target esterase
underlie pubertal failure and neurological deficits in Gordon Holmes syndrome. J, Clin.
Endocrinol, Metab. 10, E2067-E2075 (2014),

19 Hufnagel, R. B,, Arno, G., Hein, N. D., Hersheson, J., Prasad, M. & Anderson, Y. et al.
Neuropathy target esterase impairments cause Oliver-McFarlane and Laurence-Moon
syndromes. . Med. Genet, (e-pub ahead of print 5 December 2014; doi:10.1136/
jmedgenet-2014-102856).

20 Fogel, B. L., Lee, H., Deignan, J. L., Strom, S. P., Kantarci, S. & Wang, X. et al. Exome
sequencing in the clinical diagnosis of sporadic or familial cerebellar ataxia. JAMA
Neural. 71, 12371246 (2014).

21 Johnson, M. K. A phosphorylation site in brain and the delayed neurotoxic effect of
some organophosphorus compounds, Biochem, J. 111, 487495 (1969).

22 Winrow, C. J., Hemming, M. L., Allen, D, M., Quistad, G. B., Casida, J. E. & Barlow, C.
Loss of neuropathy target esterase in mice links organophosphate exposure to
hyperactivity. Nat. Genet. 33, 477-485 (2003).

23 Akassoglou, K., Malester, B., Xu, J., Tessarollo, L., Rosenbluth, J. & Chao, M. V. Brain-
specific deletion of neuropathy target esterase/swisscheese results in neurodegenera-
tion. Proc. Natl Acad. Sci. UUSA 101, 5075-5080 (2004).

24 Richardson, R. J., Hein, N. D., Wijeyesakere, S. J., Fink, J. K. & Makhaeva, G. F.
Neuropathy target esterase (NTE): overview and future. Chem. Biol. Interact. 203,
238-244 (2013).

25 Yoshida, T., Awaya, T., Shibata, M., Kato, T., Numabe, H, & Kobayashi, J. et al.
Hypergonadotropic hypogonadism and hypersegmented neutrophils in a patient with
ataxia-telangiectasia-like disorder: potential diagnostic clues? Am. J. Med. Genet. A
167, 1830-1834 (2014).



ORIGINAL ARTICLE

Journal of Human Genetics (2014), 1-5
© 2014 The Japan Society of Human Genetics All rights reserved 1434-5161/14

&

www.nature.com/jhg

A Japanese SCA5 family with a novel three-nucleotide
in-frame deletion mutation in the SPTBNZ2 gene:
a clinical and genetic study

Ying Wang, Kishin Koh, Michiaki Miwa, Nobuo Yamashiro, Kazumasa Shindo and Yoshihisa Takiyama

To date, four families with spinocerebellar ataxia type 5 (SCA5) with four distinct mutations in the spectrin, beta,
nonerythrocytic 2 gene (SPTBNZ2) have been reported worldwide. In the present study, we identified the first Japanese family
with SCA5, and analyzed this family clinically and genetically. The clinical features of the five patients in this family revealed
late-onset autosomal-dominant pure cerebellar ataxia. We collected DNA samples from the majority of the family members
across two generations, and exome sequencing combined with Sanger sequencing revealed a novel heterozygous three-
nucleotide in-frame deletion mutation (c.2608_2610delGAG) in exon 14 of the SPTBNZ2 gene. This mutation cosegregated
with the disease in the family and resulted in a glutamic acid deletion (p.E870del) in the sixth spectrin repeat, which is highly
conserved in the SPTBNZ2 gene. This is the first three-nucleotide in-frame deletion mutation in this region of the beta-3
spectrin protein highly likely to be pathogenic based on exome and bioinformatic data.

Journal of Human Genetics advance online publication, 21 August 2014; doi:10.1038/jhg.2014.74

INTRODUCTION

Spinocerebellar ataxia type 5 (SCAS5) is a rare autosomal-dominant
pure spinocerebellar ataxia (SCA). SCA5 patients predominantly
exhibit limb and gait ataxia (> 90%); however, truncal ataxia, sensory
deficits, abnormal eye movements, dysarthria and exaggerated deep
tendon reflexes are also prevalent (25-90%).! Individuals generally
struggle with fine motor coordination but rarely require a wheelchair
until late in the disease course.!

SCAS5 is caused by mutations in the spectrin, beta, nonerythrocytic 2
gene (SPTBN2). This gene is primarily expressed in the brain.
It encodes the beta-III spectrin protein consisting of 2390 amino
acids comprising two calponin homology domains, 17 triple-helical
spectrin repeats and a pleckstrin homology domain, and as a
cytoskeletal protein is highly expressed in Purkinje cells.?

To date, five mutations, that is, three missense (p. L253P, p. T472M
and R480W) and two deletion (p.E532_M544del and p.L629_R634de-
linsW) ones, in the SPTBN2 gene have been reported in SCAS5
families originating from the United States, France, Germany and
Norway,”® and an SCAS5 patient.” In the present study, we report the
first Japanese SCAS5 family with a novel heterozygous three-nucleotide
in-frame deletion mutation in the SPTBN2 gene.

MATERIALS AND METHODS

Patients

The pedigree is shown in Figure la. Eight living family members were
interviewed and examined by experienced neurologists, and the diagnosis of
familial SCA was made on the basis of the patients’ clinical presentations as

well as the results of physiological, radiological and biochemical examinations.
Unfortunately, we were not able to obtain the consent of other family members
to be examined in this study. Brain magnetic resonance imaging (MRI) in four
affected members revealed cerebellar atrophy. Molecular analysis of the
proband excluded SCA1, SCA2, MJD, SCA6, SCA7, SCA8, SCA12, SCA17,
SCA31, SCA36 and DRPLA. The present clinical and genetic study was
approved by the institutional review board of the Yamanashi University, and
informed consent was obtained from all participating individuals.

Whole-exome sequencing

We carried out whole-exome sequencing of genomic DNA from the proband
and the father. Genomic DNA was extracted from blood leukocytes from eight
individuals. We used a NEBNest DNA Library Prep Master Mix set (New
England Biolabs, Ipswich, MA, USA, E6040) to manufacture the DNA library.
Exome capture was performed with a SureSelect Human All Exon V4 kit
(Agilent, Santa Clara, CA, USA). Paired-end sequencing was carried out using
an Illumina HiSeq 2000, which generated 100-bp reads. Reference sequence
data were aligned using a Burrows-Wheeler Aligner.® Then single-nucleotide
variants were analyzed using a genome analysis tool kit. The additional
databases utilized included the Single-Nucleotide Polymorphism Database’
and the 1000 Genomes Project.!® As the clinical features of the affected
individuals in this family are typical of an autosomal-dominant SCA, we
initially filtered for heterozygous variations. We then filtered for those that
were shared between the proband and the father. Protein sequence alignment
was performed using the PROVEAN'! and Mutation Taster.!?

Sanger sequencing
Exon 14 of the SPTBN2 gene was amplified using the following PCR
primer sequences: SPTBNZ ex14-F: 5'-CTGCTCAACAAGCACACAGC-3' and
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Figure 1 Pedigree of the SCA5 family. (a) Squares and circles indicate males and females, respectively. Filled symbols indicate affected individuals,
whereas open symbols indicate unaffected individuals. Slashes indicate the people who have died already. Asterisks indicate the individuals who have been
examined clinically and molecularly. (b) Representative sequencing of the SPTBNZ2 gene in part of the family (11-6, 1I-8, H-10, 111-10, I1I-12, 11-14, |1I-15

and 1H-16). The mutation cosegregated with the disease.

SPTBN2 ex14-R: 5'-GTTGGCAATGACTGAATCTGG-3'. Sanger sequencing
was performed according to an established standard protocol for bio-
technology. To determine whether or not the mutation identified in the
present study is found in the general population, DNA samples from unrelated
control subjects (1= 90) were screened.

RESULTS

Clinical features

The proband was a 57-year-old male who presented with poor
coordination that he first noted at the age of 51. At the age of 52, he
noted mild unsteadiness of gait. Neurological examination at the age
of 57 revealed mild dysarthria, dysphagia and incoordination of the
lower limbs. He had trouble accomplishing the heel-to-knee test and
difficulty in standing with feet together; however, he was able to walk
without assistance. Knee tendon reflexes were slightly exaggerated
bilaterally; however, Babinski’s sign was negative. Eye movements
were intact, and no nystagmus was observed. Neither mental
retardation nor sensory abnormality was observed.

The clinical features of the five patients in this family are
summarized in the Table 1. The ages at onset in the five patients
ranged from 50s to 60s. There was no obvious anticipation of age at
the onset between the two generations. Limb and trunk ataxia,
and cerebellar dysarthria, were the common features in all the
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Table 1 Clinical features of the five patients in the SCAS5 family

Case 11-6 11-8 "-12 11-15 111-16
Sex F M M M M
Present age 89 87 55 57 52
Age of onset 60 48 54 51 51
Cerebellar atrophy (MR1) + + + + +
Limb ataxia + + + + +
Dysarthria -+ + + + -+
Unsteadiness of gait w w - + -

Abbreviations: F, female; M, male; MRI, magnetic resonance imaging; -+, positive;
-, negative; w, wheelchair-bound.

affected individuals. Cognitive deterioration, epilepsy, saccadic eye
movements, visual disturbance, ophthalmoplegia and peripheral
nerve involvement were absent in all the patients. The disease
progressed very slowly and the clinical severity correlated with the
duration of the disease. Two of the patients (1I-6 and II-8) became
wheelchair-bound ~ 20 to 30 years after the disease onset. Brain MRI
of our patients revealed moderate to severe atrophy in the cerebellum
(Figure 2). Single-photon emission tomography (SPECT) in the
proband (III-15) showed blood flow reduction in the cerebellum
(Figure 3).
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Figure 2 Representative brain MRI findings in the patients. Sagittal brain MRI of I11-12 (a, T2-weighted) and 111-15 (b, T1-weighted), and axial brain MRI

of 111-15 (¢, T1-weighted) show moderate to severe cerebellar atrophy.

Mutation analysis
We identified 10692 and 10641 variations in the proband and the
father, respectively, of which 231 and 241, respectively, were novel
heterozygous variants. Of these, 183 variants were shared between the
proband and the father (Supplementary Data). Once anonymous open
reading frames were excluded and genes associated with SCAs were
prioritized, we found one likely candidate three-nucleotide in-frame
deletion mutation in the SPTBN2 gene, a gene known to cause SCAS.
On Sanger sequencing, we validated the most possible shared
three-nucleotide in-frame deletion mutation in the SPTBN2 gene as
the cause of the disease. This mutation cosegregated faithfully with
the disease phenotype in this family (Figure 1b). All the five patients
had a heterozygous ¢.2608_2610delGAG (p.E870del) mutation in the
SPTBN2 gene, which is located at an evolutionarily conserved amino
acid (Figure 4). We performed bioinformatic analyses using the
PROVEAN and Mutation Taster (see ‘Materials and methods’
section), which predicted that the detected variant was deleterious
and disease-causing, respectively. The variant was not detected in our
180 control chromosomes and was not observed in the databases of
normal sequence variations (1000 Genome Project and Single-
Nucleotide Polymorphism Database). Thus, the mutation identified
was likely to be pathogenic.

DISCUSSION

We presented here the first Japanese case of SCA5 with a highly likely
pathogenic mutation in the SPTBN2 gene. This SCA5 family is
the fifth one worldwide. The two deletions (p.E532_M544del and

p.L629_R634delinsW) in the SPTBN2 gene reported earlier in
American and French SCA5 families comprise distinct and nonover-
lapping in-frame mutations in the third of the 17 spectrin repeats.>*
Both of these deletions are predicted to disrupt the triple-helical
structure of the spectrin repeat and the conformation of the spectrin
tetramer, which likely disrupts the protein structure involving the
characteristic leucine and tryptophan residues.!> The third SCA5
family reported from Germany has a missense mutation (p. L253P) in
the SPTBN2 gene that interferes with the actin-binding site in the
second calponin homology domain.” The fourth family, of Norwegian
descent, has a missense mutation (¢.1415C>T) that results in a
p. T472M substitution in the second spectrin repeat of the beta-III
spectrin protein.®

On the other hand, the p.E870del mutation detected in our family
is the first one located in the sixth spectrin repeat likely associated
with SCAS5, resulting in the deletion of one glutamic acid deletion out
of a total of 2390 amino acids. Bioinformatic analysis suggests that an
amino-acid sequence changed, which might have affected protein
features. Similarly, a three-nucleotide in-frame deletion mutation
(c.679_681delTTC, p.F227del) in the KCND3 gene has been reported
in another type of autosomal-dominant cerebellar ataxia (SCA22).14
This mutation leads to the retention of voltage-gated potassium
channel Kv4.3 subunits in the cytoplasm, which is consistent with the
lack of A-type K+ channel conductance on whole-cell patch-clamp
recording.!* The function of beta-IIl spectrin, however, might be
much more diverse than that of KCND3 and rather different from
that of KCND3.
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Figure 3 Single-photon emission computed tomography findings. SPECT of a patient (111-15) shows blood flow reduction in the cerebellum.
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Figure 4 Mutations of the SPTBNZ2 gene. (a) lllustration of exons (filled rectangles) in the SPTBNZ2 gene. (b) A schematic representation of the functional
domains of B-3 spectrin, modified from the reported representation,? is shown along with the positions of all found mutations, exhibiting dominant (upper)
or recessive (lower) transmission, so far. CH, calponin homology domain; ABD, actin-binding domain; ANK, ankyrin-binding domain; PH, pleckstrin
homology domain. (c) Evolutionary conservation of the Japanese SCA5 mutation (p.E870del) among species.
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