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1. Bl - &

19304, K A O 9§ #H 5% Theodor Fahr
(1877-1945) ASTRER £ 1y R AE Bl % L T
FOXTIPRBIZ2T 6N TS, LarL, 7
7 — NV (Fahr)H &L WIHRBIEREME L LT
B & ZADBHY, TRITHE L OAHN
Ao TE&22Y &, 4Tl familial
idiopathic basal ganglia calcification (FIBGC),
primary familial brain calcification (PFBC)® 7% &

&l
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HEO—BELT, 2010E1S, EROT7—
VIR % B IR R A IR O BT &R
REMERH - WRIRSERRICHUD LA T & 2. AN
HL LT, OREAH, QOBKEROREYL
fbivy, @FEE CT TR EEY - /MM
RO H/H B VIEED & IR 22 48
FERBZ 5, EREQCHE THRMEEbNEA
AEZZELTWwa (1) &) &E#ET, fEflE

1 7 7—JK(=IBGC)31 &%, SBHENHAEIRIEEER CT Bk
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2
WA LT & 7%, 2014 48 3 AR F THY 200 JiE 1
DEGED D o 7z,

7 7 = VIR DR K & il s LT,

20124F 2 B, w6, T RGICR 9 Ak 2 il
723 FIBGCHEMIZBWT, J YT v AR
— ¥ —D—DTH 5% type Il sodium-depend-
ent phosphate transporter 2(PiT2) % code 9%
MRS SLC20A2 DR ity Sz, HAN
DFEFNZ BT D, FIEFTHEUT 2 OM{RF
BN R TR, INIEMRII~OK & 7 milestone &
oz S B HI AN sk R 5 T (platelet~
derived growth factor) ® L &7 ¥ — @ subunit
B & code § AT PDGFRB OZE 55 Wik
N7z HwC, PDGFEBEMROEEY ligand
D — DT 5 PDGF-B % code 3 % it {5 F
PDGFB ORIz owWTH s s "

¥ 7> diffuse neurofibrillary tangles with calci-
fication (DNTC) =/~ - 2111955 % % B AR IH O
FEBARAGE £ VHRTIERE L CDITEA
B0, FRELSAI LSS I e R A 2 L %
BT NIMERERETHS. LaL, I
RINZE RN T B r — 2 H B, —7,
INFEG] & Bb N AHEB b Z DR DGR
B s, KEGEHHLEFADFEL K
BB bt FIBGC OEM T, LEREOTE

< R EICRET BE AR O D5 TR B,

S5 5% BEMETFHEL TV b D

Bbh s, BRICBTBEIMEZR 2 1265

L7
FIBGC OBk, O MMLESARAL,

@ MATHEDOMRRER, @ LI R & 2
BV, @G, thER W LAMEORE A 2,
OFBEEZ-TLDTH 5.

FEHOFRICBWTEBT BEFADIZEAL
PIMEBITH . E, FEFORANEE O
T CT BT 52 LIARTRETH S, T/,
ZHLAKALEED RS, 138 A LEERD
FERL Lo TRSET 5. DEoOBREE L
bE, HEERTIE FEEZRDLYT, 77—
=PRI MR RALE IBGC) & LT, #

LDTBLHVBEHOMEICE>TERTH Y,

FBRETHERANTHLLEEZOLND. &
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DEELOBMZIMA T, T AHZTHRMIAL
WD CE B L 91T, BHH S OWEHED
e L 7 ip Wi 2l (F8 1) 1 B R A 3 T e
D F— A R—Y (HP) LI L Tdh 5.

[http://www.gifu~pu.ac.jp/lab/yakuchi/Med
Mol _Therp/Fahr _Home.html]
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HERSEI 80 5 BB 200 A TH 5.
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WAIRAL B S N EE S Tk 6T fA S
M, A bbb F02-3EY LOBERELET
HEWEIND, FHH OV 2 OOKREREETH
L7 VAEB o &0 CT NG O MR T, %
A T Y ORI (65 7P 1T 2.6 %,
BT 1.6 %) THEIR (AL 1mm BA L) OINNA
JRAL % FRD TV Y. EnsE TR AR A KA
EabobHsLEbad, ZOFLNE
"6 b o EEHOBEDIAET H W HELEATRIE
XA
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HaR o ZE <, FKIEED FIBGC DIEBNII B
WT SLC20A2, PDGFRB, PDGFB & \»o7z
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nh 5
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HERERBGE2IR) V 3

1% - RETRRG R

b.

BE | BETE | BET | code X3S YUK
FIBGC1 14q MGEA6? MGEA6
FIBGC2 2q37 - -

FIBGC3 | 8pll.21 SLC20A2 PiT2

FIBGC4 5q32 PDGFRB PDGFRB
FIBGC5 | 22ql13.1 FPDGFB PDGFB

2 T r—IVROKREHS
a. IBGC & LTIUE L/ERNCIE, =k, ZRAET, BIFIRIEMAEETIE Cockayne JEBEE
WEED IS, FBIETIRETAGS LE 2 LNEMDL Ho7z F/ADNTC L FH L IBGC I
Ao T ZHREMED S B4, FREFIIIIML LRETH S, BHIBGC, MWHEH & Bbhi:
FEB] D FRIRIGARER T, HRIEF & HBI L 72-EBI S 174E L7z, FIBGC OEFITIE, BN BHIC#EE

FEENRRODP o T 5.

IBGC: idiopathic basal ganglia calcification, FIBGC: familial IBGC, DNTC: diffuse neurofibril-
lary tangles with calcification=/N - 28197, AGS: Aicardi—Goutiéres JEfEH#E.
b. FIBGCIZBWTHEEN TV B ER#ETFETFT— .

TAVY LR EDESRFEEND. MDA
AL E 72T RIFRIRERE TERZ ETHFE
L&) amBGgeETSH. FLEALIL5H
FEVRI IR AR B TEAE IC B VT, FBZAIK
L2ET2ERMDH Y, KEBRZIRET M
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GRHHE, 2%

3 b a v B T IREHE,

B BAREEAR Wil ) — X
F1 PWks
10 TS CT L, WAL EEA% T & 2 WY 2 1 IRAL % 3R 5.
MRS EE S AN FIRAL & b I D b O % B { (B IZ BV 2 A SRk sk F R AL % &)
ANEHTTRAL 7 & D IRAL D AT M 40 % v,
1 BN & &F, KRIMEECH, SRR RN b R AL E S22 LT il Td b, FIEtkoaE
BT, LIER & BT RTINS T R & RO TV B,
2 TIROLHRIZ BT 2 WA & 912, WiHE CT THREIRO AR, #9920 % IS8R, 2 ~ 3 % ISR
AR, WD IS & & B SHINT AHIAD D Y, R T S LENDH B
2. AT & DD HEATIEOMFRRE R & B9 5.
BRI, TR, R (BAPRIRELR, 7V I — WARHEE e &), TAD A, HiAISE R AL,
— ¥ vV oL, RREEFEEE) (PKC 7 &), ANER % &% 5. ;
W1 MERE BN AEEE T, MBIcd), LELTIUN 2RO 20 b. F2A%y THT
ERn CREORDESEARBDLIELH S,
W2 BAMEHERD B Y, BT A a— Sk Y, T CT T, INEEMIASE SLoREMAid 5.
3. TRECRT & 9 M ARAL R & 723 HRIBAPRINT R B, :
Fabok LT, MPIREER O0E Ca, P, iPTH AMEEE), AYERS SRR TE Qi Ca 6A4t), %
ALV RN DRI B REAC T 5E (Albright 45 3% 3¢48E), Cockayne (= 7 A > ) fiEfiliE,
Aicardi-Goutiéres (7 4 H W5« « T—F 4 T)EMERE, Down JEBRE, IBEUE, MAF 2, s (HIV A 7
& EB A NWARYHER &), g - AME - BUOTRETE R R R A,
SBIIMLE, Fhndbod UT, wREEFAESE I KJAE, Hallervorden—Spats %, oculodentodigital dys-
plasia(ODDO). lipoid proteinosis, Nasu-Hakola 3%, Moebius JEf##E. Alexander 37 & OMED D 5.
4. FRIEBOFMIMD AR, FIREO D LIEH v L SLC20A2 7 & O JFRNAE T FL5 ATH I U 748 fld g
IR, WA LA M7 FIBGC IS/ d 5.

W1 EREBWEAEEICB VT, FEEINSRI - BB o RN & & 729/ - 281035 (diffuse neurofibrillary
tangle with calcification (DNTC)) & ORI DSHMETd 5 2%, MEEBWHIMMLB WIS DOTHY, #
OFERBET N4 7 — = DR L wBRICBW T, S8R ERN L% <, HATRML
Zvs, 72751, DNTCH S 0 O %R R 5.

2 FEHIZHBWTIE, EE, H58ET VUBMNS VAR—F —TH 5D PIT-2 % code 3 55T SLC20A2

OMET-FAE AP L, £ 72 PDGF O HE 7 ligand D—2> T % PDGF-B # code 3 % i#t{zT PDGFB @
HHRFZERS #ED SNz FEERMICIZ FIBGC I 1-5BIC I hTwab, WEBoRNSE b %2, T

AP ED, BERFREVLZENG.

77— N =R R T RALIE IBGC) o iAkiE 2 HP L8k L 72,

W ANMBSEIR, R R (AT BRESE IR 2 &),

A

HYEREIR 2 & 72 3ER X TRO TE DD 5.

FHWNTHRE, TADPAZRDLI LS RL

Vv, AEBIEEEREAND H D, iR E
Thb, FEBEICEHIBCTHED? L RoH
HLbdb. SIEEEDFHRHEEET T b —
¥ (paroxysmal kinesigenic choreoathetosis:

PKO) ZIERETHHEDH B, L2, HF
EDRBICHRAEEET A DNTC L &HICHE
T HRER S A7 vy, DNTC G #I#: TIdIsE
T, MEHEICSERNESERY S o7, HE
M7 IBGC THRIBEECMIET 2 25 A EH
PHA &S, DNTC CIEEL CTH & EofH

22

JRAGIE FARD HFERDO B DL THE SN T B
7%, IBGC THEHESINTWD X9 Lo 72f
IRACDEE, FRKEOOME I L. &
MWz 3R 2 ITRR L.

5. BEELT1E

AR ZEFERZEZROP o Tk, @
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1) B FCIRER R (B ORI AR T, A ek LU0 & 2R AR BRI AT E 4 &)
Mm% Ca, P, iPTHOWMEZLHBETH S, B BB FRIRBHEETELS Y, BEBE T
Albright # % (FIEES, IR, IEH, HTEE $4PFEE - FREBOEMHE L) DA
2) I bay YT RNE
FERIZESE. MEET, FET. MR R, FEE, EEL . BWENAR BET2H
3) Aicardi-Goutieres(7 4 A IWF 4 - T—F 4 ) fEFHE
FERIS/ANERRE, M, YA M= TR SEORMEEEES & B L S5kME, BB, BiRP oA
V=T zuva At TT) oM. 5 Oo0RKREET, FRaASEEE.
4) Cockayne(2 4 A »)fEMERE
RS R, BARE NEE, ANE, EEEEENE B BELRMBGE AAEBREER EA
BEEg A & DNABHEBRETFORE, ¥iedhstEs.
5) Down JEMEE:
6) diffuse neurofibrillary tangles with calcification (DNTC) (=/NBX - ££1119%)
WEHCHTE - MEROBHAEZ 2T 5. ARILERY» SFIR, IBGCTHRESNTWVS L) ZB -
LRI DOHME. FREAOMEIX T v
7) HEERAKAL
FICEIE CIRRERRE, BR~BROARIETED b5,
8) BRHhE
FERND L VIZEERCBIT2 MY 75X, BE, A4 MATOTA VA, BEAVRZAT A VR
REDBYEICEAD 00D L. T, HIVIRE, 74 VAMRSE, EB YA VARKEE, “VEIiE I
Hh¥E (cysticercosis) 7 &
CBRE (SLE), 1 %
FRVE MY
pantothenate —kinase —associated neurodegeneration (PKAN) (=Hallervorden—Spats 7) : # & ERICEkDiLE
(eye of the tiger sign). neuroferrinopathy: #i¢IZ8kDIL3E, Wilson 7 : FEMICH OIS,
11) &5
2% YRR %
RRIZTEE
i (—E LR, BROKER, ), SME, EEERE, RhAEE, BEREEEL L
Z DAk GEBI#RE)
carbonic anhydrase II R3EJE. polycystic lipomembranous osteodysplasia with sclerosing leukoencephalopa-

thy (PLOSL) (=Nasu-Hakola #), Moebius iEfE#, Kenny-Caffey JEfEHE type 1, autosomal dominant
dystonia—plus syndrome with brain calcinosis 7 &.

9)
10

= =

12

=

13

=

FITHREIRE PR ERALE &7 RBEZR L7 &L, BERLEDLALIEIIER SRS ¥
bR BRERE EERIELRL L

bamazepine DZJ R EZRD TS, Tha—)
RS HER T, BHERCHEREE &L
L, BRERTREICL T, BAAK
ILOHEATRFRIEIEDL-oTL B L TFHISNA.
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Evaluation of SLC20A2 mutations that
cause idiopathic basal ganglia calcification

in Japan

ABBTRACY

()b;u:twe* To investigate the clinical, genetic, and neuroradiclogic presentations of idi ag,ath
hasal ganglia calcification IBGC) in a nationwide study in Japan.
Muethods: We documentad clinical and neurcimaging data of a total of 89 subjects including
23 subjects from 10 families and 46 subjects in sporadic cases of IBGC in Japan. Mutational
analysis of SLC20AZ was performed.
Resuhts: Six new mutations in SLCZ0AZ were found in patients with IBGC: 4 missensm rmutations,
1 nonsense mutation, and 1 frameshift mutation, Four of them were familial cases and 2 were
sporadic cases in our survey. The frequency of families with mutations in SLCZ0AZ in Japan was
50%, which was as high as in a previous report on other regions. The clinical features varied
widely armong the patients with SLCZ20AZ mutations. However, 2 distinet families have the same
mutation of SB37R in SLC20AZ and they have similar characteristics in the clinical course,
symptoms, neurclogic findings, and peuroimaging. o our study, all the patients with SLC20A2
mutations showed calcification. In familial cases, there were symptomatic and asymptomatic
patients in the same family,
Conclusion: SLC20AZ mutations are a major cause of familial IBGC in Jepan. The members inthe
families with the same mutation had similar patterns of calcification in the brain and the affected
mambers showed similar clinical manifestations. Neurology® 2014;82:705-712

GLUOBSARY

DNTC = diffuse neuredibrilisry tangles vath saleification; FIBGC

ichoprathic basal gangl £ iory, MMSBE = Minid Cearnination: PDGF = platelet-derived growtl fantae;

PDGFR!Z plwp’za derived growth factor receptor-g; Pi = inorganic phosgphats; PIB = fargh compoursd B; PIT » type
i sodivm-deperdent phosphate transporter; PKC = paroxysmal Kossigenic choresathstosis,

= fardlial khopathic bessl garglz calofication; 1IBGC =

Idiopathic basal ganglia calcification (IBGC), also known as Fahr disease, is thought to be a rare
neuropsychiatric disorder characrerized by symmeurical calcification in the basal ganglia and
other brain regions. Clinical manifestations range widely from asympromatic to variable symp-
toms including headaches, psychosis, and dementia.' The diagnosis of IBGC generally relies on
the visualization of bilateral calcification mainly in the basal ganglia by neuroimaging and the
absence of metabolic, infectious, toxic, or rraumaric causes. ™

The maode of inheritance of familial IBGC (FIBGC) has been thoughr to be autosomal dom-
inant and, to date, 4 responsible chromosomal regions have been identified, namely 14q (IBGC1},
237 (IBGC2), 8p11.21 (IBGC3), and 532 (IBGC4).>™ The causative gene ar the IBGC3
focus was identified as SLC2042 encoding type HI sodium-dependent phosphate tansporter 2
(PiT-2}. Screening of a large series of patients with IBGC revealed that mutadons in SLC20A2 are
a major cause of FIBGC'?; moreover, other mutations in SLC20A2 have recently been reporred in
China and Brazil.'""* The mumtons of PDGFRB encoding plaeler-derived  growth factor
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(PDGEF) recepror-B (PDGERB) and PDGEB
have recently been reported o cause calcifica-

R

tion in the brain.!

We have collected clinical information of

patients with [BGC in a nadonwide survey
in Japan. Here, on the basis of a mutational
analysis of SLC20A2, we aim to establish the
molecular epidemiology of IBGC3 and evalu-
ate clinically and genedically SLC20A42 murta-
tions in Japan.

METHODS Subjects and samples. We colleaed clinical
infarmation on patients with IBGC i a natonwide stady, The er-
teria for the selection of patients in the initial survey were as follows:
1) conspicuous caleification is observed in the basal ganglia and/or
dentte nucleus by C1 scans 2) caldificadon s bilateral and sym-
ruerrical and 3) idiopathic (absence of binchearical abnomualivies,
and an infecrious, toxic, or rmumanc cawser™  Newrologists
enralled paticns in the survey, They examined the medical chans
rv. The

P

and performed the neurologic examinations again if teces

survey was approvedd by the Eihies Comumittee of the Gifn Univer-
sity Graduare School of Medicine. During tie survey, some pa-
tients were found 1o have hypoparathyroidism, Alcardi-Goutitres
syndrome, and Cockayne syndrome, and these patients were
excluded. For the genetic study, @ o1l of 69 subjeets from 41
haspicals provided writen informed conseat and were eorolled in
the project. OF these patients, 46 came from failies with a single
affecred momber, and the other 23 came from 10 families with
muliple affected members. We defined the former s sporadic
pattenis and the laver as familiad patients, The padents’ mean
age = SD was 413 % 230 years an regismuion. The paiems
comprised 32 males and 37 females.

Srandard protocel approvals, registrations, and patient
consents. All experitnenss on human DNA were approved by
the Ethics Committees of both Gifu University and the Univer-
sity of Tokye, After sritten informed consent was ebrined,

pedpheral blood samples were collecied.

Mutational analysis. Gepomic DNA was extmaed from the
whole blood samples. STC2042 analysis was pedormed by Sanger
sequencing of all coding regions, as described t derail in e-Meabds
and wble e-lo A and B, on the Newodoey® Web siee w e~

neumlogvorg. The pachologic potential of the idendfied
variangs was predicted using PolyPhen-2 thugpdfgeneries bwh.
harvard.edu/pphi}.'e

RESULTS Mutational analysis. We screened a total of
69 subjects including 23 subjects from 10 families in
which muldple affected subjects were observed and 46
subjects in sporadic cases, all of whom were Japanese.
Six new mugations in SLC2042 were found: 4 missense
mugations, 1 nonsense mueation, and 1 frameshift muca-
tion {figure 1). Electropheragrams showed the individual
heterozygous mutations (figure e 1. None of them were
present in an in-house exome sequencing data set (358
Japanese control subjects), dbSNP 137 (www.nebinlm.
nih.govisnp/), or the National Heart, Lung, and Blood
Institute “Grand - Opportunity”  Exome  Sequencing
Project (ESPGSO0SI-V2Y. In silico analysis predicted
delererious  consequences, as determined  from  the
residue changes in figures 1 and e-1. When confined
to the FIBGC patients, 5 of the 10 families (50.0%)
showed muatons in SLC2042. In contrast, 2 of the 46
patienss {4.3%) with sporadic IBGC carried mutations
in SLC20A2 in this stady.

Clinical manifestations. The clinical manifestations are
supumarized in wble 1. A positive family history of
IBGC was present in 5 families. Families | and 2 had
the same muation.

Familial cases, Case 1 (in fiomily 1), The proband in fam-
iy 1 was a 64-year-old woman who had dysarthria and
gait disturbance for 5 years. She showed no dementa.
Her neurologic examination revealed dysarthria, small
steppage gait, rigidity ar bilateral wrist joints, bradyki-
nesia, and a pyramidal sign. Her CT images revealed
severe calcification at the bilateral globus pallidus, cau-
date nudlei, thalamus, subcortical white matter, and
dentate nudlet {figure 2C). Her son’s CT showed sim-
ilar brain caleification (figure 2D), although he was
clinically asympromatic. His DNA study revealed the

Figure 1

L
c.344C>T

©.260_261delTC
¢.212G>A
— . 152C>T

Schematic representation of causative mutations in SLC2Z0AZ in idiopathic basal ganglia
caleification
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I

¢.1399C>7T ¢.1908A>C

Untranslated region
. Coding region

Six new causative ouitations inexon 2 {01520 T,0.212 GrA, 0260 261delTC), exon 3 {34405 1), exon 8{c. 13880 1),

and exon 11 {c1808A»C) were found in this study.
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Table 1

Mutation

Zygosity
Exon

Proband information

Age at ydg:ectim of calcification, y

Age at onset, y
Onset symptom

Neuralogic findings

Cognitive impairment (MMSE)

Pyramidal sign
Extrapyramidal sign :
Farmily information {sxcept the

proband}
- No. of other individuals with
calcification

No. of other individuals with
sonfirmed mutations

No.of otber s«/mpmmatm
m&;wdua!s

Other symptoms lnei in the family — -

Abbreviations: MMSE = Mini-Mental State Examination; NA =

Clinical features of 8 individuals {probands} with SLC20A2 mutations

Case 1 Case 2 Case 3 Case 4 Case & Case 8 Case 7

c1808A>C 180840 344057 c.2120:A € 13880C>T ¢ 182C-T o280 261d6TC

SEITR L637R TL1EM R7iH RAB7X AGAY LETHiB

Hetgro Hetero Hetero Hatero Hetero Hetero Heterp

11 11 ] 2 8 2 2

[319] 51 B0 73 28 71 74

58 50 B0 71 15 71 57

~ Dysarthria Oysérthﬁa Dementia - Parkinsonism PKC Dementia Athetosis

27 24, 20 16 30 2z 22

1 g 5 1 1 o o

1 NE 5 NE i NA NA

0 0 2. o o NA NA
Mertal disorder (1), — - NA NA
aleoholism {1}

= ot applicable; NE =

samre mugation in exon 11 that had been found in his
mother.

Case 2 (in family 2). The probund in family 2 was a
Sd-vear-old wonwrn who had dysarthria and gaic distur-
bance for 4 vears. She showed mild mensal deeriora-
don in Mini-Menwml Stae Exumnination  (MMSE)
score of 24 points, frontad signs, dysarchria, mild par-
kinsonism (rgidity of bilateral wrist joints and bradyki-
nesia), adiadochokinesis, spasticity, and small steppage
gait. Her CT images revealed severe calcification ac the
bilateral globus pallidus, caudare nucled, thalamus, sub-
cortical white marter, und dentate nudlei {figure 2E).
Although her son and cousin also showed calcification
in CT images, they were asympromatic. Her DNA
analysis revealed the same mugation as that in family 1.
idnals (in fumdly 3).
The proband was a 69-year-old woman (-1 in the

rtic indii

Case 3 and other symp

pedigree in figure 3}, She was admirted 1o a hospital
at the age of 65 hecause of forgerfulness since the age
of 60 years. Her MMSE score was 20, which indi-
cared a possibility of dementia {MMSE score below
223, Decreased blood How was detected in the bilar-
eral basal ganglia and thalamus and the right froneal
tobe in pardealar by SPECT. She had a positive fam-
ily history of brain ealcification, as shown in figure
3A. The iniddal clinical diagnosis had been diffuse
neurofibrillary tangles with calcification (DNTCLY
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- not examined; PKC = paroxysmal kinesigeric choreoathetosis.
*Because there was no other family member who had any neurdlogic symptoms, brain CT screening of other family members was not performed.

cases of DNTC
have not been reported. Her son had psychological

although to our knowledge familial

disorders including violenr behavior; unforranately,
no brain CT had yer been performed on him, In
the patients in family 3, the degree of calcificarion
was mild compared wirth thar observed in the other
families {figure 3, B~G), Her brother with calcifica-
tion in the brain (11-7) had a menml disorder and
another (11-8} presented with aleoholism. The 3 other
relatives with caleification were asympromatic (113,
11-9, and 111-3)
and -8} showed more apparent brain acrophy tiv
the others (figure 3, B, D), and E, respectively), 1

individuals with calcificaion on the CT images (11-1.
-5, 117, 118,
in exon 3 in SLO2042. However, the individuals with
no calcificarion {111-2, {11-5, and IV.1) revealed no
mugation in SLC20A42. In summary, & patients had

The sympromatic paiens (-1, 117,
‘he

19, and 111-3) had the same muration

?k::fsmimn among the 10 individuals examined by

CT sean in family 3 and all of them carrying the
SLL
on CT images. However, persons withour the muota-

tion did not show calcification,

A2 mutation exhibived similar calcification

Case 4 (in family 4). Family 4 had 2 mueation in exon
2. The proband developed clumsiness of her hands
and gair unsteadiness at the age of 71 years, and she
was diagnosed as having Parkinson disease. Visual



Figure 2

A

CT images and family trees of families 1 and 2
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{A) Family tree of family 1. {B) Famnily tree of family 2. The arrow indicates the index subject. Fifled symbols represent patients affected by brain calcification. We
show the ages of persons under symbols in the family tree for those we could obtain. {C) CT images of proband {lI-4 in pedigree of family 1, part A}, D} CTimages
of the proband's son {lli-1 in pedigree of family 1, part A). {E) CT images of the proband {112 in pedigree of family 2, part BL. All have mutation of S637R.

08

halucinations started with the initacon of medicarion.
She showed parkinsonism (rigidity, bradykinesia, and
postural insmbility), which responded 1o levadopa.
Her MMSE score was 16, Her brain C1 images re-
vealed calcification ar the globus pallidus, caudare
nuclel. and dentate nudel, and her daughter, who
was asymptomatic, also had inuacranial calcificasion
{hgure ¢-2C). Brain CT was not perdformed in her
other children. Her SPECT images showed decreased
perfusion in the bilateral frontal, temporal, and parietal
regions of the brain, She died of pneumonia ar the age
of 79. Neuropathologic examination revealed neuronal
loss and Lewy bodies in the substantia nigra, locus cer-
wleus, amygdala, and parahippocampal gyrus indicative
of Parkinson disease, and prominent deposition of cal-
cium in the parenchyma and the wall of arteries in the
globus pallidum and dentate nudlei compatible wich
the pachologic findings of IBGC.

Case 5 (in fumily 5). The proband was a 24-vear-old
mar who had paroxysmal kinesigenic choreoatherosis
(PKC). His laborarory data were normal except for
CT findings. He presented with an atack of PKC
after exercise and his symptom responded well wo car-
bamazepine, His CT images revealed caleificarion at
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the globus pallidus, thalamus, subcordeal white mae-
ter, and dentate nuclei (figure e-2B {AlL We had an
opportunity o examine his parents, who had no
symptoms or signs. Mutational analysis of SLC2042
of his parents with cheir informed consent revealed
the same mutation in exon 8 in his mother as he had.
Brain CT scan of his mother confirmed calcification
at the globus pallidus, subcortical white mauter, and
dentate nucled,

Sporadic cases. Case 6. The padent had a muration in
exon 2. She was a 72-year-old woman who noticed for-
getfulness at the age of 71, She had no moror deficits.
Fler MMSE score was 22, and her scare on the revised
Hasegawa Demenda Scale was 24. Her Frontal Assess-
ment Batrery score ar bedside was 5, indicating a fron-
al fobe defici (curoff score, 11712}, The index scores
of the revised Wechsler Memaory Scale were as follows:
artention and concentmation, 86; verbal memory, 89;
general memoery, 85 agention/concentation, 71
and delayed recall, 75, Her brain CT tmages revealed
calcification ar the globus pallidus, caudate nucled, thal-
amus, subcortical and periventricular white mareer,
and dentate nuclel (figure 2B [B]). Her SPECT im-
ages showed decreased perfusion in the left froneal,



( Figure 3

Pedigres and CT images of family 3

B

TR

58 58 56
5
18

{A} Pedigree of family 3. The arrow indicates the index subject. Filled symbols represent pa-
tients affected by braincalcification. We show the ages of persons under symbols in the fam-
ity tree for those we could obtain. The striped symbol represents a symptomatic patient,
sithough his CT image and DNA sample were not available for the study. {(B) CT image of
in pedigree of family 3}, {C) CT image of asymptomatic -5, {0} CT image

the proband -2
of symptomatic -7, (E} CT image of symptomatic H-8

L AF) CT image of asymptomatic 11-8.

{G) C7 image of asymptomatic 1I1-3. All have mutation of T115M.

semporal, and parieral regions of the cerebrum and
bilateral cerebellum. {"'C) Prsburgh compound B
{PiB) rerention was not observed by [PCIPIB PET,
There were no other family members presenting with
similar newrologic symproms. CT scan was not per-
formed for other individuals in the family.

Case 7. The patient was a 78-year-old man who had
a frameshift in exen 2, Involuntary movement of the
feft thumb and index finger ke “pill-rolling” began
in his sixth decade. His family first noticed memory
impairment at the age of 73, Gair distirbance ap-
peared at the age of 77 and oral dyskinesia and left
shoulder shrugging appeared ar the age of 78, His
scores on the MMSE and Frontal Assessment Barery
were 22 and 10, respeetively, His brain CT images
showed calcificadon ar the globus pallidus, thalimus,
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subcortical and periventricalar white mateer, and den-
His SPECT images
showed decreased perfusion in the bilateral {predom-

twe nudel (Aigure 2B [C1).

inantdy in the ¥eft) frontal and remporal regions of the
cerebrum and bilateral cerebellum. [VCIPIB reten-
tion was nat ohserved by [V CIPIB PET, which was
performed ar the age of 81, There were no other
family members presenting with similar neurologic
symproms. (1 scan was not performed for other in-
dividuals in the family.

DISCUSSION We have obuined clinica informarion
ol 161 patients with brain caleification in a navionwide
study, We discovered that 3 patients had hypopasathy-

roidism, Aicardi-Gouridres syndrome, and Cr
synddrome during the survey. CT images rev miui vary-
ing degrees of calcification, from marked calcification
in the basal ganglia to parchy calcification in various
regions, suggestng diversity in rthe edologies. Some
patients were incidentally found o have calcificasion
by CT performed for head injury caused by accidents.
Because our previous survey revealed a considerable
frequency {1%-2%) of patchy calcification in the
CT images of all padenss in 2 university hospirals in
Japan,’® more asympromatic IBGC patents with
patchy calcification may exist than the number that
we had previously assumed w be present in the pop-
slation in Japan. Afer the examination by neurolo-
gists, we collected 69 DNA samples from patients
who mer the criteria for IBGCA Symproms and neu-
rologic findings varied widely from asympromaric w
variable symptoms including headaches, psychosis, and
dementia.
in this suuly, we investignred  mutations  in
SLC20A2 10 69 parienss widh IBGC in Japan and iden-
tified 4 new mutations in 10 familial cases (the same
mutation in 2 fam;im} and 2 other new mutations in
46 sporadic cases. The frequency of families with mu-
farions in 5[(?2(}512 was S0% (5 of the 10 families),
and that of sporadic padents was 4.3% (2 of the 46
(2042
in FIBGC in Japan was as high as in other countdes in

patients). The frequency of the mutations in §7

a previous report.” Case 5 indicares thae it is difficult wo
reliably determine sporadic cases without brain CT
scans and genetic studies of all members in the family.
The mutations in our study existed in exons 2, 3,

8, and 11, One of these mutations (R467X) in exon 8
resulted in a substitudon o a TGA stop codon, and
the other {(¢260_261delTC) in exon 2 was a frame-
shift. None of the mutations were reporced previ-
ously, indicating heterogeneities of the mutations in
SLC2042.
tive mutations identified in 5

Taken rogether with other reports, causa-

FC2042 inchude 6 mue
rartons i exon 2, T inexon 3. 3 mexon 4, 1 inexon
5, Timexon 7, 10 in exon 8, 2 in exon 9, 4 in exon

160, and 4 inoexon 11.7797 It does not seems thar there




are mutation hot spots in SLC20A42, The in silico anal-
ysis using PolyPhen-2 for the missense mutations pre-
dicted all to be likely damaging, as determined from
the residue changes. We drew the stucture model of
the PIT-2 protein using the TOPO2 software (heepi//
wwv.sacs. uesEedu/ TOPO/op huml). The schematic
structure of the PIT-2 protein with the mucations is
shown in figure 4.

Although the clinical fearures varied widely among
the families with IBGC with SLC2042 mutadions, the
patients in families 1 and 2 with the same SLC2042
mutation exhibited similar clinical  manifestations
including dysarrhria, mild cognitive decline, pyramidal
signs, and extrapytamidal signs as well as similar ages ac
derection of calcification and enset of symproms. Of
note, the CT images among the affected individuals
in the 2, families are similar (figure 2). In family 3,
in contrast, 3 symptomatic patients presented with
dementia, psychological disorder, and  aleoholism,
accompanied with brain atrophy in CT images. None
of them showed movement disorders such as those in
families 1 and 2.

Alchough mutadional analysis and CT scan were
not performed in other familial members of cases 6
and 7, concordance of the presence of mutations of
SLC20A2 and brain calcification were confirmed in
15 individuals, and we did not observe any individu-
als who carried the mucation and did not show brain
calcification. These observations strongly support a
high penetrance of the SLC20A42 murarions regarding
brain calcification.

Carrelations of genotypes and neurologic pheno-
tpes, however, have been controversial. SLC2042
mutations in patients with FIBGC have been

deseribed to show variability in elinical moanifestations
among the families. In the present stady, the 2
affected individuals in families 1 and 2, who carried
the same mutation, exhibited quite similar neurologic
manifestations and clinical courses,  suggesting a
genotype-phenotype correlation of the S637R muta-
ton. Of note, 2 individuals aged 56 and 61 yewrs in
family 3 did not exhibit any neurologic manifesta-
tions despite carrying the murtation and having brain
caleification, indicating that penctrance regarding the
neurologic manifestations is incomplete.

In case 4, interestingly, the proband showed path-
ologic findings of both IBGC and Parkinson disease,
Because Parkinson disease is a common disorder in
aged people, there remains a possibility that the pres-
ence of IBGC and Parkinson disease is coincidental.

Case 5 had a muradion that leads 10 a premarure
stop codon, making an incomplete stucture of
PiT-2. His neurologic symptom was PKC conrrollable
by curbamazepine. Intriguingly, several patients with
IBGC have been reparted w present with PKC ar par-
oxysmal nonkinesigenic dyskinesia.'*** For these cases
of PKC or paroxysmal nonkinesigenic dyskinesia,
murational analyses of not only SLC2042 bur also
PRRT2 and MRIwill be indispensable.”’#

Herein, we have reported 5 cases of FIBGC and 2
cases of IBGC with SLC2042 mutatdions in Japan. We
could not find any chamcreristic features of Japanese
patients, although we bad discovered that each case has
a new muration in SLC20A2, respecrively.

The mechanisms of calcification and cell damage
remain to be clucidated. Despite that the expression
of PiT-2 encoded by SLC2042 is distribured widely

in the human body.™ mutations in SLC2042 cause

I' Figure 4 Schematic structure of PiT-2 {type il sodium-dependent phosphate transporter] with the mutations
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caleification only in the brain, Murations in SLC3442
have been reported 1w cause pulmenary alveelar micro-
lithiasis. ™ Because Npi2b encoded by SLC3442 35 the
anly phosphate transporter that is highly expressed in

the lungs,” the mutadons in SLC34942 are compatible
with the fesion of the alveolar tpe 1 cells in dhe
lungs.™ Because the Hmiation of calcificasion w the
brain cannot be explained by only the mutation in
SLC20A2 followed by abnonmalities of inorganic phos-
phare (Pi) vansport via PiT-2, there might be some
ather genes responsible for calcification in the brain, or
the muations in S7C2042 may ke some 1oxic gain
of funcion. The dysfuncrion of Pi tansport can
explain the accumulation of various mevals in regions
of the brain and the abnormal distribudion of merals,
which we observed in CSF* and hair in the patienss
with IBGC

immunopositivity was expressed  predominandy in

T We have recentdy shown thar PPT.2

neurons, astrocytes, and vascular endothelial cells in

the mouse brain.™ PDGE-B s expressed in endothelial
cells and neurons.® PDGEB homodimer (PDGE-BBY
enhanced the expression of PIT-] mRNA encoded by
SLEC20AT i haman aortic smoath muscle celle™ The
hypomorph of PDXGE-B in mice has recentdly been
revealed o cause brain calcification through pericyre
and blood-brain barrier impairment.” Recently, sini-
ple knockour of SLC20A42 has also been shown to Jead
o calcificadon in the mounse brin® PiT-2, PDGF,
and as ver underermined odher molecules are consid-
ered to have pivoral roles in blood vessel-associated
cakcificarion and neuronal death in patients with
IBGC. Elucidation of the molecular basis underly-
ing IBGC will contribute wo the development of
therapeutic measures for patiencs with calcificarion

in the brain,
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